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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.

v



TABLE OF CONTENTS

Résumé i
Abstract iii
List of Figures xvii
List of Tables xviii
List of Abbreviations Xix
List of Discriptors XX
Acknowledgements xxii
Scientific Publications xxiii
1 Introduction 1
L1 Overview . . . . . . o . e 1

1.2 Statement of the problem . . . . . . . .. ... ... oL 2

1.3 Aimsandobjectives . . . . . . . ... 4

1.4 The originality of theresearch . . . . . . ... .. ... ... .. ...... 4

1.5 Thesis outline and chapters organization . . . . . . .. ... ... ...... 5

2 Literature Review 8
2.1 Basicsofacoustics . . . .. ... ... 8
2.1.1 Sound levels and the decibel scale . . . . . .. ... ... ... ... 8

2.1.2 Propagationof soundinair . . . . . .. ... ... ... L. 9

2.1.3 Propagation of sound in solid mediums . . . . . .. ... ... ... 10

2.1.4 Soundinsulationofwalls . . . . . ... . ... ... ... ... 12

2.2 Sound transmissionpaths . . . . . . .. ..o 16
2.2.1 Direct sound transmission . . . . . . .. ... oL 17

2.2.2  Components mounted in the separating element . . . . . . . .. . .. 19

2.2.3 Flanking sound transmission . . . . . . . . . . .. ... ... ... 19

2.3 Measurement parameters of sound insulation . . . . . ... ... ... ... 21
2.3.1 Airborne sound insulation parameters . . . . . . . .. .. .. .. .. 21

2.3.2 Vibration reduction index parameters . . . . . . . .. .. .. .. .. 24



24

2.5

2.3.3 Acoustic measurement standards — ISO and ASTM . . . . ... ... 25

Airborne sound transmission of CLT elements . . . . . . . . . ... ... .. 26
2.4.1 Cross-Laminated Timber . . . . . . . . . ... ... ... ...... 26
2.4.2 Resilientinterlayer . . . . . . .. ... oo 28
2.4.3  Previous measurements of CLT structures . . . . . .. .. ... ... 30
Airborne sound reduction of ventilationducts . . . . .. ... ... ... .. 32
2.5.1 Introduction equations . . . . . . . . . ... ... 34
2.5.2 Theory accordingto Vér . . . . . ... ... ... .. 36
2.5.3 Theory accordingtoReynolds . . . . . ... ... ... ....... 43
2.5.4 Theory accordingtoLong . . . . .. ... ... .. ......... 49
2.5.5 Theory according to Cummings . . . . . . . . ... ... ...... 52
2.5.6 Theory according to Vérand Reynolds . . . . ... ... ... ... 53
2.5.7 Sound attenuation in ventilationducts . . . . . ... ... ... ... 54
2.5.8 Acoustic treatments on ventilationducts . . . . . . ... .. ... .. 54

3 Sound Reduction of Ventilation Ducts through Walls: Experimental Results and

4

Updated Models 57
Résumé . . . . . . . . e 57
Abstract . . . . . .. e 59

3.1 Introduction . . . . . . . . . . . . . . e 60

32 Theory . . . . . . 62

33 Method . . . . . . . e 65

34 MeasurementResults . . . . . . .. . . ... . 69
3.4.1 For Wall A, with a Measured Sound Reduction Index of 35dB . . . . 70
3.4.2 For Wall B, with a Measured Sound Reduction Index of 46dB . . . . 70
3.4.3 For Wall C, with a Measured Sound Reduction Index of 54dB . . . . 70
3.4.4 Existing Theory Compared to Measurement Result for Case 2 . . . . 71

3.5 Theoretical Analysis . . . . . . . . . . ... ... 73

3.5.1 Sound Reduction for Circular Ducts Based on the Proposed Theory . 75
3.5.2  Sound Reduction for Rectangular Ducts, Updates of Existing Theory

According to Measurement Result . . . . . . ... ... ... ... 77
3.5.3 Measurement Result Compared to Developed and Adapted Theories
accordingtoNilsson . . . . .. .. ... ... ... .. ... ... 80
3.6 DiscussSion . . . . . ... e e e e e e 81
377 Conclusions . . . . . . . ... e e e 85
3.8 Additional work . . . . . ... 86
Acoustical Treatments on Ventilation Ducts through Walls: Experimental Results
and Novel Models 89
Résumé . . . . . . . . 89
Abstract . . . . . . L e 91
4.1 Introduction . . . . . . . . . . . e e e e 92
4.2 Theory . . . . . . . e 95
43 Method . . .. . . . .. 99
4.4 Theoretical Models with External Lagging . . . . . ... ... ........ 102

vi



4.4.1 Theoretical Models with External Lagging for Circular Ducts . . . . 103
4.4.2 Theoretical Models with External Lagging for Rectangular Ducts . . 106

45 Results. . . . . . .. e 108
4.5.1 Measurement Results Compared to the Developed Theoretical Models 108
4.5.2 Suspended Absorbent Ceilings: Estimated Calculations . . . . . . . . 110
4.6 DiscusSion . . . . . . . .. e e e e e e 112
477 Conclusions . . . . . . . .. e e e e e e e 115
4.8 Additionalwork . . . . . . ... 116
Effects of Building Height on the Sound Transmission in Cross-Laminated Timber
Buildings — Airborne Sound Insulation 117
Résumé . . . . . . . . 117
Abstract . . . . .. L e 119
5.1 Introduction . . . . . . . . . . . e e 120
5.2 Materialsand Method . . . . . . ... ... o 123
5.2.1 Cross-laminated timber (CLT) . . . . . . ... ... ... ...... 123
5.2.2 Elastomers . . . . . . . . ... e 124
5.2.3 Projectdescription . . . . . . .. ... 125
5.24 Measurementmethod . . . . . ... ... oL 129
5.2.5 Flanking sound transmission . . . . . . . . . . .. ... ... 130
5.2.6  Measurement uncertainty . . . . . . ... ... 132
5.3 Measurement results and discussion . . . . ... ... 134
5.3.1 Results for each project and initial discussion . . . . . ... ... .. 134
5.3.2 Measurement uncertainties and variations . . . . . . .. ... .. .. 139
5.3.3 Extended discussion and analysis . . . . . . ... .. ... ... .. 141
54 Conclusions . . . . . . . . .. e e e 148
5.5 Additional work . . . . ..o 150
5.5.1 Measurement method uncertainty . . . . ... ... ... ...... 150
5.5.2 Measurementsoneachstory . . .. ... ... ... ... ...... 154
5.5.3 Improved estimation of the building heighteffect . . . . . . . .. .. 161
Mounting Technique of Accelerometers and Effect of Bearing Direction of CLT
Elements 164
Résumé . . . . . . . . e 164
Abstract . . . . ... 166
6.1 Introduction . . . . . . . . . . . .. e 167
6.2 Cross-Laminated Timber . . . . . . . .. .. ... ... .. ......... 169
6.3 Vibration ReductionIndex . . .. ... ... ... ... ... ........ 170
6.4 Measurement SEtUP . . . . . . ... oL e e 172
6.4.1 Mounting technique . . . ... ... ... ... ... ... ... 172
6.4.2 Bearing Direction . . . . . . . .. .. ... ... 173
6.5 MeasurementResults . . . . . . .. ... L L oL 175
6.5.1 Mounting Technique . . . . . .. ... ... .. ... ... ..... 176
6.5.2 Bearing Direction . . . . . . . ... ... o 177
6.6 Discussion. . . . . . ... L 179

Vil



6.7 Conclusions . . . . . . . .. s 181

7 Effects of Building Height on the Sound Transmission in Cross-Laminated Timber

Buildings — Vibration Reduction Index 183
Résumé . . . . . . . . e 183

Abstract . . . . . . e 185

7.1 Introduction . . . . . . . . . . . .. e 186
7.2 Vibration Reduction Index and Measurement Method . . . . . ... ... .. 189

7.3 Results. . . . 196
7.3.1 Evaluation of Structural Reverberation Time . . . . ... ... ... 196

7.3.2 Vibration Reduction Index Measurements . . . . . .. ... ... .. 197

T4 DISCUSSION . . . . . . v e e e e e e 199
7.4.1 Measurements Correlated withtheLoad . . . . . . .. ... ... .. 200

7.4.2 Measurements Correlated with the Number of Stories . . . . . . . .. 203

743 In-Depth Analysis . . . ... ... ... ... ... ... ..... 206

7.5 Conclusions . . . . . . . . . e e e e e 209
7.6 Additional work . . . . . . .. 210
7.6.1 Measurement method uncertainty . . . . . .. ... ... ... ... 210

7.6.2 Generalcomments . . . . ... ... ... ... 214

8 Conclusions and Future Prospects 217
8.1 Conclusions . . . . . . . . . . . e 217

8.2 Future Work . . . . . . . . e 219
Reference List 221
Appendices 241
A Appendix forChapter2 . . . . . . . . ... 241

B Appendix forChapter3 . . . . . .. .. ... ... ... 243

C Appendix for Chapter4 . . . . . . . . . ... 248

D  Appendix forChapter5 . . . . . . .. ..o 253

E Appendix for Chapter 7 . . . . . . . . . ... 255

viil



1.1
2.1

2.2

2.3

24

2.5

2.6

2.7

2.8
29

2.10
2.11
2.12
2.13

2.14

2.15
2.16

2.17
2.18

2.19
2.20

LIST OF FIGURES

[lustration of some flanking transmission paths between rooms. . . . . . . .

[lustration of compressions and rarefractions for a longitudinal wave. Figure
from Hopkins [38]. . . . . . . . . . . . .
Different type of waves in solid mediums. (a) Longitudinal; (b) quasilongitu-
dinal; (c) shear; (d) bending. Figure from Rindel [10]. . . . . . . . .. .. ..
Incident plane wave encountering an infinite single-leaf wall. Figure from Ref.

Typical sketch from Hassan [1] for the sound reduction of a single-leaf parti-
tion with different frequency regions. . . . . . . . ... ...
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 fo.;1 = fo. . . . . . . . Lo
Ilustration of transmission paths between two rooms. Figure from Ref. [39].
[llustration of some flanking transmission paths between two rooms. Figure
from Ref. [39]. . . . . . . e
Example of a measured decay curve in a room. Figure from Hopkins [38]. . .
T-junctions of CLT elements with the bearing direction perpendicular (left)
and parallel (right) in relation to the junction [98]. . . . . . . ... ... ...
Two common principle junction types for CLT elements in buildings. . . . . .
Various types of viscoelastic interlayers commonly used in wooden buildings.
Different usage of resilient interlayers in CLT buildings. . . . .. ... ...
Simplified sketch of the distribution of sound energy without (a) and with (b)
an elastomer, based on Refs. [106, 113, 115]. . . . ... .. ... ... ...
[llustration of transmission paths between two rooms with a ventilation duct
through the separation [127]. . . . . . . . .. ... ... L.
Different acoustic modes in a round duct presented in Ref. [13]. . . . .. ..
Prediction scheme, transmission loss for breakout for circular ventilation ducts
adopted from Heckl and Miiller [128] presented in Vér [13]. . . . .. . . ..
Curve for 7 in Equation 2.41 presented in Ref. [13] by Cummings [27].
Sound attenuation in straight sheet metal ducts (1 mm sheet metal thickness)
from Lindab [138]. . . . . . . . . . . . .. o
[lustration of transmission paths between two rooms with air diffusers [127].
Ilustration of transmission paths between two rooms with air diffusers from
Ref. [127]. The colored areas represent different treatment locations. . . . . .

9



3.1

3.2

33

34

3.5

3.6

3.7

3.8

39

3.10

Factors affecting the whole system of a ventilation duct through a wall. Ele-
ment 1 is the sound power in the source room. Element 2 is the transmission
loss for breakin (TL-breakin). Element 3 is the sound power in the ventilation
duct on the source room side. Element 4 describes the sound attenuation
when the sound propagates inside the ventilation duct. Element 5 is the sound
power in the ventilation duct on the receiving room side. Element 6 is the
transmission loss for breakout (TL-breakout). Element 7 is the sound power
inthereceiving room. . . . . . . . ... Lo
Pictures from the measurements of the separating reference wall: (a) The
finished mounted wall; (b) The inside of the wall with a sound reduction index
of Ryw: 54dB. . . . . .
Pictures from the measurements: (a) Cover cap for the circular duct: rubber
lining, gypsum boards and sealant around the border; (b) Cover cap for
the rectangular duct: foam lining and gypsum boards; (c) Foam lining for
rectangular duct; (d) Rubber lining connector for circular duct, NPU [151].
Pictures from the measurements in one of the rooms: (a) Circular 315 mm
duct, treatment as case 2; (b) Circular 630 mm duct, treatment according to
case 4, stone wool at a length of 600 mm; (c) Rectangular duct, 700 x 250
mm, treatment according to case 4, stone wool at a length of 1800 mm; (d)
Circular 630 mm duct, treatment according to case 4, stone wool at a full
lengthof 3000 mm. . . . . ... ... ... .. ...
Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter
315 mm, through wall C, with a measured weighted sound reduction index of
Rw54dB. . . . .
Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter
630 mm, through wall C, with a measured weighted sound reduction index of

Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a rectangular ventilation duct, 700 x
250 mm, through wall C, with a measured weighted sound reduction index of

Sound attenuation in straight sheet metal ventilation ducts per meter from
Lindab with 1 mm thickness for different shapes and dimensions [138].
Theoretical analysis with the proposed theory, Nilsson (2021). Configurations
for ducts of dimensions @315, @630 and 700x250 mm through wall C (sound
reductionindex Ry, 54dB). . . . . . . . . . ...
Existing theories that are multiplied with a factor to fit more accurately com-
pared to measurement data. Setup with a circular ventilation duct, diameter
315 mm, through wall C, with a measured weighted sound reduction index of

66

67



3.11 Existing theories that are multiplied with a factor to fit more accurately com-
pared to measurement data. Setup with a circular ventilation duct, diameter
315 mm, through wall C, with a measured weighted sound reduction index of

3.12 Existing theories that are multiplied with a factor to fit more accurately com-
pared to measurement data. Setup with a circular ventilation duct, 700 x 250
mm, through wall C, with a measured weighted sound reduction index of Ry,

4.1 Illustration model of how sound travels from the sending room to the receiving
room if only the surface area affects the sound transmission. . . . . . . . ..
4.2 Illustration model of how sound travels from the sending room to the receiving
room if the surface area and air diffusers affects the sound transmission. . . .
4.3 Illustration model of how sound travels from the sending room to the receiving
room if the surface area and air diffusers affects the sound transmission. Two
areas on the ventilation duct in the sending room are marked with blue and
green colors together with the letters a and b that describe different areas for
acoustical treatments. . . . . . ... ..o
4.4  Pictures from the measurements in Ref. [35]: (a) The finished mounted wall;
(b) Foam lining for rectangular duct; (c) Cover cap for the circular duct: rubber
lining, gypsum boards and sealant around the border; (d) Cover cap for the
rectangular duct: foam lining and gypsum boards. . . . . . . . ... ... ..
4.5 Pictures from the measurements in Ref. [35] in one of the rooms: (a) Circular
630 mm duct, treatment according to case 3; (b) Circular 630 mm duct,
treatment according to case 5; (c) Circular 315 mm duct, treatment according
to case 4; (d) Rectangular duct, 700 x 250 mm, treatment according to case 4.
4.6 Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with @315 mm through wall C with a sound
reduction index of Ry, = 54 dB. External lagging is mounted at partial lengths
of 0.6—1.8 m (Treatment 1-3) and full length (Treatment 4) with 50 mm stone
wool, density of 100 kg/m3, closesttothewall. . . .. ... ... .. ....
4.7 Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with @630 mm through wall C with a sound
reduction index of Ry, = 54 dB. External lagging is mounted at partial lengths
of 0.6-1.8 m (Treatment 1-3) and full length (Treatment 4 and 5) with 50 mm
and 100 mm stone wool, density of 100 kg/m3, closesttothe wall. . . . . ..
4.8 Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with dimension: 700 x 250 mm through wall C
with a sound reduction index of Ry, = 54 dB. External lagging is mounted at
partial lengths of 0.6—1.8 m (Treatment 1-3) and full length (Treatment 4 and
5) with 50 mm and 100 mm stone wool, density of 100 kg/m3, closest to the

4.9 Estimated theory with a suspended absorbent ceiling, Ceiling A, as acoustical
treatment. Ventilation duct with dimensions of @315, @630 and 700 x 250
mm through wall C with a sound reduction index of Ry, =54dB. . . . . . ..

102

X1



4.10

5.1
5.2

53

54

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

5.16

Estimated theory with a suspended absorbent ceiling, Ceiling B, as acoustical
treatment. Ventilation duct with dimensions of @315, @630 and 700 x 250
mm through wall C with a sound reduction index of Ry, =54dB. . . . . . .. 112

Junction with cross-laminated timber and elastomers as viscoelastic interlayers. 124
Viscoelastic interlayers from different manufacturers in a building (left) and
as samples (right). . . . . . . . ... 125
Overview of the construction, different layers, and viscoelastic interlayers used
in project A — building 2. For project A — building 1, viscoelastic interlayers
under the CLT walls are removed. Yellow color is chosen for insulation, red
and orange colors are selected for the viscoelastic interlayers. . . . . . . . .. 127
Overview of the construction, different layers, and the viscoelastic interlayer
used in project B. Yellow color is chosen for insulation, and orange color is
selected for the viscoelastic interlayer. . . . . . .. ... ... ... ..... 128
Overview of the construction, different layers, and the viscoelastic interlayer
used in project C. Yellow color is chosen for insulation, and orange color is

selected for the viscoelastic interlayer. . . . . . . .. ... ... ... .... 128
[lustration where measurements took place on different stories for each project
and building. . . . . ... 129

Illustration of different sound transmission paths including both the direct
sound transmission path and 6 first-order flanking sound transmission paths. . 131
Difference in vertical airborne sound insulation between rooms situated in
high and low stories for project A, building 1 without viscoelastic interlayers
inthejunctions. . . . . . . . . . ... 135
Difference in vertical airborne sound insulation between rooms situated in
high and low stories for project A, building 2 with viscoelastic interlayers in
the junctions. . . . . . . . ... 136
Difference in vertical airborne sound insulation between rooms situated in
high and low stories for project B with viscoelastic interlayers in the junctions. 137
Difference in vertical airborne sound insulation between rooms situated in
high and low stories for project C with viscoelastic interlayers in the junctions. 138
Mean values of the difference in vertical airborne sound insulation between
high and low stories for each building and project. . . . . . . ... ... ... 142
Mean values of the difference in vertical airborne sound insulation between
high and low stories, per story, for each building and project. Moreover, the
overall mean value curve is shown with modifications between 125 and 200
Hz. Alongside the diagram is a table with rounded values for the modified
mean value curve with the difference between high and low stories, per story. 143

Mean values of the difference in airborne sound insulation between high and
low stories, with a difference of 5 stories, for building 1 and 2 in project A. . 145
Vertical airborne sound insulation measurements, measured a total of 10 times
between the same apartments. . . . . . . . . .. ... L. 151
Relative differences for measurements between the same rooms. Meas.4 is
usedasareference. . . . . . . . ... ... e 151

Xii



5.17

5.18

5.19

5.20

5.21
5.22
5.23
5.24
5.25
5.26

5.27

5.28

6.1

6.2

6.3

6.4

6.5

6.6

6.7

Standard deviation of the measurement method, vertical airborne sound insu-

lation. . . . . .. 152
Standard deviation of the measurement method, difference in vertical airborne
sound insulation. . . . . ... oL 153
Standard deviation of the measurement method, difference in vertical airborne
sound insulation per Story. . . . . . .. .. ... e 154
An illustration where measurement occurred in the project similar to building
A where the vertical airborne sound insulation was measured on each story
with CLT. . . . .. e 155
Relative vertical airborne sound insulation differences between measurements
in the bedrooms at the highest story compared to the other stories. . . . . . . 157
Relative vertical airborne sound insulation differences between measurements
in the living rooms at the highest story compared to the other stories. . . . . . 157
Relative vertical airborne sound insulation differences between measurements
at the lowest story compared to the other stories. . . . . . . . ... ... ... 159
Vertical airborne sound insulation differences per story in the bedroom. . . . 160
Vertical airborne sound insulation differences per story in the living room. . . 161
Differences in vertical airborne sound insulation per story for each measure-
MENEPAIL. . . . v o v v e ot e e e e e e e e e e e e e e 162

Mean values per story for both the estimation curve along with several standard
deviations (SD) regarding the measurement spread of the measurement pair,
the measurement method, and both of them combined. . . . . . . .. . ... 162
Estimations of the decrease in sound insulation per story lower down the
building with various effects of flanking. Values are presented in Table D2. . 163

T-junctions of CLT elements with two different bearing directions. To the
left: Bearing direction perpendicular to the junction. To the right: Bearing

direction parallel to the junction. . . . . . .. .. ... ... Lo 170
Measurement setuponthe CLT wall. . . . . . ... .. .. ... ....... 172
Pictures on the CLT wall in the field: (a) Receiving accelerometers at position

I; (b) Receiving accelerometers at position 3. . . . . . . . ... ... .... 173

Plan drawing of two measured junctions in one apartment with different
bearing directions. The bearing direction of the floor is parallel in relation to
junction 1 and perpendicular in relation to junction 2. . . . . . .. ... ... 174
Pictures on the two measured junction types in the field: (a) Accelerometers
placed on the receiving element for junction type 1; (b) Measurement setup; (c)
Accelerometers placed on the source element for junction type 2; (d) Close-up

on the used impact hammer. . . . . . . . ... ... ... Lo 175
The impact of bearing direction and mounting technique for positions 1-3 on
the CLT wall (see Figure 6.2). . . . . . .. ... ... ... ... ...... 176
The difference in mounting techniques with beeswax and double-sided tape
for positions 1-3 on the CLT wall, according to Figure 6.2. . . . . .. .. .. 177

Xiil



6.8

7.1

7.2

7.3

7.4

7.5

7.6

1.7

7.8

7.9

Difference of bearing directions in relation to junctions. The left y-axis
describes the velocity level difference with the two tested mounting techniques
(yellow and red lines). The right y-axis describes the vibration reduction
index difference between two junctions (grey and black curves) with different
bearing directions in relation to the junction (perpendicular and parallel). . . .

Overview of the number of stories for each project and where measurements
took place at high and low stories. . . . . .. ... ... ... ........
Measurement pictures of the equipment: (a) impact hammer with tough tip;
(b) accelerometer mounted with double-sided tape. . . . . . . .. ... ...
Measurement pictures of the different junction details. (a) Junction detail for
project A with a 6 mm viscoelastic interlayer between CLT wall and floor
and no interlayers between bracket and CLT elements. (b) Junction detail for
project B with a 25 mm viscoelastic interlayer between CLT wall and floor
and a thin resilient interlayer between bracket and CLT elements. (c) Junction
detail for project C with a 12 mm viscoelastic interlayer between CLT wall
and floor and a 6 mm resilient interlayer between bracket and CLT-elements.
(d) Junction detail for project A with no interlayers in the vertical junctions.
Difference in structural reverberation time of floors in project C when an
impact hammer was struck from under (ceiling) and above (floor). Dashed
curves represent the floor at the higher story, and solid lines represent the floor
atthe lowerstory. . . . . . . . . . . L
Difference in vibration reduction index for the Wall-Wall path between apart-
ments situated at high and low stories for four different projects. Dashed
curves represent T-junctions (facades), and solid lines represent X-junctions
(interior walls). . . . . . . . . . . e
Difference in vibration reduction index for the Wall-Ceiling path between
apartments situated at high and low stories for four different projects. Dashed
curves represent T-junctions (facades), and solid lines represent X-junctions
(interior walls). . . . . . . . . . e
Difference in vibration reduction index for the Wall-Floor path between
apartments situated at high and low stories for four different projects. Dashed
curves represent T-junctions (facades), and solid lines represent X-junctions
(interior walls). . . . . . . . . . e
Difference in vibration reduction index for the Wall-Wall path, correlated with
the load according to Equation 7.4, between apartments situated at high and
low stories for four different projects. Dashed curves represent T-junctions
(facades), and solid lines represent X-junctions (interior walls). Black curves
represent mean value prediction curves. . . . . . . ... ... L.
Difference in vibration reduction index for the Wall-Ceiling path, correlated
with the load according to Equation 7.4, between apartments situated at high
and low stories for four different projects. Dashed curves represent T-junctions
(facades), and solid lines represent X-junctions (interior walls). . . . . . . . .

. 195

196

Xiv



7.10

7.11

7.12

7.13

7.14
7.15

7.16
7.17

7.18

7.19

7.20

7.21

Bl

B2

Difference in vibration reduction index for the Wall-Floor path, correlated
with the load according to Equation 7.4, between apartments situated at high
and low stories for four different projects. Dashed curves represent T-junctions
(facades), and solid lines represent X-junctions (interior walls). . . . . . . . . 202
Difference in vibration reduction index for the Wall-Wall path, correlated with
the number of stories according to Equation 7.5, between apartments situated
at high and low stories for four different projects. Dashed curves represent
T-junctions (facades), and solid lines represent X-junctions (interior walls).
Black curves represent mean value prediction curves. . . . . . . . ... ... 204
Difference in vibration reduction index for the Wall-Ceiling path, correlated
with the number of stories according to Equation 7.5, between apartments
situated at high and low stories for four different projects. Dashed curves
represent T-junctions (facades), and solid lines represent X-junctions (interior

Difference in vibration reduction index for the Wall-Floor path, correlated
with the number of stories according to Equation 7.5, between apartments
situated at high and low stories for four different projects. Dashed curves
represent T-junctions (facades), and solid lines represent X-junctions (interior
walls). . . . e 205
Velocity level difference measurements, measured a total of 6 times in a junction.211
Relative differences for measurements between the same junction transmission
path. Meas.5isusedasareference.. . . . . . . .. ... ... ........ 211

Standard deviation of the measurement method with the velocity level difference.212
Standard deviation of the measurement method with the velocity level differ-
ENCE IWICE. . . . . . i i i e 213
Standard deviation of the measurement method with the velocity level differ-
ENCE PET STOTY. © « v v v v o i e e e e e e e e e e e e e e e e e e 214

Estimations of the decrease in vibration reduction index per story lower down
the building for the wall-wall path, plus and minus one standard deviation of
the measurement method. Values are presented in Table E2. . . . . . . . . .. 215
Estimations of the decrease in vibration reduction index per story lower down
the building for the wall-floor path, plus and minus one standard deviation of
the measurement method. Values are presented in Table E3. . . . . . . . . .. 216
Estimations of the decrease in vibration reduction index per story lower down
the building for the wall-ceiling path, plus and minus one standard deviation
of the measurement method. Values are presented in Table E4. . . . . . . . . 216

Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter
315 mm, through wall A, with a measured weighted sound reduction index of
Ryw:35dB. . . . o 243
Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter
315 mm, through wall B, with a measured weighted sound reduction index of
Ry:46dB. . . . . . 244

XV



B3

B4

B5

B6

B7

B8

Cl

C2

C3

C4

Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter
630 mm, through wall A, with a measured weighted sound reduction index of
Rw:35dB. . . . e
Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter
630 mm, through wall B, with a measured weighted sound reduction index of
Ryw:46dB. . . . . . e
Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a rectangular ventilation duct, 700 x
250 mm, through wall A, with a measured weighted sound reduction index of
Ryw:35dB. . . . e
Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a rectangular ventilation duct, 700 x
250 mm, through wall B, with a measured weighted sound reduction index of
Rw:46dB. . . .
Theoretical analysis with the proposed theory, Nilsson (2021). Configurations
for ducts of dimensions @315, @630 and 700x250 mm through wall A (sound
reductionindex Ry 35dB). . . . . . . . . . ... o
Theoretical analysis with the proposed theory, Nilsson (2021). Configurations
for ducts of dimensions @315, @630 and 700x250 mm through wall B (sound
reductionindex Ry, 46dB). . . . . . . . . . ...
Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with @315 mm through wall A with a sound
reduction index of Ry, = 35 dB. External lagging is mounted at a partial length
of 0.6 m (Treatment 1) with 50 mm stone wool, density of 100 kg/m?, closest
tothewall. . . . . .. ..
Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with @315 mm through wall B with a sound
reduction index of Ry, = 46 dB. External lagging is mounted at partial lengths
of 0.6-1.2 m (Treatment 1 and 2) with 50 mm stone wool, density of 100
kg/m3, closesttothewall. . . . . . . . . . . . ... ... ...
Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with @315 mm through wall A with a sound
reduction index of Ry, = 35 dB. External lagging is mounted at partial lengths
of 0.6-1.2 m (Treatment 1 and 2) with 50 mm stone wool, density of 100
kg/m3, closesttothewall. . . . . . . . . . . . . . ... ...
Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with @315 mm through wall B with a sound
reduction index of Ry, = 46 dB. External lagging is mounted at partial lengths
of 0.6-1.8 m (Treatment 1-3) and full length (Treatment 4) with 50 mm stone
wool, density of 100 kg/m3, closesttothewall. . .. .. ... ... .....

