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VIBROACOUSTICS OF TIMBER-FRAME STRUCTURES
EXCITED BY STRUCTURE-BORNE SOUND SOURCES

Fabian Schopfer

This thesis investigates the measurement and prediction of machinery
noise in timber-frame buildings. To quantify the structure-borne sound
power input from multi-point sources, simplified approaches were asses-
sed that reduce the required data for out-of-plane force excitation. This
identified approaches that give estimates within +5dB from 20 Hz to
2000 Hz. To investigative the importance of out-of-plane moment exci-
tation, inverse methods were used to determine the power input; these
were affected by noise but processing was used to overcome this shor-
tcoming. A series of experimental investigations were carried out on
a timber-frame structure undergoing mechanical point excitation. The
driving-point mobility showed orthotropic plate characteristics at low
frequencies, ribbed-plate characteristics in a narrow frequency band and
infinite plate characteristics in mid- and high-frequency ranges. The mo-
ment mobility above or in-between studs was similar to infinite beam or
plate theory with interpolation between these theories where necessary.
The experimental work indicated the potential to use Statistical Energy
Analysis (SEA) to predict sound transmission. The first experimental
finding was that above the mass-spring-mass resonance frequency, the
vibrational response of the wall leaves was uncorrelated. The second
was a significant decrease in vibration across the wall from the excita-
tion point, with structural intensity showing a decrease in net power flow
across successive timber studs. The third was that tongue and groove
connections between chipboard sheets significantly reduce the vibration
transmission above 500 Hz. This led to different SEA models being used
to model a timber-frame wall undergoing mechanical point excitation. A
41-subsystem model was found to be necessary to reproduce the measured
vibration levels on both leaves within ~10dB. As there is a significant
decrease in vibration with distance in the mid- and high-frequency range,
the region close to the excitation point is particularly important and the
SEA model has better accuracy in this region. An alternative engineering
approach to the prediction of machinery noise in timber-frame buildings
was introduced and validated that used measured transmission functions
between the injected power and the spatial-average sound pressure level
in a receiving room. A field survey and case studies indicate this is a
feasible and practical approach.
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1 Introduction

1.1 Specification of the research topic

Machinery noise can cause annoyance and is therefore an important issue
for engineers, architects and consultants. A vibrating machine radiates
airborne sound from its enclosure (see Figure 1.1). If it is positioned in a
room, the resulting airborne sound field will excite the walls, the ceiling
and the floor. This vibrational energy propagates through the building
and is finally radiated in remote rooms. Through the connecting points
the source will also directly inject vibrational energy into the structure
(Figure 1.1) which propagates and radiates in the same way. Hence the
resulting Sound Pressure Level (SPL) in any remote room comprises an
airborne and a structure-borne component. Both types of noise emis-
sion can be treated separately. However since airborne sound sources
and their characterization are understood quite well, only the Structure-
Borne Sound (SBS) component is addressed in this work.
Structure-borne sound sources in buildings mainly comprise service
equipment like heating devices, pumps or ventilation systems and sani-
tary installations. However any vibrating machine that is installed in a

building can act as a structure-borne sound source. To prove that le-
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Figure 1.1: Noise emission from machinery

gal requirements are satisfied at the design stage of a new building, the
sound pressure level due to machinery or service equipment needs to be
predicted. The total transmission from the source to the receiver involves
separate stages. These stages, described by Petersson and Gibbs [2000]
are shown in Figure 1.2. In the first stage, the emission of structure-
borne sound from the source in the specific building situation has to
be estimated. Once the transmitted vibrational energy is known, the
propagation across the building structure including the sound radiation
into a remote room needs to be predicted in order to quantify the sound
pressure level in a room. This involves both direct and flanking trans-
mission. Direct transmission only regards the separating wall or floor
between two adjacent rooms or an exterior wall. Flanking transmission
includes the propagation of vibrational energy across junctions between

building elements.

Hence for the prediction of machinery noise in buildings, models are
required for the different transmission paths. However practical tools to
estimate machinery noise only exist for monolithic heavyweight buildings,
for example [EN 12354-5:2009]. For lightweight constructions, including
timber-frame structures, no validated methods exist to-date. Therefore
this work focuses on the vibro-acoustics of timber-frame structures exci-

ted by structure-borne sound sources.



1.2 Background

1) Structure-borne sound
emission

la) Generation

1b) Transmission

2) Building transmission
2a) Propagation
2b) Radiation

3) Human response

Figure 1.2: Stages involved in the generation and transmission of
structure-borne sound

1.2 Background

Due to climate change and the increasing shortage in natural resources,
sustainable and energetically optimized building concepts are becoming
ever more popular.

To fulfil requirements on the energy consumption and expectations
of the occupants on comfort, modern buildings are highly engineered.
They incorporate additional machinery such as heat pumps, ventilation
systems or engine-driven appliances like automated roller-shutters. All
these sources inject structure-borne sound and therefore potentially cause
annoyance. Other conventional appliances like sanitary installations, he-

ating devices or white goods also act as structure-borne sound sources.

Timber-frame buildings are currently gaining popularity because of
their high thermal insulation. Recent developments in timber engineer-
ing, standardization and legislation now allow the construction of multi-
storey timber buildings in an increasing number of countries. This in-
volves challenges in the design of such projects. Concerning sound insu-

lation in dwellings legal requirements based on national standardization,
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for example [DIN 4109-1:2016-07] in Germany, have to be met. Hence it
is necessary to predict the sound pressure levels due to structure-borne
sound sources at the design stage.

However, to-date no planning tools are available for machinery noise in
timber-frame buildings and the design is mainly based on previous project
experience. Consultants and architects are therefore very inflexible in
the choice and combination of equipment and construction type. High
uncertainties increase the building costs due to conservative design which

reduces the competitiveness of timber-frame buildings.

1.3 Problem and approach

Two main issues are addressed in this work. The first concerns the chal-
lenges due to the complex nature of SBS transmission in timber con-
structions. The second is the need for simplified methods in buildings

acoustics. Both are described briefly in the following two sections.

1.3.1 Challenges related with lightweight structures

Compared to classical monolithic buildings made from concrete or bricks,
lightweight, framed structures are very complex. A concrete wall or floor
can often be considered as a homogeneous plate. Timber-frame structu-
res, however, comprise detailed connections involving different materials.
The construction comprises a framework with a sheeting typically made
from thin sheets. The cavities are often filled with sound absorptive ma-
terial. The cross-sectional area of the timber studs or beams as well as
their spacing varies depending on the required structural strength of the
building element. Floor joists are deeper and potentially need a narrower
spacing than walls studs. In addition the material properties of wood are
based on the direction of the fibres and annular rings that can vary de-
pending on the sawing pattern. To reduce impact sound, floor coverings
such as floating screeds are common and can be regarded as state-of-

the-art. Additional mass, like gravel in the floor cavities for example, or
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Figure 1.3: Sketch of typical timber-frame double wall.

various kinds of suspended ceilings are also used to improve sound insu-
lation. A collection of common constructions and their associated sound
insulation is given in [DIN 4109-33:2016-07].

Figure 1.3 shows an example of a timber-frame wall construction with
a single framework. The sheeting can have one or multiple layers that
are typically screwed or nailed to the framework. Common sheet ma-
terials are plasterboard or wood composites like chipboard or Oriented
Strand Board (OSB). Gypsum boards are butt jointed and grouted, whe-
reas wood composites are normally tongue and grooved. The choice of
material, its thickness and the number of layers can vary depending on
requirements on load bearing, fire protection or sound insulation. Hence
there is a high degree of detail inherent in the construction of timber-
frame walls and floors. This leads to many different junction details
between building elements.

Although there are industrial standards on the dimensions of building
material or common stud and screw spacings for example, the variety of
possible structural variations is large. Due to the complexity of timber
buildings the mechanical behaviour is also influenced by craftsmanship
and this causes additional uncertainties.

Compared to homogeneous heavyweight building elements, the com-
plexity of timber-frame structures provides more sound transmission paths

within a single element and at junctions between walls and floors. In com-
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bination with high internal damping of the wood, wood-composite and
gypsum based materials, this leads to high material damping which is
a major characteristic of such structures [e.g. Schoenwald 2008]. Con-
cerning mechanical excitation, the vibrational energy is significantly at-
tenuated with increasing distance within a timber-frame wall [e.g. Nig-
htingale and Bosmans 1999]. However, common engineering prediction
models in building acoustics are typically based on the laboratory measu-
rement of direct sound insulation of the walls and floors [e. g. ISO 12354-
1:2017]. In addition to direct sound transmission, flanking transmission is
modelled by introducing coupling terms across the junctions between the
elements. This approach typically requires building elements to have a
uniform vibro-acoustic behaviour and energy distribution across its spa-
tial dimensions. This is provided by weakly damped monolithic building
elements of concrete and masonry [e.g. Schoenwald 2008]. However due
to the high damping of timber-frame structures, these approaches may

not always be applicable.

In terms of direct sound transmission, lightweight double leaf con-
structions show characteristics that differ to those of heavyweight homo-
geneous structures. Although there is structural coupling between the
leaves through the framework, sound transmission across timber-frame
constructions is characterized by a mass-spring-mass behaviour where the
air in the cavity acts as a spring. At and below this frequency the per-
formance of double wall constructions is weak compared to monolithic
structures with a similar total thickness. Above the mass-spring-mass
resonance frequency the sound insulation of double wall constructions
increases rapidly until the frequency where the bending wavelength of
the structure and the wavelength of airborne sound waves match. At
this coincidence frequency, sound radiation is very efficient. For timber
frame-constructions the coincidence frequency is significantly higher than
with monolithic structures because of the thin sheet material. Below the
coincidence frequency, both resonant and non-resonant components are

involved in the sound transmission. For timber-frame structures the coi-



1.3 Problem and approach

ncidence frequency is well within the buildings acoustics frequency range;

hence both components are involved.

In building acoustics single number ratings are determined in the fre-
quency range from 100Hz to 3.15kHz, but this range is sometimes ex-
tended down to 50 Hz and up to 5kHz. For heavyweight impact sound
insulation, maximum sound pressure levels L; f max are measured from
63 Hz. Typically the mass-spring-mass resonance frequency of common
timber-frame constructions is below 100 Hz. Hence the poor sound in-
sulation of lightweight buildings is not covered by these values although
spectral adaptation terms were introduced to expand the range down to
50 Hz. As the audible frequency range typically starts at 20 Hz occupants
can be annoyed by low frequency sound transmission in lightweight con-
structions [Rabold 2010; Ljunggren et al. 2014]. Additionally machinery
tends to inject most vibrational energy at low frequencies. As lightweight
structures are not as inert as heavyweight constructions they are prone
to structural excitation by machinery. To estimate the vibration trans-
mission the mechanical characteristics of the source and the receiver are
required at the contact points. However the prediction of parameters
for inhomogeneous timber-frame constructions is very complex as the

vibration field varies significantly across the surface.

To cope with these challenges related to the the complexity of light-
weight structures two main approaches are applied in this thesis: (a)
Statistical methods that use averaging procedures, such as SEA. SEA
provides the possibility to investigate the transmission paths individu-
ally which can be used to identify dominant or weak paths, and (b)
an empirical approach, based on measured data to globally describe the
transmission from the power input of a source to the spatial average
sound pressure level in a distant room including all paths. Deterministic
approaches like Finite Element Methods (FEMs) are not considered in
this thesis because of the problems related with the determination of the
actual material properties, complex unknown boundary conditions and

relatively high computation times.
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1.3.2 Challenges in the field of building acoustics

Structure-borne sound emission, the first stage of the total transmission,
is not only an issue in buildings but also in trains, ships, vehicles and
aircraft. In all these fields the energy transfer from an active vibra-
ting source to a passive receiving structure is of interest. This requires
knowledge about the structural dynamic properties of the source and the
receiver.

Hence the determination of structure-borne sound emission is more
complex compared to the situation with airborne sound, where the sur-
rounding fluid (air) is the only present receiver for which the characteris-
tics are well known. For the characterization of airborne sound sources
there are well-established measurement standards [ISO 3740:1980].

Receiving structures can differ largely due to a wide range of material
properties in combination with various possible geometries (e.g. beams
or plates), arbitrary finite dimensions and construction types (e.g. rib-
stiffened plates or sandwich constructions). Variations also exist in the
design of the source mount that can be point, line or plane shaped, for
example. The position of the source can have significant influence on the
strength of energy transmission due to spatial variations in the receiving
structure properties (especially for rib-stiffened constructions). Additio-
nally at each contact point, excitation for six degrees of freedom (three
forces and three moments about the orthogonal axis of these forces) can
occur. For multi-point sources the interaction of the individual contact
points needs to be taken into account, too. Because of all these aspects,
the prediction of structure-borne sound emission can be a complex time-
consuming task. As mentioned in section 1.3.1 there are challenges in
modelling the sound transmission across timber-frame structures.

However, practical and effective engineering procedures are required in
the field of building acoustics where the resources in time, manpower and
equipment for the planing process can be low compared to other sectors

of industry where serial production is more common. However, both the

!Note the latest revision of this standard: [ISO 3740:2000)
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machinery manufacturers and the building industry seek simple practical
methods, ideally based on single number quantities.

The approach in this work is to gain insight into structure-borne sound
excitation and propagation in timber-frame constructions and derive sim-
plification steps from this based on experimental investigations. As there
are no common rating schemes available for structure-borne sound power,

one-third octave band data is used rather than single number values.

1.4 Aims

The main aims of this work can be summed up as follows:

Existing models for Internal Loss Factors (ILFs) and Coupling Loss
Factors (CLFs) that are required to model a timber-frame construction
are assessed using experimental work on a laboratory test structure. This
includes the determination of the material properties for the buildings ele-
ments, such as the sheeting chipboard plates and spruce studs and joists.
Specifically the transmission across tongue and groove plate junctions is
considered by determining a CLF experimentally. An additional aim of
the experimental work is to gain insight into the vibrational behaviour
of a timber-frame construction undergoing mechanical point excitation
Therefore measured data is used to visualize and quantify the spatial
variation in the vibration field and the energy propagation. Further ex-
perimental work aims to confirm and expand the knowledge about the
spatial variation of the driving-point mobility on timber-frame structures.
In addition the spatial variation of the moment mobility is considered.

Concerning the prediction of the SBS power input the aim is to assess
simplified approaches for the application in building acoustics consul-
tancy. This requires an assessment of the importance of moment exci-
tation in relation to force excitation using investigations in experimental
methods to determine rational excitation components by measurement.

Based on the experimental work this study investigates two approa-
ches for prediction with different specific aims: a) SEA is used to model a

timber-frame wall undergoing mechanical point excitation with the main
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aim to assess the applicability of SEA for this purpose and to gain insight
into the transmission process, b) an empirical approach based on measu-
red transmission functions is used with the aim to develop the framework
for a simple and practical method to estimate the sound pressure level

caused by machinery in timber-frame buildings.

1.5 Significance of this work

The European standards for the prediction of sound transmission in buil-
dings were originally not applicable to lightweight, inhomogeneous con-
structions [e.g. EN 12354-1:2000]. The developments in the building
sector towards increasing mechanization and a higher market share of
timber-frame constructions for multi-storey dwellings require a revision
of the currently available standards. This involves methods for prediction
but also experimental procedures for the determination of input data for
these models.

Recently, revised versions of part 1 and 2 of the EN 12354 series on
airborne and impact sound transmission have been published as ISO stan-
dards [ISO 12354-1:2017; ISO 12354-2:2017]. These parts now include
procedures to predict sound transmission in lightweight constructions.
The ISO 10848 series describes experimental procedures to determine
input data for the prediction of flanking transmission and has been re-
vised recently. The work in this thesis has been incorporated into the
latest version of the ISO 10848 series [ISO 10848-1:2017]. Although these
revised standards are now available, the described methods are not yet
representative for all kinds of timber-frame constructions. The practica-
bility of the methods needs to be approved through their application by
consultants where standardized prediction tools for machinery noise in
timber-frame buildings are not yet available.

This thesis contributes to these developments in the field of building
acoustics. As manufacturers of machinery and people involved in the
acoustical planning process of buildings seek practical methods, the fo-

cus in this research is on simplifications. By providing planning tools for

10
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timber-frame buildings, that are equivalent to those for monolithic con-
structions, the competitiveness of this construction type can potentially

be increased.

1.6 Outline

The structure of this thesis comprises the following four main parts:
e A review of theory and literature in 2 and Chapters 3.

e The methodology, i.e. the test structures and the experimental

techniques, in chapter 4.
e The main investigations and results in chapters 5, 6, 7 and 8.
e A summary in Chapter 9.

The content of the individual chapters is briefly described here and indi-
cates links between the chapters.

Chapter 2 provides a review of the relevant literature and discusses the
available concepts to predict structure-borne sound emission of machi-
nery and the transmission in buildings, particularly lightweight buildings.
The review identifies gaps that form the motivation for this thesis.

Chapter 3 describes the theory for bending wave vibration on beams
and plates, an introduction to SBS source characterization on a power
basis and an overview of SEA providing the relevant equations and the
main assumptions. This chapter focuses on the specific application of the
theories described in chapters 4 to 8.

Chapter 4 describes the test structures, experimental procedures and
instrumentation used for measurements. Experimental investigations are
used in this thesis to investigate SBS sources, the vibrational behaviour of
timber structures (chapter 5), the coupling between source and receiver
(chapter 6) or the global transmission (chapter 8).

Chapter 5 presents and analyses the results and findings of experimen-

tal investigations on a specific timber-frame structure in the laboratory.

11
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The aim of this chapter is to gain insight into the vibrational behavi-
our of a typical timber-frame construction undergoing mechanical point
excitation. The investigations also include the determination of the ma-
terial properties for the individual building elements (beams and plates)
comprising the structure. The experimental work on the timber-frame
structure involves investigations concerning the vibration field and the
decay of vibration, the spatial variation of the driving-point mobility and
the moment mobilities as well as the radiation of structure-borne sound
and the resulting sound fields in the cavities and the adjacent rooms.
The measured data and the findings of this experimental work are used
in chapters 6, 7 and 8 as input data or for the validation and interpreta-
tion of results.

Chapter 6 describes investigations concerning the experimental charac-
terization of SBS sources as well as the calculation of the power input into
timber-frame structures. Based on the motivation to develop practical
engineering methods, this chapter assesses simplifications in the determi-
nation of the power input from machinery using findings from chapter 5.
The investigations concern artificial sources and a real SBS source. In
addition to force excitation, indirect methods are applied to determine
the moment power for a single contact point. The applicability of the
methods is assessed and the relative importance of rotational excitation
components is discussed. As machinery typically has multiple contact
points, the power input for multi-point force excitation is of particular
interest in order to reduce the experimental effort to obtain a reasonable
estimate for the power input. The SBS power is used as input data for
prediction models in chapters 7 and 8.

Chapter 7 describes the application of SEA to model a timber-frame
wall undergoing mechanical point excitation. The modelling is based on
the results and findings from the experimental investigations described
in chapter 5. SEA is used to analyse the sound transmission from point
excitation by identifying dominant transmission paths. An assessment
is made as to whether SEA can be used to reproduce the vibrational

behaviour of the timber-frame structure observed in the experiments.

12
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The investigations are focused on modelling rather than prediction of
machinery noise. Nevertheless the SEA model is used in a case study to
predict the resulting sound pressure level in an adjacent room using the
power input for an artificial source from chapter 6.

Chapter 8 introduces an empirical approach based on measured trans-
mission functions. This specifically aims to develop are framework for a
simple and practical approach to predict machinery noise in buildings.
The relevant quantities and the proposed measurement protocols are in-
troduced based on experimental procedures described in chapter 4. Ex-
periments in the laboratory and the field are used to assess the practical
application of the proposed measurement protocol, to identify poten-
tial limitations and to test variations of the protocol to adapt it for a
broad application. To form the basis for the empirical prediction model,
a survey of existing transmission functions in timber-frame buildings is
presented and assessed in terms of the potential to identify an average
transmission function for similar situations. From chapter 6, moment
power is used to determine the transmission function for moment exci-
tation in the laboratory. In case studies with SBS sources introduced
and characterized in chapter 6, the proposed approach to predict ma-
chinery noise is applied and validated with measured data following the
procedures described in chapter 4.

Chapter 9 gives a summary of the thesis focusing on the main findings

to draw conclusions and to give recommendations for further work.
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2 Literature review

2.1 Introduction

This chapter reviews the literature on structure-borne sound emission
from machinery and sound transmission in buildings that is related to
this thesis.

2.2 Structure-borne sound emission

The need for procedures to describe machinery as structure-borne sound
sources was pointed out by Kihlman [1978]. This led to an ISO working
group that was concerned with the development of standardized methods
[Ten Wolde and Gadefelt 1987]. In the 1980s and 90s a range of appro-
aches for structure-borne sound source characterization were suggested
[Petersson and Plunt 1982a; Mondot and Petersson 1987; Vercammen
and Heringa 1989; Moorhouse and Gibbs 1993; Ohlrich and Larsen 1994;
Verheij et al. 1995]). To allow flexibility in the prediction of machinery
noise, an independent source characterization is preferred. This can be
achieved with mobility methods (respectively impedance methods) that

allow the description of coupling between individual mechanical systems
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and the implementation of resilient foundations. A comprehensive sur-
vey on the application and the origins of mobility methods in structural
dynamics is given by Gardonio and Brennan [2002]. Using these met-
hods the vibrational energy transmitted from a source to a receiver can
be obtained from three independent quantities [Moorhouse and Gibbs

1993]: (a) Source activity, (b) source mobility and (c) receiver mobility.

2.2.1 Determination of the source quantities

Structure-borne sound source characterization involves the determination
of the active and passive properties of the source at the accessible contact
points. This black-box approach involves the assumption of a linear
source whose properties do not alter when it is mounted on a receiving
structure. A validation of the black-box approach is shown by Mondot
and Petersson [1987] in a case study with an idealized source and also
shown in [Moorhouse 2001]. An alternative approach was presented by
Moorhouse and Gibbs [1995] to determine the power emission in-situ.
This approach was extended by Elliott [2009] and Moorhouse et al. [2009]
to determine independent source quantities using in-situ characterization.
However the black-box approach is widely accepted particularly in the
field of building acoustics and was therefore included in [EN 15657:2017].
For this reason it is applied in this thesis.

For the measurement of the blocked force, a large inert receiving struc-
ture is necessary. At the interface between source and receiver, force
transducers are required which potentially modify the mounting conditi-
ons. Hence the free velocity is generally preferred to describe the active
property of a structure-borne sound source [Gibbs and Petersson 1996].
Procedures for the experimental determination of the free velocity are
standardized in [ISO 9611:1996].

2.2.2 Description of source emission on a power basis

The use of a power-based descriptor is a trade-off between physical accu-

racy and required simplicity [Gibbs 2003]. As noted by Petersson and
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2.2 SBS emission

Gibbs [2000] and Holler [2013], manufacturers seek simple data to des-
cribe their machines in terms of structure-borne sound emission. This
can be provided by the power delivered by the source involving all the
complexities. Excitation components (forces and moments) can be com-
pared and rank-ordered, since problems that occur with different units
are eliminated. In building acoustics a detailed description of the me-
chanical system is not required nor possible due to limited resources.
Hence prediction models for sound transmission involve averaging over
space, time and frequency. SEA or SEA-based prediction models like
[EN 12354-5:2009] require power as the main quantity.

A power-based descriptor allows the comparison of different sources
in a similar way to airborne sound sources [ISO 3740:2000]. Hence re-
search and standardization work has focused on power-based methods
in recent years. Moorhouse [2001] formulated a more general form of
the approach based on characteristic power as a source descriptor from
Mondot and Petersson [1987]. As this method requires a huge amount
of data, Gibbs et al. [2007] suggested approaches to simplify the calcu-
lation and to reduce data. Based on theory by Cremer and Heckl [1967]
and earlier approaches, [e.g. Vercammen and Heringa 1989; Lu et al.
1990], a simplified procedure, the reception plate method was revisited
by Gibbs et al. [2007] and Spéh and Gibbs [2009]. This practical proce-
dure is particularly suited to building acoustics and is standardized in [EN
15657:2017]*. It allows the estimation of the injected structural power to
building elements, the so-called installed power. The simplest situation
for the application of this standard is the case of small and light sources
on heavy receivers such as concrete or masonry building structures. A
more complicated case concerns installations in lightweight constructi-
ons such as timber-frame buildings which is addressed in the following

section.

'Note that this standard supersedes [EN 15657-1:2009).
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2.2.3 Structure-borne sound sources in timber-frame

constructions

Due to the increasing popularity of timber buildings more consideration
has been given to machinery noise in lightweight building constructions
in recent years. Lievens [2008] applied the black-box approach in a case
study of a washing machine on a lightweight floor using either full mo-
bility matrices or reduced data sets. Work by Mayr [2009; 2016] focused
on simplifications for the complex vibration transmission of multi-point
structure-borne sound sources in lightweight buildings [see also Ohlrich
2011]. Mathiowetz and Bonhoff [2013] investigated multi-component po-
wer transmission [see also Petersson 1993a; Petersson 1993b] into light-
weight structures. However the presented case studies concerned light-
weight metal structures rather than timber-frame constructions. Work
by Bailhache and Villot [2015] investigated the prediction of power input
from a waste water installation into lightweight framed receivers using
the procedure described in [EN 15657:2017]. Using a measured TLF for
the receiving structure, the spatial average velocity was estimated and

compared with measurements which gave reasonable agreement.

The challenges in the prediction of the structure-borne sound power
input in framed structures are now considered: Receiver mobility can be
predicted or determined experimentally and prediction is usually prefer-
red due to a more general application. For homogeneous plates, there
are both finite and infinite plate models, e.g. [Warburton 1954; Heckl
1961; Cremer and Heckl 1967; Gardonio and Brennan 2004; Soedel 2004].
However lightweight constructions are generally ribbed plate systems,
i.e. single or multi layers of plates of the same or differing material moun-
ted (screwed or nailed) on top of a frame made of timber or metal studs.
Although industrial standards (for example on stud spacings or on di-
mensions of building material) reduce the amount of possible constructi-
ons types, there is still a very large variety. However White and Liasjo
[1982] noted that for timber floors there was not always a significant va-

riation between different positions. Nightingale and Bosmans [2007] and
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2.3 Sound transmission in a building

Mayr [2009] described the variation of mobilities for framed constructi-
ons based on the distance of regarded points to a stud in relation to the
bending wavelength of the sheeting material. Therefore the prediction of
the receiver mobility is more complicated compared to a homogeneous
plate. Further work by Mayr and Gibbs [2011] suggested an approximate
method for the prediction of point and transfer mobilities based on in-
finite plate and beam behaviour in combination with reactive forces at

structural discontinuities.

For multi point sources a major step of simplification is the reduction
to one equivalent excitation point [Petersson and Plunt 1982a; Petersson
and Plunt 1982b]. For lightweight structures, Mayr [2009; 2012] proposed
a single equivalent approximation for lightweight receivers and additio-
nal simplifications as well as their application [Mayr and Gibbs 2016].
This showed that an approximation to a representative point is feasible,

however the work only focused on out-of-plane force excitation.

Perpendicular forces are generally considered to be dominant [Gibbs
et al. 2007] especially in the central area of plate-like structures [Yap
and Gibbs 1998]. However moments can be important in relation to
perpendicular forces for framed constructions where translatory motion
is potentially constrained by discontinuities [e. g. Petersson 1993a; Yap
and Gibbs 1998].

2.3 Sound transmission in a building

Once the structure-borne sound power input from machinery is known,
the transmission across the building structure needs to be modelled in or-
der to predict sound pressure levels in remote rooms. Similar to the field
of source characterization, the development of transmission models for
timber-frame constructions is not as well established and validated as for
heavyweight constructions due to the complex nature of inhomogeneous

framed structures.
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2.3.1 Approaches to model the vibrational response of

framed building structures

Due to the stiffening ribs, the vibrational response of framed walls or
floors can be considerably different to homogeneous plate-like structures.
Classical ribbed plate models use wave theory to describe thin plates
that are rigidly line-connected to stiffening ribs at periodic distances
[e.g. Mead 1996]. A survey on ribbed-plate models is given by Brunskog
and Hammer [2000] and mainly applies to moulded structures or welded
connections typically used in aerospace or naval applications. A study
concerning vibration transmission in a framed building was presented by
Steel et al. [1994]. For a ribbed concrete floor slab it was shown that there
is a significant decrease in vibration perpendicular to the ribs. Using
CLFs for inline plate joints according to [Cremer and Heckl 1967] the
decrease was modelled using SEA. However the prediction underestima-
ted the attenuation. Timber-frame walls or floors are typically fabricated
using spaced point connections between the sheeting plates and the stif-
fening timber joists. An experimental study by Nightingale and Bosmans
[1999] indicated that the vibrational response of timber-frame structu-
res shows typical characteristics of periodic beam-plate-structures. The
results indicated that both line-connected and point-connected characte-
ristics occur in different frequency ranges. However no model was pre-
sented that describes the vibrational response. Craik and Smith [2000Db]
also found line-connected and point-connected characteristics in measu-
rements on timber-frame and metal stud constructions. To model the
velocity level difference across a plate-beam junction, wave theory was
applied for the line-connected behaviour. The point-connected behaviour
was modelled using SEA with a structural CLF for the fixing points. The
results showed reasonable agreement with measurements, however only
isolated test structures with two plates and one beam were considered.
Further work by Bosmans and Nightingale [2001] as well as Nightingale
and Bosmans [2007] suggested approaches using either SEA or an ana-

lytical wave based approach to model the vibration transmission across
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bolted junctions between plates and beams. The results indicated that
both approaches can be used when all wave types are included in SEA.
However, the investigations were carried out using small mock-ups made
from perspex beams and plates. Schoenwald [2008] described the line
and point-connected characteristics of timber and metal stud walls in
the wavenumber domain. To model the attenuation of vibration levels,
Schoenwald used the model of Bosmans and Nightingale [2001] for the
line-connected behaviour. For the point-connected behaviour the stiffe-
ning ribs were neglected and only the sheeting plate was modelled as a
damped finite rectangular plate with simply supported boundary con-
ditions. It was shown that for the majority of the building acoustics
frequency range framed lightweight building structures can be described

with point-connected behaviour.

2.3.2 Review of approaches for transmission models

Due to the challenges mentioned in section 1.3.1, there are no practical
and generally applicable predictions models for structure-borne sound
transmission in timber-frame buildings. However there is a lot of rese-
arch activity in this field which will be presented in the following. To
organize the literature, the following three groups will be used to sub-
divide existing transmission models. Detailed models are the results of
basic fundamental research on sound transmission and mainly form the
foundation for the second group, the standardized prediction methods.

The third group are empirical approaches.

2.3.2.1 Detailed models

The fundamental research work in this topic can be considered in terms
of direct and flanking transmission. For the latter only the resonant
components are relevant as only these are transmitted across junctions
[Nightingale 1995]. The direct path however involves both resonant and

non-resonant transmission. Hongisto [2006] gives an extensive survey on
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existing approaches for direct transmission across double walls distinguis-

hing between cavity walls with and without structural coupling.

For double walls of infinite size with no connections between the leaves,
Beranek and Work [1949] and London [1950] introduced early models.
These models are mentioned here because they describe non-resonant
transmission across cavity walls. Based on these methods, Sharp [1978]
suggested guidelines for the design of framed walls by splitting up the
characteristics into frequency ranges where either mass law, mass-spring-
mass behaviour or coincidence occurs. Vigran [2009; 2010] presented
a transfer matrix approach that included structural coupling. Further
improvements to analytical models were presented by Davy [2010; 2012]
with a model that uses a four pole system to model the transmission
by considering either massless point- or line connections. However both
consider the transmission loss of the wall for airborne excitation and are
therefore not suitable for the mechanical point excitation of SBS sources

considered in this thesis.

More detailed approaches for double walls of finite size can be found in
work based on SEA. Early work by Price and Crocker [1970] described a
five-subsystem-model (room-plate-cavity-plate-room) that considers re-
sonant and non-resonant transmission, but omits structural coupling.
Based on that Craik and Smith presented an enhanced model that incor-
porates both acoustical [2000a] and structural transmission paths [2000b].
However these models were validated using a uniform excitation (airborne
or mechanical excitation at various positions across the surface). This
thesis however considers local mechanical excitation by an SBS source.
Nevertheless, further improvements were presented later concerning the
coupling between the cavity and the plate [Craik 2003] as this was in-
accurate previous models. Galbrun [2010] presented investigations to
assess the limitations in modelling the structural coupling using point
connections. Suggestions to expand these SEA approaches to flanking
transmission were presented for example by Craik and Galbrun [2005],
Schoenwald [2008] or Kouyoumji [2012].
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2.3 Sound transmission in a building

In recent years deterministic approaches to model sound transmission
in lightweight timber structures were presented [e. g. Flodén 2014; Kohr-
mann 2017]. A comprehensive survey of existing models is given by
Brunskog and Hammer [2000].

Although these detailed methods give insight into the different paths
of sound transmission in timber-frame buildings, they are usually too de-
tailed for an engineering application in consultancy for example. For this
reason standardized simpler methods have been developed as described

in the next section.

2.3.2.2 Standardized prediction methods

A comprehensive survey on standardization work, particularly related
with airborne and structure-borne noise prediction for lightweight con-
structions is given by Villot et al. [2016]. Based on first order path
analysis from SEA, the European standard series EN 12354 was deve-
loped including suggestions of Gerretsen [1979] and Gerretsen [1994] for
the prediction of airborne and impact sound transmission in buildings
[EN 12354-1:2000; EN 12354-2:2000].

Gerretsen [2000] presented initial ideas for an additional part that co-
vers machinery noise which was later added as part 5 to this series [EN
12354-5:2009]. This part was directly developed from part 1 and therefore
used the propagation model for airborne sound.

The models in the EN 12354 series were not developed for framed,
lightweight buildings with high damping, non-diffuse vibration fields and
complicated junction details. Hence their application was restricted to
monolithic structures except two specific example constructions that were
included for lightweight junctions. Due to the increasing popularity of
timber buildings a lot of research work was carried out in recent years
to include lightweight constructions in EN 12354. Most of the work was
collected in the COST Action FP0702 [2012]. Additional papers were
presented for example by Guigou-Carter et al. [2006], Guigou-Carter and
Villot [2015] as well as Gerretsen [2015] leading to the latest revision of
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part 1 and 2 and the publication as an ISO standard [ISO 12354-1:2017;
ISO 12354-2:2017)2.

Although this was a major improvement, Villot et al. [2016] noted that
this was just a starting point and more studies were required to increase
the data base for timber-frame buildings. This is necessary as junction
transmission for lightweight constructions needs to be characterized glo-
bally by measured data [Villot and Guigou-Carter 2006] which could be
provided in a catalogue. Methods for laboratory and field measurements
to determine flanking transmission are described in the latest version of
the ISO 10848 series®.

The estimation of machinery noise as described in [EN 12354-5:2009]
is only applicable for heavyweight constructions to-date and needs to
be revised, too. This was also stated by Villot [2017] who suggested
approaches for the prediction of sound levels generated by structure-
borne sound sources.

Although the intention of the standardized methods is to provide sim-
plified, practical prediction tools, they are viewed by some as being too
complicated for effective application in building acoustic consultancy.
For this reason, this thesis investigates an empirical method based on
a catalogue of measured average transmission functions to simplify the

estimation of machinery noise in timber-frame buildings.

2.3.2.3 Empirical approaches

An alternative approach to ‘prediction’ is to use measured transfer functi-
ons between the emission of the source and the sound pressure level
in a distant receiving room. Steenhoek and Ten Wolde [1970] defined
mechanical-acoustical transfer functions concerning reciprocal measure-
ments. Transfer functions for discrete excitation and response points
were determined and proposed to describe the transmission of machinery

noise in buildings. However typically spatial average data is considered

*Note that these standards also supersede [ISO 15712-1:2005; ISO 15712-2:2005]
3[ISO 10848-1:2017; ISO 10848-2:2017; ISO 10848-3:2017; ISO 10848-4:2017]
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in buildings acoustics. Ten Wolde et al. [1975] carried out further expe-
riments to identify individual excitation components for each of the six
degrees-of-freedom. As mainly out-of-plane forces are considered in buil-
ding acoustics this is not necessary. Cremer and Heckl [1967] described
the reciprocal relationship between radiation and response by interchan-
ging observation points. Based on that, Buhlert and Feldmann [1979] de-
fined structure-borne sound sensitivity as the ratio of the radiated sound
power to the mean-square force applied by a machine multiplied by a
normalization term. The normalization term allowed the determination
of the structure-borne sound sensitivity by measuring the mean-square
pressure at a point in a room and mean-square velocity at the excitation
point. This can be used to find advantageous positions for machinery
that result in low sound pressure levels [Cremer and Heckl 1967]. Howe-
ver only single-point excitation is regarded and typically machines have
multiple connection points so this might only apply to relatively compact
machines.

Vercammen and Heringa [1989] revisited structure-borne sound sensi-
tivity but considered the ratio of sound power radiated into the receiving
room to the mean-square force (i.e. without the normalisation term used
by Buhlert and Feldmann [1979]). By assuming that the mobility of
the machine is much higher than the mobility of the receiving structure
they introduced the reception plate method to give the structure-borne
sound power from which the mean-square force was calculated (a similar
approach was used by Gerretsen [1993]).

Scholl [2005] presented a test facility to investigate transmission functi-
ons in timber buildings that considered the ratio between the exciting
force and the spatial average sound pressure. Moorhouse et al. [2011]
presented an approach based on measured FRFs between the force from
an impulse hammer and the the resulting sound pressure in distant rooms
for the prediction of noise from building-mounted wind turbines. The ap-
proach uses the sound pressure level in a reference installation as basis,
which is determined from in-situ blocked forces [Elliott 2009; Moorhouse
et al. 2009] and the measured FRF in this situation. By applying correcti-
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ons for the construction, the room size and its location in the building
(e.g. diagonal adjacent to the reference room) the sound pressure level
was estimated for other situations. The application is however limited
due to a small survey of transmission data in the field.

Arnold and Kornadt [2014] defined a transfer function of pressure over
the input force as an alternative to the predictive approach of [EN 12354~
5:2009] for lightweight buildings following the work of Scholl [2005]. In
field measurements these transfer functions were determined for eleven
separating walls of horizontally-adjacent rooms. The data was arithme-
tically averaged to get a spatial-average value. The variation of the data
was between 20dB to 40dB and could be reduced to between 10dB to
30dB by introducing normalization to the driving-point impedance of
the excited structure and the reverberation time of the receiving room.
An additional normalization concerned the airborne sound insulation of
the separating wall. However this only applies to adjacent rooms and not
for the general situation of transmission of machinery noise in buildings
to any receiving room. Nevertheless the approach was applied by Vogel

et al. [2016] in a particular situation with promising results.
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3.1 Introduction

This chapter describes the theory that is applied in later chapters of the
thesis. Section 3.2 describes bending wave vibration on beams and plates
as well as sound radiation of bending waves. To describe the excitation of
bending waves, the mechanical mobility is introduced. Section 3.3 gives
a brief introduction to SBS source characterization on a power basis.
Different methods are described that are applied in chapter 6. Section
3.4 gives an overview of SEA with the fundamental equations and the

main underlying assumptions.

