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ABSTRACT

This study exploreairborne sound insulatioasan objective and subjective measure.

The concept of this study starts with a hypothesis ttisre is a need tassessirborne
sound insulation in terms d hearing related measurd-irstly, this study examindsow the
airborne sound insulation is det@ined in current standards and how itaffected using d+
ferent sound signalsTo quantify thesound insulatioreffect of different sound signaland to
allowinvestigating the results numericallg series of measurementsive beercarried out.To
assess the differences in the evaluation of source sigabdsironicfilters were generated as
well assubjective tests were conducted:he overall results for each research iogan be
summarised as followgirborne sound insulation determined aeding to current standards,
does not reflect the subjectively perceived sound insulation. It was proven that sound pressure
level difference as well as loudness level difference doesrelate well to subjectively &
sessedsound insulationThe introducedoudness level based modebreectly depicts the r-
perimental results of the loudest and quietest sound samples as well as the individualrfreque
cy dips in the airborne sound insulatidResults of field measurements show ttsatbjectively
assesseairbome sound insulation differ from objectively juddjairborne sound insulations#
ing descriptors of current standardgleasurements madevith different sound signalsdicate
that the subjectively judgedound insulationis depending on theype of sourcesignal.The
Y2RSf O2NNBOGfte ARSYGATASE RAFFSNBy(d ardzyR a
ot S¢ Ay (GSN¥a 2F | &dzo2SOGAGS I aaSmus3ie YSI 3
model describes the probability that a measured omputed airborne sound insulation cer

sponds to the subjectivelyssesseairborne sound insulation.
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Chapterl. Introduction

1 INTRODUCTION

1.1 ResearctBackground
Acoustic comfortis assesseih generalby subjective evaluatianlt describes aondition
that expresses satisfaction with the acoustical environm@ihisis one of themost important
goals of building acoustics engineers.
Tachibana and Lar(@005) statedoDuring the second half of the 20th century, virtually all
of the major countries of the world have recognized that environmental and occupational noise
are publichealth problems requiring effective and affordable noise control practices
Environmental or occupational noiseare not the only reason which coulthuse health
problems, thereare also strong indications thailso noise from neighbours in apartments
cawses health problems
In general rooms for residential purposdkats and dwellinghousesare supposed to bde-
signed and constructewvith the aim to provide reasonablairborne sound insulatiorfThe
Building Regulation, 2000A measure to describe airbee sound insulation is the airborne
sound reduction index or the sound level difference both are descriptors defined in standards.
Protection against noise is suah essential requirement, that it rebeen stated in the &
ropean Construction Produclirective (Council Directive 89/106/EEC, 1989}hat document
six essential requirements are statefl which he fifth is about the sound insulation in bdil
ingsy Thé construction works must be designed and built in such a way that noise perceived by
the occupants or people nearby is kept down to a level that will not threaten their health and

will allow them to sleep, rest and work in satisfactory conditions.
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Amajor factor arises from disturbances between dwellings due to audible sounds perceived
froY Yy SA 3IKOo0 2 dzNdXbe Stofiish Gaverinte® ®ublication (Noise, 2013) it is noted
i K | Chahginlg lifestyles has altered the way rooms are used in dwellings. Bedrooms are more
often used as areas where people spend time watching television, gplaginputer games and
listeningtomusit ¢ KS&aS | OGAGAGASE YIe& Ol dzaS &d2dzyR 6 KA
dzy ¢ yGSR &a2dzyR® | yél yiSR & 2addfah hdvé an Oripacdn2 y £ &
people physicallyas well apsychologicall{WHO, 2009) Thepsychologicainteraction ispri-
mary importantin the field of amoyance. Therefor¢he psychological interaction the main
FIOU2NI AY 2dzRIAY 3T ySAIKo2dzZNRa y2A4aS

The basic characteristics of a sound field are now known, but so far hakelginto con-
siderations how these measures are perceived by pedpie.however, important tdoe aware
of the factthat limits given instandards and regulationsannotguaranteethat no unwanted
sound transmissiomccur (Noise, 2013)Standards and regulatiortain only providdimits to
reduce in generatffects from sound levels created from normal domestic activiflégycan-
not protect from excessive noise from other sources such as inconsiderately phaykol sy-
temsat high volume or even raised voig@¢oise, 2013)

The main body of standards of sound insulation in dwellings are origirsiited the early
1950s and as shown the literature Rasmussemnd Rindel, 2005; Neubauend Scamoni,
2013 in Germany foexample the first ndard is dated as earlys 1938(DIN 4110, 1938
Meanwhile,living standard$iaveimproved significantlyA consequence of this @mong oh-
ersthat home entertainment systems and other domestic electrical appliaace®xtensively
used.The quality of sound insulation in bdithgs is generally described as a single number ra

ing of sound insulation. Many methods have been proposed for single number ratings ief part
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tion sound insulation performance. None has been robust enough to be completely satisfact

ry. Due to raised comfordemands concerning the airborne sound insulation in dwellings, as

well as in flats and houses, it is not sufficient to avoid intelligibility listening through walls but
to avoid recognition of transmitted sounds in general.

Thus, building acoustic and@ustic comfort inside the building, among other factorsco
cerning building constructigre.g. stability, cost, thermal comfort ef@lays an important role.
Since oise is known to cause sleep disturbaribeucksache, 1999; Muzet, 20GHe negative
effects of noise on human health have been widely investigated.

Little data exists on this subject but the LARESey(Niemann et al., 2005and the &-

Health report(enHealth, 2004 gives an indication of the proportion of people who are affec

ed by noiseln the results of the LARESrvey in 2003, initiated by the European Housing and
Health task force of the world health organisation (WHO), it is recommended to introduce in a
more distinct way the subjective related assessment of sound itisolan buildings.

Noise is increasingly becoming a community con@ard \arious surveys have foune+
aLRYRSydGa 6SNBE O2yOSNYySR lo2dzi y2AaS 3ISYSNI
andradio, TV, hi-fi (Northwood, 1975Grimwood et al., 2002defra, 2006;EPA, 200/ And as
Grimwood (1997) affirms in England, e.g., many people are dissatisfied even if their homes
meet the intended standard. This may be explained by the fact that regulations present min
mum levels of sound insulation, which sémi A YS& YA IK{G y20G 0SS Sy2dAcr
expectationsln objective measurements of the overall response of airborne sound insulation
the need is continually felt of a method of interpreting them subjectively.

It is therefore of vital interest talevelop a method to judge the intrusive noise in resicen

es which corresponds to the subjective evaluation in order to prevent stress induced hkalth e
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fects. Investigations thus far indicate that the airborne sound insulation measured indccor
ance with pesent standards (ISO 16283, 2014) does not correlate well with subjectivesimpre
sion (Joikcet al, 2002; Lang et al., 2007; Neubauer, 2005; Neubamef Kang, 2011a, b;
Neubauerand Kang, 2014). The quality of sound insulation in buildings is generddgcribed
as a single number rating of sound insulation (Neubauer, 2004) and has an important bearing
on the comfort, health and general amenity of the residents (Langdon et al., 1981; Bradley,
1983; Neubauer, 2005; Ryu and Jeon, 2011). Each countris leagni standards of sound ias
lation in buildings (Rasmussen, 2007), but it is measured in the same way (Lang et al., 2007),
that is,a soundlevel differenceis measured andorrected for the influence odound absqp-
tion and external noisin the receiuig room. Comparing single number quantities of airborne
sound insulation with subjective estimated airborne sound insulation yield frequently serious
differences (Vorlander and Thaden, 2000; Joiko et al., 2002). The airborne sound insulation as
currently wsed in standards is not well related to the psychoacoustic facts to describe hearing
sensation (Hongisto et al., 2014). It was found in literature that complains are registered even
for partitions fulfilling specific requirements on airborne sound insataf{Tonin, 2004Mll-
neret al., 2007; Rasmussen and Lang, 2009; Ljunggren et al., ROM4Y. (1989), for example,
reports of astudy of newly completed but unoccupied houssbho gave poor resultsand
& dzY Y NA T Gvir 120 pardy Yvallé and about 5p@rty floors were tested, and over half
of the walls failed to meet the Building Research Establishment's recommended standard for
the transmission of souidd

It is thus necessary to establish a better understanding for airborne sound insulation with

means of psychoacoustics.



Chapterl. Introduction

1.2 Motivation

There is a global demand for a healthy environment. Noise as one of the most contributing
factor besides pollution, has been widely accepted as a contributing factor towards health risk
(Council Directive 89/106/EETY89)

¢tKS {O02Gi0A&aK D2OSNYYSyd t dzoAirdodé sbung igsulaiidn2 A & S .
should be provided where any separating wall or separating floor is formed between areas in
different occupation. The intention is however not to preverd@ind from being heard, but to
limit noise nuisance by achieving levels of sound insulation that will help to reduce the effects
of sound on people in their home. Usually, the purpose of regulations, standards, aed guid
lines are to limit the transmissiasf sound to a level that will not threaten the health of wcc
pants from sound transmission emanating from attached buildings and a differently occupied
part of the same building. However, the metBad set that marginor limit do not correlate
well with subjective expectationsr needs Sandardsin general howevenill not guarantee
freedom from unwanted sound transmissidts aim is to limit the effects from sound levels
created from normal domestic activities, but not from excessive noise from sgheses such
as power tools, audio systems inconsiderately played at high volume or even raiseél voices

On the basis of the findings outlinédl the literature (Kranendonk, et afl993)it wascon-
cludad in the Night Noise Guidelines for Europ&HO,H n n dildal’thedstandard of inter
dwelling sound attenuation presently required does not provide sufficient protection to prevent
annoyance caused by noise from neighbaurs.

¢KAd DdzA RSt AYy S 02 ISihcE peppterap dess ltoledarg of dheige théra Y &

neighbours make at nigit A YS (KFy 2F GKSAN] ySAIKO2dzNAQ S¢
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assumed that much of the annoyance associated with noise from neighbours relatesrto the i
fluence of such noise on slegp

Furthermoreit cited in sectio 4.8.5 NEIGHBOURHOOD NOISE AND MENTAL loEfRETH,
literature (Chartered Institute of Environmental Health, 1988tY Naise from neighbours is
the commonest source of noise complaints to local authorities in the United Kifgdom

And finally, asGrimwood(1993)LJ2 A y (i SAh urgvdrified sodnavhich is continuous, &
parently indefinite, of uncertain cause or source, emotive or frightening or apparently due to
thoughtlessness or lack of consideration is most likely to elicit an adverse regaction.

Indeed continuedexposure to noise can be vedysturbingand/or annoying. It is very well
known thatcontinued exposure to noiseanalsointerfere sleep and everyday activities.

AsRaw and Oseland m dppm 0 Iripiddrlyi iR dvellings, especialipartments, even
low intensity noises may be clearly audible through walls, floors, or ceilifibs dema-
strates the need to operate current buildings more effectively in terms of airborne sound pr
tection between dwellings, flats, and apartments, etmd for them to be built such that they
prevent inhabitants as much as possible. Once the protection is sufficiently increased this
should be provided through thapplicationof soundprmfing where feasiblelt is noticed that
theinterest2 ¥ Y S 4 praofing dzydoRizAak Well gsFodiefurbished existing building stock
is increasedNeverthelesst has beeralsonoted that, in cases whereouses flats or dwellings
have been monitored after occupationeal performance fails to meet expectationdgfra.
2006; UBA, 20Q2UBA 2013 Thisperformance gapesults froma combination of factors.
Building acousticprediction isrepeatedly unrealisticand poorly consideredat the design
stageand tendsto be considered togositiveas a result ofrying to meet the noise protection

program Unexpectedmodificationsthat occur during the construction phase will affect the
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expectedsound insulation in buildirgy These modifications aror examplecheaper equyi-
ment installations, materiathanges and poorbuild quality After the building is occupied,
y2AaS Aa 3ISYSNIGSR o0& (GKS AyKlIoAlGlyGa yz2a 02

Finally,asFothergill(1988) & { Prie ff¥ main problems in sound insulation is prtedic
ing performanceEven nominally identical constructions can provide levels of sound insulation
differing by several dB. If no design changes to account for the difference can be found then the
cause of variability is usually attributed to workmanship

Furthermorea study by Craik and Steel (1989) airborne sound transmission through a
building has shown that padts of the building which appear to be identical do not have the
same acoustic performanc&@hey argued thathis difference cannot be explained by diffe
encesin the dimensions or material properties, nor by variations in flanking transmiasibn
concluded that the variation, whidh approximately 2 dB, is due to workmanship

In the last few years sound protection between dwellings, flats, and apartmeats &
come a popular topicWith publication of the COST action TUO9@IOST Action TU0901
Neubauer,201p and the observed increasegost occupancy evaluatigmew attention has
now been given to building acoust&suesn Europe

However, regardless dhe resultsof previous post occupancy evaluation studisdud-
ed over thelast years, ecently reported evidencén the literatureindicate that the problem
still exists(Grimwood et al., 200X5erretsen, 2003; Tonin, 200BPA, 2007UBA, 2013Smith
and Mackenzie, 2014 It is needed that a kind of building investment contracting is emerging
in the construction industryit is important that eésign teams will be held accountable for in
use performanceThis wouldastinginfluence the current state of the performance gdpis,

however, likely that designer will need to take moraution creatingwell-considered design
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stage sound protection consumption estimates if they are to later ensure sufficient soond pr
tection.
In addition, a severeproblem existswith actual performance evidence of sufficient sound
insulation,frequently involvedin buildings togainfor sustainability rating points, or to portray
a certainsound protection imagePerformance estimationprovided by themanufacturerare
repeatedlybased orresults taken frontests conducted under laboratory conditiariBhese e-
sults are ofteroverestimatethe sound protection performanceThere is still limited evidence
of how sound protection construction are assessed in buildings by the occupants.
Furthermore, both, EN 12354 for the prediction as well as EN 1SO -11for the calcud-
tion are problematic due to the fact that the timeegdendent information is omitted (Neulba

erandKang, 2011).

1.3 ResearchAim and Objectives

This research aims to explore airborne sound insulation as an objective and subjective
measure.lt studies the application of sound insulation linked with psyclooatc factors to
find an integrated relation of physical and psychoacoustic parameters to describe airborne
sound insulation.
This will be approached through the following objectives:

- To review current literature omuilding acoustic performance with thecus on at

borne sound insulatiofiChapter 2)
- To explore the unsuitability of conventional standardsin particular, toreview the

principesof the physical resistance of a sound transmitted through a structQhep(-
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ter 3.1) andto reveal discrepanciesf descriptors describing airborne sound insulation
(Chapter3.2)

- Toestablisha loudness bagsemodel Chapterd)

- To validate thggroposed model, in particular, to explore the influencesofind signa
to the airborne sound insulationChapter5.1) and toassessubjectively test signals

(Chapters.2), and finally to explore the model implementation (Chapter 5.3)

The development of the kind of knowledge that is applicable to real airborne souna-insul

tion and real assessment problems was timelerlying objective of this study.

14 Researclscope

This research takea wide approackcovering various aspectghich may affect building
acoustics performancelhis methodology allowan overviewof the areasof most importance
to be assessedVhere it has not been possible to conduct detaitedearchinto specificcon-
structions, plans for future investigation have been suggested.

The modelling process has begonefrom the point of view of a R S & A Fhigépidach
provides useful informatin on therelevanceof modelfor design It supportsdevelopmentof

practical guidancespecially fomanufacturesas well as for consultants
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15 ThesisSructure

The methods to achieve the objectives for each chapter are described as follows:

[ KI LI 1SedtureReviR = LINBa Sy (a | thie MdveéoNdeint dedidBornt S O A S 6
soundinsulationand its rating Firstly,it coversthe reviewingof publications orrequirements
throughout Europeas well as on surveys on sound protection of residential constructions in
Europeand thirdly it discusse®ccupational noiseFinally,measurement rating and calcud-
tion of airborne sound insulatioare reviaved.

/ K I LJG Gnblitabilty ofitonventional standar@sEfers totheoretical definitions on @i
borne sound isulation and calculating schemasEurope standards. Furthermore, this pha
ter brings up loudness and loudness level and discusses frequerigitting in some detal
and irtroduces the gychoacoustic measure fluctuation strength.also describestypes of
noises and classifies noise typesprincipal.Lastly, experimental analysis is presented discu
sion accuracy between theory and measurertseconcerning airborne sound insulation.

