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RESUME

Ce projet de recherche vise a développer des estimations de plusieurs parametres qui influen-
cent les transmission latérales du bruit aérien dans les batiments 1égers en se basant sur des
données de mesure en laboratoire et sur le terrain. Etant donné que de nombreux paramétres
influencent les transmission latérales du bruit aérien, nous nous concentrerons sur certains
d’entre eux specifiquement.

Le premier parametre étudié est I’affaiblissement acoustique des conduits de ventilation, en
particulier la diminution de I’isolation acoustique lorsque les conduits sont montés a travers un
mur léger. Trois murs et trois conduits de ventilation (deux circulaires et un rectangulaire) ont
été mesurés en laboratoire. Une analyse comparative est effectuée entre les théories existantes
et les mesures avec un modele de transmission du son proposé. En raison des différences
apparentes entre la théorie existante et les mesures expérimentales, le cadre théorique est
révisé. Le modele de transmission proposé, qui incorpore les théories existantes modifiées
et les théories nouvellement développées, s’aligne étroitement sur les données de mesure,
démontrant une différence de O a 1 dB dans I’indice de réduction sonore pondéré pour les
différentes configurations.

Le deuxieme parametre pris en compte est le traitement acoustique des conduits de
ventilation, en particulier le calorifugeage externe en laine de roche autour du périmetre
extérieur des conduits. Alors que les recherches précédentes se sont concentrées sur les
silencieux et le revétement intérieur, il est peu expliqué comment le calorifugeage extérieur,
en particulier avec de la laine de roche, affecte la réduction globale du bruit. Sur la base de
mesures effectuées en laboratoire, des estimations ont été élaborées par le biais d’un processus
itératif pour des conduits de ventilation circulaires et rectangulaires. Les résultats montrent
que le calorifugeage extérieur avec de la laine de roche réduit efficacement la transmission des
bruits aériens latéraux, et que les estimations développées correspondent bien aux données
de mesure. L’étude souligne I’importance d’appliquer les traitements au plus pres du mur et
que le calorifugeage extérieur est une solution pratique pour minimiser la transmission des
bruits aériens lorsqu’une grande gaine de ventilation traverse un mur aux valeurs d’isolation
acoustique €levées.

Le troisieme parametre examiné est la direction d’appui des €l€éments en bois lamellé-croisé
(CLT). Etant donné que les éléments CLT sont congus avec plusieurs couches orientées dans
des directions différentes, les vibrations peuvent diminuer différemment d’un élément a I’ autre.
De plus, par rapport a une jonction, les éléments CLT peuvent étre orientés parallelement ou
perpendiculairement. Les niveaux de vitesse sur un mur en CLT et I’indice de réduction des
vibrations des jonctions sont mesurés dans un batiment. Les mesures sur le terrain suggerent
une corrélation entre I’augmentation des lamelles dans la couche extérieure et la diminution
des niveaux de vibration dans les éléments CLT. L’étude conclut également que la direction



des appuis influence I'indice de réduction des vibrations des jonctions en CLT, une orientation
parallele étant considérée comme la plus favorable.

Le quatrieme parametre étudié est la hauteur des batiments en CLT et I’effet de I’augment-
ation de la charge en bas des batiments. 58 mesures verticales de I’isolation contre les bruits
aériens dans quatre batiments avec différents systemes et couches intermédiaires révelent
une diminution de 1’isolation contre les bruits aériens plus bas dans le batiment. En outre,
12 mesures de I'indice de réduction des vibrations des jonctions dans quatre batiments avec
différents détails de jonction révelent également une diminution de I’indice de réduction des
vibrations plus bas dans les batiments, en particulier pour la voie mur-mur, indépendamment
des couches intermédiaires résilientes dans la jonction. La diminution de I’isolation des bruits
aériens est d’environ 0,5 dB par étage, en fonction de I’influence des voies latérales par rapport
aux autres voies de transmission. Ces résultats soulignent I’importance de prendre en compte
I’effet de la hauteur du batiment dans la phase de conception, car il peut influencer de maniere
significative I’isolation acoustique dans les immeubles de grande hauteur en bois avec de
multiples chemins d’acces entre les appartements.
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ABSTRACT

This research project aims to develop estimations of some parameters that influence the
flanking airborne sound insulation in lightweight buildings, based on laboratory and field mea-
surement data. Since numerous parameters affect flanking sound transmission in lightweight
buildings, some of them will be focused on.

The first parameter explored is the sound reduction of ventilation ducts, specifically the
decreased sound insulation when the ducts are mounted through a lightweight wall. Three walls
and three ventilation ducts (two circular and one rectangular) were measured in a laboratory
setting. Comparative analysis is conducted between existing theories and the measurements
with a proposed sound transmission model. Due to the apparent differences between the
existing theory and the experimental measurements, the theoretical framework is revised. The
proposed transmission model, incorporating modified existing and newly developed theories,
aligns closely with measurement data, demonstrating a difference of 0-1 dB in the weighted
sound reduction index across the various configurations.

The second parameter considered is acoustical treatments on ventilation ducts, specifically
external lagging of stone wool around the outer perimeter of ducts. While previous research
has focused on silencers and internal lining, there is limited understanding of how external
lagging, particularly with stone wool, affects the overall sound reduction. Based on existing
measurements in a laboratory, estimations are developed through an iterative process for
circular and rectangular ventilation ducts. Results show that external lagging with stone wool
effectively reduces the flanking airborne sound transmission, and the developed estimations fit
well with measurement data. The study emphasizes the importance of applying treatments
closest to the wall and that external lagging is a practical solution to minimize airborne sound
transmission when a large ventilation duct passes through a wall with high sound insulation
values.