3.2 Bending wave vibration

This section gives expressions to describe bending wave vibrations on thin
beams and plates that are applied in this thesis. A thorough derivation
of the bending wave equation can be found in [Cremer and Heckl 1967],
for example. The expressions use the notation and direction conventions

given in Figure 3.1 for beams and Figure 3.2 for plates.
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Figure 3.1: Direction conventions and dimensions for beams.

3.2.1 Beams

The bending stiffness for a solid beam, By, is
B, =FEI (3.1)

where the Young’s modulus, F, can be determined from the quasi longi-

tudinal phase velocity, cr,1, and the density, p using
FE = C%,b P (32)

The moment of inertia, Iy, about the z-axis for a beam with rectangular

cross section is given by

L, h?
I = 3.3
b= (33)
For thin beams the bending wavenumber, kg, is
w2m' 27
kg = { =— 3.4
K B, B (3:4)
where m’ is the mass per unit length. The phase velocity, cpp, is
2 2 .2 I
afw?By 4w C L, LD
= = d 3.5
o ¢ m’ \/ Se (3:5)
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3.2 Bending wave vibration

Figure 3.2: Direction conventions and dimensions for plates.

where S, is the cross-sectional area. The phase velocity is frequency
dependent and therefore bending waves are described as dispersive.
Note that these equations are valid for bending about the z-axis. By
interchanging the variables related with the z-dimension by those for
the z-dimension, the equations are also valid for bending about the z-
axis. For framed constructions only one of these is relevant for out-of-
plane deflections. In this thesis, the z-axis corresponds to the bending
wave deflections, hence the notation for bending about the z-axis is most

relevant as in-plane deflections are not considered.

3.2.2 Plates

The bending stiffness for a thin isotropic plate is defined as

_ B,
1 =2

B, (3.6)

where v is the Poisson’s ratio. Similar to the beam, the Young’ modulus
can be determined from the quasi-longitudinal phase velocity, cr,, and

the density, p using
E = C%’p p(1—2v?) (3.7)

For the plate, the moment of inertia, I, is

h3

IP_E
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The bending wavenumber for thin plates is defined as

2

wm" 27

kg = ¢ —
B By, B

(3.9)

where m” is the mass per unit area. Hence the bending phase velocity,

cB,p is given by

2 2 212
s w?*B sfwreLp®h
CBp — \/ m//p = \/ 1; (3.10)

3.2.3 Thin beams and plates

The definitions in sections 3.2.1 and 3.2.2 are only valid for thin beams
and plates. Thin beam/plate theory assumes pure bending waves and
does not account for shear deformation and rotatory inertia. It can be
applied as long as the bending wavelength, Ag, is large compared to the
thickness dimension, i.e. h for the beam or plate. Hence there is an up-
per frequency limit for thin beam and thin plate theory. However the
transition is not abrupt as the errors slowly accumulate due to neglecting
shear deformation and rotatory inertia. Cremer and Heckl [1967] propo-
sed a cross-over frequency from thin to thick bending wave theory when
A =6h.

Using the equations in sections 3.2.1 and 3.2.2 the upper frequency

limit for thin beam and plate theory, fg tnin, can be estimated as follows

21T ¢ 9
= — ~0.05 — 3.11
fB.th 212 h h (3.11)

where ¢, is the quasi-longitudinal phase velocity for beams or plates.

3.2.4 Equivalent orthotropic plates

This thesis considers timber-frame constructions formed from a combi-

nation of beams and plates. To describe the dynamic behaviour of a
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ﬁm op
hmt} 2 }zb
b hP

dr dy

(a) Timber-frame wall

htot hy

dr d,
(b) Timber-joist floor
Figure 3.3: Cross section of the timber-frame wall and the timber-joist

floor that shows the notation applied for the equivalent ort-
hotropic plate model.

timber-frame wall with a symmetrical cross-section and a timber-joist
floor, the bending stiffness is determined using the notations given in
Figure 3.3.

The bending stiffness in y-direction, By, parallel to the ribs can be
determined according to Troitsky [1976]. For the timber-frame wall it is

E, R} Ep by 22 EyI
B -9 pp P '"pP ~“x,p b1ib 3.12
ywall (12 0= 1= )" (312)
and for the asymmetric timber-joist floor it is
E, RS Ephy22,  EyI
B = P ''p P '"P “x,p b+Lb 3.13
T N ) e Ry S (3:13)

In these equations, 2, is the distance between the neutral axis of the
plate and the neutral axis of the whole construction (dash-dotted lines

in Figure 3.3).
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For the timber-frame wall the neutral axis is in the mid-plane of the
whole construction. For the timber-joist floor the z-coordinate of the
neutral axis in the global coordinate system in Figure 3.3b can be deter-

mined by

_ ZpSp+ZbSb

L= 14
‘ Sy + Sp (3.14)

where 2, and 2y, are the distances of the plate and the beam mid-planes
relative to the x-axis of the global coordinate system.

The bending stiffness in x-direction perpendicular to the ribs, B,, can
be determined following an approach by Huffington [1967] which has
been applied to timber constructions by Churchill and Hopkins [2016].

Following this, B, wan, for the timber-frame wall is

b dn2hy [ Fo (B2 4 By (- 20)) 1)
ol T 10 | (dr — dy) By (WS, — 203) + dg By 203 '
For the timber-joist floor it is
E, (Epyhd + Ey (b, — h3)
B _drhy p (&plp b Mot = Ip (3.16)
w00t ™ 19 | (dr — dy) By, (W, — h3) + dg Eyp b3 ‘

where E, and FEj, are Young’s moduli for the sheeting plate and the
stiffening rib respectively.
Regarding the construction as one equivalent orthotropic plate, an ef-

fective bending stiffness, By e, can be approximated by [Cremer and
Heckl 1967])

By et = \/ Bz By (3.17)

To calculate the mass per unit area of this equivalent orthotropic plate,
an equivalent density, peq, and height, heq, is determined according to Ki-
mura and Inoue [1989]. For the timber-frame wall the equivalent density

is
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2pp Sp Pb Sh

— 3.18
Peq,wall 2Sp T Sb 2Sp T Sb ( )

and for the timber joist floor it is
Pp Sp pb S (3.19)

Peafloor = g G T S, + Sh

In these equations, S, and S}, are the cross-sectional areas of the plate
and the beam respectively where the stud spacing, dg, is used as effective
plate width.

The equivalent height is given by

heq = V121, (3.20)

where I, is the second moment of area for the whole construction that can
be determined using the parallel-axis theorem (also known as Steiner’s

theorem) [e.g. Gross et al. 2011]. For the timber-frame wall it is

dg hy dy b
Ix,wall =2 ( 112 L +dgr hp Z:?:,p) + 5;2b (3.21)
and for the timber-joist floor it is
dr hy d, h}
I:E,ﬁOOI" = Tp + dR hp 23237p + b —+ dx hb Z:%,b (322)

12

where z, , and z. 1, represent the distance between the neutral axis and

the mid-plane of the plate and the beam respectively.

This equivalent orthotropic plate model implies no shear deformation
between the sheeting plates and wall studs or floor joists. Typically
plates are screwed or nailed to the ribs (with or without glue), hence the
bending stiffness is likely to be overestimated and can be regarded as an

upper limit.
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3.2.5 Bending modes on finite beams and plates

When the boundary conditions of a finite beam or plate are known, the

bending mode frequencies can be calculated analytically.

The mode frequencies for bending modes (p = 1,2,3,...) of a simply
supported beam that has the length, L,, are given by [e. g. see Gardonio
and Brennan 2004, section 9.6.5]

2
T Bb 2p
fr= 5 \/; (Ly> (3.23)

The mode frequencies for bending modes (p = 1,2,3,...) of a beam with

clamped or free boundary conditions and the length, L, are

2
7w By (2p—1
o B () oo

Note that for free boundary conditions there are rigid body modes (even

and rocking) in addition to the bending modes.
The mode frequencies for a finite thin rectangular plate with the di-

mensions, L, x L, are given by [Gardonio and Brennan 2004, section
9.8.4]

T Eh ©Ppg

T Pra 3.25
fp,q 2 12p(1 _ 7/2) Lg; ( )

where ¢ is

L 4
w2, = Gi(p) + Gy(q) (LQD

2
+ z(i) VH,(p)Hy(g) + (1 — 1) To(p) Ty (q)]  (3.26)

The constants G, H and J are given in Table 3.1 for free boundary
conditions. Further boundary conditions can be found in [Gardonio and

Brennan 2004, Table 9.9]. The subscripts = and y with the constants in
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3.2 Bending wave vibration

Table 3.1: Constants G, H and J to determine mode frequencies of a
plate with free-free boundary conditions.

p G H J
Even 0 0 0
12
Rocking 0 0 —
Vi
1 1.506 1.284 5.017
1 1\? 4 1\? 12
2,34,... - S R I [ =) i+ —=
Sl P (“2) { <2p+1>w] (“2) [+<2p+1>w}

equation (3.25) indicate the boundary to which the values from Table 3.1
apply. Idealized boundary conditions can be approximated in laboratory
mock-ups by resiliently supporting plates to approximate free boundary
conditions. However in real buildings the actual boundary conditions
are rarely ideal (or known). In this thesis analytically determined mode
frequencies are used to estimate the mode count, N in a frequency band

for comparison with statistical approaches.

As the determination of the actual mode frequency is difficult, a sta-
tistical descriptor, the modal density, n(f) can be used. This gives the
number of modes per Hertz. For thin beams it is defined as

L
n(f) = —* (3.27)
CBb
where L, is the length of the beam and cg}, is given by equation (3.5).
For a thin plate the modal density, n,(f) of bending waves is given by

SV3

— 3.28
h C%,p ( )

np(f)

where S is the surface area of the plate.
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3 Theory

3.2.6 Direct vibration field on finite plates due to local

point excitation

For a local point excitation on a plate, the bending waves that radiate
out from this point are attenuated by geometrical spreading and internal
damping. Close to the excitation point there is a direct vibration field

given by [e.g. Lyon and DeJong 1995]

W W Nint T
2 in in
_ _ Wit T 3.29
(Ud>t 27TTCg,B,p 7 €XP ( CaBp > ( )

where r is the distance from the local point excitation, and ¢, B, is the
group velocity for bending waves on plates. For thin plates, ¢ gp =

2 CB,p-

3.2.7 Structural intensity

The time-average surface velocity can be used to describe the vibrational
energy and velocities on a measurement grid to identify or visualize the
mode shapes of a structure. However, this does not give insight into the
power flow across the structure.

In a finite, vibrating structure there is a continuous alternating inter-
change of energy between spatial areas of kinetic and potential energy.
This oscillatory transport of energy is called reactive power flow of which
the time average is zero. However, in any real vibrating mechanical sy-
stem there are losses due to internal friction, radiation, or boundaries.
Therefore there is an active component of the power flow “beneath the
seething sea of local reactive energy flux” [Fahy 1995a, p. 54] which trans-
ports vibrational energy from sources to sinks. This active component
describes the net-energy transport, hence the time average is non-zero.
However as the magnitude and direction of the active intensity vector
changes with time, time-averaged values are necessary.

This active component can be visualized by measuring the structural
intensity, I, on the surface of a structure as energy flux density (power

per unit width). As bending waves are the most important wave type for

36



3.2 Bending wave vibration

building acoustics, structural intensities of in-plane wave types are not

addressed in this thesis.

In the following the structural intensity is derived for the z-direction
denoted as I 5. From Noiseux [1970] the structural intensity is the sum
of a force component I, r and a moment component I, n, where the
moment component in turn comprises a bending, I, v, and a twisting

component I ; 7M.

Is,x = ds,z,F + Is,:v,M (3 30)

= Is,:p,F + Is,:p,BM + Is,x,TM

The force component can be expressed by the time average of the product
of shear force ), and the lateral velocity v, following the notation from
Figure 3.4'. Similarly the moment components for bending, M 2y and
twisting, M., are described by the time-average of the product with

their corresponding angular velocities a, and o, respectively.
Is,:z: = <Qx Uz>t + <sz ay>t + <Mx:z: ax>t (3~31)

Following Kirchhoff’s plate theory, the shear force, the bending moment
and the twisting moment can be rewritten using derivatives and par-
tial derivatives of the displacement with respect to z and y. Hence the
structural intensity components can be expressed in terms of the displa-
cement by additionally using partial derivatives to describe the angular

velocities.

9 (0*w O*w\Ow
I, = —DB, <8x (81‘2 + ay2> 8t>t (3.32)

!Note about the notation in Figure 3.4: Bending moments on the z-axis are often
denoted as M. in literature, although the moment is rotating about the y-axis.
In this work bending moments on the z-axis are denoted as M,, where the first
subscript indicates the axis to which the moment acts perpendicularly and the
second subscript indicates the direction in which the moment acts on. The same
applies for the notation of twisting/torsional moments.
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3 Theory

Figure 3.4: Internal forces and moments (shear forces (), bending and
twisting moments M) at ‘positive’ cross sections (outward
pointing z- and y-axis). Additionally the displacement w
(lateral velocity v,) and the angular velocities « are indicated.

0*w *w\ O*w
I . = —-B .
@BM p<<8x2 T 6y2>8t8x>t (3.33)

2 2
Ow 07w > (3.34)
t

I — B (1-») (LY W
5,2,TM b V)<6x0y ot O

where the bending stiffness B, for plates is given in equation (3.6).

3.2.8 Sound radiation from bending waves
3.2.8.1 Radiation efficiency

Sound radiation from bending waves on plates can be described by the
radiation efficiency, o. This quantity relates the radiated sound power to

the power radiated by a baffled piston with uniform velocity distribution
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3.2 Bending wave vibration

and dimensions that are large compared to the wavelength of air [Cremer
and Heckl 1967].

Wrad

e 3.35
S po co (V%16 (3:35)

o
Hence the radiation efficiency is unity when the plate radiates the same

power as a baffled piston with the same area and velocity.

3.2.8.2 Critical frequency

As bending waves are dispersive, there is one particular frequency at
which the bending wavelength matches the wavelength in air. This is
called (lowest) coincidence frequency or critical frequency, f.. Above the
critical frequency the radiation efficiency tends towards a value of one.

For thin plates the critical frequency can be calculated as follows

co® V3

mhery

fe= (3.36)

where ¢q is the phase velocity of sound in air.

3.2.8.3 Frequency-average radiation efficiency of rectangular

plates

Estimates of the frequency-average radiation efficiency came from work
by Maidanik [1962] and Crocker and Price [1969]. Leppington et al. [1982]
developed more accurate methods to calculate a frequency-average radi-
ation efficiency for rectangular plates. Similar to Maidanik, the model of
Leppington et al. describes the radiation efficiency in terms of u, which
is the ratio of the bending wavenumber to the wavenumber in air. This

can be written in terms of the coincidence frequency as follows.

_ ks _ f
= \/; (3.37)
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The radiation efficiency is defined for three regimes. Below the criti-
cal frequency, where p > 1, Leppington et al. [1982] give the radiation

efficiency as

oo (itl) [, (5r1),
W[LkioLng /,L2—1 u—l /ﬂ—

At the critical frequency, where =1 it is

J for u>1 (3.38)

L
a:w%mﬂ(;) for p=1 (3.39)
2

H(z) = x /01(5—t) (2 + %) 78+ (1+224)71] dt (3.40)

And above the critical frequency, where p < 1, it is defined as

1
0= —7———= for pu<l1 (3.41)
(1—p?)
In equations (3.38) and equation (3.39) L; is the smaller dimension of

the plate dimensions L, and L,:
Ly =min (L, Ly) and Lo = max(Lg,Ly) (3.42)

Above the coincidence frequency, the radiation efficiency is independent
of the dimensions. With p approaching unity, equations (3.38) and (3.41)
tend towards infinity. Hence the radiation efficiency at p = 1 gives
an upper limit. As this is only valid at this particular frequency, it
overestimates the radiation efficiency compared to values averaged in

one-third octave bands for example.

To provide a continuous function, Leppington provided extensive tran-
sition formulas in a later paper [1986]. The radiation efficiency close to

the coincidence frequency is given as
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3.2 Bending wave vibration

o=1I(Li,La)+I(Ly,Ly) for p=1 (3.43)
with
I(Ly, L2) =
sec g
1, .
G(t) | =6y + t cosec p(cos Oy — cos 26p) — it sin 20| dt
0
sec by 1
+ / G(t) {arcsect —(t? - 1)% + 5(1 —t)2 cot 90} dt (3.44)
1
where
L
0y = arctan <2> (3.45)
Ly
1
2koLq1)2 1
G(t) = % £73 sin <X0 t— = 7T) (3.46)
m2 4
X0 = ko L1 (/L — 1) = kB L1 — k‘() L1 (347)

For I(Ls, L1), L1 and Lo need to be interchanged in equation (3.44).

Based on these equations the radiation efficiency was determined in
this thesis in a similar manner to the methodology applied by Schoenwald
[2008]: As a first step the radiation efficiency was calculated according to
equations (3.38) to (3.41) in narrow bands. It was then additionally cal-
culated using Leppington’s transition formulas. From this, a continuous
narrow-band radiation efficiency was assembled using the intersection of
the graphs. Finally the narrow band values were averaged for one-third

octave bands to give a frequency average radiation efficiency.
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Figure 3.5: Radiation efficiency of 19mm chipboard (0.565m x 2.53 m)
according to Leppington.

Note that Leppington et al. also suggested a simplified calculation
method as the variation of the function H(z), given in (3.40), is small for
plates with similar z- and y-dimensions. However as narrow plates with
small aspect ratios are considered in this thesis, the simplified method
is not suitable, and therefore the detailed calculation was applied. All
three calculation methods are shown in Figure 3.5 for a 19 mm chipboard

sheet.

3.2.8.4 Sound intensity

To determine the radiation efficiency experimentally, the sound intensity
as well as the surface velocity of the structure have to be measured. The
sound intensity, I, i.e. the energy flux density (power per area) is the

time-averaged product of the sound pressure and the particle velocity
I=(pu) (3.48)
For a surface area, S, the radiated power is given as

Woad = / 1ds (3.49)
S
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3.2 Bending wave vibration

3.2.8.5 Nearfield radiation from point excitation

In this thesis mechanical excitation by point connected machinery is con-
sidered. Hence the radiation of the nearfield from the excitation point
also needs to be considered. From Cremer and Heckl [1967] the radiated
power from the nearfield of a local point force excitation, Wy, can be
calculated using the mean-square force, F2.

poCok%FQ

W = 5 for f<<fe (3.50)

2mw2m'

For an excitation that acts over an area, Cremer and Heckl [1967] furt-
her describe the nearfield radiation in terms of a piston with a radius
r 4+ Ag/4. This can be expressed using the mean-square force and the
driving point mobility, Yy, [e. g. see Hopkins 2007]

AB

1 t s
Wit = 5 Poco kg (7"‘1' 4> e Y(12p for f << fe (3.51)

3.2.9 Mobility

The complex mobility, Y, is given by the ratio between the velocity
and the exciting force. The mobility is the inverse of the impedance,
however in this thesis, mobility is used throughout. The excitation and
the response can be either translational or rotatory and in-plane or out-of-
plane. Bending wave vibrations are related with deflection perpendicular
to the surface. Therefore the mobilities for the out-of-plane components
(Fz, vs, My, ag, M, and o) are defined in the following sections and

the notation and direction conventions are given in Figure 3.6.

3.2.9.1 Driving-point mobility

The complex driving-point mobility, Yy, describes the ratio of the com-
plex out-of-plane velocity, v, ;, at position i to the complex point force
perpendicular to the surface at the same position, F, ;. Using sub- and

superscripts, the complex driving-point mobility can be denoted uniquely
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Figure 3.6: Notation and direction conventions for forces and moments.

using m and n for the degree of freedom of the response and excitation

respectively, with 7 indicating the excitation and j the response position.

Hence the driving-point mobility is of type Y '™

1

XffF *. However in the following, this is only used if unique notation

and can be written as

is necessary and normally the complex driving-point mobility is simply

denoted as Y.

’U .
Vap = Y37 = 22 (3.52)

3.2.9.2 Moment mobility

The complex moment mobility is described similarly to the driving-point
mobility. Hence, for rotation about the x-axis, Yy, is the ratio of the

complex angular velocity a,; at a position ¢, to the complex moment

i
exciting the structure at the same position, about the same axis, M ;.
Sub- and superscripts can be used to obtain unique notation, which gi-
ves X%””Mz for the complex point moment mobility about the z-axis at
position . As for the driving-point mobility, this notation is only used
if necessary and normally the simpler notations, Yy, and Yy, are used

for the complex moment mobility about the x-axis

Ay i
Vige = Yo = T (3.53)

x,0

and about the y-axis:
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3.2 Bending wave vibration

a .
Y, = YOMy — Zuid (3.54)
Yy 21 My,i

3.2.9.3 Mobility of infinite beams and plates

As the boundary conditions of beams and plates forming building structu-
res can not always be described exactly, analytical models for the mobility
of finite beams or plates [e. g. see Gardonio and Brennan 2004] are not
suitable. Hence infinite beam and plate mobilities according to [Cremer
and Heckl 1967] can be used.

The driving-point mobility of an infinite plate excited in the central

section is frequency-independent and given by

1

3.55
8v/Bpph ( )

de,inf,p =
Note that this is only valid for thin plates, i.e. h < Ag/6.
For a semi-infinite plate excited at the edge, the driving-point mobility

is given as

1

3.56
3.5\/Bpph ( )

de,sinf,p =

The driving-point mobility for an infinite beam excited in the central

part is complex and given by

1
2pSepp (141)

Yap int,h = (3.57)
where S is the cross sectional area of the beam.
The complex moment mobility for an infinite plate and excitation in

the central region is [Gardonio and Brennan 2004]

4 hny R
Vitntp = 1o (1 it R ) (3.58)
1%

where R is the radius of the circular excitation area.
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The moment mobility for a beam excited in the central section is de-
fined as [Gardonio and Brennan 2004]

(1+1) (3.59)

3.2.9.4 Transfer and cross-transfer mobilities

A transfer mobility describes the complex transfer function between the
excitation acting at a position ¢ and the response at a position j for
excitation in the same direction (e.g. F', and v,, see Figure 3.7). Cross-
transfer mobility describes the transfer function between, for example, a

force excitation and an angular velocity response.

)
\\‘Jaw,i
Vz,i

Figure 3.7: Notation for forces and moments, as well as out-of-plane and
angular velocities at two positions 7 and j.

M,

z

F.;
\\‘Jaw,j

Vz,j

To describe all out-of-plane point, transfer and cross-transfer mobili-

ties for these two points, ¢ and j, the following 6 x 6 mobility matrix is

necessary.
v, F, vy My UzMy v, F, vy My UzMy
Yo Yy Yy Yo Y Y
o F, o My azMy oy Fy e My OtacMy
Yot Yy Yy Yo Y Y.
ayF, oy My oy My ay F. oy My oy My,
v - DT &7 Y Yot Y Y (3.60)
yusFe  yvsMe  y UMy yueF oM yvMy '
—Jt —J —Jt —7J —J1J —7J
o F. o My azMy o Fy oy My C‘szy
Yoproe Yyrme Yy Yy Yypmw Y
oy F, oy My ay My ayF, oy My oy My
Yoo X Xpht Ygp ot Yy Y

46



3.2 Bending wave vibration

3.2.9.5 Point and transfer mobilities of finite free plates

For known boundary conditions, the point and transfer mobilities of finite
plates can be determined as described by Gardonio and Brennan [2004]
using characteristic beam functions, ¢, and ¢,. For a free beam these

are given as

1 even
V3 ( — %—f) rocking
¢q(x) = - . (3.61)
ﬂ{cos% (L—zi)—i—chosh'yz- (Eﬁ)} q=1,3,5,...
\/i{smfyj (L%%)—I—kqsinh'yj (ﬁ%)} q=2,4,6,...
where kg is
B L for ¢=1,3,5
inh L i q y» Yy Yy
kq = Sirsl %%.27 (3.62)
sinh Lo, for ¢=2,4,6,

and the ~-functions are

1 1
tan—y; +tanh =, =0 for ¢=1,3,5,...

12 12 (3.63)
tanifyj—tanhgfyjzo for ¢=2,4,6,...

The zeros of the gamma functions are given in Table 3.2 according to
Gardonio and Brennan [2004]; however the notation of Hoéller [2013] is

used.

For each bending mode (pg) the mode shape, v, is calculated using

the products and derivatives of the beam functions ¢, and ¢, as follows

Upg(,y) = &p(2) Pg(y)

Upa(2.9) = dyla) 2 (3.64)

) = 225 4 )
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Table 3.2: Zeros of the gamma functions 7; and ~; with i = (¢4 1/2) for
qg= 135, ..and j = q/2 for ¢ = 2,4,6,. ...

1,7 tan%m—i—tanh%%—:() tan%’yj—tanh%vjzo

1 4.73004 7.8532

2 10.9956 14.13716
3 17.27876 20.4204
4 23.5620 26.7036
5 29.8452 32.9868

45 —-1)m 4574+ 1)m

6,7.8,. .. % %

Using modal summation the point and transfer mobilities can be de-

termined as follows

oo oo
Y= (W, 21, 41, o Yo) =iw ZZ wpq($2_7 y2) Ypq (21, 41) _
p=lg=1 ph Ly L, _w%q (1+in) — w2_

YoMa (a9, 20 y2)::ia)i§ij§i di%($2fy2)u§%($l’yl) _
p=lg=1 ph Ly L, _w%q (1+in) — w2_

(o ol o]
: ¢y (552,92) wy (Il,yl)
YayMy(w,:C1,y1,x2,y2) =iw ZZ Pg\2 g ‘ _
p=1g=1ph Ly L, _wgq (1+in) — wz_

(3.65)

where the mode frequencies, wy,, are determined as described in section
3.2.5. For the formulation of cross and cross transfer mobilities and other
boundary conditions the reader is referred to [Gardonio and Brennan
2004].

An example for a 19 mm chipboard with dimensions 0.93m x 2.05m
is shown in Figures 3.8 and 3.9. The magnitude and phase of the finite
plate driving-point mobility is shown in Figure 3.8 for comparison with
the infinite plate mobility according to equation (3.55). Figure 3.9 shows

magnitude and phase of the moment mobility about the z-axis for the
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Figure 3.8: Magnitude and phase of driving-point mobility for a 19 mm
chipboard plate with dimensions 0.93m x 2.05m. The exci-
tation position is located at (0.31m, 0.28 m).

same plate and the infinite plate according to equation (3.58). Both
figures show that towards high frequencies the behaviour of finite plates

tends towards that of infinite plates.

3.3 Structure-borne sound source

characterization on a power basis

Source characterization covers the determination of the active and pas-
sive characteristics of the source. The machine is regarded in its entirety
and therefore internal source mechanisms are not considered in detail and
the active and passive parameters are determined at the accessible con-
tact points (terminals). This black-box approach [Mondot and Petersson
1987; Moorhouse 2001; Holler 2013] is shown in Figure 3.10.
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Figure 3.9: Magnitude and phase of moment mobility for the same plate
and excitation position as in Figure 3.8. The infinite plate
moment mobility is shown for an indenter radius R of 35 mm.

Note that in this thesis force and moment excitation components are
considered separately and only out-of-plane excitation components are

concerned.

3.3.1 Source parameters
3.3.1.1 Source activity

Considering only the translational motions, the active properties of the
source are described either by the (source) free velocity, vse, or by the
blocked force, F3,, at the terminals. Both are complex and a function of
frequency. They can be derived from each other using the source mobility,

Ys, or the source impedance, Zg, respectively.

vse(f) = Ys(f) Ey(f) (3.66)
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Source

Active properties: vgs or Fy,

Passive properties: Yg or Zg

O) .
Terminals

Figure 3.10: Structure-borne sound source characterization. Sketch ba-
sed on Holler [2013]

Fy(f) = Zs(f) vse(f) (3.67)

In the free condition the source is freely suspended. In the blocked con-
dition the source is mounted on a large inert receiving structure. For
both it is assumed that the excitation caused by internal mechanisms is

transmitted linearly to the contact points.

3.3.1.2 Source mobility

Similar to the active parameters, the source is either regarded in a free or
a blocked situation for the determination of its passive parameter, that
is its mobility (introduced in section 3.2.9). With the source resiliently
suspended, the source mobility, Ys, can be measured at the accessible
contact points. A measurement of the source impedance, Zg, requires
the contact points to be blocked with an inert receiver. Hence it is
more practical to determine the mobility experimentally. However the

impedance can easily be derived from the inverse of the mobility.

3.3.2 Installed structure-borne sound power

For passive receiving structures the receiver mobility, Yr, (or the recei-

ver impedance, Zg, respectively) at the positions where the source is
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Source

Receiver

Figure 3.11: Source receiver coupling. Sketch based on Holler [2013]

connected is required. Based on the parameters of the source and the
receiver the transmission of vibrational energy (stage 1b in Figure 1.2)
can be obtained as indicated in Figure 3.11. This is particularly influen-
ced by the ratio of source and receiver mobilities [Mondot and Petersson
1987].

In building acoustics, power is the primary quantity often used in pre-
diction models, hence a power-based descriptor to describe structure-
borne sound emission is advantageous. When a source is attached to a
receiver it will deliver a certain power in this particular situation, the
so-called installed power. The complex power @) comprises a real part
W the active power, and an imaginary part P, the reactive power.

Q=W +iP (3.68)

The real part describes the power that propagates through the structure
causing a net power flow away from the point of excitation. In contrast,
the imaginary part only affects the nearfield as it is not efficiently trans-

mitted and only alternates between source and receiver [e.g. Petersson
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and Plunt 1980]. Hence for the prediction of machinery noise from an

installed machine, the active power is of particular interest.

3.3.3 Methods to determine the installed structure-borne
sound power

3.3.3.1 Direct method

For a single point the installed structure-borne sound power can be de-
termined from the exciting force and the resulting velocity at that point
[Cremer and Heckl 1967].

Q= Fo (3.69)

N | =

The active power is then given by
1 [0 %
W =Re{Q} :§Re{EQ} (3.70)

3.3.3.2 Mobility method

For a source with one contact point, the injected active power to a re-
ceiving structure can be predicted using either the free velocity or the
blocked force in combination with the coupling conditions described by
the source and receiver mobility.

Using the free velocity, the input power is [Mondot and Petersson 1987]

Yr

1 2
= — |0g¢|" ——— 3.71
As, W =Re {Q}, the active power is
1 Re {YR}
W= - o] —— 3.72

For heavyweight constructions, the receiver mobility is typically much

lower compared to the source mobility. Hence equation (3.72) can be
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written in the following simplified form.

D |
|Ys|?

1 1 A
W~ 3 Re{Yg} = 3 |F? Re {YR} (3.73)

For a source with a mobility that is much lower than the receiver mobility

the following simplification can be applied.

|0g¢|?
Re{Y}R}

g |? 1

Y (3.74)
Yr[?

1

~3

However, these approximations can not always be applied in lightweight

buildings because the mobility of such constructions can be similar for
some service equipment [e.g. Lievens 2008].

Equation (3.71) is for the ideal case of a source with one contact point.
For multi-contact sources the interaction between the contact points
needs to be taken into account. In addition three out-of-plane and three
in-plane excitation components can occur at each contact point. This
results in the following equation? using a free velocity vector vs; (peak
velocities, Og¢;) and the mobility matrices Ys and Yg [e.g. see Moor-
house 2001]

1 — —1 % *
Q= 3 veel (Ys4+ Yr) ' T YRT (Y +YR) M v (3.75)

Using all six excitation components, 6N x 6/N mobility matrices are re-

quired for N contact points.

3.3.3.3 Reception plate method

The reception plate method was proposed by Cremer and Heckl [1967],
Kihlman [1978], Ten Wolde and Gadefelt [1987], and Vercammen and
Heringa [1989] where the power is determined indirectly. Therefore the
unknown source is attached to a receiving structure (i.e. the reception

plate) and operated under the desired conditions. Implying conservation

*Note the comment by Héller [2013] on the sometimes incorrect formulation of equa-
tion (3.75) in literature.
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of energy, the unknown power input of the machine, Wj,, can be deter-
mined based on the power balance according to equation (3.76) [Cremer
and Heckl 1967]. Therefore the dissipated power, W is determined from
the plate energy and the losses per radian cycle (described by the loss
factor n).

Win=Wqg=FEuwn (3.76)

The power determined with the reception plate method includes the
components of all six degrees of freedom. However the results are only va-
lid for this specific combination of source and receiver. Nevertheless [EN
15657:2017] describes procedures to obtain independent source data from
the reception plate method on the basis that most building machinery

excites bending wave motion.

3.4 Statistical Energy Analysis

The SEA framework was introduced in the 1960s and is used as an engi-
neering tool in different industrial sectors to predict and analyse trans-
mission of sound and vibration [Lyon and DeJong 1995]. It is a statistical
approach to model complex systems, where the main variable is energy.
The basic theory was derived from two weakly coupled oscillators [Lyon
and Maidanik 1962].

To model sound transmission in real structures, such as buildings, the
approach is extended to coupled sets of oscillators. These sets are called
subsystems and represent modes within frequency bands that occur on
structural elements (walls or floors) or in volume spaces (rooms or cavi-
ties). Consider two weakly coupled subsystems, 1 and 2. Within each
subsystem it is assumed, that the total energy is equally shared by all
modes. The modal energy, E,, which is the same for each mode, can
therefore be defined as

Ep=—= (3.77)
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where F is the total energy of the subsystem and N is the number of
modes in the regarded frequency band that can also be written in terms
of the modal density, n(f), for the bandwidth, B.

The energy flow from subsystem 1 to 2, W9, can be expressed as the
power that is lost from subsystem 1 due to coupling to subsystem 2. By

introducing the CLF, 712, this can be written as
Wiz =wma Ey (3.78)

where the CLF describes the loss of energy per radian cycle. As there
is also power lost from subsystem 2 to 1 due to coupling, the net energy

flow, W12 net, from subsystem 1 to 2 is
Whet12 = Wiz = Waor =wni2 E1 —wna1 B2 (3.79)

implying a higher energy in subsystem 1 for a positive net power trans-
fer. Lyon and DeJong [1995] showed that the power transfer between
two coupled subsystems is proportional to the difference in their modal
energies, Fy, 1 and Ey, 2.

By introducing the consistency relationship

N2 N2
()~ m() (3.80)

and using equation (3.77) the net energy flow can be written in terms of

the difference in the modal energies.

Wheti12 =wni2 N1 (Em1 — Em2) (3.81)

3.4.1 SEA assumptions

SEA assumes that the energy of a subsystem is stored in local resonant
modes. Note that this excludes direct field, bending wave nearfield and
non-resonant transmission [Craik 1996]. Within each subsystem, equipar-

tition of the modal energy is assumed. Further the modal energy should
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be distributed uniformly over the frequency band of interest. This implies
that the subsystem must have sufficient modes in a frequency band and
that the excitation equally excites all these modes. Therefore external
excitation should be broadband. Hence equipartition of modal energy is
closely linked to the excitation. Ideally statistically independent excita-
tion forces are required such as rain-on-the-roof excitation. This multi-
point excitation with unity magnitude and random phase provides the
desired uncorrelated modal response [Lyon and DeJong 1995; Hopkins
2007; Schoenwald 2008].

To describe the modal properties of a subsystem the modal density,
n(f), and the mode count, N, are used. To quantify uniform distribution
of modal energy, the modal overlap factor, M, can be used which is
defined as [Lyon and DeJong 1995; Hopkins 2007]

Af3aB
M =
Af

= fnn(f) (3.82)

where A f3qp is the half-power bandwidth and Af is the average fre-

quency spacing between the individual modes of a subsystem.

The coupling between the subsystems is assumed to be weak [Lyon and
DeJong 1995]. Although this is an SEA criterion there has been much
debate about its definition. To some extent weak coupling for predictive
SEA occurs when the modal behaviour of an uncoupled subsystem does
not alter much when it is coupled to the other subsystem [James and
Fahy 1994]. Hence the energy flow can be related to the energy of the

local modes in the individual subsystem.

3.4.2 General matrix solution

In this thesis, SEA is used to determine the subsystem energies from a
known input power and predicted loss factors. This concept is called
predictive SEA and is now introduced for the two-subsystem model in

Figure 3.12. For this system, the power balance equations are
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Win1 Wiz

Woq

Wai Waz2

)

Figure 3.12: SEA-model for two subsystems.

Wing +War =Wgq1+ Wi

(3.83)
Wio=Wgqa+ Wo
These can also be written in terms of energies and loss factors
Wing +wne1 Ee = wng1 E1 +wniz By
(3.84)

wne B1 =wna2 Fa +wna B

where 14,1 and 7q 2 are the ILFs of subsystems 1 and 2, respectively that
describe dissipative losses. In general for a subsystem ¢, the TLF, niot 4,

or simply n;, is given by the sum of the ILF and the CLFs.

N
Toti =1 =Ndi+ Y i (3.85)
J=1,5#i
For more complicated systems with more than two subsystems, the power

balance equations can be written in the following matrix form [Lyon and
DeJong 1995; Craik 1996].

Mmoo M2 —M31 o —IN1 Eq Win,1/w
—m2 M2 —N32 Es Wina/w
=13 —M23 N3 Es|=| Wins/w | (3.86)
—NN nN En Win,n/w
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The subsystem energies can be determined by inverting the loss factor
matrix.

Besides predictive SEA, experimental SEA is also applied in this thesis.
This concept uses a known input power and a measurement of the system
response (subsystem energies) to determine unknown loss factors [Lyon
1975] (see sections 5.2.1.3, 5.2.2 and 5.2.3).

3.4.3 Path analysis

Path analysis considers the power flow along each transmission path in-
dependently. Hence it can be used to analyse individual transmission
paths from a subsystem 1 to a subsystem N in the model, for example in
terms of their relative importance. Therefore the energy ratio between
the two subsystems is expressed by the TLFs and the CLFs. For the path
along the subsystems, 1 — 2 — 3--- — N, the energy ratio is [e. g. see
Craik 1996].

Ei _ mams.nn
Enx  ma2nes...nNv-1N

(3.87)

3.4.4 Resonant and non-resonant transmission

From the fundamental theory of SEA the transfer of power is considered
between resonant modes. However regarding two rooms, that are sepa-
rated by a wall, it is necessary to consider a direct transmission path
between the two volume spaces that by passes the wall as a subsystem
which represents non-resonant transmission. Although power is transmit-
ted across the wall, the energy flow is not determined by the damping
of the wall. This means that the response of the wall is forced by the
airborne sound field in the source room.

Non-resonant transmission is also referred to as mass law transmis-
sion for infinite plates. For finite plates there will be modes, which do
not radiate efficiently below the critical frequency [e. g. see Craik 1996;

Hopkins 2007]. Therefore non-resonant transmission is often important
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at frequencies below f.. Above the critical frequency the non-resonant
transmission can be neglected [Craik 1996].
Below the critical frequency Leppington et al. [1987] defines a non-

resonant transmission coefficient, 7, as follows.

Toar =

[m,, . ?lpo_ u‘4)r { n (koV'S) +0.16 — U G;)

s [ =1) (1) m (42 1)
+ (2u2 + 1) (,ﬂ - 1)2 In (;ﬁ + 1) — 4 — 85 In (p) ]} (3.88)

where p is given in equation (3.37). The function U(L,/L,) is given as

L.\ 1 (L. L,
Tr) - ZE LY
U(Ly> o <Ly+Lz> "
1
T —m—2/ retant g (3.89)
2 7Ly L, T 7w JL,/L, t

For plates with similar dimensions, U(L,/L,) can be neglected in equa-

tion (3.88). However, for small aspect ratios that can occur with narrow

plate strips on cavities of timber-frame walls, it has to be considered.