/ K LI BshablishBent®f a loudness baseddel Qiltroduces the developed newap-
proachto describe airborne sound insulation in terms of a psychoacoustic measure

/ K LJG Fahdatiprsandshplemenation of the loudness based modeE RS a ONX 6 S &
mental results on the characteristics of sound insulation by construction.

Firstly, it introduces the signal types used and depicts the objective and psychoacoustic
measures. Followed by subjective assessmeststeconducted for differentiating various
sound signals.

Finallya series of measurements carried out to examine the airborne sound insulation of a

partition to demonstrate the model implementation on site measurements.

10
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/ K LJ0 BistlissioErEfErs to the results obtained through theoretical considerations
and site measurementst discussesesults in detail and shows the interaction between the
obtained objective and subjective measures.

/ K I LI GoNdlusioEQcDHcludes the thesis, summarising the new findings from thg-ori
inal researchFollowed by“oncluding Remarkend Future WorkRkhich describes the diffe
ence between design prediction and the measured performa&tating that airborne sound
insulationisnolongerr 1 AYR 2F dal yOK2N) 4SOKy2f 23&¢ RdzS
options and fulfilment optionsFurthermore, recommendations fduture work of this thesis

are also addressed.

11
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2 LITERATWHREVIEW

This chapter provides an overview of building acoustics peidoaa, with a focus on @i
borne sound insulatioin Europe It includes a description of current legislative requirements
for soundprotection in buildings.

A review of the current state of knowledge of the sound protection is given. This focuses on
the main area being the potential causeglué problem.

Secondly(see section 2.2)a review of published studies, where actual soumdtgxction
performance has been compared twcupational noisgprovides a knowledge base of how
buildings haveo performin-use.

Thirdly, occupational noise is explored from the literature (see section 2.3). Finally ¢see se
tion 2.4) the measurementrating and thecalculationof airborne sound insulatioare consd-
ered.

It is noted that in the United States, the sound transmission clasig is generally used-
stead of what is preferred in Europe. Since the basic method for the descriptors defiring
borne sound insulatiofis similar the focus indescribing the airborne sound insulationthrs

research is on the descriptors defined in European standards.

12
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2.1 Requirements in Europe oAirborne Sound Insulation

In this chapterthe demands and requirements on airborne sound insulatiofEuropeis
described

The history of sound protectiostandardisationn Germany for example, goes far back to
before 1938 where "Partitions" had to beeavy at least 450 kg/m#hich today, one would
say, this is equivalent to an airborne sound insulation of at IBgst 54- 56 dB(Neubauer
and Scamoni, 2013

In the UKas another examplethere was no Code of Practice that covered any aspect of
soundinsulationbefore 1948, when CP 111 Structural recommendations for loadbearing walls
(BS. CP 111. 194@&ps published through the good offices of the Ministry of Warks gov-
ernment department(Haseltine, 2012)whichconfirmed sound insulation valuder building
elements Depending on the size and density of traditional clay brick walls in thiadJKange
of the airborne sound insulation is aboutw (x> 46¢ 50 dB.

Other countries in Europe followed and some still do not have any regulationshmrree
sound insulationRasmussen & Machimbarrena, 2014).

Aliterature study by Rasmussen and Rindel (RasmueséRindel, 1996) of a survey irf-di
ferent countries in Europe about noise protection, noise from neighbours, and needs &f habi
Iy Qa that manyipg@aeple are annoyed by noise from neighbours and people are annoyed
by the fact that their neighbours can hear theifhey summarized results for some surveys
and stated that for examplere-third of the residentdeel disturbedby theneighbours

The prediction models in the European countries are somewhat different in both.ethe r

quirements to be met by the constructions and the calculation method.

13
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Also, the quantity used for rating the sound insulation of the constructions is different.
Many Euiopean countries usstandard (ENSO) indexet evaluate the airborne sound ins
lation between interior spaces.

Kihiman(1995)a (i | (iTBeadiffereinces between the values and the spaces that aré spec
fied in the various regulations are enormous and carb® easily presented in commoa-t
blesb Kihiman (1995presented first a table showing the indexes used in 11 European Union
countriesas well aghe minimum values for airborne sound insulation between dwellings.

Later onRasmussen and Rindel (20@X}ended the work of Kihimashowing in detailthe
different concepts and quantities applied ine European countries.

The use of different concepts also true for other countries in the world. All have their ca
culations based on single number ratinbgne of them take into account the subjective iest
mation of that single number ratingsuidelines andagulatory sound insulation requirements

for row housing multi storey residentialhousing or dwellings exist in Europe in more than

30 countries, howe8 NE £ f KI @Ay3 RAFTFSNBYG aLINRlarSOGA 2

examplein Tab 2-1.

14
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Table2-1: Requirementson arborne sound insulatiosin30 European countries,

takenfrom (Rasmussen & Machimbarrena, 2014).

Status June 2013 Multi-storey housing Row housing
Country Descriptor Requiremens (dB) Requiremens (dB)
Austria Dt w 255 2 60
Belgium Dhrw 2 54 258
Bulgaria w W 2 53 2 53
Croatia wad 2 52 252
Czech Rep. wW 2 53 2 57
Denmark wW 2 55 2 55
England & Wales| Dyrwt G 2 45 2 45
Estonia w2 255 255
Finland w,Q 2 55 2 55
France Dhrwt G 2 53 2 53
Germany w,Q 253 2 57
Greece w,Q 2 50 2 50
Hungary w C 251 2 56
Iceland w2 255 255
Ireland Dhrw 253 253
Italy w,Q 250 250
Latvia w2 254 254
Lithuania Dirw2 N, wW 2 55 2 55
Netherlands w C 252 252
Norway w0 2 55 255
Poland w C 250 252
Portugal Dhrw 2 50 250
Romania w2 251 251
Scotland Dhrw 2 56 2 56
Serbia w,Q 252 252
Slovakia WEDr Dy 253 2 57
Slovenia w0 252 252
Spain Data(® Dirwt Q 250 250
Sweden W& Goaiso 253 253
Switzerland Dirwt C 252 255

From this table it can be seen that requirements among these European countries differ

quite a lot. However, even though a consensus does not exist in Europe about theerequir

15
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ments, terms used, as well as the frequency range to which they are applied, one does exist for
the need for improvement (Rasmussen and Rindel, 2005). This comes frontthieafaeven
though vast improvements have been made, up until the 1990's the number of peaple a
y28SR o0& (GKSANI ySAIKO 2 dzNDa -26% (GérfetseNIBOO3).ATHIS R
can also be seen from the continuous introduction of new terms sisctheG, weighting that
was introduced in the United Kingdom in 2003 (Smith and Mackenzie, 2014).

From Tab2-1 it is further observed thaiuite different regulations exisfable2-2 sumna-

rizesthe countrieswhichhavethe same descriptor to descrit@rborne sound insulation

Table2-2: Summary of descriptors used in 30 European countries for airborne sound-insul

tion.

I'AND2NYS az2dz/R

b2®d 2F O2d Descriptor

M C w,Q
w,+rC
W+ Goais0
Datw
DirwtC
DitA(® Dirw*+Q
Dirwt Ge

= 2 T 0 2 O

Ly GKS Llmumg Ol 8 % 2 yi-KcBoa TUDFOT (Rasmussen & Machimba
rena, 2014) the main findings from comparison of the requirements in airborne sodnd i
sulation in 35 European countries alown

For airborne sound insulation thissummarised imMab.2-3.

16
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Table2-3: Summary of the main findings from comparisdrout requirements in 35 countries

in Europe, 2013. Ref. (Rasmussen & Machimbarrena, 2014).

Airbornesoundinsulation

7 descriptors + variants/recommendations

Formulti-storey housing differences up to 6 dB

For row housing differences up to 10 dB

8 countries applyGterms

Lowfrequency(down to 50 Hzi>terms applied only in Sweden

The strictest requirements for are found in Scotland and Austria for +stateyand

5 countries have no requirements

z

LG Aa +faz2 adl vBlined y2 & KSIKEid2HH W\ O \dm@ogyws al K
latory terms, a significant challenge is that for some types of lightweight constructions, the
sibjective sound insulation is ranked lower than for a heavy construction with the sante obje
tive sound insulation. Regulatory requirements are objective, and the same requirements
should be applicable for all types of housing constructions and materials. arhiraportant
research task is to develop new objective descriptors (evaluation methods) correlating with the
subjective evaluation for all types of constructionsn Norway, a survegBarlindhaug, 2008)
about satisfaction with newly built homes (200&)s been carried out in 2007. In generalppe
ple are satisfied (about 80%, 10% dissatisfied). Least satisfaction (17% dissatisfied) is found
with sound insulation, especially forstrey housing (27% dissatisfied). AccordingHeeem,

2010) the reasond likely to be lightveight constructions applied for such housing

Thus, as seen ihab.2-3 there are differences in airborne sound insulation requirements in

multi-storey housing up to 6 d&nd up to 10 dB for row housingK A OK A & OSNI | Ay f

subjective regards anithis difference isiot justifiableg A 0 K ¢ 02y a i NHzOG A 2y NB &

17
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Austriaand Scotland for instance are good examples that high airborne sound insulation
can beachievedeven for lightweight construimons (Smithet al, 2001;Lang, 2006).

Since the very beginning of the specifications of sound insulation objectives in Europe,
changes in the living style and living standards are observed. However, as Gerretsen (2003)
stated, acoustic requirements are essentially still the same as fifty pears

As a subjective experience of noise stress can lead to regulation health probleres, as r
ported, for example, in (Niemann et. al., 2005; Lee et al., 2010; Fyhri and Aasvang, 2010;
Muzet, 2007) it is important that a more specific requirement be ddished to quantify sound
insulation to safeguard occupants from possible health effects.

In general acoustical regulations deal with various areas of the human activiies.
provementsin acoustic regulationsre noticed in many countries That is, theyare more a-
mandingand closer toA Yy K | 6 &xXpéctitidris ut these regulations algoply increasing
costs for constructionTheEuropean countesin generaldiffer in their approachto the Build-
ing Acoustics Regulationk is therefore difficult to compare results and solutionsostly be-
cause thdifferent regulations are noéentirely equivalent i.e. comparabl¢Rasmussen, 2010)

However, there is a common purpose which is a cost effective goal between a healthy
and comfortable living environmerand the expenset build such a buildinglTheacoustical
regulations deafsCarvalho and Farid998)have shownat leastwith the following fields:

- (Health: noise power limitations quipmentin several areas of work;

- Building acoustics: minimuperformance levels for insulation in many types of lngs;
- Urban acoustics: definition of quiet and noisy places;

- Traffic: limitations to noise produced by vehicles;

- Environment: limitation of noise ledel LINE RdzOSR o0 &¢ ay2Arae | OGA QA

18
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2.2 SoundProtection of ResidentialConstructions

In the literature JAB, 2002, UBA 201&sults of environmental surveys in several E@rop
an countrieshavereported that noise fromneighboursis the second most common source of
noiseannoyance behind theoad traffic noise interference.

Austria conducteda survey in 2003rom which it is reportedthat 7.7% are disturbed
strongly or very strongly due to noise from neighbours as the cause of the disruption.dn a pr
vious survey in 1985 the disturbance waported to be 12%. Overall people disturbed by
noise (29.1% of the respondents), 10.A%medthe noise from theneighbouring apartments
asa causeof disturbancgLang et al., 2006).

In Germanya representative survey in 200@©rtscheid et al., 200&)evealed that from
42.7% in total 17.3% are mediustrong or bothered most by the noigeom neighboursThe
data show that 2/3 of respondents who have direct neighbour§% hear noise from their
housing activitiesvell or verywell.

In the United Kingdonthe building research establishment (BRE) undertdokng the
years1999- 2001a measurenent basedsurvey of environmental noise levels and a social su
vey of population attitudes to environmental noif8RE, 2002)0One result was thab8%
claimed © hearthe noise ofheighboursn their apartment.

In Francea survey was conducted betwedhe years 1998 to 2004nd it have been e-
ported the interference by neighbouring noise (Le Jeannic et al., 2005). 41.2% of all households
were disturbed by nois@ total and 19.6% by neighbouring noise.

In the Netherlands it was found in a study (van Dongen, 2001), that about 75% of the noise

from the neighbouring apartments can be heard, in 40% daily. In approximately 1/3 of all
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households this sound was annoying, dad13% very disturbing. 95% said that they look at

GKSANI 26y O0SKF@A2dzNJ 2 | @2AR RAA&AGdz2NDAY3A (KS
In a representative survesonductedin the Switzerlandy Lorenz (200) public perception

of noise and disturbance by noise was on the gahguestion of the status of the noise (tro

lem in a general way and a personal perspective on a scale of 1 to Boflcencerned at all

6 =concerns very mugh The neighbourhoodnoisewas ratedwith 2.5. People,who are not

satisfied with their homeclearly promote the environmental impact through tineighbou-

hoodnoise (3.1while people who arsatisfiedwith their homerated (2.4).

2.3 OccupationalNoise

Occupational noise is often related to music where the question arises if heard music in an
adjacent dwelling is accepted or nds. for example: classical musicrap, hip-hop, or grunge
musiG noiseor musi® The answer depends on the perspective of diffected.For the study
of occupational exposure to noide is common to considethe physical characteristics of
noise, however, it isalsoimportant to considerthe way the human ear responds to he
LINR 6 f SY 2 Souldd aASx aduwNaittiéd@ating system

It is general knowledge thatgpceptions vary from person to person. Different people-pe
ceive different things about the same situatiddNB Sy 6 v n Rsychologisisitalk &ainty d
about two different kinds of threshold for sensatiamd perception: the absolute threshold and
the difference threshold. The absolute threshold, also known as the detection threshold, refers

to the weakest possible stimulus that a person can still peréeive.

20



Chapter 2. Literature Review

AsLawlessand Heymanno H n mn 0 Y Syleliditie ¥a&liBsY chakacteristics of human
sensory function to be measured was the absolute threshold. The absolute or detectibn thres
old was seen as an energy level below which no sensation would be produced by a stimulus and
above which a sensation wouldach consciousness

The first systematic studies of sensory thresholds wasiNorwich (1993) conclude¢on-
ducted by physiologist Erndtleinrich Weber. Norwich summarized:Weber's experiments

were designed to determine sensory thresholds, of which there are two types:

1 Absolute threshold-the minimumintensity of a stimulus that one can detect
71 Difference threshold- the minimumdifferencein intensity between two stimuthat

one can detect

Weber defined the absolute threshold as the intensity at which the stimulus was detected
on 50% of trials.

Thesdrials or testsare widelyknownas signal detection analygidorwich, 1993)

Hearinga voiceis a sensationwhile recognizing iis aperception This distinction was cliar
fied by Norwich (1993) with an exampl&emsation is passively receiving information through
sensory inputs, and perception is interpreting this information

Peoplesresponse to the information itherefore included in perceptionNorwich (1993)
statedY Wéi can think of perception as a process where we take in sensory information from
our environment and use that information in order to interact with our environraent

Therefore, perception ighe possibilityto convert sensory information into something
meaningful.Hence in assessing a sound in a room, it is vital to disiish between perception

and sensation.
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Furthermore what isa very importantaspect of sound assessmeatthe awareness of the
event of an intruding soundhich has to be assessed. Tha¢ansthe degree of interference
of disturbance is a measure of nuisance. Téren dnuisancé o6& GKS gl &% (NI O!
[ I G A Y nogepeihdhichimeans nuisance. That is whyise can be defined asighgreeable
2N) dzy RSAANBR a2dzyRb>X 2NJ agl yiSR 2N dzysl yiSR

Since in generalosind and noise constitute the sanmhysical characteriis, it isthe dif-
ferentiationwhich counts and this greatlysubjective.The human earesponseto sound both
on the sound frequency ari the sound pressure lev@Hansen, 2010)

In the literature it is found, that the range of audible sound is approximately from 20 Hz to
20,000 Hzthat is10 octavesThe range covered by speech sounds is from about 100 Hz up to
7,000Hz (Zwickeand Fast] 1999 Moore, 2004).