XVi



G5

Co

C7

El
E2

Theoretical models compared to measurements with external lagging as acous-
tic treatment. Ventilation duct with dimension: 700 x 250 mm through wall B
with a sound reduction index of Ry, = 46 dB. External lagging is mounted at
partial lengths of 0.6—1.8 m (Treatment 1-3) with 50 mm stone wool, density
of 100 kg/m3, closesttothewall. . . . . ... ... .. ... .. .......
Estimated theory with a suspended absorbent ceiling, Ceiling A, as acoustical
treatment. Ventilation duct with dimensions of @315, @630 and 700 x 250
mm through wall B with a sound reduction index of Ry, =46dB. . . . . . . .
Estimated theory with a suspended absorbent ceiling, Ceiling B, as acoustical
treatment. Ventilation duct with dimensions of @315, #630 and 700 x 250
mm through wall B with a sound reduction index of Ry, =46dB. . . . . . ..
Data for the mean predicted values in Figure 7.8 and Figure 7.11. . . . . . . .
Statistical analysis of the correlation with load and number of stories for both
X-junctions and T-junctions. Both RMSE and MAE are evaluated for the
Wall-Wallpath. . . . ... ... .

XVvil



2.1

3.1

4.1

5.1

5.2

Al
A2
A3
B1
Cl
C2

D1

D2

El

E2

E3

E4

LIST OF TABLES

Comparison of ISO and ASTM acoustic measurement standards. . . . . . . .

Factors that should be used depending on whether the Imperial or the SI
systemisused. . . ... ... e

Weighted sound reduction indices for different treatment configurations. . . .

Weighted airborne sound insulation differences [dB] per story in the living
room. Reference values are used on stories 10-11 and positive values represent
a decrease in sound insulation lower down the building. . . . . . . .. .. ..
Weighted airborne sound insulation differences [dB] per story in the bedroom.
Reference values are used on stories 10-11 and positive values represent a
decrease in sound insulation lower down the building. . . . . . . ... .. ..

Units for different variables used in the theory adapted from Vér [13].
Units for different variables used in the theory adapted from Reynolds [33].
Units for different variables used in the theory adapted from Long [34].
Units for different variables. . . . . . . .. ... ... ... ... ...
Units for different variables. . . . . . .. ... ... .. ... .. ......
Calculated frequency values depending on the size and shape of the ventilation

Estimations and values for the standard deviations (SD) in Figure 5.27. . . .
Estimations of the decrease in sound insulation per story lower down the
building with various effects of flanking. Values from Figure 5.28. . . . . . .
Data for the resilient interlayers used in measured vertical junctions for the
different projects between CLT elements. Project A uses a mixed cellular
polyether urethane; projects B and C use a mixed cellular polyurethane.
Estimations of the decrease in vibration reduction index per story for the wall-
wall path, an for X- and T-junctions, plus and minus one standard deviation of
the measurement method (SD) from Figure 7.19. . . . . ... ... ... ..
Estimations of the decrease in vibration reduction index per story for the
wall-floor path, plus and minus one standard deviation of the measurement
method (SD) from Figure 7.20. . . . . . . . .. .. ... ... ...
Estimations of the decrease in vibration reduction index per story for the
wall-ceiling path, plus and minus one standard deviation of the measurement
method (SD) from Figure 7.21. . . . . . . .. ... ..o

116

156

156

. 241
. 242
. 242

247
252

252

. 253

254

. 257



LIST OF ABBREVIATIONS

ANN Artificial Neural Networks

ASHRAE American Society of Heating, Refrigerating and
Air-Conditioning Engineers

ASTM American Society for Testing and Materials
BEM Boundary Element Method

CLT Cross-Laminated Timber

FE Finite Element

FEM Finite Element Method

Glulam Glued-laminated timber

HVAC Heating, Ventilation, and Air Conditioning
ISO International Organization for Standardization
LVL Laminated veneer lumber

ML Machine Learning

RME Root Mean Square

RMSE Root Mean Square Error

SD Standard Deviation

SEA Statistical Energy Analysis

Std Dev Standard Deviation



LIST OF DISCRIPTORS

Symbol Description SI-unit
A Absorption area m?
Ao Surface area factor m?>
A; Cross-section area factor m?>
AR Room constant m?
ATL Apparent transmission loss dB
a Longest dimension of rectangular duct’s cross section m
a; Absorption length for element i m
a; Absorption length for element | m
b Shortest dimension of rectangular duct’s cross section m
C Sound attenuation factor dB
Co Correction factor for duct type Constant
o Speed of sound in air m/s
crL Speed of sound in solid mediums m/s
CAC Ceiling attenuation class dB
Dur Standardized level difference dB
Dycw Weighted normalized sound level difference for ceilings dB
Dy Sound pressure insulation (reciprocity method) dB
Dyj; Velocity level difference, element i excited dB
Dy Velocity level difference, element j excited dB
Dyj; Direction-averaged velocity level difference dB
d Diameter m
E Modulus of elasticity Pa
f Frequency Hz
fo Resonance frequency Hz
fi Cut-off frequency Hz
fe Critical frequency Hz
fa Cross-over frequency, double leaf construction Hz
fe Cut-off frequency factor Hz
L Cross-over frequency, rectangular ventilation duct Hz
Ir Ring frequency Hz
Sref Reference frequency Hz
K;; Vibration reduction index dB

1



Symbol  Description SI-unit
L Length of the duct m

Ly Sound level in the sending room dB

Ly Sound level in the receiving room dB

L, Velocity level dB
Lyyrap Length of the external lagging coverage m

M uct Surface area of the duct m?
Myrap Surface area of the duct that is wrapped m?>

NR Noise reduction dB
NNR Normalized noise reduction dB

P Perimeter of the duct m
PWIL,; Sound power level inside a duct, sending room side ~ dB
PWLy,:  Breakout sound power level radiated by a duct dB
PWL;, Sound power level in a duct where it leaves the room dB

PW Linc Sound power level on the outside of a duct dB

0 Directivity factor Constant
q0 Mass per unit area of the duct kg/m?
Gwrap Mass per unit area of the external lagging kg/m?
r Distance from the line source to the receiver m
R&R Sound reduction dB
Rauct Sound reduction of the ventilation duct dB

Ry & R, Weighted sound reduction dB
Ryan Sound reduction of the separating construction dB
Ryrap Sound reduction of the external lagging dB

S Cross-section area of the duct m?

Stot Total area of several combined subareas m?>
Swall Separating area of the wall m?>
STC Sound transmission class dB

T Reverberation time S

Ty Reference reverberation time S

T Structural reverberation time S

TL Sound transmission loss dB

T Loyt Transmission loss for break out dB
TLi, Transmission loss for break in dB

t Thickness of the duct material m

P Density kg/m>
0] Radian frequency degree/s
ALy Sound attenuation per unit length dB

T Transmission factor Constant

XX1



ACKNOWLEDGEMENTS

I want to express my gratitude to my supervisor Prof. Sylvain Ménard and my co-supervisor Dr.
Delphine Bard. Without your encouragement, interest, and guidance; this dissertation would
never have been completed. I would like to express my appreciation to Dr. Nikolaos-Georgios
Vardaxis for his guidance and involvement in the first two journal articles. I also want to extend
my gratitude to Dr. Klas Hagberg for providing me with measurement equipment, access
to all the building sites, and for the constructive discussions regarding acoustic in wooden
constructions. Many thanks as well to Dr. Rikard Oqvist for interesting discussions and helpful
insights. I would also like to thank the members of the jury: Prof. Duygu Kocaefe, Prof. Jean
Perron, Prof. Orjan Johansson and Dr. Joonhee Lee for their guidance and evaluation of my
thesis.

I would like to give special thanks to Dr. Bader Eddin for the time I spent in Chicoutimi,
for the time we spent together at the different conferences and for our valuable discussions. |
also like to thank my colleagues in our research team and specifically Mohamad and Marie-
Laure. I am also very thankful to my friends in Sweden for their continuous support and
encouragement.

To my family, thank you for your everlasting support and love during my doctoral studies.
To my love, thank you for encouraging me to pursue doctoral studies, for putting up with me
working on the articles and the thesis for hours on end, and for your continuous support along
the way.

Thank you all!



SCIENTIFIC PUBLICATIONS

Peer-reviewed journal articles

Nilsson, E.; Ménard, S.; Bard, D.; Hagberg, K. Effects of building height on the sound
transmission in cross-laminated timber buildings — Vibration reduction index. Buildings 2023,
13(12). DOI: 10.3390/buildings13122943.

Nilsson, E.; Ménard, S.; Bard, D.; Hagberg, K. Effects of building height on the sound
transmission in cross-laminated timber buildings — Airborne sound insulation. Building and
Environment 2023, 229. DOI: 10.1016/j.buildenv.2023.109985.

Nilsson, E.; Ménard, S.; Bard Hagberg, D.; Vardaxis, N.-G. Acoustical Treatments on Ven-
tilation Ducts through Walls: Experimental Results and Novel Models. Acoustics 2022, 4,
276-296. DOI: 10.3390/acoustics4010017.

Nilsson, E.; Vardaxis, N.-G.; Ménard, S.; Bard Hagberg, D. Sound Reduction of Ventilation
Ducts through Walls: Experimental Results and Updated Models. Acoustics 2021, 3, 695-716.
DOI: 10.3390/acoustics3040044.

Conference papers

Nilsson, E.; Ménard, S.; Bard, D. Airborne Sound Transmission in Cross-Laminated Timber
Buildings: The Influence of Building Height. In proceedings of Acoustics Week in Canada
2023, September 2023. Available from: jcaa.caa-aca.ca/index.php/jcaa/issue

/view/302 (accessed 2024-02-10).

Nilsson, E.; Ménard, S.; Bard, D.; Hagberg, K. Effect of Bearing Direction and Mounting
Techniques on Cross-Laminated Timber Elements in the Field. In proceedings of the 51st
International Congress and Exposition on Noise Control Engineering (Inter-Noise), 21-24
August 2022. DOI: 10.3397/IN_2022_0274.


https://doi.org/10.3390/buildings13122943
https://doi.org/10.1016/j.buildenv.2023.109985
https://doi.org/10.3390/acoustics4010017
https://doi.org/10.3390/acoustics3040044
https://jcaa.caa-aca.ca/index.php/jcaa/issue/view/302
https://jcaa.caa-aca.ca/index.php/jcaa/issue/view/302
https://doi.org/10.3397/IN_2022_0274

CHAPTER 1
INTRODUCTION

1.1 Overview

Acoustics in sustainable building design significantly influences 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 CO, 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 specifically 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 first in mind is the direct path, which is the path that is directly between two spaces,



usually a wall or a floor. 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 floor, 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 flanking transmission paths.
Flanking transmission takes place when sound indirectly travels from one space to another
through connected components of the building structure. A typical flanking path in a multi-
family apartment building is a continuous floor or continuous wall between two apartments.
Other common flanking paths are via cavity walls, suspended ceilings, pipe work, and ducting

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

1. Flanking sound transmission via walls
2. Flanking sound transmission via ductwork
3. Flanking sound transmission via the floor and ceiling

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

1.2 Statement of the problem

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

measurements between rooms with similar construction details [12]. Parameters affecting
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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 flanking
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 offices 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 to Forssén et al.
[11], prediction models need to be developed to account for flanking sound transmission in
lightweight buildings. Bader Eddin et al. [15] developed an ANN (Artificial Neural Networks)
model to predict airborne and impact sound insulation in the field 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 influence
the flanking airborne sound insulation in lightweight buildings, based on laboratory and
field measurement data. Since numerous parameters affect flanking 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 flanking airborne sound transmission in erected CLT buildings.

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

effect, if they influence 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 influencing flanking 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 flanking
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 sufficiently 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 flanking airborne
sound insulation, this thesis seeks to enhance our understanding of sound transmission in

lightweight buildings and contribute valuable insights to the field 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 (resumé) summarizing the main
findings and is followed by scientific 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 influence the flanking airborne sound insulation in lightweight buildings.
In addition, the originality of the research is discussed.

Chapter 2 first 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 flanking 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, flanking 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 modifications 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,
equations 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 influences 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 field and a laboratory
are discussed.

In the concluding chapter, Chapter 8 summarizes the primary discoveries and scientific
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:

p2
Lp = 10'10g10 (T) y (21)
p

ref

where the measured value is sound pressure, p, and it is based on a reference sound pressure,
Drefs Of 20 uPa [10]. The measured value for the sound power level is sound power, P,,, and
the reference value is P.f = 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].
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2.1.2 Propagation of sound

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].

Propagation direction

Wavelength, A

Figure 2.1: Illustration 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:

(2.2)
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where p is an arbitrary constant for the peak value and k,, ky, k, are the constants related to

the wavenumber [38]. Moreover, o is the angular frequency, calculated with Equation 2.3:
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where T is the duration of a period and f is 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:

plrt) = Letreior, 24

where r is the distance between a spherical wavefront and the sound source [38]. The
wavenumber, &, is dependent on the angular frequency and the speed of sound, presented in
Equation 2.5:

o 2

k:—:—
co /17

(2.5)
where A is the wavelength, illustrated in Figure 2.1. The speed of sound, ¢y, is 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 fluids 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:

o= (2.6)
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where u is the particle velocity. The magnitude of the wave speed, ¢, will 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].

@ A

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, ¢y, is for the simplest case calculated with

Equation 2.7 where E is Young’s modulus and p,, is the density of the solid material:

E
=, —. 2.7
cL =/ o (2.7)

In a plate or an extended solid medium, the Poisson’s ratio, i, tends 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]:

%y 9%

B._ — =
+m 52

- 0, (2.8)

where v 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 waves, ¢, 1s frequency-dependent and determined

with Equation 2.9 [10]:

11



B \ ER2
cg=\/21f o () (2.9)

where £ is the plate thickness.

2.1.4 Sound insulation of walls

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

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

Reflected wave Transmitted wave

Incident wave

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

The passage of sound through a wall is described with the term sound transmission, and the
sound transmitted is determined by the sound insulation of the separating element [1, 10]. The
sound transmission coefficient, 7, is the transmitted and incident sound power ratio. Sound
insulation is commonly described with the sound reduction index, R, which is determined by

the sound transmission coefficient according to Equation 2.10 [10, 39]:

12
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The sound reduction of a single-leaf wall can be described with three different regions
following Figure 2.4 from [1]. The first 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].

Region I (stiffness Region II

Region III

controlled) P (mass controlled) " (dfrlnping

Lower stiffusgy R;;onance region Mass law ] controlled)
region P g >

< P< P«

1

Coincidence region

Sound reduction index (dB)

~—

Frequency (Hz)

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.

A

R (dB)

v

Jo Ja fu fcg

Frequency

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 = ch-

The critical frequency is defined 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]:

/ps /3ps 1_ (2.11)

where py is the surface density (kg/mz) and B, 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

for = < [ps
“* 21\l B,
foy = i Ps
“ " 2rm\ By

where B, and By, is the bending stiffness in the x- and y-directions [40]. A simplified critical

2.12:

(2.12)

frequency for an orthotropic single-leaf, the effective critical frequency f. eff, 1s calculated

following Equation 2.13 from Ref. [38]:

fc.,eff =V fc,x : fc,y, (2.13)

Resonance in a system is according to Rindel [10] defined as a state in which any change
in excitation frequency results in a decreased response. One common resonance is the mass-
spring-mass resonance, fo, 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:

Y d\m m
where d is the depth of the cavity and m; and m; 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 defined with the cross-over

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

c

fd:%-

(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 index, R’ (see also Section 2.3.1.3), is dependent on the total sound transmission
between rooms, 7', following Equation 2.16 [39]. The total sound transmission can be divided
into transmission factors, 7y, Tf, Te, Ts, that describe all the transmission paths related to the

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

R = —(10-log,(7')), where (2.16)
n m k

=1+ ) o5+ %t ) % (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
floor or a wall). Index f is related to the flanking sound transmission, e.g. walls, floors, 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 flanking 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 finite 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 flanking 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 floors 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 field 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 element, 7., is according to
ISO 12354-1 [39] related to the element normalized level difference, D, ¢, and presented in
Equation 2.18:

Ao

To = =2 4 10 DPne/10, (2.18)
Ss

where Sg is the area of the separating element and A, is the reference equivalent sound
absorption area (usually 10 m?) [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 field, the sound reduction of the combined elements can be determined

according to Equation 2.19:

S
Rcombined = 10-1og; (Z S, lt(())t—Rn/lo) ) (2.19)
n

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

is built up so that the sum of each subarea, S, shall be equal to the total area, S;,;.

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 flanking paths in multi-family apart-
ment buildings are continuous floors between two apartments or via cavity walls, suspended

ceilings, pipe work, and ducting [1]. Twelve first-order flanking paths are usually present for
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rectangular rooms directly above each other [71]. First-order flanking paths are described in
this thesis as paths that include one junction, one source surface, and one receiving surface.
Three of these flanking 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
flanking and separating element in the sending room, and indices f and d describe the flanking
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 element, 74, is affected by contributions from other flanking paths, and not just the

airborne direct sound transmission, described with Equation 2.20 [39]:

n
Td = Tpd + Z TFd - (2.20)
F=1

The transmission factor, 7, for various flanking elements consists of contributions from
mainly two types of flanking transmission paths as illustrated in Figure 2.7 according to

Equation 2.21:

T = Tpr + Tpf- 2.21)

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

further in ISO 12354-1 [39].

.
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Figure 2.7: Illustration of some flanking 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 flanking 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 flanking transmission model in ISO 12354 [39] can underestimate the sound reduction
index of flanking paths for lightweight structures. In Galbrun [72], a SEA model is compared
with measurements, which also does not yield satisfactory results. Schoenwald [71] studied
flanking 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 flanking sound
transmission. Predictions are compared with the simplified method in ISO 12354-1 and not
actual measurements. In Bard, Sonnerup, and Sandberg [75], a lightweight structure was
modeled using FEM, and flanking sound transmission was calculated and compared with
measurements. The authors in Ref. [75] state that predictions correlate sufficiently well with
measurements.

Other studies have also modeled the flanking 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 efficiencies. 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 difference, D according to ISO 16283-1 [83] or NR according to ASTM E336
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[84], is a difference of the energy-averaged sound pressure level between the sending room,

L1, and the receiving room, L5, according to Equation 2.22 from ISO 16283-1 [83]:

D=1Ly —Ly. (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 field.

2.3.1.1 Reverberation time

The reverberation time, 7', in a room is defined 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 denoted Tgg. Figure

2.8 illustrates an example of a measured decay curve.

Steady-state level before
excitation is stopped at 1 = 0's

Sound pressure level, Lp(z‘) (dB)

R e ot i i i

Background noise level

t=0s Time, f (s)

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 time, 75 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 reach Tgo. 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]:

(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 flanking
paths [85], similar to the ones presented in section 2.2.3.

Airborne sound insulation measurements in a laboratory for floors and walls are evaluated
with the sound reduction index from ISO, R, or transmission loss from ASTM, TL [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 partition area, S [86].

A
R=1L, — Ly —10-log <§> . (2.24)

2.3.1.3 In the field

Airborne sound insulation measurements are evaluated in the field with usually one of two
physical quantities. One is the apparent sound reduction index from ISO, R’, or the apparent
transmission loss from ASTM, ATL [83, 84]. The one from ISO is presented in Equation
2.24, but for the field, the physical quantity is presented with an apostrophe to mark that the
index is for field measurement. The other physical quantity is the standardized level difference
from ISO, D,r, or the normalized noise reduction from ASTM, NNR [83, 84]. The difference
in sound pressure level is instead corrected with the measured reverberation time, 7, and a

reference reverberation time, 7y, according to Equation 2.25 from ISO [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:

7l v%)dr) | 06)

L, = 10log;, ( 5
Yo
where v is the velocity level over time and vy is the reference velocity level [88]. The

vibration reduction index is calculated according to Equation 2.27:

Kij = Dy j+ 10log ( \/aj—aj> : (2.27)

where Dy j; is the direction-averaged velocity level difference, calculated according to

Equation 2.28:

- (Dyjj+ Dyji) - (2.28)

In Equation 2.28, Dy; is the velocity level difference when element i is excited, and Dy j;
is instead when element j is excited. The vibration reduction index in Equation 2.27 is also
dependent on the common junction length /;; and the equivalent sound absorption length for

each element, a; and g, calculated according to Equation 2.29:
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where §; is the surface area of the element, T5j is the structural reverberation time of the

element, ¢ is the speed of sound in air, and f..r 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 building ASTM E413
elements. Part 1: Airborne sound insulation

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

ISO 10848-1 2017 Laboratory and field measurement of flanking transmis- No 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: Re- ASTM E2235
verberation time in ordinary rooms

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

of building elements. Part 1: Airborne sound insulation

The comparison focuses on the names without considering the specific 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 specifically 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 field, and holes for doors and windows can be cut
out with CNC routers [90]. CLT is suitable for several applications, including walls, floors,
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 fulfill 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 specific
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.

|
A
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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 fulfill different acoustic require-
ments, and they are usually placed between load-bearing walls and floors to limit the flanking
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 specific 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 floating
floor 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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the other hand, measurements by Jarnerd et al. [109] found that stiff interlayers that are not

selected for the right load still contribute to floor vibration.

Figure 2.11: Various types of viscoelastic interlayers commonly used in wooden buildings.

Different laboratories have measured the difference with and without resilient interlayers
and Ref. [18, 110-114] show that the vibration reduction index increases with a resilient
interlayer. However, one should observe that a resilient interlayer changes the distribution of
sound energy in the structure. Thus, they can be implemented to reduce the flanking sound
transmission in a specific direction only since they do not change the total energy in the system
[106, 115]. A junction’s vibration reduction index is dependent on various factors. This
includes not just the presence of resilient interlayers but also the type of screws and connectors
used to hold a junction’s elements together. Several configurations with connectors and screws
were tested in laboratories by several papers [18, 116, 117]. A few examples of different

usages of resilient interlayers are displayed in Figure 2.12.
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(a) Resilient interlayers between bearing (b) CLT-junctions in a staircase with resilient
elements and under bracket. interlayers.

Figure 2.12: Different usage of resilient interlayers in CLT buildings.

2.4.3 Previous measurements of CLT structures

Various authors studied flanking sound transmission measurements of CLT panels in several
laboratories. Schoenwald et al. [117, 118] measured the vibration reduction index of a CLT
junction and found that a continuous floor path is a more important flanking path than vertical
wall-wall paths. Moreover, it was found that either an additional floor and ceiling treatment or
a structural break is necessary to improve the sound insulation.

Di bella et al. [113] compared vibration reduction index measurements of different
mounting conditions. They found that increasing the number of panels increases the attenuation
for each transmission path because of the re-distribution of energy. Moreover, they found that
a resilient layer improves most of the transmission paths, but not all of them. Consequently,
resilient interlayers should be implemented to reduce the flanking sound transmission in a
specific direction only since they do not change the total energy in the system [106, 115],

mentioned under Section 2.4.2 and illustrated in Figure 2.13.
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Figure 2.13: Simplified sketch of the distribution of sound energy without (a) and with (b) an
elastomer, based on Refs. [106, 113, 115].

Morandi et al. [116] analyzed measurements of the vibration reduction index made in
a laboratory. They found that energy transmitted through a junction strongly relates to the
metallic connectors that hold the CLT panels in place. Moreover, a comparison between
measurements and values presented in ISO 12354-1 shows great differences for frequencies in
the higher and lower regions.

Hornmark [19] measured the vibration reduction index in the field of a CLT building and
concluded that Annex E in ISO 12354-1 is not applicable to predict the vibration reduction
index for CLT constructions.

Jarneré et al. [119, 120] measured floor vibration properties in both a laboratory and in situ.
They found that the in situ conditions influence the floor damping and the natural frequencies
to a higher degree. This is likely partly caused by the integration of the floor into the building
and the interaction between them. Several other authors have measured and analyzed the

vibration reduction index of various CLT junctions [97, 111, 112, 121-123].
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2.5 Airborne sound reduction of ventilation ducts

Sound can propagate via the material and the air inside a ventilation duct that goes from one
room to another through a separating element, and the path can be rather complex to model.
The sound radiating in the receiving room depends on the sound that breaks into and out
from the ventilation duct [13]. A model similar to the ones presented in Refs. [124, 125],
and the one presented in Refs. [126, 127] is illustrated according to Figure 2.14 to describe
the transmission of sound via the ventilation duct when it goes through a separating element.
The model can be described as a flanking sound transmission problem since two structural

elements with a common junction are present.

D @
O@\\ Sending room \ Receiving room

Figure 2.14: Illustration of transmission paths between two rooms with a ventilation duct
through the separation [127].

In Figure 2.14, Segment 1 is described as the sound power in the sending room. Segment
2 is the transmission loss when sound breaks into the ventilation duct. Segment 3 is the sound
power inside the ventilation duct in the sending room. Segment 4 is the transmission loss
inside the ventilation duct. Segment 5 is the sound power inside the ventilation duct in the
receiving room. Segment 6 is the transmission loss when sound breaks out from the ventilation

duct in the receiving room. Finally, Segment 7 is the sound power in the receiving room. The
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seven segments describe the whole system of the transmission path model. Segments 1-3
describe the breakin of the system, while Segments 5-7 describe the breakout of the system.