3.4.5 Loss factors

In the following sections internal, coupling and total loss factors which are
relevant to describe timber-frame constructions using SEA are defined.
The CLFs are given for the transfer of power in one direction. The reverse
direction can be determined using the consistency relationship according
to equation (3.80).

3.4.5.1 Internal loss factor for cavities

As wall cavities are typically narrow volume spaces there are no modes

across the depth at low and mid frequencies. Hence assumptions for
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diffuse fields of three-dimensional spaces can not be applied. Price and
Crocker [1970] therefore distinguish between Two-dimensional (2D) and
Three-dimensional (3D) sound fields to estimate the ILF for cavities. In
the following a cavity with a width, L., a height, L,, and a depth, L.,

is considered.

The crossover frequency between the 2D and 3D field occurs at the

first cross-cavity mode, fo0,1, given by

€0

= 3.90
foor =57~ (3.90)
Below this frequency, the ILF for a cavity is
1 Co Sp O_ép

it = — ———— 3.91

Mot = — f < fooa (3.91)
where S, is the surface of the cavity perimeter given by

Sp=2(LysL,+LyL,) (3.92)

ap is the average absorption coefficient for all angles of incidence of the

cavity perimeter (timber studs and bars).
Above the first cross-cavity mode, the ILF is

o S cav Qicav

1
Mot = — YN J> foo,1 (3.93)

where Scay is the total surface of the cavity given by

and e,y 18 the average absorption coefficient for all angles of incidence
averaged and weighted according to the partial areas, Sg, of the total

cavity surface.

6

Beav = iﬁ“ = (3.95)
k=1 cav
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3.4.5.2 Coupling loss factor for structural point connections

Point connections occur for example between plates and timber studs
that are connected with screws or nails. These can be described based
on the mobility of the point-connection [e.g. Cremer and Heckl 1967].
Assuming only forces, Craik [1996] defines the CLF for N point connecti-

ons as

N Re{Y;)
wmy; |Y1 + Yj + Yc|2

Nij = (3.96)
where m; is the mass of subsystem 7, Y; and Y'; the driving point mobili-
ties of the subsystems ¢ and j and Y. the mobility of the point connection.
Y. can be a spring for example. However for rigid connections, Y. = 0,

can be assumed.

3.4.5.3 Coupling loss factor from a plate to a room

The resonant coupling between the bending modes of a plate and the
room modes can be determined using the frequency-average radiation
efficiency, o, according to section 3.2.8.3. The coupling loss factor from

a plate to a room is given as [Craik 1996]

PoCo O
Nij = 7 (3'97)

wm

where (pg cp) is the characteristic impedance of air and m” the mass per

unit area of the plate.

3.4.5.4 Non-resonant coupling loss factor between volume

spaces

As mentioned in section 3.4.4 there is direct coupling between two spaces
that are separated by a plate. For a timber-frame wall this can be the cou-
pling between the rooms that are separated by this wall or the coupling

between the cavity and the rooms. Using the non-resonant transmission
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coefficient, 7, according to equation (3.88) the CLF is defined as [Price
and Crocker 1970; Craik 1996]

. C()S
- 4wVi o

nij (3.98)

Regarding the sound transmission into and out of cavities this can
not be directly be applied as cavities are narrow spaces and therefore the
sound field is one- or two-dimensional (see section 3.4.5.1) with wave mo-
tion parallel to plate surfaces. An approach to predict the non-resonant
transmission for this situation below the first cross cavity mode is given
by Craik [2003]. The CLF from the cavity to the room is given as

o P S o

i Vi f<Jfoo1 (3.99)

where o . is the radiation efficiency of the plate at the critical frequency.

Above the first cross cavity mode equation (3.98) can be used.

3.4.5.5 Total loss factor of plates
The TLF is the sum of the ILF and the CLFs. From Craik [1981] the

TLF of a plate that is connected on all sides, is

C
Ttot,situ = Tint + T (3.100)

where the constant C' depends on the element type. For masonry or
concrete buildings C' = 1 in combination with an ILF, ny, = 0.01, gives
a reasonable estimate [Craik 1981]. For lightweight buildings, Hopkins
[2007] suggests C' = 0.4 for timber-frame walls with empty cavities.

3.4.6 Modal density and mode count

The modal density, n(f), can be determined either by calculating the

mode frequencies and dividing the number for each band by the band-
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width, or by using a statistical approach. The statistical mode count,
N, for a frequency band with the bandwidth, B, is

N, =n(f)B (3.101)

3.4.6.1 Rooms

The mode frequencies of box-shaped rooms can be calculated using

foar = \/Gox)z + <qu)2 + <er>2 (3.102)

where L., L, and L, are the dimension of the room.

The statistical descriptor the modal density, n(f), for box-shaped
rooms is given by [Kuttruff 1979]

AT PV N 7 f2(LyLy+ LyL, + L,L,) N 4Ly + Ly + L)
- c 22 8co
(3.103)

n(f)

3.4.6.2 Cavities

In the narrow, thin cavities of timber-frame constructions, one-, two-
or three-dimensional sound fields can occur. At low frequencies there
are only axial modes in the long dimension of the cavity and therefore
the sound field is one-dimensional. Starting from the frequency where
half a bending wavelength fits into the cavity width, a 2D sound field
can be assumed. A 3D sound field occurs above the first cross cavity
mode (across the cavity depth). Although these frequencies mark the
transition between the three regimes, the cross-over is normally in a
frequency region than at distinct frequencies.

As with rooms it is possible to determine the mode frequencies using
equation (3.102) and count the modes in each band. However a statistical
modal density can be determined for one-, two- and three dimensional

sound fields separately.
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Considering a cavity with a width, L, a height, L,, and a depth, L.,

the modal density for 1D is given by equation (3.104)

2L,
co

nlD(f) =

and for 2D sound fields by equation (3.105)

27w f L, L L.+ L
nop(f) = f2 Y4 L

(3.104)

(3.105)

For 3D sound field in cavities the modal density can be calculated accor-

ding to equation (3.103).

3.4.6.3 Plates and beams

The determination of the mode frequencies and the modal density for

beams and plates is given in section 3.2.5.

3.4.7 Modal overlap factor

The modal overlap factor describes the number of modes that fall within

the half-power bandwidth and is defined as

M = fnn(f)

(3.106)

This means that when M > 1 the response is smooth with no troughs,

whereas for M < 1 the modes are separated with troughs in-between.

3.4.8 Emnergy from velocity or sound pressure

As energy is the primary variable in the SEA framework, it is required to

transfer velocity or sound pressure to energy. The required relationships

are given in the following sections.
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3.4.8.1 Vibrational energy from velocity

For a modal resonator, such as a mass-spring-mass-damper system, the
time average kinetic energy equals the time-average potential energy, and

each are equal to half the total energy [Lyon and DeJong 1995].
Evib = Ekin + Epot =2 Ekin (3107)
As the time average of the kinetic energy is

m 0 (3.108)

=

<Ekin>t -
the vibrational energy can be written in terms of the peak velocity ¢ as

Fup = = m? (3.109)

Using mean square velocities, given by

2 _~2_@E
(V) =v* = 5 (3.110)

the vibrational energy, which is simply denoted as E in the following,

can be written as
E=m (%) =m (%) (3.111)

As the out-of-plane velocity describes the motion of bending waves, the
measurement of velocities perpendicular to the surface of plates are used

to describe the energy associated with bending waves.

3.4.8.2 Energy from sound pressure level

Using the spatial and temporal average sound pressure, the energy con-

tained in a volume can be determined as follows.

2 ~2
E= <pp>t’C‘ZV = <1; >22V (3.112)
0 Co 0 ¢
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3.5 Summary

In this chapter the theory that is applied in later chapters of the the-
sis was presented. Consideration was given to bending wave vibrations
on beams and plates including equivalent orthotropic plates to describe
the properties of framed structures. The sound radiation from bending
waves was described. The definition of mobility was given and analytic
models for infinite and finite structures were shown. Concerning the cha-
racterization of SBS sources on a power basis, the main equations were
given and methods to determine the installed SBS power were descri-
bed. In addition an introduction to SEA was given by describing the
main assumptions, the basic underlying equations as well as the relevant
loss factors that are applied in later chapters to model a timber-frame

structure.
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4 Test structure and

experimental procedures

4.1 Introduction

Machinery noise in buildings involves mechanical excitation, the propa-
gation and radiation of structure-borne sound as well as the sound field
in a remote room. In this thesis, experimental investigations were car-
ried out on a laboratory test structure as well as in the field in seven
timber-frame buildings. This required the application of different proce-
dures to measure vibration as well as sound pressure which are descri-
bed in this chapter. Section 4.2 describes the laboratory test mock-up.
Section 4.3 shows typical characteristics of the test structures that were
found in the field. Section 4.4 gives an overview of the instrumenta-
tion that is necessary for the experimental procedures described in the
following section 4.5. The basic principles of the chosen measurement
techniques and the application for the specific situation are described as
well as limitations and reasons for the particular choice of a procedure.
However, specific details on the application of the individual procedures

are given in chapters 5, 6 and 8.
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4.2 Laboratory test structure

Experimental investigations in the laboratory provide control of con-
struction details, easy access, low background noise and flexible sche-
duling of measurements. These investigations were carried out on a la-
boratory test construction in the facilities of the Laboratory for Sound
Measurement (LaSM) at the Technical University of Applied Sciences

Rosenheim in Germany.

4.2.1 Design of the test structure

In apartment buildings, requirements on maximum sound pressure levels
due to service equipment in adjacent apartments have to be met. In
typical layouts of apartment buildings, bathrooms or similar rooms that
contain service equipment, are often diagonally adjacent. Hence diagonal
transmission is an important path that was considered in the design.

The test structure is a full scale two-storey mock-up comprising a
timber-joist floor and two timber-frame walls that form a T-junction
as shown in Figure 4.1. Detailed drawings of the test structure are given
in Figures 4.2 and 4.3. The upper wall is accessible from both sides, and
therefore this test structure provides the possibility to measure diagonal
and vertical and transmission across the wall-floor-wall junction as well
as horizontal transmission in the basement.

The framework of the walls and the floor was designed by the Ger-
man timber house manufacturer Regnauer Fertighau GmbH & Co. KG.
It represents a common construction in terms of stud spacing and cross
sections, but the structure has consciously been simplified. This means
that only a single layer of sheeting and no insulation material in the cavi-
ties was used as shown in Figure 4.4a. Chipboard was chosen for sheeting
as this material can be regarded as an isotropic plate due to the random
arrangement of the small wood chips. OSB-boards or plasterboards are
orthotropic and therefore more complicated to model.

Normally there are multiple layers of plates and absorbent material

in typical timber-frame constructions as this is potentially beneficial be-
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Figure 4.1: Sketch of the laboratory test structure. In the following the
walls and the floor are denoted as: (a) Lower (timber-frame)
wall, (b) upper (timber-frame) wall and (c) (timber-joist)
floor.

cause the coincidence dip can be reduced [Matsumoto et al. 2006] or the
damping of the structure increased [Trochidis 1982; Schoenwald 2008].
However a major purpose of the laboratory study was to gain insight
into the vibrational behaviour of a timber-frame wall. Therefore this ba-
sic inhomogeneous construction was chosen to investigate typical aspects
of framed structures. As there are only a few models that can deal with
multi-layered sheeting [e.g. Sharp and Beauchamp 1969], a single layer
of chipboard was chosen to simplify the modelling in SEA.

4.2.2 Construction details of the test structure

As indicated in Figure 4.1, the dimensions of the test structure resemble
typical building dimensions. The spacing of the timber studs and the
floor joists is 625 mm on centres. A circumferential frame with vertical
studs is used for the walls, whereas only parallel aligned joists are used
for the floor. The floor joists are perpendicular to the T-junction. All

connections within the framework are screwed and no glue is used. The
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Figure 4.2: Floor plan of basement (dimensions in metres). Dark lines
indicate the test structure.

cross sections of the solid spruce beams used for the frame elements are
90mm x 60 mm for the wall studs and 240 mm x 60 mm for the floor
joists.

On both sides of the wall, the chipboard plates are screwed to the fra-
mework with a separation of 350 mm. For the covering of the timber joist
floor, the same plates are used and identical screw spacings of 350 mm
are applied. No ceiling is installed underneath the joists. The boards
are arranged such that their longer dimension is perpendicular to the
studs or joists, respectively. Hence there are additional horizontal juncti-
ons across the wall. As the plates are arranged randomly, the vertical
junctions are staggered and do not necessarily occur above studs. All

chipboard joints are tongue and grooved without any glue (Figure 4.4b).
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Figure 4.3: Section A-A (see Figure 4.2, dimensions in metre). Dark lines
indicate the test structure.

0.104,,

By using elastic layers underneath the lower wall and floor joists, the
whole test structure is decoupled from the rest of the building. The walls
rest on line supports, the free ends of the floor joists rest on point sup-
ports. A resonance frequency of approximately 20 Hz has been estimated
as the frequency above which the structure will be isolated from any
vibration of the ground floor.

Using the corner of the laboratory, formed by a concrete wall, a drywall,
and a segment drywall of approximately 1m length, the two studwork
walls in the basement and the timber-joist floor form a room with an
enclosed volume of approximately 53 m?. This room can be entered by a
double door that is installed in the drywall segment (see Figure 4.2). The
two timber-frame walls in the basement are not coupled to each other,
or the building at their vertical boundaries. To avoid airborne sound
transmission through the gaps, they are sealed with elastic material. At

the T-junction, the floor joists, which are perpendicular to the longer
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— 90 mm X 60 mm Timber stud

19 mm Chipboard

19 mm Chipboard

(a) Section (b) Tongue and groove joint

Figure 4.4: Construction of the basic timber-frame wall in the laboratory
lightweight test structure.

wall, are rigidly connected to the framework of the long basement wall
using wood screws with a length of 320 mm. The small lower wall is not
connected to the timber-joist floor at its upper boundary. The gap is
also sealed with elastic material.

The upper wall is placed on top of the sheeting of the floor and fixed
with screws connecting the framework of the wall and the floor joists.
Although the construction is stable, additional battens are installed at
each end of the upper wall for safety reasons. These are also supported
on elastic mounts to decouple the test structure from the laboratory buil-
ding. Hence the upper wall has free boundary conditions at three edges
and the wall-floor-wall junction in this test structure can be regarded as

an isolated T-junction.

4.3 Field test structures

Field measurements were carried out to obtain data in lightweight buil-
ding structures in-situ. The focus in the field was on walls, as all buildings
had a floating concrete screed which would reduce the injected power into
the bare floor. The wall constructions in the buildings have similar cross

sections and stud spacings to the laboratory test structure. However
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(a) Typical interior wall (b) Typical interior wall with lining
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(c) Typical separating wall (d) Typical exterior wall

Figure 4.5: Field test structures. Examples of typical wall constructions
in timber-frame buildings.

typically gypsum boards in combination with OSB-boards or gypsum
fibreboards are used as sheeting material. These are necessary for the
bracing of the framed construction. Typically a single layer of 25 mm
boards or multiple layers of 12.5 mm or 15 mm boards are used.

For the construction of the framework of interior walls three groups
can be identified: a) single framework walls, b) single framework walls
with additional lining that contains pipework and c) double framework
walls. Examples that represent typical construction details for these three
groups are shown in Figures 4.5a, 4.5b and 4.5c. However details like
the cross sections of the wall studs, the type of absorbent material in
the cavity, the type of sheeting material or additional layers like tiles in

bathrooms vary in different buildings. Measurements were also carried
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out on exterior walls. Their framework and the inner leaf is very similar

to typical interior or separating walls as shown in Figure 4.5d.

4.4 Instrumentation and Software

For the experimental investigations the equipment listed in Table 4.1
was used. Data acquisition and FFT operations were carried out with
the PAK Software that is part of the PAK MKII data acquisition system
listed in Table 4.1.

Narrow band FFT data was exported for further processing in MAT-
LAB. For the measurement of room and structural reverberation times
the software m|reverb developed by Miiller-BBM GmbH was used. Howe-
ver in the field, reverberation times were also measured with the Norsonic
140.

4.5 Experimental procedures

4.5.1 Mechanical excitation techniques on structures

Three different types of mechanical excitation are used in this thesis:
a) transient excitation with an instrumented hammer b) steady-state or
swept sine excitation with a shaker that is attached to the structure
and c) excitation with real or artificial structure-borne sound sources.
With transient and steady-state excitation, the applied force is recorded
with a force transducer in the hammer head or in-line with the shaker,
respectively.

To avoid rotational excitation components, a stinger was used in shaker
measurements. The choice of the stinger and the shaker support follows
the guidelines given by Mitchell and Elliott [1984] to achieve a low trans-
missibility of inertial moments. The applied stinger is a steel rod with
a length of 160 mm and a diameter of 2mm. The shaker was suspended
by cords to provide a low natural frequency of the shaker support. The

trade-off is that above the mass-spring resonance of the shaker-stinger-
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Table 4.1: Equipment

Make Type
Accelerometer MME# KS76C100P
Accelerometer MMF KS77C100P
Accelerometer MMF KS95B100°
Force sensor MMF KF24
Microphone Norsonic 112
Pre-amplifier Norsonic 1201
Microphone G.R.A.S. 40HL
Intensity probe Norsonic 240
Probe microphones Norsonic 1234
LDV Polytec PDV 100
Modal hammer Endevco 2302-10
Shaker Data Physics IV-40
Shaker Briiel & Kjeer 4810
Analyser MBBM VAS? PAK MKII
Analyser Norsonic 840
Analyser Norsonic 140

& Metra Mess- und Frequenztechnik

> Weight: 23 g

¢ Weight: 3.2¢g

4 Miiller-BBM VibroAkustik Systeme GmbH

system, the input force drops rapidly. As the axial stiffness of the stinger
decreases with increasing length, the stinger has to be short enough to
provide a flat force spectrum across a wide frequency range, but long

enough to suppress rotatory components.

With the chosen set-up a flat force-spectrum could be achieved up to
approximately 1kHz. However vibration measurements were also pro-
cessed above this frequency provided that the signal-to-noise ratio of the

response was sufficient.

To connect the shaker to the structure, a metal washer with a threaded
hole was glued and in some cases additionally screwed to the surface. To
record the force, a transducer was added in-line as shown in Figure 4.6.

For vibration measurements a white or pink noise signal was used in
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Glue Wall stu
‘Washer, Glue

Threaded flange Screws

Force transducer

Figure 4.6: Set-up for shaker excitation in-line with a force transducer.
The washer is glued to the surface using cyanoacryalate glue.
For positions, where a stud is behind the sheathing, as shown
in the right sketch, the washer was additionally screwed to
this stud through the chipboard plate.

this study. If necessary, specific frequency bands were amplified with a

graphical equalizer to provide sufficient level above background noise.

4.5.2 Vibration measurements

Vibration measurements are used to determine time and spatial average
surface velocities. The out-of plane acceleration due to bending wave
motion is measured with accelerometers. Although in-plane waves might
also be generated in the measurements, these motions are not recorded.
The measured accelerations are integrated to give velocities by dividing
the complex FFT-spectra of the acceleration by iw. Using the Laser
Doppler Vibrometer (LDV), velocities are directly determined.

As the squared velocity is directly proportional to the kinetic energy,
Eyin, the measurement results can be interpreted in terms of vibrational
energy (section 3.4.8.1). This is used to investigate the distribution of
energy across a building element, particularly attenuation with distance
from a local source, or to determine the average vibrational energy over

a specific area.
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Figure 4.7: Error due to mass loading by an accelerometer on 19 mm
chipboard.

4.5.2.1 Mass loading

When fixing accelerometers to a structure, the additional sensor mass
can alter its response. This is particularly important when measuring
on light structures like timber-frame walls. The valid frequency range
can be increased to higher frequencies by using transducers (transducer
mass, Maec) With a mobility that is much higher than the driving point
mobility, Y, of the structure [Hopkins 2007] (equation (4.1)).

Y. 4.1
1w Mace > Ydp (4.1)

Figure 4.7 gives the error, e(L,) in the measured velocity level due
to mass loading for a structure with a driving-point mobility, Y4, =
1 x 1073 m/(N's) according to equation (4.2) [Hopkins 2007]. This mo-
bility corresponds approximately to an infinite plate with the properties

of 19 mm chipboard.

de + W Macc

e(Ly) = 201g (de> (4.2)
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In this thesis accelerometers with a mass of 23 g (MMF, Type KS76C100
and Type KS77C100, Table 4.1) and 3g (MMF, Types KS95B100, Ta-
ble 4.1) were used.

4.5.2.2 Transducer mounting

In this thesis, accelerometers were mounted to the structure either using a
thin layer of bees wax or a magnet that is attached to a thin metal washer
glued to the surface of the structure. The advantage of using magnets is
that positioning is quick once the metal washers are glued to the surface.
However the additional weight reduces the upper frequency limit due
to mass loading as described in section 4.5.2.1. The use of bees wax is
less flexible, but no additional mass is applied and this mounting works
well for most surfaces of building material (wood, plaster, concrete). An
upper frequency limit due to the mounting resonance was tested with a
23 g accelerometer mounted on a small plate that was directly attached to
a shaker driven with broadband noise. The accelerometers were attached
to this plate using either a magnet or a thin layer of bees wax and the
velocity level measured. Figure 4.8 shows the results for the mountings
used in this thesis. The measured velocities are normalized to the level
of line (a) at 6.3kHz. For all three mountings the useful frequency range
is up to at least 5kHz. However as the magnet and the washer add
additional mass (see limitations in section 4.5.2.1), the method using a

thin layer of bees wax was preferred.

4.5.3 Structural intensity measurement

From equations (3.32) to (3.34) the displacement and its spatial and time
derivatives are required to determine the structural intensity. This can
be achieved experimentally using finite difference approximations [e. g.
Pavic 1976] or a combination of translational and rotational transducers
[e.g. Noiseux 1970].

Bauman [1994] gives a survey of five methods to estimate the struc-

tural intensity focusing on the practical application of the methods. He

80



4.5 Experimental procedures

a 90| )]
== b)
Sh-R )
£
= 2 0] .
2 | |

E )

Ofecoee =7 N .
6.3k 8k 10k 12.5k

Frequency (Hz)

Figure 4.8: Accelerometer mounting resonances. (a) thin layer of bees
wax, (b) magnet on washer glued with two-component adhe-
sive and (c) magnet on washer glued with hot melt adhesive
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Figure 4.9: Structural intensity measurements using an a-a probe in the
x-direction.

showed that a single pair of transducers provides a reasonable trade-
off between practicability and accuracy [e.g. Kruppa 1986]. Although
the required assumptions formulated by Noiseux [1970] are technically
only valid in the far field, Baumann showed that the two accelerometer
method gives reasonable results even when a point is regarded, that is in-
fluenced by nearfield wave components. Approaches that use an array of
four transducers (eight for two dimensional waves in plates) overcome the
problems with nearfields. However Bauman shows that these methods
are very sensitive to sensor positioning and therefore of limited practical

use.
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4.5.3.1 Experimental set-up

For the above reasons a pair of accelerometers aligned in the direction
of power flow is used in this thesis. This technique implies the following
simplifications formulated by Noiseux [1970]. The first simplification is
to assume that I, 7 = I, M in the farfield of a plane bending wave
field. Hence the structural intensity can be determined using twice the
moment component (Is, = 2I5,;m). This prevents third and partial
derivatives contained in the force component (equation (3.32)). However
this still requires the partial derivative in the twisting moment component
(equation (3.34)). To reduce the set-up to two transducers, the second
simplification of Noiseux is to use a modified moment component, I/,
which is given as

(4.3)

Mgy, +M
[S%M ~ I;;M — <W ay>
t

(1+v)

Following the derivation given in [Hopkins 2007], the structural intensity

in the z-direction is approximated using

i/ Bpm”
stNi

@™ = {(or+v2) (2 =) (4.4)

In this thesis the structural intensity was obtained from complex FFT
data in the frequency range. Concerning the active component (i.e. the

real part) only, the structural intensity is given as

Bp m/l /Bp m//
E— Im{Gvylg} (45)

Ismxilm{@TQQ}: - d

The narrow band intensity was summed to give one-third octave bands.

To determine the resulting magnitude and angle of the intensity vector,
two a-a probes are used as shown in Figure 4.10. The magnitude of the

resulting intensity vector is then

Is= /12, + 12, (4.6)

82



4.5 Experimental procedures

]S,y A IS
/2

d/2

d/2 d/2

Figure 4.10: Two a-a structural intensity probes to determine a resulting
intensity vector I in a two-dimensional plane wave field from
x- and y-components.

and the angle with respect to the z-axis is given by

I
0 = arctan I—y (4.7)

S,T

4.5.3.2 Error analysis

Although the a-a probe provides a comparatively robust technique to
estimate the structural intensity, it involves two errors that limit its ap-
plication. Limitations to high frequencies are given by the finite difference
approximation because the bending wavelength decreases with increasing
frequency and is therefore small compared to the spacing, d. Limitations
to low frequencies are given by the phase match of the applied accele-
rometer pair because a good match is required when the spacing, d, is

small in relation to the bending wavelength.

The normalized errors are estimated similar to sound intensity [Fahy
1995a; Hopkins 2007]. The normalized finite difference error for the z-
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component of the structural intensity is
1 2
erp (Ls,z) & 6 (kp d cosf) (4.8)

where 6 is the propagation angle according to Figure 4.10. The norma-
lized error due to phase mismatch for the z-component of the structural

intensity is

+tdpm

kpd cosf (4.9)

epm(Ls,z) =

For the y-component sin § is used in equations (4.8) and (4.9). Normali-

zed errors in decibels are determined using
101g (1 + e(1s.2)) (4.10)

For the two-dimensional intensity vector the absolute error, €(6), for the

propagation angle in radians, €, is [Hopkins 2007]

sin 0 (1 + iqﬁip,M ! (kpd sin9)2>
B kpdsinf 6
£(f) = |arctan —0 (4.11)
cos @ <1 + _toem 1 (kpd cos0)2>
kpd cosf 6

The absolute error for the propagation angle according to equation (4.11)
is shown in Figure 4.13 for five selected angles from 5° to 85° and using
the phase mismatch given in Figure 4.11. In this thesis a probe spacing,
d = 33 mm was used. For this spacing the normalized errors are shown in
Figure 4.12 for different angles of the propagating wave. These errors are
shown up to the 1000 Hz one-third octave band as the results were not
processed for higher frequencies. The absolute error for the propagation

angle is shown in Figure 4.13 for five selected angles from 5° to 85°.

4.5.4 Driving-point mobility measurements

The driving-point mobility is required to calculate the power input as

described in section 2.2.2. Additionally it can be used to identify mode
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Figure 4.11: Phase mismatch of accelerometer pairs. Upper limit from
200/ 2, 0.05 and f/5000 (corresponds to a Class 1 p-p probe
acc. to [IEC 1043:1993]) used for the error analysis.

frequencies or to determine the modal damping from the 3 dB down band-
width of the modal peaks. Furthermore it can be used to estimate the

modal density.

To measure the complex driving-point mobility, the Frequency Re-
sponse Function (FRF) between velocity and force is determined with
a multi-channel FFT-analyser. As described in section 4.5.1, excitation
can be performed using an instrumented hammer [ISO 7626-5:1994-07]
or a shaker [ISO 7626-2:1990-02]. Using an instrumented hammer, the
driving-point mobility can be measured without attaching a shaker to
the structure. This can be advantageous for light structures with brittle
materials like plasterboard where it can be difficult to properly attach a
shaker. Using a shaker, the mobility can be measured with an impedance
head to determine the force and the velocity at exactly the same position.
However there can be limitations due to the stiffness of the transducer,
especially for heavy and stiff receiving structures [Bietz and Wittstock
2003].

Using a force transducer, either with hammer or shaker excitation, the
velocity needs to be measured with a separate transducer, typically an
accelerometer. For thin plates the accelerometer can be placed on the

opposite side to the excitation. For cavity walls or thick plates, where
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Figure 4.12: Normalized Phase Mismatch errors (PM), for +¢py, Finite
Difference error (FD) and combined (Sum) errors, for +¢py
for structural intensity z-component, Iy,, for the probe spa-
cing d = 33 mm. Phase mismatch from Figure 4.11.

there is limited (or no) access to the opposite side, the velocity can only

be determined by placing the transducer as close as possible next to the

excitation point. As long as the area required for the excitation and the

accelerometers is small compared to the bending wavelength of the plate

this method gives a good approximation of the driving-point mobility. A

rule of thumb is to use a spacing between the force transducer and the

accelerometer that is < 0.1 Ag [Hopkins 2007].

Using impact excitation on light structures, less sensitive accelerome-

ters are sometimes required as they are prone to be overloaded by the
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Figure 4.13: Absolute error for propagation angle of the structural in-
tensity according to equation (4.11). The sign in brackets
indicates the sign of the phase mismatch, ¢pys.

high transients. This is especially critical for driving-point mobility me-
asurements where the transducers need to be placed very close to the

excitation point.

In this work both an instrumented hammer and a shaker in-line with
a force transducer were used to determine driving-point mobilities. Ho-
wever most measurements were carried out with the hammer. For both
methods a pair of accelerometers next to the excitation point, Py, is used

to estimate the driving point mobility from the average.

As the bandwidth of the flat spectrum that can be obtained with the
hammer depends on the stiffness of the hammer tip, these were varied de-
pending on the required frequency range and Signal-to-noise (S/N) ratio.
However in most cases a hard metal tip or a soft rubber tip were used.
If necessary the spectra of the FRFs were assembled from results using
both tips, as the soft tip provides a better S/N ratio at low frequencies
and the hard tip at high frequencies.

At least five FFT-spectra were averaged when measuring the driving-
point mobility with hammer excitation. However normally more hits

were performed as bad hits were immediately rejected.
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When using shaker excitation, random noise signals were used. To
determine the FRFs at least 50 FFT-spectra from a gliding Hanning

window were averaged. For the FRF's, H; estimates were used.

4.5.5 Moment mobility measurements

Moment mobilities were introduced in section 3.2.9.2. As a moment
can not be measured directly, an indirect method is necessary which is

described in the following.

4.5.5.1 Experimental set-up

To measure moment mobilities, the finite-difference approximation des-
cribed by Elliott et al. [2012] was used in this work. The basic principle
and the notations are given in Figure 4.14, where the point of interest is
denoted as Fp.

F.2 F 0 F.a
M, o

s

Py P Py | y‘—[
Q.0

)

a2 42

Figure 4.14: Sketch of finite difference approach according to [Elliott et
al. 2012] to determine moment mobilities at a point Py about
the x-axis in this example.

In this study the set-up was applied to measure both out-of-plane mo-
ment mobilities, Yy, and Yy, By using two accelerometers to approxi-
mate the point mobilities as described in section 4.5.4, in total, at least
three accelerometers and one instrumented hammer are required to de-

termine a moment mobility. However in this work, all elements of the
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Figure 4.15: Set-up to approximate all mobilities for out-of-plane com-
ponents. The light shaded circles indicate accelerometers
to determine velocities, the dark shaded indicate excitation
with an instrumented hammer. Four measurements, I to
IV, are necessary to determine all terms necessary in equa-
tions (4.15) and (4.16). Further processing, [Elliott et al.
2012], allows the determination of the full matrix given in
equation (4.12).

3 x 3 mobility matrix (equation (4.12)) for out-of-plane components were

determined in each measurement.

yuts  yuaMe  yveMy
11 -1 -1
Y = | yolt yae Y‘?{IMy (4.12)
11 -1 11
youltz  yayMe yvyMy

—1 —1 —1

For a detailed derivation of the approximation the reader is referred

to [Elliott et al. 2012]. However the main equations to approximate the
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moment mobilities at position Py are given in the following, using the
numbering of positions P; to Py from Figure 4.15. The advantage of
this finite difference approach is that only out-of-plane velocities, v,, and
forces, F,, need to measured. The moment mobilities Yy, and Yy, can

be approximated as

1 V9 V4 () Vo4
YMz & — ( cAL R — — — 4 = 4.13
! d? Ez,2 EZ,Q Ez,4 Ez,él ( )
Yrvy & — ( sALE — — — 4 4.14
S \E., F., F.,E., “14)

which can be rewritten in terms of mobilities.

ZFZ zFZ ze ZFZ

Y, & Yo — Y55 d_zyg4 + Y45 (4.15)
ZFZ ZFZ ze ZFZ

Yty ~ Yii - Y5 d—QYzfs +Y33 (4.16)

Using this set-up the driving-point-mobility at the point Py can also be
estimated by

Y’UZFZ o YUze _ YUze szFz
Yo o 21 L2 . Yg3 "+ Y4 (4.17)

The set-up sketched in Figure 4.15 also allows additional processing of
the three out-of-plane cross mobilities, X%IF ) XZ»yFZ, ngMz and their

reciprocals.

However some limitations have to be considered. As described in
section 4.5.2, low mass transducers are required to avoid mass loading

effects on lightweight structures.
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Figure 4.16: Normalized Phase Mismatch (PM), Finite Difference (FD)
and combined (Sum) errors for measured moment mobilities
according to section 4.5.5.2 for the properties of the 19 mm
chipboard (left) and the properties of an equivalent ribbed
plate (right). Phase mismatch from Figure 4.11.

4.5.5.2 Error analysis

Similar to the measurement of structural intensity, there is an error in-
herent in the finite difference approximation and an error due to phase
mismatch of the accelerometers. The normalized error due to phase mis-
match of the accelerometers can be estimated using equation (4.9) with
0 = 0° as the excitation is on the axis between the accelerometers. From
Elliott et al. [2012], the normalized error related with the finite difference
approximation is

erp(Ynm) = (4.18)

iwd ’
3BYy

In this thesis a transducer spacing of 70 mm was used. Estimates
for the normalized errors of this set-up applied in thesis are shown in
Figure 4.16 for the properties of the 19 mm chipboard and the properties

of an equivalent orthotropic plate (see section 3.2.4).
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Modal hammer

Figure 4.17: Set-up to assess the errors involved in using a pair of acce-
lerometers for the power input using the direct method.

4.5.6 Structure-borne sound power input
4.5.6.1 Direct method

By measuring the force and the velocity, the power input can be determi-
ned using equation (3.70). This can be achieved by using an impedance
head or a force transducer with a pair of accelerometers next to the ex-
citation point. In this thesis the latter was applied by averaging the
results obtained with both accelerometers similar to the measurement of

the driving-point mobility as described in section 4.5.4.

The errors involved in using accelerometers and a force transducer,
were assessed regarding the power input into a free-hanging 19 mm chip-
board panel from a modal hammer (see Table 4.1). As reference, the po-
wer input was determined using an accelerometer (MMF, Type KS95B100,
Table 4.1) directly opposite the excitation point on the reverse side of
the chipboard as shown in Figure 4.17. Accelerometers A and B (MMF,
Type KS95B100, Table 4.1) are positioned equidistant from the excita-
tion point. Using these accelerometers the power input was determined
for increasing distances, d, between 2cm to 10cm using 1cm steps to
the excitation point to avoid spatial summation of the response over too

large an area.
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Figure 4.18: Power input normalized to the power input using the accele-
rometer directly opposite the excitation point on the reverse
side of the chipboard.

Figure 4.18 shows the power input for a pair of accelerometers and a
single accelerometer on the excited surface next to the excitation point
for different distances normalized to the power input determined using
accelerometer C'. The normalized power in shown in terms of d/\g, as
this is a more practical descriptor than the bending wavenumber, kg.
It can be seen that the errors are significantly reduced with a pair of
accelerometers. For a pair of accelerometers, the error is < 1dB when
d/Agp < 1/10 (and < 3dB when d/Ag < 1/6). For a 19mm chipbo-
ard plate d/Agp = 1/10 corresponds to a frequency of ~ 1.7kHz when
d = 2cm. This also applies when excitation is applied using an electro-
dynamic shaker. However, this procedure is only applicable to determine
the power input of the force. Rotational components can not be measured

directly and therefore indirect procedures were applied.

4.5.6.2 Mobility method using full mobility matrices

Concerning the out-of-plane translational excitation component the fol-
lowing source parameters are required to calculate the complex power

input according to equation (3.75). The active component, i.e. the free
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velocity, vst, is required for each foot of a source with ¢ feet, given by the

vector in equation (4.19).

Vst 1

o
Vs = ’S_f’Q (4.19)

Vst

In addition, the passive property, i.e. the mobility of the source and
the receiving structure is required. As multi-point sources are considered,
the point-mobilities, XffF = as well as all transfer mobilities, are required

to obtain the full mobility matrix given in equation (4.20).

it vy vyt
- - =1z
vt yists o vt
Y=|" ° _ (4.20)
v, F. v, F. v, F.
lez ? XzQz z Xiiz ?

Using these parameters, the active power, W, can be determined from
equation (3.75), using W = Re {Q} The narrow band active power is
summed to give a one-third octave band power spectrum, that is used as

reference for the simplification steps described in the following.

4.5.6.3 Mobility method applying simplifications

a) Neglect transfer terms: This simplification step considers only
the point mobilities and potential interactions between individual
contact points that are described by the transfer mobilities are

neglected. This yields the mobility matrix given in equation (4.21).
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XTﬁFz 0 - 0
0 Yy o 0
Y = ' . . (4.21)
ZFZ
0 0 oYY

This implies that all feet of the source act individually. This is a
reasonable assumption for frequency ranges where the bending wa-
velength of the receiving structure is short compared to the spacing

of the point contacts.

The motivation for this approach is to reduce the experimental

effort in determining the source and receiver parameters.

Using only one point on the receiving structure: This sim-
plification also neglects the transfer mobilities and only one point
of the receiving structure is considered. This yields the mobility

matrix for the receiving structure given in equation (4.22).

Yyt oo 0
0 XﬁFz - 0
Y = ) ] ) (4.22)
0 0 .. XﬁFz

For the source mobility matrix, Yg, the individual point mobilities
of each foot are used as given in equation (4.21). For the free

velocity of the source, equation (4.19), is used.
The motivation for this approach is to further reduce the experi-

mental effort in determining the receiver parameters.

Using the sum of individual power for each contact: A
further simplification calculates the active input power for each

foot individually using equation (3.72). This assumes independent
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96

point sources. The total input power is then calculated by the sum
of the power from the individual points according to equation (4.23)

Hence it is another writing for simplification (a).
N
Wa> W, (4.23)

where N is the number of contact points.

Using average data of the contact points: This simplification
has recently been included in [EN 15657:2017] and approximates
one equivalent contact point for the multi-point source. Therefore
the magnitudes of the source and the receiver mobilities are avera-

ged according to equation (4.24).

1 N 1 N
YReal =5 D 1YRil and [Ysegl =5 D Vs, (4.24)
N = N I

The real part of the receiver mobility is averaged for all contact

points using

Re {Ypeq} = ZRe{YRZ} (4.25)

where N is the number of contact points. For the free velocities
at each foot of the source the sum according to equation (4.26) is

used.

N
|Ost.eql” = D 10ss.4l” (4.26)
The active power input is then approximated using

Re {YR eq}

W~ = 2
’ Sfeq’ ’Y eq‘2+‘YReq|2

(4.27)
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e) Using a constant value for the mobility of the receiving
structure: This approach is similar to d), except that for the mo-
bility of the receiving structure a constant value is used. Hence
YR eq in equation (4.27) is a frequency invariant value that re-
presents the mobility of the receiving structure. For this purpose
infinite plate mobilities according to equation (3.55) can be used.
A typical value for timber-frame constructions is in the range bet-
ween 1 x 1074 m/(Ns) to 1 x 1073m/(Ns) [e.g. Mayr and Gibbs
2016].