Fasold (Fasolet al., 1987) published a frequency response of medium sound pressure level

of speech for male and female.
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Figure2-1: Frequency response of medium sound pressure level of sp@edoldet al., 1987)
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In Fig.2-1 the frequency responses of the medium ethérd-octave band centre frequency
of a normal conversatiorrglative to a midfrequency of 1k His depicted It is seen that the
voice of the man is about one octave lower than of the female. Fg4887)identified the
spectrum of themaximum sound pressure lexein a frequency region of about 80 Hz for a
male, and 160 Hz for a female, respectively, af0BHz

In that frequency region are the basic tones and the formant zones of the vocals and of the
voiced consonantskFasold (1987) stated also, thainging produces a similar frequenag- r
sponse of meiim sound pressure level as for speech.

The approximated borders of music and speech signails octave bandsare shown in
Fig 2-2. The outer limit(solid line)showsthe full range ofaudible sound for young listeners
with normal hearinglt is seen irFig. 2+ (i Kilisi¢ oatupies a limited range, especially at

higher frequencie$ Yy Rpeect covers evera narrower area or limit range.
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Figure2-2: Approximate limits of bandwidth and dynamic range of music and speech signals

Eargleand Foreman, 2015).
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Figure2-3 displayshe cumulative speech signal of a normal adult male sp@ester spec-
trum in octaves|t is seen that he speech spectrurshowsmaximum valueat a frequency of

about250Hz In thefrequencyrange above 1Kz the level falls offer octaveroughlyby 6 dB.
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Figure2-3: Longterm speectspectrum of a normal adult mal&argleand Foreman, 2015)

In Fig. 24 are the longterm octavewide power spectra ofock musicand classicamusic
shown. It is noted thatt middle and higher frequencigbe spectrum of classical music is

comparableto that of speechsee Fig. B).
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The use of sound producing equipment such as audiotaladisionhas been increasie an
enormouswayin in the last century since acoustic regulations are establigNeise, 2013)

Furthermore, nusic nowadaysis often more bass orientated and is playadhigher vd-
umes and hence it can create a disturbance to oth@rscupational noise can be annoying if
sound insulation is inadequateecause noise from the neighbours can restrict the quality of
living.

Toincreasethe resistance of building elements sound transmission in an adequate way it
is especiallymportant to know the spectrum of theource sound. The knowledge of the inte
action of objective and subjective measurefyital interest Especially the limitation of noise
nuisance will help imabitants adequately to live in their homeghis is an optimization process
between the objective need and the subjective demand.

Fasold (1959) published at the thimternationalCongress on Acoustics noise spectra from
measured mean disturbing dweltinnoisesand concluded in connection with thequat
loudness contours (ref. t€hapter3.1.3, Fig.3-9) and the loudness calculatisrmadeaccod-
ing to Zwicker (198) and Stevens (1956) a most effective sound insulation over frequency.

The referred noise spectraf the measured mean disturbing dwelling noises depicted

as a copyn Fig.2-5 of the original work from Fasold.
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Figure2-5: Average residential noise spectra for 4 groups: speech and music, childrem-and a
imal noise, and noises from house work machines (Fasold, 1®8)description of the graph

istranslated from German to English

A similar approach uselly Lawrence (1969)however in order tdind answers of higor-
mulated questionsabout finding an appropriate sound insulating material or systemetiuce
the transmission of sounith an required mannerThe first questionLawrence(1969)asked
was: dWhat is an acceptable noise level inside a room and second, what is the nature of the
sound that has to be reducé&dlo answer these questions Lawrer{@®69)referred to Fig2-6
whichis shownbelow. Hestated: écthat most research into noise sources in dinigjs has been
done in residential buildings and offiéeSocial surveysevealedthat prime sources oflisturb-
ing sounds inmulti-storey residential buildingsre radio, TV, and conversation (Lawrence,
1969; Northwood, 197%.t is pointed out that Fasold (1959) sieeported ten years before

0 K |- Mot im@ortant disturbing sound sources in today's homes are radio and televisi@n sets.
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He stated additionaly, that the sound level of a loud radio is of about 85{phdén which is
about 85 dB(A). AnothéB EI YL S 2F YSI adzNBR 4 tiehwnm Bgesht Ry

(from ref. Lawrence, 1969).
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shown in Fig2-7.
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Figure2-7 showshalf-octave band spectra for a few typical domestic noipablished by
b2NIKg22R 0 mMdpc H T trendSin doriestic SpRliandes Is towardécontfahe
high-frequency components of noise, that low- and mediurfrequency component predam
natesin the residual noise. Speech, radio, and television noises are broadly peaked id-the mi
dle-frequency range. Speech intelligibility as distinct from poweglves a slightly highere¥
quency range extending well beyond 4,000 cycles but this is irrelevant for dwelling separation
since the transmission loss should be substantially greater than the amount required merely to
reduce intelligibility. Musical ingtments and higHidelity record players will extend the range,
especially toward the lowdrequenciesNoting from the surveys the special importanceasf r
dio, television and speech noisésppearsthat one might consider a "standard household
noise" gectrum flat from 250 to ;000 cpsand diminishingoy 4 to 6 @ per octave below and
above this frequency

The spectrum levels from different sourcebBow often as expected great variations.vido
ever,in Fig. 26 the dotted linef | 6 St f SR My éhdmEctBris@dedddm sound pre
sure levelof many airborne domestic noisescluding television and radio

[ 2YLI NAYy3I GKS FAIdZNBaA 1620S aKz2gAy3ad (GKS aL
Figs2-5, 2-6, and2-7, respectively, it is seen that a giemum occurs at about 500 Hz.

On the other hand, Lawrend@969)statedY That in an office the chief source of annoyance
is the transmission of intelligible speech. Intelligibility depends on the speech levels transmitted
relative to the masking obackground noise level in the listening room. Speech levels in the
source room depend on the type of conversation and the size of the room. The most important

frequencies for intelligibility are from 1,000 Hz to 4,00@Hz
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It is seen in Fi®-5 as reporéd by Fasold1959)that noise from children and animals have

maximum level at a frequency range of 2,000 Hzere are several other publications repor

ing sound levels of living activitie®ne example isthe Austrian standard ONORM S 5012

(ONORM, 202) which providessound levels produced by living activities.

In Tab 2-4 some examples argiven The frequency content is assumed to be for conaers

tion and for musiclike pink noise However, asshown later this is questionableand it is

demonstratel in this workthat different spectra will be judged differently compared to pink

noise. Evidence is given in chapter 5.2.

Table2-4: Sound levels of activities in living rooms, (ONORM, 2012)

with normalfurnishing

Ensemble with 6 instruments

Room Sound source Leq Linax
75 m3 living room Conversation with guests, 6 persons| 73dB(A) 82dB(A)
with normalfurnishing | Talking with normal voice
Lively conversation with laughter 78dB(A) 87dB(A)
Music played at home 78dB(A) 86dB(A)
1 violin or similar instrument
100 m3 living room Music played at home 91dB(A) 98dB(A)

24 Measurement Rating and Calculation of Airborne Sound Insulation

In this section the standardized methedf measuring, rating and calculating the airborne

sound insulation are described.
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2.4.1 Measurement

Standardisegroceduresfor measuring the sound insulatiaf various structuresexistsin
both laboratory and field environments.

The measurement of sourtdansmission through a partition in building acoustics test ifacil
ties is described in 1ISO 10140 part®[ F 0 2 N} G2 NEB YSI adzNBYSy i 2F &z
St SYSyiGa¢-2,00h mMamnn

According to 1ISO 10141 the sound power transmitted into theeceiving room can bels
tained by determining the sound energy prevailing in the receiving room under steady state
conditions. This is done by determining the average sound pressure in the room from pressure
measurements in numMerous room positions.

The reverberation time of the room is also measured. The absorbed power is determined
based on the reverberation time and the energy present, which equals the transmitted power.
This method is usually referred to as the conventional method.

In real buildings, e internationally standardised method is provided in ISO 162830
16283 20149. This standard specifies procedures to determine the airborne sound insulation
between spaces in a building using sound pressure measurements. It requires that one room
be chosen as the source room that will contain the loudspeaker and another room that is the
receiving room.

The sound insulation is assessed in terms of the apparent sound reductionvindexhe
standardised level differencep and the results are weigld and expressed as a single
number quantity, e.g.w.Q respectivelyD,ry, in accordance with ISO 717/1SO 717, 2013).

The primed symbol of the apparent sound reduction index indicates a value obtained in the

presence of flanking transmission.
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The euations forw,(and D, Will be briefly addressed belover clarification reasondut
will be againdiscussedn detail in section 3.
The apparent sound reductioindexis
RQ = ls¢ Lr+ 10 log (S/A)B (2-1)
and the weightedstandardisedeveldifferenceis
Dn7= lsq L+ 10 log (T/J) dB (2-2)
where
LsandLrare the average sound pressure levels in the source and receiving room, respectively,
Sis the area of the test specimen in m? aAds the room absorption area of the receiving
room in m2 Tis the reverberation time in s in the receiving room ads the reference reve

beration time in 5, = 0.5 s).

The measured level difference is the basic value for determining a descriptor of airborne
sound insulation. The most basic index is consequently the weighted level diffddgnchis is
an integer value obtained from the frequendgpendent values of theneasured sound pse
sure levels characterising the acoustical performance. This procedure is a standardised method
specified in ISO 71¥. In the standard, a set of reference values is provided that has to be used
for comparison with measurement results ardset of sound spectra in orihird-octave
bands to calculate the spectrum adaptation terms. These frequelepgendent values are
provided for reference il\ppendix | and Il, respectively.

In 2012, a replacement for ISO 71/designated as 1ISO 1671{ISO 167172012),was
proposed. It included changes to the frequency range included in the singier ratings

(Mahn and Pearse, 2012; Masovic et. al. 20H&)wever, no evaluation has been introduced
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into the proposed new standard that classifies hegriensatior{NeubauerandKang, 2013).
Due to resistance from some countries, this proposal was withdrawn by ISO in 2014.

To determine airborne sound insulation, a standard test with broadband noise signals as a
source signal is, according to international standards, usually used.

In reality, however, music sounds from neighbours are often said to be a prime cause of
annoyarte and complaint§Park and Bradley, 2009¢urrently, according to present stan
ards, the influence of noise is described primarily by #eeighted equivalent continuous
sound pressure level{c). This measure, however, does not give enough consideration to the
subjective perception and evaluation of souf®t. Pierre and Maguire, 2004; Leventhall, 2004;
Parmanen, 2007and is not a satisfactory descriptor of a sound event because it cargiot d
sciibe many signal characteristics, such as time fluctuat{gveng et al., 2013)

Furthermore, as shown ifY¥ifan et al., 2008an A-weighted level is not suitable to assess
low-frequency noise eventd eventhall, 2004)

The time fluctuations of a signehn be captured, for example, by psychoacoustic paam
ters, including sharpness, roughness, tonality, and fluctuation strength. The investigations thus
far indicate that airborne sound insulation measured in accordance with former and present
standards dos not correlate well with subjective impressiofg®iko et al., 2002; Lang, 2007).
The results in the literature suggest that sound level differences would correlate best Wwith su
jective responsefBradley, 1988 However, as will be demonstrated in thisork, a sound level
difference does not differentiate well with different sound sources with different spectra.

In the meantime, it has been reported that loudness combined with roughness describes
the correlation with the subjective estimation of noiseluced discomfort better than thé-

weighted sound levglRaggam, 2007).
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Moreover, as Jeon et alJeon et al., 2010; Ryu et al., 2011) noteahjective response to

noises, such as annoyance, depend upon the type of noise.

NB: Because this research focuses onlthelness level of the receiving room related to
the sound reduction indeR none of the other quantities to describe airborne sound iasul
tion are further discussed in detail. It is, however noted that all othescdptors to describe

airborne sound insulation are connected in one way or another witHRfalue.

To summarise, the procedure of the standard test to determinedinborne sound insal
tion properties of a structure is to measusesound level diffenece. This is donky placinghe
structure, material, or element which has to be testbdtween two reverberant roomsEach
room isequipped witha microphone In one of theserooms a sound sourcés installed This
room is usually called source room. Tdther room is called receiving roorm both rooms the
sound pressure level is measurefier turning on the sound sourcdhe measurement is ca
ried out usingoandwidths of onehird octaves in the frequency range froat least100 Hz to
3,150Hz.Themeasuredsound level difference isqual to theairborne sound insulatioof the
structure, taking into account tharea of thedividingstructure, partition or element andthe
sound absorption in the receiving room

Taking into account the sound absdmt in the receiving roonand thearea of the test
partition makesthe values ofairborne sound insulatioindependent of the test facility

The airborne sound insulatioms then a function of the structural parametersnly. It de-
scribes a basic acousficoperty. Thetechniquesfor measuringairborne sound insulatioare
originatedto providefull data on the acoustical performance of structures as a functionesf fr

quency. This information important to acousticians oacoustic specialist
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A detailedcalculation on theestimatedsound hsulationin buildingsis essentialto forecast
the acoustical performance ofstructure, partition or even &uilding. Howeverthe detailed
data are often confusing to the nesicoustical specialisForexample Architectswho hasethe
task of designing the buildiraye sometime®verwhelmed withto detailedinformationon the
sound insulation

Tosimplifythis problem, several methods have besuggestedo characterise thairborne
sound insulatiorof a structure in terms of a single numb&uch methods can be applieas
Sharp et al. (20133ummarized to

- orank-order structures in terms of acoustic performance
- allow for simplified calculations of noise reduction, such as in a design guide
- develop adesign optimisation procedure that selects the combination of components that

achieve a given noise reduction at minimum cost.

The use of a grading curis ane of the method. It specifies theairborne sound insulation
required in each onghird octave band Against this frequency dependiagborne sound ing-
lation the measured value®r a given structur@are compared.

Grading curvecan be used idifferent ways It can be used asraquirementfor structures
in buildings or to give a ranking of one structure against another. Because it would baunre
sonable tocategorisebetween two structuresn a very rigours way, i. e. if for example thie
borne sound insulationaluediffer byless thamabouttwo decibelsm asinglefrequency band,
the grading systenor proceduretolerate somedeviations below the grading curve.

In order to have a tooin building desigrseveral grading curves have been developed or

suggested All grading curvetiave beendesigned in asimilar way taking the differenceeb
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tween typical source levels in buildings and suitable critesi@nsure someacousticalquality

in the rooms Yaniv and Flynn (1978ublished acomprehensivereview relating different
grading curvesThey concludan their publicationthat: dthe data of subjective responsaised

to establish the requirements for sound levels in dwellings is extremely variabk cone-
quences of that was development of a number of grading curvddowever, the designed
grading curvesliffer at some frequencieby up to 10 dRYaniv and Flynn, 1978)hese diffe-
ences asYaniv and Flynn (1978) arguede due to he lack of a comprehensive database on
subjective responseConsequently, the concept of grading curvesds practicalfor asses-
mentsto be made on the importance of these differences.

Furthermore,Yaniv and Flynn (1978}ated dthat the shape of the gradingurve is é@-
pendent on the typical source spectruisedfor the calculationsAs a result, there is conside
able unertainty as to the validity of current grading proceduges.

In the European countries, the standagdadingprocedure forthe airborne sound insak
tion of building structures wasriginally giverin ISO 1484 (ISO 140, 1998The procedurede-
scribedwas actuallyintended for application to data measured in the laboratdoy ranking
reasons to assedhe potential performance of structureslowever, he same grading curve is
also applied for irsitu measurementsi.e. field measurementsp describetransmission loss

between rooms
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2.4.2 Rating

Perhaps the most extensive reseatchfind a suitable referenceurve, at least in Europe,
was carried out byrasold(1959).His findings included an increase in the reference curve at
mid-frequencies in the range of 200 4820 Hz. He concluded that order to ensure a most
effective sound insulation curve, it was necessary to increase the requirement for airborne
sound insulation.