The third parameter examined is the bearing direction of cross-laminated timber (CLT)
elements. Given the design of CLT elements with several layers oriented in different directions,
vibrations can decrease differently over the elements. Moreover, in relation to a junction, CLT
elements can be oriented parallel or perpendicular. Velocity levels over a CLT wall and the
vibration reduction index of junctions are measured in a building. Field measurements suggest
a correlation between increased lamellas in the outer layer and decreased vibration levels
in CLT elements. The study also concludes that bearing direction influences the vibration
reduction index of CLT junctions, with a parallel orientation being deemed most favorable.

The fourth parameter investigated is the building height of CLT buildings and the effect of
increasing load lower down the buildings. 58 vertical airborne sound insulation measurements
in four buildings with varying systems and interlayers reveal a decrease in sound insulation
lower down the buildings. Furthermore, 12 vibration reduction index measurements of



junctions in four buildings with varying junction details also reveal a decrease in the vibration
reduction index lower down the buildings, especially for the Wall-Wall path, regardless of
resilient interlayers in the junction. The decrease in airborne sound insulation is found to
be approximately 0.5 dB per story, depending on the influence of flanking paths compared
to other transmission paths. These findings underscore the importance of considering the
building height effect in the design phase, as it can significantly influence the sound insulation
in high-rise wooden buildings with multiple flanking paths between apartments.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Acoustics in sustainable building design signi cantly in uences various aspects of human life,
affecting productivity in workplaces and the quality of sleep in residential buildings. It covers

a range of different sectors, including building acoustics. Basically, building acoustics is about
controlling the noise in buildings, ensuring that the sound transmission between spaces is
minimized within the limits set for the building [1].

Buildings in the future need a shift towards more sustainable materials to reduce the carbon
emission impact from the building industry, which contributes to around 38 % of global
energy-related C®emissions [2]. Choosing environmentally friendly building materials
is an effective strategy to reduce energy consumption. Since wood stands out among other
building materials for its environmental advantages, wood plays an important role in future
buildings [3—8]. Moreover, wooden buildings and speci cally buildings with Cross-Laminated
Timber (CLT) is increasing in interest in many countries [9]. CLT is an important wooden
load-bearing product to analyze in more depth. To additionally reduce the carbon emissions
from the building industry, it is necessary to optimize the buildings with appropriate solutions.
This is a reason why estimations for various scenarios are essential.

Several sound transmission paths must be considered to estimate the sound insulation
between two spaces (for example between rooms in two apartments). The path that usually

comes rst in mind is the direct path, which is the path that is directly between two spaces,



usually a wall or a oor. The sound insulation should not be confused with sound absorption.
Sound absorption is related to the sound energy transformed to heat in some material, and
a good absorber is typically porous and light. Sound insulation reduces sound energy when
sound is transmitted through a wall or a oor, and constructions with good sound insulation
are typically airtight and heavy [10]. In addition to the direct sound transmission, additional
sound is transmitted between two spaces in typical buildings via anking transmission paths.
Flanking transmission takes place when sound indirectly travels from one space to another
through connected components of the building structure. A typical anking path in a multi-
family apartment building is a continuous oor or continuous wall between two apartments.
Other common anking paths are via cavity walls, suspended ceilings, pipe work, and ducting

[1]. Some typical anking paths are shown in Figure 1.1.

Figure 1.1: Illustration of some anking transmission paths between rooms.

1.2 Statement of the problem

The anking sound transmission in lightweight buildings often constitutes limitations for the
building structure, and many lightweight buildings are complex to model [11]. Moreover, the
nal evaluation of a lightweight building can reveal signi cant variations in sound insulation

measurements between rooms with similar construction details [12]. Parameters affecting

2



sound transmission in lightweight buildings include the room volume, the surface dividing
area between apartments, the bearing direction of the structural elements, the static load on
the junctions, the workmanship, the ventilation ducts, and more.

Consequently, a part of this thesis directs attention to sound propagation via the surface
area of ventilation ducts. Firstly, sound can propagate via the material and the air inside a
ventilation duct that passes through two rooms, reducing the sound insulation. The radiated
sound from the surface area of ventilation ducts depends on several parameters, including
the sound that breaks into and out of the ventilation duct [13]. It is described as a anking
sound transmission problem because of two structural elements with a common junction. The
problem is narrower in dwellings but much broader in schools, hospitals, and of ces where
larger ventilation ducts are used. One way to reduce the sound transmission via the ventilation
duct is to apply external lagging along the surface area of the ventilation duct. This acoustic
treatment is a common application to solve an existing breakout noise problem [1, 14], but it
can also be a part of the early design when a building is planned.

Secondly, sound can propagate between two spaces via the structure-bearing building
elements. The radiated sound from structure-bearing building elements depends on the sound
reduction of the elements and the junction's acoustic performance. According t@freitsas.

[11], prediction models need to be developed to account for anking sound transmission in
lightweight buildings. Bader Eddin et al. [15] developed an ANN (Arti cial Neural Networks)
model to predict airborne and impact sound insulation in the eld of CLT buildings where
parameters like the volume of the room and the surface dividing area were discussed in the
sensitivity analysis. The increasing static load on junctions down the building, caused by an
increasing number of stories, is suggested to affect the sound transmission by Bard, Davidsson,
and Wernberg [16]. The effect is observed in several studies with a few measurements [16-19],
here called the building height effect. With increasing building heights in high-rise CLT
buildings, there is a need to quantify the acoustic effect of static load on the junctions properly

with measurements of various junction details in different buildings.