The motivation for this approximation is that no measurements are
required on the receiving structure. Only the source parameters

need to be determined which can be done in the laboratory.

4.5.6.4 Reception plate method

This method is described in section 3.3.3.3 in a general way. For the
particular application in this thesis, a 19 mm chipboard plate with the
dimensions 2.05m x 0.93m was used as reception plate. This plate was
freely suspended from the ceiling using rubber cords. In addition ab-
sorbent material was added to the room to suppress the response of the
airborne sound field.

The total loss factor was measured using the decay method. The ar-
rangement of the transducers was validated with the directly measured
power input of a shaker. The spatial-average-mean square velocity was

determined with 20 accelerometers.

4.5.6.5 Inverse method

The reception plate allows determination of the power input of an unknown
source. This includes force and potentially rotational excitation compo-
nents that excite bending waves in the plate. Reciprocal relationships
[Ten Wolde 1973; Fahy 1995b; Scheck 2011] can be applied to determine

the individual components separately.
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4 Test structure and experimental procedures

For point excitation at a position, Py, the following relationships with

a reference position, P, are used. For the situation shown in Figure 4.19a

these are
é—ro - 2—‘1 ie. YU =y (4.28)
and for Figure 4.19b.
ﬁo - % ie. Y'M _ygoF (4.29)
Fy F, F;
L |

Vo

L

r

(a) Translational component

Figure 4.19: Reciprocity relationships.

UO&O

L

r

(b) Rotational component

By applying the set-up described in section 4.5.5, the complex transfer

and cross-transfer mobilities for the positions indicated in Figure 4.20

are determined experimentally using an instrumented hammer and the
3 g accelerometers (see Table 4.1). Using these mobilities, the three exci-

tation components, Fp ., My, and My, can be determined from trans-

lational velocities at three reference positions as follows.

B\ (e ve
_ v F agF

Mo, | = | Yo, ” Yo~
v F agF

MO,y Xoig ? X01"13 :
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Figure 4.20: Set-up to determine the out-of-plane excitation components
at a position Py using the inverse method.

To obtain complex velocities, the following velocity transfer functions are

used

v v
VyVy _ —T2,2 VUV, __ —I3,%
HUs = =22 and HUbr = =22 (4.31)
thz er,Z

Using these, equation (4.30) is rewritten in terms of normalized velocities.

-1

v I az I oyl
E07z X01%1 : XOrgc1 - XOrl 1
_ v, F o F ayF; Vv
Mo, | =Yoo, " Yo, * Yo, HE | || (4.32)
v F o F Oész VLU
Moyy Xog 8 X(]rzs * Zom ﬂrgzrlz

With the source in operation, additionally the velocities at positions P;
to Py indicated in Figure 4.20 are measured to determine the translational
and angular velocities at Py using the following approximations by Elliott
et al. [2012]

(Ql,z + Q2,z + Q3,z + Q4,z) (433)

=

QO,Z =
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Q= % (94,2 - Q2,z> and ap, = é (23,z - Ql,z) (4.34)

To account for the correct phase, the velocities are also normalized to

the reference position P.; using complex velocity transfer functions.

_ VzVz _ VzVz
V1,2 = ﬂPlrl Uriz|y V2= EPQI'I Ury 2| (4 35)
vy, = HZY* |v vy, = H¥Y |v '
23,2 — £ P3ry |Fr1,z|0 H4,z T £EPyry |11,z

Finally the components of the input power can be determined using

equation (3.69) for the translational component and

Q=_-Ma" (4.36)

N | —

for the rotational components.

4.5.7 Experimental determination of sound radiation

The radiated sound power was determined using sound intensity which
comprises an active and a reactive component. Only the active compo-

nent, [,, is of interest as it efficiently radiates sound (e.g. [Cremer and
Heckl 1967] or [Fahy 1995a).

I, = = Re{pa*} (4.37)

N

Similar to structural intensity measurements with an a-a probe (section
4.5.3), the active component of the sound intensity (positive direction)
perpendicular to the structure of interest, I,, (in this case denoted as
z-direction) is approximated in the frequency domain from FFT data of

the two microphones using

1
2w pod

I~ Im{p: p,} = — Im{G) 12} (4.38)

2w pod

where, d, is the spacing between the two microphones of the p-p-probe.
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In this thesis the p-p probe listed in Table 4.1 was used. The sound
pressure signals were sent to the FFT-analyser listed in Table 4.1 and the
Cross Spectrum G/, 12 exported to MATLAB to process the sound intensity
as described above. The narrow band sound intensity was finally summed

to one-third octave bands.

To determine the radiation efficiency, o, the surface velocity of the
structure is measured at the same point as the sound intensity. In this
thesis the LDV listed in Table 4.1 was used for this purpose. The inten-
sity probe and the LDV were mounted on a device that can be moved in
two dimensions, which is practical to measure all positions of the mea-
surement grid and keep the focus and distance to the structure for both
[Griinewald 2016].

As with the a-a structural intensity probe, there are limitations due
to the finite difference approximation and the phase mismatch of the mi-
crophones. To cover a wide frequency range, the sound radiation was
determined by combining the results from measurements with two diffe-
rent microphone spacings (12.5mm and 100 mm). As shown by Hopkins
[2007] the finite difference error with a 12.5mm space is within £0.2dB
up to 2000 Hz. To account for errors due to phase mismatch, the pressure-
residual intensity index, d,10, was determined by exposing the two mi-
crophones of the p-p-probe to the same sound pressure level. For each
measurement of the sound intensity, the pressure-intensity index, Fj,

was determined by

For =Ly — | L] (4.39)

If dp10 — Fpr < 10dB the measured value was rejected, as the error is
within +0.5dB when d,10 — Fpr > 10dB [e.g. Hopkins 2007]. The one-
third octave band results from the two spacer lengths were averaged in
the overlap of the reliable frequency ranges.

The sound intensity and the velocity, measured at discrete points are
spatially averaged to determine the radiation efficiency. The grid spa-

cing was 20 cm and therefore the spacing between the p-p probe and the
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surface was set to 20 cm as well. Investigations by Griinewald [2016] on
the test structure showed that a more narrow grid spacing gives the same

results.

4.5.8 Sound pressure measurements

To quantify the sound energy in a volume, the spatial-average sound
pressure that represents the reverberant sound field is measured. Fixed
microphone positions were used in this study for the following reasons:
Moving microphones can only be used for steady-state signals. As tran-
sient excitation was used in some measurements, fixed microphone po-
sitions were necessary. Low frequency procedures [Hopkins and Turner
2005] require additional sound pressure levels in the corners of a room.
Fixed microphone positions allow the calculation of standard deviations
and confidence intervals of the spatial average.

To obtain uncorrelated sample positions, the spacing between the indi-
vidual microphones, d, must be chosen such, that kd > 7 (i.e. d > \/2)
[Hopkins 2007]. Although a sufficient number of samples is required to
obtain an average value that represents the reverberant sound field, cor-
related positions can increase uncertainty [Hopkins 2007]. In this study,
the spatial sampling was carried out based on the guidelines given in [ISO
16283-1:2014-06] for the measurement of sound insulation in the field.

4.5.8.1 Measurements in cavities

To determine the spatial-average sound pressure level in the cavities of
the timber-frame wall, microphones were inserted. Therefore holes were
drilled into the chipboard that were large enough to allow an air gap that

avoids contact to the structure which was sealed with elastic material.

4.5.9 Reverberation time measurements

The reverberation time 1" as well as the structural reverberation time 7§

are defined as the required time for a 60 dB decay of an initial energy
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Figure 4.21: Example decay curves for selected one-third octave bands
for measurements of the structural reverberation time on a
free 19 mm chipboard plate.

level. It is therefore sometimes also denoted as Tgg. The reverberation

time is linked to the loss factor n as follows

22
nf

The experimental procedure to determine the reverberation time is des-
cribed in [ISO 3382-2:2008]. Additional details for the structural rever-
beration can be found in [ISO/DIS 10848-1:2016]. According to these

standards, two procedures, the interrupted noise method and the inte-

T (4.40)

grated impulse response method [Schroeder 1965] are possible. In this
thesis, the integrated impulse response method was used with swept sine

excitation provided by the measurement software m|reverb.

The obtained decay curves rarely provide a 60dB decay in practice.
Hence the reverberation time is extrapolated from 10dB, 15dB, 20dB
or 30dB decays. The corresponding notation is then 719, T'15, T'90 and
T'39. The starting point is normally chosen 5dB below the level at the
beginning to omit the curvature in the initial part of the decay [Jacobsen
and Rindel 1987]. For structural reverberation time measurements 7’9
was used in this thesis. For reverberation time measurements of sound

fields in rooms 199 was used.
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As the reverberation times are typically determined in one-third oc-
tave bands, a filter analysis of the signal is required. However, band-pass
filters have their own impulse response, and can alter the measurements.
This is a limitation inherent in this method, as the decay time of the sy-
stem (room, or structure) that is regarded, must be long compared to the
filter decay time. This is a particular issue for structural reverberation
times, as these are typically very short. As the impulse response of one-
third octave band filters is asymmetric, with a faster response than decay,
reverse filter analysis can be used to measure shorter reverberation times
[Jacobsen and Rindel 1987]. Using the bandwidth for one-third octave
bands

B =0.23 frob.c (4.41)

where fiob ¢ is the band centre frequency for one-third octave bands. The
limitation can be expressed in terms of the product of the bandwidth B

and the reverberation time 7T'.

If short reverberation times need to be determined and measurements
are taken at low frequencies, octave bands can be used rather than one-
third octave bands to increase the measurable frequency range. The

bandwidth for octave bands is
B = 0.707 foct,c (4.42)

where foct.c is the band centre frequency. Using equations (4.40) in com-
bination with (4.41) and (4.42), respectively, the maximum measurable
loss factors, 1, can be estimated for different BT limits. These are listed

in Table 4.2 for forward- and reverse-filter analysis.

In terms of spatial averaging of excitation and response positions,
Mecking et al. [2012] propose using the median rather than the arithmetic
mean as this is a more robust estimator since large outliers, that potenti-
ally occur in reverberation time measurements, have less effect than with

arithmetic averaging. In addition measured reverberation times are often
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Table 4.2: Maximum measurable loss factors n for forward and reverse
filter analysis.

forward-filter analysis reverse-filter analysis

BT >16* BT > 8§ BT >4
one-third octave bands 0.032 0.063 0.126
octave bands 0.097 0.194 0.389

& For sound insulation measurements with forward filter analysis, the accuracy of
BT > 8 is normally sufficient [Hopkins 2007].

asymmetrically distributed rather than in a normal distribution. There-

fore the median was used to determine average reverberation times.

4.5.10 Quasi-longitudinal phase velocity

Quasi-longitudinal phase velocities, cr,, are required because material
properties, such as the Young’s modulus for example, can be derived
from it for beams (equation (3.2)) and plates (equation (3.7)).
Quasi-longitudinal waves have in-plane displacements which can be
measured with accelerometers orientated along the propagation direction
of the wave. The structure under test is excited with a short impulse
provided by a hammer on one end and the response measured with two
transducers spaced at a distance, d. In the processing, for both signals
the starting point in time of the initial slope is found [Craik 1982]. It is
only the initial slope that is of interest, as everything that follows includes
reflected waves and potentially other wave types. The quasi-longitudinal
phase velocity can be determined from the time difference, At, between

the two points in time and the sensor spacing.

d

L= 1y (4.43)

To reduce the uncertainties a high time resolution must be chosen in the
analyser, as well as sufficiently large samples to allow a preferably large

sensor spacing.
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4.6 Summary

The constructions, set-ups and procedures described in this chapter form
the basis for the work described in the following chapters. Chapter 5 uses
all procedures described in section 4.5 to investigate the vibrational beha-
viour and sound radiation of the laboratory timber-frame test structure.
Chapter 6 uses the excitation techniques and the procedures for vibra-
tion and mobility measurements as well as the procedure to determine
the SBS power. The experimental work presented in chapter 8 uses the
excitation techniques and the procedures to determine the power input

and to measure sound pressure that have been described in this chapter.
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timber-frame structure

5.1 Introduction

As the dynamic response of lightweight inhomogeneous constructions is
complex, experimental work was carried out to investigate the vibrational
behaviour of a timber-frame laboratory test structure. Based on the pro-
cedures described in chapter 4, measurements and results are presented
and discussed in this chapter. Section 5.2 describes the determination of
material properties for the laboratory test structure. Furthermore the ex-
perimental determination of total and coupling loss factors is described.
In section 5.3 experimental investigations on the vibrational behaviour
of the specific structure are presented. As knowledge about the receiver
mobility is required to describe the structure-borne sound power input,
measured mobilities are presented and discussed in section 5.4. Finally
measurements of the SPL in the empty cavities as well as the experimen-
tal determination of the radiation efficiency are described. The results
and findings in this chapter form the basis for the investigations in chap-
ters 6, 7 and 8.
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5 Experimental investigation of a timber-frame structure

5.2 Material properties and transmission

parameters for the laboratory test structure

Material properties for the laboratory test structure were obtained ex-
perimentally: density, quasi-longitudinal phase velocity and ILF's of the
the timber-joists, timber-studs and chipboard plates.

The TLFs of the chipboard leaves forming the the timber-frame wall in
the basement of the test structure, a cavity inside the wall and the recei-
ving room of the test structure were also determined from reverberation
time measurements. The TLF of the chipboard plates were required to
determine the CLF of tongue and groove junctions in-situ as described
in section 5.2.3.2. The TLF of an empty cavity in the timber-frame wall
was needed to assess the SEA prediction in chapter 7. Measurements of
the reverberation time in the receiving room are required for the nor-
malization of SPLs to obtain data that is independent of the receiving
room. Furthermore the TLF's of the rooms in the test structure are used

as input data for modelling in chapter 7.

As there are no models available to predict the CLF across the tongue
and groove joint of chipboard plates, it was measured to provide input
data for the SEA models in chapter 7.

5.2.1 Material properties

The lightweight test-rig described in section 4.2 comprises three building
elements, wall studs, floor joists and chipboard plates. For these three
elements the material properties were determined experimentally. Diffe-
rent numbers of samples of each element were available, and are listed in
Table 5.1. A final summary of the material properties derived from them
is given in Table 5.2. The results are in good agreement with similar

materials mentioned in literature [e. g. see Hopkins 2007].
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Table 5.1: Dimensions of samples of chipboard plates, wall studs and floor
joists for the determination of material properties.

Plates Wall studs Floor joists Unit
1-4 1 2 3 4 1 2 3 4 5
L, 2.05 2.67 3.01 215 247 550 536 537 531 538 m
L, 0.93 0.06 0.06 m
L. 0.019 0.09 0.24 m

5.2.1.1 Density

The mass of each sample was measured using a crane scale with a preci-
sion of 10g. From the dimensions of the samples given in Table 5.1 their

density was calculated and is given in Table 5.2.

5.2.1.2 Quasi-longitudinal phase velocity

The quasi-longitudinal phase velocity was determined for the beams and
plates following the procedure described in section 4.5.10. Figures 5.1
and 5.2 show the set-up for the measurements on the beams and the
plates, which were suspended vertically by cords. As the particles in
the chipboard plates are arranged randomly, they can be regarded as
isotropic and the quasi-longitudinal phase velocity was only measured

across the longer dimension.

In this study a sampling rate of 102400 Hz was used. Assuming a
quasi-longitudinal phase velocity for soft wood of 5000 m/s [e. g. see Hop-
kins 2007], At is approximately 4.3 x 10~*s on the shortest sample stud
(Ly = 2.15m). This corresponds to approximately 44 time samples,
giving an accuracy of at least +2.3 %.

The starting point of the initial slope was found using a threshold
slightly above noise. To reduce uncertainties two sensors at each end of
the sample were used to obtain an average for the starting point of the

rising slope. The average results are given in Table 5.2.
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Figure 5.1: Measurement set-up to determine quasi-longitudinal wave
velocity, cr,, for the wall studs and floor joists.

@‘j -

T"a

A»l

Figure 5.2: Measurement set-up to determine quasi-longitudinal wave
velocity, cr,, for the chipboard plates.
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Figure 5.3: Example of measured time signals for two accelerometers at
positions a and b (indicated in Figure 5.2) on a chipboard
plate.
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Table 5.2: Experimentally determined material properties of the buil-
ding elements used in the lightweight test-rig. Values are
given with 95 % confidence limits.

Chipboard Wall studs Floor joists

Parameter plates (spruce) (spruce) Factor Unit
Samples 4 4 5 - -
Height 19 90 240 1073 m
Width - 60 60 1072 m
Moisture - 112418 11.9+40.7 1 %

p 6.154+0.10 4.97+0.56 4.724+0.35 102 kg/m?
crL 2.02+0.07 5.4640.33* 5.36+0.30* 10> m/s
v 0.3" - - 1 -

E 229 +0.18¢ 14.5+3.4° 13.6+£1.7¢ 10 N/m?
fB.thin 5.31 3.03 1.12 1 kHz
Tint 1.74+0.1°  1.6+02" 124028 1072 -

& Measured along grain

> Estimate

¢ Determined from p and ¢z, of individual samples using equation (3.2) respecti-
vely (3.7) before averaging. Rounding causes slight variations in the decimal
places if E is calculated from the average values of cr, and p given in this table.

4 Corresponds to Ag = 6 h, see equation (3.11)

¢ Arithmetic average of median for one-third octave bands 160 Hz to 1250 Hz

f Arithmetic average of median for one-third octave bands 160 Hz to 2500 Hz

& Arithmetic average of median for one-third octave bands 100 Hz to 1000 Hz

5.2.1.3 Internal loss factor

The ILF, nmint, was estimated from measured reverberation times using
equation (4.40) in one-third octave bands. As this method only gives the
TLF, ntot, this procedure can only be used in frequency ranges where
it is reasonable to assume that the internal losses dominate, i.e. below
the coincidence frequency [Hopkins 2007]. For the measurements, the
elements were resiliently suspended to approximate free boundary con-
ditions. The chipboard was excited perpendicular to the surface and the
studs and joists were excited on axis. As the free chipboard plate ex-
changes energy with the surrounding airborne sound field, especially at

and above the coincidence frequency, additional absorbent material was
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added to the room were the measurements took place, to avoid any in-
fluence of the sound field. The majority of absorbent material (polyester
fibre) was placed in front of the walls that were parallel to the chipboard
surface with a thickness of approximately 0.5m to 1 m.

As described in section 4.5.9, shaker excitation with a swept sine sig-
nal was used for these measurements. For each element two excitation
positions were used. The response positions were chosen, such that the
direct field in the vicinity of the excitation position and the boundaries
was excluded. As the remaining space was limited, only three response
positions for each excitation position were chosen for the studs to avoid
measuring correlated positions. This resulted in 2 x 3 combinations for
each of the four samples, to give 24 decay curves in total. For the chip-
board plates and the floor joists more space was available, hence four
response positions were used. This resulted in a total number of 32 de-
cay curves for the four available chipboard samples. Since five samples
were available for the floor joists, 40 decay curves could be used.

The decay curves were determined using reverse-time integration of
the impulse responses and evaluated in one-third octave bands. The
TLF was calculated from T 19 for the chipboard plates, the wall studs
and the floor joists. Since the median was used to find a representative
estimate, the results are presented as boxplots. The box represents the
upper and lower quartile and the horizontal line in the box the median
(50 % quantile) of the data. The whiskers represent the upper or lower
quartile plus or minus 1.5 times the height of the box. For normally
distributed data this corresponds to +2.7 o (99.3 %-coverage). If the

most extreme outlier is within the whisker, its length is set to this value.

Chipboard plates Figure 5.4 shows the TLF for the chipboard plates.
However, as described in section 4.5.9, the low number of modes at low
frequencies can affect the uncertainty in the obtained values. To find a
lower frequency limit for the obtained data, the statistical mode count for

the chipboard samples under test was estimated using equations (3.28)
and (3.101).
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Figure 5.4: Total loss factor of chipboard determined from 75 19 using
equation (4.40). Four chipboard plates were measured with
2 X 4 combinations of excitation and response position on
each, giving a total number of n = 32 samples for the boxplot.

Additionally the mode frequencies were calculated according to section
3.2.5 (assuming free boundary conditions) and the number of modes
counted in each one-third octave band. Figure 5.5 shows the mode count
from the mode frequencies and the statistical mode count for a chipboard
plate with the same dimensions used for the loss factor measurement.

For the chipboard plates, the actual mode count is higher than the
statistical mode count at low frequencies. The small number of modes
is likely to be the cause of the high variation in the loss factors at low
frequencies. In the 63 Hz one-third octave band there are no predicted
modes which could be the cause of the high variation for the TLF in
this band. Based on Figures 5.4 and 5.5, the lower frequency limit was
qualitatively set to 160 Hz because above this frequency, the median of
the loss factor starts to converge to a constant value which is expected
for the ILF.

Additionally an upper frequency limit for the data is necessary to de-

termine the ILF, as the measured TLF also includes radiation losses at
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Figure 5.5: Mode count for one-third-octave-bands of a free chipboard
plate. As the results converge at high frequencies, the actual
mode count is shown only up to 1000 Hz

and above the coincidence frequency, f.. Hence this provides the up-
per limit for the determination of the ILF. For thin isotropic plates the

coincidence frequency is given in equation (3.36).

Using c1,p from the measurements described in the previous section,
the coincidence frequency for the chipboard is approximately 1693 Hz
which is within in the 1600 Hz one-third octave band. The influence of
the radiation loss can be observed with the increasing TLF in Figure 5.4
at and above the 1600 Hz one-third octave band. Hence the upper fre-
quency limit was set to the 1250 Hz one-third octave band. This also
avoids possible mass loading of the sensors (see section 4.5.2.1) as 23 g

transducers were used.

The measured TLF was averaged in the frequency range from 160 Hz
to 1250 Hz as indicated in Figure 5.4. As the internal losses are con-
stant with frequency it is assumed that the results apply over the entire

buildings acoustics frequency range from 50 Hz to 5000 Hz.
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Figure 5.6: Total loss factor and estimate for internal loss factor of the
freely suspended wall studs. Four sample studs with 2 x 3
combinations of excitation and response position on each, gi-
ving a total number of n = 24 samples for the boxplot.

Wall studs and floor joists Figures 5.6 and 5.7 show the TLFs for
the wall studs and the floor joists, respectively; these were determined
from measurements of the structural reverberation time and the 3dB
bandwidths.  Similar to the chipboard plates the ILF can be deter-
mined directly from the TLF only in a limited frequency range. Hence
frequency limits are needed to calculate a frequency average ILF. As for
the chipboard plates, the statistical mode count was obtained from the
modal density for bending waves on thin beams using equation (3.27).
Using equation (3.101) the statistical mode count can be obtained for
the samples of the wall studs and the floor joists. The available samples
have the same cross sectional area but different lengths, L., hence the
statistical mode count, Ng, shown in Figures 5.8 and 5.9 differs slightly.
Similar to the chipboard plates, free boundary conditions are approxi-
mated, which allows a calculation of the mode frequencies, f,, for a finite
Euler-Bernoulli beam given by equation (3.24). Again the modes are

counted in each one-third octave band to give the mode count, N which
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Figure 5.7: Total loss factor and estimate for internal loss factor of the
freely suspended floor joists. Five sample joists with 2 x 4
combinations of excitation and response position on each, gi-
ving a total number of n = 40 samples for the boxplot.

is added to Figures 5.8 and 5.9. As the lengths of the samples vary,
the mode count also differs slightly. However there is only one marker
used for all samples, as the loss factor is determined from the median of
measurements on all samples.

Figures 5.8 and 5.9 show that for the samples of wall studs and floor
joists there are up to 3 modes in each one-third octave band. For bands
without a mode the application of the decay method is questionable.
However as the sample beams have different lengths, the mode frequencies
vary and therefore at least one of the samples provides a mode for each
one-third octave band. Nevertheless the uncertainty is high for bands
where for example only one of the samples has a mode. As this is more
likely at low frequencies a lower frequency limit was introduced.

To support the results determined from the measured reverberation
times, the half-power bandwidth method was also applied. Driving point
mobilities were measured, and the bandwidth at the peaks of the mode

frequencies f,, was evaluated at the 3 dB-down points, A f34p -
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Figure 5.8: Mode count for one-third-octave-bands of the shortest wall
stud (sample 3) with free boundary conditions.
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Figure 5.9: Mode count for one-third-octave-bands of the shortest floor
joist (sample 4) with free boundary conditions.
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5 Experimental investigation of a timber-frame structure

The ILF can then be determined from

A f34s,
MNint,p = Tp (5.1)

The driving point mobility was measured at three positions on one sample
wall stud and one sample floor joist. These loss factors were averaged for
these three positions and added to Figures 5.6 and 5.7. They show good
agreement with the results obtained from reverberation times. However,
as the decay method gives continuous data, these results were used to
obtain an ILF from an arithmetic frequency average.

As the bending wavelength, Ag, gets smaller compared to the dimen-
sion of bending displacement, L., with increasing frequency, pure bending
waves no longer occur (see section 3.2.3). Hence the loss factors determi-
ned from measured reverberation times do not exclusively describe the
decay of bending modes.

Towards high frequencies the experimentally determined TLFs increase
for the wall studs and the floor joists, which might be caused by thick
plate behaviour. Hence for the wall studs, fg thin = 3025 Hz can be set as
upper limit for the determination of ILFs of bending modes, 7y, from the
experimentally determined TLFSs, not. Therefore the 2500 Hz one-third
octave band was the last band included in the average as indicated in
Figure 5.6. For the floor joists, fB thin is 1115 Hz which is at the transition
between the 1000 Hz and 1250 Hz one-third octave band. Hence the upper
limit was set above the 1000 Hz one-third octave band as indicated in
Figure 5.7. The final results for all elements under test are given in
Table 5.2.

5.2.2 Total loss factors

5.2.2.1 Timber-frame wall

To gain knowledge about the overall losses of a timber-frame structure,
the TLF of the chipboard plates that form the lower wall in the test

structure was determined experimentally using the decay method.
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5.2 Material properties and transmission parameters

To determine the TLF according to equation (4.40), the structural re-
verberation time was measured with shaker excitation and a swept-sine
signal as described in section 4.5.9. The measurement was carried out
based on the procedure described in [ISO/DIS 10848-1:2016] for the de-
termination of the structural reverberation time of building elements for
which the TLF is governed by the coupling losses. This is not the case
for lightweight timber-frame structures especially towards high frequen-
cies as mentioned in section 2.3.1. However at low frequencies lightweight
structures such as the timber-frame wall tend to behave like a single plate,
with no significant decrease of vibration across its surface [Nightingale
and Bosmans 1999).

Similar work was done by Mecking [2012] who measured the TLF of a
timber-joist floor. Mecking proposed using less excitation and measure-
ment positions above ribs compared to bay positions as the percentage
surface area of the ribs is typically lower. Hence two out of six excita-
tion positions were chosen above timber studs for the measurements. For
each excitation position six response positions were measured with one
out of these six above a timber stud. To avoid correlated positions the
distance between individual response positions was at least 1 m which is
half the bending wavelength of 19 mm chipboard at approximately 20 Hz.
The minimum distance between the excitation position and the response
positions was also 1 m which equals the reverberation distance, rq (equa-
tion (5.2)) at approximately 1600 Hz for a 19 mm chipboard plate with
the dimensions of the wall (5.06 m x 2.59m) and the TLF estimated ac-
cording to equation (3.100) (with C' = 0.4 timber-frame walls acc. to
[Hopkins 2007]).

(5.2)

The response was measured with the 23 g accelerometers listed in Ta-
ble 4.1 that were fixed with magnets (24.5g) to metal washers that are
screwed to the surface of the chipboard plates. To reduce the influence

of the excited airborne sound field in the adjacent rooms, a thick layer
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5 Experimental investigation of a timber-frame structure
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Figure 5.10: Total loss factor of timber-frame wall determined from 75 19
using equation (4.40).

(=~0.7m) of absorbent fibre material was placed in front of the walls,
parallel to the timber-frame wall under test.

The results are shown in Figure 5.10 using the median and the boxplot
to visualize the data (6 x 6 combinations of excitation and response). As
the use of the TLF is questionable for timber-frame walls at higher fre-
quencies due to limitations in the experimental procedure (reverberation
distance, mass loading) the results are only processed and shown up to
the 1000 Hz one-third octave band.

Additionally the TLF can be estimated according to equation (3.100).
In Figure 5.10 constants for heavyweight and lightweight buildings are
included to allow comparison of the measured results against those esti-
mates.

In the 50Hz and the 63 Hz one-third octave bands, there is reasona-
ble agreement between the measurement and the prediction according
to equation (3.100) with C' = 0.4. Between 80 Hz and 1000 Hz the me-
asured TLF is up to 2.5dB lower than the prediction. As the attenua-

tion of vibration with distance increases with frequency, the losses due
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5.2 Material properties and transmission parameters

to structural coupling at the boundaries, described by the factor % in

equation (3.100), has less influence and therefore the prediction is higher.

5.2.2.2 Cavities

The timber-frame wall has empty cavities. For modelling of the sound
propagation and transmission using SEA, the TLF of the cavities is nee-
ded. This requires knowledge about the sound absorption of the surfaces
in the cavity. However, the absorption coefficients of chipboard plates and
the timber studs and bars were not measured. The values given in [DIN
18041:2016-03] or [EN 13986:2004+A1:2015] indicate that the absorption
coeflicients range roughly from 0.03 to 0.25. The issue is that absorption
coefficients are normally determined for random incidence but the ca-
vity has one-, two-, or three-dimensional sound fields over the frequency
range from 50 Hz to 5000 Hz; hence the TLF of one empty cavity was
determined experimentally using the decay method (see section 4.5.9) to

give a better estimate.

To excite the sound field in the cavity, a sheet of chipboard was removed
to insert a small loudspeaker in the cavity. For the measurements, the
chipboard plate was replaced in its original position. Microphones were
inserted through drilled holes in the chipboard that were large enough
to keep a small gap that was sealed with elastic material as shown in
Figure 5.11. To avoid correlated microphone positions, only four were
chosen in the cavity. However at each position the reverberation time
measurement was repeated and two depths of the inserted microphone
were chosen to obtain an averaged reverberation time for each to increase
the accuracy at each position. The holes were drilled with a minimum
distance of 0.5 m to the loudspeaker, 0.13 m to the cavity perimeter and

0.02m to the inner chipboard surfaces.

The TLF from measurements is shown in Figure 5.12 for comparison
with ILFs, nint, (based on section 3.4.5.1) for absorption coefficients ran-
ging from 0.03 to 0.25.
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5 Experimental investigation of a timber-frame structure

Loudspeaker

(a) Small loudspeaker in cavity (b) Microphone inserted into the
cavity

Figure 5.11: Set-up to measure reverberation times in the empty cavity.

As the measured TLF of the cavity includes coupling losses there are
some deviations compared to the estimated ILF. Compared to the esti-
mated transition at fo0,1 the measured data only has a slight step change
in the TLF. The results indicate a feasible range for the sound absorp-
tion of the cavity surfaces, as the ILF must be equal to, or smaller than
the TLF that includes coupling. Hence it seems that the absorption coef-
ficient for the chipboard plates and the wall studs tends to be towards
the lower limit of the range that is shown in Figure 5.12. Below the first
cross-cavity mode, only the absorption of the studs is relevant, which is
approximately 0.1 below 500 Hz according to [EN 13986:2004+A1:2015].
Above fo 0,1, the absorption of the chipboard dominates due to the high
percentage of area it covers. Although [EN 13986:2004+A1:2015] gives a
value of 0.25 for chipboard at high frequencies, it might be lower for the
material used in this particular situation. Especially as [DIN 18041:2016-
03] gives values of 0.06 above 1000 Hz for veneered chipboard directly in

front of a solid structure.

5.2.2.3 Receiving room

The measurement procedure described in section 4.5.9 was applied using
two excitation positions with four response positions. The results are

shown in Figure 5.13 in terms of the TLF using equation (4.40).
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Figure 5.12: Comparison of measured total loss factors and predicted in-
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5 Experimental investigation of a timber-frame structure

5.2.3 Coupling loss factor for the tongue and grooved
chipboard plates

For tongue and groove joints, no analytical models are available to esti-
mate the coupling of the chipboard plates; hence they were determined

experimentally.

5.2.3.1 Free chipboard plates

To assess an isolated, single joint, two chipboard plates (from the samples
listed in Table 5.1) were suspended vertically and connected along the
shorter edges. To describe the quantities that are necessary to determine
the CLF, the simple two-subsystem SEA-model sketched in Figure 3.12
is used. From equation (3.85), the TLF of plate 2 is

Ntot,2 = 121 + 1d,2 (5.3)

Assuming negligible power flow back to plate 1, the CLF can be written

in terms of energies using equation (3.84)

Ey
—— 5.4
n12 B, Mtot,2 ( )

As the two plates used are identical (m; = mz), this can be written as

<U%>t s
M2 = 75 Ttot,2 (5.5)
(V).

where (v}); s and (v3); 5 are the spatially averaged mean square velocities
of plate 1 and 2, respectively. This can also be expressed in decibels using
the velocity levels of plate 1, L, 1 and plate 2, L, 2 as well as the TLF of

plate 2 in decibels, Ly, tot,2.

Ln,12 = LU,Z - Lv,l + Ln,tot,Z
= *(Lv,l - Lv,2) + Ln,tot,Q (56)

= Ln,tot,2 - Dv,12
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Figure 5.14: TLF of coupled chipboard plates.

where D, 12 is the velocity level difference between the excited source
subsystem, 1, and the receiving subsystem, 2. Hence the TLF can be
determined from measured spatial-average velocity levels and the TLF

of one of the two plates.

The TLF was determined in the actual experimental set-up with the
chipboard plates coupled. However the measurement was carried out for
plate a as well as plate b. Therefore the same procedure was applied
as for the determination of the ILFs of chipboard plates, described in
section 5.2.1.3. The results for both plates are shown in Figure 5.14. The
plates are identical and the boundary conditions are the same, hence the

TLF can be assumed to be nominally identical.

The spatial-average velocity level was measured on each plate using
structural excitation with a shaker driven with broadband noise. The
measurements were carried out in both directions; meaning that either
plate a or plate b was excited. The two excitation positions were cho-
sen towards the free end of the plate to avoid nearfields incident on the
junction. Preliminary investigations ensured that, the signal-to-noise ra-
tio was sufficient and that flanking transmission via the airborne sound
field or the suspensions was negligible for the frequency range of inte-
rest. This was assessed by disconnecting the plates whilst suspended in
nominally the same position. To suppress airborne flanking, absorptive

material was placed around the receiving plate.
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5 Experimental investigation of a timber-frame structure

The vibration level difference was determined in both directions and
arithmetically averaged similar to the procedure for flanking measure-
ments according to [ISO/DIS 10848-1:2016]. An average value was de-
termined using three joints from four different chipboard samples, giving
three level differences which were arithmetically averaged to give the
average level difference, D, 12.

As the TLF of plate 1 and 2 can be assumed to be nominally identical,
an averaged CLF for the tongue and groove joint, L, tq, was determined

using the average TLF shown in Figure 5.14.
Ln,TG = Ln,tot - Dv,12 (57)

Figure 5.15 shows the CLF and the TLF. Between 63 Hz and 200 Hz
the CLFs and TLFs are similar, however, above 200 Hz the coupling
significantly decreases with increasing frequency. Hence the individual
chipboard plates can be regarded as weakly coupled SEA-subsystems at
mid and high frequencies.

Figure 5.15 also gives an exponential fit for the measured CLF that
can be used for an estimate for the CLF across a tongue and groove joint.

This fit function is given by

(5.8)

1x 10712

0.02 €002/
Ly, rcat = 101g (

5.2.3.2 Measurement in-situ

To compare the coupling measured on plates with free boundaries with
plates with in-situ boundary conditions, measurements were additionally
carried out on chipboard junctions on the test wall. This required mea-
surements using structural intensity (described in section 4.5.3).

Figure 5.16 shows the set-up for the measurement. The CLF was
determined for the two horizontal chipboard junctions in the far left
bay of the timber-frame wall in the basement of the test structure (see
Figure 5.16a). The chipboard in the middle of the wall was excited with
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Figure 5.15: Coupling loss factor for tongue and groove joint, L, tq, me-
asured with two free chipboard plates. For comparison the
TLF from Figure 5.14 is also shown. Additionally an expo-
nential fit is given for the measured CLF.

a point force applied by a shaker using the set-up in Figure 4.6. For
these investigations two excitation positions were used. The structural
intensity was then measured with a set of six a-a probes behind the
junctions. To extend the frequency range to high frequencies, a probe
spacing, d = 30 mm was used with small accelerometers (weight of 3 g —
see Table 4.1). From Figure 4.12 it can be seen that this gives a maximum

normalized error of approximately —0.5dB at 1000 Hz.

The net power, Wiyet, transmitted across the junction is determined

from the measured structural intensities using

L N
Wnet = N ZIs,i (5.9)
i=1

127



5 Experimental investigation of a timber-frame structure

4
.
. Excitatiloln al

e Excitation a2

I

1

I

I o

| Junction

I -
I 2
| Ly

1 e

I

I

1

I

I

I

__________ ] 4 4 @

(a) Sketch of set-up (b) Photograph of set-up

Figure 5.16: Experimental set-up on the timber-frame wall in the base-
ment of the test structure to determine the CLF of the ton-
gue and groove chipboard joints with structural intensity.

where L is the length of the junction for which the stud spacing is 625 mm.

N is the number of a-a probes along the junction line (in this case six).

The measured net power across the junction can then be used to deter-
mine the CLF. Based on the two-subsystem model shown in Figure 3.12,
the net power transmitted from subsystem a to b is [e. g. see Craik et al.
1995; Hopkins 2007]

Wetab = Wap — Waa = wnap Ea — wnpa By (5.10)

This gives the CLF as

Wnet,ab + W Npa Eb
wk,

Tab = (5.11)
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5.3 Vibrational behaviour of a timber-frame structure

where the denominator is estimated from the power input, Wi, ,, obtai-
ned from the force and velocity measured at the excitation point accor-
ding to equation (3.70) as follows
W
wEB, = —2 (5.12)
Na
Additionally the power returning from subsystem b to a was neglected,

which gives the following approximation for the CLF

Wnet,ab n
a
Win,a

Nty ~ (5.13)
For the TLF, n,, the measured data described in section 5.2.2.1 was used.

As two excitation positions and two junctions were measured, four
CLFs were determined. The averaged CLF is shown in Figure 5.17 for
comparison with the data obtained with free chipboard plates as descri-
bed in section 5.2.3.1.

The 95 % confidence intervals overlap over most of the frequency range,
indicating that the two measurements are in agreement. Towards hig-
her frequencies the data is not shown as the results for the TLF from
section 5.2.2.1 were only valid up to 1000 Hz due to mass loading effects
at higher frequencies.

Due to the limited frequency range from the in-situ structural intensity
measurements, the CLF used in the SEA model was taken from the free

chipboard plates.