Lawrence (1969lefined what a rating system should léle to fulfil: 6Rating systems for
airborne sound attenuation must take into account the sensitivity of the human ear to sounds
of different frequencies as well as the typical spectra of incident noises. Some allowanee for e
perimental and constructionadrrors must be made and the typical allowable deviations from
grading curves serve this purpose. However, allowable deficiencies should be closely related to
the subjective acceptance of increased sound transmission at certain bandwidths. The deriv
tion of some of the grading curves in use is important and they should not be indiscriminately
applied to all situations. The ideal grading system is one which invariably selects a satisfactory
wall or floor for a particular situation and which also invarialgjects one that will not be sa
isfactory in practicé€.Since that time, not much has changed.

Most measurements of airborne sound insulation, whether laboratory or field, are co
ducted over a range of frequencies to obtain a detailed picture of performafmmmonly
there arel6 onethird octave bands measured from 100 Hz to 3,150 Hz

Currently, a tendency is observed to measandorne sound insulation in an extendea{r
quency range fsim 50 Hz up to 5,000 Hz. Such an extendawecan be problematic foas-

sessnent reasons It is particularly unsuitable for comparing the performance of building
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products or product dataelated to sound insulationA singlenumber rating is therefore more
appealing and tempting. For this purpoassirglefigure rating is requiredThisincludes also
the necessiy for singlenumber ratinggor dwellings outlied in the building regulations.

In orderto condensehe frequency dependingoundreduction indexat all sixteendiscrete
frequencies to a singlealuethere existsnumerousmethods An obvious method would be to
take the arithmetic mearof all frequeny dependingvalues A drawbackis, howeverthat an
arithmetic meanequalizes outlinerghat is for exampleyery high levels of sound insulation at
one or morefrequencies camompensatiorpoor performance at othefrequencies. Thiprob-
lemiscalledi KS daIF NAGKYSGAO YSIFYy LINRPOfSYé D

A commonly applied methotb avoidthisd I NA G KYSGA O YSIy LINROGE SY!
measured results with a reference curvihe procedures for deriving the values of the sound
reduction index R, the weightedsound reduction indexR,), the spectrum adaptation term
for A-weighted pink noise@), and the spectrum adaptation term fédrweighted urban traffic
noise ;) are specified inSO 10140 part 2 and 4, at8lO 7171, respective The first interra-
tional standard for ratingsound insulation of dwellings was an 1SO recommendation, ISO/R
717 (ISO 717, 1968yhich was based oaxtensive investigations by, e.g., Gosgle65), a-
sold (1965)and other researchers supporting field measurements according to ISO/RSK20
140, 1960).

The reference curve is defined in ISO-2(fSO717, 2013)rhis curveés based on the rat
tive human perception of different frequencies of sound.

Only those sound insulation valuese consideed in that ratingthat fall short of the refe-

ence curveThis method ensure that 0+ f f SR a2dzif AYSNEBéES APSd @S
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frequencybands have not as much impac¢b the singlefigure value.The calculatin scheme
to obtaina singlefigure valueof the airborne sound insulatiois shown graphically iRig.2-8.

The reference curve is movéolwards the measured curventil the sum of thepostive de-
viations is less than or equal to 32 dB but as close as possible to 32 dB. The sum ofrthe diffe

ences is denoted b8and given in Eq. {2).

Y Y Y 5 ¢0dQ6 ¢ p

The value of the shifted reference curve at the d@hed octave band centre frequency of
500 Hz is then taken as the single numerical value of the weighted sound reductiorRpdex

Figure2-8 shows this graphical method and defines the used parametelEs0@-1).
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Figure2-8: Descriptionof the calculation of the weighted sound reductigwittstock, 2007).

Theroutine used for calculating a single valoé the airborne sound insulatioaccording to
ISO 717 yieklithe following singldigure values:
{ Standardizedveighted level differenc®,r

1 Weighted sound reductioR,
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The standardised method is an assessment of airborne sound insulation that takes int
account the dependence of sound insulation on the incident spectrum. In fact, ISO @17
cludes two basic spectrum adaptation tern@and G, concerning the conventional measir
ment frequency rangeln order todetermine the weighted value of airborne sound insulation
ISO 7171 provides a rating method to obtain a single numheing a standard reference
curve.ln annex A of ISO 74I7it is indicated that lhe spectrum adaptation term€and G; can
also be evalugzd to take into account diérent source spectraCis supposed tobe an A-
weighted pink noise spectrum, where& is meant to bean A-weighted urban traffic noise
spectrum.In orderto take into account lowrequency nois€;, may beadded toD,ry 0r R,.

The problem with the rating, however, remains regarding whether the spectrum adaptation
terms are used because it does just reduce the single numerical value of the airborne sound
insulation. This performance is best illustratedrig.2-9, where thecalculated sound red

tion indexR, of a single solid wall in concrete with successively increased thickness is depicted
over frequency. The calculation method is discussed in the next chapter and is therefore not

further described.
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Figure2-9: Computedsound reduction index for a concrete wall with varying thickness.
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The computed sound reduction ind& of the investigated structures, as shownHig.2-9,
are obtained using the software tool INSUL v@NSUL, 2014Figure 2-9 shows that with m-
creasing thickness, the sound reduction index rises; however, the spectrum adaptatio€term
is constant-1 for all thickness, and the spectrum adaptation te@nis constant-5 dB for all
thickness above 174 mm concrete. A reduction of ijevalue witha constant number does,
however, not indicate any subjective impression. There are several conventions for evaluating
sound insulation in buildings. There are also several legal building regulation requirements for
sound insulation in different countrieg\ll of them claim that the assessment of transmitted
sound isadequatelywell definedin existing regulationg-urthermore it isnot likely thatpeo-
ple make complairst about annoying sounds from neighbours near the limit vadien in
regulations Opposingto this, Poulsen and Mortense2002) | NHTHefRsYan dbvious
need for investigations where the subjective annoyance due to typical examples of airborne
sound insulation is compared to different objective measures of the sound insulatiba of t
same noises. There are several different features of the different assessment methods presently
in use, and the corresponding limits or criteria values differ. The fundamental assumptions for
the assessment methods are, however, largely the same

There isa practical need to estimate the quality of the real acoustical comfort of dwellings
more accurately. This corresponds to the research tendency in sound quality and i+ soun
scape, acoustic comfort, and psychoacousfiésriander and Thaden, 2000; Pamen, 2001;
Stefaniw, 2001; Kortchmar et al., 2001; Bradley, 2001; Joiko et al., 2002; Bodden, 2004)

In numerous European countries, social surveys have shown that inhabitants of multifamily
dwellings are considerably annoyed by noise from their neighdalQ | Q3fikvidadieh S a

al., 2002; defra, 2006; EPA, 2007; Rasmussen and Lang, 2009).
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Rasmussen and Laf@009)noted thatY netghbours' activities is the second most freguen
ly mentioned noise source after road traffic, far more frequent than rasdwayair traffi¢ @
That is why airborne sound insulation is an important factor and mandatory to ensure a
healthy living environment in buildings.

The quality of airborne sound insulation in buildings described as a singiber rating of
sound insulation in terms of a weighted apparent sound reduction indgls, however, ind-
equate and requires improvement because of the significant differeretedren the standard
rating of sound insulation and its subjective assessn{Biobs et al., 2011)Yarious investig-
tions have been published that rate airborne sound insulation with respect to its correlation
with subjective ratings of sound insulationaxiet al.(1983),for example, related subjective
ratings of sound insulation to af+weighted level differencand found thata statisticallysig-
nificant correlationwasobservedoetweenannoyanceand the Aweightedleveldifferencerat-
ingsusinga sourcewith bandlimited pink noise (125 Hz4k Hz)whereas using #roadband
pink noisg(40 Hz 10k Hz)no correlation was observed.

Tachibana et al1988)on the other handnvestigated the loudness of sounds transmitted
through walls andound that the arihmetic mean value of sound pressure level in one octave
bands from 63 Hz to 4k Hz is a proper measure for the assessment of the loudness of sounds
transmitted through walls

Park et al(2007)published results concerning sound insulation ratings ofitielligibility
of transmitted speechHeconcludedthat a R,-ratingis not very accurate predior of the intd-
ligibility of speech transmitted through walls

It has to be mentioned that there is another rating scheme that is described as, noise rating

levels, or NR level curveshis rating scheme wateveloped by the International Organization
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for Standardizatior{ISO/R 1996:1971 withdrawnlt specifies an indoor acoustic environment
for different requirements of hearing, speech and annoyance in diffeagplications(Tech
Ref-Nr2, 2015) These curves have been developed in Europe to assess primarily community
noise complaintskor differentnoise rating valuethere aresound pressure levetabulatedat
different frequencies¢ KA & | MigeRatingéTs usied/to specify the maximurallowed
sound power level at each frequency by selecting a single Noise RedRhgumber. The Noise
Rating NR isusedacross Europe, whereas in North America, Maase Qriterion (NQ levels
are mostly usedTechRefNr2, 2015) TheNoise Qriterion (NQ is similar to the Noise Rating
(NR but havinga different set of valuesThe two rating methods have beeeveloped for the
same purposge howeverthese ratings do not reflect the subjective assessment of a sound
pressure level transmitted through a partitiomhe Noise Rating (NR and Noise Qriterion (NQ
rating (which measure acceptability) cannot benveted directly into an A-weighted sound
pressure level value (which is supposed to measures loudness). Overall, the use gbrastund
sure levels to describea sound ora noise is ambiguousbecause it isvell known that two
soundshavingtotally different spectracanhave the samasoundpressurelevel value.

A different way toshow how modifications of the frequency characterisifican airborne
sound insulatiommay affect the resultingoundinsulationwas first investigated witlelectrical
filters by Rademachef1955. He investigatedthe subjective sound insulation by building up
AyadzZ A2y OdzZNBSa gAlGK |y SiOndédekrdinationsfari ( S NI
annoyance effect of the transmitted sound on the observer was refrained from the outset, as
the tem is too ambiguous and blurred as that common knowlestgéements can be made
with him.€ This statement made in that early days is interesting because nowadays eany r
aSI NOKSNBR 221 SalLSOAlLfte G2 GKA&a alyyz2el yosS
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Berglund et al. (1976) reportefdr examplethat annoyance is a linear function to loudness
and therefore loudness can serve as the basis for predicting the annoyance of Jtimds,
however not true in general which will be shown in this thesis.

And futhermore Scharf and Hellman (1978) suggested that the first step toward an acc
rate and valid measure of sound annoyance is the conversion of acoustic measures iwo a ps

choacoustic measure such as loudness.

2.4.3 Calculation

When specifying the acoustjgerformance of a patrtition, it is common to describe the
sound insulation by a single number. As was discussed in the foregoing section, the weighted
sound reduction indexR,, is a ratingschemegiven in EN ISO 7417 The procedure of thigat-
ing schemdits a reference curve to the measured sound reduction index curve. To calculate
the airborne sound insulation, different approaches are available; however, in Europe, it is
common to use the standard procedure described in EN 12354

The calculation ntod of airborne sound insulation, according to EN 12354equires
many precise input data. In addition to the airborne sound insulation of the separating and all
flanking elements of two neighbouring rooms, the type and rigidity of the connectionsoof tw
adjacent components are most important. This characteristic physical unit is called the vibr
tion reduction index<; (dB). The calculation of the resulting sound insulation index is an ene
getic summation of the sound transmittance along all flankinthgawhich indicates that

there is no global acquisition of sound transmittance. This allows for a realistic reflection of the
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real sound conductance. Finally, the geometric boundary conditions of the building ard-inclu
ed in the calculation method of thetandard EN 12354.

In general, the sound insulation of singgaf, homogenous, massive constructions depends
on the mass per area of the material. The mass per area is the product of the raw density of
the material and its thickness. Some European coestdeveloped special mass law equations
that are specified in EN 12384 annex B.

Each of these equations is valid for all types of massive building materials but for different
ranges of mass per are@he standard&N 123541 is discussed in more dettén the next chp-

ter, so there is no further description on calculating airborne sound insulation in this section.

2.5 Summary

This chapter has shown that the problem in rating airborne sound insulation has a $ng hi
tory. The literature review showetthat many attempts have been made to solve the problem.
However, no satisfying conjunction is found in the literature relating objective measures of
airborne sound insulation and its subjective assessment. The main research was observed to
focus on objecties such as measuring and rating with single numerical figures. Mang-mea
urement and rating methods have emerged since the early investigations of airborne seund i
sulation between neighbouring housing, but no rating so far has considered using @sycho

coudic parameters.
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3 UNSUITABILITY OF CONVENTIONATIHODS

According to the literature review, it is clear that the main research in rating airborne sound
insulation was based on physical parameters such as mass and stiffnessinljyavas consi-
ered in past and or current standards by means of psychoacoustic parameters in conjunction
with physical measures. The assessment of airborne sound insulation in terms of a subjective
measure requires a definition of its influencing parders. The existing standards for measu
ing airborne sound insulation do relate in objective measures such as sound préssun&O
162831, 2014) or sound intensity (e.g. ISO 1528@003) even new measurement methods
in building acoustic§lISO 182332006)do not relate to subjective assessmenéd. measue-
ment standards concerning building acoustics relate to the aforementioned objective
measures.

Because hearing, or the awareness of intruding sound, is the measure of judgmesit to a
sess a sound ingation, the use of psychoacoustic measures, such as loudness and fluctuation
strength, is needed. It is therefore required to understand the objective and subjective
measures that define airborne sound insulation. In this chapter, the theoretical frankefoor
this research is described that shows the unsuitability of conventional standards.

First, the standard theory of airborne sound insulation and relevant definitions used in this
research are discussed. $action 3.1, the theory of sound transmissidhe hearingrelated
measures used in this research, the threshold of heatmginess and loudness levéhe fre-
quency weighting to evaluate human responses to noise and the fluctuation strength, and the

differentiation of the categories of noise, i.the types of sound signals are reviewed.
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Second, a short experimental analysis is discussed comparing examples of airborne sound
insulations that yield equally rated single values of sound reduction ingidesbauer and

Kang_2015 b). This is presenteth section5.3.2.2

3.1 TheoreticalAnalysis

The standard test method for the airborne sound insulation measurement uses twe adj
cent rooms with arconnectingtransmission path. Theonstruction or panetested is located
between two roomsand a sounds generated in onef that rooms which iscalled the source
room. Themeasurement®of the sound pressure levedge taken in bothrooms, i.ethe source
and receiver roomThe basic principle of this test method is therefore to obtain the sound le
el difference, which is then corrected for room characteristics, represented by the avezage r
verberation time. The difference is obtained by the classical method using a random Rreise e
citation.

As will be shown in the next section, the first theoreticahialation to determine theair-
borne sound insulatiomr transmission lossf a partition between two rooms was presented
in the 1920s, followed by the first standardisations in the 1950s. The principle of this method
to define the sound transmission loss @rborne sound insulatiohasnot changedover the
years, and the present test standards are in a physical sense equal.

The standards describe the measurement of objective measures such as the sound pressure
level or sound intensity levelt is however neededto quantify and measure this difference or

losswhen the reduction of sound vibratios discussed
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The most interesting objective questions afrall construction technigues or soundproofing
materials work equally welhnd how much sound is beinreduced However, prhaps more
importantlyis the questionwhat frequenés of sound are being affected.

The sound reduction index évaluatedin 16 onethird octave bands of the frequency range
from 100 Hz to 350 Hz Fom these valueshe singlenumber presentation, or weighted
sound reduction indexR,, is determined according t¢5O 7171. To account for different
sound spectra, th&€and G, values are introduced. These are the values used to modify the
measured sound insulation permance of gartition. The value is referred to as a spectrum
adaptation value and is added to the weighted sound reduction ifglex

The Cor G, value for a building element varies according to the insulating matenal e
ployed.In the AustralianBuildings Codes BoafdBCB2004)an exampleA & 3 A@SwyhY
cavity brick masonry wall has a @alue of-6 dB, as does a wall constructed of 150 mm core
filled concrete blocks. By contrast, a brick veneer wall may hayeof-{2 dB. Smaller neg
tive C, or Cvalues are more favourable than large negative vaki@s seen in the aforenme
tioned section, the range of audible sound is from approximately 20 Hz to 20,000 Hz, and the
range covered by speech sounds is from approximately 100 Hz up to HZ00is therefore
questionable whether the transmitted sound below 100 Hz and above 3,150 Hz is omitted in
the rating procedureEven an expanded frequency range down to 50 Hz and up to 5,000 Hz
does not fully cover the important frequency range of tngdible range.