1.3 Aims and objectives

The scope of the research project is to develop estimations of some parameters that in uence
the anking airborne sound insulation in lightweight buildings, based on laboratory and
eld measurement data. Since numerous parameters affect anking sound transmission in
lightweight buildings, some of them will be focused on.

First, the aim is to develop estimations for the contribution of different ventilation ducts
(dimension and shape) to the total sound transmission of a separating lightweight structure
when the duct goes through the structure.

Second, the objective is to formulate estimations to calculate the proper acoustic treatments
needed if the ducts are covered with external lagging of stone wool.

Third, the aim is to investigate if different static load and bearing direction variations affect
the anking airborne sound transmission in erected CLT buildings.

Fourth, the goal is to develop estimations of the bearing direction and building height

effect, if they in uence the sound transmission, to account for them in the design stage.

1.4 The originality of the research

In recent years, there has been a growing focus on studying sound transmission in lightweight
buildings. Despite this, acousticians struggle to develop practical prediction tools for cal-
culating the sound insulation of lightweight buildings in real-world scenarios. The thesis
seeks to address several areas where there is a lack of accurate estimations to account for vari-
ous parameters in uencing anking airborne sound transmission, particularly in lightweight
buildings.

A review of existing literature, as highlighted in an article by Caniato et al. [20], mentions
limited attention given to duct-borne sound in prior research on acoustics in lightweight

buildings. While existing models describe the sound transmission of ventilation ducts for



different paths [13, 21-34], few studies explore how sound propagates between rooms via the
surface area of a ventilation duct. E Nilsson [35] provides equations to calculate the anking
sound transmission through ventilation ducts but lacks accurate application and theoretical
development. As a result, this thesis will clarify and develop existing theory to describe how
sound propagate via the surface area of ventilation ducts between two rooms.

Several authors investigated the external lagging effect on ventilation ducts with different
prediction models [14, 36, 37]. However, they are primarily focused on rectangular ventilation
ducts, and only when the whole ventilation duct is covered. In this thesis, estimations are
addressing both rectangular and circular ventilation ducts when they are completely and also
partly covered, which is not previously described in the literature with equations.

Previous studies have not investigated if the bearing direction of CLT elements affects the
vibration reduction index, but a few studies investigated if the number of stories, or the static
load, affects the sound transmission between stories. While the results from Refs. [16—19]
do not agree completely, the majority found a corresponding difference, and it is suggested
that the result could be caused by the difference in load over the junctions [16]. The effect is
not suf ciently covered in previous studies since only a few junctions or measurements are
evaluated, and it is not enough for estimations. Therefore, more contributions to the literature
are made in this thesis to estimate the building height and the bearing direction effect in CLT
buildings.

Through estimations to account for various parameters affecting the anking airborne
sound insulation, this thesis seeks to enhance our understanding of sound transmission in

lightweight buildings and contribute valuable insights to the eld of acoustics.

1.5 Thesis outline and chapters organization

This thesis includes eight chapters, and the majority of the content is centered around four

peer-reviewed articles produced during the research project to attain a Doctorate of Philosophy



in Engineering. It starts with a summary in English and French (ré$sommarizing the main
ndings and is followed by scienti ¢ publications (peer-reviewed and conference papers).

Chapter 1 discusses the overview and the statement of the problem of the thesis. Moreover,
the aims of the thesis and the objectives are presented, which are to develop estimations of
some parameters that in uence the anking airborne sound insulation in lightweight buildings.

In addition, the originality of the research is discussed.

Chapter 2 rst examines the basics of acoustics, starting with the propagation through
different mediums. It deals with the physics of sound insulation and the corresponding
frequency regions. Then, sound transmission paths in buildings are reviewed, including the
direct path, the anking paths, and components mounted in the separating element. Next
follows procedures for airborne sound insulation and vibration reduction index measurements,
with a comparison between the two most commonly used standards worldwide (ISO and
ASTM). Lastly, anking sound transmission in CLT buildings and the sound reduction of
ventilation ducts are examined more thoroughly.

Chapter 3 covers the method and results for measurements and theoretical estimations of
existing theory [13, 33, 34] with a proposed transmission path model to describe the sound
reduction of ventilation ducts through walls. It demonstrates the strengths and the weaknesses
of existing theory, along with modi cations of existing theory or the development of new
equations. Both circular and rectangular ventilation ducts are covered through several types of
walls.

Chapter 4 depicts the various acoustic treatments available on ventilation ducts. Moreover,
eqguations to estimate the acoustic effect of treatments with external lagging of stone wool are
analyzed and developed for partial and complete covering of circular and rectangular ducts.
In addition, suspended ceilings and their positive effects are discussed and compared with
measurement results.

Chapter 5 focuses on airborne sound insulation measurements regarding the building

height effect in CLT buildings. Vertical airborne sound insulation measurements in four



CLT buildings with various building systems and with some number of stories in between
measurements are thoroughly investigated and compared. An initial estimation curve for the
decrease in sound insulation per story is presented. Lastly, measurement uncertainties are
discussed, and more accurate estimations are presented to account for the building height
effect during the design phase of a building.

Chapter 6 discusses the difference between beeswax and double-sided tape as mounting
techniques for attaching accelerometers to CLT elements. Additionally, the bearing direction
effect of CLT elements is discussed, and results are presented on how it in uences the vibration
reduction index of junctions.