5.3 Vibrational behaviour of a timber-frame

structure

The vibration field over the chipboard surface of the wall is expected to
be complex due to the combination of individual chipboard plates, point
connections and proximity to studs. Therefore, measurements were car-

ried out on the double leaf timber-frame wall in the basement of the test
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Figure 5.17: Coupling loss factor for tongue and groove joint, L, g, me-
asured in-situ on the test structure. Additionally the TLF

from Figure 5.15 is shown.

structure described in section 4.2. As machinery locally injects structure-

borne sound power, point excitation was used in this study.

5.3.1 Surface velocities with force excitation
5.3.1.1 Experimental set-up

For the experimental investigations a single point excitation was applied
using the electrodynamic shaker IV-40 (see Table 4.1) at one end of the
wall. To investigate structure-borne sound power input and propaga-
tion, the source was first attached to the chipboard in a bay (position
1, Figure 5.18) and then above a stud at a screw position (position 2,
Figure 5.18). In the bay the shaker was connected to the wall as shown
in Figure 4.6. On the stud the aluminium plate was screwed through the

chipboard into the studs (Figure 4.6).
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is visualized using the same point of a view as for the source

indicated by dots above the wall studs. The receiving surface
surface (see coordinate system).

test structure: Timber studs and bars (----), chipboard pla-

tes on source (
conditions are shown in Figure 5.19.
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Figure 5.18: Construction details of the lower timber-frame wall in the

The vibrational response of the wall was measured with 23 g accelero-
meters (see Table 4.1) at the intersection points of a regular grid across
the whole wall. The data was collected up to the 2500 Hz one-third oc-
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Figure 5.19: Sections of lower timber-frame wall of the test structure in-
dicating details on the boundary conditions.

tave band. However from Figure 4.7 the 23 g accelerometers have an
estimated error of ~3dB at ~2500Hz and a ~1dB error at ~800 Hz.
For the investigation of relative levels across the surface of a structure
this error was tolerable because the same accelerometers were used across
the surface and it is the spatial variation (rather than absolute values)

that is of interest.

The same grid was used on both surfaces (source surface, Figure 5.18a
and receiver surface, Figure 5.18b) of the structure. Across the length of
the wall the grid spacing was 10.4 cm, hence every sixth position is above
a stud as the stud spacing is 62.5 cm on centres. Across the height of the
wall the positions were equally spaced with a similar distance of 11.0 cm.
This results in 49 x 24 measurement positions for each surface. 24 acce-
lerometers were used, so the surface velocity levels were determined in
a series of measurements with a set of 12 accelerometers being moved

along each wall leaf.

At the excitation point the input force was measured with a force
transducer, along with the acceleration by averaging the signal from two
accelerometers on either side of the force transducer. The excitation
signal was white noise in order to ensure sufficient vibration level above
background at all points. The S/N ratio for bay excitation is shown in
Figure 5.20 for the set of accelerometers furthest from the driving point

(i.e. positions vertically aligned on the far right end on the receiving
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Figure 5.20: S/N ratio for the column of positions with the longest dis-
tance to the excitation position. This is the furthest right
column of positions (n = 24) of the measured grid on the
surface opposite to the excitation (receiving room). The
minimum corresponds to the upper right position at 4.92m

surface). Throughout the frequency range from 31.5Hz to 2500 Hz the
S/N ratio is >10dB. The minimum S/N corresponds to the position at
the upper end of the wall at the wall-floor-wall junction. The majority
of positions were well-above 10 dB.

For this measurement the multi-channel FFT-analyser listed in Ta-
ble 4.1 was used and the narrow band FFT-spectra of the accelerations

were integrated to output velocities for further processing in MATLAB.

5.3.1.2 Velocity level distribution

The measured velocity levels are shown in Figure 5.21 for excitation
between two studs (excitation position 1) and in Figure 5.23 for excitation
above a stud. In these contour plots the velocity levels are normalized
to the maximum on the source leaf, close to excitation position which
was set to 0dB. Results are shown for the 31.5 Hz, 100 Hz, 800 Hz and
2500 Hz one-third octave bands to indicate the main trends.

In the 31.5 Hz band, the velocity levels are uniformly distributed across
the wall for both excitation positions. However there is a local gradient

in the vicinity of the excitation in the bay (see Figure 5.21a) due to
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(b) 100Hz
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Normalized velocity level, L, (dB)

Figure 5.21: Distribution of velocity levels on both leaves of the timber-
frame wall (see Figure 5.18) for 31.5Hz and 100 Hz. The
point force excitation in a bay is highlighted by the arrow
in the plots. The solid lines indicate the chipboard plates,
the dashed lines indicate the wall studs. For each one-third
octave band the upper plot is the source surface and the
lower plot is the receiving surface of the wall.
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(a) 800 Hz

(b) 2500 Hz
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Figure 5.22: As Figure 5.21 but for the 800 Hz and 2500 Hz one-third
octave bands.
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(b) 100 Hz
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Figure 5.23: As Figure 5.21 but with excitation on a stud at a screw,
indicated by the black arrow.
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(a) 800 Hz

(b) 2500 Hz
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Figure 5.24: As Figure 5.23 but for the 800 Hz and 2500 Hz one-third
octave bands
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the direct field (see section 3.2.6). For stud excitation (Figure 5.23a),
the velocity level close to the excitation point is not significantly hig-
her compared to the rest of the wall. At the top of the wall the lowest
velocity levels occur, because the displacement is constrained by the ri-
gid T-junction (see Figure 5.19b). As the wall is free at both sides and
resiliently supported at the bottom (see Figure 5.18), the velocity levels
are higher at these boundaries compared to the upper end of the wall.
For bay and stud excitation, there is no relation between the pattern of
the contour plot and the position of the studs or the arrangement of the
chipboard plates in this frequency range. Apart from the maximum in
the vicinity of the excitation position, maxima occur at the same posi-
tions on the source and the receiver surface, which results in a uniform
velocity level difference of approximately 0 dB. Hence the timber-frame
wall behaves as a single plate at low frequencies.

For bay excitation (see Figure 5.21b) in the 100 Hz band a significant
decrease of velocity levels up to ~20dB occurs across eight wall studs.
Although a decrease is also present for stud excitation, it is not as pro-
nounced (=10dB, see Figure 5.23b). From the source to the receiving
surface there is a slight decrease in velocity levels, but the pattern of the
contour plot differs between the source and receiving surface. For both
excitation positions, low velocity levels tend to occur at stud positions.
Hence the chipboard sheeting could be considered as being line-connected
to the timber studs in the 100 Hz one-third octave band as noted by Nig-
htingale and Bosmans [1999].

In the 800 Hz band (Figures 5.22a and 5.24a) there is a strong attenu-
ation of velocity levels between 25 dB and 30dB across the length of the
wall for bay and stud excitation (see also Figures 5.25 and 5.26). For bay
excitation a stronger initial decrease can be observed on the contour plots
as the point force on the stud excites the framework directly and therefore
the vibrational energy can travel further. Furthermore the coupling of
the tongue and groove joints becomes weaker towards higher frequencies
(see section 5.14); hence there are significant level differences between

adjacent sheets. At 800 Hz there is no influence of the wall studs on the
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5.3 Vibrational behaviour of a timber-frame structure

velocity level distribution. Regarding the decrease of velocity levels from
the source to the receiver surface, there is a significant difference between
the results observed for bay or stud excitation, because the direct excita-
tion of the stud is more efficient in terms of exciting the receiving surface
as well. Therefore these velocity level differences are larger for bay exci-
tation, especially close to the excitation position (see also Figures 5.31a
and 5.32a).

With increasing losses across the tongue and groove joints, the indivi-
dual chipboard sheets become clearly visible in the contour plots of the
2500 Hz band. Across the longest dimension of the wall the velocity levels
are attenuated by approximately 45 dB with respect to the maximum in
the vicinity of the excitation position. The velocity level distribution
close to the excitation shows a direct field (see section 3.2.6). For stud
excitation this local gradient is visible on the source and receiving surfa-
ces due to the efficient coupling across the stud. On the receiving surface,
the chipboard joint close to the excitation is clearly visible because the
plate to the left of the excited wall stud is not screwed to the stud and

therefore only excited across the tongue and groove joint.

5.3.1.3 Decay perpendicular to the timber studs

To quantify the vibrational decrease with distance perpendicular to the
timber studs, normalized velocity levels are shown in Figure 5.25 for
excitation in a bay and Figure 5.26 for excitation above a stud at a screw
position. In these figures, vertical columns of grid positions were averaged
to give 49 average velocity levels as function of the z-dimension of the test
structure shown in Figure 5.18. As the vertical chipboard joints of the
individual rows of plates are irregular (see Figure 5.18), only positions
on the middle row were averaged as indicated in the sketch included in
these figures. Additionally the corresponding chipboard joints as well as
the positions of the studs are indicated.

For the 31.5 Hz band there is no significant attenuation with distance.

In the 100 Hz band the minima at or close to the stud positions can be
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Normalized
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velocity level (dB)

Figure 5.25: Vibration level decay perpendicular to the timber studs for
the selected one-third octave bands with point excitation
The normalized velocity levels are
averaged for vertical columns of grid positions across the
middle row of chipboard plates (see sketch) and normalized
to the column close to the excitation position. Vertical lines
indicate the position of the wall studs (

observed. Towards higher frequencies the attenuation increases up to
—40dB for the positions at the far right end of the wall. The decrease
in the vibration levels at the tongue and groove joints is clearly seen in
the 800 Hz and the 2500 Hz bands. Close to the excitation point it can

be seen that the difference between the source and receiving surface is
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).

significantly higher for bay excitation.

In the 2500 Hz band the velocity levels on the source surface tend to-
wards a constant value in the far right area of the wall. The reason for this
is not insufficient signal because the S/N ratio is >10dB (Figure 5.20).
A monotonous decrease that becomes shallower with distance is a fea-

ture of periodic structures as bending waves are converted to in-plane
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Figure 5.26: As Figure 5.25 but with point excitation on a stud at a screw
(black dot).

waves and vice-versa at plate-beam junctions, as described by Mead and
Markus [1983] for semi-infinite periodic structures or Nightingale and

Bosmans [1999] for a timber-frame floor assembly.

However at 2500 Hz there are point connections rather than line con-
nections and the structure under test is finite and this behaviour can only
be observed on the source surface, whereas on the receiving surface there
is a continuous decrease across the whole length in the z-dimension of the
wall. Hence it is likely to be a different reason than wave conversion. As
the chipboard plates behave independently of the framework, the plates
on the source surface can be regarded to have a free boundary condition
at the far right end of the wall. The reflection of bending waves at this
free edge can be a possible reason for the cessation of the continuous
decrease. On the receiving surface, the elastic material is attached to the
chipboard plates at the end of the wall to seal the gap (see Figure 5.19).

Hence there is damping at the edge and the velocity levels continuously
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.~ Excitation 1

E/Excitation 2
i/EMeasurement points shown in Figure 5.28

;/Measurement points shown in Figure 5.29

Figure 5.27: Measurement points used to investigate the attenuation of
velocity levels parallel to the timber studs.

decrease towards this end of the wall. This can also be observed in the
800 Hz one-third octave band.

5.3.1.4 Decay parallel to the timber studs

Further investigations of the grid data now use lines of measurement
points parallel to the timber studs. As shown in Figure 5.27 two lines
are considered. One in the first bay that includes excitation position
1 and the other along the second stud where excitation position 2 was
applied. The velocity levels along these lines are shown in Figures 5.28
and 5.29. Again normalized levels are used with the measurement line

close to the excitation as reference.

For both excitation positions, the lower levels at the top of the wall
caused by the constraint at the T-junction can be seen. Apart from the
upper end of the wall, there is no significant decrease of the velocity
levels for the stud excitation in the 31.5 Hz band. However, for the bay
positions where only the chipboard was excited, an attenuation can be
observed. In the 100 Hz band fluctuations due to modal behaviour can
be observed for bay excitation, which are not as pronounced above the
timber stud. Towards higher frequencies the attenuation towards the
upper and lower end of the wall increases for both excitation positions.

Again a drop of vibration levels across the tongue and groove joints can
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Figure 5.28: Velocity level decay parallel to the timber studs for the se-
lected one-third octave bands and excitation in a bay. Levels
for one vertical row of measurement positions in the bay with
point excitation. Additionally the direct field according to
equation (3.29) is shown for the 2500 Hz one-third octave
band. Vertical lines (——) indicate the position of the ton-
gue and groove joints.

be seen in the 2500 Hz band. However, the measured data in the 2500 Hz
indicates the direct field of a chipboard plate.

The decrease in vibration from the source to the receiving surface is sig-
nificantly higher for bay excitation especially towards higher frequencies
as the the transmission path across the cavity is less efficient compared

to the structural transmission path across the stud.

5.3.1.5 Discussion

The influence of the framework and the screw fixing of the chipboard
panels on the vibrational behaviour can be interpreted by considering
three frequency regions [see Nightingale and Bosmans 1999; Craik and
Smith 2000b; Schoenwald 2008]. These can be defined by the relation of
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Figure 5.29: Velocity level decay parallel to the timber studs for the se-
lected one-third octave bands and excitation on a stud. Le-
vels for the vertical row of measurement positions on the
stud with point excitation. Additionally the direct field ac-
cording to equation (3.29) is shown for the 2500 Hz one-third
octave band. Vertical lines indicate the tongue and groove

joints (——) and the screw fixing points on the stud (

the bending wavelength of the 19 mm chipboard plates to the stud and
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screw spacing as shown in Figure 5.30

I) A p/2 > Stud spacing (62.5cm)

At very low frequencies (below the 50 Hz band) the velocity levels
are distributed uniformly across each leaf that forms the surface of
the framework wall. The framework underneath the sheeting can
not be identified in the contour plots of the velocity level distribu-
tion (see Figures 5.21a and 5.23a). In this lower frequency range,

the timber-frame wall can be regarded as an equivalent orthotropic

plate.
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5.3 Vibrational behaviour of a timber-frame structure

Stud spacing (62.5cm) > Ag /2 > screw spacing (35 cm)

In the one-third octave bands from approximately 50 Hz to 160 Hz,
low velocity levels tend to occur above the studs. Hence there is
only a local influence of the timber studs on the stiffness of the
construction in a region where they can be considered to be line-
connected to the chipboard plates. At line-connected junctions,
wave conversion from bending to in-plane waves and vice-versa can
potentially occur [Nightingale and Bosmans 1999]. This typically
causes a significant decrease across the first stud that levels out with
increasing distance as observed by Nightingale and Bosmans [1999]
and Schoenwald [2008] because the accelerometers are orientated

to measure out-of-plane displacements caused by bending waves.

Screw spacing (35cm) > Ag /2

As the chipboard is fixed to the studs with screws there is an up-
per limit for these approximately periodic point connections to act
as line connections, which can be estimated as Ag /2 [Nightingale
and Bosmans 1999; Craik and Smith 2000b; Schoenwald 2008]. The
screw spacing is 35 cm which relates to Ag /2 on the chipboard at
approximately 140 Hz. Hence above this frequency, no significant
differences occur between levels in a bay or above the studs. The vi-
bration field on the chipboard can be considered to be independent

of the timber framework underneath.

These frequency regions approximately describe the vibrational beha-

viour, although the cross-over frequencies between the regions are not

precise. The cross-over frequency between region II and III is typically

higher for real building structures, as the screws do not represent an ideal

point connection but a local area connection [Nightingale and Bosmans

1999]. Therefore the screw distance needs to be regarded as being smal-

ler than the actual measure. However the type of screw or craftsmanship

will influence the size of this local area, hence it is difficult to quantify a

radius for the local constraint.
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Figure 5.30: Bending wavelength of 19 mm chipboard in relation to the
geometrical properties of the timber-frame test structure.

Although the observed vibrational behaviour shows some features that
are typical for exactly periodic structures, these characteristics are not
clearly pronounced and other features such as an increase of levels in
remote bays due to conversion from in-plane to bending waves do not
occur. Hence this timber-frame wall tends to behave like a non-periodic

structure as there are some inherent irregularities.

Although the stud and screw spacing is meant to be the same across
the structure, there are variations due to craftsmanship (i. e. tightening
torque of the screws). Furthermore there are tongue and groove joints
which means that the periodic structure is interrupted after every two or
three studs. In addition it can not be assumed that there are exactly the
same material properties for the repeating studs and plates as there are
slight variations that can be seen in the 95 % confidence intervals given
in Table 5.2.
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5.3 Vibrational behaviour of a timber-frame structure

5.3.2 Coupling between both leaves of the wall
5.3.2.1 Velocity level difference

Besides the attenuation with distance perpendicular to the studs, the
coupling of both leaves is of particular interest in terms of sound trans-
mission to adjacent rooms but also for the definition of subsystems when
modelling the sound transmission using SEA.

The measured velocities from the previous section are now used to
investigate the coupling between both leaves. Figures 5.31 and 5.32 show
the difference of the measured velocity levels on the source and receiving
surface. As the same grid was used on both sides of the wall the difference
was calculated for each opposite pair of velocities and visualized using
contour plots. The differences are shown for the same selected one-third
octave bands as in Figures 5.21 and 5.23.

In the 31.5Hz band the velocity level difference is ~0dB across the
whole wall. For bay excitation there is a local gradient caused by the
direct field on the source leaf, which results in a circular pattern of higher
level differences in the vicinity of the excitation position. As there is
strong structural coupling across the stud this can not be seen for the
excitation above a stud.

In the 100 Hz band the level difference spatially varies across the wall.
Hence the vibration pattern differs between the source and receiving sur-
face, indicating that the wall does not behave as one single plate any
more.

In the 800 Hz band a higher difference can be observed in the far left
bay. However, for the rest of the wall surface the velocity level differences
are ~0dB. For stud excitation this holds for the whole wall as the struc-
tural transmission path across the excited stud is very efficient because
it is additionally at a fixing point and therefore provides similar power
input to both leaves.

At high frequencies, in this case represented by the 2500 Hz band, the
chipboard plate boundaries on both leaves can be identified in the con-

tour plot of the velocity level differences. Again significant differences
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(a) 31.5Hz (b) 100 Hz

(c) 800 Hz (d) 2500 Hz
I
20 10 0 —10

Velocity level difference (dB)

Figure 5.31: Velocity level difference between the source and the receiving
surface of the test structure for bay excitation. Dashed lines
indicate the wall studs. Solid lines show the tongue and
groove joints on the source surface the dotted lines for the
receiving surface. The excitation point is indicated as small
white circle.

can be observed for bay excitation close to the excitation point which is
not as pronounced with stud excitation. For both excitation positions,
some areas described by boundaries of chipboard plates show higher le-
vels on the receiving leaf (negative velocity level difference). To explain
this, Figure 5.33 shows four possible transmission paths from the local
point excitation to a pair of accelerometers. This example shows that
transmission paths to the accelerometer on the receiving surface include
no tongue and groove joint and are therefore potentially more efficient
at high frequencies where the coupling of the plates is weak. Hence to

any remote pair of accelerometers there are many transmission paths and
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Figure 5.32: As Figure 5.31 but for excitation on a stud at a screw.

therefore the velocity level difference tends to fluctuate about 0 dB across

the whole wall except close to the excitation point.

The leaves of double walls are strongly coupled at the mass-spring-
mass resonance frequency, fusm. For empty cavities it can be calculated
using [e. g. see Hopkins 2007] by assuming adiabatic compression, v = 1.4

and a temperature of 20 °C.

mlll +m//2
mom = Oy 1, —

where m” pip, is the mass per unit area of the 19mm chipboard plates

(5.14)

and L, the cavity depth. Using the properties given in Table 5.2 and
the cavity width of 90 mm, this results in a mass-spring-mass resonance
frequency of 83 Hz for the test structure. Above fism, direct coupling
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Tongue and groove joint

Excitation 2
l Source surface
____________________________________________________ >

Receiving surface {

Tongue and groove joint

Figure 5.33: Four possible structural transmission paths on the timber-
frame wall from excitation position 2 (see Figure 5.18) to a
remote pair of accelerometers.

across the cavities is weak. Therefore the contour plot of the level dif-
ferences in the 100 Hz one-third octave band is not as uniform as in the
31.5Hz band. This is also the reason for the increasing level difference
with increasing frequency in the first bay for excitation between timber
studs.

5.3.2.2 Correlation analysis

In the previous section the coupling was investigated using the velocity
level difference. This gives information about the attenuation of vibrati-
onal energy across the constructions. But there is no information about
the correlation of both wall surfaces. Hence further processing used com-
plex narrow band data to investigate the phase relationship between the

source and receiving surfaces.

In the grid measurements the input force was used as reference to
determine a set of complex FRFs. Using this data, opposite pairs of me-
asurement positions on the source and receiving surface can be considered
in terms of their phase relation. This allows the Frequency Response As-
surance Criterion (FRAC) to be used to quantify the correlation of both
leaves based on the complex FRFs. The FRAC is described by Allemang
[2003] and is calculated using
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FRACab(f) =
Ny Ny 2
P Yo(z,y, f) Yo" (2,9, f)
z=1y=
Ny Ny N, Ny
[Z > Ya(a:,y,f)Ya*(x,y,f)] [ > %(x,y,f)Yb*(af,yjf)}
r=1y=1 z=1y=1

(5.15)

where the complex transfer mobilities Y, (z,y, f) and Yy(z,y, f) of the
measurement grid (z,y) represent the (a) source surface and (b) recei-
ving surface respectively. A value of exactly unity means that all pairs
of measurement positions are in phase whereas zero implies that the vi-

brational behaviour of both leaves is uncorrelated.

Figure 5.34 shows the FRAC for bay and stud excitation including all
positions on the measured grid of the source and receiving surface. The
uniform vibrational behaviour of the whole wall at low frequencies is evi-
dent where the FRAC has values close to unity, which implies correlation
of both wall surfaces. For bay excitation the value is slightly lower than
for stud excitation due to the direct field of the point force that domina-
tes the response in the first bay. Above the mass-spring-mass resonance
frequency (83 Hz), the FRAC values drop down below 0.2. Hence the mo-
dal response becomes increasingly incoherent towards higher frequencies.
When modelling the wall using SEA, this means that above the 80 Hz

band, both wall surfaces can be considered as individual subsystems.

5.3.3 Structural intensity with force excitation

The time-average surface velocity levels give information about the distri-
bution of vibrational energy. To visualize net-power flow across the test
structure, the structural intensity was measured following the procedure

described in section 4.5.3.

A set of twelve a-a structural intensity probes was used with the multi-

channel FFT-analyser listed in Table 4.1. For the measurements, the 23 g
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Figure 5.34: Frequency Response Assurance Criterion (FRAC) for both
leaves of the wall.

accelerometers were used. Due to mass loading at high frequencies the
data was valid up to the 800 Hz one-third octave band.

Using these a-a probes, the two dimensional structural intensity was
determined on a grid of 32 x 18 positions across the source surface of
the timber-frame wall shown in Figure 5.18a. Therefore two probes were
mounted at each position as sketched in Figure 4.10. As the procedure
described in section 4.5.3 is only valid in the free-field, positions above
studs were omitted. Hence in each bay there were 4 x 18 positions where
the nearest distance to wall studs was 10cm. The probe spacing, d was
3.3 cm to allow the processing of data to higher frequencies. The wall was
excited the same way as described in section 5.3.1.1 in a bay (excitation
position 1 in Figure 5.18a).

The results are presented in Figure 5.35 for the same one-third octave
bands as in Figures 5.21, 5.23, 5.31 and 5.32. The 2500 Hz band is not
shown as the grid of the structural intensity probes is too coarse to inter-
pret the pattern of intensity vectors and mass loading might affect the

results. The figures show the intensity vectors to indicate the direction
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Figure 5.35: Measured structural intensity vectors on the test structure.
The point excitation is indicated by the white circle. The
thick grey lines indicate the wall studs. The thin black lines
indicate the the tongue and groove joints.
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Figure 5.36: Power input into successive bays of the test structure using
the sum of the one-third octave band x-components to the
right of each stud from Figure 5.35.

of the net-power flow. Although the length of the vectors represents the
magnitude, a contour plot of the normalized intensity level was added
behind the vectors to clarify the strength of the power flow.

The structural intensity data was also used to quantify the power input
into each successive bay. Therefore the xz-components of the structural
intensity (perpendicular to the wall studs) at positions to the right of
wall studs were integrated (summed) over the height of the wall. The
results are shown in Figure 5.36, normalized to power input in the second
bay. The first bay was omitted as the point excitation was applied there.

In the 31.5 Hz band, all vectors shown in Figure 5.35a are oriented per-
pendicular to the wall studs beginning in the second bay with maximum
power flow towards the middle axis of the wall. There is no significant
decrease of the net power flow across the studs as also indicated in Fi-
gure 95.36.

In the 100 Hz band, circulating vectors indicate a vibrational beha-
viour dominated by standing waves (modes) [Tanaka et al. 1994]. The

magnitude of the intensity vectors decreases by ~20dB across the wall.
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In the 800Hz band, the chosen grid spacing is too coarse to allow
a proper interpretation of direction of the structural intensity vectors.
However the magnitudes indicate a strong and continuous decrease across
the length of the wall. In Figure 5.36 it can be seen that the decrease of

the power input into each successive bay is ~5dB on average.

The results indicate that at low frequencies the whole wall can be
considered as a single SEA subsystem. Whereas towards high frequencies
the wall needs to be subdivided into several subsystems; these subsystems
could be individual bays as indicated by the results for the 800 Hz band
in Figure 5.36.

5.3.4 Discussion

The investigations on the vibrational behaviour of the timber-frame wall
of the test structure show the typical characteristics of an inhomogene-
ous ribbed structure. For local mechanical excitation the propagation
of vibrational energy is strongly attenuated caused by internal damping
of the materials and at structural discontinuities such as junctions be-
tween plates and timber studs and the tongue and groove chipboard
joints. As reported in previous work [e.g. Nightingale and Bosmans
1999; Craik and Smith 2000b; Schoenwald 2008], three frequency regions
can be identified to interpret the vibrational behaviour. At very low fre-
quencies a single orthotropic plate can be assumed followed by a regime
that resembles the behaviour of line connected plates. The majority of
the frequency range however indicates the behaviour of line-connected

chipboard plates.

In the line-connected regime, wave conversion from bending to in-plane
waves and vice versa can potentially occur [Nightingale and Bosmans
1999]. There is however no strong evidence for this behaviour from the
presented results. Furthermore the structure does not distinctly show
typical characteristics of perfectly periodic structures described by Mead

and Markus [1983] for example. This is potentially due to irregularities
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inherent in normal building structures caused by craftsmanship and a
variation in material parameters.

For local point excitation, the level difference between the excited leaf
and the opposite leaf is not significant except in the area close to excita-
tion point for bay excitation. The structural path across a position where
the sheeting plates are fixed to the framework is very efficient. Therefore
the power input to the receiving surface is similar as to the source surface
for excitation positions above a stud at a screw. However both surfaces
have uncorrelated vibration fields above the mass-spring-mass resonance
as shown by the FRAC.

These results give indications about the choice of SEA-subsystems to
model the dynamic response of this wall. At low frequencies the whole
wall can be considered as a single subsystem. As both wall surfaces are
uncorrelated above the mass-spring-mass resonance, they need to be mo-
delled as individual subsystems. Furthermore the results indicate, that
the individual leaves can not be modelled as one subsystem. In the mid
frequency range, the individual bays could be used as subsystems based
on the findings from the structural intensity measurements. However at
high frequencies, there is a weak coupling across the tongue and groove
joints and therefore it might be necessary to treat each chipboard sheet

as an individual SEA subsystem.

5.4 Mobility of the test structure

The mobility (or impedance respectively) is an important quantity to
determine the power input of a mechanical source to a receiving structure.
As the framework of the regarded timber-frame structures causes a spatial
variation of the structural properties, the mobility of the test structure is
determined experimentally at various positions to investigate its range.
Structure-borne sound sources potentially excite the structure not only
by a force component perpendicular to the surface but also by in-plane
forces or by moments for three degrees of freedom. In this thesis only

out-of-plane components are considered. Hence the experimental inves-
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Figure 5.37: Measurement points and direction conventions for investi-
gations of the spatial variation of point mobilities on the
timber-frame wall.

tigations concerning the driving point mobility, Yy,, as well as the out-
of-plane moment mobilities, Y\r, and Yy, are presented in the following
sections. To model the mobility of the structure at these frequencies the
properties of an equivalent orthotropic plate can be used, that accounts
for the different bending stiffness parallel and perpendicular to the studs.
For the equivalent orthotropic plate the mobility can then be calculated

according to equation (3.55).

5.4.1 Driving-point mobility (force)

To investigate its spatial variation, the driving-point mobility was mea-
sured at various positions on the test structure following the procedure
described in section 4.5.4 with the instrumented hammer listed in Ta-
ble 4.1. Therefore the mobility was determined at positions above a
wall stud and at positions towards the centre of a bay as indicated in
Figure 5.37. Although this drawing shows the timber-frame wall, the
measurements points on the timber-joist floor were chosen in the same

way.
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To interpret the results, infinite beam and plate mobilities according
to sections 3.2.9.3 and 3.2.4 are compared with the measurements. The

following infinite beam and plate mobilities were considered:

a) Infinite plate according to equation (3.55) for 19mm chipboard

(material properties given in Table 5.2).

b) Infinite beam according to equation (3.57) for the wall studs with a
cross section of 60 mm x 90 mm and floor joists with a cross section

of 60mm x 240 mm (material properties given in Table 5.2).

c¢) Infinite plate according to equation (3.55) using the properties of

the equivalent orthotropic plate described in section 3.2.4.

Figure 5.38 shows the measured driving point mobility for one position
above a stud and at a screw as well as for one position right in the middle
of two studs. The results for similar positions on the timber-joist floor
are shown in Figure 5.39.

At low frequencies, below the 63 Hz one-third octave band, the measu-
red mobilities are similar for the stud and the bay position. This is in-line
with the findings from section 5.3.1 which showed that the test structure
behaves like a single plate at low frequencies. Mayr [2009] noted that
above or close to a stiffening rib the mobility can be approximated by
the infinite beam mobility of the rib at low frequencies.

For the timber-frame wall the measured mobility lies between the mo-
bility for an infinite equivalent orthotropic plate and the infinite beam
mobility for the wall stud below the 63Hz band. As mentioned in
section 3.2.4 the properties of the equivalent orthotropic plate must be
regarded as an upper limit due to the potentially small shear deforma-
tion allowed by the screw connections. Hence the mobility of this infinite
equivalent orthotropic plate is expected to be lower than the actual va-
lue and as indicated by the results in Figure 5.38 it can be regarded as
a lower limit. The infinite beam mobility only represents the wall stud,
neglecting the influence of the chipboard above it; hence it should be

regarded as an upper limit for the mobility. For the timber-frame wall
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Figure 5.38: Real part of driving point mobility of the timber-frame wall
for one position above a stud at a screw and one position
in-between two studs.

with narrow 90 mm studs and 19 mm plates on both sides, the true value
is expected to be significantly lower than the infinite beam mobility of
the wall stud. Additionally it should be noted that although the results
are shown in one-third octave bands the number of modes in each band
is low at low frequencies. Hence there are modal fluctuations in the mea-
sured data that potentially causes discrepancies when comparing it with

infinite beam /plate theory.

For frequencies above the 63 Hz band the mobility between the studs
has similar values to an infinite 19 mm chipboard plate. The position
above a stud at a screw fluctuates about 1 x 1074 m/(N's) up to ~315 Hz.
Towards higher frequencies it also tends towards the values for the infinite
19mm chipboard plate. This is also supported by the findings from
section 3.2.4 that showed point-connected behaviour of the sheeting at

high frequencies.
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Figure 5.39: Real part of driving point mobility of the timber-joist floor
for one position above a stud at a screw and one position
in-between two studs.

For the timber-joist floor (Figure 5.39), the mobility of the infinite
beam is significantly lower, because the depth of the floor joists is large
compared to the wall studs. The influence of the chipboard on the ben-
ding stiffness is smaller as only one layer is screwed on top of the joists.
Hence the value for the mobility of an infinite equivalent orthotropic plate
is in the same range as the infinite beam mobility for the 240 mm floor
joist. The trend of the measured data follows the infinite beam mobility
in the low frequency range. This is similar to findings from Hammer
and Brunskog [2002], Hopkins [2007], and Mayr [2009] on ribbed tim-
ber structures or Nightingale and Bosmans [2007] for a ribbed perspex

structure.

As for the timber-frame wall, the position in the bay shows values in the
range of the infinite 19 mm chipboard plate at mid and high frequencies.

The position on the stud at a screw is in the range of the equivalent
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5.4 Mobility of the test structure

orthotropic plate in the mid-frequency range up to about 500 Hz and
tends towards the infinite 19 mm chipboard plate at high frequencies.

Figure 5.40a shows the measured mobilities for different distances to
the wall stud at the measurement points indicated in Figure 5.37. At
low frequencies all positions are similar and tend towards the mobility
of an infinite 19 mm chipboard plate at high frequencies. For positions
that are further away from the wall stud, the mobility starts increasing
at lower frequencies. Similar findings were observed by Mayr [2009] for
a timber-joist floor. Therefore the same non-dimensional plot as used by
Mayr is shown in Figure 5.40b for the measured data. The measured
mobilities are normalized to the value for an infinite 19 mm chipboard
plate and plotted as a function of the ratio of the distance to the bending
wavelength of the 19 mm chipboard.

This shows that positions with a distance, d > Ag/4, follow the behavi-
our of an infinite plate with the properties of the sheeting material which
confirms theoretical work by Lin and Pan [2006]. Mayr [2009] showed
for a timber-joist joist floor, that the same behaviour can be observed
for positions above a stud with varying distance to a screw. Similar me-
asured data is shown for the timber-frame wall of the test structure in
Figure 5.41a (measurement positions given in Figure 5.37). Again there
is a logical rank order of the data in the mid and high frequency range
with values increasing with the distance from the screw. However the
relationship with the d/Ap ratio, shown in Figure 5.41b, does not show
the same clustering as for the positions in the bay.

This is potentially due to the assumption of an ideal point connection.
However on the building structure, there are variations in the type of the
screw or the tightening torque, which have an influence on the behaviour
of the sheeting plate in the vicinity of the fixing point. Hence the area
of the local constraint is prone to vary depending on these parameters
Therefore it is difficult to identify one specific value for the distance, d,
between the observation point and the fixing point as this is more a local
area than a defined point [see Nightingale and Bosmans 1999]. This might

explain the difficulties in the interpretation of the measured mobilities
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Figure 5.40: Spatial variation of driving point mobility along a line per-
pendicular to the stud. Positions between studs. Variation
of the distance to the closest stud centre line.
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as a function of the d/Ap ratio for positions above a stud, shown in
Figure 5.41b for the data obtained on the test structure regarded in this
thesis. On the other hand, positions in the bay are not as dependent on
the stud. Therefore the position of the fixing point and the distance, d,
are well defined, with half the stud width being the maximum uncertainty.
Hence the interpretation based on the d/Ap ratio is more robust as shown
in Figure 5.40b. This was not investigated further in this work, however
future work could look at the variation of tightening torque of the screw

on the spatial variation of the mobility.

5.4.2 Moment mobility

Typically only perpendicular force excitation is considered in building
acoustics. However, in lightweight building structures moment excita-
tion potentially needs to be considered as well. Therefore the moment
mobility of the test structure was determined experimentally following
the procedure described in section 4.5.5.

Various positions on the timber-frame wall and floor of the test struc-
ture were used as shown in Figure 5.37 (this figure also shows the di-
rection conventions for the moment mobilities). The measured results
were compared with infinite plate and beam mobilities using the three
cases described in section 5.4.1.

Figure 5.42 and Figure 5.43 show the results for the timber frame-
frame wall for the moment about the x- and y-axis respectively. For
the moment about the z-axis, there is a significant difference between
the position above a stud and in the middle of a bay at mid and high
frequencies, similar to the driving-point mobilities shown in Figure 5.38.
At low frequencies both positions have similar values and are in the range
of the mobility for an infinite beam with the properties of the wall stud.
Above 100 Hz, the position between the studs tends towards the mobility
of an infinite plate with the properties of the 19mm chipboard plate.
However, the position on the stud has values in the range of an infinite
equivalent orthotropic plate from 80Hz to 200 Hz. Above 200 Hz the
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Figure 5.42: Real part of moment mobility about the z-axis for a posi-
tion above a stud at a screw and in-between two studs on
the timber-frame wall. Direction conventions according to
Figure 5.37.

mobility above the stud also increases and is similar to the bay position
at high frequencies.

For the moment about the y-axis the values are also in the range of
the infinite beam with the stud properties and the infinite equivalent
orthotropic plate at frequencies below 50 Hz. Above 63 Hz the measured
values for both positions increase towards the infinite 19 mm chipboard
plate. As the y-axis is parallel to the timber studs, the moment mobility
is not influenced by the stiffness of the stud and therefore shows a similar
behaviour to that in the middle of a bay.

Figure 5.44 shows the moment mobility about the z-axis for a position

above a stud and one in a bay on the timber-joist floor. As the procedure
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Figure 5.43: Real part of moment mobility about the y-axis for a posi-
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the timber-frame wall. Direction conventions according to
Figure 5.37.

is sensitive to phase errors, some FFT lines in the low frequency range
had negative real parts and therefore the one-third octave bands were
rejected. However the trend shows the same results as for the timber-
frame wall, whereas the infinite beam and infinite equivalent orthotropic
plate moment mobility seem to underestimate the result at very low
frequencies. Towards high frequencies both positions have values in the
range of the infinite 19 mm chipboard plate, whereas the bay position

reaches these values at a lower frequency.

Figure 5.45 shows the moment mobility about the y-axis for the timber-

joist floor. As with the timber-frame wall, both positions show results in
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the range of the infinite 19 mm chipboard plate as the y-axis is parallel

to the floor joist.

5.4.3 Discussion

At low frequencies the driving-point mobility does not vary significantly
across the wall surface and can be approximated using the properties of
an equivalent orthotropic plate. This was valid as long as the bending
wavelength of the sheeting was large compared to the stud spacing. Posi-

tions that are at least a quarter of a wavelength to the nearest wall stud
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or floor joist can be approximated by the mobility of an infinite plate

with the properties of the sheeting material.

The spatial variation of moment mobilities had similar findings to the
driving-point mobilities. However for positions above a stud or joist there
was a significant difference between the two moments about the z- and
y-axis respectively. The moment rotating about the axis of the stud or

joist was similar to positions in-between the stud or joist.
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5.5 Sound fields and sound radiation

Additionally to the measurement of vibrations and mechanical mobilities,
the sound field in the empty cavities and the sound radiation of the test

structure was investigated experimentally.

5.5.1 Cavity sound pressure levels

The spatial average sound pressure levels were measured in the empty
cavities. Three random microphone positions were used in each cavity
inserted as described in section 4.5.8.1. At each position, the different
depths of the microphone showed almost identical results because the po-
sitions were highly correlated due to the limited range of possible depths
(see section 4.5.8). Hence only one depth was used in the spatial average.
In the z-y-plane of the cavity a spacing of at least 0.7 m was used for the
individual positions and the minimum distance to the cavity boundaries
was 0.1m. In the far left bay where the mechanical point force was ap-
plied, the minimum distance to the excitation position was set to 0.7 m
to avoid the influence of a direct field. Mechanical point excitation was
applied at the same positions, one in a bay and one above a stud, as
shown in Figure 5.18.