Although the model in Figure 2.14 can be described as a flanking sound transmission
problem, the ventilation duct is still mounted through the separating element. Thus, Equation
2.19 can be used based on the principles presented under Section 2.2.2, which forms Equations

2.30 and 2.31, where Mg, is the surface area of the duct:

Stot - Swall +Mduct (230)

Swall + Mduct ) (2 3 1)

Rcombined = 10-1og;, < Swart - 10~ Rwan/10 - pg . 10~ Raue /10

Cummings, partly together with Astley, investigated the sound transmission of ventilation
ducts in many publications with a focus on rectangular ventilation ducts and the performance in
low frequency [21-28]. Cummings [22] presents a theory to predict the breakout transmission
loss of rectangular ventilation ducts. Furthermore, Cummings, partly together with Chang,
investigated the sound transmission of circular ventilation ducts, but not to the same extent
as rectangular ducts [29-32]. In Cummings and Chang [29] and Cummings, Chang, and
Astley [30], theoretical models are presented to predict the transmission loss for breakout
(TL-breakout) for circular ducts. In one more recent article, Cummings [14] presents a popular
equation to predict the transmission loss when sound breaks into a ventilation duct.

Vér [13] has in a report presented methods to predict the sound transmission of a system
similar to Figure 2.14, including the transmission loss for breakin and breakout for both
rectangular and circular ventilation ducts. The breakout transmission loss for rectangular ducts
is based on Cummings [22] and for circular ducts, it is based on a design scheme from Heckl
and Miiller [128].

Reynolds [33] presents similar equations as Cummings and Vér for the transmission loss

when sound breaks in and out from a duct, but some equations are described differently, and
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some have minor changes.

Long [34] presents similar equations based on theories from Vér and Reynolds. However,
one equation is presented to translate the sound pressure to the sound power level in the
sending room, which the other theories do not present.

The theories mentioned above mainly use feet, inches and pounds to describe different
parameters. However, Cummings uses SI units such as meters instead, which is important to
keep track of when using the equations. The theories mentioned above can be used to describe
the model in Figure 2.14, which is presented in Sections 2.5.2, 2.5.3, 2.5.4, 2.5.5 and 2.5.6.
The theories are also primarily based on frequencies in octave bands, while Refs. [126, 127]

(Chapters 3 and 4) uses them in third-octave bands.

2.5.1 Introduction equations

There are a few acoustic properties that theoretical models should consider for ventilation
ducts. Both rectangular and circular ventilation ducts have different cross modes depending on
the dimensions of the cross-section, and the lowest of these modes occur around the so-called
cutoff frequency, f1, for breakin [33]. Only plane wave modes exist below the cutoff frequency,
and the duct can be described as a pulsating cylinder. Above the cutoff frequency, higher order
modes become proportional [13].

The transmission loss when sound breaks in is dependent on the cutoff frequency, f1, and

it is calculated with Equation 2.32 and with SI-units [129]:

~0.586- ¢

4 (2.32)

S

where d is the diameter of the circular ventilation duct. The cutoff frequency is described as
the frequency for the lowest acoustic cross-mode [33], illustrated in Figure 2.15 from Vér [13],
where o1 in Figure 2.15 is more precisely specified in Equation 2.32 following ASHRAE
[129].
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Figure 2.15: Different acoustic modes in a round duct presented in Ref. [13].

Furthermore, the cutoff frequency for a rectangular duct is calculated following Equation
2.33 from Ref. ASHRAE [129] with SI-units:
0.5- co

fi= : (2.33)
a

where a is the larger dimension of the cross-section.

According to Vigran [130], high sound radiation will occur around the ring frequency,
fr» where the circumference of the ventilation duct, P, and the longitudinal wavelength of
the material of the ventilation duct, ¢y, correlates. The ring frequency is also mentioned by
Vér [13], and he describes it as the frequency where the internal longitudinal sound waves
most easily form periodic volume changes. The volume change can, for a circular duct, be
described as the wall of the duct stretching out. The ring frequency is calculated according to
Equation 2.34 with SI-units:

CL

fe="7- (2.34)

Similar to circular ventilation ducts, one more frequency is important to consider when de-
scribing the breakout transmission loss for rectangular ducts, which is the crossover frequency,

f1- It describes the separation between two areas for the transmission loss and is calculated
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with Equation 2.35 from Reynolds [33]:

(2.35)

where b is the shortest dimension of the cross-section (a and b in inches). In the first area,
below f7, plane waves are dominant and above f;, plane waves are no longer dominant.

Instead, multi-modes dominate the transmission loss over the crossover frequency, f.

2.5.2 Theory according to Vér [13]

The theories presented under Section 2.5 use different units and variables, and Table Al

displays the units used in the theory adapted from Vér [13].

2.5.2.1 Breakout for a system

According to Vér [13], sound that breaks out from a ventilation duct to a receiving room is

described with Equation 2.36:

PL
PW Loy = PWL; — T Loy + 10-log, (T) +C, (2.36)

where PWL; is the sound power level inside the ventilation duct on the sending room side,
PW Ly, 1s the breakout sound power radiated by the ventilation duct and 7 Ly, is the sound
transmission loss when sound breaks out from the ventilation duct. Furthermore, S is the
cross area, and C accounts for the decrease in the intensity of the internal sound field in the
ventilation duct with increasing axial distance due to both dissipation and sound radiation [13].
C is defined according to Equation 2.37 and may be negligible for short unlined unlagged

ventilation ducts [13]:
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1 —(t+B)-L
= 10-logy , where

434
=L 10 TLw/10

(2.37)

‘m

Equation 2.37 is used throughout the presented theories and is not presented again. AL is

the sound attenuation per unit length, presented in Section 2.5.7.

2.5.2.2 Sound transmission loss for breakout - circular ducts

The sound transmission loss when sound breaks out from circular ventilation ducts is calculated
according to a prediction scheme in Vér [13] based on the work by Heckl and Miiller [128].

The prediction scheme is built on a graph, presented in Figure 2.16.
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Figure 2.16: Prediction scheme, transmission loss for breakout for circular ventilation ducts
adopted from Heckl and Miiller [128] presented in Vér [13].

The horizontal axis in Figure 2.16 is a scale based on the duct’s frequency and diameter.
The vertical axis is the transmission loss for breakout with corrections depending on the
thickness of the material of the ventilation duct, ¢, and the diameter (D in Figure 2.16 and d in

the thesis). The prediction scheme is according to Vér [13] divided into the following steps:
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Step 1

First, the downward vertical shift of the normalized curve in Figure 2.16 is determined with

Equation 2.38:

AdB = 10-log, (é) , (2.38)

where t and d are in inches.

Step 2

Next, the side-way horizontal shift of the normalized curve in Figure 2.16 is determined with

Equation 2.39:

(fd)1000 1z = 1000-4. (2.39)

Step 3

Now, shift the curve in Figure 2.16 vertically according to Equation 2.38, and shift the
horizontal scale to the right so that the number calculated in Equation 2.39 corresponds to
1000 Hz. For example, if Equation 2.39 is calculated to 2 - 10%, the scale is moved from 103 to

2104,

Step 4

Lastly, the shifted curve corresponds to the transmission loss when sound breaks out from a
circular ventilation duct. Moreover, the straight curve at both ends can be extended to cover
lower and higher frequencies. However, the transmission loss value at high frequencies should

be limited to 45 dB.
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2.5.2.3 Sound transmission loss for breakout - rectangular ducts

The sound transmission loss when sound breaks out from rectangular ventilation ducts is
calculated according to a prediction scheme in Vér [13] based on Cummings [22], which is

based on the following steps:

Step 1

First, calculate the crossover frequency, f7, with Equation 2.35.

Step 2

Next, calculate the transmission loss for when the frequency is lower than the crossover

frequency, f7, according to Equation 2.40:

TLoy =49 —10-logy (a+b)+20-log;, (t) + 10-log;o (f) - (2.40)

Step 3

Next, calculate the duct wall resonance frequency, fy, following Equation 2.41:

(ra)”
a2

fo=1.83-10* -1, (2.41)

where 7y describes the fundamental resonance frequency of four edge-coupled duct walls, and

it is determined with Figure 2.17.
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Figure 2.17: Curve for v in Equation 2.41 presented in Ref. [13] by Cummings [27].

Step 4

Now, reduce the octave band for 7T L, that contains fy by 5 dB, to account for duct wall

resonances.

Step 5§

Lastly, for frequencies above f7, calculate the transmission loss with Equation 2.42:

TLout =1 + 20 - logl() (l') + 20- loglo (f) 5 (242)

where the maximum value of the transmission loss is set to 45 dB.

2.5.2.4 Sound power to sound pressure level in the receiving room

The sound power level can be rewritten to sound pressure level in the receiving room according

to Equation 2.43, which is a simplified prediction scheme from Ref. [13]:

S

1 4L
—|—10'10g10 % + K .

P
Ly = PWL;i+10+10-log;o(n) — T Loy +C+ 10-logy (‘)
(2.43)
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In Equation 2.43, n takes into account the placement of the ventilation duct in the room
according to Equation 2.44. Moreover, r is the distance from the line source (ventilation duct)

to the receiver, and A is the total absorption area in the receiving room.

;

1 if the ventilation duct is not close to any surfaces,
n = q 2 if the ventilation duct is close to a parallel surface, like the roof, (2.44)

4 if the ventilation duct is close to two surfaces, like a corner.

\

2.5.2.5 Breakin for a system

The system in a sending room, when sound breaks into a ventilation duct, is described with

Equation 2.45:

PWLy = PWLine —TLin —3+C, (2.45)

where T L;, is the sound transmission loss when sound breaks into the ventilation duct, PW L;,
is the sound power level on the outside of the ventilation duct, and PW L;, is the sound power

level in the ventilation duct where the ventilation duct leaves the room.

2.5.2.6 Sound transmission loss for breakin - circular ducts

The equations describing the sound transmission loss for sound that breaks into a circular
ventilation duct are divided depending on the cutoff frequency.

When f < fi, Equation 2.46 applies:

T Low —4+20-log,, (%)

TL;, = the larger of (2.46)

10-log (%) .

When f > fi, Equation 2.47 applies and it is based on the principle of reciprocity:
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TLiy = TLoy — 3. (2.47)

2.5.2.7 Sound transmission loss for breakin - rectangular ducts

The equations describing the sound transmission loss for sound that breaks into a rectangular
ventilation duct are divided depending on the cutoff frequency.

When f < f1, Equation 2.48 applies:

T Loy —4—10-log (%) +20-logy (%})

TL;, = the larger of (2.48)
10-log;o (5%).
When f > f1, Equation 2.49 applies:
TLin =TLouw— 3. (2.49)

2.5.2.8 Sound power to sound pressure level in the sending room
The following theory is not from Vér [13] since no equation is presented in the report.

Therefore, an equation from Long [34] is used instead; see Equation 2.51.

According to Long [34]

The sound power level is described as sound pressure level in the sending room with Equation
2.50:

L,i = PWLiyc — 10-log;o(PL) + 14.5. (2.50)
However, it is concluded that Equation 2.50 should be written as Equation 2.51 based on both

Long [34] and Reynolds [33]:

Lpl = PW L, — 10-10g10(A0)—|—14.5. (2.51)
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where Long [34] mentions that the dimensions should be in feet. For circular ventilation ducts,

Ay is calculated with Equation 2.52:

AO,ver = 127 - dfeet - L, (2.52)

where L and dg¢ 1s in feet. For rectangular ventilation ducts, Ag is calculated following

Equation 2.53:

AO,Ver =2L- (afeet + bfeet)> (2.53)

where L, afeet, and bgee 1s in feet.
If PW L;,. from Equation 2.45 is entered into Equation 2.51, a more detailed relationship

in the sending room is obtained following Equation 2.54 for Vér [13]:

Ly = PWLy,+TLin — Cc—-10- loglo(AO,ver) +17.5. (2.54)

2.5.2.9 Rewriting to sound reduction

If we assume that PWL; = PW L;,, and if we enter both Equation 2.43 and 2.54 into Equation
2.24, Equation 2.55 is formed. Equation 2.55 can be used to compare calculations with

airborne sound insulation measurements:

1 4L
Rduct,\/er - TLout + TLin —10- 10g10(”) —10- loglo (2—7_”. + X)

)
Mduct ‘

(2.55)

P
—10-log, (E) —10-1og;¢(Ao,ver) +7.5—2C —10-log, (

2.5.3 Theory according to Reynolds [33]

Table A2 displays the units used in the theory adapted from Reynolds [33].
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2.5.3.1 Breakout for a system

According to Reynolds [33], sound that breaks out from a ventilation duct to a receiving room

is described with Equation 2.56:

. L ) A07rey
PW Lou = PWL; = T Low +10-log; | . (2.56)

i,rey

For circular ventilation ducts, Ag rey and A; rey are calculated following Equation 2.57:

Agrey =127-d L,

7T-d>
4

(2.57)
Ai,rey =

where L is in feet and d is in inches. For rectangular ventilation ducts, Ag rey and A; rey are

calculated following Equation 2.58:

A07rey = 24L . (a + b),
(2.58)
Ai,rey =a-b,
where L is in feet, a 1s in inches, and b is in inches.
Contrary to Vér [13], Reynolds [33] does not include the factor C in Equation 2.56.
However, PWL; in Reynolds [33] is defined as the sound power level inside the ventilation

duct where the sound is expected to break out, which is different compared to Vér [13].

Therefore, C is included later to form the model presented in Figure 2.14.

2.5.3.2 Sound transmission loss for breakout - circular ducts

The sound transmission loss when sound breaks out from a circular ventilation duct is approxi-

mated linearly with Equation 2.59:
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17.6 -1og;o(qo) —49.8 -10g,o(f) —55.3 -1og;o(d) + Co,
T Loy = the larger of (2.59)

17.6 -10og;0(q0) — 6.6 -log,o(f) —36.9 -log;((d) +97 4,

where ¢gg is the mass/unit area (Ib/ft?) of the duct. However, the maximum value of 7' Loy in
Equation 2.59 shall be set to 50 dB. Cy is a correction factor depending on the properties of

the circular ventilation duct with Equation 2.60:

Co = 230.4 for long seam ducts,
(2.60)

Co = 232.9 for spiral wound ducts.

Moreover, when the diameter of the ventilation duct is equal to or larger than 26 inches, the
transmission loss for breakout is defined according to Equation 2.61 when the 1/1 octave band

center frequency is equal to 4000 Hz:

T Loyt a000 = 17.6- loglo(qo) —36.9- lOglo(d) +90.6. (2.61)

2.5.3.3 Sound transmission loss for breakout - rectangular ducts

The equations describing the sound transmission loss for sound that breaks out from a rectan-
gular ventilation duct are divided depending on the crossover frequency.

When f < f, Equation 2.62 applies:
VG
TLouw = 10-log, (ﬁ +17. (2.62)

When f > f;, Equation 2.63 applies, and the maximum value is set to 45 dB. Observe that
the equation in Reynolds [33] is written wrong and that the best estimated guess based on the

description to that equation in Reynolds [33] is presented in Equation 2.63:
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T Low = 20-logo(f - qo) — 31. (2.63)

Moreover, T Loy has a minimum value following Equation 2.64:

1 1
T Lout,min = 10-logyg (24'L‘ <— + E)) . (2.64)
a

2.5.3.4 Sound power to sound pressure level in the receiving room

The sound power level is rewritten to sound pressure level in the receiving room with Equation

2.65, where the ventilation duct is approximated to a line source [33]:

4
Lyy = PW Loy +10-logy ( _, —) +10.5, (2.65)

dnrl  AgR

and where A is the room constant. The room constant is determined with Equation 2.66:

Ag= ——, (2.66)

where « is the average room absorption coefficient [33, 129]. Q in Equation 2.65 is a constant
that describes the relationship between the sound source and the room, determined with

Equation 2.67:

1 for a whole space,

2 for a half space,
0= (2.67)

4 for a quarter space,

8 for an eighth space.
\

To compare Equation 2.65 from Reynolds [33] with Equation 2.43 from Vér [13], PW Loy

from Equation 2.56 is entered in Equation 2.65 to form Equation 2.68:
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AO,rey Q 4
Lpz :PWL1+ IOS—TLout+C+1OIOg10 A +1O'10g10 m+14_ . (268)
i,rey R

Note in Equation 2.68 that C is included with the argument from Section 2.5.3.1.

2.5.3.5 Breakin for a system

The system in a sending room when sound breaks into a ventilation duct is described with
Equation 2.69:

PWLiy, = PWLj,. — TLi, —3. (2.69)
With the same argument as in Section 2.5.3.1, factor C will be included later.

2.5.3.6 Sound transmission loss for breakin - circular ducts

The equations describing the sound transmission loss for sound that breaks into a circular
ventilation duct are divided depending on the cutoff frequency.

When f < fi, Equation 2.70 applies:

TLow — 4+20- 1OgIO (fil) )

TL;, = the larger of (2.70)
10-log;q (27) .
When f > f1, Equation 2.71 applies:
TLiy, =TLoyw—3. (2.71)

2.5.3.7 Sound transmission loss for breakin - rectangular ducts

The equations describing the sound transmission loss for sound that breaks into a rectangular

ventilation duct are divided depending on the cutoff frequency.
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When f < f1, Equation 2.72 applies:

TLow —4—10-logg () +20-logyo (£ ).

TL;, = the larger of 2.72)
10-logyq (12L- (3 +3))
When f > fi, Equation 2.73 applies:
TLln - TLout - 3. (2.73)

2.5.3.8 Sound power to sound pressure level in the sending room

The following theory is not from Reynolds [33] since no equation is present in the chapter.

Therefore, an equation from Long [34] is used instead following Equation 2.74:

According to Long [34]

Ly = PWLip. — 10-1og,o(Ag) + 14.5. (2.74)

where Reynolds [33] uses different units than Long [34] to determine Ag following Equations
2.57 and 2.58. Thus, Ag ey is used to follow the adapted theory from Reynolds [33] moving
forward.

If PW L;,. from Equation 2.69 is entered into Equation 2.74, a more detailed relationship

in the sending room is obtained following Equation 2.75:

L1 = PWLiy+TLin —C— 10-10g,0(Ao ey) + 17.5. (2.75)

Note in Equation 2.75 that C is included with the argument from Section 2.5.3.1.
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2.5.3.9 Rewriting to sound reduction

If we assume that PWL; = PW L;;,, and if we enter both Equation 2.68 and 2.75 into Equation
2.24, Equation 2.76 is formed. Equation 2.76 can be used to compare calculations with

airborne sound insulation measurements:

0 4 Ao,
Rduct,Reynolds =TLow+TLj, —10- 10g10 (47:7 + A_R —10- lOgIO =

irey

)
Mduct .

(2.76)

—10-1ogo (Agrey) +7—2C—10-logy, (

2.5.4 Theory according to Long [34]

Table A3 displays the units used in the theory adapted from Long [34].

2.5.4.1 Breakout for a system

According to Long [34], sound that breaks out from a ventilation duct to a receiving room is

described with Equation 2.77:

AO,long
PW Low = PWL; = TLou+10-logq | +C (2.77)

ilong

For circular ventilation ducts, Ag jong and A; jong are calculated following Equation 2.78:

AO,long =12n-d- L,

- d>
4

(2.78)
Ai,long =

where L and d are in feet. The theory from Long [34] mixes between feet and inches for A
and A;. For consistency, feet are chosen. For rectangular ventilation ducts, Ag jong and A; jong

are calculated following Equation 2.79:
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A0710ng =2L- (a + b),
(2.79)

Ai,long =a-b,

where L, a and b are in feet.

2.5.4.2 Sound transmission loss for breakout - circular ducts

Same equations as Reynolds [33] are used, see Section 2.5.3.2, where d is in inches.

2.5.4.3 Sound transmission loss for breakout - rectangular ducts

The equations describing the sound transmission loss for sound that breaks out from a rectan-
gular ventilation duct are divided depending on the crossover frequency.
When f < f1, Equation 2.62 applies from Reynolds [33], where a and b are in inches.

When f > f;, Equation 2.80 applies from Long [34]:

TLout =20- loglo(f ' QO) - KTL7 (2-80)

where Kr; is 33.5 in FP units and 47.3 in SI units.

2.5.4.4 Sound power to sound pressure level in the receiving room

The sound power level can be rewritten to sound pressure level in the receiving room for a line

source with Equation 2.81:

4
Ly = PW Loy + 10-log; (27% + A_R) +K, (2.81)

where K is 10.5 in FP units and 0.1 in SI units.
To compare Equation 2.81 from Long [34] with Equation 2.43 from Vér [13], PW Loy

from Equation 2.77 is entered in Equation 2.81 to form Equation 2.82:
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AO,long Q
Lyy =PWLi+10.5 = TLow +C+10-logjg { === | +10-logyg ( 7=+

i,long

2.5.4.5 Breakin for a system

Same equation as Vér [13] is used, see Section 2.5.2.5.

2.5.4.6 Sound transmission loss for breakin - circular ducts

4 ) (2.82)

The equations describing the sound transmission loss for sound that breaks into a circular

ventilation duct are divided depending on the cutoff frequency.

When f < f1, Equation 2.83 applies:

TLow —4+20-logj (£).

10-loggg (5422 ).

TL;, = the larger of

When f > fi, Equation 2.84 applies:

TLln - TL()ut — 3.

2.5.4.7 Sound transmission loss for breakin - rectangular ducts

The same equations and units as Vér [13] are used, see Section 2.5.2.7.

2.5.4.8 Sound power to sound pressure level in the sending room

(2.83)

(2.84)

The sound power level in the sending room can, according to Long [34], be rewritten to the

sound pressure level with Equation 2.85:

Lyi = PWLine — 10102, (Ao 10ng) + 14.5.

(2.85)
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If PW L;,. from Equation 2.45 is entered into Equation 2.85, a more detailed relationship

in the sending room is obtained following Equation 2.86:

Lyi = PWLip+ TLiy —C —10-10g( (A jong) + 17.5. (2.86)

2.5.4.9 Rewriting to sound reduction

If we assume that PWL; = PW L;,, and if we enter both Equation 2.81 and 2.85 into Equation
2.24, Equation 2.87 is formed. Equation 2.87 can be used to compare calculations with

airborne sound insulation measurements:

0 4 AO,long
RduCt,LOUg g TLOUt + TLHI - 10 . lOgIO (27'L'rL + 14_R - 10 . 10g10 i lOIlg

A
—10-log (AO,long) +7—10-logyg (Md > -2.C.
uct

2.5.5 Theory according to Cummings [14]

The theory presented here is primarily based on equations presented in Section 2.5.2 from Vér
[13]. However, the transmission loss when sound breaks in is primarily used from Cummings
[14] for both rectangular and circular ventilation ducts, presented in Equation 2.88 with

SI-units:

5% k?
TLin = TLoy+10-log(- <47t—PL> : (2.88)

Equation 2.88 is formed if the axial attenuation rate is small and if we assume that the phase
speed of the fundamental mode in the duct is equal to the sound speed. The minimum value of
Equation 2.88 and Equation 2.47 is used in the model presented in Figure 2.14. Equation 2.47
mainly affects values at high frequencies in this model.

Moreover, the transmission loss when sound breaks out for rectangular ducts is used from
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Cummings [22] following Equations 2.89 and 2.90 with SI-units:
When f < f, Equation 2.89 applies:

T Loy = 10-logy (24(0—61(2)> ) (2.89)

When f > f1, Equation 2.90 applies:

232

i

TLoy = 10-logy <750W) . (2.90)
air- 0

2.5.6 Theory according to Vér [13] and Reynolds [33]

The theory presented here is a mix between Vér [13] and Reynolds [33], presented in Sections
2.5.2 and 2.5.3.

The transmission loss when sound breaks out and breaks in, T Ly, and 7' L;,, are calculated
according to Vér [13] for both circular and rectangular ducts.

The other equations are instead used mainly from Reynolds [33], for example equations
describing breakout and breakin for a system. However, the factor in Agyergrey for the
rectangular duct is a mix between Aye; and Ayey, while the circular follows Reynolds [33]

according to Equation 2.91 where Ag yergrey has the same unit as Ag rey in Table A2:

Rectangular duct: Ag vergrey = 14L - (a+b),
(2.91)

Circular duct: Ag yergrey = 127-d - L.

For the combined theory with Vér [13] and Reynolds [33], Equation 2.92 is used for the

model presented in Figure 2.14.

0 4 Ao ver&
Rduct,ver&rey = TLout + TLin —10- 10g10 (m + A_ —10- loglo %
R hrey (2.92)

A
—10- 1OgIO(AO,ver&rey) +7-2-C—10-logg (M ) .

duct
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2.5.7 Sound attenuation in ventilation ducts

The sound attenuation per unit length in a ventilation duct is in this paper described as ALy,
used in Equation 2.37, and its value is different depending on the frequency, the shape of the
ventilation duct and the present of internal lining or not. The impact on the sound attenuation
with or without internal lining is investigated in several studies [131-137].

The sound attenuation in circular ducts is much smaller compared to rectangular ducts,
about 1/10 [34], and they are described with Figure 2.18 from Ref. [138]. The same figure
is used for sound attenuation of rectangular ducts, where the difference in sound attenuation

between circular and rectangular ventilation ducts is visible.

Attenuation
dB perm

06 —i
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0,4 ™N \\ NG 0 75-200 200-400 400-800 800-1000
. A Bmm === R
N , . \ A ¢
0,3 S = e
‘~D . c M~ _B~ Circular sheet metal ducts
0,2 . S~ S f | @75-200 200-400 400-800 800-1600
'>./'¢__.;..-.‘.. e fomme--- g=——+t=—h=— —
o T~ g9
T e e m === = T
e e A N - ——1 |h
0

63 125 250 500 > 1k
Middle frequency octave band Hz

Figure 2.18: Sound attenuation in straight sheet metal ducts (I mm sheet metal thickness)
from Lindab [138].

2.5.8 Acoustic treatments on ventilation ducts

As mentioned before in Section 2.5, sound can propagate via the material and the air inside of
a ventilation duct that goes from one room to another through a separating element. The sound
can thereby break in and out from the ventilation duct, and the sound reduction is described
thoroughly in Section 2.5.

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 already existing breakout noise problem [1, 14]. However, it can also

be a part of the early design when a building is planned. External lagging of ventilation duct

54



includes gypsum boards and wrapping with fibrous materials such as glass fiber or stone
wool [1, 14]. Several authors have investigated the effect of external lagging 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.

A more realistic model, similar to the ones presented in Figure 2.14, is shown in Figure
2.19, where sound can propagate via air diffusers. In Figure 2.19, Segments 2a and 6a are
described as transmission losses via the air diffusers in the sending and receiving room. The
term cross-talk describes the path between Segments 2a and 6a. Internal lagging primarily

affects path number 4, and thus, it improves scenarios presented in both Figures 2.14 and 2.19.

Receiving room

Figure 2.19: Illustration of transmission paths between two rooms with air diffusers [127].