Chapter 7 examines the building height effect with vibration reduction index measurements,
which is a more detailed analysis of the acoustic performance in the junctions compared to
Chapter 5. Again, four CLT buildings with different junction details are measured and com-
pared. Two initial estimation curves for the decrease in vibration reduction index per story are
presented, one for T-junctions and one for X-junctions. Lastly, measurement uncertainties and
the differences between vibration reduction index measurements in the eld and a laboratory
are discussed.

In the concluding chapter, Chapter 8 summarizes the primary discoveries and scienti ¢
contributions made throughout the thesis. Additionally, it offers insights into the potential

research applications in shaping the design of upcoming lightweight buildings.



CHAPTER 2
LITERATURE REVIEW

2.1 Basics of acoustics

2.1.1 Sound levels and the decibel scale

Sound is an audible vibration from the air, in liquids or solid materials [10], and sound can be
expressed with several quantities. The sound from industrial equipment are typically described
with the emitted sound power, while the sound in a room is usually described with the sound
pressure. Both the sound power and the sound pressure can be expressed in decibels. Decibel
IS a unit that represents ten times the logarithmic ratio of two quantities, the measured value
and a reference value [1]. The sound pressure level is described with Equation 2.1:

2

Lp= 10 log;y o ; 2.1)
ref

where the measured value is sound presgurand it is based on a reference sound pressure,
Pref, Of 20mPa [10]. The measured value for the sound power level is sound pewemd

the reference value B¢ = 1 pW [10]. The decibel scale is used in all building acoustic
applications to describe sound insulation. Human ears can typically hear frequencies between
20 Hz to 20 000 Hz, and the human ear interprets sound from the pressure variations in an

incoming sound wave [1, 10, 38].



2.1.2 Propagation of sound in air

Sound in air is caused by compressions and rarefractions of the air particles during wave
propagation. Longitudinal waves are formed when the air particles move back and forth in
the direction of the propagation, see Figure 2.1. The movement causes temporal variation in

sound pressure [38].

Figure 2.1: lllustration of compressions and rarefractions for a longitudinal wave. Figure from
Hopkins [38].

Two types of waves in the air are mainly described in the literature. One of them is plane
waves, which can be realized in a long hollow cylinder with rigid walls. The sound pressure
for plane waves propagating in the positive direction of x, y, and z can be described with

Equation 2.2:

p(xy,;zt) = pe kxg Tkyya ikzzeiwt; (2.2)

wherep is an arbitrary constant for the peak value &pdky, k, are the constants related to

the wavenumber [38]. Moreovex, is the angular frequency, calculated with Equation 2.3:



_ _ 2,
w=2pf= T (2.3)

whereT; is the duration of a period aniis the frequency [10].
Another commonly described wave in the air is a spherical wave, and a loudspeaker can,
for example, be modeled as a point source that generates spherical waves [38]. The sound

pressure for spherical waves propagating across a space is described with Equation 2.4:

p(rit) = Fe tkr giwt. (2.4)
wherer is the distance between a spherical wavefront and the sound source [38]. The
wavenumbelk, is dependent on the angular frequency and the speed of sound, presented in
Equation 2.5:

. (2.5)

&l=

wherel is the wavelength, illustrated in Figure 2.1. The speed of sowy)@s temperature

dependent and calculated to 343 m/s at 20 degrees Celsius [38].

2.1.3 Propagation of sound in solid mediums

A solid medium, for example, a plate, differs from uids in terms of acoustics since it can
resist shear forces. Apart from the longitudinal wave typical in both solid mediums and air,
solid mediums will also have shear waves and combinations of the two. The most important
combination of the two waves is the bending wave [10]. Both wave types, longitudinal and
shear, follow the wave equation. Equation 2.6 describes the wave equation for a plane wave

propagating in the x-direction:

Tu_ 1 9%u
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whereu is the particle velocity. The magnitude of the wave spegedijll change depending
on the type of wave. Figure 2.2 shows different waves in solid mediums from Rindel [10], and

combined waves, like the bending wave, can not be described with the wave equation [10].

Figure 2.2: Different type of waves in solid mediums. (a) Longitudinal; (b) quasilongitudinal;
(c) shear; (d) bending. Figure from Rindel [10].

The speed of sound for longitudinal waves, is for the simplest case calculated with

Equation 2.7 where E is Young's modulus anglis the density of the solid material:

s
E

lm

cL= (2.7)

In a plate or an extended solid medium, the Poisson’s ratitends to increase the bulk ratio,
and, thus, the speed of sound [10].

Bending waves occur perpendicular to both the propagation and the surface of an element,
and the motion causes sound to radiate to the surrounding air. The bending wave equation for
the x-direction is described with Equation 2.8 [10]:

1%, 1% _

B-—+m =
ﬂX4 ﬂtz

0 (2.8)

wherev is the vibration velocity perpendicular to the plate and m is the mass per unit area of
the plate. The speed of sound for bending waegsis frequency-dependent and determined

with Equation 2.9 [10]:
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Cg = P 2pf * (2.9)

whereh is the plate thickness.

2.1.4 Sound insulation of walls

An incident sound wave that encounters an in nite single-leaf wall can be re ected back to
the space, absorbed by the single-leaf wall, and transmitted through the single-leaf wall if
there is suf cient energy in the sound waves [1, 38]. Figure 2.3 from Hopkins [38] illustrates
an incident sound wave with the re ected and transmitted wave, without the absorption.