Figure 5.46 shows the spatial-average SPL for mechanical point ex-
citation in the far left bay of the timber-frame wall. The results are
normalized to the cavity where the excitation was applied as this had
the highest SPL. At low frequencies the SPL in cavities 2 to 8 is simi-
lar and the maximum difference between them is about 10dB. This is
similar to the results of the measured surface velocity level distribution
shown in section 5.3.1. Towards higher frequencies there is a logical rank
order of the average SPLs for cavities that decreases with increasing dis-
tance from cavity 1. In the 2500 Hz one-third octave band the difference
is about 35dB between the far left and the far right cavity. The 95 %
confidence limits of the averaged levels are not added in this plot for the

sake of clarity, but are given in Figure 5.48.
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Figure 5.46: Cavity sound pressure levels for bay excitation (excitation
position 1, indicated in Figure 5.18). Average values for
three microphone positions in each bay. Results are norma-
lized to the cavity where the excitation was applied.

Following the findings from section 5.3.1, the results for excitation
above a stud are shown in Figure 5.47. For this excitation position the
results are normalized to cavity 2. At low frequencies the average SPLs
are in the same range because the wall behaves like a single plate with
little attenuation in this frequency range. As the excitation is not in a
bay, the SPL in all cavities are within 10 dB of each other up to 125 Hz.
Towards high frequencies, again the attenuation increases and the rank
corresponds to the distance of successive cavities. For cavity 8 the spatial
average SPL in the 2500 Hz one-third octave band is about 35dB below

cavity 1 which is near to where the point force was applied.
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Figure 5.47: Cavity sound pressure levels for stud excitation (excitation
position 2, indicated in 5.18). Average values for three mi-
crophone positions in each bay. Results are normalized to
cavity 2.

5.5.2 Radiation efficiency of the laboratory test structure

To describe the coupling of bending waves to the sound field in the cavi-
ties or rooms and vice versa, knowledge about the radiation of bending
waves is required. Therefore the sound radiation of the timber-frame test
structure was investigated experimentally and the results compared with
the model described by Leppington et al. [1982; 1986].

To measure the radiation efficiency, the procedure described in section
4.5.7 was applied. The measurements were part of the Bachelor Thesis
by Griinewald [2016] at the Technical University of Applied Sciences
Rosenheim which was supervised by the author. In these experiments

the frequency-average radiation efficiency was determined in one-third
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Figure 5.48: Arithmetic mean of 95 % confidence limits for spatial
average cavity SPL determined in eight bays.

octave bands for mechanical point excitation either above a stud or in
a bay on the source surface as indicated in Figure 5.19. The excitation
positions are shown in Figure 5.49. On the receiving surface, the velocity
levels and the sound intensity were measured on a 20.8 cm x 20 cm grid
across the wall giving 24 x 12 positions. The grid spacing was chosen,
such that every fourth grid intersection in the z-direction was above a
timber-stud. To cover a wide frequency range, two spacers, 12mm and
100 mm were used and the two resulting one-third octave band spectra
assembled.

The experimental results described in section 5.3.1 showed that the
vibrational behaviour of a timber-frame wall is frequency dependent and
can be divided into three regimes. In the low frequency range the vibrati-
onal behaviour is strongly influenced by the stiffness of the framework. At
mid and high frequencies, it is affected by the properties of the sheeting
plates only. This knowledge is now applied to investigate the measured
radiation efficiency by taking into account either the whole plate surface
or only positions between studs.

To compare the measured data with theory, the radiation efficiency
was calculated as described in section 3.2.8.3 using three sets of parame-
ters. The measured results and the calculation variations are shown in

Figure 5.50 for excitation position 3 (above a stud) and in Figure 5.51

172



5.5 Sound fields and sound radiation

259 cm

Figure 5.49: Chosen mechanical excitation position on the source surface
of the timber-frame wall for the experimental determination
of the radiation efficiency.

for excitation position 4 (in a bay). In these figures the radiation index
for the definition of levels in decibels is shown. The measured grid data
was processed differently for two cases: A) Using the spatial average of
all points of the measurement grid across the timber-frame wall and B)
Using the spatial average of only positions between studs. It has to be
noted however, that although the velocity can be measured at discrete
points the sound intensity represents radiation from an area on the struc-
ture rather than a discrete point. Nevertheless the influence of the stud
on the measured data for the radiation efficiency is reduced by omitting

positions directly above the studs.

The measured radiation index shown in Figures 5.50 and 5.51 is similar
for the stud and bay excitation. At high frequencies it agrees well with the
theory for a plate with the properties of 19 mm chipboard. The calculated
radiation index using the dimensions of the whole wall overestimates
the radiation index slightly in the 2000 Hz one-third octave band near
the coincidence frequency. At high frequencies there is no difference if
positions above the stud are included or not; this is in accordance with
the findings from section 5.3.1 which showed that the point-connected
chipboard sheeting vibrates independently of the studs.
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Figure 5.50: Radiation index of the timber-frame wall for stud excitation.
a) Predicted using material properties of the 19 mm chip-
board plates and the dimensions of the bays. b) Predicted
using material properties of the 19 mm chipboard plates and
the dimensions of the whole wall. ¢) Predicted using proper-
ties of the equivalent orthotropic plate, described in section
3.2.4 and the dimensions of the whole wall, d) Measured
using only positions between studs. e) Measured using all
positions including positions above wall studs. Vertical das-
hed lines indicate the transition frequencies shown in Figure
5.30.

In the mid-frequency range the measured data agrees well with the
model that assumes individual simply supported rectangular plates with
the bay dimensions. Similar findings were observed by Schoenwald [2008]
for example. At these frequencies, the data set that includes the positions
above studs is slightly higher than the results obtained for bay positions
that fits well with theory.

In the low-frequency range the wall behaves like an equivalent ortho-

tropic plate (see sections 5.3.1 and 5.4). Therefore the measured radia-
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Figure 5.51: As Figure 5.50 but for bay excitation.

tion index is in the range of the model that uses the properties of the
equivalent orthotropic plate, particularly for the one-third octave bands
below 80 Hz and there is no difference between the measurement with or
without stud positions. These results indicate that above ~100 Hz, the
radiation of the wall can be modelled by assuming individual rectangular
plates with the dimensions of the bays and the properties of the 19 mm
chipboard.

5.6 Summary

In this chapter, experimental investigations, based on the procedures
given in chapter 4, on individual building elements and a laboratory test
structure were described and the results discussed.

For the individual chipboard plates and the timber studs and joists, the
most relevant material properties to describe the dynamic behaviour were
determined experimentally and serve as input data for models described

in chapters 6, 7 and 8.
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The cavity TLF was measured and compared with predicted ILF's
of empty cavities [Price and Crocker 1970]. This indicates reasonable
estimates for absorption coefficients [e.g. see DIN 18041:2016-03; EN
13986:2004+A1:2015].

A special feature of the test structure are the tongue and groove joints
of the chipboard plates. As no model is available to calculate the CLF
across this joint, measurements were carried out on two coupled plates
with free boundary conditions and at two joints on the test structure
using structural intensity. The measured CLF decreases with increasing
frequency and is used in the SEA models in chapter 7.

To gain knowledge about the dynamic response of the test structure,
the distribution of surface velocity levels was investigated experimen-
tally for a local mechanical point excitation. Three main frequency regi-
mes were confirmed [see also Nightingale and Bosmans 1999; Schoenwald
2008]. In the low frequency range, where the bending wavelength of the
sheeting material is large compared to the spacing of the studs, the whole
wall can be regarded as a single plate with orthotropic material proper-
ties. When half a bending wavelength fits into the stud spacing, the
point-connected plates act as being line-connected to the studs. Towards
high frequencies, strong attenuation with distance can be observed.

Further investigations used structural intensity to visualize the net-
power flow across the structure for point force excitation. The results
confirm the findings obtained from the surface velocity levels that at low
frequencies the wall can be considered as a single SEA subsystem but
at higher frequencies it might be necessary to subdivide it into several
subsystems.

To quantify the coupling between both sides of the double wall, the
level differences as well as the phase relationship were investigated. Since
a point force was applied, the level differences were only significant in
the vicinity of this position. In distant parts of the wall the existence of
several transmission paths caused a level difference of ~0dB across the
wall. The phase relationship, quantified using the FRAC, showed that

the vibrational response of both wall surfaces are uncorrelated above the
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5.6 Summary

mass-spring-mass resonance frequency of the plate-cavity-plate system,
which indicates that an SEA model could reasonably be considered.

To provide the basis for the calculation of the power input from ma-
chinery, measurements of the receiver mobility were carried out. As mo-
ment excitation can not be neglected a-priori, moment mobilities were
measured in addition to the driving point mobility. The obtained results
resemble the findings from the measurement of the surface velocity levels.
At low frequencies the whole wall acts as a single plate and no spatial
variation is apparent. The measured mobilities are in the range of an
infinite plate with the properties of an equivalent orthotropic plate. In
the mid-frequency range there is a strong spatial variation between po-
sitions above studs and in-between studs. However positions that are a
quarter of a bending wavelength away from a stud show the behaviour of
an infinite plate with the properties of the sheeting material [see also Lin
and Pan 2006; Mayr 2009]. Hence at high frequencies all positions are
determined by the sheeting plate. This applies for the driving point and
the moment mobilities. However for the moment mobility above studs
there is a difference concerning the direction of the moment. Moment
mobilities above a stud parallel to the axis of the beam are similar to
positions in-between studs. Perpendicular to the beam, theory for an in-
finite beam and an infinite equivalent orthotropic plate give a reasonable
estimate at frequencies <250 Hz. Where infinite beam theory tends to
give an upper limit and infinite plate theory for an equivalent orthotropic
plate tends to give a lower limit. Towards high frequencies the measured
mobility tends to infinite plate theory for 19 mm chipboard.

To gain insight into the sound field in the empty cavities, the SPL
was measured for mechanical point excitation. This indicated a decrease
in SPL as the distance of the cavity from the excitation position was
increased.

The sound radiation of bending waves was investigated by experimen-
tally determining the radiation efficiency of the test structure for mecha-
nical point excitation. Results were compared with the model of Lepping-

ton et al. [1982] for thin rectangular plates. Again the three frequency
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5 Experimental investigation of a timber-frame structure

regimes can be identified and need to be considered when modelling the
sound radiation.

The measurements give insight into the behaviour of a basic inhomo-
geneous structure. Real building structures are more complex in terms
of their assembly (e.g. multiple layers of sheeting). However knowledge
about the behaviour of this specific test structure provides the necessary

background for the work presented in the following chapters.
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6 Structure-borne sound power
of mechanical sources on

timber-frame constructions

6.1 Introduction

This chapter describes the determination of the power input from SBS
sources into timber-frame structures. It describes approaches to simplify
the determination of the power input for force excitation from machinery.
Only out-of-plane excitation components are considered which primarily
excite bending waves. To investigative the importance of out-of-plane
moment excitation, inverse methods are used to determine the power

input.

Section 6.2 describes the excitation sources that were used for the in-
vestigations. Section 6.3 applies inverse methods to determine a moment
power about a single point. Section 6.4 focuses on force excitation per-

pendicular to the surface for multi-point sources.
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6 Structure-borne sound power of mechanical sources

6.2 Excitation sources

6.2.1 Force excitation using a shaker acting in direction
perpendicular to the surface of the structure

To excite the structure with a force perpendicular to the surface, a shaker

in-line with a thin steel rod (stinger) is used as described in section 4.5.1.

6.2.2 Moment excitation using a shaker parallel to the
surface of the structure

For the excitation of moments, various experimental approaches can be
found in literature. Petersson [1987] used a magnetostrictive device with
two rods acting with inverse phase. The author showed that the pair of
magnetostrictive rods can easily be matched in terms of phase, however
drawbacks are the stability of the device and problems with heat due to
the required high current. Another approach can be found in a paper
by Sanderson [1995] who used two shakers attached to levers (T- and
I-like) to excite a moment in order to measure moment mobilities. The
advantage of this approach is that ordinary laboratory equipment can be
used. However the resonance frequency of the lever is an upper frequency
limit for the measurement and the two individual forces delivered by the
two shakers must be matched. Another approach is given by Champoux
et al. [2003] that used two synchronized impact hammers that apply a
pair of forces to excite a moment. The advantage of this approach is that
no mass is attached to the structure. However a tailor-made device to
synchronize the two hammers is required. Elliott et al. [2012] proposed
a finite difference method for moment excitation, however with the main
aim to determine moment excited FRFs (i.e. mobilities).

In this thesis a similar approach to Sanderson [1995] is applied by using
a shaker parallel to the surface, that is attached to a lever as shown
in Figure 6.1. With this set-up a moment is predominantly excited.
However all three out-of-plane excitation components, F',, M, and M,,

were determined to assess experimental procedures to quantify the power
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6.2 Excitation sources

(a) Sketch (b) Photo

Figure 6.1: Experimental set-up for moment excitation.

input of these components individually. The aim of this set-up is — in
contrast to the three approaches described above — not to inject a pure
moment but to imitate a source that predominantly excites rotational
components.

To make the lever, two aluminium cubes with an edge length of 2 cm
are used which are connected with threaded rods as shown in Figure 6.1.
For the excitation, a shaker is attached to the upper cube via a stinger

parallel to the surface of the receiving structure.

6.2.3 Artificial source

To investigate the power input from compact multi-point sources, an
artificial source was designed and constructed. This source is made of
steel profiles that form a frame, see Figure 6.2. It is designed to imitate
box-shaped service equipment with four contact points and an internal
excitation source. Parts of the experimental work on this artificial source
were carried out by a Bachelor student [Betz 2015] that was supervised
by the author.

6.2.3.1 Description

The artificial source comprises two metal frames that are connected with
cross bars to form a box shape. The outer dimensions are 84 cm X 57 cm
x 18 cm. The frame is made from steel profiles that are used for sanitary

pre-wall-installation systems. An inertial shaker (see Table 4.1) is atta-
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6 Structure-borne sound power of mechanical sources

Figure 6.2: Photos of the artificial source. (a) shows the notation for the
four contact points; (b) shows the mounting points and the
position of the shaker excitation inside the metal frame.

ched to the frame as an internal excitation source. The shaker is attached
to the frame opposite the mounting points as indicated in Figure 6.2a.
This represents a compact SBS source with an internal excitation source.
The contact points are spaced at 62cm centres in the vertical and ho-
rizontal directions. This corresponds to a typical spacing of studs and
joists in timber constructions. By using a shaker, this artificial source
can be fed with any excitation signal. To provide broadband excitation,
pink noise was used for the investigations that are presented in this the-
sis. For reproducibility, the excitation signal was prepared and stored as
an audio file that was used for each measurement. In addition the same

hardware with identical configuration was used for the experiments.

6.2.3.2 Source free velocity

The out-of plane free velocity was measured with accelerometers (Type
KS95B100, see Table 4.1) at each of the four contact points on the source
which was suspended using rubber cords. The measured free velocities at

the four contact points, (P1 to P4) are shown in Figure 6.3. It can be seen
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Figure 6.3: Artificial source: Measured free velocity of the artificial
source at the four contact points indicated in Figure 6.2.

that P1 is dominant at low frequencies up to the 80 Hz one-third octave
band because of its proximity to the internal source (shaker). Above
80 Hz this position has slightly higher velocity levels in most one-third

octave bands, but is similar to the other three positions.

6.2.3.3 Source mobility

The source mobility was measured with the artificial source elastically
supported with rubber cords (similar to the measurement of the free
velocities). The measurement was carried out with the instrumented
hammer listed in Table 4.1 and four accelerometers (Type KS95B100,
see Table 4.1). By using four accelerometers, the cross mobilities were
also measured to determine the full 4 x 4 mobility matrix for the out-of-

plane force component.
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Figure 6.4: Artificial source: Measured driving-point mobilities in narrow
bands at the four contact points, P1 to P4.

Figure 6.4 shows the narrow band magnitude of the driving point mo-
bilities at each of the four contact points. All four points are similar
except the mobility at P1 in the low frequency range. This difference is

caused by the shaker as this position is close to it.

The measured driving point mobilities of all four contact points are
shown in Figure 6.5 averaged into one-third octave bands. As the power
input to lightweight timber structures is of interest, the mobility of an
infinite 19 mm chipboard plate is also shown in this figure. It can be seen
that the mobility of the artificial source is in the same range as the chip-
board. Therefore the two simplifications for the installed structure-borne

sound power given in equations (3.73) and (3.74) can not be applied.
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Figure 6.5: Artificial source: Driving-point mobility in one-third octave
bands compared to the infinite plate mobility of 19 mm chip-
board (see section 5.4.1).

6.2.4 Ventilation system

The artificial source described in section 6.2.3 allows investigations of
the power input using any excitation signal for which the strength and
the spectral shape can be modified. Although the artificial source was
designed to imitate typical appliances, a real source was additionally

investigated, a ventilation unit.

6.2.4.1 Description of the source

The real source is a compact ventilation unit with the dimensions 60 cm X
78 cm x 38 cm. The total weight of this unit is 42.5 kg. Figure 6.6a shows
the whole unit mounted on a wall. The air inputs and outputs are short-
circuited for the operating conditions in the laboratory. The ventilation
system is hung on a wall using a mounting rail that is connected to the
structure (see Figure 6.6b). The fixing to the mounting rail is a turned-

up metal sheet at the top edge on the back of the body housing — see
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(b) Mounting rail

Mounting rail

(c) Detail of contact at top (d) Detail of contact at bottom

Support with rubber
T TR

Figure 6.6: Ventilation system.

Figure 6.6¢c. At the bottom, the box is supported via a sheet turned up
90° at the bottom left and right corner. This sheet is covered with a
thin U-shaped rubber profile (see detail of one corner in Figure 6.6d).
These complex fixings support the choice for investigations on a real
source in addition to the artificial source, for which the contact points
are well defined. In this study the power input of this ventilation system
is estimated using the same approach as for the artificial source. However

this requires approximations that are described in the following section.

6.2.4.2 Approximations for the definition of the contact points

Although this source is attached via a mounting rail at the top and two

flanges at the bottom, four point contacts were assumed for this source.
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6.2 Excitation sources

When attached to the wall, the mounting rail is connected at two points
using screws (see Figure 6.6b). To determine the source parameters,
this mounting rail is considered as part of the source. Normally the
ventilation unit is hung onto the mounting rail that has been attached
to the receiving structure. For the source characterization, the mounting
rail was connected to the isolated source in the same position as it would
rest when the unit was attached to a wall (see Figure 6.6¢). The rail was
temporarily fixed with screws at the position close to the holes in the
metal that are provided to fix it to the structure. Additionally the rail

was temporarily glued to the metal strip on the source.

The chosen contact points are shown on the photos in Figure 6.7. At
the top of the housing two sets of of positions were considered. P1(a)
and P2(a) on the mounting rail and P1(b) and P2(b) on the housing of
the unit.

The first set, P1(a) and P2(a) are on the mounting rail as these are the
points that are actually connected to the receiving structure when the
source is attached to a wall. However in the free condition, the mounting
rail is basically a cantilever which is not constrained at its free end as
it would be in the installed condition. Hence it is necessary to apply an
approximation for the measurement. In this case resilient material was
clamped between the mounting rail and the unit housing (see detail in
Figure 6.7) as a compromise between the free and rigid connection of the

unit housing to the free end of the mounting rail.

The second set, P1(b) and P2(b) is on the unit housing above the
mounting rail. In this case the measurement positions are defined, but

the positions are not those which are connected to the structure.

6.2.4.3 Source free velocity

To measure the source free velocity, the ventilation unit is suspended
using a spring that provides a low resonance frequency in combination

with the source (<10Hz) to approximate free conditions. To ensure
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6 Structure-borne sound power of mechanical sources

Figure 6.7: Measurement positions on the back of the ventilation system.
P1 (a) and P2 (a) indicate positions on the mounting rail (see
detail on top). P1 (b) and P2 (b) indicate positions on the
housing of the unit.

reproducible operation conditions the airflow was monitored in addition

to the settings in the ventilation system.

Using the Type KS95B100 accelerometers (see Table 4.1), the free
velocity was measured on the positions indicated in Figure 6.7. The
results for positions P1(a) and P2(a) (on the mounting rail) and positions
P3 and P4 are shown in Figure 6.8a. The source free velocities measured
on the housing (P1(b) and P2(b)) are shown together with the same data
for P3 and P4 in Figure 6.8b.

All six measured positions show a high peak in the 50 Hz one-third
octave band, caused by rotating components inside the source. The me-
asured free velocities decrease with increasing frequency. The measure-
ment positions on the mounting rail (P1(a) and P2(a), Figure 6.8a) show
higher velocity levels in the mid-frequency range from 100 Hz to 630 Hz,
whereas the positions on the housing (P1(b) and P2(b), Figure 6.8b) are
in the same range as P3 and P4 on the housing at the bottom of the

source.
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Figure 6.8: Ventilation system: Measured free velocity.

6.2.4.4 Source mobility

The source mobility was measured at the same positions as the free velo-
city using the same set-up to approximate free conditions. The mea-
surements were carried with the instrumented hammer and the Type
KS95B100 accelerometers (see Table 4.1). As for the artificial source the
full mobility matrix for the out-of-plane force component was determined.

Figure 6.9 shows the driving-point mobility at position P1(a) on the
mounting rail and P1(b) on the unit housing. As P1(a) is on the light
cantilever mounting rail, the driving-point mobility differs to position
P1(b) on the solid unit housing. For P1(a) the same set-up as for the
free velocity measurement with resilient material clamped between the
mounting rail and the housing was applied. The cantilever (P1(a)) be-

haves as a spring in the range 20 Hz to 160 Hz, whereas mass behaviour
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Figure 6.9: Ventilation system: Comparison of the driving-point mobi-
lity of contact P1(a) on the mounting rail and P1(b) on the
housing. Additionally the rigid body modes are shown. For
the rocking mode, only rocking about the vertical axis was
taken into account.

can be observed for P1(b) on the housing. Note that the position is not
at the centre of gravity and therefore the mobility of the rocking body
modes add up to the mobility of the rigid body mode given by (iw m)_l.
The rocking body mode can be calculated as described in section 3.2.9.5.
In this case only rocking about the vertical axis was taken into account
as the source was hung at one point in the centre for the measurements.
Therefore rocking about the vertical axis was possible, whereas rocking
about the horizontal axis is potentially suppressed. The sum of the rigid
and rocking (vertical axis) mode gives a good estimate of the measured
mobility.

Figure 6.10 shows the source mobility for the positions P1(a), P1(b),
P3 and P4. It can be seen that P1(a) and P2(a), both on the mounting
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Figure 6.10: Ventilation system: Measured driving-point mobilities at
the four chosen positions, P1(a), P2(a), P3 and P4.

rail, are very similar. Compared to position P1(b), P3 and P4 are lower

and show different spectral shape because they are on the housing.

6.2.4.5 Discussion

This ventilation system reveals problems that can arise with real sources
in terms of the definition and choice of the actual contact position on
system boundaries to measure the source parameters. In this case, point
contacts for the mounting rail are assumed. For all four contact points
approximations are necessary to obtain the source parameters.

Gibbs and Mayr [2012] described possibilities to estimate the source

mobility based on characteristic dynamic properties. In this case mea-
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6 Structure-borne sound power of mechanical sources

sured data were used because the dynamic properties of this source are
difficult to model. Although the rigid body behaviour could be described
at low frequencies.

To calculate the power input from this source, the measurement posi-
tions on the mounting rail are considered as these are the points that are

actually attached to the receiving structure.

6.3 Investigation into using inverse methods to

obtain moment power about a single point

In addition to the excitation of a force perpendicular to the surface,
the two out-of-plane moments can potentially excite bending waves on
building structures. To assess the relative importance of these rotatory
components in relation to the force component, it is necessary to de-
termine the power input of all three out-of-plane excitation components
experimentally. The power input of a point force is determined as des-
cribed in section 4.5.6.1. However for the rotational components, there
is no way to directly measure their power input; hence as described in
section 4.5.6.5, inverse methods are used to determine all out-of-plane
components separately.

This section describes the application of this method to obtain the
moment power about a single point for the moment source described in
section 6.2.2 when attached to a free chipboard plate and the test struc-
ture. Additionally the moment power of the artificial source (described
in section 6.2.3.1) is determined with one contact point attached to a free

chipboard plate.

6.3.1 Using an isolated chipboard panel as receiver

As a reference for the power determined with the inverse method the
plate power is determined using the reception plate method described in
sections 3.3.3.3 and 4.5.6.4.
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Figure 6.11: Excitation and measurements points on the chipboard re-
ception plate to determine the spatial-average mean-square
velocity.

6.3.1.1 Experimental set-up

A 19mm chipboard plate with dimensions 2.05m x 0.93m is suspen-
ded with rubber cords from the ceiling in the laboratory to approximate
free boundary conditions. A point force was applied with a shaker per-
pendicular to the surface and the input power was determined directly
using a force transducer and a pair of accelerometers as described in
section 4.5.6.1. The spatial-average mean-square velocity was measured
on the plate to determine the reception plate power according to equati-
ons (3.76) and (3.111). The measurement points and the position of the

point force excitation are shown in Figure 6.11.

Figure 6.12 shows the comparison of the directly measured input power
and the reception plate power. It can be seen that the reception plate
method closely approximates the input power. The deviations are less
than 2dB in the majority of the one-third octave bands from 20 Hz to
2000 Hz, with differences up to 3dB in the 25Hz, 40Hz and 1000 Hz
bands. For the inverse method described in the following, this procedure

is therefore used as reference.
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Figure 6.12: Force excitation from shaker: Direct input power and recep-
tion plate power on chipboard reception plate.

6.3.1.2 Moment excitation from a shaker

Using the set-up described in section 6.2.2, the free chipboard plate was
excited at the excitation position shown in Figure 6.11. The set-up and
the coordinate system used for the notation is shown in Figure 6.13. In
this experiment the aim was to excite a moment component, M,. The
accelerometer spacing at the excitation position is 100 mm to determine
the angular velocity that is required to calculate the active moment po-
wer. The accelerometers distributed across the plate are used to deter-
mine the reception plate power as reference. In addition three of these
accelerometers are used as reference positions for the inverse method.

These three were selected based on the closest phase matching (see Fi-
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Figure 6.13: Set-up using chipboard as reception plate for moment exci-
tation with a shaker attached parallel to the plate surface as
described in section 6.2.2. The relevant coordinate system
is additionally indicated on this photo.

gure 4.11) with the four accelerometers at the excitation positions that
are used to determine the rotational components.

Figure 6.14 shows the active power for the moment about the z-axis,
M, according to equation (4.36). It can be seen that due to negative
real parts of the power there are gaps in the narrow band spectrum.

The phase shows the expected behaviour of a finite rectangular plate
as described in section 3.2.9.5. However the phase exceeds the range from
4 90° for some FFT-lines. This explains the gaps in the real part of the
power. These problems tend to occur for troughs in the active power
where there is a low signal-to-noise ratio as there a no modes. At these
frequencies, the inverse method is prone to error.

However as these problems only tend to occur where there is low input
power, these narrow bands can potentially be neglected when the power is
summed into one-third octave bands. Hence two strategies were applied
to determine one-third octave band power. This was compared to the

reception plate power. The first approach was to set all negative real
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Figure 6.14: Moment excitation from shaker: Active moment input power
determined using the inverse method for the moment about
the x-axis on the free chipboard plate with excitation using
a shaker parallel to the surface.

parts to zero before summing the narrow band data into one-third octave
bands. The second approach was to close the gaps by using the lower
of the two adjacent narrow band data points with positive values as

indicated in Figure 6.15.

The one-third octave band active moment power using the two appro-
aches is shown in Figure 6.16 for comparison with the reception plate
method. It should be noted that the reception plate power includes ot-
her components of excitation. However it is assumed that the set-up
predominantly excites the M, component. Figure 6.16 shows that both
approaches are within 0.1 dB except in the 20 Hz one-third octave band.
In the 20 Hz band the second approach to close the gaps has slightly bet-

ter agreement with the reception plate. However, for practical purposes
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Figure 6.15: Approach to close gaps due to negative real parts of the
complex power using the lower of the two adjacent narrow
band data points with positive values

it is concluded that both approaches can be used when the narrow band

spectrum has some negative real parts.

These investigations concerned the component that was predominantly
excited with the set-up using a shaker parallel to the plate surface. The
experimental set-up used four accelerometers at the excitation point to
process the additional out-of plane components, F', and M, in addition

to the predominately excited component M.

The results show that the active power of F', and M, were contami-
nated by noise and that the majority of the power is delivered by M.
The phase for M, M, and F', is shown in Figure 6.17.

It is concluded that the inverse method can be applied to determine the
input power of individual out-of-plane excitation components if there is
enough signal for this component. Further it has been shown, that with a
shaker perpendicular to the surface it is feasible to predominately excite

a moment.
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Figure 6.16: Moment excitation from shaker: Moment power on a free
chipboard plate from the inverse method and the reception
plate method.

6.3.1.3 Artificial source

In the previous section the inverse method was applied and validated
using a shaker to predominantly excite a moment. However for most
sources it is not known which component will dominate. This section

investigates the excitation components of the artificial source.
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Figure 6.17: Moment excitation from shaker: Phase between the response
(vz, oy and ay) and the excitation (F',, M, and M,) on a
free chipboard plate determined using the inverse method.

To investigate the individual excitation components of the artificial
source it was resiliently supported and attached to the free chipboard
plate with only one contact point at the the same position (opposite
surface) used for the moment excitation with a shaker (see Figure 6.11).
The experimental set-up is shown in Figure 6.18. The transducer spacing

at the excitation position is 70 mm.

The individual excitation components were determined using the in-
verse method. As discussed in the previous section problems can arise

when there is negligible signal. In this case all three components were
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P4 without contact

Figure 6.18: Experimental set-up to investigate the excitation compo-
nents from one contact point on the artificial source when
connected to the free chipboard plate using the inverse met-
hod.

affected by noise as indicated by the phase in Figure 6.19, although the

force components are least affected.

As the data is noisy, the procedure to close gaps with negative real
parts was not applied here because it is not clear that the gaps appear at
troughs of the active power. Nevertheless the available data, including
all gaps, was used to investigate the relative importance of moments in
relation to the force. Therefore the narrow band data of the active power
was normalized to the active power of the force component, F',, as shown

in Figure 6.20.

Although there are a lot of negative FFT-lines, the moment compo-
nents tend to be lower than the force component between 100 Hz and
300 Hz.
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Figure 6.19: Artificial source: Phase of mobility for each out-of-plane ex-
citation component on the free chipboard plate determined
using inverse method.

6.3.1.4 Discussion

Using a shaker to inject moment power, M., into the chipboard plate
showed that the inverse method gives a reasonable estimate of M, when
compared to the reception plate power. However there are gaps in the
data due to negative real parts. These can be closed by using either zeros
or the lower of the available adjacent values of the gap. For other power
components the procedure is very sensitive to noise and gives unreliable
results. For the artificial source with one contact point, all three compo-
nents of power are noisy; hence none of them clearly dominates, although

the moment components tend to be lower than the force component.
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Figure 6.20: Artificial source: Force and moment power components nor-
malized to the force component.

The next step is to use the test structure because the presence of the
timber stud frame could affect the injection of moment power. The shaker
parallel to the surface is used because there were clearer results from the

chipboard using this source rather than the artificial source.

6.3.2 Using a timber-frame wall as receiver

Using the shaker parallel to the surface as shown in Figure 6.1 a moment
about the z- and y-axis was injected into the timber-frame wall in two

separate measurements where the shaker was orientated as required.

6.3.2.1 Experimental set-up

The moments, M, and M, as well as the angular velocities, o, and a,
were determined using the inverse method. The experimental set-up is

shown in Figure 6.21. The excitation position was chosen to be in a bay of
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ref. Positions

even IS

Figure 6.21: Experimental set-up that was used to excite a moment on
the timber-frame structure and to measure power using the
inverse method.

the timber-frame structure close to the position used in section 5.3.1.1.
To obtain the required transfer functions described in section 4.5.6.5,
all positions for the inverse method were chosen in one bay and on one
chipboard plate to avoid transfer paths across chipboard boundaries or

wall studs.

The inverse method was also applied for a shaker exciting a force per-
pendicular to the wall surface. Hence the test structure was excited with
all three out-of-plane excitation components in three individual measure-
ments, where the force and the moments were estimated using the inverse
method.

6.3.2.2 Results

Figures 6.22, 6.23 and 6.24 show the phase of the mobility determined
with the inverse method for excitation with F,, M, and M, respectively.
Only the phase is shown because this gives a continuous line whereas gaps

occur in the real part of the power when the phase exceeds +90°.
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Figure 6.22: Phase of mobility for each out-of-plane component for ex-
citation with F, on the timber-frame structure determined
using inverse method.

Similar to the results on the free chipboard plate, only the predomi-
nantly excited component gives reasonable results because the phase of

the other power components is affected by noise.

However, the method described in section 6.3.1.2 to close gaps of ne-
gative real parts of the predominantly excited component can be used
to determine a continuous one-third octave band spectrum of the active
power that can serve as input data for models that describe the trans-

mission across the structure.
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Figure 6.23: As Figure 6.22 but for excitation of M.

6.4 Investigation into the determination of the

power input for multi-point sources

This section investigates the power input for multi-point sources using
the mobility method described in section 3.3.3.2. Only the out-of-plane
translational excitation component is considered. In building acoustics
practical methods are preferred, hence starting from the detailed calcu-
lation described in section 4.5.6.2, five simplified approaches are applied
(see section 4.5.6.3). Using the detailed calculation as reference these
simplifications (briefly described in sections 6.4.1 and 6.4.2) are applied
in two case studies regarding the artificial source and the real source
attached to a timber-frame structure (sections 6.4.3 and 6.4.4). As the

artificial source and the real source have four point contacts, the calcula-
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Figure 6.24: As Figure 6.22 but for excitation of M,.

tion methods in sections 4.5.6.2 and 4.5.6.3 are described for these four

points.

6.4.1 Determination of the power input using the
mobility method with full mobility matrices

This method is described in detail in section 6.4.1. It uses all point and
transfer mobilities for the out-of-plane translational excitation compo-
nent to determine the input power. Hence a 4 x 4 mobility matrix is
required for the source and receiver mobility. The source activity is des-
cribed by the 4 x 1 free velocity vector. This method is denoted as “exact
method”.
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6.4.2 Simplifications in the determination of the power

input

Based on the exact method, five simplified approaches (a) to (e) are
applied which are described in detail in section 4.5.6.3 and briefly sum-

marized here:
(a) uses only point mobilities and neglects any transfer terms.

(b) also neglects transfer terms. For the point mobilities of the receiver,

only one (P1) of the four contact points is used.

c¢) regards each contact point as an individual point contact. The tota
d h contact point individual point contact. The total
power is then calculated by the sum of the power transmitted at

each of the four contact points.

(d) uses an equivalent single contact point. Therefore the magnitudes
of the source and receiver mobility as well as the real part of the
receiver mobility are averaged. For the free velocities the sum of
all four contacts is used. Based on that the power is calculated for

an equivalent single contact point.

(e) is very similar to d), but for the receiver mobility a frequency in-

variant value of 1 x 1073m/(Ns) is used.

6.4.3 Results for the artificial source on a timber-frame
structure

Using the approaches described in sections 6.4.1 and 6.4.2 the power
input for the artificial source attached to the timber-frame structure was
calculated. For the source parameters the data described in section 6.2.3
was used. The artificial source was attached to the test structure using
positions in the bay between the studs. At these positions, the receiver
mobility was measured including all transfer mobilities between these
four positions. The magnitudes of the measured point mobilities at these

four positions are shown in Figure 6.25. It can be seen that all four
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Figure 6.25: Magnitude of the receiver mobilities on the test structure to
calculate the power input of the artificial source. All four
positions are located between studs for comparison with the
infinite plate mobility of 19 mm chipboard.

positions are similar and tend towards a value of 1 x 1072m/(Ns) at
high frequencies.

The input power for the artificial source attached to these four points
is shown in Figure 6.26 in one-third octave bands. All simplifications
are compared with the exact method as described in section 6.4.1. The
highest differences between the simplifications (a) to (e) and the exact
method occur at lower frequencies. Above 500 Hz all calculation methods
tend to give similar results.

Simplified approaches (a) to (c) give similar results with <1dB dif-
ference from the exact method above the 1000 Hz band. All three ac-
count for individual contact points but neglect any transfer terms be-
tween them. A similar study by Mayr and Gibbs [2012] showed, that
neglecting transfer terms tends to overestimate the power at low fre-
quencies. Towards higher frequencies, the contribution of the transfer
terms are less and therefore the deviation is lower.

As the receiver mobility is very similar for all four points, the simplified
approach (b) that uses one position which is representative for all four
(P1 in this case) gives reasonable agreement with less than 5 dB difference

from the exact method. As described in section 6.2.3, the spacing bet-
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Figure 6.26: Artificial source on timber-frame structure: Calculated po-
wer input. For the estimate (e), YReq = 1 x 1073 (m/s)/N
was used. Simplified approaches (a) to (e) are normalized
to the exact method.

ween the contact points is 62 cm on centres. This distance corresponds to
one bending wavelength on the chipboard at ~180 Hz (see Figure 5.30).
Above ~180Hz the differences between the simplified approaches (see
Figure 6.26) decrease.

Simplified approaches (d) and (e), that use one equivalent contact point
show the highest deviations especially at low frequencies. However the
estimates are still within + 5dB at and above the 125 Hz band and within
+ 10dB at lower frequencies. Although (e) uses a frequency invariant

value for the receiving mobility, this estimate gives reasonable results.
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Figure 6.27: Magnitude of the receiver mobilities on the test structure to
calculate the power input of the ventilation unit. Positions
P2 and P3 are located between studs for comparison with
the infinite plate mobility of 19 mm chipboard.

6.4.4 Results for the ventilation system on a timber-frame
structure

The power input for the real source described in section 6.2.4 attached
to the test structure was calculated using the approaches described in
sections 6.4.1 and 6.4.2. In this case however, two contact points (P1
and P4) were above a wall stud and the other two (P2 and P3) were
in a bay. The measured receiver mobilities at these positions are shown
on Figure 6.27 for comparison with the infinite plate mobility of 19 mm
chipboard.

Figure 6.28 shows the calculated power input using the simplified ap-
proaches and the exact method. Similarly to the artificial source, simpli-
fications (a) to (c¢) that neglect transfer terms give reasonable results with
deviations less than + 3 dB except one outlier in the 400 Hz band with
up to 9dB difference to the exact method. Except this outlier at 400 Hz
and adjacent bands, the simplified approaches that neglect transfer terms
tend to result in an overestimate.

Simplification (b), that uses only position P1 for the receiver mobility
shows larger differences from the exact method. In this case P1 has a

lower mobility at low frequencies and therefore the power is underesti-
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Figure 6.28: Ventilation system on timber-frame structure: Calculated
power input. For the estimate e), YR eq = 1 x 1073 (m/s)/N
was used. The simplifications (a) to (e) are normalized to
the exact method.

mated because the higher mobilities of P2 and P3 are not considered.
With increasing frequency all four positions tend towards infinite plate-

like behaviour and therefore the differences decrease.
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Simplifications (d) and (e), that approximate one equivalent contact
point show the highest differences although the deviation is within +£5dB

for simplification (e).

6.4.5 Discussion

The two case studies show that for practical purposes the proposed sim-
plification approaches to calculate the power input are reasonably close
to the exact calculation using full mobility matrices, especially the ap-
proaches that only neglect the transfer terms.