A silencer is a unit mounted along the path of the duct system, increasing the sound
attenuation and thereby decreasing the sound transmission. According to ASHRAE [139],
three types of HVAC duct silencers are used called: active, reactive, and dissipative. Active
duct silencers send out a sound wave that is inverse to the sound wave of the unwanted
noise and is typically used for low frequencies. Reactive duct silencers have tuned chamber
voids with fibrous material covered with a tuned perforated metal. Dissipative silencers
have an acoustic grade fiberglass covered with a perforated material. Prediction models
are presented in Refs. [140-145] to calculate the transmission or insertion loss in silencers.

However, ASHRAE [139] states that transmission or insertion loss data should be used

55



from measurements (following the standard ASTM E477 [146]) rather than calculations for
dissipative and reactive silencers.

The paths affected by a silencer depend on where the silencer is placed, illustrated in
Figure 2.20. If a silencer is placed in position a, marked with a blue color, then the silencer
will mainly affect the sound attenuation between paths 2a and 6a. Sound can still break in on
the section between the silencer and the wall, thus passing by the silencer without affecting the
sound transmission over that path. However, if the silencer is placed in position b, marked with
a green color, more segments and paths are affected, and the silencer works more efficiently.
Therefore, the placement of a silencer can be crucial, depending on the effect the designer
wants to achieve. With similar principles, the placement of silencers can be adapted to the
case with external lagging with the best effect closest to the duct. However, external lagging

mainly affects segments 2 and 6, presented in Figure 2.20.

Receiving room

Figure 2.20: Illustration of transmission paths between two rooms with air diffusers from Ref.
[127]. The colored areas represent different treatment locations.

The mentioned treatments, including internal lining with absorption material, external
lagging of boards or fibrous materials, and silencers, are the commonly used solutions to treat
building acoustic problems of ventilation ducts, together with vibration isolating the duct from

the structures [139].
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CHAPTER 3

SOUND REDUCTION OF VENTILATION
DUCTS THROUGH WALLS: EXPERIMENTAL
RESULTS AND UPDATED MODELS

Résumé

Les conduits de ventilation peuvent avoir un effet défavorable sur 1’indice d’affaiblissement
acoustique entre deux pieces s’ils traversent la structure de séparation sans traitement. L’ affai-
blissement acoustique global d’une gaine de ventilation dépend de plusieurs facteurs, dont
la perte de transmission lorsque le son entre et sort de la gaine. Cette étude vise a modéliser
I’ affaiblissement acoustique d’un systeme combiné comprenant un mur de séparation et un
conduit de ventilation qui le traverse. Trois murs, caractérisés selon la norme ISO 717-1, sont
combinés avec trois conduits de ventilation différents, deux circulaires et un rectangulaire de
dimensions différentes. Les données de mesure en laboratoire sont utilisées pour déterminer
la réduction sonore des différentes configurations et le type de traitement nécessaire pour
chaque configuration. Un modele proposé selon la théorie existante pour décrire les pertes de
transmission du son des conduits de ventilation circulaires et rectangulaires prédit la forme des
données de mesure pour de nombreuses bandes de fréquence. Une nouvelle partie théorique
est développée a travers un processus itératif pour les conduits circulaires. Elle est basée sur
des mesures avec des méthodes et des études antérieures comme guide puisque que le schéma
de prédiction existant est quelque peu déroutant. Pour les conduits rectangulaires, la théorie

existante a été mise a jour pour mieux correspondre aux données de mesure. L’application de



la théorie et du modele proposé dans cet article donne des résultats similaires aux mesures. La
différence d’indice de réduction du bruit pondéré entre les théories développées et les données
de mesure est de 0 a 1 dB pour chaque configuration.

Mots clés: gaine de ventilation, transmission du son, paroi de gaine, breakout, breakin,

réduction du son
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Abstract

Ventilation ducts can have a negative effect on the sound reduction index between two rooms if
they pass through the dividing structure without treatments. The overall sound reduction of a
ventilation duct is dependent on several factors including the transmission loss when sound is
breaking in and out from the duct. This study aims to model the sound reduction of a combined
system with a separating wall and a ventilation duct through it. Three walls, characterized
according to ISO 717-1, are combined with three different ventilation ducts, two circular and
one rectangular with different dimensions. Laboratory measurement data are used to determine
the sound reduction of the different configurations and the type of treatments needed for each
configuration. A proposed model with existing theory for describing sound transmission losses
of circular and rectangular ventilation ducts predicts the shape of the measurement data for
many frequency bands. A new theory part is developed through an iterative process for circular
ducts, which is based on measurements with previous methods and studies as a guide because
the existing prediction scheme is somewhat perplexing. For rectangular ducts, the existing
theory has been updated to better match measurement data. The application of the proposed
theory and model in this article shows similar results when compared to measurements. The
difference in weighted sound reduction index between developed theories and measurement
data is 0—1 dB for every configuration.

Keywords: ventilation duct, sound transmission, duct wall, breakout, breakin, sound reduction
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3.1 Introduction

This chapter, except Section 3.8, is a copy of a journal article published in MDPI Acoustics in
2021 [126].

The sound that is produced in one room can propagate to adjacent rooms by several paths.
The first common path is through the separating wall itself, but sound can take several indirect
paths. For instance, sound can travel via slits or small holes in walls that occur during the
construction phase, which has a considerable effect on the sound reduction of the separating
wall [147]. Other more complex paths are flanking paths which arise when different elements
are connected such as the walls and the floor [124]. However, the indirect construction paths
are not considered in this article.

Another complexed path is via the ventilation duct when, for example, the duct goes from
one room to another through a separating wall [124, 125]. With this configuration, sound can
propagate via the material of the ventilation duct and via the air inside. For pipes and smaller
ventilation ducts, it is often sufficient to apply a sealant as a treatment between the tube and
the wall for the pipe (or duct) to not affect the sound reduction of the separated wall [148].
For bigger dimensions which mostly concern ventilation ducts, there is no easy solution to
calculate the proper treatment. Larger ventilation ducts are mostly used in offices, schools and
hospitals whereas smaller ducts are used in dwellings. There are some theories to calculate
how much the ventilation duct will affect the sound reduction of the separated wall, which
depends on if the sound breaks in or out from the duct [13].

The purpose of this article is to model the sound reduction of a combined system with a
separating wall and a ventilation duct through it. This study mainly covers how the surface
area of ducts affects the sound reduction and not how the sound is spread via air diffusers. It is
to some extent a summary of a master thesis [35] (in Swedish) by the first author (a deeper
understanding of the derivation and measurement setup can be seen in Ref. [35]). This article

investigates further the important modified or developed theories that can be used in practice
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with new modifications.

Alan Cummings, partly together with Jeremy Astley, has approached the problem regarding
the sound transmission of ventilation ducts in many publications with a focus on rectangular
ducts and specifically on how the low-frequency area is affected [21-28]. Cummings has
also investigated circular and flat-oval ducts, but not to the same extent, together with Chang
[29-32]. In one of Cummings’ latest articles [14], the most popular equation to predict
transmission loss (TL) is described when sound breaks into a ventilation duct, TL-breakin. A
theory to predict TL-breakout (transmission loss when sound breaks out from a ventilation
duct) is also presented for rectangular ducts according to Ref. [22]. Cummings also describes
how to predict TL-breakout for circular ducts in [29, 30] together with Chang, in which the
theory is very comprehensive and not investigated further. Istvan L. Vér has developed simple
equations based on Ref. [22] to calculate TL-breakout for rectangular ducts. Vér [13] has
also developed methods to calculate TL-breakin based on the principle of reciprocity and
presents equations that describe breakout for a system for both rectangular and circular shapes.
Furthermore, Vér presents a prediction scheme for TL-breakout for circular ducts based on
Heck and Mueller [128]. Douglas D. Reynolds [33] describes similar equations as Vér and
Cummings for rectangular ducts with a few tweaks and a different shifting factor. Reynolds
presents different equations to describe TL-breakout for circular ducts. The last-mentioned
theory is by Marshall Long [34] that uses theories from Vér and Reynolds with an equation
to translate sound pressure to power in the source room. Other studies and articles have also
investigated TL-breakout [37, 149] but not with the same purpose as this study.

The presented theories above complement each other to model and calculate the sound
reduction of a ventilation duct between different rooms by describing the different parameters.
However, none of the mentioned theories compile the detailed model and validate it to
measurement data. A simplified model is described by the authors of Ref. [125] but it lacks
some important parameters that the authors of refs. [13, 33, 34] highlight. Another study

presents a SEA model to determine the noise reduction of a duct between two rooms which is
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not investigated in this article [150].

A short theoretical description is presented to describe the acoustic properties of ducts
which depends on if the sound breaks in or out from the duct [13]. The measurement setup is
presented thereafter, followed by measurement results compared to existing, proposed and
adapting theories. Treatments are also presented to prevent the ventilation ducts from affecting

the sound reduction of the combined system.

3.2 Theory

The sound waves emitted from a sound source in a room with ventilation can propagate via
the material of the duct to other connected rooms. The air inside the ventilation duct is also
affected, which drives noise transferring to adjacent rooms. A simplified model is described in
Ref. [125], while this article presents models based on the theory in Refs. [13, 33, 34].
Sound propagating from a source in a room with a ventilation duct transmits into the duct,
which is described as a breakin for a system. It is a relationship between the sound power in
the source room (Figure 3.1, element 1), the transmission loss when sound breaks into the
ventilation duct (element 2, TL-breakin) and the sound power in the duct (element 3) [33].
The opposite effect is described as a breakout for a system; the sound that propagates inside a
ventilation duct transmits out to the surrounding environment. The term can be described as a
relationship between the sound power inside the duct (element 5), the transmission loss when
sound breaks out to the surrounding room (element 6, TL-breakout) and the sound power
in that room (element 7) [33]. The transmission loss when sound breaks in and breaks out
from the ventilation duct is dependent on several factors including shape, mass and frequency.
The sound attenuation inside the duct should be considered when describing a whole system
(element 4) since the sound is, to some extent, absorbed inside the ventilation duct (mainly if
there is an inner lining) and the air [34]. Several studies have investigated this phenomenon

for lined and unlined ducts [131-137].
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D &
O@\\ Sending room \ Receiving room

Figure 3.1: Factors affecting the whole system of a ventilation duct through a wall. Element 1
is the sound power in the source room. Element 2 is the transmission loss for breakin
(TL-breakin). Element 3 is the sound power in the ventilation duct on the source room side.
Element 4 describes the sound attenuation when the sound propagates inside the ventilation
duct. Element 5 is the sound power in the ventilation duct on the receiving room side.
Element 6 is the transmission loss for breakout (TL-breakout). Element 7 is the sound power
in the receiving room.

In practice, it is easier to use the sound pressure level instead of the generic sound power
(elements 1 and 7) when describing a system. Previous studies [13, 33, 34] describe equations
to translate sound power into sound pressure in both the sending, L,, and receiving room,
Ly>. To compare the existing theories with the proposed model against measurements, the
sound pressure level in the receiving room is subtracted from the sound pressure level in the
sending room. In addition, the absorption area also needs to be considered in the receiving
room. The effects of breakin and breakout for a ventilation duct can now be described as a

whole system with the sound reduction index, Rqyct, according to Equation 3.1 from Ref. [35]:

A
Rayct = Lpl —Lpz - 10-10g10 (Md ) . 3.1)
uct

A is the absorption area in the receiving room and Mg, is the surface area of the ventilation

duct. The sound pressure in both rooms can be described as the earlier mentioned relationships
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according to Equations 3.2 and 3.3 [35]:

Ly = TLin+17.5—C—10-logo (Ao), (3.2)

A 4
Lyy = —TLow+10.5+C+10-log,, <A—°) +10-logy, (% +A—R) . (33)
l

TL;, is the transmission loss when sound is traveling from the sending room into the
ventilation duct, earlier described as TL-breakin. 7 Ly is the transmission loss when sound is
traveling from the ventilation duct to the receiving room, earlier described as TL-breakout
[13]. C is the transmission loss inside the ventilation duct for the room that the ventilation
duct is situated in. A; is the cross area and Ay is the surface area multiplied by a factor that is
dependent on the shape of the duct and the theory applied [13, 33, 34]. Q is a constant that
describes the relationship between the sound source in the receiving room and the room’s
properties known as the directivity factor. Q equals 1, 2, 4 or 8 depending on if the room is
considered a whole, half, quarter or eighth sphere space compared to the source. Then, r is the
distance between the source and the receiver, L is the length of the line source (in this case,
the ventilation duct) and A is the room constant [33].

Four different theories are investigated against measurement data for each configuration.
Most of the presented theories below cannot alone be used to describe the system in Figure
3.1, they need to use some equations from each other. This is described briefly below and in
more detail in Ref. [35].

Cummings’ articles are primarily the foundation for the equations describing TL-breakout
of rectangular ducts. For circular ducts, two different equations are used to describe TL-
breakout: one from Heckl and Miiller [128] (presented in Vér [13]) and one from Reynolds
[33] (also presented in Long [34]). Vér is presenting the equation for TL-breakin above the
cutoff frequency based on reciprocity, which is used in Vér, Reynolds and Long for both

shapes. Cumming presents a different equation in reference [14]. Vér also presents an equation
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for TL-breakin below the cutoff frequency that is used in the other theories as well [13]. Vér,
Reynolds and Long present different equations to describe breakout for a system, the decisive
difference is the shifting factor used in Reynolds [33]. The theory in Long [34] is the only one
that presents an equation for translating sound pressure to sound power in the source room
which is used in all methods.

Vér’s theory (named Ver (1983)) is missing some equations to describe the model in Figure
3.1 and therefore, some equations are used from Reynolds [33], Cummings [22] and Long
[34]. For Reynolds’s theory (named Reynolds (1990)), some equations are used from Refs.
[13, 22, 34] to make the model in Figure 3.1 complete. The theory presented in Long [34]
(named (Long 2006)) can be used directly from the book.

The last presented variant is named Cummings (2001). For the rectangular and circular
ducts, TL-breakin is calculated according to Ref. [14]. The other equations are based on the
theory according to Vér [13] with the earlier described additions.

The sound reduction index in Equation 3.1 is only for the ventilation duct which must be
weighted with the sound reduction index of the wall. The surface area in one room is used for
the ventilation duct and the area of the wall is used as the whole area of the wall minus the

cross area of the ventilation duct according to Equation 3.4 from Ref. [1].

(3.4)

Swall + Mduct )

Rcombined = 10+ 1OgIO <Swall . 10— Rwan/10 + Mgyet - 10— Rauct/10

3.3 Method

The experimental part was performed in the sound transmission lab at Lund University, LTH,
Faculty of Engineering, Division of Acoustics. Two similar rooms were separated by a wall
with a section where a 10 m? mock-up wall can be constructed (Figure 3.2). Three different
types of walls were tested during the experiment from Gyproc with the sound reduction indices

(in field, R},) 35, 44 and 52 dB. Lab measurements yield Ry, of 35, 46 and 54 dB. The setups
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included the same steel frame, which is named Gyproc XR 95/95 (450 c/c). The differences
between the walls were the number of gypsum boards and the presence of insulation in the

wall or not. Sealant was applied around the edges on all sides of the test wall structures.

(b)

Figure 3.2: Pictures from the measurements of the separating reference wall: (a) The finished
mounted wall; (b) The inside of the wall with a sound reduction index of Ry,: 54 dB.

For the ventilation duct setup, two circular dimensions with diameters of 315 and 630 mm
were used; they were from the Swedish manufacturer Lindab. In addition, a rectangular duct
was tested with the dimension 700 x 250 mm, also from Lindab. The circular duct element
components come in lengths of 3 m and the rectangular elements come in lengths of 1 m. To
simulate the worst case for the circular duct, the 3-m-long duct was mounted in the wall so
that it protruded 1.5 m on each side. Then, one other circular duct element was cut in half and
connected on each side to the duct through the wall with a coupling connector with rubber
lining from Lindab named NPU [151] (Figure 3.3d) making the whole section 3 m long in
each room. With this setup, a homogeneous ventilation duct went through the wall instead of
mounting a coupling connector in the middle. This has been previously described as a worse
case since the sound can propagate via the material directly to the other room without going
through a connector with rubber lining, which acts as a dampener [35]. For the rectangular
duct, five connections were required to obtain the same length where a different coupling

connector was used, also with a soft foam lining (Figure 3.3c). The circular ducts were instead
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using two connections each (Figure 3.3d). To only measure the sound transmission between
the rooms via the surface area, both ends were plugged with a metal plate with two gypsum
boards on the inside of each plate together with sealant around the edges, see Figure 3.3a
and 3.3b. The metal plate also had rubber or foam lining on the outer surface making the

connection airtight for both circular and rectangular ducts.

(c) (d)

Figure 3.3: Pictures from the measurements: (a) Cover cap for the circular duct: rubber lining,

gypsum boards and sealant around the border; (b) Cover cap for the rectangular duct: foam

lining and gypsum boards; (c) Foam lining for rectangular duct; (d) Rubber lining connector
for circular duct, NPU [151].

To quantify the impact of the ventilation ducts on the test walls, a measurement was made
on the wall with no holes in it, see Figure 3.2. This represented a reference value that can be
used in Equation 3.4 to compare the experimental results with the theory. The duct was then

mounted through the wall where several treatments were applied on the duct according to the

67



cases below:

1. No treatment.

2. Applying sealant between the ventilation duct and the wall.

3. Case 2 + applying insulation in the wall around the ventilation duct.

4. Case 2 + wrapping the duct with 50 mm stone wool with a density of 100 kg/m3 from

ISOVER.

5. The same as number 4 above but with 100 mm stone wool instead, same manufacturer

and density.

The theory in Section 3.5 was developed for case 2 to describe how different ventilation
ducts affect the sound reduction of the separating wall without any heavy treatments.

Pictures from the measurement setup are displayed in Figure 3.4 where different treatments
for different configurations are applied according to cases 1-5 presented before. For cases 4
and 5, a length of 600 mm on each side was added in stages for each measurement, starting
closest to the wall. The reverberation time was measured for every new arrangement according
to the standards ISO 10140-4 and ISO 3382-2 [152, 153] for measuring reverberation time in
the lab.

The sound pressure levels in each room were measured with five fixed positions according
to the standard ISO 10140-2 [86]. Two loudspeakers were used in the sending room to create
a stable sound field and with this setup, the sound pressure level only needed to be measured
one time (with five positions) in each room according to the standard ISO 10140-5 [85]. Each
loudspeaker was connected to an amplifier with constant level settings (Briiel & Kjer Type

2734) emitting pink noise.
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(d

Figure 3.4: Pictures from the measurements in one of the rooms: (a) Circular 315 mm duct,

treatment as case 2; (b) Circular 630 mm duct, treatment according to case 4, stone wool at a

length of 600 mm; (c) Rectangular duct, 700 x 250 mm, treatment according to case 4, stone

wool at a length of 1800 mm; (d) Circular 630 mm duct, treatment according to case 4, stone
wool at a full length of 3000 mm.

3.4 Measurement Results

Three walls were measured together with three different ventilation ducts which adds up to
nine combinations. One wall and three ventilation ducts are described as one sequence. The
walls were initially measured for each sequence without the ducts. The initial measurement
was used as a reference value. The ducts were mounted through the wall where different
treatments, according to case 1-5, were applied. Case 2 was primarily used to compare current

theories or to develop new theories for the sound reduction of ventilation ducts. Cases 3-5

69



were used to investigate which treatments are required for the ventilation duct to not reduce
the sound reduction index of the separated wall compared to the reference wall. The treatment

fulfilling this condition for each sequence is described as sufficient.

3.4.1 For Wall A, with a Measured Sound Reduction Index of 35 dB

Simple treatments were required for all three ventilation ducts. For the rectangular duct, a
sealant was sufficient. For the small circular 315 mm duct, 50 mm stone wool (density: 100
kg/m?) was needed to cover the surface area closest to the wall on each side by 600 mm. For

the larger circular duct, 630 mm, the wrapping length must be 1200 mm instead.

3.4.2 For Wall B, with a Measured Sound Reduction Index of 46 dB

The ventilation ducts through the second wall required different treatments. For the circular
315 mm duct, 50 mm stone wool (density: 100 kg/m?) was needed to cover the surface area
closest to the wall on each side by 1800 mm. For the rectangular and the larger circular
duct, the whole length needed to be covered with stone wool (density: 100 kg/m?), 50 mm in
thickness on both sides of the wall. Unlike wall A, the two last-mentioned ducts required the

same treatments for wall B.

3.4.3 For Wall C, with a Measured Sound Reduction Index of 54 dB

The ventilation ducts through the third wall required the most treatment. The circular 315
mm duct needed to be covered completely with 50 mm stone wool (density: 100 kg/m?) in
both rooms. This treatment was not sufficient for the other ducts. Both the rectangular and the
larger circular duct, 630 mm, needed to be covered with 100 mm stone wool at a length of
1800 mm closest to the wall. For the rest of the surface area, 50 mm stone wool was sufficient,

both with a density of 100 kg/m?.
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3.4.4 Existing Theory Compared to Measurement Result for Case 2

Measurement results from case 2 are presented in Figure 3.5, Figure 3.6 and Figure 3.7 for
wall C since the difference between the theories is most visible for those configurations. The
existing theory, described in Section 3.2 and Ref. [35], is presented with the measurements.
Measurement data compared with the existing theory for the other walls are displayed in

Figure B1, Figure B2, Figure B3, Figure B4, Figure B5 and Figure B6.
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Figure 3.5: Theoretical sound reduction index according to different theories compared to
measurements for the configuration with a circular ventilation duct, diameter 315 mm,
through wall C, with a measured weighted sound reduction index of Ry, 54 dB.
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Figure 3.6: Theoretical sound reduction index according to different theories compared to

measurements for the configuration with a circular ventilation duct, diameter 630 mm,
through wall C, with a measured weighted sound reduction index of Ry, 54 dB.
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Figure 3.7: Theoretical sound reduction index according to different theories compared to

measurements for the configuration with a rectangular ventilation duct, 700 x 250 mm,
through wall C, with a measured weighted sound reduction index of Ry, 54 dB.
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3.5 'Theoretical Analysis

Comparing the existing theory to measurement data in Figure 3.5, Figure 3.6 and Figure 3.7,
several discrepancies can be observed. Some predicted curves for the circular ducts do not
match the measurement data in either value or shape, as shown in Figure 3.5 and Figure 3.6
and Figure B1, Figure B2, Figure B3 and Figure B4. The theories are either overestimating or
underestimating the sound reduction and the shape of the theoretical curves is inconsistent
with the measurement data. However, by combining the theory regarding TL-breakout and
TL-breakin according to Vér with the equations describing breakin and breakout for a system
according to Reynolds, consistency between measurement data and theory is fulfilled. Similar
results can be observed for the rectangular duct through the different walls in Figure 3.7,
Figure B5 and Figure B6.

Only the theory according to Refs. [13, 128] considers the ring frequency, fg. The latter
term refers to the frequency at which the longitudinal sound waves arrive just in phase after
they have circulated an entire lap along the inner circumference of the duct which causes
resonance effects [13].

This study also considers theory from Cummings [14] for both the rectangular and the
circular ducts with different inputs. When the transmission loss for breakin from Cummings
[14] is added to Vér’s theory [13] for circular ducts, the sound reduction curve increases with
the frequency over the cut-off frequency, f1, which is visually described in Figure 3.6 (yellow
line). The cut-off frequency denotes the frequency at which the lowest acoustic cross-mode
occurs for a ventilation duct [33]. Cross-modes are modes that excite standing waves inside
the duct that oscillate in a direction perpendicular to the main flow velocity and the cylinder
axis [154]. The theoretical shape with the proposed model (yellow lines in Figure 3.5 and
Figure 3.6) does not match the measurement data.

If the transmission loss for breakin from Cummings [14] is combined with Vér’s theory

[13] for rectangular ducts, the sound reduction decreases (compared to only Vér’s theory) with
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a better match to the measurement data, specifically below 500 Hz (see Cummings (2001) in
Figure 3.7). However, these changes are not enough to describe the sound reduction index of
ventilation ducts with adequate accuracy for all three configurations.

The current theories regarding sound transmission via circular ventilation ducts are, to
some extent, insufficient when compared to measurement data. Thus, improvements are
needed to better and easier describe the sound reduction for the ventilation duct. TL-breakout
is calculated according to a prediction scheme from Ref. [128] in Ref. [13] that is not
easily adapted. Instead, by studying the shape of the curves on both the theory and the
measurement data, conclusions were made to decide the shape of the sound reduction curve
for the ventilation duct. Further studies are required to deeper understand how the ventilation
ducts behave acoustically for the circular ducts.

For measurement data of the circular ducts in Figure 3.5 and Figure 3.6, when only the
sealant is applied, the sound reduction index tends to increase with the frequency up until
the cut-off frequency, f;. The increase is divided into two sections, one below the cut-off
frequency divided by 1.9, named f, and one above. Afterward, the sound reduction index
seems to be constant with increased frequency until 5000 Hz in Figure 3.5 or 2500 Hz in
Figure 3.6. Here, one can notice a significant linear drop over two-third of the octave bands
followed by an increase of the sound reduction index once more. From measurement data, it
was concluded that the drop is related to the ring frequency, fg, of the ventilation duct. This is
described by Refs. [13, 30] for the transmission loss when sound breaks out and is confirmed
for measurement data in the study [35], as well when measuring the sound reduction index.
The ring frequency can be calculated with the circumference, P, and the speed of longitudinal
waves in the duct wall material, ¢z, according to Equation 3.6, which depends on the density
and modulus of elasticity of the material [13, 130]. The ring frequency for the circular ducts,
315 and 630 mm, is calculated to 5100 and 2550 Hz. The identified points where a significant
drop occurred were for the frequencies 5000 Hz (duct with @315 mm) and 2500 Hz (duct with

@630 mm), which is close to the ring frequency for each dimension.

74



For the rectangular duct, the theory according to Reynolds [33], which includes theory from
Refs. [13, 22, 34], is adapted since it best describes the measurements with few deviations.
The adaptation is described in more detail in Ref. [35] where the theory is originally calculated
according to the Imperial system. Modifications have been made between the theory in Ref.
[35] and this article.

Theories are developed, with the conclusions above, through an iterative process with the
final result as the equations in Section 3.5.1 and Section 3.5.2 for circular and rectangular ducts
which describe the sound reduction index for the ducts only. The newly developed equations
for circular ducts have been evaluated together with the theory named Ver (1983) + Reynolds
(1990) to test the impact of the different inputs that have not been tested in the laboratory.
Changes have been made during the iteration process to make sure that the following equations

suit a large number of different combinations.

3.5.1 Sound Reduction for Circular Ducts Based on the Proposed

Theory

The International System of Units should be used with the equations in this section. Physical
quantities and units are displayed in Table B1. Before calculating the sound reduction for
circular ducts, the cut-off frequency and the ring frequency need to be determined according

to Equations 3.5 and 3.6 from Refs. [13, 21]:

0.58-
fr=== . (3.5)
fr= % (3.6)

_ N
fo=45- 3.7)
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where ¢ is the speed of sound in air, d is the diameter of the duct, ¢, is as mentioned
before and P is the perimeter of the ventilation duct. The sound reduction of the ventilation
duct can be calculated according to the proposed theory in Equations 3.8-3.13.