Absorption is described as the loss or dissipation of sound energy by friction to heat energy.

Figure 2.3: Incident plane wave encountering an in nite single-leaf wall. Figure from Ref.
[38].

The passage of sound through a wall is described with thedetmd transmissigrand the
sound transmitted is determined by the sound insulation of the separating element [1, 10]. The
sound transmission coef ciert, is the transmitted and incident sound power ratio. Sound
insulation is commonly described with the sound reduction inBewhich is determined by

the sound transmission coef cient according to Equation 2.10 [10, 39]:
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R= 10 log;q 1 (2.10)

The sound reduction of a single-leaf wall can be described with three different regions
following Figure 2.4 from [1]. The rst is the stiffness-controlled region, which occurs for
frequencies below the lowest resonance frequency of the single-leaf. The single-leaf can be
considered very thin and vibrate as a whole element. The sound transmission through the
single-leaf in the stiffness-controlled region is not so dependent on the mass or the damping

but the stiffness of the single-leaf [1].

Figure 2.4: Typical sketch from Hassan [1] for the sound reduction of a single-leaf partition
with different frequency regions.

The second region is controlled by the mass, which is usually in the mid-frequency range
above the resonance frequency and below the critical frequency of the single-leaf. The sound
transmission depends on the mass, and part of the region can be described with the mass law,
which is a linear increase of the sound reduction in decibels. However, the mass law only
applies to limp (low bending stiffness) and non-rigid partitions, which do not apply to common
building materials. Therefore, it should be used mainly as an approximate guide [1].

The third region is the damping region, and it is found above the critical frequency where

13



coincidence causes a dip in sound reduction. The sound transmission in this region is affected
by damping, surface density, and stiffness [1].

Two single-leaves separated by an air space, called a double-leaf wall, is more cost-
effective to reduce the sound compared to an equivalent weight single wall [1]. A common
behavior of a lightweight double-leaf wall is shown in Figure 2.5 from Rindel [10] with the

different frequency regions marked out.

Figure 2.5: Typical sketch from Rindel [10] for the sound reduction of a double leaf wall with
different frequency regions. If the leaves on each side of the cavity have the same properties,
then fcl = fCZ-

The critical frequency is de ned as when the speed of bending waves for a single-leaf
equals the speed of sound in air. The sound insulation tends to drop at the critical frequency
and is calculated for a homogeneous single-leaf with Equation 2.11 according to Hopkins
[38]:

r—— ....B
3" Ts_ B 3

= B p SRR (2.11)

wherer s is the surface density (kgAhand By is the bending stiffness per unit width for a

single-leaf (Nm). An orthotropic single-leaf has two critical frequencies in x- and y-direction
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respectively caused by the bending stiffness in the different directions following Equation

2.12:
A
’ 2p By
(2.12)
fey = C_%r E;
2p By

whereBy andBy is the bending stiffness in the x- and y-directions [40]. A simpli ed critical
frequency for an orthotropic single-leaf, the effective critical frequefagy, is calculated
following Equation 2.13 from Ref. [38]:

p—
feet = fox feys (2.13)

Resonance in a system is according to Rindel [10] de ned as a state in which any change
in excitation frequency results in a decreased response. One common resonance is the mass-
spring-mass resonanch, and it is the result of the spring effect of the gas in the cavity. It is

commonly found in double-leaf walls and is calculated following Equation 2.14:

S

Co r 1 1
fo= — - —+ = 2.14
0 2p d mp m '’ ( )

whered is the depth of the cavity anmdy andm, is the surface mass of the single-leaves on
each side of the cavity [10]. The resonance frequency is usually in lower frequencies, and
the shift from low- to high-frequency behavior of the air cavity is de ned with the cross-over

frequency,fy, following Equation 2.15 from Rindel [10]:

fg= —— (2.15)

The air cavity's behavior shifts from resembling a simple spring below the cross-over frequency

to that of a transmission channel at higher frequencies [10].
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2.2 Sound transmission paths

The sound produced in a room by a loudspeaker or another source can propagate to adjacent
rooms through more transmission paths than just the separating structure. The apparent sound
reduction indexRP(see also Section 2.3.1.3), is dependent on the total sound transmission
between roomg,° following Equation 2.16 [39]. The total sound transmission can be divided
into transmission factorsg, ts, te, ts, that describe all the transmission paths related to the

system according to Equation 2.17 from 1SO 12354-1 [39]:

RO= (10 log,q(t9);where (2.16)
3 g I\
t%= tg+ § ti+ Qtet A ts (2.17)

f=1 e=1 s=1

The indices d, f, e, and s in Equation 2.17 refer to the different transmission paths between

rooms according to Figure 2.6.

Figure 2.6: Illustration of transmission paths between two rooms. Figure from Ref. [39].

Index d is related to the direct sound transmission, e.g. the separating element (typically a
oor or a wall). Index fis related to the anking sound transmission, e.g. walls, oors, and
ceilings that are connected to the separating element. Index e is related to sound transmission

from elements mounted in the separating structure, e.g. doors and windows. Index s is related
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to the indirect airborne transmission paths, e.g. corridors, double facades, and ventilation
system that is not mounted through the separating wall). The minimum number of transmission

paths between typical rooms is 13 paths, including 1 direct and 12 anking transmission paths

[1].