It is therefore most important to note thathe human hearing system feequencysens-
tive. This subject is discuss@dmore detailin section 3.1.2

As demonstrated in section 4.8implifying the sound pressure level into Amweighted

sound pressure level does not resolve the problem of a subjective assessment.
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From standards, it is known that the sound reduction index using the pressure method is
R = k¢ Lg+ 10 log (S/A)B (3-1)
where
LsandLr are the average sound pragre levels in the source and receiving room, respectively,
Sis the area of the test specimen in m? aAds the room absorption area of the receiving

room in m2.

It is seen that the sound reduction indexasntrolled by the sound levein the receiving
room. The singlenumbervalug or weighted sound m@uction index,R,, isthen calculatedac-
cording to 1ISO 7Z%1. If the sound reduction index is known, the averaged sound pressure level
of the receiving room is

k= ls¢ R + 10 log (S/A)B (3-2)

Neglecting the logarithmic term or equate the terf8andA (e.g.S=A= 10 m?2), yield in the

frequency domain

LR(f)= LS(f)c Rf) dB 50 Hz¢ f ¢ 5,000 Hz (3-3)

It is seen in Eq. {3) that the sound pressure level in the receiving roag) is afunction of
the sound pressure level in the source rod).(

Here comes the requirement from theory on roles that the excitation has to be a random
signal and the sound pressure in the source room has to be diffuse.

Therefore, pink noise, for exampls,uised as a test signal due to its characteristics of being

a broadband excitation signal that contains an equal amount of noise power per octave, and
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the use of an omnidirectional loudspeaker to generate a diffuse random noise field in the
source room isequired.

Now, R,, is the weighted sound reduction index in dB and is a laboratwgsured value,
as defined in ISO 71F7. A higher number indicates a greater sound insulating power of the
building element.

From psychoacoustic theory, it is known that an increase in the weighted sound reduction
indexR, of a partition by 6 to 10 d®ill decreasehe perceived loudness the receiving room
by approximately halfHow the sound insulating effectiveness of a partition depends oRjts
(or Ry + G;) valuesis cetailed below The valueR, + G;) isR, with the addition of a low -
quency sound adaptation factdz,. (a negative number). From the frequertgpendent v
ues, it is possible that two partitions can have the saRyeating but different resistance to
low frequency sound and thus a differeR} + G,. This approach enables the designer to select
the optimum construction specification for the required applioa.

Afurther improvament is achievedby comparinghe Rvalues of a construction against the
noise spectrum for each noise. Because 1SO17fibvides only two value§and G, the gp-
plication is limited.

Remembering thaR, is the value measured in an acoustic laboratawgand Dy, are
measured on site.

Dh1=ls¢ Lk + 10 log (T/g) dB (3-4)

whereTis the reverberation time in s in the receiving ro@amd Ty is the reference reverber

tiontimeins,o=0.55).
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Hence, as Lang (2007) reported, in common living rooms, the reverberation time ixappro
imately 0.5 s; therefore, the following relationship is assurtied inEq.(3-2) S = A)

Dir= lsG Le= RdB (35)

Therefore, the conflict in assessing airboswind insulation in terms of a subjective nsea
ure to have a more realistic value for a perception magnitude is not solved by the transfo
mation ofRinto D, 1, even with the spectrum adaptation tern@or G; applied.

The difference between the weightedsnd reduction indeXR, and the weighted apparent

sound reductiorindexw,ds shown irfig.3-1 for clarification reasons.

w RW

Figure3-1: Weighted apparent sound reduction index{including flanking transmission) and

weighted sound reduction indeR, (direct sound transmission without flankitigansmission).

NB: Rrwis the equivalent ofv,Qwhich are measured esite.
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3.1.1 ComputationalDetermination of Sound Insulation ofBuilding Components
To explore the differences between sounds that are filtered and unfiltered, the chascteri
tics of the filter, i.e., the airborne sound insulation or transmission loss, the hegiatpd @a-

rametersof loudness and the types of sounds have to be clarified.

3.1.1.1 Definition of Airborne Sound Insulation

With the purpose of computing airborne sound insulation, different calculation schemes
were developed in the past. However, all approaches tsvdlar foundations, i.e., the law of
conservation of energy. As a result of this law, when the energy in a sound wave is incident on
a surface, this energy must be absorbed, reflected or transmitted through the surfacee-Cons
quently, the sound insulatioof a panel is merely a measure of how well it is able to prevent
acoustical energy from going through it.

Airborne sound insulation is internationally specified in general by the sound reduntion i
dex R (sometimes referred to as transmission lo$&,or sound transmission los§TL The
definition of the direct sound transmission though a wall is illustratefglign3-2.

The sound power transmission coefficientis defined as the ratio of transmitte-
incident sound powe(Fahyand Gardoniq 2007).

Because values of the transmission coefficient are primarily small, the logarithmic index of
sound transmission is used to quantity transmitted energy. It corresponds to ten time®the d
cadal logarithm of the ratio between the impinging sound oW/, on an isolating component

to the sound powelV; transmitted through it.
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Wall

Incident
Wi Transmitted

Wi

Reflected

Figure3-2: Definition of thedirect sound reduction indeR

The formula to describe the sound reduction ind®is given in Eq.3(6):

W, 1
R=10log— = 10log= dB 3-6
gW 9 (3-6)

t

where _ is the transmission coefficient.

As early as 1877, Lord Rayle{gord Rayleigh, 187&ddressed the fundamental problem
of the sound insulation of simple wallsondon 1949, Heckl, 1981)He developed a theory in
which he considered the most important acoustic property of a component, i.e., the area
based mas¥ Q

Later on, early theoretical formulations to determine the sound transmission loss ofia part
tion between two rooms were establied in 1911 by BergdBerger, 1911)and in the 1920s
by Davis(Davis, 1925) and Buckingham (Buckingham, 182@)in the 1930sby Schoch

(Schoch1937 andfinallyin the 1940sby Cremer (Cremer, 1942).
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London (1949produced an elaborate and rigoromsathematical analysis of partitioneb
KFE@A2dzNJ ' YR RS@SE2LISR | GNI¥yavyiaairzy 7F2N¥dz
Law modified by an acoustic resistance tdiveston and Greer1,969).

Hecklpublished in 1981 (Heckl, 198hptes of a special leate summarising how airborne
sound insulation is related by various influencing factors. He illustrated that sound tnsmi
sion through walls, ceilings, windows, and doors depends on-uerssnit area, as Lord Ra
leigh investigated, and on bending stifs which was verified by Berger.

In the early forties, CremgiCremer, 1942jirst showed that sound transmission loss-d
pends upon the angle of sound incidence and described this context as the coincidence effect.
Further research in the following yealedd to the findings from various researchers that the
sound insulation also depends on, e.g., the damping and stiffness of interlayers and sound
bridges (in cases of double walls), the size and shape of partitions, mounting conditioms, the i
fluence of flaking walls, and unwanted effects such as glitsckl, 1981)

Many of the results obtained in buildings can be explained at least qualitatively. Although
sound transmission has been investigated for a long time, there remain open questions, pa
ticularly with respect to inhomogeneous walls and multiple walls of finite §izeckl, 1981).
Examining the upo-date literature on airborne sound insulation, there is ongoiegearch
due to unsolved problems.

In general, as illustrated in the foregoing sectiarwall or partition has different effects on
the sound insulatioraccording to the properties of stiffness, damping and mass.

Watters (1959first suggestedhat the transmission behaviour of a paneinde divided n-
to three regions:dd. At low frequencythere isan upward slope of 6 dB per octave, where

something likemass &w behaviour exists, 2n the higher frequenciea steeply rising curve
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sloping at approximately 10 dB per octaseobservedand 3. a middle region of great irneg

larity which is bst by coincidence digs. 62 Sai2y YR DNBSYX wmdc po P
A sketch of the transmission behaviour of a single panel is shoWwigi8-3, in which the

aforementioned regions of the various characteristic frequency ranges are indicated. The three

cases of interesare defined in more detail as:

() The resonance regiong. below the natural frequencyof, the airborne sound insulation

iscontrolled by thesoundtransmissiorcoefficient of the material

(I) Abovethe first natural frequency,the airborne sound insulationis determinedmerely
by massper unit area, and is largely independentdaimpingand stiffnesgFahy, 1987);

it increaseswith frequency a6 dB per octavand 6 dB per doubling of mass

(1) At the critical frequencyf,), a deep reduction in thesound insulatiorcurve occur above

that frequency the sound insulatiorincrease by a rate of abou® dB per octave

For each of these cases, a specific equagixiststo describe theairborne sound insulation

Transmission loss (dB)

fo Frequency (Hz) c

Figure3-3: Typical form of théransmission lossf a single panel as a function of frequency.
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This typical transmission behaviour of a single panel, as shotig.i8+3, can be described

mathematically with equations-3.1¢ 3-7.3 for each of the cases describaiobve.

I R:zom%?%- 20l0g(4p § oco) dB (37.1)
(; =
I R=20log(m f)- 20Iog%r°7%g dB (372
Q -
l: R=20log(m f)- 20|Og%000§+10|09%:—- 1§+10Iog/7- 2dB (3-7.3)
cPp = cle =+

wheresis thestiffness ofthe partition, f frequency d sound insulationr ,density ofthe air, ¢
is thespeed of sound in agily” ®assper unit areaof the partition, /7 is theloss factorf. is the

critical frequencyandf, is thenaturalfrequencyof the partition.

The natural frequencyfd) is, in general, of only minor importance in practice because it
occurs at very lowrequencies due to the usual indoor dimensions of a buildfkgrer and
Lauber, 1972)Tadeu andMateus(2001)S E LJt | A y SR ATife nRBal frefuencyijifel G Y ¢
the natural vibration modes of the panel, are related to its transversal movement énflg
ion, generally at low frequencies, and to the movement of bending waves along the parel, us
ally occurring at higher frequencies. These dips in insulation primarily occur at eigenfrequencies
NBfFGSR G2 {fBucetldrayisSdrsal GnovenieStEha Besbnant frequencies or
natural modes depend on the boundary conditions describing the mounting, thickness, and
dimension of the plat€Leissa, 1969)he boundary conditions on the four edges of a wall are
usually not readily apparent or specifilyatletermined by the construction.

The calculation of theatural frequencyfg) is not further considered and is referred to the

literature (Sewell, 1970Quirt, 1982;Ljunggren, 1991Bies , Hansen, 2003).
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In the early 1940s, Creméfi942)solved theproblem of the coincidence effecHe de-
scribedthis dcoincidenceeffectt as a kind of resonance occurringghen the bending was-
length in the panehndthe sound wavelength in abecame equalt KA & G O2 A Y OA RSy (
always occurstaa certain frequencyvhen a sound wave in air strikes for example a wall at a
certain angle of incidenceso that the two wave speedsecame equalield a kind of res-
nance.The theory postulatedor that event acritical frequency, or lowestoincidence fe-

quency At this frgguencya relatively low sound insulation occuesd this frequency. is ca-

culatedby equation(3-8):
fo=—S2 4z 38
¢ 1stg @8

where c¢ is the sound velocity of airjs the thickness of the paned, is the longitudinalspeed

of sound along the panel.

The longitudinal wave speed is determined by the properties of bulk modisd the
density r of the structure. When two dimensions of the structure are small with respect to
wavelength, the wave speed is dictated by Ya@i Q a4  YEInRtelatl ofztheB and is written as

specified in equation 3):

_|E
CL—\/; ms (3-9)

whereEistK S |, 2 dzy 3Qa Y 2 Rditidrdensityfofthé pasel. LI y St =

This resonance dip region Il in Fig.-3 caused by the coincidence effect typicatigcurs
around an octave below thlawest coincidence frequendy.). The depth of this dip depends

on the damping of the panel, i.e. of the wall or in gendhnal dampingof the material.
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Below that frequency range of coincidence, i.e., region Il in Fig). tBe transmission loss
airborne sound insulatioris determined by the mass law, which refers to E€f.&3.

Above the coincidence zone, the transmission loss depends on the frequency,isvhich
en by Eq. (&.3).And the dampingcontrols theamount of the resonanceip. Equation (37.3)
indicatesthat above the critical frequencthe airborne sound insulatioimmcrease about9 dB
per odave, as long as théoss factoris constant(Tadeuand Mateus, 2001)

It is therefore highly important that the critical frequency of a material is either above or
below the frequency range that is relevant for noise reduction based on standard regulations,
e.g., from ISO 711.

The above equations arxamples of how a sound transmission loss for a single leaf of a
homogeneous panel in a diffused sound field can be calculated. Other models also exist for
double panels, double walls with studs, rooms or any wall system with various air gaps with or
without absorbers inside.

In general, if measurements are made, deviations are observed compared with fire co
puted values. This insufficient compliance of calculation and measurement is due to several
reasonsge.g.unspecified boundary conditionson-diffuse ®undfield in the roomsjmperfect
omnidirectionalsound sourceimproper model useetc., which are discussed in detail in the
literature (Beranek et al., 1992; Cremer et al., 1996; Gosele, 1990; Heckl et al., 1985gLeppin
ton, 1996; Ljunggren, 1991; Maidik, 1962; Osipov et al., 1997; Rindel, 1994; Timmel, 1991,
Warnock et al., 1993).

Alternately, the accuracy of prediction methods for sound transmissiormwassinvestigg
ed byBallagh (2004)He statedY that sound insulation of typical building constructions using

either masonry or lightweight cavity construction can be predicted with acceptable engineering
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accuracy over the frequency range B8- 5,000 Hz using simple and readily available expre
sionse In order b quantify the accuracBallagh (2004) made comparisdmestweenresults d-
tained throughtheory and measurements. From the published measurements of the National
Research Council (NRC) in Cangtiliwell, 1998 Warnock, 2000Ballaghmade predctions
for the constructionsand found that the mean difference isound transmission lodsetween
laboratory measurement andalculated resultsvas less than 0.5 dBle summarized th&0%
of the results were found to lie within £ 2.5 dB.

Figure 3-4 showsthe difference of neasuredtransmission los¢ess predictedi.e. the di-
ferencebetween theory and measuremerds a function of frequency

200 —r— e e

15.0 |
100 ——
5.0
0.0 |
50 |—~

-10.0 +
-15.0 —

Sound Transmission Loss (dB)

(~~~ 10% and 90% limits, - median error)

-20.0 - -
50 100 200 400 800 1600 3150
Frequency (Hz)

Figure3-4: Measured less predicted for 112 walls (Halliwell, 19@8llagh, 2004)

It isobservedin Fig. 34 that the differencesare smallest at low frequencit is further seen
that the prediction models tends tanderestimateby approximately 5 dB at midrangeefr
j dzSyOASad ¢KAa Ad Ay fAYyS gAGK NBA@IODYéa LIdzo

ried out an analysisof the factors that contribute to the global uncertainty of measured ai
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borne sound reduction and its weighted single numbers. He compiled an overview of round
robin tests(Wittstock, 2005)where different types of elementvere circulated for measer
ments in European laboratorieSuch round robin tests have been conducted for differeat m
terials, such as lime brick walls, lightweight walls, and wind@esnpoli, 1994; Schmitz et al.,
1999; Meier, et al., 199%igure3-5illustrates the scatter of results obtained. As shown by this
figure, the scatter of results reported from these round robin laboratory testsumaxpectel-

ly large. It is seen by comparison thatamge deviation is observed in the frequency range b

low 100Hz and that the difference between the highest and lowest results at 50 Hz is more

than 25 dB.

80
R
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Figure3-5: Sound reduction index afandlime brickwalls. The Backline indicates theaverage
and standard deviatiorThe geyline indicates thendividual measurement results from 20f-di

ferent laboratorieqWittstock, 2007)

The complexity of sound insulation and the uncertainty of the prediction, as well as measur

ment is evident from the previous detailed explanations.
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3.1.1.2 European3andard for CalculatingSound Insulation

The European standardization organization has collected models to predict airborne appa
ent sound insulation between adjacent rooms in the field based on the performance af-the i
volved building elements. These models tatt® account flanking transmission through stru
tural connections between elements of adjacent rooms.