When f < f,:

P

e

P-I13 ,c8.8 .S

Rcircle,l = 10'IOglo (3-8)

where S is the cross-section area of the ventilation duct and g is the mass per unit area of the
duct.

When f, < f < fi:

f(1.3+2~S) ST C[(Z)
Rcircle,2 =10- loglo < p3 -L-68'88 . (39)
When fi < f < fr:
P-r¥5. 21
R. —-10-1 0 . 1
crele.3 = 1010810 ( LOE) . 08 506 (3.10)
When f =~ fg (rounded down) — one third octave band:
Subtract Reircle3 with 1-P. 3.11)
When f =~ fg (rounded down):
Subtract Rgircle,3 With 3 - P. (3.12)
When f > fg:
Rcircle,3
Reircles = the largest of (3.13)

2
40-logy (q}y27 L7053, (%) ) .
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The newly developed theory matches measurement data for all six configurations when
only a sealant is applied with minor deviations. For the weighted sound reduction index, the

error between measured data and theory is O—1 dB. Results are displayed in Section 5.3.

3.5.2 Sound Reduction for Rectangular Ducts, Updates of Existing

Theory According to Measurement Result

For the sound reduction of the rectangular duct, the theory is originally calculated with the
Imperial system in Ref. [35]. This article aims to describe calculations using the SI-system,
factors have therefore been listed in Table 3.1, which enables both systems to be used. Physical
quantities and units are displayed in Table B1. It is strongly recommended to use the SI-system
when using the following equations. The equations describing the new adapted theory follow
where a and b describe the longest and smallest dimensions of the rectangular duct cross

section. Then, the surface area Ay and the cross-area A; are calculated as Equations 3.14 and

3.15:

Ao=12-L-(a+b)-F1, (3.14)

Ai=a-b-F2. (3.15)

Table 3.1: Factors that should be used depending on whether the Imperial or the SI system is
used.

Variable Imperial units Sl-units Equation Number

F1 1 129 3.14
F2 1 1550 3.15
F3 24134 613 3.17
F4 1 0.093 3.18
F5 1 0.00107 3.19
F6 1 0.205 3.20
F7 1 0.083 3.21
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Before calculating the sound reduction for rectangular ducts, the cut-off frequency [13]
and the cross-over frequency [33] need to be determined according to Equations 3.16 and
3.17. Plane mode transmission is dominant below f; and above f;, multi-mode transmission
is dominant [33]:

f= 22 (3.16)

a

F3
L=

(3.17)

i

It is important that a and c¢( in Equation 3.16 uses the same length-unit (m and m/s or inch

and inch/s). The sound reduction index is described in Equation 3.18:

0 4 A
Rrectangular =TLouw+ TLin—10- lOgl() 4rnrL + AR B4 ) =10 loglo A;
i

(3.18)

A
+7—2C—10-logy, (M ) .
duct

The transmission loss when sound breaks out, 7' Ly, can be described as Equations 3.19

to 3.21 depending on if the frequency is below or above the cross-over frequency, f.

When f < fi:
f-q%-FS
TLoy = 10'10g10 W + 17, (319)
and when f > fr:
T Loy =20-logo (f-q0-F6) —31, (3.20)

with a rule that:
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> 10-logy (24-L- (L +1).F7
TLow = 0 (24-L-(5+5)-F7) . (3.21)

<41

The transmission loss when sound breaks in, 7'L;,, can be described as Equations 3.22 and
3.23 depending on if the frequency is below or above fi.

When f < fi:

TLyy+4—10-log, (%) +20-log;g (fil)

TLi, = the largest of (3.22)

10-logo (5%).

When f > fi:

TLi, =TLyy—3. (3.23)

The internal loss factor, C, is calculated according to Equation 3.24 followed by Equations
3.25 and 3.26 and can be neglected if the length of the ventilation duct is small and specifically

if the duct is unlined [13]:

101 L—erteh 3.4

C =10-log i B)L ) (3.24)
AL

B=1ap (3.25)

— I—S) .10~ TLow/10, (3.26)

Finally, the sound attenuation per unit length in the duct, AL, needs to be determined. The
variable is dependent on the shape and size of the ventilation duct according to Ref. [138] in

Figure 3.8 with the sound attenuation in dB per meter.
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Figure 3.8: Sound attenuation in straight sheet metal ventilation ducts per meter from Lindab
with 1 mm thickness for different shapes and dimensions [138].

3.5.3 Measurement Result Compared to Developed and Adapted

Theories according to Nilsson

The sound reduction for the three different ducts can be calculated according to equations
in Section 3.5.1 and Section 3.5.2, which can be combined with the sound reduction of the
measured reference wall with Equation 3.4. The proposed and adapted theories are compared
with measurements when the duct goes through wall C when only a sealant is applied according
to Figure 3.9. The same precision is seen for the two other tested walls, A and B, which are

displayed in Figure B7 and Figure BS.
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Figure 3.9: Theoretical analysis with the proposed theory, Nilsson (2021). Configurations for
ducts of dimensions @315, @630 and 700x250 mm through wall C (sound reduction index Ry,
54 dB).

3.6 Discussion

The new proposed theory for circular ducts is based on a few factors that have not been
changed in the laboratory such as the length and the mass per unit area. Since the existing
combined theory named Ver (1983) + Reynolds (1990) matches measurement data to some
extent (Figure 3.5 and Figure 3.6), it can be used to validate the newly proposed theory which
makes it more secure to apply to actual buildings. By iteration, the proposed theory was
compared with existing theories so that changes in length and mass per unit area have the
same impact. The proposed theory for circular ducts does not consider the sound attenuation,
C, inside the duct because it is considerably small for circular ducts, especially with the length
that was tested in the lab. The factor could be added to the presented equations if wanted. The

measurements indicate that the main factor parameter affecting the sound reduction is the
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length closest to the wall. This can be observed when treatment close to the wall is applied
for wall A (with the lowest sound reduction index) as described in Ref. [35]. It is therefore
unlikely that a 20-m-long ventilation duct will have a larger impact than a ventilation duct
with a length of 15 m since the sound will attenuate in the duct and breakout from the duct
(mainly close to the wall). The length is considered in the equations to calculate the sound
reduction of both the ventilation duct and the wall combined with the ventilation duct. That
length parameter might need to be changed in the theory to a standard maximum length, which
has to be determined and verified in the lab or in the field for various configurations.

The weighted sound reduction index does not increase significantly when changing the
wall from a sound reduction index of 46 dB to 54 dB (namely wall B to C), see measurement
data in Figure B8 and Figure 3.9. However, it changes between walls A and B as depicted in
Figure B7 and Figure B8. This happens because the radiated sound from the ventilation duct
is dominant compared to the wall. The ventilation duct thereby dictates the value for the sound
reduction index for the walls with a higher sound reduction index. With this observation, it is
concluded that calculations for walls B and C with a sound reduction index of 46 and 54 dB,
respectively, are more valid than wall A with 35 dB. However, this could also mean that the
proposed model is less accurate at predicting sound reduction when the difference in sound
insulation between the ventilation duct and the separating wall is small.

When analyzing measurement data, differences between lab and field values should be
considered. In the field, more variables affect the sound reduction than only the ventilation
duct, which is why the lab and field values in the product datasheet differ. On the other hand,
treatments that have been applied in the lab are optimized for a higher sound reduction than
expected in the field for the same type of configuration. Therefore, the same treatments might
not be needed on the ventilation ducts in the field to fulfill the sound reduction index that is
required for the separated wall construction. This can be concluded from Equation 3.4 that
describes the combined sound reduction for the wall and the ventilation duct. Another factor

to be considered is the flow inside the ventilation duct. The lab measurements were made with
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a closed ventilation duct unlike the setup in the field where there is a flow of air inside the
duct. This can have an impact on the sound reduction of the combined system, although Craik
[150] highlighted that the airflow does not have a practical impact on the system for airflow
velocity up to 30 m/s.

When applying different treatments to the configurations in the field, the length of the
ventilation duct needs to be considered. A direct application is assessed to work for the
treatments where only part of the ventilation ducts are covered, 600—1200 mm on both sides
of the wall. For more demanding treatments, the dimensions of the rooms must be considered,
as well as the sound reduction of the wall. In a large room, parts of the sound power will
successively attenuate and breakout with the length of the duct. However, if the sound
reduction of the wall is high, the whole ventilation duct still might need to be covered with
heavy stone wool regardless of the dimensions of the rooms and the length of the ventilation
duct. The different treatments are demonstrated in Ref. [35] for the nine configurations. Other
treatments than wrapping the ventilation duct with stone wool may be more efficient for some
configurations.

Several interesting aspects can be discovered when analyzing variations between rectangu-
lar and circular ducts. For wall A, 35 dB, applying a sealant is sufficient for the rectangular
duct. For the circular ducts, stone wool was necessary to cover the surface area at a length
of 600—1200 mm. The sound reduction curve for the rectangular duct increases relatively
linearly with frequency, unlike the circular ducts. For the circular ducts, the sound reduction
is constant with the frequency between f; and fg, which is also described in Ref. [35]. The
reason why a few simple treatments are needed for combination 35/700x250 is that the sound
reduction curve for the wall is similar in shape and value to the sound reduction curve of the
ventilation duct. If only the surface area of the duct is considered as a factor, then the same
treatments (only applying sealant) should be enough for the larger circular duct (630 mm) and
the rectangular duct since they almost have the same surface area/circumference (Pgs30: 1.98

m2, Prooraso: 1.90 m2). This is not the case because the shape and setup are different. For the
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rectangular duct, more connections are required as they do not come in large sections, usually
between 1-2 m. Circular ducts usually come in sections of 3 m. Therefore, the rectangular
ducts have more coupling connectors in their system than the circular ducts, which gives more
sound attenuation via the material of the ventilation ducts. This could be a reason for the
different needs of treatments between the different ventilation ducts through wall A. On the
other hand, when increasing the sound reduction index of the wall to 46 and 54 dB (wall B
and C), the same treatments are required. Further investigation of the measurement data leads

to the following aspects:

* The first interesting difference is the deviation of the sound reduction for the circular duct
at the ring frequency. However, this factor has no meaning when the whole ventilation

duct is covered with heavy stone wool.

* The rectangular duct has a high sound reduction in the higher frequencies, one reason
could be the higher damping in the system with more connectors, but for the middle

frequencies, 160—1200 Hz, it is not as sufficient as the wall’s sound insulation.

¢ For the circular ducts, the sound reduction curve is flat above the cut-off frequency.
When the circular ventilation ducts are wrapped with stone wool, the sound reduction is
successively increasing. However, the flat trend of the curve only shifts when the whole

ventilation duct is covered with stone wool.

* For lower sound reduction indices of the test walls, the rectangular duct needs fewer
treatments than the circular 630 mm duct. When the sound reduction index of the
wall increases, both the rectangular and circular ventilation duct needs to be covered
completely since they are not sufficient in the middle frequencies and because of the

ring frequency for the circular duct.

Instead of developing a new theory for circular ducts, the prediction scheme according to

Heckl and Miiller [128] could be used or described with equations and thereby be adjusted as

84



the rectangular duct theory. However, the prediction scheme seems hard to use since a graph
needs to be shifted with outputs from equations. Therefore, another approach was taken in
this study with iterations to match the measurement result for these ducts. A similar model for
rectangular ducts cannot be developed with enough accuracy since measurements were only
made with one sample size of the rectangular duct.

The frequency span for the measurements is 50-5000 Hz but the analysis and theories start
from 100 Hz. Frequencies below 100 Hz were not considered since the frequency span of the
standard regulation for offices and schools starts from 100 Hz in, for example, Sweden [155].
Contrary to that, sound reduction for frequencies below 100 Hz is considered in Swedish
dwellings [156]. However, the diameter of the ventilation ducts in dwellings is often below
315 mm unlike offices, schools and hospitals where larger dimensions are common. Since
ventilation ducts in dwellings have smaller diameters, they have less impact on the sound

insulation. Therefore, the analysis starts from 100 Hz instead of 50 Hz.

3.7 Conclusions

The aim of the study was to model the sound reduction of a combined system with a separating
wall and a ventilation duct through it.

A new theory is proposed for circular ducts, and it matches measurement data for a
combined system with few deviations according to the proposed model. The same agree-
ment between measurements and existing theory for rectangular ducts is yielded with some
modifications, mainly for lower frequencies, together with the proposed model.

From measurement data, it is concluded that the part of the ventilation duct closest to the
wall is the main factor affecting the sound reduction. For some configurations, it is enough
to only apply stone wool around the surface area of the duct closest to the wall on each side
but the reduction of sound insulation at the ring frequency only disappears when the whole

ventilation duct is covered. The same treatments presented here and in Ref. [35] may be
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dissimilar in the field since they are optimized for lab values. Wrapping ventilation ducts
with stone wool yields effective results but other treatments can be more efficient for some
configurations.

For lower sound reduction indices of the test walls, the shape of the ventilation ducts and
the number of coupling connectors in the system are dependent and determine the type of
treatments needed. For higher sound reduction indices of the wall, the surface area is the factor

that controls which treatments are required.

3.8 Additional work

The theories from Vér [13], Reynolds [33], and Long [34] are sensitive to changes in the units
(FT and SI). This is visible in Figures 3.5 and 3.6, where minor modifications in factors from
the theory by Vér [13] result in a more accurate estimation compared to measurements (see
the curve ”Ver (1983) + Reynolds (1990)”). Based on the shape of the transmission loss model
curve for breakout and breakin, Vér [13] yields a satisfactory result compared to measurements
for circular ducts compared to the other theories. For rectangular ventilation ducts, the theories
perform similarly, but the theory from Vér [13] is slightly more accurate. Examples with
modified factors for each theory and ventilation duct are presented in Figure 3.10, Figure 3.11,

and Figure 3.12. The curves in Figures 3.10 to 3.12, are calculated following Equation 3.27:

(3.27)

Swall + Mduct )

Reombined = 10-1ogy (Swall 10 Reat/10 L Afy - 10~ Rawe Z/10

where Z is the factor shown in Figures 3.10-3.12. Equation 3.27 is based on Equation 3.4
with the added factor, Z. An interesting observation is that the theory according to Vér [13]

performs best with the same factor, Z = 0.75, for all three ducts, unlike the other theories.
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Figure 3.10: Existing theories that are multiplied with a factor to fit more accurately
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compared to measurement data. Setup with a circular ventilation duct, diameter 315 mm,

through wall C, with a measured weighted sound reduction index of Ry, 54 dB.
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Figure 3.11: Existing theories that are multiplied with a factor to fit more accurately
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compared to measurement data. Setup with a circular ventilation duct, diameter 315 mm,

through wall C, with a measured weighted sound reduction index of Ry, 54 dB.
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Figure 3.12: Existing theories that are multiplied with a factor to fit more accurately
compared to measurement data. Setup with a circular ventilation duct, 700 x 250 mm,
through wall C, with a measured weighted sound reduction index of Ry, 54 dB.

In conclusion, the presented transmission model in Ref. [126] performs well with either
the developed theories in the paper or with the theory from Vér [13] (see Section 2.5.2), with
some larger deviations above fg for circular ducts. With the theory from Vér [13], Equation
2.31 should be replaced with Equation 3.27 where Z = 0.75.

Observe that the formulated theories in this chapter are based on the transmission model
in Figure 3.1 with a few assumptions. Therefore, if the results from the different theories do
not align with the measurements, it does not indicate that the theories themselves are wrong

but rather that they do not fit the presented model.

88



CHAPTER 4

ACOUSTICAL TREATMENTS ON
VENTILATION DUCTS THROUGH WALLS:
EXPERIMENTAL RESULTS AND NOVEL
MODELS

Résumé

La réduction du bruit est complexe a estimer pour les traitements acoustiques des conduits
de ventilation a travers les murs. Différents traitements acoustiques sont disponibles pour
les conduits de ventilation, comme notamment le revétement intérieur (absorption le long du
périmetre intérieur), le calorifugeage extérieur (isolation acoustique extérieure), les silencieux
et les plafonds suspendus. Des études antérieures ont examiné comment les silencieux et
le revétement intérieur affectent la transmission du son dans les conduits de ventilation.
Cependant, il existe peu de théories permettant de prédire I’effet du calorifugeage extérieur
en combinaison avec les gaines de ventilation et la maniere dont la réduction totale du bruit
est affectée. Cet article vise a étudier différents traitements acoustiques et a développer des
modeles théoriques lorsque le calorifugeage externe avec de la laine de roche est utilisé pour
réduire la transmission indirecte du bruit aérien via la surface des conduits de ventilation. Des
modeles théoriques sont développés pour le calorifugeage externe et comparés aux données
de mesure. Les mesures et la théorie sont généralement en bon accord sur la bande de tiers
d’octave comprise entre 100 et 5000 Hz. Les modeles développés précisent que la distance la

plus proche du mur a le principal impact sur la réduction du bruit pour un systéme combiné



d’un mur avec un conduit de ventilation. Les plafonds suspendus et les silencieux s’averent
suffisants en tant que traitements acoustiques pour certaines combinaisons de conduits de
ventilation et de murs. Toutefois, le calorifugeage extérieur semble étre la seule solution
efficace dans les bureaux et les écoles lorsqu’une grande gaine de ventilation traverse un mur
a forte réduction acoustique.

Mots clés: conduit de ventilation, calorifugeage extérieur, transmission indirecte, breakout,

breakin, réduction des bruits
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Abstract

Sound reduction is complex to estimate for acoustical treatments on ventilation ducts through
walls. Various acoustical treatments are available for ventilation ducts, including internal lining
(absorption along the inner perimeter), external lagging (external sound insulation), silencer,
and suspended ceilings. Previous studies have examined how silencers and the internal lining
affect the sound transmission of ventilation ducts. However, there are few theories to predict
the effect of external lagging in combination with ventilation ducts and how the total sound
reduction is affected. This article aims to investigate different acoustical treatments and
develop theoretical models when external lagging with stone wool is used to reduce flanking
sound transmission via the surface area of ventilation ducts. Theoretical models are developed
for external lagging and compared with measurement data. Measurements and theory are
generally in good agreement over the third-octave band range of 100-5000 Hz. The developed
models clarify that the distance closest to the wall has the main impact on sound reduction for
a combined system with a wall and a ventilation duct. Suspended ceilings and silencers are
found to be enough as acoustical treatments for certain combinations of ventilation ducts and
walls. However, external lagging seems to be the only effective solution in offices and schools
when a large ventilation duct passes through a wall with high sound reduction.

Keywords: ventilation duct, external lagging, flanking sound transmission, breakout, breakin,

sound reduction
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4.1 Introduction

This chapter is a copy of a journal article published in MDPI Acoustics in 2022 [127].

Ventilation ducts usually have a significant impact on a wall’s sound reduction and treat-
ments are often required to fulfill different acoustic regulations. In a previous study [126],
the authors provide updated models for calculating the sound reduction index of circular and
rectangular ventilation ducts through walls with different sound reduction indices, without
treatment. The theory in [126] is based on laboratory measurements from a previous work by
the first author [35] and the models show good agreement with measurements. The amount of
acoustical treatment increases with the dimension of the ventilation ducts and with the sound
reduction index of the wall. There are various treatments that a designer can choose to reduce
the flanking path that arises when a ventilation duct is mounted through a wall. The treatments
should be adapted to the problem that needs to be solved.

When sound travels via the ventilation duct, it can travel via both the material and the air
inside the duct. In this article, sound attenuation is defined as the damping of sound by the air
and by the material on the inside of the duct, and sound transmission is defined as the transfer
of sound between different rooms; thus, sound attenuation is a part of the sound transmission.
The sound can also travel between rooms via the slit between the ventilation duct and the wall.

The first important treatment is to minimize the leakage in the connection between the
ventilation duct and the wall with a sealant. Otherwise, if a slit-shaped aperture is left untreated,
the sound reduction will decrease significantly. Westerberg [157] performed measurements on
how the sound reduction of a wall with no leakage is reduced when a pipe is mounted through
a wall with a wooden cylinder. The wooden cylinder, mounted in the middle of the pipe, had a
smaller diameter than the pipe itself, thus creating a slit-shaped circular aperture between the
cylinder and the pipe. The article shows reduced sound insulation at higher frequencies with
leakage. C Yang et al. [158] analyzed the sound transmission of an opening with and without

an acoustic sealant. They concluded that an acoustic sealant increases the sound reduction at
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the off-resonance frequencies of the system. Several studies have also investigated circular
and slit-shaped apertures [159-162].

Sound attenuation can increase by installing an internal lining (absorption) along the
inner perimeter of the ventilation duct. The inner lining acts as an absorber, which thereby
decreases the sound transmission between rooms if they share the same ventilation duct. The
acoustic performance of duct lining depends on several factors, including the geometry of
the duct, the placement of the lining, and the acoustic properties of the lining material [137].
Generally, there are two types of lining materials: locally reacting and bulk-reacting linings.
The difference between them is the number of directions that the liners permit propagation;
locally reacting linings permit propagation only in the direction normal to the duct and bulk-
reacting linings permit propagation in more than one direction [137]. The sound attenuation in
ducts with linings is investigated in several studies [134—136, 163—-165]. Bibby and Hodgson
[133] concluded that the lining thickness does not affect high-frequency performance. The
thickness mainly affects the low-frequency area, and a 25 mm thick liner is not effective
enough [133]. Bibby and Hodgson [133] also concluded that a 100 mm thick liner might be
excessive. The use of internal lining as a treatment is appropriate in many scenarios since it
affects both the sound attenuation and the sound transmission.

Another method to increase the sound attenuation is with silencers. The use of silencers
1s also an effective way to reduce the transmission of sound between rooms because they
act both as an absorbing material for air circulating inside and reduce the sound traveling
through the material. Three different types of HVAC duct silencers are used according to
ASHRAE [139] and they are named dissipative, reactive, and active. Dissipative silencers
typically use perforated metal to cover an acoustic grade fiberglass. Reactive silencers use
tuned perforated metal to cover tuned chamber voids with fibrous material. Lastly, active
duct silencers produce inverse sound waves to cancel the unwanted noise, typically for low
frequencies [139]. Several articles describe the methods to calculate the transmission or

insertion loss in silencers [140-145], although ASHRAE [139] states that data should be
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obtained from measurements according to ASTM E477 [146] for dissipative and reactive
silencers when used in calculations.

With a suspended ceiling, sound transmission through ventilation ducts is reduced since
they are usually placed above the ceiling. The sound transmission of suspended ceilings is
dependent on the thickness, the density, and the porosity of the ceiling material. Laboratory
measurements can determine how much the sound transmission decreases between two
rooms with a common plenum (volume above the suspended ceiling) depending on the used
suspended ceiling. ISO 10848-2 [166] describes this with a weighted normalized sound
level difference for suspended ceilings named Dy ¢ w. ASTM E1414 [167] instead describes
the plenum sound path transmission loss with a ceiling attenuation class named CAC The
transmission path, measured according to these standards, is dependent on the transmission
loss of the suspended ceiling, but also the sound absorption and propagation in the plenum
[168]. Refs. [169-172] conducted several measurements on different ceilings together with
the sound absorption. Measurements based on Dy, ¢y, and CAC describe the transmission loss
when the plenum is shared between two rooms and the standards require that plenum walls are
lined with some type of absorption. If the walls of a room go all the way up to the ceiling, less
plenum absorption occurs, which is often the case with high sound reduction requirements
between rooms. Values presented with D, ¢, and CAC should therefore be used with special
consideration.

Lastly, the ventilation duct can be covered with external lagging (external sound insulation).
One common application with this acoustical treatment is to solve an already existing breakout
noise problem [1, 14], but it can also be a part of an early design. External lagging on ventila-
tion ducts includes both covering with gypsum boards to form an enclosure or by wrapping
the duct with a fibrous material, such as glass fiber or stone wool [1, 14]. The latter increases
the surface mass and therefore decreases the sound transmission. Cummings [36] presents a
method to model external lagging on rectangular ducts based on an electrical analogous circuit

model. The theory is compared to measurements with a fairly good agreement, according to
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Cummings [14]. Another prediction model by Venkatesham, Munjal, and Tiwari [37] is based
on the four-pole parameters with some comparison against measurement data. The authors
conclude that their model is appropriate for predicting insertion loss at lower frequencies,
from 500 Hz and below [37]. The theoretical models above are not investigated further in
this article since they primarily focus on rectangular ducts and when a ventilation duct is
completely wrapped.

The purpose of this article is to investigate different acoustical treatments and develop
theoretical models when external lagging with stone wool is used to reduce the flanking
sound transmission via the surface area of ventilation ducts. Furthermore, the use of different

acoustical treatments is discussed for various scenarios.

4.2 Theory

A previous article from the authors [126] investigates how the surface area of a ventilation
duct affects sound reduction and presents theoretical models to calculate the combined sound
reduction index of a duct wall. The initial model was based on Figure 4.1, which presents
how the sound travels from the sending room to the receiving room if only the surface area
affects the sound transmission. Elements 1 and 7 in Figure 4.1 describe the sound power in
the different rooms and Elements 3 and 5 describe the sound power inside the ventilation
duct. Elements 2 and 6 indicate the sound transmission loss of breakin and breakout between
the sending and receiving room along the surface area of the ventilation duct, marked with
different patterns. Lastly, Element 4 is the sound attenuation inside the ventilation duct and
the damping of sound increases with the length of the ventilation duct. The model in Figure
4.1 could occur in the field when a ventilation duct passes by a room without any air diffuser.

Scenarios that include air diffusers can be illustrated according to Figure 4.2 where air
diffusers can be on one or two sides of the wall. The model in Figure 4.2 has two more paths

included, which are denoted as Elements 2a and 6a. They describe the sound transmission
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loss of break-in and breakout via the air diffusers. The path from Element 2a to 6a can be
described by the term crosstalk.

The use of internal lining affects path number 4 and therefore improves the scenarios
described in Figure 4.1 and Figure 4.2. The use of external lagging only affects break-in and

breakout through the surface area described as Elements 2 and 6 in Figure 4.2.

\

<>

Sending room

@

Receiving room

)

Figure 4.1: Illustration model of how sound travels from the sending room to the receiving
room if only the surface area affects the sound transmission.

T

Sending room Receiving room

Figure 4.2: Illustration model of how sound travels from the sending room to the receiving
room if the surface area and air diffusers affects the sound transmission.
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The use of a silencer affects different paths depending on the placement, which is illustrated
in Figure 4.3. If the silencer is placed in position a marked as blue, it primarily affects Element
2a. Sound is still able to break-in at the remaining path between the silencer and the wall.
However, if the silencer is placed in position b marked as green, Elements 2, 2a and 4 are
affected. Therefore, the placement of a silencer can be critical depending on the problem that
needs to be solved. A ceiling between the sending room and the ventilation duct primarily
affects Element 2 since the air diffusers (placed at Elements 2a and 6a) usually goes through
the ceiling.

The placement of silencers, related to Figure 4.3, can be adapted to external lagging using
similar principles. If external lagging is placed on a limited surface of the ventilation duct in
position b, sound will break into the ventilation duct longer away from the wall, which is more

advantageous compared to position a.