2.2.1 Direct sound transmission

Direct sound transmission is the sound that propagates through the separating element between
two spaces, for example, a wall that separates two rooms described in Section 2.1.4. The
sound transmission through lightweight walls is covered in many studies with various models,
including SEA, FEM, and ML approaches.

Craik and Smith [41] developed two theories for the structural coupling between the leaves
of a lightweight double-leaf partition. One is based on a wave theory where the frame forms a
line connection, and one is based on the connection being at independent points. According
to the authors, the result agrees with measured data, and the models can be used in a SEA
model. In another paper, Craik and Smith [42] showed that a SEA model can predict sound
transmission through a lightweight wall, where different models are used depending on the
frequency range. In a later paper by Craik [43], a SEA model is shown, which can be used to
improve predictions compared with measurement data for a double leaf wall with different
cavity thicknesses.

Shen et al. [44] developed a theoretical model for a sandwich structure with a corrugated
core to predict sound transmission. They found, among other things, that structural links
reduce sound insulation. Wang et al. [45] present theoretical models of sound transmission for
double-leaf partitions, a periodic and a smeared model. When compared with measurement
data, the periodic model follows the same trend as the measurement. However, the model is
undulating.

Vibroacoustic characteristics of CLT panels were studied in Y Yang et al. [46] with a

wave and nite element method. According to the authors, the model makes it possible to
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predict the vibroacoustic characteristics of CLT panels. Qian et al. [47] at UQAC used a
stochastic process in an FE model to quantify uncertainties generated by material properties.
They found that the simulated dynamic response under 100 Hz correlated better with the
measured dynamic response of CLT and that a stochastic method can be applied to a FE model
to quantify uncertainties.

Guigou-Carter and Villot [48] formulated an analytical model for a single and double
plate with stiffeners. When the separation meets a junction, the vibrational anking path at
the boundaries is considered with a SEA model. The results show good agreement between
measured and predicted data. Furthermore, prediction with increasing spacing between the
stiffeners shows improved transmission loss in the mid-frequency range with little effect in
low frequency for a single plate. For a double plate, predictions show a clear difference with
and without stiffeners.

A master thesis by Zimmermann [49] at UQAC summarized several prediction models and
developed a mathematical program to calculate the airborne sound insulation of lightweight
walls. The program works well when compared with measurements of a single plate but
deviates more from other predictions of a double-leaf wall.

Recently, a neural network approach to predict the direct sound insulation of both
lightweight oors and facades was developed by Bader-Eddin et al. at UQAC in two ar-
ticles [50, 51] with satisfactory results. Moreover, a neural network approach was also
developed for eld measurements to predict the sound insulation in buildings with CLT as the
primary bearing structure [15].

Several other papers have studied different parameters and models to predict or understand
sound transmission through a lightweight element [52—68]. Various models mentioned pre-
viously can be used to predict direct sound transmission. One method to predict the sound
transmission is to divide the model into different sequences depending on the frequency
regions. This approach is used in many building acoustic applications. Davy et al. [69]

combined several models to predict the sound insulation of double-leaf cavity stud building
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elements with stiffer studs. Models from different authors and articles are used at different
frequency regions, which are compared with experimental results. However, the theory is

deviating from measurements for certain frequencies.

2.2.2 Components mounted in the separating element

The transmission factor for components mounted in the separating eldéestaccording to
ISO 12354-1 [39] related to the element normalized level differeDge, and presented in
Equation 2.18:

te= §+ 10 Dnelo: (2.18)

whereSs is the area of the separating element @gds the reference equivalent sound
absorption area (usually 10%(39]. A typical example of elements mounted in the separating
construction is a door or a window. The sound reduction is, in this case, a combination of the
sound insulation of the wall and the door or window mounted in it. With the assumption that
there is a diffuse sound eld, the sound reduction of the combined elements can be determined

according to Equation 2.19:

Sot _
8,5 10 R0

Reombinea= 10 10954 (2.19)

where$§, is the area of each element in the separating partition [70]. Moreover, Equation 2.19

is built up so that the sum of each subar®ashall be equal to the total arefy;.

2.2.3 Flanking sound transmission

Flanking transmission occurs when sound indirectly travels from one space to another through
connected components of the building structure. Typical anking paths in multi-family apart-
ment buildings are continuous oors between two apartments or via cavity walls, suspended

ceilings, pipe work, and ducting [1]. Twelve rst-order anking paths are usually present for
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rectangular rooms directly above each other [71]. First-order anking paths are described in
this thesis as paths that include one junction, one source surface, and one receiving surface.
Three of these anking paths, together with the direct sound transmission path (Dd), are
illustrated in Figure 2.7 from the standard ISO 12354-1 [39]. Indices F and D describe the
anking and separating element in the sending room, and indices f and d describe the anking
and separating element in the receiving room.

By following the paths in Figure 2.7, it is apparent that the transmission factor for the
separating elemerttg, is affected by contributions from other anking paths, and not just the
airborne direct sound transmission, described with Equation 2.20 [39]:

tg= tpg+ én trq: (2.20)
F=1
The transmission factots, for various anking elements consists of contributions from

mainly two types of anking transmission paths as illustrated in Figure 2.7 according to

Equation 2.21:

tf= tpr+ tFe (2.21)

The transmission factors in Equation 2.21 are related to the sound reduction index described

further in ISO 12354-1 [39].