Overall in practice the decision for one of the simplified approaches
needs to be made based on the available data and the required accuracy.
For a tonal source for example a 10dB uncertainty in the relevant one-

third octave band can be significant.

6.5 Summary

In this chapter the power input of SBS sources to timber-frame structures
was investigated. This included the application of inverse methods to
obtain the moment power about a single point and the determination of
the power input for multi-point sources.

For experimental investigations four excitation sources were used: (a)
force excitation with a shaker, (b) moment excitation using a shaker
parallel to the surface of the structure in combination with a lever, (c¢) an
artificial source with four contact points and (d) a real source (compact
ventilation system).

To calculate the input power, excitation sources (c) and (d) were fully
characterized experimentally. Hence the free velocities as well the source
mobilities were measured on each contact point. Additionally all transfer
mobilities were measured to account for interactions between the contact
points. The investigations on the real source (d) indicated, that approx-
imations for ideal point contacts have to be adopted as the contacts of

real sources are often complex.
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6.5 Summary

Using excitation sources (b) and (c), inverse methods were applied to
quantify the moment power for the sources attached to a free chipboard
plate and attached to the timber-frame structure. To verify the inverse
method for the input power, the reception plate power on the free chip-
board plate was used as reference.

For source (b) on a free chipboard plate it was shown, that the moment
power from the inverse method gives reasonable agreement with the re-
ception plate power. However, the inverse method is sensitive to noise
at troughs of the input power, which causes negative real parts of the
complex power. Therefore two approaches to overcome these problems
were proposed to obtain a continuous one-third octave band spectrum
of the active input power. Through comparison with the reception plate
power, it was shown that it is feasible to close gaps at troughs of the
power by setting negative real parts to zero. An alternative approach
uses the adjacent values of a frequency range with negative real parts to
close the gap but the results are similar. This experimental investigation
also showed that using source (b), a moment component can predomi-
nantly be excited because the reception plate power (that contains all
excitation components) resembles the moment power obtained with the
inverse method.

For source (c¢) the input power for the three out-of-plane excitation
components could not be determined properly using the inverse method.
Hence source (b) was used to investigate the moment excitation on the
test structure. Although the results are more noisy compared to the
source attached to the free chipboard, the results can be used in combi-
nation with the approaches to close gaps of negative real parts to obtain
continuous one-third octave band active power spectrum. These input
data will be used for prediction of structure-borne sound transmission
across the test structure in chapter 8.

The investigations concerning the determination of the input power for
multi-point sources focused on the translational out-of-plane component
only. Using the free velocity and the coupling conditions described by the

source and receiver mobilities (mobility method, see section 3.3.3.2), the
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input power for excitation sources (c¢) and (d) was calculated. As practi-
cal methods are required in building acoustics, five simplified approaches
to the calculation of the input power were investigated and compared
to the detailed model. For the prediction of the power input in buil-
ding acoustic consultancy it is often not possible to measure the receiver
mobility although the source parameters could be provided by the ma-
nufacturers using laboratory measurements. Hence a practical approach
used a frequency-invariant value for the receiving structure that is typi-
cal for lightweight constructions. The results show promising results as
the deviations were within +10dB in the range from 20 Hz to 2000 Hz.
For intermediate simplification steps the deviations were within +5dB
for the majority of one-third octave bands in the range from 20 Hz to
2000 Hz.
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7 Prediction model based on

SEA for direct transmission

7.1 Introduction

In this chapter, SEA is used to model a timber-frame wall undergoing
mechanical point excitation. This concerns direct transmission across
the test structure described in section 4.2, although the focus is on mo-
delling rather than the development of a generally applicable prediction
method. The aim is to assess whether predictive SEA can reproduce the
decrease in vibration that was identified in chapter 5. Three SEA models
were developed with an increasing degree of detail. For validation, the
measured data from chapter 5 is used.

Section 7.2 identifies the test structure under consideration. In section
7.3 the different SEA models are described in terms of subsystem de-
finition, required assumptions and CLFs and ILFs. For these models
the results are given in section 7.4. In a case study that is described in
section 7.5 the model with the highest degree of detail is used to predict
the sound pressure level in the adjacent room for the artificial source
(section 6.2.3) attached to the wall.
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7.2 Test structure

Direct transmission across the lower timber-frame wall (Figure 4.1) into
the adjacent room is considered. The construction details of the wall are
shown in Figure 5.18, as well as excitation position 1 which is used for

power injection.

7.3 Description of SEA models

This section describes three SEA models ranging from a six- to a 41-

subsystem model for the timber-frame wall.

7.3.1 Six-subsystem SEA model

To model a plate-cavity-plate system with structural coupling across the
timber framework as an individual subsystem, a six-subsystem SEA mo-

del is used as shown in Figure 7.1.

Wi —
it \ Wia Waq

We1

Wie

W6 Wa s

Figure 7.1: SEA model for six subsystems: (1) source leaf, (2) studs, (3)
cavity, (4) receiving leaf, (5) receiving room and (6) source
room (i.e. the room into which the excited leaf directly radi-
ates). The dashed line indicates non-resonant coupling and
the dotted line indicates power injection due to the nearfield.
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7.3.1.1 Definition of subsystems

The source leaf is a 5.06 m x 2.59 m wall which is modelled as one subsy-
stem; the same applies to the receiving leaf. One cavity subsystem is
used to represent all cavities. It is assumed that the source and receiving
leaf as well as the source and receiving room are coupled to this single ca-
vity subsystem. Similarly one subsystem represents all wall studs. This
assumes that all point connections, i.e. the screws, of the source and re-
ceiving leaf are attached to this single stud. The beam length represents
that of the vertical wall studs. The horizontal studs are not included in
this model.

As the source leaf is excited by mechanical point excitation, nearfield
radiation, W, into the cavity is also included as shown in Figure 7.1.
The nearfield radiation according to equation (3.51) is implemented as
power input from the source leaf to the cavity and is subtracted from the
power injected into the source leaf. For the driving-point mobility needed
to calculate W ¢, the infinite plate mobility was used for the source leaf.
As this equation is only valid well below the coincidence frequency, the
upper limit was set to 0.5 f. [Cremer and Heckl 1967]. The radius of the
washer (10 mm) used to attach the force transducer (see section 4.5.1) in

the measurement was used to represent r in equation (3.51).

7.3.1.2 Loss factors

The internal loss factors of the chipboard and the timber wall studs were
determined experimentally as described in section 5.2.1.3 and listed in
Table 5.2. For the source and receiving room the measured reverbera-
tion time was used to determine the TLF. The ILF of the cavities was
modelled as described in section 3.4.5.1 by distinguishing between the
frequency range below (equation (3.91)) and above (equation (3.91)) the
first cross cavity mode. Based on the findings from section 5.2.2.2 the
ILF of the cavities was approximated using an absorption coefficient for
the studs that linearly increases from 0.05 at 100 Hz to 0.25 at 5000 Hz
and an absorption coefficient of 0.06 for the chipboard plates.
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Figure 7.2: Modal density of cavity in the timber-frame wall.

The losses from the plates to the studs due to structural coupling
were modelled according to section 3.4.5.2. For the plate and stud mo-
bilities infinite plate and beam mobilities according to equations (3.57)
and (3.55) were applied using the material properties given in Table 5.2.
The screws were assumed to form rigid point connections. Losses due
to radiation from the plates were modelled according to equation (3.97).
Non-resonant coupling between the cavity and the room was modelled
according to section 3.4.5.4. The consistency relationship given by equa-
tion (3.80) was used to give CLF's in the reverse direction. As the modal
density is low for the studs, the statistical mode count according to equa-
tion (3.27) was used.

In the cavities one-, two- or three dimensional sound fields can occur
as decsribed in section 3.4.6.2. Therefore the modal density was calcula-
ted for all three possibilities according to equations (3.104), (3.105) and
(3.103). The upper limit for the 1D sound field was set to the first tan-
gential mode, f1,1,0. The cross over frequency from a 2D to 3D sound field
was set to the first cross cavity mode fp 1. The chosen modal density
in the model is shown in Figure 7.2.

For the cavities, a combination of statistical mode count and mode

count was used to obtain the modal density. At and below the one-
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third octave band containing f1 10 the statistical mode count was used.
Above this frequency, the mode frequencies were calculated according to
equation (3.102).

7.3.2 35-subsystem SEA model

The experimental investigations in section 5.3.1.2 showed that there is a
significant decrease of vibrational energy across the wall for mechanical
point excitation. To try and reproduce this decay a more detailed SEA
model is used, that considers more than one subsystem for the source and
receiving leaf and the cavities. This 35-subsystem SEA model considers
each of the nine wall studs as an individual subsystem (horizontal studs
(cross bars) are not included in the model). Hence each plate subsystem
on each side is coupled to two adjacent studs as indicated in Figure 7.3.
Therefore two adjacent plate subsystems share the number of point con-
nections into each stud subsystem. Between the plate subsystems, no
direct coupling is included as all transmission is assumed to occur across
the studs. This gives eight plate subsystems on the source leaf, eight
cavity subsystems, nine stud subsystems, eight plate subsystems on the
receiving leaf and the source and receiving room subsystem, which gives

35 subsystems in total (see Figure 7.3).

7.3.3 41-subsystem SEA model
7.3.3.1 Definition of subsystems

In the 35-subsystem SEA model, the boundaries of the plate subsystems
were defined along the vertical wall studs and no direct CLF was in-
cluded between plate subsystems. This 41-subsystem model overcomes
this approximation by considering every chipboard plate with its real
dimensions as a single subsystem.

Due to complexity it was not possible to draw a comprehensive block
diagram for this 41-subsystem SEA model. From Figures 7.4a and 7.4d it

can be seen that this gives ten subsystems for the source and the receiving
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7 Prediction model based on SEA for direct transmission

Win,1-1 —

2-9

Figure 7.3: SEA model for 35 subsystems. For simplicity, ILF's are not
shown and the CLFs in both directions are indicated using
one double arrow. 1-1 to 1-8) Source leaf plates, 2-1 to 2-
9) wall studs, 3-1 to 3-8 cavities, 4-1 to 4-8) receiving leaf
plates, 5) receiving room and 6) source room. The dashed line
indicates non-resonant coupling and the dotted line indicates
power injection due to the nearfield.
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7.3 Description of SEA models

leaves, respectively. Additionally the studs at the top and bottom of the
wall are included as shown in Figure 7.4b; however, no structural coupling

is incorporated between the studs.

This gives ten plate subsystems on the source leaf, eight cavity subsys-
tems (Figure 7.4c), nine stud subsystem, ten plate subsystems on the
receiving leaf, the source and receiving room subsystem and two cross

bar subsystems, which gives 41 subsystems in total.

7.3.3.2 Loss factors

Across the tongue and groove joints, between individual chipoard plates
a measured CLF is incorporated as described in section 5.2.3. All other
CLFs are predicted.

As the plates are aligned horizontally they span across multiple cavi-
ties and fractions of cavities. This is included in the model using equa-
tion (3.97) by introducing a factor that accounts for the fractional area
of the plate that covers the cavity. This yields the following form for the
CLF between the plates and the cavities:

o /Bij Lz,cav,j Po Co O
n'L] - L . 12
z,plate,g WM

(7.1)

where 3;; is a factor that describes the fraction of the width (z-direction)

that plate ¢ covers of the width of cavity j.

For the structural coupling, semi-infinite plate mobilities (see equation
(3.56)) are used in equation (3.96) for the point connections on beams
that form the perimeter of the wall (CLF of plates with subsystems 2-1,
2-8, 7-1 and 7-2, see Figure 7.4b). For the CLF of plates with wall stud
subsystems 2-2 to 2-7, infinite plate mobilities are used to model the

structural coupling with the plates.
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x
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(a) Plate subsystems
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281 202 203 244 285 246 207 288 249 (b) Stud subsystems

(c) Cavity subsystems

Figure 7.4: 41-subsystem SEA model: subsystems

(d) Plate subsystems
on receiving leaf
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Figure 7.5: Six-subsystem SEA model: Path analysis for subsystem 1
(source leaf) to 5 (receiving room).

7.4 Results

7.4.1 Six-subsystem SEA model

Using this simple six-subsystem model, the basic features of transmis-
sion across the framework wall can be assessed using SEA path analysis
(section 3.4.3). Whilst the matrix solution gives the resulting energies
for each subsystem, path analysis gives the energies from an individual
path. When a transmission path gives nominally the same energy le-
vel difference as the matrix solution, this path can be said to be domi-
nant. Figure 7.5 shows the energy level difference between the source leaf
(subsystem 1) and the receiving leaf (subsystem 4) for comparison with
the matrix solution of the SEA model.
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Figure 7.6: Six-subsystem SEA model: Energy in subsystem 1 (source
leaf). Comparison with measured data (spatial average with
95 % confidence limits) — note that these confidence limits are
very small and only just visible).

This shows that at frequencies up to 1000 Hz, the structural coupling
across the timber studs (path 1 — 2 — 4) dominates. Above the critical
frequency, the transmission path across the sound field in the cavity is
dominant. Figure 7.5 shows the three different models for the path across
the cavity using the 1D, 2D and 3D assumption for the sound field in the
cavity.

The energies determined from the matrix solution are compared with
measured data in Figures 7.6, 7.7 and 7.8. Spatial-average velocities and
sound pressure levels are converted to energies according to section 3.4.8
and are shown with 95 % confidence limits. For the measured velocities
on the source leaf, accelerometer positions close to the excitation point
were excluded that were within a distance of 0.5m. This distance was
chosen visually from the contour plot at 2500 Hz (Figure 5.23). An exact
calculation of the reverberant distance, i. e. the distance where the direct
field equals the reverberant field, is difficult as the reverberant field is
dependent on the plate size and the loss factor, which are hard to identify

for the tongue and grooved chipboard on the timber-framework.
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Figure 7.7: Six-subsystem SEA model: Energy in subsystem 3 (cavity).
Comparison with measured data (spatial average with 95 %
confidence limits).
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Figure 7.8: Six-subsystem SEA model: Energy in subsystem 4 (receiving
leaf). Comparison with measured data (spatial average with
95 % confidence limits — note that these confidence limits are
very small and only just visible).
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7 Prediction model based on SEA for direct transmission

The 95 % confidence limits of the measured velocities are narrow as
24 x 49 positions (excluding 32 positions close to the excitation position)
were measured across the surface. For the sound pressure level in the
cavities there were three measured positions in each cavity, i. e. 24 positi-
ons. This results in high 95 % confidence limits because cavities that were
distant from the source had significantly lower levels (see Figure 5.46).

For the source leaf the model slightly underestimates the energy at
frequencies at and below the 315 Hz one-third octave band. From 400 Hz
to 1250 Hz there is close agreement with measurements, whereas at higher
frequencies the model again underestimates the energy. The agreement
is better towards high frequencies when measured positions close to the
excitation point are neglected.

For the cavities, there is reasonable agreement between the SEA model
and the measurements, however the large 95 % confidence intervals make
it difficult to be definitive on the importance of the nearfield radiation in
the SEA model.

Although the model gives reasonable results for the source leaf and
the cavity, it significantly underestimates the energy on the receiving
leaf across the entire frequency range by 10dB to 25dB. Therefore this
simple six-subsystem model is not suitable to represent the transmission

across the wall.

7.4.2 35-subsystem SEA model

To look at this model in detail, path analysis is shown for various paths
between plate 1 (subsystem 1-1) and plate 2 (subsystem 1-2) on the
source leaf in Figure 7.9. It can be seen that at mid and low frequencies
the path along the stud (2-2) that is shared between the two plates is
dominant. However at low frequencies (100 Hz to 200 Hz) the influence
of longer paths including two wall studs increases. Above the coincidence
frequency the path involving the airborne sound field in the source room
(1-1 — 6 — 1-2) is important and therefore this room must be included

in the model at high frequencies.
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Figure 7.9: 35-subsystem SEA model: Comparison of the matrix solution
with path analysis from subsystem 1-1 (source leaf, plate 1)
to 1-2 (source leaf, plate 2).
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Figure 7.10: 35-subsystem SEA model: Energy in subsystems 1-1 to 1-8
(source leaf plates). Comparison with measured data.
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7.4 Results

Using the measured velocities, the energy for each plate subsystem
was determined using the relevant measurement position for the spatial
average. The required mass was determined from the surface density of
the chipboard and the width and height of one cavity. The comparison
of the measured data with SEA for the source leaf plates is shown in
Figure 7.10. There is reasonable agreement for the first plate (subsystem
1-1). However, the losses across successive plates in the SEA model are
too large and therefore the energy is underestimated on plates that are
more distant from the source plate. This may be caused by the assump-
tion that plate subsystems cover the individual cavities. For the plate
subsystems there is no CLF between adjacent plates (see Figure 7.3). On
the actual wall there are tongue and groove joints in horizontal and ver-
tical direction between the individual plates. Hence power is transmitted
more effectively in the source leaf as it is modelled in the current 35-
subsystem SEA model. This leads to the consideration of a 41-subsystem
SEA model, that uses plates representing chipboard sheets with their ac-
tual dimensions and a measured CLF that is incorporated for the tongue

and groove joints.

7.4.3 41-subsystem SEA model

To assess the loss factors that are applied in this model, the measured
TLF in the cavity (section 5.2.2.2) is compared with the predicted TLF
in the SEA model (Figure 7.11).

For the CLF between the cavity and the plates, the 1D, 2D and 3D
regimes can be identified by the discontinuities between the lines in Fi-
gure 7.11. The loss factors differ because of the individual fractional area
of the plates that cover the cavities (equation (7.1)). For non-resonant
transmission between the cavity and the rooms, two regimes below and
above the first cross cavity mode can be observed following section 3.4.5.4.
Although only one is visible, two identical CLFs are present for the trans-
mission to the source and the receiving room. The sum of the ILF and

the CLFs shows reasonable agreement with the measured TLF in the
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Figure 7.11: 41-subsystem SEA model: TLF of the cavity.

cavity. Slight deviations occur at the transition between the 1D and 2D
sound field in the cavity which indicates some uncertainty in the cross-
over frequency. At the coincidence frequency, the TLF is overestimated
by about 3dB; this is due to the difficulty in accurately predicting the

radiation efficiency at the coincidence frequency [Hopkins 2007].

Using the measured surface velocities and sound pressure levels in the
cavities, the predicted subsystem energies are compared with the measu-
red energies. For the individual chipboard plates, the relevant measure-
ment points and dimensions are used to determine the vibrational energy.

Positions close to the excitation point were excluded (see section 7.4.1).

The absolute energies are shown in Figures 7.12, 7.13 and 7.14 for
the source leaf subsystems, the cavity subsystems and the receiving leaf
subsystems. The source leaf plate 10 (subsystem 1-10) is not shown due
to its small dimensions (it is only 0.09 m? compared to other boards which

were at least 0.71m?, see Figure 7.4a).
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Figure 7.12: 41-subsystem SEA model: Energy in subsystems 1-1 to 1-9
(source leaf plates). Comparison with measured data.

This 41-subsystem model predicts the decrease in vibration across the
x-direction from subsystem 1-2 (source) to 1-5 to 1-8 (see Figure 7.12)
but the measured decrease is greater. There is close agreement for the
excited subsystem 1-2; however in the other plate subsystems on the
source leaf, the model overestimates the energy from 400 Hz to 1000 Hz
and underestimates at and above the 2000 Hz band.
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7 Prediction model based on SEA for direct transmission

For the vertically adjacent plate subsystems 1-1 and 1-3 the model
underestimates the measurement by about 5dB to 10dB. However the
spectral shape of the predicted energy follows that of the measurement
including the bands above 1250 Hz which is not the case for all other
source leaf subsystems. For more distant subsystems (1-4 to 1-9) the
model overestimates the energy in the range from 100Hz to 1250 Hz.
For these subsystems the agreement is closest for the vertically adjacent
plates 1-4 and 1-6.

For the cavities (subsystem 3-1 to 3-8, see Figure 7.13) the model shows
reasonable agreement with measurements, although only three microp-
hone positions were used in each cavity and therefore the 95 % confi-
dence limits are large. For cavity subsystem 3-1, which is directly behind
the excitation position, the model underestimates the measurement even
though nearfield radiation was included. For more distant cavities the
trend indicates that the model overestimates the energy, which is consis-
tent with the predicted energies of the source leaf plate subsystems that
are distant to the excitation point.

On the receiving leaf (subsystems 4-1 to 4-10, see Figure 7.14) the
trends are similar to the source leaf. The agreement is reasonable for
plate subsystems that are close to the excitation point (4-1, 4-2, 4-3
and 4-5). For more distant subsystems (4-4 and 4-6 to 4-10), the mo-
del overestimates the energy and therefore underestimates the decrease
with distance in the range from 100 Hz to 1250 Hz. As with the source
leaf the prediction shows a significant decrease of energy with increasing
frequency that is not evident in the measurement.

The difference between the measured data and the SEA model is shown
in Figure 7.15, 7.16 and 7.17. To determine the difference, normali-
zed energies were calculated for every subsystem, i, according to equa-
tion (7.2).

E; E;
D; = 101g — 588 jg)g —imeas (7.2)
EI—Q,SEA E172,meas
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Figure 7.13: 41-subsystem SEA model: Energy in subsystems 3-1 to 3-8
(cavities). Comparison with measured data.

For the plates on the source leaf (subsystems 1-1 to 1-9), the measure-
ments show deviations that are mainly within 10 dB. The deviations tend
to increase with increasing distance from the excited plate (subsystem 1-
2). The SEA model closely agrees with measurements (see Figure 7.12)
for plate subsystems that are directly connected to the excited subsystem
(1-1, 1-3, 1-4 and 1-6). The differences between the model and the mea-

surements for the cavity subsystems is typically within 10 dB for cavities
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Figure 7.14: 41-subsystem SEA model: Energy in subsystems 4-1 to 4-10
(receiving leaf plates). Comparison with measured data.
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Figure 7.15: 41-subsystem SEA model: Difference between SEA and me-
asurement for subsystem 1-1 to 1-9 (source leaf plates).

3-2 to 3-8. In cavity 3-1 which was closest to the excitation point, the
differences are greater at low frequencies (up to 20dB). On the receiving

leaf the differences are mainly within 10dB.

7.4.4 Discussion

Three SEA models with increasing complexity led from a six-subsystem
model to a 41-subsystem model.

Figure 7.18 shows the modal overlap factor and the mode count for
the plate, beam and cavity subsystems in the 41-subsystem SEA model.
For the beams, some of the small plates and the cavities below the first
tangential mode (1D sound field), the number of modes was low. The
statistical mode count indicates that there are frequency ranges with

values < 1 for the beams and cavities and some of the plates. As low
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Figure 7.16: 41-subsystem SEA model: Difference between SEA and me-
asurement for subsystem 3-1 to 3-8 (cavities).

mode counts and low modal overlap occur at low frequencies the highest
uncertainties would be expected in this frequency range. However the
comparison with measured data in section 7.4.3 did not show particular
high deviations towards low frequencies. This is similar to what is seen
with heavyweight walls and floors which can also have fractional mode
counts [Hopkins 2007]. With the lightweight timber-frame wall, there
will be global modes even when the local mode count is < 1, and this
is likely to partly overcome issues with fractional mode counts [Hopkins
2002].

One potential uncertainty concerns the coupling at the tongue and
groove chipboard joints. Although the CLF was measured on isolated
chipboard plates and in-situ (section 5.2.3), it may not apply to all joints
on the timber-frame wall, because the joint might behave differently when

it is closer to a wall stud or aligned parallel to a stud.
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Figure 7.17: 41-subsystem SEA model: Difference between SEA and me-
asurement for subsystem 4-1 to 4-10 (receiving leaf plates).

Another assumption is made in the coupling between the plates and
the cavities. The applied model of Leppington et al. [1982] for the radi-
ation efficiency was validated experimentally (section 5.5.2) which gave
reasonable agreement. As one chipboard plate subsystem can span across
two or more cavities, fractional areas have to be used in the calculation
of the CLF between the plates and the cavities (equation (7.1)). However
the validation of the TLF of the cavity showed that the predicted CLFs

and the ILF gave reasonable agreement with the measured TLF.
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Figure 7.18: 41-subsystem SEA model: Modal overlap factor, M and
mode count, N.
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The structural coupling between the plates and the timber-framework
was modelled using point connections and infinite or semi-infinite mobi-
lities for studs and plates which can potentially cause uncertainties to-
wards low frequencies where modal behaviour is present. Galbrun [2010]
observed fluctuations at low frequencies due to low number of modes
in experiments that concerned the velocity level difference between two
plates that were screwed to a beam. However previous experimental va-
lidations by Craik and Smith [2000b] for similar structures showed the
applicability of the model with infinite beam and plate mobilities down
to 80 Hz.

Craik and Smith [2000b] suggested a rule of thumb (screw spacing =
AB,p/2) for the transition between modelling point-connected plates and
beams as line connections or point connection (see also section 5.3.1.5).
In Figure 5.30 it can be seen that this corresponds to a frequency of
~140 Hz for the test structure that is concerned. Hence the point con-
nection model applies for the majority of the frequency range shown in
this chapter. In addition Galbrun [2010] showed that the theory is still
reasonable at frequencies below the transition frequency according to this

rule of thumb.

At frequencies above 2000 Hz Craik and Smith [2000b] and Galbrun
[2010] found that the point connection model deviates from measure-
ments. The comparison with measurements in Figures 7.12 and 7.14 also
indicates a different behaviour at high frequencies above 1600 Hz. For
the majority of the plate subsystems on the source and all plate subsys-
tems on the receiving leaf, the model underestimates the energy above
this frequency. However this is not as pronounced for plate subsystems
1-1 and 1-3, that are directly adjacent to the excited plate 1-2. For more
distant plates that include paths across the timber-framework, similar
deviations occur as observed by Craik and Smith [2000b] and Galbrun
[2010].

Considering the energies for the validation from measured data, the

direct field potentially causes uncertainties as this is not covered by the
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7 Prediction model based on SEA for direct transmission

SEA model. Hence measurement points within the reverberation distance
were omitted when calculating the spatial average velocity.

In summary the model is reasonable at and below 1600 Hz for the
source plate (subsystem 1-2) and adjacent plates on the source leaf (1-1,
1-3, 1-4 and 1-6). Reasonable agreement with measurement can also be
observed for plates on the receiving leaf that are close to the excitation
point (4-1, 4-2, 4-3 and 4-5). The trend for the cavities indicates that
the model works for all cavities except the cavity closest to the excitation
point (3-1).

However above the 1600 Hz one-third octave band the SEA model
shows different behaviour to the measurement. As noted by Galbrun
[2010] at high frequencies this could be due to the point connection mo-
del not working because of the one-dimensional modelling of the beams.
Although the decrease in vibration can be modelled, the transmission is
still overestimated. However the decay with distance is significant and
therefore the uncertainties for the distant subsystems are potentially not
important when direct transmission across the wall is considered. As the
41-subsystem model is the more accurate of the three models it is now

used to assess the artificial source in a case study.

7.5 Case study using the artificial source

Using the 41-subsystem SEA-model the power input of the artificial
source (section 6.2.3) was used to predict the sound pressure level in the
receiving room (subsystem 5) for direct transmission. Measured data is

used to assess the model.

7.5.1 Description

The artificial source was attached to chipboard plate 2 (subsystem 1-2)
on the source leaf with all four feet. Two contact points were attached
to the chipboard in the first bay (i.e. between vertical studs) and the

two other contact points in the second bay. Hence the power input is
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7.5 Case study using the artificial source

in the same subsystem as for the validation with point excitation from
a shaker described above. Because the force at each contact point could
not be measured, nearfield radiation into the cavities as described in
sections 7.3.1 was not considered in this case study. The source was
operated with the same signal and settings that were used to determine its
free velocity (section 6.2.3.2). To obtain the input power, the full mobility
matrix was measured on the receiving structure to determine the installed
power according to section 6.4.1. With the source in operation, the sound
pressure level was measured in the receiving room. The measured data

was corrected for possible airborne flanking and background noise.

7.5.2 Results

Using the installed power, the energy in the receiving room was deter-
mined from the matrix solution of the 41-subsystem SEA model and
converted to a sound pressure level according to equation (3.112). The
comparison between the SEA model and the measured spatial average
sound pressure level is shown in Figure 7.19. The sound pressure level
predicted with the 41-subsystem SEA model is in reasonable agreement
with the measurement at and below the 315 Hz one-third octave band.
Near the 1000 Hz one-third octave band the model underestimates the
sound pressure level by ~ 10dB and up to =~ 20dB at 2000 Hz. This
underestimation of the SEA model was also observed for the energies on
the plates described in section 7.4.3. On the receiving leaf (subsystems
4-1 to 4-10) the model underestimates the energy particularly for the pla-
tes close to the excitation source which are the most important in terms
of the radiated power to the adjacent room. Another potential reason
for the underestimation of the sound pressure level is potential flanking
transmission via the timber-joist floor (see Figure 4.3) as the SEA-model
only concerns direct transmission across the wall. Additionally the in-
stalled power according to section 6.4.1 considers only out-of-plane force
excitation and therefore the prediction tends to underestimate although

the results in section 6.3.1.3 indicated that force excitation dominates.
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Figure 7.19: 41-subsystem SEA model: Case study with artificial source.
Sound pressure level in receiving room due to direct trans-
mission.

7.6 Summary

SEA was used to model a timber-frame wall undergoing mechanical point
excitation. Predictive SEA was applied to model the structural coupling
between the plates and the framework, the coupling between the plates

and the rooms or cavities and the non-resonant coupling between the
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rooms and cavities. A measured CLF was used on a pair of isolated
plates joined by a tongue and groove joint.

To model the decrease in vibrational energy across the wall it was
shown that it is necessary to use an SEA model that subdivides the
wall into subsystems for each building element, i.e. plates and beams,
to reproduce the decrease in vibration across the wall. Additionally as-
sumptions are necessary to predict the CLFs coupling between the plates
and the cavities as the plates can span across two or more cavities and
therefore fractional areas radiate into these cavities. For the structural
coupling between the chipboard and studs, point connections are assu-
med and infinite and semi-infinite mobilities are applied.

Three SEA models were considered using six, 35 and 41 subsystems.
The 41-subsystem model was the most successful at predicting the re-
sponse on individual sheets of chipboard and in each cavity although
there were errors up to 10dB in some frequency bands. In addition the
model can be used to gain insight into the transmission process using
path analysis.

It is concluded that predictive SEA can be used to model a timber-
frame structure undergoing local mechanical excitation if errors up to
10dB can be accepted on some subsystems. The case study using the ar-
tificial source (with four contact points) showed that the predicted sound
pressure level gives close agreement with measurements below 500 Hz
with a 10dB error near 1000 Hz and a 20dB error near 2000 Hz. For
some building machinery these errors are not problematic as there will
be insignificant power input above 500 Hz [e. g. see Scheck et al. 2016].

Approaches based on FEM are an alternative. However these require
detailed information about the actual boundary conditions and material
properties. Additionally the modelling effort is high, requires significant
computational power and measurements are still necessary to identify
damping parameters.

Therefore the next chapter focuses on an a practical approach for the

prediction of the resulting sound pressure level from machinery.
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8 Simplified model based on
measured transmission

functions

8.1 Introduction

The previous chapter investigated the application of SEA to model a
timber-frame wall undergoing mechanical point excitation. The focus
was on modelling the response of the structure rather than the prediction
for specific machinery. This chapter aims to facilitate prediction by intro-
ducing an empirical approach based on measured transmission functions
that relate the spatial-average sound pressure level in a room to the in-

stalled structure-borne sound power.

In general transfer functions are a useful tool in the identification of
complex forms of excitation over many degrees-of-freedom and for noise
control where there is a specific excitation point and a specific recei-
ver point. However, they are less well-suited to the determination of

spatial-average sound pressure levels in rooms with uncertain or undefi-
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8 Simplified model based on measured transmission functions

ned excitation positions for the machinery and therefore the concept of
transmission functions is introduced.

The measurement protocols and the definition of a transmission function,
Dy were presented in [Schopfer et al. 2017] and included in [ISO 10848-
1:2017].

This approach aims to facilitate the prediction of machinery noise in
lightweight timber buildings. A transmission function, Dty combines all
transmission paths from the power injected at one or more source positi-
ons on an element to a spatial average sound pressure level in a receiving
room. For horizontal and vertical adjacent rooms this includes direct
and flanking paths. For diagonally adjacent or distant rooms all flanking
paths are included. As a power based descriptor is used, this approach is
aligned with SEA or SEA based methods but also with descriptors such
as transmission coefficients for airborne sound insulation.

Section 8.2 describes the protocols for the measurement of transmis-
sion functions. To assess these protocols, experimental investigations
were carried out in the laboratory and the field, which are described in
section 8.3. These included case studies in which this empirical appro-
ach is applied to estimate machinery noise using the predicted installed
structure-borne sound power (see section 6.4) and measured transmis-
sion functions. Section 8.4 gives the results of the laboratory and field

investigations as well as results of the case studies.

8.2 Definition and general principle

8.2.1 Definition of transmission function, Drg

The fundamental assumption in this procedure is that there is a linear
time invariant system. For typical machinery in buildings this can re-
asonably be assumed. The transmission function is given as the ratio
between the spatial-average squared sound pressure in a receiving room
to the injected/installed structure-borne sound power on a building ele-

ment. For the power injected at a position k, the transmission function,
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L i,

Figure 8.1: Principle to determine a transmission function Dy j for po-
wer input at a position k on a wall.

Drp, can be written in the following form using a level difference

Dty = Lavk — Lw (8.1)

where Ly j is the injected structure-borne sound power level in one-
third octave bands at position k and L,y j is the resulting spatial average
sound pressure level in one-third octave bands in a receiving room (see
Figure 8.1).

To obtain a spatial average of K excitation positions across the excited

wall or floor, the spatial-average transmission function, Dt 4y, is given
by

K
Z 1001 DTF,k

Dy ay = 101g | F=——— (8:2)

To allow the comparison of transmission functions for different re-

ceiving rooms, the standardized spatial-average transmission function,
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8 Simplified model based on measured transmission functions

DTF,av,nTa is given by

T
D1F avnT = DTF,av — 101g <T0> (8.3)

where T' is the reverberation time in the receiving room and T} is the
reference reverberation time of 0.5s. Alternatively, a normalized spatial-
average transmission function, Dtp ayn can be defined using the absorp-

tion area.

8.2.2 Determination of power input

For the structure-borne sound power input any individual excitation com-
ponent or the sum of forces and moments as well as out-of-plane and
in-plane components can be considered. However for the experimental
determination of the transmission function, the out-of-plane force com-
ponent is most conveniently applied using a shaker or modal hammer and
the direct method to obtain the input power, described in section 4.5.6.1.

The work presented in this chapter mainly uses the direct method. In
addition, to investigate moment excitation, the data obtained the with
the inverse method (see section 6.3) is used. For both methods, the
narrow band data of the active power is summed to one-third octave

bands to be used in equation (8.1).

8.2.3 Determination of spatial average sound pressure
level

The spatial-average sound pressure level is measured using fixed microp-
hone positions. For each position, the narrow band squared sound pres-
sure is summed to one-third octave bands and converted to sound pres-
sure levels. The one-third octave band sound pressure levels are corrected
for background noise if necessary using the procedure described in [ISO
16283-1:2014-06].

Using these corrected sound pressure levels for M positions in the

receiving room, the spatial-average sound pressure level for structure-
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borne sound power input at position k is determined according to

M
Z 1001 Lp,i,k,corr

Loy = 101g | = m (8.4)

For low frequencies, the corner measurement procedure described in
[ISO 16283-1:2014-06] can be used for the 50Hz, 63Hz and 80 Hz one-
third octave bands for receiving rooms smaller than 25 m?. As machinery
noise is a problem at low frequencies including the range below 50 Hz, the
20 Hz, 25 Hz, 31.5 Hz and 40 Hz one-third octave bands were also concer-
ned. Therefore the same procedure was applied as it has been validated
down to the 20 Hz or 25 Hz one-third octave band in room volumes ran-
ging from 18 m? to 245m? [Hopkins and Turner 2005; Simmons 1999].
For this procedure additional measurement positions in the corners are
required. Although [ISO 16283-1:2014-06] uses four corner positions, the
results presented in this chapter were determined using only two corners
due to time constraints. Using the highest corner levels for each of the
relevant one-third octave bands, the low-frequency energy-average sound

pressure level at low frequencies is calculated according to

(8.5)

3

2 . 100~1Lav,k + 100~1Lav,corner,k
Loy kir = 101g (

If necessary the spatial-average sound pressure level can be corrected
for airborne flanking transmission. Therefore the sound pressure level
is also measured in the source room during structural excitation. Using
a measured airborne sound level difference the airborne flanking contri-
bution can be determined. Three cases are considered: (a) when the
contribution of the airborne path is 10dB below the total level in a
band. In this case the measured total sound pressure level is used wit-
hout correction for this one-third octave band. (b) when the difference
between the airborne contribution and the total sound pressure level is

between 0dB to 10dB in a band, the airborne contribution is energeti-
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8 Simplified model based on measured transmission functions

cally subtracted from the total level in this band. (¢) when the airborne
contribution in a one-third octave band is higher than the sound pressure

level due to the structure-borne path, the measurement is rejected.

8.2.4 Steady-state and transient excitation

To determine the power input with steady-state excitation from a shaker,
a force transducer (in combination with accelerometers) or an impedance
head needs to be fixed to the receiving structure. This is possible on
timber structures, however it is more difficult on brittle materials such
as plaster or plasterboard.

With steady-state excitation broadband noise can be used. Howe-
ver when measuring sound pressure levels with microphones in distant
rooms it is important to achieve sufficiently high S/N ratios. This can
be an issue at high frequencies in timber-frame buildings due to isolated
double-leaf constructions and relatively high internal losses. A Maximum
Length Sequence (MLS) or swept-sine signal can be used to overcome this
problem but this increases the measurement time.

Transient excitation with a modal hammer is a quick method that re-
quires less time to set-up as a shaker excitation. This is well-suited to
field measurements where short transients are advantageous when there
is intermittent background noise from traffic or construction work. Ho-
wever in lightweight constructions with plasterboard surfaces the upper
frequency limit using a force hammer with a metal tip tends to be around
the 1kHz one-third octave band. This is not problematic for this appli-
cation as machinery noise tends to be a low-frequency issue. Other draw
backs in transient excitation can be issues with non-linearity when suf-
ficient signal is required to measure a sound pressure level in distant
rooms.

In the following sections the advantages and disadvantages of steady-
state and transient excitation to determine transmission functions in
lightweight timber constructions are investigated and assessed experi-

mentally.
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Figure 8.2: Transmission paths on the test structure. Excitation of wall
(a) for direct transmission and wall (b) for diagonal trans-
mission.

8.3 Experimental investigations

8.3.1 Laboratory measurements
8.3.1.1 Laboratory test structure

The laboratory measurements were carried on the test structure des-
cribed in section 4.2. On this mock-up horizontal/direct and diagonal

transmission was considered as indicated in Figure 8.2.

8.3.1.2 Comparison of steady-state and transient excitation

To compare steady-state and transient excitation three transmission paths
were considered on the test structure. Horizontal transmission with exci-
tation above a vertical wall stud, horizontal transmission with excitation
in a bay and diagonal transmission with excitation above a vertical wall
stud.
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8 Simplified model based on measured transmission functions

For horizontal transmission and steady-state excitation the set-up shown
in Figure 4.6 was used. The force transducer (Type KF24, see Table 4.1)
was only glued to the surface for the bay and stud excitation. The ex-
citation signal was MLS from the Norsonic 840 (see Table 4.1) fed to
the Briiel & Kjaer shaker listed in Table 4.1. For transient excitation the
impact hammer listed Table 4.1 with rubber and metal tips was used.