O@x Sending room \ Receiving room

Figure 4.3: Illustration model of how sound travels from the sending room to the receiving
room if the surface area and air diffusers affects the sound transmission. Two areas on the
ventilation duct in the sending room are marked with blue and green colors together with the
letters a and b that describe different areas for acoustical treatments.

Ventilation ducts have a few acoustical properties that theoretical models in general should
consider. Both rectangular and circular ventilation ducts have different acoustic cross modes,

and the cut-off frequency is the lowest of these modes [33], described in Equations 4.1 and
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4.2 [139]. Sound transmission loss of break-in and breakout for circular ventilation ducts is
also dependent on the ring frequency presented in Equation 4.3 [13, 29]. The ring frequency
can be described as the frequency where an equivalent circular ring exhibits axisymmetric
free vibrations [173]. The sound transmission loss for rectangular ducts is divided into other
areas with a different frequency, called the longitudinal or cross-over frequency presented in
[22, 33], and seen in Equation 4.4. Plane mode transmission dominates below the cross-over

frequency and multi-mode transmission dominates above [33]. The calculated values are

presented in Table C2.
f1 circular = % 4.1)
Frrectngatar = 20, 42)
Jr= %. (4.3)
= o0 (4.4)

3

The cut-off frequency in Equations 4.1 and 4.2 is dependent on the speed of sound in air,
co, and the diameter of the circular duct, d, or the longest dimension of the rectangular duct, a.
The ring frequency in Equation 4.3 is determined by the speed of sound of the ventilation duct
material, ¢z, and the perimeter of the circular duct, P. The longitudinal or cross-over frequency
in Equation 4.4 is dependent on the longest and shortest dimension of the rectangular duct, a
and b.

A system with a wall, a ventilation duct and external lagging with different lengths can be

described with a combined sound reduction according to Equation 4.5:
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Rcombined =

Swall + Mgyct + erap (45)

— 10 . loglo

Ryall Rayct (RduCl TORWWP)

Swall - 1077107 + Mgy - 107710 +erap 107

4.3 Method

The experimental part was performed according to [35] and took place in the sound trans-
mission laboratory at Lund University, LTH, Faculty of Engineering, Division of Acoustics.
The laboratory consists of two horizontal rooms, separated by a heavy wall with an opening
where a 10 m? mock-up wall can be constructed (Figure 4.4a). The experimental part in Ref.
[35] tested three different types of walls. Lab measurements yielded Ry, of 35, 46, and 54
dB according to ISO 717-1:2013 [174] and STC of 35, 46, and 53 dB according to ASTM
E413-16 [175]. The edges, between the mock-up wall and the heavy wall, were covered with
sealant on all sides.

Two circular and one rectangular ventilation ducts were used together with the three
different walls in Ref. [35]. The dimensions of the ventilation ducts were @315 and #630 mm
for the circular duct and 700 x 250 mm for the rectangular duct. Both ends of the ventilation
duct were plugged with a metal plate, with two gypsum boards and sealant on the inside of
the plates (see Figure 4.4c and Figure 4.4d), since the main objective was to measure how the
surface area affects the sound transmission. The connection was made airtight between the

metal plate and the ducts with a rubber or foam lining (Figure 4.4b) on the metal plates.
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(b)

(c) (d)

Figure 4.4: Pictures from the measurements in Ref. [35]: (a) The finished mounted wall; (b)

Foam lining for rectangular duct; (c) Cover cap for the circular duct: rubber lining, gypsum

boards and sealant around the border; (d) Cover cap for the rectangular duct: foam lining and
gypsum boards.

The impact of the ventilation ducts on the test walls was quantified by measuring the
walls without any holes, as shown in Figure 4.4a. The measurements with no holes represent
reference values, Ry, that are used in Equation 4.5. Different treatments were applied on the
duct and the main treatments are presented below. Treatments are only applied if the measured
combined sound reduction index with duct and wall is below the reference wall. A sealant
was applied between the ventilation duct and the wall for all cases below. More information

about the measurements can be obtained in Ref. [35, 126].
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1. External lagging with 50 mm stone wool, density of 100 kg/m?>, closest to the wall with

a length of 600 mm.

2. External lagging with 50 mm stone wool, density of 100 kg/m?, closest to the wall with

a length of 1200 mm.

3. External lagging with 50 mm stone wool, density of 100 kg/m?, closest to the wall with

a length of 1800 mm.
4. External lagging with 50 mm stone wool, density of 100 kg/m?, along the whole duct.

5. External lagging with 100 mm stone wool, density of 100 kg/m?>, closest to the wall with
a length of 1800 mm. The rest of the duct is covered with 50 mm stone wool, density of

100 kg/m?>.

The different walls are further on described as the following types, measured in the
laboratory according to Ref. [35].

e Wall A. Sound reduction index: Ry = 35 dB or sound transmission class: STC = 35 dB

¢ Wall B. Sound reduction index: Ry = 46 dB or sound transmission class: STC = 46 dB

e Wall C. Sound reduction index: Ry, = 54 dB or sound transmission class: STC = 53 dB

Pictures from the measurements in [35] are displayed in Figure 4.5; different treatments
with external lagging (external sound insulation) are applied on different ventilation ducts

according to cases 1-5 above.
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(b)

Figure 4.5: Pictures from the measurements in Ref. [35] in one of the rooms: (a) Circular 630
mm duct, treatment according to case 3; (b) Circular 630 mm duct, treatment according to
case 5; (c) Circular 315 mm duct, treatment according to case 4; (d) Rectangular duct, 700 x
250 mm, treatment according to case 4.

4.4 Theoretical Models with External Lagging

The improvement of external lagging with stone wool according to different cases presented
under Section 4.3 can be expressed with developed theoretical models. The models are based
on measurements from [35] and previous theoretical models from [126], which describes the
sound reduction of the ventilation duct. The models are developed with an analytical approach.
For circular ducts, the equations are divided into different frequency areas depending on
the cut-off frequency, fi, and the ring-frequency, fg. For rectangular ducts, the equations

are instead divided into frequency areas depending on the cut-off frequency, fi, and the
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longitudinal (or cross-over) frequency, fz. Units for different variables are presented in Table
C1. Calculated values for frequencies presented in Equations 4.1-4.4 are displayed in Table

C2.

4.4.1 Theoretical Models with External Lagging for Circular Ducts

In the development of theoretical models for circular ducts, the wrapping length closest to
the wall proved to be the most important parameter when the ventilation duct was partially
covered with external lagging. Equation 4.5 was therefore modified to consider this in Equation
4.6 below. It is important to note that Ry,.p only describes the addition of sound reduction
caused by the external lagging and that Rg,¢ needs to be included to the total sound reduction

described in Equation 4.6:

Rcircular,combined,wrap =

Swall + Mgyct + erap (46)

10-1o
g 10 —Ryall — (Rwrap +Rduct) —Rauyct

_ 4
Swall * 1070 +erap' 10 10 + (Liﬂ> Mayet - 10710

When the ventilation duct is completely covered with external lagging, Lyap = L, one
term disappears automatically from the equation above. Ryr,p can be calculated with the
equations below, Rq,c¢ can be calculated using Ref. [126] and Ry, can be obtained from the
manufacturers (laboratory measurements), by calculations with a building acoustic software,
or by calculations with equations from the literature.

Ref. [126] introduces a new equation that specifies another frequency area that is dependent
on the cut-off frequency for circular ducts, presented in Equation 4.7. The calculated values
are presented in Table C2.

_ h ,circular

fe="1% 4.7)
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4.4.1.1 Theoretical Models When Circular Ventilation Ducts Are Partly Wrapped

A theoretical model is developed when a circular ventilation duct is partly covered with
external lagging and the sound reduction, depending on frequency, is divided into four main
zones according to Equations 4.8—4.13, which together describe Ryrap.

When f < f,:

0.7
Qwrap

2-8-m- (S+ 1.9. max(fe—f. 100)0-8/ﬂ> )

f 1,circular

Rcircular,partly,l =10-logy (4.8)

where § is the cross-section area of the ventilation duct and gyap 1s the mass per unit area of

the external lagging.

When f, < f < fl,circular:

Gwrap - f
Rcircular,partly,z =10- 10g10 (%) : (4.9)

When fl,circular <f< fr:

L—Lyra
\/max (f_fl,circular; 100) 'q\3>vrap 2.2 (- . p)

2.2, 03 ?
pP-m f 1,circular

Rcircular,partly,3 = 10-logy, (4.10)

where L is the total length of the ventilation duct and Lyp s the length of the external lagging.
The ring frequency does not only cause a drop in sound reduction at the nearest one third
octave band, denoted as fg rounded but also at the one third octave band below that, denoted as
JR rounded—1/3-

When f =~ fg (rounded down) — one third octave band:

Subtract Reircular,partly,3 With P+ (L — Lyrap) - 4.11)
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When f =~ fg (rounded down):

Subtract Reircular,party,3 With 2P - (L — Lwrap) . 4.12)

When f > fx:

Rcircular,partly,4 =10- 10g10 (fO'l 'quap) . (4.13)

4.4.1.2 Theoretical Models When Circular Ventilation Ducts Are Completely Wrapped

The sound reduction index increases significantly when the whole circular ventilation duct
is covered with external lagging according to Equations 4.14-4.17, which together describe
Ryrap- Ref. [35] presents the basic equations to estimate the sound reduction, which are further
developed in this article.

When f < f,:

2
q
Rcircular,full,l =10- loglo TP 08/vd (414)
2-8-7- <S+ 1.9. max(fejjlf;mlu?g) )
When f, < f < fl,circular:
AT
R =10-1lo — T - . 4.15
circular,full,2 £10 (S ] C(l)'4 i 7'[2 ) g ( )
When f circular < < fr:
40'Qwrap 2 2
max (f _f 1,circular, — p2 ) 'QWrap
Reircularfun,3 = 10-logy PT a2 fonen (4.16)
,circular
When f > fx:
Rcircular,full,4 =10- lOglo (f : QWrap) . (4.17)
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4.4.2 Theoretical Models with External Lagging for Rectangular Ducts

Similar to circular ducts, in the development of theoretical models for rectangular ducts,
the wrapping length closest to the wall proved to be the most important parameter when
the ventilation duct was partially covered with external lagging. Equation 4.5 was therefore
adjusted to form Equation 4.18 with the same principles made for Equation 4.6. The combined
sound reduction index of the wall, the rectangular ventilation duct, and external lagging as
acoustical treatment can be described according to Equation 4.18. As mentioned before, note
that Ry,,p only describes the addition of the sound reduction caused by the external lagging
and that R4, needs to be included to the total sound reduction caused by that path described

in Equation 4.18:

Rrectangular,combined,wrap =

Swall + Mgucte + erap (4 ! 8)

10-1o
g 10 ~Ryall _ (Rwrap +Rducl) —Ryuct

_ 2
Swalr - 10710 +erap 10T+ (%) Mayet - 107710

Ryrap can be calculated with equations below, Rqy¢; can be calculated using Ref. [126] and
Ry can be obtained from the manufacturers (laboratory measurements), by calculations with

a building acoustic software, or by calculations with equations from the literature.

4.4.2.1 Theoretical Models When Rectangular Ventilation Ducts Are Partly Wrapped

A theoretical model is developed when a rectangular ventilation duct is partly covered with
external lagging (wrapped) and the sound reduction depending on frequency is divided into

three main zones according to Equations 4.19—4.21, which together describe Ryap.

When f < f rectangular-
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1.2
15 Lyrap 0.7
Qwrap <O‘5 + L ) f 1,rectangular

Riectangular,partly,1 = 10-1ogy Fsa (4.19)
When fi rectangutar < f < fL:
max (f - Jectangulara%) " qévrap
Riecuangatarpary2 = 1010810 P-7?%.f lo,f%ectangular (420
When f > fi:
Rrectangularpartly3 = 10-10g10 (\/f " Gwrap) - 4.21)

4.4.2.2 Theoretical Models When Rectangular Ventilation Ducts Are Completely

Wrapped

Similar to circular ducts, the sound reduction increases significantly when the whole rect-
angular ventilation duct is covered with external lagging (wrapped) according to Equations
4.22-4.24, which together describe Ry,ap. Ref. [35] presents the basic equations to estimate

the sound reduction, which are further developed in this article.

When f < fi ,rectangular -

2.1
q
Rrectangular,full,l =10- 10g10 < IOTN??E> . (4.22)

When fl,rectangular <f<f

1.8
max (f - i ;rectangulars 50) : q\3;vrap) (4.23)

,Jrectangular

Rrectangular,full,Z =10- 10g10 (

When f > fi:
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Rrectangular,full,3 =10- loglo (f ’ QWrap) . (4-24)

4.5 Results

4.5.1 Measurement Results Compared to the Developed Theoretical

Models

The sound reduction for the three different ventilation ducts with different lengths of external
lagging combined with the sound reduction of the walls can be calculated according to
equations in Section 4.4.1 and Section 4.4.2. The developed models are based on an analytical
approach.

Measurement results compared to the developed theories are presented in Figure 4.6,
Figure 4.7 and Figure 4.8 for Wall C with the highest sound reduction index of R,, = 54 dB
and sound transmission class of STC = 53 dB. The calculations, compared to measurements
for Walls A and B with lower sound reduction indices and sound transmission classes, are
displayed in Figure C1, Figure C2, Figure C3, Figure C4 and Figure C5 described under

Section 4.3.
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@315mm Duct and External Lagging, Wall C
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Figure 4.6: Theoretical models compared to measurements with external lagging as acoustic

treatment. Ventilation duct with @315 mm through wall C with a sound reduction index of Ry,

= 54 dB. External lagging is mounted at partial lengths of 0.6—1.8 m (Treatment 1-3) and full
length (Treatment 4) with 50 mm stone wool, density of 100 kg/m?, closest to the wall.
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Figure 4.7: Theoretical models compared to measurements with external lagging as acoustic

treatment. Ventilation duct with @630 mm through wall C with a sound reduction index of Ry,

= 54 dB. External lagging is mounted at partial lengths of 0.6—1.8 m (Treatment 1-3) and full

length (Treatment 4 and 5) with 50 mm and 100 mm stone wool, density of 100 kg/m?>, closest
to the wall.
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700x250mm Duct and External Lagging, Wall C
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Figure 4.8: Theoretical models compared to measurements with external lagging as acoustic
treatment. Ventilation duct with dimension: 700 x 250 mm through wall C with a sound
reduction index of R, = 54 dB. External lagging is mounted at partial lengths of 0.6—1.8 m
(Treatment 1-3) and full length (Treatment 4 and 5) with 50 mm and 100 mm stone wool,
density of 100 kg/m?, closest to the wall.

4.5.2 Suspended Absorbent Ceilings: Estimated Calculations

Suspended ceilings have a positive effect on the sound reduction when a ventilation duct
passes through a wall. The sound reduction for an absorbent ceiling can be estimated based
on sound pressure insulation values, Dy, from different products measured according to ISO
11546-1 [176]. The values measured according to Ref. [176] are expressed for one ceiling and
the model in Figure 4.1 could include one suspended ceiling in each room. The total sound
reduction addition can be estimated and added in Equation 4.5 instead of Ryap.

Laboratory measurements with sound pressure insulation values, Dy, have been obtained
for two different types of ceilings. The first one, called Ceiling A, is built up with 40 mm
absorbent tiles. The second, called Ceiling B, is built up with a gypsum board behind 40 mm
absorbent tiles. Ceiling B will therefore have higher sound insulation compared to Ceiling A.

Estimated calculations are presented in Figure 4.9 and Figure 4.10 with Ceiling A and B
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together with Wall C and the three different ventilation ducts investigated in this paper. The
calculations assume that suspended absorbent ceilings are mounted in both rooms, with a
model based on Figure 4.1, and that the total sound pressure insulation is almost twice the
sound pressure insulation of one ceiling. The calculations could therefore be overestimating
the sound reduction, meaning that the positive effect of suspended ceilings presented in Figure
4.9 and Figure 4.10 are lower than presented. Calculations for Wall B are presented in Figure
C6 and Figure C7. Calculations for Wall A are not presented since the difference in sound
reduction is minor between the reference wall and when an untreated ventilation duct passes

through. Similar results and conclusions can be expected for Wall A as for Wall B.

Ceiling A and all 3 Ventilation Ducts, Wall C
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Figure 4.9: Estimated theory with a suspended absorbent ceiling, Ceiling A, as acoustical
treatment. Ventilation duct with dimensions of @315, @630 and 700 x 250 mm through wall
C with a sound reduction index of Ry, = 54 dB.
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Ceiling B and all 3 Ventilation Ducts, Wall C
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Figure 4.10: Estimated theory with a suspended absorbent ceiling, Ceiling B, as acoustical
treatment. Ventilation duct with dimensions of @315, @630 and 700 x 250 mm through wall
C with a sound reduction index of Ry, = 54 dB.

4.6 Discussion

The agreement between measurements from [35] and new developed theoretical models in
[126], combined with the models under Section 4.4.1 and Section 4.4.2, is sufficient with
few minor deviations for certain frequency bands. However, some consideration needs to be
taken around and below the frequency named f, since the difference is very small between the
reference wall and when a ventilation duct passes through the wall without treatments. Further
studies are therefore required with a wall that has higher performance in a low frequency to
model the combined sound reduction index around and below f,. Nonetheless, the developed
theory in this study models different wrapping lengths with high accuracy. The uncertainties
of the models are the duct length since the length was constant, and the shape of rectangular

ducts since only one rectangular duct was tested.
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The frequency range between f| and fg / f (circular or rectangular duct) is most affected
when external lagging with stone wool is applied as an acoustical treatment on the ventilation
ducts. The difference is very large if the ventilation duct is covered with external lagging along
parts of its surface area or if the whole ventilation duct is covered. When the ventilation duct
with a diameter of 630 mm is covered with 50 mm stone wool at a length of 1800 mm (Treat-
ment 3), the sound reduction increases at the ring frequency ( SR 630 = 2554 Hz ~ 2500 Hz)
with 11 dB compared to no treatments (see Figure 4.7). However, when the rest of the duct
is covered (length of 1200 mm), the increase is in total 32 dB, meaning that the extra 1200
mm yields an improvement of 21 dB. The improvement is clearest for the larger circular
ventilation duct, but similar improvements are visible for the smaller circular duct in Figure
4.6. Furthermore, for the rectangular ventilation duct and treatment 3, the sound reduction
increases around the cross-over frequency ( fz.700 = 1465 Hz ~ 1600 Hz) with 9 dB compared
to no treatments (see Figure 4.8). Moreover, when the rest of the rectangular ventilation duct
is covered (length of 1200 mm), the increase is in total 20 dB, meaning that the extra 1200
mm yields an improvement of 11 dB.

Measurements and the developed models consider the fact that the area of the ventilation
duct closest to the wall has the greatest positive effect on the combined sound reduction index.
Similar principles can be adapted to the placement of silencers, meaning that a silencer has the
best effect on the sound transmission and attenuation if it is placed directly against the wall.

Measurements indicate that external lagging with stone wool can be used as an effective
acoustical treatment for both small and large ventilation ducts combined with walls of both
low and high sound reduction indices. However, other treatments may be more effective
to use in some scenarios. Moreover, suspended ceilings are often used in buildings, which
will improve the sound insulation to some extent. Depending on the choice of suspended
ceiling, fewer treatments may be required if a ventilation duct passes through a wall above
the suspended ceiling. Estimated calculations of suspended ceilings with absorbent tiles show

that they can work as a main acoustical treatment for large ventilation ducts through walls
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with a sound reduction up to Ry, = 46 dB, see Figure C6 and Figure C7. However, they are
not sufficient for walls with Ry, = 54 dB even if the suspended ceiling is built up with a 40
mm absorber and a gypsum board (see Figure 4.9 and Figure 4.10). More treatments are
thereby required in addition to a suspended ceiling for walls with higher sound reduction
indices. The calculations presented in Figure 4.9, Figure 4.10, Figure C6 and Figure C7 could
be overestimated, meaning that the sound reduction might be lower. Therefore, consideration
needs to be taken when analyzing these results, specifically when a large ventilation duct
passes through walls with a sound reduction of around Ry, = 46 dB.

It should be noted that a ceiling with gypsum boards will acquire a high sound insulation
and in some cases be enough as an acoustic treatment for the model presented in Figure
4.1. However, the problems with larger ventilation ducts often occur in schools, offices, and
hospitals and the room acoustic requirements need to be considered. Therefore, it might
not be possible to have a ceiling with gypsum boards because the sound absorption will not
be sufficient. In addition to a suspended ceiling with absorption, other treatments may be
necessary to fulfill the requirements.

One effective solution, in addition to suspended ceilings, is to connect a silencer to the
ventilation duct system. However, the sound attenuation of a silencer decreases with the
diameter of the ventilation duct based on various technical data sheets from suppliers. Some
suppliers offer silencers with a divider in the center, called a baffle, which helps to improve the
surface damping area of the silencer, but it might not be enough for larger ventilation ducts.

Crosstalk in ventilation duct systems describes when the sound travels via air diffusers
between rooms, displayed by Elements 2a and 6a in Figure 4.2. External lagging is, for this
scenario, not helpful as an acoustic treatment because it only affects break-in and breakout
of the ventilation duct, described as Element 2 and 6 in Figure 4.2. When both the sound
reduction due to flanking and crosstalk needs to be solved, a silencer might be the optimal
solution since silencers are an effective way of solving both the sound attenuation and the

sound transmission between two rooms connected with a ventilation duct.
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It is important for designers to consider the scenarios displayed in Figure 4.1 and Figure
4.2 to find an optimal solution when choosing acoustical treatments and further studies are

required when different acoustical treatments are combined to produce a design scheme.

4.7 Conclusions

The purpose of this article was to investigate different acoustical treatments and develop
theoretical models when external lagging is used on parts or on the whole ventilation duct to
reduce flanking sound transmission.

The number of acoustical treatments required depends on several factors, including the
dimensions and shape of the ventilation duct, the sound reduction of the wall and the connection
between the duct and the wall. Moreover, the number of treatments will also depend on whether
there are air diffusers connected to the ventilation ducts to supply the different rooms with air.

Theoretical models are developed for external lagging (wrapping with stone wool) on
ventilation ducts as an acoustic treatment through walls. The models take the wrapping length
into consideration and measurement data agrees with the developed theory with few deviations
for certain frequency bands. The models clarify that the distance closest to the wall has the
main impact on the sound reduction for the combined system.

Suspended ceilings with a 40 mm absorber could be enough as an acoustical treatment to
prevent the sound from propagating via the surface area of the ventilation duct when it passes
through walls of lower sound reduction indices of around Ry, = 35 dB or sound transmission
classes around ST C = 35 dB. Furthermore, suspended ceilings with a 40 mm absorber and a
gypsum board behind could be enough for walls with Ry, and STC up to 46 dB.

The whole system, including wall, ventilation duct, air diffusers, and suspended ceiling,
must be investigated when acoustical treatments are proposed. This article mainly investigated
how the surface area of ventilation ducts and suspended ceilings affect the sound transmission.

Sometimes, other treatments instead of external lagging may be more effective, such as the
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use of silencers, and in some cases, the suspended ceiling could be enough. However, external

lagging seems to be the only effective solution in offices and schools when a large ventilation

duct passes through a wall with high sound reduction.

4.8 Additional work

Weighted sound reduction index values are presented in Table 4.1 for the configurations in

Figures 4.6-4.8 and in Figures C1-CS5.

Table 4.1: Weighted sound reduction indices for different treatment configurations.

Configuration Measurement, Ry, [dB] Estimation, R, [dB]
Wall A, Vent @315, Treatment 1 36 36
Wall A, Vent @630, Treatment 1 33 35
Wall A, Vent @630, Treatment 2 36 36
Wall B, Vent @315, Treatment 1 42 42
Wall B, Vent @315, Treatment 2 45 45
Wall B, Vent @630, Treatment 1 37 38
Wall B, Vent @630, Treatment 2 41 42
Wall B, Vent @630, Treatment 3 43 43
Wall B, Vent @630, Treatment 4 47 46
Wall B, Vent 700x250, Treatment 1 42 42
Wall B, Vent 700x250, Treatment 2 44 44
Wall B, Vent 700x250, Treatment 3 45 45
Wall C, Vent @315, Treatment 1 43 42
Wall C, Vent @315, Treatment 2 48 47
Wall C, Vent @315, Treatment 3 51 51
Wall C, Vent @315, Treatment 4 53 53
Wall C, Vent @630, Treatment 1 38 38
Wall C, Vent @630, Treatment 2 42 43
Wall C, Vent @630, Treatment 3 45 45
Wall C, Vent @630, Treatment 4 50 50
Wall C, Vent @630, Treatment 5 54 54
Wall C, Vent 700x250, Treatment 1 43 43
Wall C, Vent 700x250, Treatment 2 46 46
Wall C, Vent 700x250, Treatment 3 48 48
Wall C, Vent 700x250, Treatment 4 50 50
Wall C, Vent 700x250, Treatment 5 54 54
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CHAPTER 5

EFFECTS OF BUILDING HEIGHT ON THE
SOUND TRANSMISSION IN
CROSS-LAMINATED TIMBER BUILDINGS -
AIRBORNE SOUND INSULATION

Résumé

Les batiments construits en bois lamellé-croisé (CLT) suscitent un intérét croissant dans de
tres nombreux pays. Le CLT étant un produit durable, il peut aider I’industrie du batiment a
réduire les émissions de gaz a effet de serre. En outre, les batiments construits en CLT sont de
plus en plus hauts, ce qui augmente la charge sur les jonctions et les €léments de construction
localisés aux étages inférieurs du batiment. Plusieurs études ont examiné I’impact de la charge
sur la transmission du son entre les appartements. La majorité d’entre elles ont constaté qu’une
augmentation de la charge pouvait avoir un effet négatif sur I’isolation acoustique verticale.
Cependant, les résultats sont limités a quelques mesures ou éléments de construction, et ne
portent que sur les jonctions avec des couches intermédiaires résilientes. Cet article a pour but
d’étudier si la hauteur du batiment, et donc la charge, affecte 1’isolation verticale contre les
bruits aériens entre des appartements situés a différents étages dans différents batiments en
bois lamellé-croisé, avec ou sans la présence d’intercalaires viscoélastiques, et de quantifier
I’effet. Quatre batiments en CLT avec différents systemes de construction, différentes hauteurs
et la présence d’intercalaires viscoélastiques dans les jonctions ont été mesurés. L’isolation

des bruits aériens entre différentes pieces d’appartement a été mesurée verticalement pour



les étages inférieurs et supérieurs. La différence d’isolation aux bruits aériens a été calculée
séparément pour chaque batiment, et les mesures indiquent que 1’isolation verticale aux bruits
aériens diminue a mesure que I’on descend dans les batiments. Par conséquent, les résultats
montrent qu’une augmentation de la charge, causée par un nombre croissant d’étages, a un
effet négatif sur I’isolation des bruits aériens verticaux.