Figure 2.7: lllustration of some anking transmission paths between two rooms. Figure from
Ref. [39].
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Flanking sound transmission paths can be estimated using the standard ISO 12354-1 [39].
The standard works well in calculating the sound transmission through various anking paths,
assuming that the velocity level difference is measured and used in calculations. However,
estimated values found in the standard do not always yield satisfactory results, as shown
by Galbrun [72]. A similar statement is mentioned by Poblet-Puig [73], who indicate that
the anking transmission model in ISO 12354 [39] can underestimate the sound reduction
index of anking paths for lightweight structures. In Galbrun [72], a SEA model is compared
with measurements, which also does not yield satisfactory results. Schoenwald [71] studied
anking sound transmission through lightweight constructions using SEA, and the model is,
according to the author, in good agreement with measurement results. However, Schoenwald
[71] mentions that the model works best for the case considered in the thesis.

In Ref. [74], a BEM prediction model calculates a lightweight structure's anking sound
transmission. Predictions are compared with the simpli ed method in ISO 12354-1 and not
actual measurements. In Bard, Sonnerup, and Sandberg [75], a lightweight structure was
modeled using FEM, and anking sound transmission was calculated and compared with
measurements. The authors in Ref. [75] state that predictions correlate suf ciently well with
measurements.

Other studies have also modeled the anking sound transmission of lightweight structures
[76-81]. In J Davy et al. [82], a prediction method named CSTB is recommended, and it takes
into account the airborne and resonant radiation ef ciencies. However, they mention that the

model needs more measurement data to be improved.

2.3 Measurement parameters of sound insulation

2.3.1 Airborne sound insulation parameters

Airborne sound insulation is a measure of how much the sound is reduced between two spaces.

This sound level differenc® according to ISO 16283-1 [83] &éfRaccording to ASTM E336
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[84], is a difference of the energy-averaged sound pressure level between the sending room,

Lp1, and the receiving roont,p,, according to Equation 2.22 from 1ISO 16283-1 [83]:

D=Ly L (2.22)

The airborne sound insulation is frequency dependent and it is typically corrected with the
reverberation time or the absorption area in the receiving room. Moreover, different standards
for measuring the sound insulation apply depending on the country and if measurements occur

in a laboratory or the eld.

2.3.1.1 Reverberation time

The reverberation timd;, in a room is de ned as the time it takes for the sound pressure level
to decay to one-millionth of the initial value, i.e., a 60 dB decay, typically dentjgdrigure

2.8 illustrates an example of a measured decay curve.

Figure 2.8: Example of a measured decay curve in a room. Figure from Hopkins [38].

Generally, a decrease of 60 dB is seldom reached for the whole frequency range. Hence, a
shorter reverberation timé&pg or T3, is used [10]. The measured time it takes for a decrease

of 20 or 30 dB is multiplied by three respectively two, to redgh The reverberation time
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depends on the measured room's volume and absorption area. For a normal rectangular room
with the sound absorption equally distributed on the surfaces, Sabine's formula can be used to

calculate the reverberation time following Equation 2.23 [10]:

T=22""7. (2.23)

2.3.1.2 In alaboratory

The airborne sound insulation is in a laboratory mainly dependent on the direct sound trans-
mission through the separating element since laboratories are designed to suppress anking
paths [85], similar to the ones presented in section 2.2.3.

Airborne sound insulation measurements in a laboratory for oors and walls are evaluated
with the sound reduction index from IS®, or transmission loss from ASTM,L [86, 87].
The principle is to account for the absorption area in the receiving room, which affects the
measured receiving sound pressure level. In Equation 2.24, the sound pressure level difference

is corrected with the absorption area and the separating partitionS{&4],

A
R= Lp]_ Lp2 10 Ioglo §

(2.24)

2.3.1.3 Inthe eld

Airborne sound insulation measurements are evaluated in the eld with usually one of two
physical quantities. One is the apparent sound reduction index fromR%ar, the apparent
transmission loss from ASTNVATL [83, 84]. The one from ISO is presented in Equation
2.24, but for the eld, the physical quantity is presented with an apostrophe to mark that the
index is for eld measurement. The other physical quantity is the standardized level difference
from ISO, Dy, or the normalized noise reduction from ASTMNR[83, 84]. The difference

in sound pressure level is instead corrected with the measured reverberatioh,tand,a

reference reverberation tim&, according to Equation 2.25 from 1SO [83]:
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2.3.2 Vibration reduction index parameters

Measurements of the vibration reduction index in the laboratory should be performed accord-
ing to ISO 10848-1 [88]. Vibrations can be measured with both acceleration and velocity.
However, the standard suggests that the acceleration level is used when measuring the struc-
tural reverberation time to avoid that signal processing could affect the decay curve. For the
vibration level difference, acceleration or velocity can be used. The averaged velocity level is

calculated according to Equation 2.26:

Rt !
ﬁ o™ VA(t) dt _

Ly = 10logq (2.26)

V% ’
wherev is the velocity level over time andg, is the reference velocity level [88]. The

vibration reduction index is calculated according to Equation 2.27:

I

. lii
Kij = Dy,j + 10log,g pL ; (2.27)

whereD,j is the direction-averaged velocity level difference, calculated according to

Equation 2.28:

— 1
Dy,ij = > Dy,j + Dyji : (2.28)

In Equation 2.28D,jj is the velocity level difference when element i is excited, B¢
is instead when element j is excited. The vibration reduction index in Equation 2.27 is also
dependent on the common junction lengtiand the equivalent sound absorption length for

each elemeng; anda;, calculated according to Equation 2.29:
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2:2 p2
8 = 4pq‘c’—T; (2.29)
Ts,j Co —

fref

where§ is the surface area of the elemeny; is the structural reverberation time of the

elementgy is the speed of sound in air, arfig; is the reference frequency [88].