In Europe, the calculation of airborne sound insulation is regulated in the Europeait stan
ard EN 12354 (EN 12354, 2000hternationally, the standardised is ISO 1571P(1SO 15712,
2005)which is actually identical to the European standard EN 1288dording to the respe
tive codes of EN 12354 (ISO 15712), a planner is able to design and verify the acoustic isolation
of buildings. The codes of EN 123&re recognized worldide and referenced in most of the
international state codes developed in recent years; during the project phase, they permit the
prediction of the building spaces' acoustic comfort, starting from the acoustic characteristics of
the constructive elements to be used, which is useful in the optimum design of the building.
The standard EN 12384 consists of two models describing the weighted apparent soend r
duction index. One, described as the detailed model, is basically a fregdependent cala-
lation procedure. The other model is called the simplified model. The simplified calculation
model predicts the weighted apparent sound reduction index on the basis of the weighted
sound reduction indices of theespectiveelements(Szudrowiz and Izewska, 1995)it consil-
ers the weighting in accordance with EN ISO-Z1The model is given for the weighted sound
reduction indexR,, but can also be applied to the single number rating with the spectrdm a
aptation term, i.e.,R, + C The resuihg estimate of the building performance is given in the

same type of single number rating as is used for the building elementsyge#r, (w,&+ O.
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The simplified model restristthe applicatiorto direct and flanking transmissioit. takes
into account the structural damping but only in terms ah average, neglecting the specifics of
the situation.That means, that &ch flanking elemernis essentiallyconsidered to behe same
on the emissionand receiving sid€Szudrowicz and Izewska, 199B)the values for the vila-
tion reduction index depend on frequency, the value at 500 Hz may be taken as a goox-appro
imation, but the result can then be less accurfiN 12354, 2000).

The standard EN 12354 consists of several parts that cover the most important acoustic
properties of buildings; airborne sound transmission between rooms is covered in part 1.

The calculation methods are described by each of the EN 12354 standardsaldiiation
procedure is illustrated when the individual transfer paths of sound are considered within a

building.

Figure3-6: Transfer paths of sound energy between two rooms.

In addition to the direct transmission, as shown in Fig, 8anking transission occurs via
different paths, as indicated in Fig63
The calculation procedure according to EN 12354 aims to determine the individual transfer

paths to calculate the total sound insulation.
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Chapter 3. Unsuitability of Conventional Methods

The input and output data of this procedure can be cameb in essence with the mea
urement procedures according to 1ISO 16283, which is an important advantage because these
values are very common and often known for a wide variety of components.

Moreover, a simplified model within the forecasting methods, dshen the weighted é-
posit information, can be used on a detailed model.

The main difference with the simplified model is that results are calculated in a frequency
dependent manner in octave bands from 125 Hz to 2,000 Hz, or in third octave bands from
100 Hz up to 3,150 Hz.

After a detailed calculation, the result can be calculated with the usual procedure®-as pr
vided by ISO 717 to build a single number descriptor.

Using the prediction model of EN 123h4the designer is supposed to make certai a
sumptions when the model of EN 123 A & a4 LISOAFASRI ¢ KobxOna- A & =
Stz¢ G2 FLIWINRBEAYFGS GKS NBIf fleé2dzi 2F (KS

Theseassumptionsnfluences the calculation resuind shouldtherefore be based on both
theoreticalunderstanding and practical experience of building constructions.

One of the most importanasaimption isthe choice of thejunctions betweerbuilding ek-
mentswhich isneeded as input to the EN 12384calculation model. Input data for theeel
ments (wals, slabs, flooring, windows, etc.) may be obtained by several methods. The most
common are measurements in the laboratory and in buildings, as well as theoreticahealcul
tions or considerations on the basis of experience.

The accuracy of the models defin@d the standard EN 12354 is described as follows:
GThe calculation models predict the measured performance of buildings, assuming géed wor

manship and high measurement accuracy. The accuracy of the prediction by the medels pr
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sented in EN 12354 depend on many factors: the accuracy of the input data, the fitting of
the situation to the model, the type of elements and junctions involved the geometry of-the si
uation and the workmanship. It is therefore not possible to specify the accuracy of the predi
tions in general for all types of situations and applications. Data on the accuracy will have to be
gathered in future by comparing the results of the model with a variety of field situations.
However, some indications can be given. The main experiende iapplication of similar
models has been so far with buildings where the basic structural elements are homogeneous,
i.e. brick walls, concrete, gypsum blocks etc. In those situations the prediction of the single
number rating by the detailed model is ovesage correct (no bias error) with a standard idev
ation of 1.5 dB to 2.5 dB (the lower value if all aspects are taken into account, the larger to
complex situations and lien neglecting the structural reverberation time). Predictions with the
simplified malel show a standard deviation of about 2 dB, with a tendency to-estimate
the insulation slightly. In applying the predictions it is advisable to vary the input data, éspecia
ly in complicated situations and with atypical elements with questionablat idata. The e-
sulting variation in the results gives an impression of the expected accuracy for these situ
tions, assuming similar workmansklig 6 9b MHoOpPpRXZ HAANUL D

In the literature, it is stated that the simplified model estimates the weighted apparent
sound reduction index in a more secure w@ndrade, et al, 2005) and as Esteban et al. (2005)
have shown, the simplified model tends to overestimate slightly the sound insulation, whereas
the detailed method underestimates it. A good agreement between messsand predicted
apparent weighted sound reduction index for the simplified model was also reported by Ruff

and Fische(2009).The simplified model is describedAppendix 111
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3.1.2 Threshold ofHearing
Hansen(2010)a { | (iTBedhreshdld of hearing is defined as the level of a sound at which,
under specified conditions, a person gives 50% correct detection responses on repeated trials
The threshold of hearing varies with the frequency of the sound (Fiy.a&d may vary for
different people and at different times for the same person, depending on age, physiological

condition, and training. Theeference threshold value is specified 80 22§ISO 226, 2003).
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Figure3-7: The hearing threshold according to 1ISO 226.

FromFig.3-7, it is seen that human hearing is most sensitw@pproximately 3k Hz. Above
and below this frequency, the sensitivity decreases. Above 10k Hz, the sensitivity of the ear
rapidly decreases.

It is noted that the threshold in quiet corresponds to 3 dB at 1k Hz and not to 0 dB; this

equatoudness contoursi indicated by 3 phon@wickerand Fastl, 1999).
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3.1.3 Loudness andoudnesslevel

At the threshold of hearing as depicted in Figf,3asoundis just loud enough to bkeard,
or in other word to bedetected by the human eaHansen(2010)LJ2 A y (i S Roove @t Y &
threshold, the degree of loudness is a subjective interpretation of the sound pressure level or i
tensity of the sound &he sensation that corresponds most closely to the sound intensity of
the stimulus is loudneg&wicker and &stl, 1999) A model and a procedure for calculating the
loudness of steadgtate sounds were published as early as 1958 and 1960 by Zv@higk-
er, 1958, 196pand later by Moore and Glasberg (MoaedGlasberg, 1997).

The procedure introduced by ZWir is based on the specific loudness and was adopted by
ISO R 532B in 1966, and it has been used until (i@ 532, 1975Yhe calculation of specific
loudness was also standardized by the German standard DIN 4B&8145631, 2010A pro-
cedure forcalculating the loudness of temporally variable sounds was published in 1977 by
Zwicker (Zwicker, 1977and in 2002 by Glasberg and Moof@lasberg andvioore, 2002).
While ISO 532B treats stationary sounds, DIN 45631 also describes the calculation-of time
dependent loudness, estimating the temporal effects of loudness by means of filters. tt is no
ed that the DIN calculation method is identical to the Filter/ISO 532B method, except that DIN
automatically uses'&order filters. Tie perception of loudness islated to the sound pressure
level (SPL) and is defined as a level of 40 dBLkiHz tone referenced for loudness sensation,
i.e., 1 sone. In other words, a sone is equivalent to 40 phons, which is defined as the loudness
level () of a 1kHz tone ata 40dB sound pressure levelhe units used to measure loudness
are:

- Sone (loudneshl)

- Phon (loudness levé)
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The relationship between loudness level and loudrisshown irFig.3-8.
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Figure3-8: Loudness in sones as a function of the loudness level in phons (ANSI, 2007).

For the evaluation of exposure to noigke model of loudness is very importantt have
been mademany attemptsn the pastto determine equal loudness level contours. Haliest
measurements of equal loudness level contours were reported by King&Ry).

Suzuki and Takeshima (2004) stafehe loudness of a sound strongly depends on both the
sound intensity and the frequency spectrum of a stimulus. For sounds saguestone or a
narrow-band noise, an equdbudnesdevel contour can be defined. This contour represents
the sound pressure levels of a sound that give rise to a sensation oflegtiaéss magnitude
as a function of sound frequency. The egaabinesdevel contours are so foundational that
they are considered to reveal the frequency characteristics of the human auditory gystem.

To introduce the sone as the unit of loudneswny dforts have leen made. Theseta
tempts have beemesigned to yield scale numbemsughlyrelatedto the loudness However

these scale numbeisave not been used in practice for noise evaluation and control.
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Instead of that,a S lj-tizR 8zRy Saa 02 y (i esudldoédio fate H& loudndsS yf
sounds.These contours have been determined through psychoacoustical experiraadtsn-

plicatetherefore subjective responses
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Figure 39: Equalloudness contours for pure tones in a free sound fiddwitker andFastl,

1999).

The parameter irFig.3-9 is expressed in loudness levil, and loudnessi\. Each linaep-
resents arequally loud perceivedound pressure levelt a certain frequencyThe dashed line
indicates the hearing threshald hisis in a noiseless environmetihe lowest level of a pure
tone that the average human ear with normal hearing can hear. Below this curve, no sound
can be heard at all (ref. hearing threshold). The edoadiness contours are standardized in
ISO 22G1S0O 226, 2003and depictedor referencein Agendix V. It should be noted at this
point that Zeller and Elsndl/562, 1952)already stated in 1952 thatl_ess than 3 phon lou
ness level reductions are worthless, if the volume is not just reduced below the noiseclevel. R
RdzOG A2y & 27T oticea¥k apd jusiiyz yhodesNil/esyhent. A reduction of 10 phon,

i.e. half as strong according to sensation, is a suacess.
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3.1.4 Frequency Weighting

The human eais frequencysensitive as was discussed in the previous sectiongyuemtify
human exposure to noisim an adequate manner the applied measuring systesedto ac-
count for this difference in sensitivities over tkatire audible range. For thigbjective some
a T AEGS MBasuring gystaii@v® been developed in the past. Thésquency weighting
networksor filters & ¢ S A 3 Kfieguendy&oBtributions to thetotal sound level Thesound
pressure levelas a function of frequenayill be loweredor amplifiedbefore being combined
together to yield aotal level (Hansen, 2010)Frequency weighting has a long history, and, as
early as 1952, Zeller and Elsifer562, 1952)stated that: 6The subjectivéoudnessmeasue-
ment isalreadylong superseded by objective measurement techniguBisey presented in
their publication the frguency weightings together with the Fletchtunson curves. Thisgfi

ure is depicted below iRig.3-10as a copy of their original work.

N T l" B T Bild1.Ohrbewer-
f:% 120"‘ - 120 S tungskurven far
il phon ~—t" 0, 30, 60, 90 und
LS = Fletbner und
ey =90 =l
T , 1 e — g.?. — L_—'t\f'"f___. Munsonund Zu-
~Tml " T T ‘T sammenhang
! T% & \\‘Q\,:—%; zwischen Schall-
g&f K \\30\:--_.___3,________..—— druck In gb und
_§ 7 § 4 \é\\ ~] -1 7 Schallpegelindb.
A - - a,b, ¢, Ohrbewer-
7 2 N et —1 tungskurven
. < nach DIN 5045
v'l 0 ~—1 a 0--30 phon
b 3060 phon
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Figure 3-10: Original(i S ERmivratindy curves for 0, 30, 60, 90 and 120 phaccording to

Ct SGOKSNI YR adzyaz2y yR NBEFOA2YAKAL 68G655)y
in dB.a, b, c, ear rating curve according to DIN 5045.-80 (phon, b: 360 phon, c: 60 - 130

phorg, (V 562, 1952).
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In the very early beginning, it was generalifficult to measure loudness level. Theneo
struction of loudness level meters has dispensed with extensive reconstruction of ear rating
curves. It was therefore internationally agreed that, for ranges-80 @hons, 360 phons and
60-130 phons, only oneating curve has to be applied in sound level meters, as depicted in
Fig 3-10. It was at that time, however, already observed that the simplified rating curves for
loudness measurements involve a disadvantage. Because the curves cluster in equalatolume
low frequencies, a sound level change of 5 dB corresponds to a change of approximately 10
phons at, e.g., 100 HX 562, 1952) A lot has changed since then, and, currently, thest
applied weighting in noise control is teweighting curve, which igmternationally standadl-
ised. Its characteristics are specified in IEC 646(IBC 61672, 2013yheA-weighting curve is

shown inFig.3-11.
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Figure3-11: Frequency response of theweighting Filte(IEC 61672, 2013)
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but, except forGweighting, they are no longer used in noise evaluations. It shbal ma-
GA2y SR GKI G §RSNSSAIFE2N yREA 728N Fa YOS NR ¢ T NB |j dz5
implies no frequency weightindin combination with masking curves to calculate whichcspe
tral components are inaudible, any part of an audio spectrumirgpamplitude (level or
strength) below the threshold of hearing may be ignored without any audible change to the
signal.ln practice, filters such asweighting attempt to adjust sound measurements to @arr
spond to loudness as perceived by the averagmém ®me researchers, however, have Ao
ed that the A-weightingsound pressure level doe®t take into account the spectral content
of the soundand hence, ignoring the spectrum it cgrossly misrepresent the perceived tbu
ness (Fastl, 1985; Zwicker, 1985; Hellmann, 1987; Kuwano, 1989; Berglund, 1995;
Shomer,2001; Quinlan, 1994; Aarts, 1992).
[ F 6 NBYyOS owmdpc g0 & liHaths decibel¥scafelisMdeasurdd &ith m soandY G
level meter incorporating a weighting netwonthich matches the response of the ear to diffe
ent frequencies. A single number that rates sound with regard to their subjective loudness is
obtained, but no information is available with regard to spectral composition.
Finally,Hellman and Zwicker (19302 y Of dzZRSR Ay GKSANJ aiddzRe {KI
different spectral shapes are combined, theveighted sound pressure level is unable te{pr
RAOG SAGKSNI GKS f2dzRySaa 2N GKS Fyyz2ely0oS 27
Additionally, as Bauer and Vignm oy m 0 K | ThE Anighied rvtivigs af the trasr
mission loss provided by the insulation curves poorly predicted the subjective assessments.
Likewise, the ISO and ASTM recommended sound transmission loss rating methods also poorly
predicted the anngance reactions.Thus, it is summarized th&weighting might not be the

first choice as a reliable measure of subjective loudness.
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3.1.5 FluctuationSrength

The psychoacoustic magnitude fluctuation strength describes temporal variations of sounds
andis often used for the subjective judgment of sound impression. Fluctuation strength-is eli
ited by slower sound variations up to approximately 20 Hz and reaches a maximum for mod
lation frequencies approximately 4 HEastl, 2006)Fluctuation strength isan important
measure in the assessment of human speech. Zwicker anddasth o p 0 Tha maxiin@y &
fluctuation strength for a modulation frequency of about 4 Hz finds its counterpart in the vari
tion of the temporal envelope of fluent speech: at nornpaaking rate, 4 syllables/second are
usually produced, leading to a variation of the temporal envelope at a frequency of 4 Hz. This

may be seen asdedication of the excellent correlation between speech and hearing sgstem.