For diagonal transmission the same shaker was used but with pink
noise. Additionally the force transducer was mounted to a washer that
was additionally screwed to the vertical wall stud (see Figure 4.6). For
transient excitation the same hammer with a metal tip was used.

For all situations, the power input was determined using the direct met-
hod (see section 4.5.6.1) with a pair of accelerometers (Type KS95B100)
next to the excitation position. In the receiving room three microp-
hones were used to sample six fixed positions in two measurements.
For transient and steady-state excitation, the same microphone posi-
tions were used. All transducers were fed into the same multi channel
FFT-analyser (PAK MKII, see Table 4.1). For transient excitation all
channels were triggered by the force signal and processed with same FFT
window length.

Correction for airborne flanking was not necessary for the spatial average

sound pressure level.

8.3.1.3 Spatial variation of excitation positions

To assess whether an average transmission function, Dtp .y, according to
equation (8.2) can be used to represent a transmission situation globally,
the influence of the excitation position and the range of transmission
functions was investigated on the laboratory test structure. Therefore
horizontal and diagonal transmission were considered as shown in Fi-
gure 8.2.

Measurements in the bay or above the vertical wall studs were carried
out for diagonal and horizontal transmission to assess the influence of

the stud distance. On the upper wall (a) (see Figure 4.2) additionally
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(a) 17 excitation positions on the lower wall.
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(b) 45 excitation positions on the upper wall.

Figure 8.3: Excitation positions to investigate the spatial variation on (a)
horizontal/direct and (b) diagonal transmission.

the distance to the T-junction was investigated. The chosen positions for

these measurements are shown in Figure 8.3.

8.3.2 Field measurements

8.3.2.1 Field test structures

Additionally to the simple laboratory test structure measurements were

taken in the field with a variety of more complex constructions. Typical

examples for constructions are shown in section 4.3.
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Figure 8.4: Field test construction: Ground floor plan of the timber-
frame building (dimensions in metres).

8.3.2.2 Case study: Transmission to adjacent and

non-adjacent rooms

In an unoccupied timber-frame building it was possible to assess the
procedure to measure transmission functions in the field. This building
is used as accommodation for refugees and has a regular floor plan. It is
therefore well suited to investigate the transmission from a source room
(SR) to an adjacent receiving room (RR1) and non-adjacent receiving
rooms (RR2 — RR4) as shown in Figure 8.4. Additionally this allows
identification of the limitations in measuring transmission functions in

the field using either steady-state or transient excitation.

All the rooms are identical with a volume of 35.2m? and are separated
by timber-frame walls. These were covered with two layers of 12.5 mm
plasterboard on one side. On the opposite side timber laths are mounted
on resilient channels. This side is covered with 25mm gypsum fibre
boards. This separating wall has a sound reduction index Ry, of ~ 58 dB.
In all rooms the floor is covered with a floating screed and the ceiling is

suspended on hangers.
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8.3.2.3 Survey for different field constructions and

transmission paths

As indicated in section 4.3 there is a range of possible constructions that
exist for timber-frame buildings. Therefore measurements were taken in
a range of buildings including detached houses, guesthouses, apartment
buildings and office buildings. In total nine buildings built by four dif-
ferent manufacturers were used. In each building several transmission
functions were determined for horizontally, vertically or diagonally adja-
cent rooms. However only walls were excited as the measurements were
taken at the end of the construction process were the floating screed was
already built in.

To effectively determine a range of transmission functions, only tran-
sient excitation was used. In each situation at least two excitation positi-
ons were averaged; one above a stud and one in a bay. The spatial-average
sound pressure level was corrected for airborne flanking transmission; ho-
wever, this was negligible in most cases as the structure-borne path was
usually dominant. Below the 100 Hz one-third octave band, the low-

frequency procedure described in section 8.2.3 was applied.

8.3.3 Case studies: Application of transmission function

for the prediction of machinery noise

In the following case studies, the application of transmission functions is
assessed as empirical model to predict machinery noise. The prediction
involves two stages: The first includes the calculation of the installed
power, which is described in chapter 6. The second stage is covered by

the measured transmission functions.

8.3.3.1 Excitation sources

Two multi-contact structure-borne sound sources are concerned: (a) The
artificial source that is described in section 6.2.3 and (b) the ventilation

system described in section 6.2.4). The input power is either estimated
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8 Simplified model based on measured transmission functions

from full mobility matrices (see section 6.4.1) or by using the simplifica-

tions described in section 6.4.2.

8.3.3.2 Transmission situations

For the case studies one transmission situation is considered in the labo-
ratory and one in the field. In the laboratory test structure, horizontal
transmission from the ventilation system is used. For the artificial source,

horizontal transmission in a timber-frame building is chosen.

8.3.4 Transmission function for moment input power

The input power from a force hammer or a shaker only concerns the force
perpendicular to the surface. Because machinery is potentially available
to inject a moment power, the transmission function was also determi-
ned for moment excitation in the laboratory test structure. Therefore
the procedure described in section 6.3 was used to obtain the installed
moment power in one-third octave bands. For this set-up, the spatial-
average sound pressure level was measured in the receiving room for
horizontal transmission using the same microphone positions that were

used for force excitation.

8.4 Results

8.4.1 Laboratory measurements
8.4.1.1 Comparison of steady-state and transient excitation

Figure 8.5 shows the comparison of transmission functions determined
with transient and steady-state excitation. The corresponding differences

are shown in Figure 8.6. The following cases are shown:

(a) Horizontal transmission with excitation directly above a stud (Fi-
gure 8.5a)
Steady-state excitation: washer to mount the force transducer was-

glued to surface of the chipboard and additionally screwed in the
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(c) Diagonal transmission with excitation on a stud.

Figure 8.5: Laboratory measurements.  Comparison of transmission
function for steady-state and transient excitation.
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Figure 8.6: Laboratory measurements.  Comparison of transmission
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function for steady-state and transient excitation. Differen-
ces: DTF steady—state— DTF transient {rom the data in Figure 8.5.

stud (see Figure 4.6).

Transient excitation: force hammer with a rubber tip in the 20 Hz,
25 Hz and 31.5 Hz one-third octave bands and a metal tip at and
above the 40 Hz one-third octave band.

Horizontal transmission with excitation in a bay (Figure 8.5b).
Steady-state excitation: washer to mount the force transducer was
glued to surface of the chipboard (see Figure 4.6)

Transient excitation: force hammer with a rubber tip in the 20 Hz,
25 Hz and 31.5 Hz one-third octave bands and a metal tip at and
above the 40 Hz one-third octave band.

Diagonal transmission with excitation on the chipboard directly
above a stud (Figure 8.5¢).

Steady-state excitation: washer to mount the force transducer was
glued to the surface of the chipboard to mount the force transducer
(NB The S/N ratio when using steady-state excitation was too low
in the 20 and 25 Hz one-third octave bands to yield data)

Transient excitation: force hammer with a metal tip



8.4 Results

The difference between steady-state and transient excitation is < 2dB
for (a), (b) and (c) between 31.5Hz to 1000 Hz. In the 20Hz and 25 Hz
bands, differences up to 5.5 dB occured. For horizontal transmission and
stud excitation, the average difference above 250 Hz is =~ 2.5 dB. For bay
excitation and horizontal transmission the average difference is ~ 0.5dB
for the same frequency range. This could be due to the mounting condi-
tions of the shaker for case (a) where additional screws were used to fix
the force transducer into the stud. In comparison to transient excitation
on the surface of the chipboard the power is then directly injected into
the stud. However across the frequency range no systematic difference
can be observed. As machinery predominately injects power at low fre-
quencies the higher differences observed in case (a) are not important.
Hence all three presented methods can be considered as equivalent and
therefore transient excitation is preferred due to its practicability in the
field.

To assess potential problems with non-linearity when using transient
excitation, different force levels were applied in the laboratory and re-
ferred to steady-state excitation. Figure 8.7 shows the three force levels
and the difference with respect to steady-state excitation for the obtained

transmission function.

With the “weak” hit indicated in Figure 8.7a the signal to noise ratio
was only 6dB at and below the 25 Hz band. Hence the 20 Hz and 25 Hz
bands were rejected in the transmission function shown in Figure 8.7b.
For the comparison shown in Figure 8.7b only one fixed microphone posi-
tion was used for both steady-state and transient excitation. The microp-
hone was not moved between the measurements to exclude variations due
to microphone positioning. The average results obtained with transient
excitation using either a rubber or metal tip are ~1 dB lower than steady-
state excitation. The difference between the three different force levels
does not show conclusive evidence of non-linearity for the “strong” hit.
It can therefore be concluded that transient excitation can reasonably be

used to obtain transmission functions.
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Figure 8.7: Laboratory measurements. Investigation into the effect of
different strength of transient excitation. (a) Applied force
levels and (b) difference with respect to steady-state excita-
tion for these three force levels.
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Figure 8.8: Laboratory measurements. Average transmission functions.
Horizontal transmission measured above the stud and at dif-
ferent distances from the stud in the bay.

8.4.1.2 Spatial variation of excitation positions

To investigate the distance to the nearest stud three groups of excitation
positions are used for horizontal and diagonal transmission: (1) positions
above the stud, (2) positions 15cm to the nearest stud (1/4 of stud
spacing) and (3) positions in the middle of a bay. Figures 8.8 and 8.9 show
average transmission functions for each of the three groups for horizontal
and diagonal transmission respectively.

For each group the 95 % confidence intervals were ~ 3dB. For reasons
of clarity the intervals are not added to the figures. It can be seen that
for horizontal transmission the confidence intervals do not overlap above
the 500 Hz one-third octave band.

Below this frequency and for the entire frequency range shown for di-
agonal transmission there is no obvious dependence of the excitation po-
sition. The higher values of the transmission function for stud excitation
and horizontal transmission are potentially due to the strong structural

transmission path across the stud (as indicated by SEA path analysis in
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8 Simplified model based on measured transmission functions

Figure 7.5). The average values for the three groups for diagonal trans-
mission are within +4 dB with less influence of the excitation position

than for horizontal transmission.

For diagonal transmission additional investigations were carried out to
assess the influence of the distance to the wall-floor-wall junction using
five distances as shown in Figure 8.3b. Figure 8.10 shows average values
of the transmission function for these five distances and positions above

studs. Average values for positions in bays are shown in Figure 8.11.

For the stud and the bay excitation positions, the variation for the
different distances is within +4 dB below 500 Hz. For stud excitation the
results are in a logical rank order above 500 Hz indicating higher values
for positions closer to the junction. This can not be observed for bay
excitation which could potentially be due to the empty cavities and for

cavities filled with porous material it is likely to be different. Hence it can
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Figure 8.9: Laboratory measurements. Average transmission functions.
Diagonal transmission measured above the stud and at diffe-
rent distances from the stud in the bay.
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Figure 8.10: Laboratory measurements. Average transmission functions.
Diagonal transmission measured above the stud (n = 5) at
different distances from the junction.

be concluded that for frequencies below 500 Hz the transmission function
is not significantly dependent on the choice of the excitation position.
Figure 8.12 shows the overall average of the chosen excitation position
for horizontal and diagonal transmission including the 95% confidence
limits. The confidence limits are ~ +2dB for horizontal transmission
and ~ +1dB for diagonal transmission. For diagonal transmission the

S/N ratio was not sufficient in the 20 Hz band.

8.4.2 Field measurements

8.4.2.1 Case study: Transmission to adjacent and

non-adjacent rooms

This case study is used to assess the limitations in using transient exci-
tation to determine transmission functions. Therefore Figure 8.13 shows

the average S/N ratio for the microphone positions in receiving rooms
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Figure 8.11: Laboratory measurements. Average transmission functions.
Diagonal transmission measured in the bay (n = 2).

RR1 (adjacent), RR2 and RR3 for both metal and rubber tips on the
force hammer. For ratios in the range between 6 dB and 10 dB the sound
pressure levels were corrected by subtracting the background noise but
for values below 6 dB the data was rejected.

For RR1 the S/N ratio is > 10dB for the frequency range from 20 Hz
to 1000 Hz for both hammer tips. Towards low frequencies (< 250 Hz)
the rubber tip gives a higher S/N ratio than the metal tip. For the
non-adjacent receiving rooms, RR2 and RR3, a S/N ratio >10dB could
not be achieved for all bands between 20 Hz and 1000 Hz in this field
measurement. The background noise was particularly high in the 250 Hz
band in this situation. Hence the values in this band had to be rejected
as well as at low frequencies. The general trend shows that the rubber
tip gives higher S/N ratios at low frequencies and the metal tip at high
frequencies.

The results from these field measurements indicate that transient ex-

citation can be used to determine the transmission function to adjacent
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rooms in timber-frame buildings in the frequency range from 20 Hz to
1000 Hz. For non-adjacent rooms it is unlikely to be able to achieve suf-
ficient S/N ratio for all bands in the range from 20 Hz to 1000 Hz. To
increase the S/N ratio, measurements with a rubber and metal tip can be
combined. However these findings are based on one particular building
and background noise level. Other possibilities to increase the S/N ra-
tio is the use different hammers (e. g. heavier) or low-noise microphones.
Note that two of the three microphones in the receiving rooms in this

case study were low-noise microphones.

To assess the range of transmission functions for rooms that are distant
from the source room, MLS excitation was used to achieve a continuous
transmission function in the frequency range from 20 Hz to 1000 Hz for
the transmission from the source room SR to all receiving room RR1 to
RRA4. The results are shown in Figure 8.14. The transmission functions
to RR1 is at least ~ 10 dB higher than to RR2. The transmission function
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Figure 8.12: Laboratory measurements. Average transmission functi-
ons for horizontal and diagonal transmission from positions
above studs and between studs with 95 % confidence limits.
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Figure 8.13: Field measurements: S/N ratio in receiving rooms RRI,
RR2, and RR3 for transient excitation. Grey shading in-
dicates S/N ratios between 6 and 10dB.

to rooms RR3 and RR4 are similar indicating similar levels of flanking

transmission.

8.4.2.2 Survey for different field constructions and

transmission paths

The data measured in different buildings and constructions was grouped
in terms of the direction of transmission and the type of construction.
For the direction of transmission, horizontal, vertical or diagonal was
concerned. Four construction types were available: (1) single framework
walls which are commonly used as interior walls (an example is shown in

Figure 4.5a), (2) single framework walls with additional lining that con-
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Figure 8.14: Field measurements. Transmission function to receiving
rooms measured using an electrodynamic shaker and MLS
at one excitation position. Results are shown as an average
value with error bars indicating the 95% confidence limits
(Student ¢ distribution) where the variation is due to indi-
vidual microphone positions.

tains pipework and is therefore typically used in bathrooms or kitchens
(an example is shown in Figure 4.5b), (3) walls with separated frame-
work which are commonly used as party walls (an example is shown
in Figure 4.5¢) and (4) exterior framed walls (an example is shown in
Figure 4.5d).

With the available data from the field measurements in nine buildings,
it was possible to form five groups of transmission functions in timber-

frame constructions. A sixth group considers the transmission from the
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8 Simplified model based on measured transmission functions

basement to the ground floor. As household appliances are often positio-
ned in the basement this is an important situation. However this involves
both heavyweight and lightweight constructions as the basement exterior
walls are made from concrete, the interior walls either masonry or con-
crete and the separating floor to the ground floor is made from concrete.
The walls in the ground-floor are built using similar types of the timber-
frame constructions shown in section 4.3. The range of transmission
functions for these six groups are shown in the boxplots in Figure 8.15.
Note that the data in this Figure uses D 4y according to equation (8.2)
from 20 Hz to 40 Hz and D av o7 according to equation (8.3) from 50 Hz
to 1000 Hz.

For horizontal transmission across single-framework walls (a), the in-
terquartile range is between =~ 10dB to 15dB from 20Hz to 63 Hz and
ranges between ~ 5dB to 10dB from 80Hz to 1000 Hz. This can be
due to the use of Dt oy below 50 Hz and Dty avnr at and above 50 Hz.
The spectral shape is relatively uniform and decreases slightly with in-
creasing frequency, which is a similar trend to the laboratory results (see
Figure 8.12). The spread of results is similar for horizontal transmission
across a single-framework walls with additional lining (b). However the
spectral shape differs slightly to single-framework walls without lining.
There is stronger decrease with increasing frequency due to the additional
layer. This however causes a potential deterioration at lower frequencies

depending on the mass-spring-mass resonance frequency of the lining.

For horizontal transmission across party walls with a separated fra-
mework (c) two data-sets from two different buildings were measured.
Both indicate a similar spectral shape with significant decrease towards
high frequencies. However at frequencies below 50 Hz the values are in a

similar range to single-framework walls.

For diagonal transmission with single-framework interior walls, the
spread of results from six measurements is ~ 10dB to 15dB on average
between 20 Hz to 1000 Hz. In comparison to horizontal transmission (a),

stronger decrease with increasing frequency can be observed. At low fre-
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Figure 8.15: Field measurements. Survey of transmission functions mea-
sured with transient excitation in adjacent rooms.

quencies the values are about 10dB below (a) and at high frequencies

about 30dB.

For vertical transmission (d) the behaviour is similar to diagonal trans-

mission. However the trend indicates that the values are slightly higher

than for diagonal transmission which can potentially be explained by the

transmission path that does not cross the double wall.
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8 Simplified model based on measured transmission functions

The transmission from the basement to the ground floor was measu-
red in three situations including diagonal and vertical paths. At low
frequencies the S/N ratio was insufficient with transient excitation from
a comparable light hammer (see Table 4.1) on a heavyweight concrete
wall. The spectral shape is similar to vertical and diagonal transmission,
however the values are higher, shifted by about 10dB to 20dB.

In general, the interquartile range for the chosen groups based on the
available data is mainly up to 15dB. However the spectral shape for
all groups varies uniformly with frequency typically decreasing with fre-
quency. The decrease is more pronounced for horizontal transmission
across walls with additional constructive layers (linings or separated fra-
mework) or transmission across wall-floor-wall junctions. This survey
gives an initial insight into the range of transmission functions that exist
in timber-frame buildings. At present the data set is small and furt-
her measurements are necessary to develop robust groups. However the
general trend shows that it is feasible to find groups to represent simi-
lar constructions and transmission directions. Average values from these
groups can then be used in an empirical model to make a first estimate

of the resulting sound pressure level in the receiving room.

8.4.3 Case studies: Application of transmission function
for prediction of machinery noise

For two situations, the artificial source in the field and the ventilation
system in the laboratory test structure, the sound pressure level was
predicted by rearranging equation (8.1). The measured sound pressure
level in the receiving room was corrected for background noise and air-
borne flanking using the same procedure applied for the determination

of transmission function, where necessary.

8.4.3.1 Artificial source in the field

All four feet of the artificial source were attached to stud positions in

the field transmission situation. The input power was calculated from
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the source and receiver data using the two simplified approaches (a) and
(e) described in section 6.4.2. Using the transmission function, this gives
two predicted sound pressure levels, that only differ by the calculation
method of the input power. The transmission function was measured
with transient excitation at one of the four mounting positions of the
source. The fixed microphone positions in the receiving room were not
exactly the same for the measurement of the sound pressure level from
the source and the sound pressure level to determine the transmission
function. The predicted and measured spatial-average sound pressure

levels in the receiving room are shown in Figure 8.16.

The difference between the measured and predicted sound pressure le-
vel for the artificial source in the timber-frame building are within +10 dB
and the 95 % confidence intervals mainly overlap. For frequencies at and
above 400 Hz, the prediction tends to underestimate the sound pressure
level by ~6 dB (simplified approach (a)) and ~4 dB (simplified approach
(©)).

However on average there is close agreement (~2 dB for simplified ap-
proach (a) and <1.0dB for simplified approach (e)) between measure-
ment and prediction. The summed and A-weighted SPL between 20 Hz
and 1000 Hz is 55.3 dB for the measurement, 53.8 dB for prediction using
simplified approach (a) and 55.9dB for prediction using simplified ap-
proach (e).

8.4.3.2 Ventilation system in the laboratory

The ventilation system was attached to wall (a) (see Figure 4.1) of the
laboratory test structure and the sound pressure level measured in the re-
ceiving room using the same microphone positions that were used for the
determination of the transmission function. The input power was calcu-
lated from the source and receiver data using the full mobility matrices an
simplified approach (e) described in section 6.4.2. For the transmission

function, the spatial-average of 17 excitation positions (see Figure 8.12)
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Figure 8.16: Artificial source in the field: Measured and predicted SPL.
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was used. The predicted and measured spatial-average sound pressure

levels in the receiving room are shown in Figure 8.17.

For the ventilation system in the laboratory test structure, the diffe-
rence between the measured and predicted sound pressure levels is within
+10dB and the 95 % confidence intervals mainly overlap. Similar to the
artificial source in the field, the agreement is reasonable. However the
predicted sound pressure level overestimates the maximum in the 50 Hz
band. Note, that the first axial mode in the receiving room perpendi-
cular to the wall is at 48 Hz. The peak of the installed power is in the
50Hz band (see section 6.4.4) which can be a potential reason for the
pronounced response in this band. Above 500 Hz the prediction tends to
underestimate by a5 dB using full matrices and ~3.5 dB using simplified
approach (e), similar to the case study with the artificial source in the
field. The summed and A-weighted SPL between 20 Hz and 1000 Hz is
30.7dB for the measurement, 37.5dB for prediction using full matrices

and 38.0dB for prediction using simplified approach (e).

8.4.3.3 Discussion

Both case studies show reasonable agreement on average. However for
both situations the prediction tends to underestimate towards high fre-
quencies. This could potentially be due to the fact that the transmission
function only includes injected power from the force component perpen-
dicular to the surface. In contrast, the measured sound pressure includes
all excitation components and is therefore potentially higher if the force
component is not dominant. In Figure 6.20 the relative importance of
the out-of-plane force component in relation to the out-of-plane moment
components is shown. As the data is very noisy it is not possible to iden-
tify clearly which components dominate. However in the mid-frequency
range the trend shows that the force component dominates which is con-
sistent with the close agreement of prediction and measurement between
63 Hz and 400 Hz in both case studies.
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At low frequencies, the data from Figure 6.20 is too noisy to draw
conclusions on a dominant component. However the differences between
prediction and measurement are also due to uncertainties in the deter-
mination of the spatial-average sound pressure level at low frequencies.
The prediction for the ventilation system overestimates the peak around
50Hz and is therefore on the safe side. Towards high frequencies, Fi-
gure 6.20 indicates that moment components could potentially be sig-
nificant. However, the spectrum of the ventilation system shows that
only the low-frequency range is relevant as there is a significant decrease
with increasing frequency. Even for the artificial source, that was dri-
ven with broadband noise the low-frequency range dominates. Hence the

underestimation of the prediction at high frequencies is not problematic.

8.4.4 Using moment input power

Using the set-up shown in Figure 6.21 the timber-frame wall (a) of the
laboratory test structure was excited with a moment. Both out-of-plane
moments, M, and M, are considered. The active power in one-third oc-
tave bands was determined using the procedure to close gaps that occur-
red due to noisy results (see Figure 6.15 and section 6.3.2.2). Figure 8.18
shows the transmission function determined using the input power for
moment excitation. For comparison, the average transmission function

Dy oy for 17 excitation position with force excitation is included.

Note that the transmission functions for moment excitation can only
be regarded as indicating trends because there were a lot of gaps in the
input data of the active power determined using the inverse procedure.
However when these one-third octave bands with broad gaps were dis-
regarded, the transmission functions for all three excitation components
are very similar. Although the data does not allow strong conclusions,
the results indicate, that if a machine is able to inject moment power,
this will be transmitted with a similar effectiveness to the power injected

by a pure force.
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Figure 8.18: Transmission function for moment excitation and horizontal
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transmission in laboratory test structure. The grey shaded
areas indicated narrow band frequency ranges for which
the active moment power determined with the inverse met-
hod was negative. For comparison the average transmission
function for force excitation from Figure 8.12 is included.
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8.5 Summary

In this chapter an approach was presented defining a measured transmis-
sion function for the transmission of structure-borne sound from machi-
nery. This empirical approach is suited to estimation of machinery noise
in building acoustic consultancy.

The quantity Dtp was introduced and the transmission function de-
fined as the ratio between the spatial average sound pressure level and
the structure-borne sound power input. Laboratory and field measure-
ments were carried out to assess the procedure and to identify limitations
in the experimental determination. To collect a data set as a basis for
the empirical model, field measurements were carried out in nine timber-
frame buildings. In case studies, transmission functions were applied for
the prediction of machinery noise using measured sound pressure levels
as reference. As machinery potentially also injects moment power, the
transmission function was also determined for excitation with moment
power.

Investigations to assess the procedure concerned the excitation type,
issues with non-linearity and the dependence of the excitation position
on the excited building element. Comparison of transient and steady-
state excitation in the laboratory showed that in the relevant frequency
range, the agreement between them is <2dB. As transient excitation
with a force hammer is more effective it is preferred especially for field
measurements. This is a potentially quick and cost-effective method to
obtain the data necessary for the empirical model. Investigations with
different force levels for the excitation showed that there is no issue with
non-linearity. Experiments that varied the excitation in the laboratory
test structure showed that there is no dependence on the excitation po-
sition except at high frequencies for horizontal transmission. However
as low frequencies are usually important for machinery noise this is not
considered problematic, particularly as the deviations were only about
3 dB on average above 250 Hz. For more complicated paths (i. e. diagonal

paths which include flanking) the trend indicates that the dependence of
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the excitation position becomes less important. In the laboratory investi-
gation the overall confidence limits for all excitation positions was +2dB
for horizontal /direct transmission and +1dB for diagonal transmission.

In a field case study the limitations of transient excitation were con-
sidered. It is concluded that transient excitation can be used to achieve
transmission functions over the frequency range from 20 Hz to 1000 Hz
for transmission to adjacent rooms. For distant rooms it is still applica-
ble, however insufficient S/N ratios can occur in some one-third octave
bands. The use of different hammer tips and/or hammers as well as
low noise microphones can improve the signal-to-noise ratio and extend
the application. Additionally low noise microphones can be used. This is
beneficial because transient excitation offers advantages in field measure-
ments where intermittent background noise can occur. In this situation a
short measurement time is useful. If there is a constant high background
noise level then excitation with MLS can be used as an alternative.

A survey of transmission functions measured in nine timber-frame buil-
dings gives initial insights into the range of transmission functions. The
available data was grouped into similar constructions and transmission
directions which can be the basis for a catalogue that can be used for pre-
diction. Based on the available data, the interquartile range within the
groups was up to 15dB. Further measurements could refine the groups
and decrease the range within them. The promising feature about this
survey is that the transmission functions vary uniformly with frequency
and therefore seem to be suitable for an empirical model. Horizontal
transmission across single-framework walls shows a flat spectrum that
slightly decreases with frequency. For double-framework walls or longer
paths, there is a more pronounced decrease in level in the spectrum with
increasing frequency.

Using the artificial source and the ventilation system presented in chap-
ter 6, the transmission function approach was applied by predicting and
measuring the sound pressure level with these sources in operation. The
differences were within +£10dB. However on average in the frequency

range from 20 Hz to 1000 Hz there is agreement. Towards high frequen-
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cies the prediction tends to underestimate which could be due to addi-
tional excitation components that are not included in the transmission
functions measured with a force hammer or shaker. In addition the rota-
tional components are not included in the installed power of the sources
that was determined for the force component only.

The moment power determined using inverse methods described in
chapter 6 was used to obtain transmission functions for moment exci-
tation. Although the data was affected by noise, the trend shows, that
the transmission for all three out-of-plane excitation components are a
similar order of magnitude. This indicates that if a machine is able to
inject a moment power, this power is transmitted as effectively as power

injected from a pure force.
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9 Conclusions

The work reported in this thesis concerned the problem of machinery
noise in timber-frame buildings. This required investigations into the
vibro-acoustics of timber-frame structures excited by SBS sources which
involves both the source emission and the transmission process. A general
theme in the thesis was to take the complex aspects of SBS excitation
and transmission in framed timber constructions and simplify them as
engineering methods for the field of building acoustics.

The structure of the conclusions follows the stages involved in the emis-
sion (generation and coupling between source and receiver) and transmis-
sion (propagation and radiation) of SBS as shown in Figure 1.2. Finally

recommendations for further work are given.

9.1 Structure-borne sound emission

To determine the SBS power for multi-point sources using the full mo-
bility matrices requires extensive experimental work on the source and
the receiving structure. For this reason, simplified approaches for the
calculation of the transmitted power were investigated to try and re-

duce the required data. Only out-of-plane forces were regarded and the
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simplified approaches were compared with full mobility matrices for all
contact points. The simplified approaches considered omitting the trans-
fer mobilities, using only one contact point of the source representative
for all others, using averaged magnitudes of the mobilities and using a
constant value for the mobility of the receiving structure (which tends to
be relatively constant in lightweight buildings).

The results showed that the difference between the simplified appro-
aches and the full mobility matrices was within £5dB for the majority
of one-third octave bands between 20 Hz and 2000 Hz. Using a constant
value for the receiver mobility the deviations were up to 10 dB in two one-
third octave bands for the artificial source and in one one-third octave
band for the ventilation system. For intermediate simplification steps
(except using averaged magnitudes) the differences were within +5dB in
the range from 20 Hz to 2000 Hz.

Further investigations into the source emission considered the impor-
tance of out-of-plane moment excitation. As moments can not be measu-
red directly, this involved investigations into the applicability of inverse
measurements to determine the moment power of unknown sources. Ex-
periments were carried out with an idealized moment source that was
a shaker attached parallel to the surface of the receiver with a lever.
The results showed that inverse methods can be significantly affected by
noise, but can be used to determine the moment power by closing gaps
at troughs in the power data by setting negative real parts to zero. Using
the reception plate power as reference, it was shown that the idealized
source excited a moment.

To investigate the relative importance of moment excitation, one con-
tact point of the artificial source was attached to a free chipboard plate.
None of the three out-of-plane components clearly dominated because
the results were noisy, but the trend indicated that the force dominated
over the majority of the frequency range.

In terms of the transmission between the source and the timber-frame
test structure, the spatial variation of the driving-point and moment mo-

bilities was investigated experimentally. The results confirmed the use
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of an equivalent orthotropic plate model at low frequencies and the con-
sideration of only the sheeting plate at high frequencies. Considering
moment mobilities, it was found that at excitation positions between
beams, there is no difference between the two out-of-plane moment mo-
bilities. However most machinery will be fixed above studs and above a
beam there is a difference if the moment acts about the axis of the beam
or perpendicular to the beam axis. It was shown that at low frequencies
below 250 Hz infinite beam theory tends to give an upper limit for the
moment mobility whereas infinite plate theory for an equivalent ortho-
tropic plate tend to give a lower limit. The moment mobility that acts
about the beam axis shows similar values to positions between beams.
At high frequencies moment mobilities tend towards the behaviour of an

infinite plate (with the properties of the sheeting material).

9.2 Building transmission

Considering the building transmission experimental work on a laboratory
test structure was used to gain insight into the vibrational behaviour of
timber-frame constructions excited by mechanical point excitation. The
structure under test was a timber-frame wall with a single layer of tongue
and grooved chipboard plates screwed to each side of the framework and
empty cavities. The results confirmed three characteristics for different
frequency regimes.

At low frequencies (below 50Hz), where the spacing of the studs is
smaller than half the bending wavelength of the sheeting material, the
wall behaves as one single equivalent orthotropic plate. The stiffness pa-
rameters of this equivalent orthotropic plate can be estimated from the
sheeting and stud parameters parallel and perpendicular to the stiffening
ribs. At frequencies where half a bending wavelength of the sheeting ma-
terial is smaller than the spacing of the studs but greater than the spacing
of the point connections (screws or nails) along the beams, the structure
indicates characteristics of ribbed-plates with line-connected behaviour.

At frequencies above 140Hz, where half a bending wavelength of the
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sheeting material is smaller than the spacing of the point connections,
the vibrational response can be described by the properties of the sheet-
ing material only.

Although the behaviour indicates typical aspects of line-connected rib-
bed plate theory, these were not as pronounced as reported in previous
work by Nightingale and Bosmans [1999] and Schoenwald [2008]. This
indicates that the application of theory for periodic structures is not ge-
nerally applicable to timber-frame building structures due to differences
in the actual construction and variations in the material properties or
craftsmanship.

The radiation efficiency was calculated using the model provided by
Leppington et al. [1982] using either equivalent orthotropic plate pro-
perties or the properties of the sheeting plates. The results indicated
a transition between these two approaches in the range from ~80Hz to
~160Hz. Additionally it was found that measured radiation efficiency
follows the prediction when rectangular plates with the properties of the
sheeting material and the size of the bays are considered above 160 Hz.
At frequencies above 1250 Hz the radiation efficiency agrees with the pre-
diction that uses the sheeting plate properties and the dimensions of the
whole wall.

It is concluded that it is sufficient to consider an equivalent orthotropic
plate at low frequencies and the sheeting plate properties at mid and
high frequencies to describe the dynamic response of the wall. However
to calculate the radiation efficiency it is necessary to consider rectangular
plates with the size of the cavities in the mid frequency range.

Using structural intensity measurements it was observed that there is
a significant decrease in the net-power flow in the direction perpendicular
to beams with increasing frequency. The velocity level difference from
the excited surface to the opposite surface of the wall showed high values
close to the excitation point and ~0 dB for the farthest sheets. Therefore
a uniform distribution of energy can not be assumed for timber-frame
walls or floors especially at mid and high frequencies. Using the measured

phase relationship between positions on the source and receiving leaves it
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was shown that both leaves are uncorrelated above the mass-spring-mass
resonance frequency. For typical timber-frame constructions this occurs
below 100 Hz. To model sound transmission with mechanical excitation
from SBS sources, this means that SEA can potentially be used above
~100 Hz.

Three SEA models were developed for direct transmission across the
wall with mechanical point excitation. It was found that to predict the
vibration levels on the source and receiving leaf, it is necessary to use
a model that subdivides the structure into subsystems that represent
the individual building elements, i.e. the beams and plates that form
the wall. A typical six-subsystem model for cavity walls that uses the
source and receiving room, the excited and opposite leaf, the cavity and
the framework as subsystems was not suitable when point excitation is
considered. However, comparison of SEA with the measured velocity
levels showed that a 41-subsystem model that uses each timber stud and
chipboard sheet as a subsystem can reproduce the vibration levels on
both leafs with errors of up to ~10dB. As there is a significant decrease
in vibration levels with distance, the region close to the excitation point
is potentially the most important in terms of direct transmission, and
the SEA model tends to have better accuracy in this region.

The SEA model can additionally be used to analyse sound transmis-
sion across different paths using SEA path analysis. This indicated the
importance of including the room where point excitation is applied at fre-
quencies above the critical frequency to model the decrease in vibration
on the excited leaf. Below the critical frequency it was shown that the
transmission is dominated by the structural transmission path across the
framework which was modelled assuming rigid point connections between
the plates and beams. For adjacent plates the dominant transmission
path is across the beams to which both plates are coupled

An alternative approach to SEA describe the transmission from the in-
jected power to the spatial average sound pressure level in a distant room
was introduced based on measured transmission functions. The transmis-

sion function, Dyp, was defined as the ratio between the spatial-average
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sound pressure level and the installed power and therefore describes the
transmission including all flanking paths. However airborne flanking was
excluded by applying a correction to the measured sound pressure level
if SBS transmission was not dominant. The advantage of this appro-
ach is that the installed power, which is determined according to [EN
15657:2017] can directly be used as input data for prediction. In addi-
tion this transmission function can be written as a simple level difference
which suits its application in building acoustic consultancy. The defini-
tion of D1y and the associated measurement protocols in this thesis have
been included in the latest revision of [ISO 10848-1:2017]. Villot [2017]
has subsequently identified this approach as one of four possible methods
for the prediction of sound levels generated by SBS source in lightweight
buildings.

Laboratory investigations showed that the transmission function is not
significantly dependent on the location of the excitation position on the
timber-frame wall or floor. An average transmission function for a set
of excitation positions can therefore be used to describe a transmission
situation from a wall or floor to a distant room.

A field survey of D1y was carried out in nine timber-frame buildings
to identify the range of transmission functions that exist in timber-frame
buildings. Within similar groups of constructions and transmission di-
rections the interquartile range of the data is up to 15dB. However the
spectral shape for all identified groups varies uniformly with frequency.
Hence there is the potential to refine the groups with more measurements
to provide average transmission functions with low variation.

In two case studies, the data obtained from experimental source cha-
racterization was used to predict the sound pressure level by applying
the transmission functions. The validation with measured sound pres-
sure levels showed promising results with deviations of +10dB in the
range from 20 Hz to 1000 Hz with agreement on average in this frequency
range.

Further laboratory investigations used the idealized moment source

(shaker parallel to the surface) and inverse methods to determine the

286



9.3 Limitations of this work

transmission function for moment excitation. Although the inverse met-
hod was sensitive and delivered noisy results, the trend indicated that
if a source is able to inject a moment power, this will be transmitted
with similar efficiency as the same power input from out-of-plane force

excitation.

9.3 Limitations of this work

The construction of the considered laboratory test-structure was chosen
carefully to represent a typical timber-frame construction and the pre-
sented results are assumed to describe the typical vibrational behaviour
of timber-frame structures undergoing mechanical point excitation. Ne-
vertheless this is just one possible construction from a large variety of

constructions that are described in the introduction.

Concerning the investigations on simplified approaches to predict the
input power for multi-point sources, two case studies were considered.
Although both were chosen carefully to represent typical building situa-
tions the specific results can not be applied to the full range of machinery
that exists in practice. Although experimental investigations were car-
ried out to assess the relative importance of moment excitation, noise
in the measured data did not allow strong conclusions concerning this

research question.

The application of an SEA model was presented for the frequency range
from 100 Hz to 2000 Hz. Hence, concerning a detailed model no informa-
tion could be given for frequencies below 100 Hz. There is potential to

address the low-frequency range using a finite element model.

The suggested empirical approach to predict machinery noise gave pro-
mising results. However the measured set of data is currently too small
to derive average transmission functions for prediction and to quantify

the uncertainty.
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9.4 Recommendations for further work

The application of inverse methods to determine moment excitation in-
dicated that the procedure can be affected significantly by noise. Further
research could focus on the effect of noise on inverse methods to improve
the results in order to make clear statements about the relative impor-
tance of moment excitation in relation to out-of-plane force excitation.

Using infinite plate theory to predict moment mobilities gave reaso-
nable agreement with measurements at mid and high frequencies except
for moment mobilities above a stud perpendicular to the beam. Furt-
her work could concern the development of theory to predict moment
mobilities for any position or direction on timber-frame structures.

Modelling the timber-frame wall undergoing mechanical point excita-
tion using SEA required a 41-subsystem model. Results were presented
in the range from 100 Hz to 2000 Hz. Further work could use FEM and
measurements to assess whether the accuracy of the prediction can be
improved. Modelling using FEM could provide the potential to expand
the frequency range for prediction to lower frequencies.

The suggested approach of using measured transmission functions sho-
wed promising results. Further work is required to enlarge the existent
database and characterize construction types for the development and es-
tablishment of a catalogue with average transmission functions in timber-

frame buildings.
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