2.3.3 Acoustic measurement standards — ISO and ASTM

Measurements of acoustic parameters generally follow international standards published by

ASTM or ISO. ASTM standards are commonly used in the United States and Canada, while

ISO standards are used in, for example, Europe. Table 2.1 illustrates a comparison between

ISO and ASTM acoustic standards.

Table 2.1: Comparison of ISO and ASTM acoustic measurement standards.

ISO Year Title ASTM equivalent

ISO 717-1 2020 Rating of sound insulation in buildings and of buildil§STM E413
elements. Part 1: Airborne sound insulation

ISO 10140-2 2021 Laboratory measurement of sound insulation of buildSTM E90
ing elements. Part 2: Measurement of airborne sound
insulation

ISO 10848-1 2017 Laboratory and eld measurement of anking transmisNo equivalent
sion for airborne, impact and building service equipment
sound between adjoining rooms. Part 1: Frame docu-
ment

ISO 3382-2 2008 Measurement of room acoustic parameters. Part 2: RSTM E2235
verberation time in ordinary rooms

ISO 16283-1 2014 Field measurement of sound insulation in buildings andISTM E336

of building elements. Part 1: Airborne sound insulation

The comparison focuses on the names without considering the speci c differences within

each standard. Overall, the equations in the standards are similar, but the measurement
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procedures can vary more. In some cases, ASTM standards refer to ISO standards when
an ASTM standard is not developed, for example, measurements of the vibration reduction
index (ISO 10848-1). One big difference between ISO and ASTM standards is that ISO uses
correction factors for variations in the frequency spectra along with weighted single-number

values, while ASTM considers this when the weighted single-number values are determined.

2.4 Airborne sound transmission of CLT elements

2.4.1 Cross-Laminated Timber

Wooden buildings in general and speci cally buildings with Cross-Laminated Timber (CLT)
are increasing in interest in many countries [9]. CLT is an engineered wood product made
with several layers of lumber boards that are stacked in alternating directions of 90 degrees.
CLT often consists of an odd number of layers (usually 3-7) [89]. The panels are prefabricated
before they are mounted and used in the eld, and holes for doors and windows can be cut
out with CNC routers [90]. CLT is suitable for several applications, including walls, oors,
and roofs since it is a stable, strong, and stiff product [9]. CLT also has good seismic and
thermal performance [91]. Wood has a radial and an axial system, and because of this, wood
can be observed in three main perspectives that yield more information about the wood. The
perspectives are the transverse, radial, and tangential plane of section [92]. Wood, and thereby
lumber boards, has three different moduli of elasticity depending on orientation. Therefore,
CLT panels will also have different moduli of elasticity depending on the global axis since the
boards in each layer alternate.

In terms of acoustics, a low bending stiffness or a heavy mass often results in a good
acoustic performance of a structure [93]. Because CLT is lightweight, it cannot ful Il different
acoustic requirements alone. Additionally, due to different modulus of elasticity of a CLT
panel's major and minor axis, it is suggested that CLT has two critical frequencies [94] and

the sound insulation is generally worse around the critical frequency [93]. Moreover, it is
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suggested that the two critical frequencies of a CLT panel result in not just a dip in one speci ¢
third-octave band but instead a dip between these two frequencies as a range of third-octave
bands [94]. According to Refs. [93, 95], the critical frequency of CLT elements is between 100
Hz and 500 Hz. Therefore, the mid-frequency area around 500 Hz is interesting to investigate
as well, in contrast to the low-frequency region, which is often highlighted as an important
frequency for lightweight buildings [20, 96, 97].

CLT panels have different bearing directions and, in relation to a junction, the moduli of
elasticity for CLT is different depending on the bearing direction [98]. Furthermore, CLT
panels usually have the boards on the outer layers parallel to the strongest load-bearing

direction [90], illustrated in Figure 2.9.

Figure 2.9: T-junctions of CLT elements with the bearing direction perpendicular (left) and
parallel (right) in relation to the junction [98].

Two junction types, here called X- and T-junctions, are typically used for CLT buildings

illustrated in Figure 2.10 without resilient interlayers.
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(a) X-junction (b) T-junction

Figure 2.10: Two common principle junction types for CLT elements in buildings.

2.4.2 Resilient interlayer

Resilient interlayers are often required in wooden buildings to ful Il different acoustic require-
ments, and they are usually placed between load-bearing walls and oors to limit the anking
sound transmission [11]. A type of resilient interlayer is a viscoelastic interlayer commonly
used in wooden buildings. Viscoelastic materials exhibit properties between a viscous liquid
and an elastic solid [99-101], and the behavior is frequency dependent [102]. A viscoelastic
interlayer can be modeled as a spring with a certain stiffness, and the stiffness is selected
based on a calculated load [101, 103—-105]. Figure 2.11 shows several types of viscoelastic
interlayers from various manufacturers, and the colors represent a speci c stiffness from each
manufacturer.

Craik and AG Osipov [106] found that a junction with an elastic interlayer has a frequency-
dependent transmission loss, unlike rigid junctions without interlayers where the transmission
loss is nearly independent with frequency. Measurements in Kim et al. [107] showed that the
dynamic stiffness decreases with increasing thickness of the resilient materials in a oating
oor construction. Furthermore, lower vibration-damping properties could occur if resilient

interlayers are not utilized or selected for the right load interval, according to Ref. [108]. On
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