The calculation of the fluctuation strength in this research was performed using ArtemiS
V11 software(Advanced Research Technology for Measurement and Investigation of Sound
and Vibration)f the companyHEAD acoustics GmbH

For fluctuation strength, AemiS calculates the partial fluctuation strength from the med
lation depths of partial signal bands and adds them together to determine the total fluctuation
strength. The calculation method of the fluctuation strength is similar to the algorithm for the
calculation of the roughness in the way that the maximum of the fluctuation strengtlp4is o
tained at 4 Hz instead of 70 Kideadacoustics, 2014). As was shown Negbauer andang,
2011a) the calculated specific roughness yields zerosfmund insulatiorvalues of 50 dB and
60 dB. Therefore, roughness is not believed to be an appropriate measure because of the fact
it yields zero for the high sound insulation value using white noise. This agrees with findings in

(Aures, 1985; Daniel et al., 199&hich frow that the examined unmodulated white noise has
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no or only negligible roughness. Furthermore, Daniel and WE897)demonstrated that, for

small frequency bandwidths, the random envelope fluctuation is approximately 6 Hz, yielding a
calculated roughnesof approximately 0 asper. For that, Zwicker and Ka8®9)stated that
subjects will have difficulties in differentiating between roughness and fluctuation strength.
This means that, in the overlapping area of smaller modulation depth, fluctuationgitres a
prime measure. Therefore, it is assumed that fluctuation strength is of appropriate magnitude
to describe the signal in terms of psychoacoustic quantity.

The fluctuation strengtinas theunitvacit ¢ KA OK KIF a A da NlEAY AY
that means irEnglishiked ¥t dzO G dzI G ST ACaé viad is Befidedial Berfimidtudtion
strengthof a 1,000 Hz toneat 60 dB that is 100% amplitude modulated aH#. At that 4 Hz
modulation frequencynaximal values are found to occ(@wicker and Fast1999)

The following relation given by Zwicker and F#$899)shows the variation of fluctuation

strength @s) with masking depthp( ) and modulation frequency{oq):

0.008 - [P AL . dz

fmod 4Hz
() + ()

The fluctuation strength metribas not yet been standardisedev&ral proposed methods

Fls= (3-10)

of calculatiorexists
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3.1.6 Types of Noise

Depending orthe temporal variations in sound pressure leweise can be categorized as
steady, nomsteady or impulsive (ISC2001, 1996)By "noise'it is meant that the spectrum of
the sound is complex, i.e., does not consist of only a stogleor even several pure tonefn

this research, a steady and a nsteady sound type are used.

Steady noisds asoundwith very small or almostno fluctuations of sound pressure level.
This type of noise is also known as broadband noise, such as pink noise or whitglanisen,

2010)

Non-steady noise is asoundwith significantfluctuations of sound pressure levélansen
(2010)differentiated this type of noise into intermittent noise arillictuating noise
Fluctuating noisés asoundfor which the level changes continuously and can alse co
tain tonal noise(Hansen, 2010)
Tonal noisds a soundwvhich iseither continuous or fluctuatingndis characte-
ised bya single frequencies. This type of noisesigposed to banore annoying than brag

band noisgHansen, 2010)
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3.2 ExperimentalAnalysis

From lasic statisticét is knownthat a measured valuenly approximagsthe true value To
obtain the sound reductio index described in Eq.-(3 assumestrict requirements for labaoa-
tories and test arrangementsr its successful applicatigitiongisto, 2000)

Themeasured value might therefore severe affected by teasurement environment and
measurement arrangements. In the literatuffsO 140, 1991; ISO 12999, 2)1He uncertai-
ty of sound insulation in building acoustics is specifisgtongisto(2000)statea Yrhedrepo-
ducibility values, which apply between different laboratories, are expected to lie within 2.5 and
9.0 dB, depending on the frequency. The repeatability values, which apply in a singleokaborat
ry, are expected to lie within 1.5 and 4.5 dB. Batlues are largest at low frequenciesP

Furthermore, inthe literature (Fausti, et al., 1999Jesults were reported for an extensive
round robin test where a total of 24 laboratories took part, 21 belonging to the European
Community, justifyingignificant statistical conclusions. Two test structures were constructed,
a double lightweight wall and a single lightweight watith test structures werebuilt of plas-
terboard. Theairborne sound insulatiomvere measured. The main result of the rourmbin
test was the significant difference obtained for the reproducibility for the double lightweight
wall with values up to 12 dB at middégh frequencies.

These are impressive results, which show that the sound pressure level is not reliable for
descrbing the subjectively perceived size of hearing impression. It is remembered that a su
jective term for the sensation of the magnitude of sound is loudraesl as known from ps
choacousticsa 10dB increase in sound pressure level is perceived as aidgulfl subjective

loudness, whereas, at low frequencies (20 Hz to 200 Hz), an increase of as litiled IS
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perceived as a twold increase in the subjective loudng&wicker, 1958; Zwicker and Scharf,
1965).

In general, to perceive a sound pressgfenge, the threshold area must vary by approx
mately 3 dB. At higher sound pressure levels, from approximately 60 dB, differencek are a
ready perceived with an increase of 2 dB. That is, doubling the acoustic energy (3 dB) is just the
border of distincton, i.e., it is just detectable, while a doubling of the subjectively perceived
volume requires a change of 10 dB. That is an indication that it is difficult to find a single n
merical value that corresponds to a subjective related measure to describ&tarre sound
insulation value. This will be demonstrated in an example by conducting an airborne seund i
sulation measurement and calculating different rating values, which yield different results. This
is shown in Tab.-3, where the measured sound press levels I Lg), background noise level
(Lsgy and reverberation timeT) are shown. The frequenalependent calculations are pe
formed according to ISO 74I7 Computed are the frequenaependent apparent sounder
duction indexw ,Qhe level differencé, the normalized level differendd,, and the standad-
ized level differenc®,.

It is noted that the standardized level differenbgris similar to the normalized level diffe
ence D,, but it adjuststhe measured difference to a atdardized reverberation time of
T= 0.5 s. This reverberation time valag0.5 sis often cited as roughlyaverage for a meé
um-sized carpeted and furnished living rooifine standardized level differenc#goes not e-
quire detailed knowledge of the dimeions of the test rooms. The single numerical value of
the aforementioned frequencgependent ratings is derived according to the procedure of ISO

717-1.
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From the computed sound reduction index®he weighted apparent sound reduction-i
dexw, s obtained and, from the level differend® the normalized level differencB,, and
the standardized level differenda;, as well as the respective weighted rating values, &re o
tained in the same manner. It is noted that tBg value will be identicatio D,r,whenT= 0.5
seconds. The computed single rating values and the respective spectrum adaptationGerms

andG; are depicted inTab.3-2.

Table 3-1: Measured airborne sound insulatiaf a stud partition with gypsum fibre boards
(t = 150 mmjn an empty room of volume 107.7 m3 and a partition area of 24.§ieiéing di-

ferent rating values

F Source| Receiving | Background | Tgo A Rating valuesn dB
Ls Roomly Noiselggy

(Hz) | (dB) (dB) (dB) (s) | (m) | ww¥| D Dn | Dur
50 82.2 73.0 31.7 51| 34 | 178 | 9.2 | 139 | 19.3
63 80.6 66.6 34.4 38| 45 | 214 | 140 | 175 | 229
80 86.1 64.6 36.6 41 | 42 | 29.2 | 215 | 25.2 | 30.6
100 90.5 68.0 34.7 54| 32 | 314 | 225 | 274 | 329
125 95.2 69.1 32.7 44 | 39 | 341 | 26.1 | 30.2 | 35.6
160 99.8 69.5 32.7 43| 4.0 | 38.2 | 30.3 | 343 | 39.7
200 98.9 64.9 25.3 37| 46 | 41.3 | 340 | 37.3 | 42.7
250 96.9 57.7 24.9 32| 54 | 458 | 39.2 | 419 | 47.3
315 95.2 52.8 23.0 33| 53 | 491 | 424 | 451 | 50.5
400 93.4 48.3 23.1 3.1 5.7 515 | 45.1 | 47.6 | 53.0
500 92.8 46.9 24.4 30| 57 | 52.3 | 459 | 48.3 | 53.7
630 90.7 43.4 155 27| 64 | 532 | 47.3 | 49.2 | 54.6
800 89.1 41.1 13.3 25| 6.9 | 53.6 | 48.0 | 49.6 | 55.0
1,000 | 88.5 40.2 11.8 2.4 7.2 53.7 | 48.3 | 49.7 | 55.1
1,250 | 90.0 44.4 11.8 2.2 7.7 50.7 | 45.6 | 46.7 | 52.1
1,600 | 90.9 48.8 10.2 21| 83 | 469 | 421 | 429 | 48.3
2,000 | 88.3 44.7 9.9 20| 88 | 481 | 436 | 441 | 495
2500 | 87.8 42.4 7.6 1.9 9.2 49.7 | 454 | 458 | 51.2
3,150 | 86.0 39.9 6.9 1.7 | 100 | 50.1 | 46.1 | 46.1 | 51.5
4,000 | 84.6 33.7 6.3 1.7 | 104 | 54.7 | 50.9 | 50.7 | 56.1
5000 | 81.5 26.5 6.5 15| 120 | 58.2 | 55.0 | 54.2 | 59.6
le'IJ Dn an DnT,W

Single ratingvalue in dB| 51 45 a7 52
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Table3-2: Sngle rating valueand the calculated spectrum adaptation terf@sG;,, respectie-

ly for the measured airborne sound insulation.

Spectrum w i Dy Dow Ditw
Frequency region| adaptation term
(dB) 51dB | 45dB | 47dB | 52dB
C -2 -2 -2 -2
100 Hz 3,150 Hz
G -5 -6 -5 -4
C -3 -3 -3 -2
50Hz¢ 5,000 Hz
G -12 -14 -12 -11
C -3 -4 -3 -3
50 Hz¢ 3,150 Hz
G -12 -14 -12 -11
C -2 -1 -1 -1
100 Hz 5,000 Hz
Gr -5 -6 5 -4

From Tab. 3-1 and 3-2, it is seenthat the highest value is obtained for a weighted stan
ardized level difference db.,r,, = 52 dB, followed by the apparent sound reduction index
w,£x 51 dB. The lowest value is observed for the weighted level diffeiBpsed5 dB.

If the respective adatation term G, is considered to take the low frequency noise inte a

count, the results presented ifiab.3-3 are yielded.

Table3-3: Difference between the single number rating values Wdftvalue.

Frequency region| w* G | Dy+ G | Dw+G | Dirw+ G
(dB) (dB) (dB) (dB)
100 Hz; 3,150 Hz 46 39 42 48
50Hz - 5,000 Hz 39 31 35 41
50 Hz 3,150 Hz 39 31 35 41
100 Hz 5,000 Hz 46 39 42 48
Diff. (maxg min) 7 dB 8 dB 7 dB 7 dB
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It is observed iMab.3-3 that the maximum values occtor D1+ G, = 48 dBn a frequen-
cy range of 100 Hg 3,150 Hz and 100 Hz5,000 Hz and that the minimum values océor
Dy, +G; = 31 dBn a frequency range of 50 [48,150 Hz and 50 Hz5,000 Hz.

Overall, a maximum difference of 8 dB is observed in eachpgod a single rating and of
17 dB between each single value.

From the definition, it is known that the airborne sound insulation describes the tetuc
of sound. All values are supposed to rate the same construction. Therefore, the single numbers
are \ery useful to present the results and compare products. However, to assess the ability of
a building element or building structure in terms of the hearing sensation, the metheds d
scribed in conventional standards are not sufficient. This is illustratezbimparing the lod-
ness of two sounds. Because loudness dependimly upon the sound pressure of the stim
lus but also upon its frequency, waveform and duration, it is thought to be a prime measure to
describe hearing sensatioBy definition, one sone isqual to 40phonsand also equal to 40
dB on the equal loudness contours (see section3y.The basis for the measurement of bu
ness is the phon. By definition, the loudness level @kdiztone in phons is its SRseeFig.
3-7).

According to the definition in the standar@@IN 45631, 2008; ISO 532, 197b¢ loudness

of this 1,000Hz tone [n.in dB) in sonedy, is foundby Eq. 8-11):

0 ¢ o pp

The loudness function tgpicallyspecifiedfor the 1kHz tone. Howevetthe loudness fuc-
tion cansimilarlybe plotted for other frequencies using eqtlalidness contouréZwicker and

Fastl, 199%
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Chapter 3. Unsuitability of Conventional Methods

In Tab.3-4, a conversion of the loudness level in phons and the loudness in sones-is pr

sented.

Table3-4: Comparison of the loudness level in phon and loudiressne.

Loudness levelphon) | Loudnesgsone) Valuation
40 1 Equal loud
50 2 Twice as loud
60 4 Fourtimes asloud
and so on

As was seen in the previous sections, at the threshold of hearisguadcan onlybe de-

tected by the human eaif the soundis "loud" enough In other words the sound can only be

heard if the sound is at or above thhreshold A or above the threshold of hearing the

amountof loudness is a subjective interpretation of the sound pressure level of the sound.

Table3-5 summarises the subjective perception of noise level changes and shows that a r

duction in sound energy (pressure squared) of 50% results in a reduction of 3 dB and is just

perceptible to a normal egiHansen, 2010).

Table3-5: Subjective effeadf changes in sound pressure levRéf.(Hansen, 2010).

Change in SPL Change in power Change in apparentoudness
(dB) Decrease Increase for wide band sounds
3 1/2 2 Just perceptible
1/3 3 clearly noticeable
10 1/10 10 half or twice as loud
20 1/100 100 much quieter or louder
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Recalling the results of the measured sound insulation, as presented in-Badifferences
of the rating values were observed to be approximately 8 dB, and 17 dB, respectively. This
means,in terms of a loudness assessment as was shown in Taban@® 35, that, when con-
paring the results, the impression is created that the perceived sound is roughly twice as loud,
though the same design will be judged. This seems an unreasonable resuihcicates
strongly that standard rating values, such as the weighted sound reduction index or the
weighted standardized level difference, respectively, are misleading when used as indications

of subjectively perceived loudness.

3.3 @onclusiors

The reviewof the basic theory and calculation methods of airborne sound insulation in this
chapter showed in detail how the objective measure can be converted into a single numerical
value using current standards. The accuracy between theory and measuremenisussdit
and it is shown that some significant deviations, especially at lower frequencies, are observed.
The repeatability valueseviewedare expected to lie within 1.5 and 4.5 dBd arelargest at
low frequencies.

Furthermore, it was shown that a roumdbin test conducted in various European labarat
riesyielded significant differences for the reproducibility, up to 12 dB at mitidié frequen-
cies.

In that regard, it was concluded that the sound pressure level is not reliable for describing
the subjectively perceived size of hearing impression because a change in the sound pressure

level of 10 dB is supposed to be assessed subjectivélglfasr twice as loud.
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From the results depicted in this section, it was highlighteat there is an indicatiothat it
is difficult to find asinglenumericalvaluethat corresponddo a subjectiverelated measure to
describe an airborne sound insulation value using procedures or calculation schemes of co
ventional standards.

It is additionally shown that loudnegsnnot be transformed in a simple way to imply-ai
borne sound insulation. From that discussion, it is concluded that the objective transmission
loss or airborne sound insulation as described in current standards does not relate sufficiently
to the subjecive assessed airborne sound insulation and hence is not able to differentiate a

equately in the validation of annoyance or noise nuisance.
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4 ESTABLISHMENFA LOUDNESS BASED MODEL

In the previous chapter, it was shown that cemtional standards do not allow for the
evaluation of airborne sound insulation accurately in terms of a subjective measure.

The selection of suitable methods for the calculation of probigacific features from the
appropriate sound signals requires thefinition of the test task.

First, it must be set if a purely physical evaluation of signals will be used to solve tie pro
lem or if a picture of the subjective sense of hearing in the testing task is necessary.

In this chapter, the objective and subjeze measures of relevance for the description of
airborne sound insulation are first discusg@dction 4.1-4.2), followed by the introduction of

the model developedsection4.3-4.5).