Mots clés: bois lamellé-croisé (CLT), charge, hauteur du batiment, couche intermédiaire

viscoélastique, acoustique du batiment, isolation contre les bruits aériens
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Abstract

Buildings constructed with cross-laminated timber (CLT) are increasing in interest in several
countries. Since CLT is a sustainable product, it can help the building industry to reduce
greenhouse gas emissions. Furthermore, buildings constructed with CLT are increasing in
building height, thereby increasing the load on the junctions and structural building elements
further down in the building. Several studies have investigated how the load impacts the sound
transmission between apartments. The majority found that an increasing load could have a
negative effect on the vertical sound insulation. However, the findings are limited to a few
measurements or building elements, and the studies only investigate junctions with resilient
interlayers. This article aims to investigate if the building height, and thereby the load, affect
the vertical airborne sound insulation between apartments on different stories in different
cross-laminated timber buildings, with or without the presence of viscoelastic interlayers, and
to quantify the effect. Four CLT buildings with different building systems, building heights,
and the presence of viscoelastic interlayers in the junctions were measured. The airborne
sound insulation between different apartment rooms was measured vertically for stories on the
lower and higher levels. The difference in airborne sound insulation was calculated separately
for each building, and the measurements indicate that the vertical airborne sound insulation
reduces further down in the buildings. Therefore, results show that increasing load, by an
increasing number of stories, has a negative effect on the vertical airborne sound insulation.

Keywords: cross-laminated timber (CLT), load, building height, viscoelastic interlayer, build-

ing acoustic, airborne sound insulation
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5.1 Introduction

This chapter, except Section 5.5, is a copy of a journal article published in Building and
Environment in 2023 [177].

Wooden buildings, in general, and cross-laminated timber (CLT) buildings, in particular,
are increasing in interest in many countries [9]. There are few materials that can match wood
in terms of environmental benefits [92]. Thus, wood plays an important role in future buildings
to reduce global energy-related CO; emissions from the building industry by replacing steel
and concrete [3-6, 8, 178]. Cross-laminated timber is a sustainable product made with several
layers of lumber boards stacked in alternating directions, most often with an odd number
of layers and usually between three to seven layers [9, 179]. Moreover, CLT has been a
game-changer for tall buildings in wood, and it is reported possible to build up to around 40
stories with CLT as of this moment [180—-182]. The tallest wooden building as of this year
is the Ascent tower in Wisconsin, according to CTBUH [183], with a height of around 87
m in 25 floors, constructed with both CLT and glued-laminated timber (glulam). With the
possibility of constructing tall buildings in CLT, the increasing building height directly leads
to increasing loads lower down in the building. Furthermore, the increasing loads could have
an impact on the elasticity of junctions, as suggested by Ref. [16] and thus affecting the sound
transmission between apartments on different stories [16].

In order to fulfill different acoustical requirements in wooden buildings, viscoelastic
interlayers are often used, and they can be placed between load-bearing walls and floors to
reduce the flanking sound transmission in junctions [11]. Several laboratory measurements
have presented a higher vibration reduction index with resilient interlayers compared to
without for CLT-elements [18, 110-113]. Bolmsvik Bolmsvik and Brandt [114] concluded
that elastomers, which are a type of viscoelastic interlayers, have a positive effect on the sound
reduction for frequencies above 70 Hz for the measured laboratory mockup configuration used.

Other literatures have also confirmed the potential benefits of resilient interlayers [40, 106, 115,
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184]. However, elastic interlayers change the distribution of sound energy in the structure, and
they can be implemented to minimize flanking transmission in a specific direction only [115].
The elastic interlayer does not change the total energy in the system. Instead, it changes the
distribution of energy between different elements [106], which is observed in measurements
by Ref. [113], where the vibration reduction index of the floor-to-floor path overall decreases
when resilient layers are added for an X-junction with a continuous floor slab.

Previous studies have measured how the number of stories, or the load, impacts the airborne
or flanking sound transmission. Ref. [108] investigated how the number of stories impacts
the airborne sound transmission between apartments for a lightweight wooden frame building
with elastic strips in the junctions between volume elements. Measurements show that there is
a difference over the different stories and that the sound insulation increases higher up in the
building. Stiffer elastic strips were used above the first and second floors, and a softer elastic
strip was used above the third, and final, floor. However, authors in Ref. [108] suggest that the
result is caused by a mismatch in the relation between the load and the stiffness of the elastic
strip and therefore, not by the load itself.

Timpte [18] collected laboratory measurement data from several institutes and compared
an L-junction of CLT consisting of a floor and a wall with and without resilient layers and
with and without external load. The comparison between no load and load with a resilient
layer shows that the vibration reduction index increases when a load is applied for frequencies
between 125 and 1000 Hz. Similar results are presented without a resilient layer in Ref. [18]
with some exceptions on certain frequencies. Hornmark [19] measured the vibration reduction
index in a real CLT building on a junction between different stories, namely between stories 4
to 5 and 5 to 6. The result indicates that the vibration reduction index reduces with increased
load for the path wall to wall, opposite to what was found in Ref. [18]. However, only a
one-story difference was measured in one building. Moreover, measurements were performed
with the transient method, but measurements of the receiving and sending levels were not

simultaneously measured, which could have an effect on the result. According to ISO 10848-1

121



[88], both elements’ velocity levels should be measured simultaneously when using transient
structure-borne excitation.

Bard, Davidsson, and Wernberg [16] have investigated vibrations induced by a tapping
machine in a multi-family wooden frame building. The top of the floor structure is constructed
with a mix of CLT and glued laminated T beams that together form a stiff I-beam. The ceiling,
on the bottom of the floor structure, is built up with wooden beams and battens together
with gypsum boards. Viscoelastic interlayers with different stiffnesses depending on floor
level are also placed in the junction. The authors in Ref. [16] concluded that junctions
attenuate vibrations better higher up in the building for most of the measured frequencies,
which is in agreement with findings in Ref. [19] and opposite what was presented in Ref.
[18]. Furthermore, the authors in Ref. [16] suggest that the result could be explained by the
difference in load between the junctions.

Authors in Ref. [185] have investigated how the load affects a junction with a flexible
interlayer, and natural rubber with high resilience was used together with two reinforced
concrete slabs. Three different loads were applied, and the result showed that an increase
in load yielded a lower vibration reduction index for frequencies between 200 and 5000 Hz,
with some discrepancies around 1250 Hz. The authors in Ref. [185] further explain that an
increasing load increases the dynamic stiffness of the joint.

Previous studies [16, 18, 19, 108, 185] mentioned above have investigated how the number
of stories, or the load, affects the sound insulation or the vibration reduction index between
apartments or different building elements. However, the findings are for specific junctions
or between specific rooms in a building in each paper and the findings are therefore limited.
Furthermore, only junctions with the presence of resilient interlayers were studied in actual
buildings. Moreover, the results are, in some cases contradictory to each other, but overall,
most of them conclude that increasing load could have a negative effect on the acoustic
performance of junctions. The actual difference in airborne sound insulation with increasing

load is not thoroughly investigated in previous research. There are no detailed field estimations
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of the effect of the building height for various building solutions in CLT, and specifically no
estimations without viscoelastic interlayers.

The purpose of this paper is to investigate if the building height, and thereby the load, has
an effect on the vertical airborne sound insulation between apartments on different stories
in different cross-laminated timber buildings. Furthermore, if the load has an effect on the
result, the aim is thereafter also to quantify or estimate the difference in vertical airborne

sound insulation.

5.2 Materials and Method

5.2.1 Cross-laminated timber (CLT)

Cross-laminated timber is a sustainable product made with several layers of lumber boards
stacked in alternating directions and most often with an odd number of layers, usually between
three to seven layers [9, 179]. CLT is a lightweight solid engineering wood panel with good
seismic and thermal performance [91]. In terms of acoustic, heavy mass or low bending
stiffness usually result in good acoustic performance, and the sound insulation generally
decreases around the critical frequency [93]. Treatments with viscoelastic interlayers in
the junctions are sometimes required to increase the acoustic performance because CLT is
lightweight, illustrated in Figure 5.1. Treatments are chosen depending on how different
flanking paths are suppressed.

CLT elements usually have a critical frequency between 100 and 500 Hz, according to Refs.
[93, 95]. Furthermore, Ref. [186] found that for 3-ply CLT assemblies, the critical frequency
is around 500 Hz. Moreover, CLT has lumber boards stacked in alternating directions and,
thereby, different modulus of elasticity in the major and minor directions. Therefore, it is
suggested that the difference in modulus of elasticity between a CLT panel’s major and minor
axis yields different critical frequencies, resulting in not just one dip in a specific third-octave

band but instead a range of third-octave bands where the sound insulation is decreased for a
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CLT element [94].
The frequency area of interest for CLT elements is, therefore, not only in the low-frequency
region, which is often highlighted as an important factor for lightweight buildings [20, 96, 97]

but also in the mid-frequency area around 500 Hz.

Figure 5.1: Junction with cross-laminated timber and elastomers as viscoelastic interlayers.

5.2.2 Elastomers

Elastomers used to reduce flanking sound transmission in CLT junctions can be made of
polyurethane which is a type of polymer [103]. Elastomers can exhibit properties between an
elastic solid and a viscous liquid, thus behaving like a viscoelastic material [99—101] and the
behavior is frequency dependent [102]. Viscoelastic damping is displayed in many polymeric
and elastomeric materials, and after deformation, molecular chains relax and recover, resulting
in damping [101]. An elastomer can be modeled as a spring with a specific stiffness, and they
are selected based on the calculated load [101, 103—-105]. Figure 5.2 displays several different
viscoelastic materials from different manufacturers, and the different colors represent different

stiffnesses.
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Figure 5.2: Viscoelastic interlayers from different manufacturers in a building (left) and as
samples (right).

Ref. [106] show that the transmission loss for a junction is frequency dependent with an
elastic interlayer, compared to a rigid junction without an elastic interlayer which is nearly
independent of frequency. Measurements by Ref. [107] of resilient materials used in floating
floor systems show that the dynamic stiffness decreases when the thickness of the resilient
material increases. Moreover, elastomers not utilized or selected for the correct load could
have lower vibration-damping properties, as suggested by Ref. [108]. However, measurements
show that stiff interlayers that are not utilized still have a contribution to floor vibration [109].

The vibration reduction index of a junction depends on several factors, including the
presence of viscoelastic interlayers, mentioned in Section 1, but also the type of connectors

and screws, which was tested with many variations in laboratory measurements by several

studies [18, 116, 117].

5.2.3 Project description

Airborne sound insulation measurements were conducted in three different projects situated
in different locations in Sweden before people had moved in. The projects are in this article
described as projects A, B, and C. In each project, the same floor plan is used for several
stories. Measurements between different stories were conducted and compared between the

same type of rooms to minimize the number of affecting parameters. To summarize, the
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volume, surface dividing area, and principal construction were the same. Moreover, the rooms
had no furniture in them. The thickness of the CLT slab and walls differ in project A between
the stories, described further down. However, the thickness of the CLT walls and floors is
always increasing, or the same, further down in the building. Otherwise, the main parameter
that differs in the measurements between different stories is the load on the junctions and the
stiffness of the viscoelastic interlayers dependent on the load.

Project A was measured in two separate buildings, building 1 with twelve stories, and
building 2 with ten stories. The system, in both buildings in project A, is built up with CLT, a
suspended gypsum ceiling, and concrete above an impact sound insulation board. Furthermore,
6 mm viscoelastic interlayers are placed under the CLT walls in building 2 with different
stifftnesses depending on the load. Moreover, there are no viscoelastic interlayers in building
1. Figure 5.3 illustrates a junction between two stories in project A with an overview of the
construction, different layers, and viscoelastic interlayers. The junctions are connected with
brackets and nails/screws. The thickness of the CLT walls and floors decreases higher up in
the building. Walls and ceilings are covered with gypsum boards. In project A, building 1,
measurements were conducted between stories 3—4 and mainly 9-10, with few exceptions
in one apartment where measurements were conducted between stories 8—9. In project A,

building 2, measurements were conducted between stories 3—4 and 8-9.
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Figure 5.3: Overview of the construction, different layers, and viscoelastic interlayers used in
project A — building 2. For project A — building 1, viscoelastic interlayers under the CLT
walls are removed. Yellow color is chosen for insulation, red and orange colors are selected
for the viscoelastic interlayers.

Project B has three connected buildings. Measurements in project B were conducted
in the building with the most stories, 6 in total, between stories 2—-3 and 4-5. The system
in project B is built up with CLT, a suspended gypsum ceiling, and a raised resilient floor.
Furthermore, 25 mm viscoelastic interlayers are placed under the CLT walls with different
stiffnesses depending on the load. Figure 5.4 illustrates a junction between two stories in
project B with an overview of the construction, different layers, and the viscoelastic interlayer.
The junctions are connected with brackets and screws. The thickness of the CLT walls and
floors is the same on each story. One wall in some rooms has a visible CLT surface, but most
walls and all ceilings are covered with gypsum boards.

Project C is constructed as one building with eight stories. Measurements in project C
were conducted between stories 3—4 and 7-8. The system in project C is built up with volume
modules of CLT, with a raised resilient floor. Viscoelastic interlayers are placed between the
volume modules. Figure 5.5 illustrates a junction between two stories in project C with an

overview of the construction, different layers, and the viscoelastic interlayers. The thickness
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of the CLT walls and floors is the same on each story. Furthermore, both walls and ceilings

have visible CLT surfaces.

NI

Figure 5.4: Overview of the construction, different layers, and the viscoelastic interlayer used
in project B. Yellow color is chosen for insulation, and orange color is selected for the
viscoelastic interlayer.

Figure 5.5: Overview of the construction, different layers, and the viscoelastic interlayer used
in project C. Yellow color is chosen for insulation, and orange color is selected for the
viscoelastic interlayer.
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An illustration of where the different measurements took place, depending on the story,
project, and building, is displayed in Figure 5.6. Measurements are evaluated for each building
separately by subtracting the differences in vertical airborne sound insulation between low
and high stories accordingly: Dyr high — Dar,low- The floor plans are the same where the
sound insulation is evaluated. Therefore, the only main difference is the load on the junction.
Moreover, for Project A — Building 2, Project B and Project C, the stiffness of the viscoelastic

interlayers is different depending on the load on the junctions.
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Figure 5.6: Illustration where measurements took place on different stories for each project
and building.

5.2.4 Measurement method

The airborne sound insulation mainly depends on the difference in sound pressure level
between the sending room, L,, and the receiving room, L. This level difference, described

as D in ISO 16283-1 is frequency dependent and presented in Equation 5.1 [83]:

D=Ly —Ly. (5.1)

Corrections can be applied depending on the physical quantity requested. In a laboratory,
corrections typically include the equivalent sound absorption area in the receiving room and

the separating area of the test element [86, 87]. In the field in many European countries,

129



corrections typically include a ratio between the measured reverberation time, 7, and a
standard reverberation time, 7y. The physical quantity, described as D7 in ISO 16283-1 [83]
or NNR in ASTM E336 [84], is presented in Equation 5.2:

T
Dyt = Ly1 — Ly +10-log,, (E)> : (5.2)

The airborne sound insulation in the described projects was measured in the field according
to ISO 16283-1 [83] and evaluated according to Equation 5.2 and ISO 717-1 [174] with the
standardized level difference. An omnidirectional loudspeaker was placed on a tripod in two
different positions in the sending room, one corner position and one other position. The sound
pressure level was thereafter measured in the sending and receiving room with sweeping
patterns, mainly a cylindrical type, according to ISO 16283-1 [83]. The sound pressure level
was measured in two different positions in each room for every loudspeaker position, each
with a duration of 15 s. The reverberation time in the receiving room was measured using the
interrupted noise method, with one loudspeaker position and three fixed microphone positions
with two measurements in each position according to the engineering method in ISO 3382-2

[153].

5.2.5 Flanking sound transmission

The sound insulation between two rooms in a finished building includes all different flanking
paths that affect the result together with the direct path. The direct path, together with six
first-order flanking paths, is illustrated in Figure 5.7. For rectangular rooms directly above
each other, 12 first-order flanking paths are usually defined [71]. First-order flanking paths are
in this article described as the paths that include one junction, one source surface, and one
receiving surface. Measurements in a laboratory, on the other hand, are designed to suppress

the different flanking paths [85, 87].
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Figure 5.7: Illustration of different sound transmission paths including both the direct sound
transmission path and 6 first-order flanking sound transmission paths.

The flanking airborne sound transmission paths are defined in ISO 12354-1 [39]. The
sound reduction, including direct airborne sound transmission, Rq, and flanking airborne sound
transmission, Ry, is described in Equation 5.3. The equation could be used both during a
design phase to predict the sound insulation in the field, and afterward to verify the building’s
performance. The standard, Ref. [39], also mentions two other paths, defined as R, and R;.
The first one is the sound transmission from components mounted in the separating element,
and the second one is the indirect flanking airborne sound transmission. These paths are not
included in Equation 5.3 in this article. The parameter, n, in Equation 5.3 is defined as the
number of flanking elements accordingly:

n
R =Ry+ ) Ry, (5.3)
f=1

The flanking airborne sound transmission is for each path described according to Equation

5.4, based on the simplified model in Ref. [39]. The indexes 1 and j are described as the source
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and receiving surfaces of the structure defined for each flanking path. The sound reduction
index for each element, included in the defined flanking path, is described with R; and R; in
Equation 5.4:

Ri + R; S
——L L AR;j + K;j +10-logy ), (5.4)
2 l() : lij

Ry =

where S; is the area of the separating element, [y is a reference coupling length and [;; is
the coupling length of the junction between the separating and the flanking element. AR;; is
defined as the sound reduction improvement by additional lining on the source and/or receiving
side of the flanking element [39]. Each flanking sound transmission path is described with the

vibration reduction index, Kj;, presented in Equation 5.4 and described in Equation 5.5 [88]:

Kij=—"5—> V’”+10-logm< f_) (5.5)
ai~aj

where Dyj; and Dyj; in Equation 5.5 are describing the direction-averaged velocity level
differences between the sending and receiving elements. Furthermore, a; and g; are the
equivalent absorption lengths of fictional totally-absorbing junctions of each element, i and j,
when the critical frequency is assumed to be 1000 Hz. The equivalent absorption lengths are

dependent on several factors, including the structural reverberation time of each element [88].

5.2.6 Measurement uncertainty

Measurements of the sound transmission in the field between apartments could vary depending
on several factors: including room volume, dividing surface, junctions but also the measure-
ment procedure and the workmanship [187]. Craik and Steel [187] measured the airborne
sound transmission of, more or less, identical situations of concrete floors in a building to
determine the variation due to the workmanship. They used ten test floors, with one being a
control floor that was measured in between every test and the measured rooms had some minor

variations of the room dimensions. After a deduction of the variation due to the measurement
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procedure, measurements resulted in a variation of 1.5-2 dB per third-octave band for the
workmanship. Trevathan and Pearse [188] used a similar approach as Ref. [187] to separate
the variation due to the measurement procedure from the variation due to the workmanship.
However, walls in 12 pairs of nominally identical dwellings were measured instead of floors
with the same room volume and surface area in Ref. [188]. The study resulted in an average
third-octave band standard deviation of 1.1 dB due to the workmanship. Ref. [108] measured
the airborne sound transmission between lightweight timber floors with nominally identical
construction, and measurements resulted in a standard deviation of 0.8 dB due to the work-
manship. Simmons [189] found that the weighted sound reduction index variation was 1.0 dB
in a round-robin test with eight participating laboratories and seven different floors.

Variations in the airborne sound transmission between apartments in a wood-based system
were found to be largest between 50 and 100 Hz in Ref. [17]. Moreover, the variations
above 2000 Hz were concluded to be related to the background noise because of excellent
performance in high-frequency sound insulation for wooden constructions. Furthermore,
variations between floor numbers of 2—-3 dB in Ref. [17] are suggested to be attributed to the
increasing stiffness of the elastic interlayers on the lower floors, with higher load, between
125 and 630 Hz. In addition, elastomers are found to be primarily effective at high frequencies
[17].

Variation due to the method was investigated in Ref. [190] for a lightweight wooden
construction with fixed microphone positions and for impact sound levels. The standard
deviations due to the method were found to be 0.4 dB from 100 Hz to 0.8 dB from 50 Hz.
This study focuses on the airborne sound insulation. However, variations in the method are, to
some extent, still applicable from studies on impact sound insulation. Ref. [190] also studied
the variation due to the method for manual sweeps where similar results in standard deviation
were found as for fixed positions. However, the relative difference in sound level varies to a
higher degree between fixed and manually swept microphones in low frequencies.

Measurements in this study in the three different projects were performed by the same
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operator (the first author). The same measurement procedure, including loudspeaker and
measurement positions, was applied in the same room pairs over the different stories to
minimize the variation of the results. Furthermore, Ref. [191] measured the sound insulation
in a CLT building and found that the variations due to the measurement procedure were minor

compared to the total variations in the building.

5.3 Measurement results and discussion

5.3.1 Results for each project and initial discussion

In total, 58 vertical airborne sound insulation measurements were conducted over the three
projects in four different buildings. Furthermore, each project has varying junctions, different
dividing elements, different floor plans, and a varying total number of stories.

Project A was measured in two buildings, one with and one without viscoelastic interlayers
between the load-bearing CLT walls and the floors. Measurements in project A - building 1
varies with 5-6 stories and this building has no viscoelastic interlayers in the junctions. The
difference in vertical airborne sound insulation between high and low stories is displayed
in Figure 5.8. Measurements show that there is an overall positive difference in airborne
sound insulation between high and low stories, indicating that the airborne sound insulation
increases higher up in the building with decreasing load on the junctions. The difference is
highest between 500 and 3150 Hz, with minor negative deviations for certain measurements
and frequencies below and above the interval. Mean values for small rooms (bedrooms) and
larger rooms (living rooms) are displayed separately, and most values are positive, with a few
values around 0 dB difference. The deviation between stories is highest for mean values in

bedrooms between 500 and 3150 Hz.

134



Project A - Building 1

1 5 T T T T T T T T T T T T
AMeasurements
—6— Mean values, bedrooms
—@— Mean values, living rooms
= = = -Qverall mean values
10 - 1

Frequency, f [Hz]

Figure 5.8: Difference in vertical airborne sound insulation between rooms situated in high
and low stories for project A, building 1 without viscoelastic interlayers in the junctions.

Measurements in project A - building 2 varies with five stories and this building has
viscoelastic interlayers in the junctions. The difference in vertical airborne sound insulation
between high and low stories is displayed in Figure 5.9. Measurements also show that there
is an overall positive difference in airborne sound insulation between high and low stories,
indicating that the airborne sound insulation increases higher up in the building with decreasing
load on the junctions. Mean values for small rooms (bedrooms) and larger rooms (living
rooms) are displayed separately, and most values are positive, with a few values around 0. The
difference in mean values is overall positive, with a difference of 2-5 dB, with some minor
deviations between 80 and 200 Hz. In contrast to building 1, there are not the same differences
in the sound insulation for small and larger rooms between high and low stories for building 2

in project A.
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Figure 5.9: Difference in vertical airborne sound insulation between rooms situated in high
and low stories for project A, building 2 with viscoelastic interlayers in the junctions.

Project B was measured in one building with viscoelastic interlayers between the load-
bearing CLT walls and the floors. Measurements in project B vary with two stories, and the
difference in vertical airborne sound insulation between high and low stories is displayed
in Figure 5.10. Measurements show that there is an overall positive difference in airborne
sound insulation between high and low stories, indicating that the airborne sound insulation
increases higher up in the building with decreasing load on the junctions. The difference is
highest around 160 Hz, with minor negative deviations between 50 and 100 Hz and overall
positive values above 250 Hz. Mean values for small rooms (bedrooms) and larger rooms
(living rooms) are displayed separately, and the difference between stories is highest for mean

values in living rooms.
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Figure 5.10: Difference in vertical airborne sound insulation between rooms situated in high
and low stories for project B with viscoelastic interlayers in the junctions.

Project C was measured in one building with viscoelastic interlayers between the load-
bearing CLT walls and the floors. Measurements in project C vary with four stories, and the
difference in vertical airborne sound insulation between high and low stories is displayed in
Figure 5.11. Measurements show that there is an overall positive difference in airborne sound
insulation between high and low stories, indicating that the airborne sound insulation increases
higher up in the building with decreasing load on the junctions. The difference is highest
between 250 and 2000 Hz, with minor negative deviations for certain measurements below
and above the interval. Mean values for small rooms (bedrooms) and larger rooms (living
rooms) are displayed separately, and the difference between stories is highest for mean values

in bedrooms.
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Project C
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Figure 5.11: Difference in vertical airborne sound insulation between rooms situated in high
and low stories for project C with viscoelastic interlayers in the junctions.

The measurements in each project indicate a difference in sound insulation between stories.
The sound insulation between stories improves higher up in the building from around 200 Hz.
The same type of difference in airborne sound insulation between stories is also observed in
Ref. [108]. Moreover, similar principles are also observed for the vibration reduction index in
Ref. [19]. Since the dividing floor structure is more or less the same over the different stories,
it is not likely an explanation for the differences. Furthermore, in project A, thinner CLT walls
and floors are used higher up in the building, which should acoustically perform worse and
not better. Therefore, the difference in sound insulation between stories should be explained
by the flanking paths, related to Equation 5.4, and thereby the load on the junctions rather than
the direct path.

Previous studies with a related subject on lightweight timber buildings, mentioned above,
shows that the airborne sound insulation or the vibration reduction index improves higher
up in the building [19, 108]. Both buildings have viscoelastic interlayers in the junction to

reduce the flanking sound transmission. One possible explanation is that a higher load, due to
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more stories above the junctions, results in stiffer viscoelastic interlayers and, therefore, more
sound transfers in the junctions. This explanation correlates well with the projects measured
in this article that have viscoelastic interlayers in the junctions and measurements in previous
studies [19, 108]. However, in project A, the airborne sound insulation was measured in
two similar buildings with one significant difference. Building 2 has viscoelastic interlayers
under the load bearing CLT walls and in building 1, the viscoelastic interlayers are removed.
Furthermore, treatments on the walls and the floors are the same in both buildings with
similar plan orientations. Therefore, the difference in stiffness of the viscoelastic interlayers,
dependent on the load and, thereby, the number of stories, is not the whole explanation behind
the difference in vertical airborne sound insulation between high and low stories measured in
the presented CLT buildings. The main factor that changes in the measurements is the load on
the junction, which could have the largest effect on the difference in sound insulation between
stories, regardless of the presence of viscoelastic interlayers or not in the junction for CLT
buildings. Similar results are observed in Refs. [16, 185]. Furthermore, Ref. [185] explains
that the decrease of vibration reduction index in the junction due to increased load is because

of the increased stiffness of the joint.

5.3.2 Measurement uncertainties and variations

Measurements in the different projects vary with several decibels depending on the apartment
type and rooms. This variation is likely caused by the variations in flanking sound transmission
paths by the building elements and the vibration reduction index over the same story.

There are some differences in the dimensions of the cross-laminated timber walls and
floors depending on stories in project A, where the thickness is reduced higher up in the
building. However, this should result in a lower standardized level difference on the higher
stories compared to the lower ones and, therefore, negative values in the figures because
thinner walls and floors usually perform acoustically worse. Instead, the opposite is observed

for the majority of the measurements.
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The same measurement procedure was applied in all projects for the room pairs, meaning
that the same loudspeaker and measurement positions were used in the same type of rooms in
both the lower and higher stories. Moreover, the same operator (the first author) performed all
measurements presented in the article. The remaining variations are, therefore, likely due to
the construction, load, and the workmanship. As stated in section 5.2.6, workmanship have a
variation of between 0.8 and 2 dB per third octave band [108, 187, 188]. However, the value of
the variation in the lower interval, around 1 dB, was concluded between apartments that were
identical in room shape, which is consistent with the compared results in the measured projects.
Consequently, the measurement variation due to workmanship for this study is estimated to be
around 1 dB per third-octave band.

The variation due to the construction should be minimal in the calculated result because
the same type of junctions and constructions are used in the compared rooms (higher and
lower stories). Viscoelastic interlayers were also carefully selected in each project for different
stories during the design phase to have a suitable stiffness for the load, unlike the project in
Ref. [108]. Therefore, it is unlikely that the explanation for the variations in the measurements
is due to a wrong selected stiffness of the viscoelastic interlayers for the load.

The reverberation time was only measured in 3 measurement positions with a total of 6
measurements together with one loudspeaker position. The reason was partly to save time on
the measurement site but also because the geometry of the rooms is rectangular and, therefore,
not an odd shape. However, the reverberation time should not affect the result because the
same type of room pairs are measured and compared with each other. There are very small,
if any, differences between the rooms on the different stories. Moreover, according to ISO
3382-2 [153], it is accepted to use three measurement positions with a total of 6 measurements
together with one loudspeaker position when the result is used as a correction term to other
engineering-level measurements.

It is reasonable to argue that the variation between floors is mainly due to the load on

the junctions with three statements. First, the variation due to the measurement procedure
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is found to be small in comparison with the total variations in buildings [191]. Second, the
observed variation due to the workmanship is found to be around 1 dB for the airborne sound
transmission when the rooms are similar [108, 188]. Third, if the variations were mainly due
to the workmanship or the measurement procedure, a systematic difference would be observed

with values spread more evenly around a 0 dB difference, which is not the case.

5.3.3 Extended discussion and analysis

5.3.3.1 Comparison of measurement mean values for each project and building

Figure 5.12 compares the mean values for each project and building to visualize the difference
in airborne sound insulation between stories. Furthermore, the scale on the y-axis is shifted to
visualize the difference between the different projects and buildings easier. The mean values
indicate that there is a noticeable difference in vertical airborne sound insulation between
stories, as confirmed earlier, and the mean values have a positive effect starting from around
125 Hz. However, the results have a spread of several decibels over the frequency range, and
there is no clear correlation between the improvement and the different buildings.

The difference in the number of stories between high and low levels for the measurement
results variates between two to six stories depending on the project and the building. By
dividing the result in Figure 5.12 with the difference in the number of stories for each
measurement in each project and building, a linear correlation between the number of stories
and airborne sound insulation improvement is observed, see Figure 5.13. A linear correlation
is however an assumption. If measurements were carried out on each story, a more precise
estimation would be achieved. However, there was not enough time on the building site to
test all rooms over the different stories due to a tight time schedule of the building contractors.
Overall, there is a good agreement between the difference in vertical airborne sound insulation
per story for each project for frequencies between 250 and 2000 Hz with a linear correlation.
The improvement in sound insulation further up in the building is vaguely apparent in low

frequencies. However, the improvement is clearly apparent in mid-frequencies, around the
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suggested region for the critical frequencies of CLT panels, and also in higher frequencies.
Above 2000 Hz, the mean values are spread and reduced, which is likely due to the background
noise. Both the direct and the flanking sound transmission usually have a lower influence
in high frequencies, meaning that the receiving values measured in the different rooms are
affected, to a higher degree, by the background noise because there is a limit in sound power
from the sound source. Therefore, the difference in high frequencies is expected to be higher
than the ones presented in the table in Figure 5.13 when used in predictions. Furthermore,
the difference in low frequencies for measurements could be caused by the direct sound
transmission because of the different floor structures in the projects and the variation in
measurement procedure which increases for low frequencies [17, 187]. However, one peak
stands out compared to the other projects in the measurements for project B around 160 Hz in

Figure 5.13, which is discussed further in Section 5.3.3.2.
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Figure 5.12: Mean values of the difference in vertical airborne sound insulation between high
and low stories for each building and project.

142



ADnT per story [dB]

s

LT N 2

AMean Values per story for each project

i, == 2T o=

2F

>
0 7

—6— Project A - Building 1
Project A - Building 2
Project B
Project C
= = = +Overall mean values, modified

3 1 1 1
S DN P
P P .0

Il
INJNIRN
RO

Il Il
P ® 0 OO PSSP,
PP S RSP L LS

5 QO
V0 N
NN N2

Frequency, f [Hz]

Frequency
Hz

Difference

dB

50
63
g0
100
125
160
200
250
315
400
500
630
500
1000
1250
1600
2000
2500
3150
4000
5000

e e e S e Y e e O e e e e e O e e e e e O e S e e

N o w oo~ oo oy o 0T 0T R NN W s

Figure 5.13: Mean values of the difference in vertical airborne sound insulation between high
and low stories, per story, for each building and project. Moreover, the overall mean value
curve is shown with modifications between 125 and 200 Hz. Alongside the diagram is a table
with rounded values for the modified mean value curve with the difference between high and
low stories, per story.

5.3.3.2 Deviation in mean values for project B around 160 Hz

Project B uses a thick viscoelastic interlayer, and it is the thickest viscoelastic interlayer used
in the different projects measured. Measurements collected by Timpte [18] display that there
is a local drop in the vibration reduction index for resilient interlayers with and without load
around 250 Hz and that the load changes the vibration reduction index the most around that
peak. However, the result contradicts what was observed in measurements in this article
and other studies [16, 19, 108, 185]. Crispin et al. [185] show that the vibration reduction
index with the minor load increases by over 5 dB around 315 Hz for an elastic interlayer
of natural rubber compared to measurements with high load, and more peaks occur around
630 Hz. They observe that the peaks shift to higher frequencies when the load increases. In
addition, they present a possible explanation that “these maxima occur in the frequency range
where the magnitude of the shear impedance of the interlayer matches the magnitudes of

the point impedance on the plate edge” [185]. The peak around 160 Hz observed in project
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B in Figure 5.13 could be caused by the combination between stiffness and thickness of
the viscoelastic interlayer and the load combined with some visible CLT walls because the
combination between load and stiffness varies over stories. Another explanation could be
related to the mounting procedure of CLT elements. Viscoelastic interlayers are designed to
be compressed when loaded to an optimal state and further down in the building; they are
designed for a load when the whole building is finished and when people have moved in. For
project B, brackets were mounted on each story, holding the walls in place. The load will
likely be divided partly on the viscoelastic interlayers and partly via the brackets when more
and more stories are mounted if the brackets are not dismounted and mounted again when the
whole building is finished. Therefore, the viscoelastic interlayers on the lower stories may not
be in their optimal state, which could have a more significant effect on thicker viscoelastic
interlayers at certain frequencies. In combination with the system of the building, this could
be another explanation for the peak around 160 Hz. The peak is indicated in all measurements
for project B, which indicates that it is correlated with the design system, see Figure 5.10.
Because of the peak around 160 Hz in Figure 5.13 for project B, the overall mean value
curve is modified to not include values between 125 and 200 Hz from project B since it is

suggested before that it is related to the specific design system of the project.

5.3.3.3 Comparison in mean values with and without elastomer in the junctions

In Figure 5.14, measurements from project A were measured with a difference between five
and six stories. To evaluate the difference between the buildings with and without elastomers
for the effect of load on the junction, measurements are adapted to a difference of five stories.

In Figure 5.14, the difference in sound insulation between stories is the largest without
an elastomer for the interval between 500 and 2000 Hz and similar for the other frequencies.
This result indicates that the stiffness of the elastomer has less effect on the difference in
vertical airborne sound transmission between stories at high and low levels in the building.

The result also show that the actual load is the primary dependent factor for the difference,
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with or without an elastomer, in cross-laminated timber buildings.
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Figure 5.14: Mean values of the difference in airborne sound insulation between high and low
stories, with a difference of 5 stories, for building 1 and 2 in project A.

5.3.3.4 Difference in room volumes and room modes

Measurements in the different projects have various room volumes, and for some rooms,
the floor area is smaller than 10 m?. The small floor area makes it difficult to follow the
requirements in ISO and ASTM regarding minimum distances between room boundaries,
loudspeaker, and microphone position. However, measurements in this article focus on the
difference in sound insulation between high and low stories. Therefore, the effect of smaller
rooms has less significance because the same measurement method is applied in the same
room configurations.

Measurement data in Figures 5.8 to 5.11 show differences in sound insulation depending
on if the room volume is large or small, but the result variates, and no clear conclusion can be
made from the result. In project A, building 1, differences are more or less the same except

for mid to high frequencies, where bedrooms show bigger differences in sound insulation
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between high and low stories. In project A, building 2, rooms with larger and smaller volumes
show similar differences between high and low stories. For project B, rooms with larger
volumes have a bigger difference between high and low stories compared to rooms with
smaller volumes. On the contrary, in project C, the opposite is indicated: rooms with smaller
volumes have a bigger difference between high and low stories compared to rooms with larger
volumes. Measurements in project B and C are not of the same numbers compared to project
A, which could be one of the reasons why the effect of room volume changes between projects.
Nevertheless, the result is still clear that the load affects the sound insulation.

Larger rooms have a more diffuse sound field than small rooms [191], indicating that
results in larger rooms are more accurate. However, smaller rooms have bigger flanking
surface areas in relation to the surface area of the dividing element, compared to a large room,
which implies higher flanking sound transmission. Therefore, a bigger difference should
be visible for small rooms compared to large rooms. Anyhow, measurements show minor
differences in mean values for large and small rooms when the difference in airborne sound
insulation is compared between high and low stories.

Rooms with identical dimensions, and thereby same volumes, have the same eigenfre-
quencies, which, according to Ref. [192] in Ref. [191], leads to a strong acoustic coupling.
Furthermore, Ref. [193] highlights that this acoustic coupling generates large variations in
sound level difference between normal room modes that are perpendicular to the dividing
element, and particularly when the room dimensions are the same. Measurements in this
study were made vertically with the same floor plan per project and building, and each mea-
surement had the same volume for sending and receiving room. However, the room modes
should not have a significant difference on the result since the difference in vertical airborne
sound insulation between high and low stories is evaluated and not the actual values between

apartments.
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5.3.3.5 Application of the result to other projects and buildings

Measurements in this article have focused on buildings constructed with CLT elements.
Airborne and impact sound insulation measurements in concrete houses showed no specific
difference in weighted indices depending on the number of stories [194]. However, concrete
houses may have a lower effect on the flanking sound transmission compared to wooden
buildings, and specifically buildings with CLT elements that have a large radiating surface
area. Furthermore, if flanking paths are more suppressed, the difference in sound insulation
between stories is likely less relevant. In addition, junctions in concrete buildings can be
considered stiffer than junctions with CLT elements. Therefore, the increase in load might
have a lower effect on the stiffness of the junction in concrete buildings compared to CLT
buildings. Consequently, the same result in this article cannot be expected in a concrete
building, and specifically in a building with low-flanking sound transmission.

Since the measured airborne sound insulation is a combination of different transmission
paths, including the direct transmission path and flanking transmission paths, the effect of the
load on the junction is likely different depending on the project and the acoustical treatments.
The values presented in Figure 5.13 are mean values for all measurements. Therefore, they
should be used as an overall estimation for a project when the flanking transmission paths
have an influence on the sound insulation. For a more precise model, the flanking sound
transmission paths, and specifically the vibration reduction index, must be investigated further

with the same principles as this article.

5.3.3.6 Weaknesses and justifications of the presented result

Figure 5.13 show how the airborne sound insulation improves per story. Another alternative
would be to correlate the airborne sound insulation improvement with the load. However,
the load on each junction could vary over the whole wall, and it could also differ depending
on the load-bearing walls. Moreover, since the vertical airborne sound insulation between

apartments is a combination of at least 13 different sound transmission paths for a rectangular
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room with four walls, different elements, and potentially also different vibration reduction
indices of junctions make it complicated to quantify how much the load affects the result.
There could be a few flanking paths that more or less determines the airborne sound insulation
between different rooms. Each flanking path could be estimated by Equation 5.4, but the
equation consists of many unknown factors, such as the vibration reduction index. If the load
on the junctions were compared with the airborne sound insulation, all paths with different
load combinations would be considered, which could have a negative impact on the accuracy
of the result. Therefore, it is more reliable to instead use the number of stories as a factor and
not the actual load.

This article has investigated vertical airborne sound insulation, which is a result of both the
direct path and all the flanking paths, presented in Equation 5.3, and also other paths described
further in ISO 12354-1 [39]. Measurements show that the increase in the number of stories, or
the increase in load, has a negative effect on the vertical airborne sound insulation between
stories. This effect is likely caused by the flanking sound transmission because the main factor
that changes between measurements is the number of stories where the measurements took
place. To evaluate this further, vibration reduction index measurements of the junction are
required where the difference in velocity levels over the junction is measured and calculated

as described in Equation 5.5.

5.4 Conclusions

The purpose was to investigate if the building height, and thereby the load, has an effect on
the vertical airborne sound insulation between apartments on different stories in different
cross-laminated timber buildings.

Measurement data on several projects and buildings with a different number of stories
and various building systems show that the load has a negative effect on the vertical airborne

sound insulation between dwellings. Measurements also indicate that the load has a similar
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effect regardless of the presence of elastomers. With or without elastomers, increasing load
yields a higher sound transmission between apartments and, therefore, lower sound insulation.

Measurements were tested between two and six-story differences for buildings with a total
of six to twelve stories. The result shows that the vertical airborne sound insulation can differ
up to 5 dB in third-octave bands between single measurements, caused by the difference in the
number of stories, with reduced sound insulation further down in the building. In addition, the
mean difference per story over the measured frequency range is calculated to 0.5 dB. Although
0.5 dB is a low number, a difference of 6 levels in a CLT building is expected to have a mean
difference of 3 dB, which starts to have a more significant effect. Furthermore, if the mean
value difference is applicable to higher buildings with more levels than investigated in this
study, a 10-story difference or more could yield a mean difference in vertical airborne sound
insulation of a minimum of 5 dB, which has a significant effect. Therefore, with increasing
building height in high-rise CLT buildings, the load on the junction should be considered to
choose the right treatments and to ensure good sound insulation performance, specifically
at the lower levels. Moreover, if the load is not considered, measurement results could vary
significantly between stories, which could have a significant effect on the final evaluation of
the project. Thus, negatively affect the well-being of future occupants, specifically for CLT
buildings.

Measurement result also highlights the importance of measuring the sound insulation on
different levels in buildings made with CLT and not only focusing the measurements on a
specific level in the building. By measuring on different levels, a more suitable average of the
acoustical performance of the project is achieved since the load is concluded to have an effect
on the airborne sound insulation between apartments.

For further investigation, measurements are needed in more wooden lightweight high-rise
buildings below and above ten stories, with various building systems, to verify similarities

with the result in this study and to determine the effect for higher buildings.
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5.5 Additional work

After publication of the article [177], more work was made both to understand the measurement

uncertainties and to precise the estimations per story.

5.5.1 Measurement method uncertainty

When measurements in general, but specifically in the field, are used in estimations, it is
necessary to evaluate the uncertainties. In Section 5.3.2, measurement uncertainties due to
several factors were described. With this in mind, the uncertainties due to the measurement
method were evaluated in a new CLT building. This new CLT building was not part of the
previous evaluations in this chapter, and vertical airborne measurements were made between
living rooms in two apartments vertically adjacent to each other. The measurements followed
the procedure in Section 5.2.4. A total of 10 measurement series were performed to evaluate the
uncertainties caused by the measurement method correctly, and the result is presented in Figure
5.15, where all ten measurements are displayed. The level difference is presented without
considering the reverberation time since the same time was used within each measurement
pair, as discussed in Section 5.2.4.

The spread between individual measurements is not visible in Figure 5.15. To closer
evaluate the uncertainties, relative differences are calculated and presented in Figure 5.16. The
lowest standard deviation of the relative differences was calculated for each measurement,
and measurement 4 yielded the lowest standard deviation. Thus, measurement 4 is used as a
reference value to present the relative differences by taking Meas.4-Meas.X where X is an
integer between 1-10. The spread is overall higher at lower frequencies, which is common and
found in previous literature [17]. The spread is also increasing at higher frequencies above
2500 Hz, likely due to the background noise found in Ref. [17]. In general, the spread is

acceptable, with slight deviations in mid-frequencies.
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Overall measurement results
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Figure 5.15: Vertical airborne sound insulation measurements, measured a total of 10 times
between the same apartments.
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Figure 5.16: Relative differences for measurements between the same rooms. Meas.4 is used
as a reference.
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Additionally, the standard deviation per third-octave frequency band is calculated sepa-
rately in Figure 5.17. It is evident in Figure 5.17 that higher deviations occurred for lower and

higher frequencies in the measurements.
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Figure 5.17: Standard deviation of the measurement method, vertical airborne sound
insulation.

With the evaluated uncertainties in the measurement method, previous estimations should
be displayed with the standard deviation due to the measurement method. Prior to that, some
adjustments are required. The standard deviation curve in Figure 5.17 is for one measurement
of the sound insulation, and it applies to measurements at the higher and the lower stories.
Consequently, the difference in sound insulation between two measurements across various
stories is influenced by two standard deviations. The standard deviation for the difference

between two measurements, Ogjff, 1S calculated using Equation 5.6:

(5.6)

where o, is the standard deviation of the measurement method and i is the number of standard
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deviations (two in this case). By modifying the result in Figure 5.17 with Equation 5.6, the
result in Figure 5.18 is formed. The standard deviation presented in Figure 5.18 can be used

along with the presented data in Figures 5.8 to 5.12.
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Figure 5.18: Standard deviation of the measurement method, difference in vertical airborne
sound insulation.

The standard deviation curve presented in Figure 5.18 does not accurately reflect the
estimations per story in Figure 5.13 without additional modifications. The values in Figure 5.13
are calculated from Figure 5.12, where the curves are divided with the difference in the number
of stories for each measurement pair. Thus, the same approach should be used to calculate
the standard deviation in Figure 5.18 per story for each measurement pair, Oy, diff per story>
following Equation 5.7, where the differences are assumed to be identically distributed across

the number of stories:

oaife (f)

"~ ANumber of stories’

On, diff per story (f ) (5 )

The standard deviation per story for each measurement pair, Oy, diff per story (f), is combined to
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one average standard deviation per story using the root mean square (RMS) method according

to Equation 5.8:

Yh—1 Ondiff per story (f)?
Oper story(f) — \/ n=1 “n,di kper story( ) , (5.8)
where k is the number of measurement pairs. Lastly, the overall standard deviation of the

measurement method per story from the measurements in the article [177] is achieved and

presented in Figure 5.19.
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Figure 5.19: Standard deviation of the measurement method, difference in vertical airborne
sound insulation per story.

5.5.2 Measurements on each story

Schoenwald et al. [117] highlighted in a paper that the vibration reduction index only decreased
with an increased load of a simulated first story in a laboratory and that the vibration reduction
index remained, more or less, unchanged with more load. The vibration reduction index

affects the flanking sound transmission, and a lower vibration reduction index leads to higher
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flanking sound transmission and worse sound insulation if the flanking transmission paths
affect the total sound insulation.

Measurements named “high” in this chapter and in the article [177] primarily focused on
the upper stories before people had moved in. Thus, the findings in this chapter could, to some
extent, result from the difference in the initial load of the first story following the result found
in Ref. [117]. To properly investigate this, measurements were conducted in a building with
the same construction system as Project A between several apartments on top of each other
in two different types of rooms. Measurements were performed following the procedures in

Section 5.2.4 in a bedroom and a living room between stories, illustrated in Figure 5.20.
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Figure 5.20: An illustration where measurement occurred in the project similar to building A
where the vertical airborne sound insulation was measured on each story with CLT.

Initial evaluation of the weighted standardized level difference reveals interesting findings.
In Tables 5.1 and 5.2, differences are observed in the weighted standardized level difference for
the living rooms and the bedrooms. The highest vertical measurement in the building (between
stories 10-11) is used as a reference value, and vertical airborne sound insulation values across
different stories are subtracted from the reference value. A positive value signifies a decreased
sound insulation with increased load on the junctions lower down the building.

The differences between stories are higher in the living room than in the bedroom, likely
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due to the flanking sound transmission. The living room is built up with four load-bearing
CLT walls, while the bedroom only contains two load-bearing CLT walls. Therefore, larger
differences are anticipated in the living room, Table 5.1, compared to the bedroom, Table 5.2.

It is essential to highlight that with few flanking surfaces, the building height effect
is expected to have a minor impact on the sound insulation. The differences are overall
decreasing with the number of stories, and it is more apparent in the living room (see Table
5.1). Furthermore, the difference in sound insulation is most significant on the higher floors,

and the effect diminishes slightly lower down the building.

Table 5.1: Weighted airborne sound insulation differences [dB] per story in the living room.
Reference values are used on stories 10-11 and positive values represent a decrease in sound
insulation lower down the building.

Stories 3-4 45 5-6 67 7-8 89 9-10 10-11

ADpryy 5 4 3 3 2 3 1 0
ADyrywso 4 3 3 3 2 2 2 0

Table 5.2: Weighted airborne sound insulation differences [dB] per story in the bedroom.
Reference values are used on stories 10-11 and positive values represent a decrease in sound
insulation lower down the building.

Stories 3-4 45 5-6 67 7-8 89 9-10 10-11

ADpry 3 3 3 3 3 2 1 0
ADyrwso 4 4 3 3 3 3 2 0

Tables 5.1 and 5.2 present the differences in weighted values, and variations across
third-octave frequency bands could provide valuable insights. The differences between
measurements at various stories in the building are displayed in Figures 5.21 and 5.22. The
data is calculated by subtracting the measurements on different stories (Dn7,10—11, Dn7,9-10,
D789, Dar7-8, DT 6—7, Dnt,5—6> DT 4—5, Dnr,3—4) from the measurements at the highest

story (Dnr,10-11), see Figure 5.20 for clarification.
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Figure 5.21:

Figure 5.22:
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The curves in Figures 5.21 and 5.22 are mainly positive, with minor deviations at specific
frequency bands for certain measurements. Positive values indicate a worse sound insulation
lower down the building, and the result agrees with previous findings.

However, as highlighted in a paper by Schoenwald et al. [117], initial loading after the first
story should not yield a notable difference. Thus, measurements from the lowest story should
instead be subtracted from the measurements on the different stories. In Figure 5.23, relative
differences between measurements at different stories are illustrated separately. Measurements
between stories 3-4 are subtracted from measurements at the various stories.

Overall, measurements in Figure 5.23 show that the airborne sound insulation is decreasing
over the number of stories (lower down the building), even after a few stories down. This
decrease is represented by positive values in Figure 5.23. The effect is somewhat smaller
lower down the building compared to higher floors. Altogether, the building height effect has
the most significant impact on the vertical airborne sound insulation highest up in the building,
and the differences stabilize lower down the building.

The uncertainties caused by the measurement method have a larger effect when the vertical
airborne sound insulation is measured and evaluated on each story, compared to if the sound
insulation is measured with a few stories difference and divided with the difference in number
of stories. Thus, evaluations should be based on measurements with a few story differences,
as presented in Ref. [177].

This chapter demonstrates that an increasing building height results in worse sound
insulation lower down the building, likely due to higher loads on the junctions. According to
Crispin et al. [185], these higher loads on junctions increase the dynamic stiffness of the joint,
leading to a more significant transfer of sound energy over the junction. Furthermore, the
increased loads can result in a larger contact area in the junction between the CLT elements,

thereby resulting in more flanking sound transmission.

158



— »% —Bedroom — © —Living Room

Rel. diff. between stories 4-5 and 3-4

0 Rel. diff. between stories 5-6 and 3-4
10 ———————+——1—1—1—— — T — 17T
o 1 & L Q i
g 5 g s
3 @ / & 3 A (’; A
2, — Doy N\ 997020 B | od ety 000
o AY a ey 4 [a]
< /I % X @
G 'z
a- 5+ q o) -5(5 1
o)
ol e 40 L A (N N N N Y (N Y O A
P @ DIRPEL PSS s S oS q:o@ S Q?o $ S @ PP ESE S S oSS q/QQ q(/o X 0(0%@
Frequency, f [Hz] Frequency, f [Hz]
Rel. diff. between stories 6-7 and 3-4 o0 Rel. diff. between stories 7-8 and 3-4
10—r———"—" """ """ T : R e T T N S e
_ R _ AR
S )((p\ a | £ °x P e ge ‘
I \ \ & Y I\ §) / cg
@ | R 5 e & S
LA g« v | 2| Peiekxe Y ooy
TTNG S ST X e X T ,Px\% [V) O *
‘ | /% ~~ - * x
3 g XY ok Y AT T A
o 5y 1 o 3¢ 1
S S S S S S S S S S qob e e e e
P @ SPPESER SRS &{;;%e?b 8 %@Q Qz S S @ SQPESLRO RSP S Q/QQ AN RN o?o $
Frequency, f [Hz] Frequency, f [Hz]
Rel. diff. between stories 8-9 and 3-4 Rel. diff. between stories 9-10 and 3-4
@ -0
— VAR — )( P \
g 5r Q 1 8 5¢ / \ 1
= [ )(< v X ;é/ 2
2 AR : R/ PRI
QE 0 _ﬁ_/_éx_w\ﬁpé%__@% a0 1\ ) )ﬂ;x\) “ % /X\_,;Q@fﬁ
‘ 5 b3 < DA X 7"
2 % X X = Oy X
@ @7 \ / * &
c =
o B¢ ¥4 1 o 51 1
S S S S S S S S S S S S S S S S
R SRR S 0SS %Qo S ’{9%% (ﬁ) O QEJ ) S @ S BRS, S q(,’JQ 0 SSees QQ S (i,) s q/@ s

Frequency, f [Hz]

0 Rel dlff between stories 10-11 and 3-4

Rel. diff. between stories 3-4 and 3-4

Frequency, f [Hz]

10 —— —
Q gew\q

8 st ¥xsx /xR 1 & st 1

& I ] 79‘ @ \ *7N o @

@ )

a° 0 lP/ \ / b/ \ _x—X X~ 'z

) 1 ® » 7 a

< / * 3

) &

g T

o ‘ScZ 1 o 51

PP A A e A 7S A A A

I R A R R NN Y N N N SR AN P LRSS
P @ SEPESEROS SR SO S @ SOPESEN @%Q@%QQQQE'J (fbc\va@%ge

Frequency, f [Hz]

Frequency, f [Hz]

Figure 5.23: Relative vertical airborne sound insulation differences between measurements at
the lowest story compared to the other stories.
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The mean value difference per story is evaluated for all measurements, and the result is

presented in Figures 5.24 and 5.25 where a one-story difference is used. The differences

per story are not always positive in the graphs, indicating that the sound insulation at certain

frequency bands is not decreasing lower down the building. However, the measurements are,

to a higher degree, more affected by uncertainties in the measurement method. Moreover,

the curves’ overall mean value differences are calculated 