4.1 Objective and Subjective Measures of Relevance for the Description of
Airborne Sound Insulation

The measured physical quantities according to the nonlinear processing in hearing must be
adapted in the model of the subjective sense of hearing. Because the processing of the signal
in the ear consists of a combination of nimear effects, an approximate solution to the pro
lem is realized via illustration of the fundamental rAlimearities of the ear. To distinguish
sound pressure changes, the threshold area must differ by appeigly 3 dBHansen, 2010)
At higher sound pressure levels, from approximately 60 dB, differences are perceived for just 2
dB. While the doubling of the acoustic energy (3 dB) is just the distinction limit, a doubling of

the subjectively perceived levdlpwever, requires a change of 10 (HecklandMdiller, 194).
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Another nonlinear effect is the frequency dependence of the sound pressure level, which is
just noticeable. Low frequencies as well as high frequencies are perceived only at relatively
high sound pressure levels. This frequency behaviour is seEigi8-9, where the equal lod-
ness contours for different sound pressure levels are depicted. As was observigd3+Y at
frequencies between 1,000 Hz and 6,000 Hz, the sound pressure levakretur perception
is minimal. This illustrates that the human ear is not equally sensitive to sound at diffezent fr
j dzSYy OASaT GKFEG A& gKe | ANSAIRYOEIDISAEKE ARSC
past(see section 3.1.4Because theharacteristic curve of the frequency weighting of the ear
is close to the threshold of hearing most bdseeFig.3-7), it flattens with increasing sound
LINEaadNE tS@Sts AdSor GKS OdNWSa 06S02AKS Y2N
¢ S A 3 KforAoyt Fdlume level in national and international standards, as was discussed in
the previous sections. They differ, however, mainly in their behaviour at low frequencies and
represent approximations to the frequendependent sensitivity of hearing atgher volume
levels. Similarly, frequency changes are nonlinearly perceived by the ear. The distinction
threshold for frequency changes at low frequencies up to 500 Hz is between 1.5 Hz and 2 Hz
and at medium to high frequencies less than 0.5% of the espmefrequencyHeckl and Ml
ler, 1994) The physical measure is the sound pressure |&welelate this physical measure to
a psychoacoustical measure, tBeweighting is not suitable due to various aspects that have
been discussed in prior sectionsletdating meaningful characteristics to describe acoustic cr
GSNAL NBIldANBa (KS dzad 2F I O2YGAYSR YSI &dNE
practical because it is closer to the sound pressure level, expressed in dB SPL or dB(A), which is

used more frequently.
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Loudness is subjective quantityand closely linked to the sound pressure leaed hence,
closely linkedo the frequency and the duration of the soui@wicker, 1999)The measure of
Loudness is sone.

Stevens(1956) demonstrated that his scaleis built from psychoacoustic measurement
methods called direct measurewhich are based om procedureasking people what they
hear. In generalthe procedure is thathe test personwill be presented several sounds with
different frequencies andgound pressure levelsThe test person thejudges the sound and
givesa figure proportional to the loudness of easbund This procedure is time consuming,
and therefore some calculation models have been developed in the past.

In order to estimate loudness theoretically, i.e. without conducting psyaboustic tests, var

ous models have been proposed in the literature in the last years. The most known methods of
calculating stationary sounds, i.e. steagtgte sounds, have been proped by Zwicker (1958)

and Moore (1996). These two calculation methods are recognized as standard references.

The model of Zwicker found the way into the German national standard DIN 45631 (1991) and
AY GKS LYGSNYyFGA2y It {4l nideel I8dRo the{Aimerigao Standatt 2 K S
ANSI S3-2007 (2007)Since sound is not always stationary, there have been developed two
advanced models for calculating nstationary sounds. In 1999 Zwicker and Fastl (1998} pu
lished a model relating to characterikmidness for time varying sounds. Glasberg and Moore
(2002) followed in 2002 introducing a further model for calculating loudness from time varying
sounds.In the German national standard DIN 45631/2008 a supplement is provided esr
senting the model foralculating the loudness for nestationary sounds based on the model

of Zwicker and Fastl (1999)he following table summarizes the models and their respective

application domains.
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Table4-1: Loudness models and their respective application dorffaanesis, 2014)

Model Function Steadysound | Timevaryingsound | ImpulsiveSound
ISO 532B / DIN 45631 (Zwicker et al.| X 1 T
ANSI S3:2007 (Moore et al.) X T T
Zwicker for temporally variable sound T X T
Moore et al. for timevarying sounds T X T
Boullet- Loudness Model for Impulsivi

T T X
Sounds

Impulsive sound loudnesgas studied byBoullet (2005) This type of sound is describad
a sound whose waveforns characterised by a fast transient phase or a mordess long d-
cay phase dependingn the soundi.e.no steady phaséoullet 2005). Boulletdeveloped this
loudness model to ealuate the global loudness oimpulsive sounds. Because this type of
sound is not a typical sound characterizing housing noise, this loudness model is not furthe
considered in this researcl&chlittenlacher et al(2001)have foundfrom extended psycha-
coustic experimentsarget valuesat various level$or the loudness of pink noisdheycould
showthat using the procedure dDIN 456311991 yield closeresultsto the subjective evalar
tions for many technical sounds that anearlystationary.Cl a it S Ff @ &stnndo
the standard meets the experimental output for that many sounds, it can be expected to also
determine specific loudness very well. Bi@ndard DIN 45631 seems to represent a good
model for the main loudness within a critical banth contrast, the outcomes of ANSI S3.4
2007yielded results which werto high for all tested soundsyhich is an indication for the
need of further modificion (Schlittenlacher et al., 2001frurthermore,Fastl et al. (2009)er
portedY fordpure tones at 1 kHz with different levels, the loudness values from ANZDS83.4

or DIN 456341991 are essentially the same. However, for pink noise of different |&H,
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S3.42007 gives systematically higher loudness values than DIN 4%884. They also stated
that DIN 45631/A12008 can be used for assessintany technical soundsas well as speech
and music, whiclare typically time-varying soundgroduce timevarying loudness functions.
In addition to spectral effects, temporal effects such as post masking or temporal integration
are also assessed in line with features of the human hearing sy§iastl et al., 2009Fastl et
al. (2009yecommended louinesscalculations according to the standard DIN 456312808
for technical sounds because the loudrtse functions reflect temporal variations important
for annoyance studies as well as questions of sound engineering and sound quality. design

In this resarch, the German standard DIN 45631 is used to calculate loudhesthis e-
search the software used warthemiS V11 from HEAD Acoustics Gmiltkich hasimple-

mented DIN 45631/A12008

4.2 Description of the Level of Interest

As was illustrated in therpvious sectionspne of the main objectivei building acoustics
is the prediction of transmission loss airborne sound insulatianThis is especially important
to control the quality of sound protection. The measurement and the prediction of airborne
sound insulation are basically objective measures relying on physical measures and dfe stan
ardized in various national and intetional standardsHowever, theobjedive meaure of
airborne sound insulation usirtgchniquesas given irstandards aren practical casesot in
agreement with subjective assessment hisvas demonstrated in the previous chapters.

This chapter summarizes the objective metrics and discussesctivbjeelated results on

the basis of reported studies in the literature.
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4.2.1 ObjectiveMeasure toDescribe thelLevel ofInterest
As reviewed in the previous sections, airborne sound insulation is essentially the tievel di
ference of a sound signal aftbeing transmitted through a partition.
In free space, with a partition separating two domains, the sound reduction iRéeiden-
tical to the sound pressure level differendgz,
R1D=L,- L,dB (4-1)

L, andL; are the average sound pressure levels in the sounckraceiving room, respectively.

Equation (41) indicates that e sound signal being transmitted through a partition is
strongly related to the airborne sound insulation. This transmitted signdétéctable, relates
to the construction, which acts as a filter to the signal and cannot, as Bradley has shown
(Bradley, 1983), be easily masked by a-gelferated noise.

The level of interest is, thereforé,. This is the sound pressure level thairigpinging on
the ear of a resident, and thus this level has to be judged correctly in an objective manner r
lating to a subjective measure.

In real rooms, another approach to derive a level difference is suggested. As shown in se
tion 3.1, thedescriptionof the level differencés:

Dhr= LsC Lg+ 10 log (T/0.5 S)B (4-.2.1)
Supposing the reverberation time in the receiving room is 0.5 s, which is common-in res

dential premises as reported by Lang et al. (2006), the level difference can be written as

Dir=ls¢lr LigLdB (4-2.2)
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This simple approach was also chosen by Vorlander (2006¢nerate an acoustic filter
(equalizer) from the level differencand to neglect the room acoustical properties in thee r
ceiving room for auralization reasonEheevaluation of a sound emanating from a neighbou
ing room through a partition to determine the airborne sound insulation requires a measur
ment to determine the sound pressure level in the receiving room. It is common practice to
take SPL readings to measuhat sound level.

The measurement of theosind pressure level is the measurement of the sound strength on
a logarithmic scale, comparing the power of the sound level to a reference value. The-respe
tive reference value for the sound pressure level istel G 2 | LINS & & dzZNBE DI NR |
which is close to the threshold of hearing. The sound level meters that are typically used to
measure the sound commonly have the ability to measure the sound with a weighting network
labelled as dB(A).

TheA-network that measures in dB(A) is the most common weighting used today. This co
cept has already been presented in a previous sectiongsei@on 2.4).

What must be noted, however, is that previous studi@sharf, 1978Hellman and Zwicker,
1987; Fastl, 1997Genuitand Fiebig, 200pbhave demonstrated that the sound pressure level
cannot be judged as aA-weighted sound level to represent a proper hearing sensation.
Therefore, amA-weighted sound level is misleading when used as an indication of subjectively
perceived loudnesgZwickerand Fastl, 1999Fastl, 200%

Thus, to assess the sound level of interest, Lg the loudness levely) is introduced. The
sound pressure levely) contains all the information of the airborne sound insulatigy, O.7)
because it is the transmitted sound signal. Hence, conversion of the sound pressure level into a

loudness level yields a sensation level. This will be discussed in the following section.
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After the transmission df; through a structure or partition, the smd heard by a listener is
L,. Because the phon is a unit of perceived loudness leéygiwhich is a subjective measure of
the strength of a sound, the measure of sound insulation may therefore be written in terms of
a loudness level. Thus, it is assuntledt the heard sound, which is the sound level of interest
(L), can be assessed in terms of a loudness lgyel

The transformation follows the routine of ISO 226:

Lo(f) - Ln(f) (4-3)

The filtered levell) contains all information of the airborremund insulation characterised
by the weighted apparent sound reduction index,Q as it is the transmitted sound signal.
Thus, conversion of the sound pressure level into a loudness level yields a sensatiar level
the sound level of interest.

The loudrss is determined by means of a hearistated measurement procedurenf
cused on the functioning of human hearing. Here, the signal processing units of human hearing
(critical bands), as well as the temporal and spectral mask effect, are taken into account

First of all, airborne sound insulation has to be defined to investigate the sound pressure
level of interest. In an idealised way, the frequefiigpendent airborne sound insulation was
chosen in accordance with the standard ISO-Z1This is done exemplarily for different
R.-values of 20, 40, and 60 dB. As an example in the left pafey@F1, the investigated id-

alised airborne sound insulation is shown for the case dRawmlue of 40 dB.
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R, =40dB R,=40dB R,=40dB

Sound Reduction Index R in dB
Sound Reduction Index R in dB
Sound Reduction Index R in dB

50 80 125 200 315 500 800 1250 2000 3150 5000 50 80 125 200 315 500 800 1250 2000 3150 5000 50 B0 125 200 315 500 80D 1250 2000 3150 5000

Frequency inHz Frequency inHz Frequency inHz

Figure 41: Idealized airborne souhinsulation exemplarily foR, = 40 dB without (left panel)
and with a dip of 6 dB at thexemplarily depicted frequency of 1k Hz (middle panel) and 2k Hz

(right panel). The solid line is the reference curve given in ISQ.717

In Fig4-2, the computedsound pressure level and the corresponding loudness levelffor di
ferent R,-values and different sound samples are depict&€te different signal types have
been selected due to their different propertiese. the envelope of the specific fluctuation
strength was chosems thedistinction criterion(ref. chapter 4.4) Thesteadystate signal was
the broadband noise sigl £ & LJA Yy |  yaécdrding to RivestigafioBskpublished (ldBA
Wien,2000) most preferable as a substitute for mugype signaldf a test signal has to be
judged. The nomsteadya G 4GS aA3dylf L& | YdaAAO al Y-LX Sx
AStFTeO0d CKAA YdzAAO (& LIS (eftdchapier? 2 fhyeshowdtddt dza S A
this piece of music was judged subjectivelyder than other music samples compared, such

as classic music (Beethoven), otherwise having the same sound pressure level.
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Figure 42: Comparison of calculated level after transmission for diffeRRptalues of 20, 40,

and 60 dB using sound pressiegel () and loudness levely). Filter function without a dip.

It is seen from Figd-2, as expected, the sound pressure level after transmission falls off
with increasing frequency. This occurs independent of the type of signal and Bf-tredues.

When comparing the loudness level of the same signal, however, the opposite pattern is
observed, where, with increasing frequency, the loudness level tends tdtrisénteresting to
note that, although the sound pressure level falls off with incre;$irquency and increasing
airborne sound insulation, the loudness level rises, which was not expeCtadputing the
level difference of both measures, i.e. the difference of the sound pressure lgvel,f and
the difference of the loudness levdl( ¢ Lyy), yields the results depicted Fig.4-3. The level
differences shown correspond to pink noise and Eminem sound signals. In the filter function

for simulating the airborne sound insulation, no dip was introduced.
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Figure 43: The calculated soungressure level differencd (¢ L,) and loudness level diffe
ence (w1 ¢ Lyo) over frequency for two types of test signals and variBywvalues without a
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As ®en inFig. 43, the smallest difference is observed for airborne sound insulation dt mi
range frequencies. This means that, at midrange frequencies, the airborne sound insulation
expressed as a sound pressure level difference and the airborne soundiorselepressed as
a loudness level difference is small. It is notable that, for high frequency and high airborne
sound insulationR, = 60 dB), the level difference spreads as the frequency rises. For small and
medium levels of airborne sound insulation, the opposite pattern is observed, i.e. atdew fr
quency, the differences between both values are greater, and, for higher frequetiwedif-
ferences become smaller. This is independent of the type of signaddition, it is seen from
Fig.4-3 that, at 100 Hz and for high sound insulati&j € 60 dB), the loudness level difference
is lower than the sound pressure level differenchisTis because the loudness functioa-b
comes much steeper at low levels than that at mid and high levels. At high airborne seund i
sulations, the loudness level becomes smaller, and hence the loudness level diffeeence b

comes greater than that for low aiobne sound insulation.
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4.2.2 SubjectiveMeasure toDescribe thelevel ofInterest

Even after almost a century of research, there is still quite limited knowledge regarding how
to describe and evaluate airborne sound insulation in terms of a subjectiasune. A com-
parison of results from several studies in the literature indicate that objective parameters co
relating with subjective evaluations differ depending on the stirf@éide, 2013)

There are many studies that have examined the objective evaluati acoustic insulation,
i.e., the measurement of airborne sound insulation, accompanied with subjective tests using
questionnairesFor example, Langdon et #1981)published results of a survey where kes
dents of attached houses were interviewebhisstudywas conductedn the sequenceof a ra-
tional surveyinvestigatingannoyancessuescaused by noise from neighbouwss an outcome
of that survey it was foundhat 2/3 of the respondents heard noise from their neighbours
(Langdon et al. 1981Nearly 50% did sevenwhen the sound insulatiofulfilled or exceeead
the minimum requirements of the Building RegulatioAsother outcome was that about 18%
of the total samplewere riously bothered by their neighbours' noisehese results, dsarg-
donetal.0 My M U prévitlé einfifital validation of the U.K. performance rating procedure
and, these results indicate the importance of sound insulation to occupants of recently built
houses, placing this aspect of design and construction within a wotéexté

Another survey of the indoor sound environment in newly built Swedish residential houses
was conducted in the early 1980s, and results were publishégblojund and Eslo(1983).

The results show that more than 20% of the respondents rate the performance as bad or
quite bad. At the same time, however, 51% rate the performance as good or very good. The
conclusions drawn from that survey were that there is a low correlation betweeasored

and subjective response for lightweight structures. The same measured sound insulation rating
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results in different scores for the subjective evaluation, mainly due to low frequencywbeha
iour. They suggested that there is a need for sound insulatawn to 50 Hz and that lowdr
quency noise is important, especially for wooden constructions.

At that time, Bradley1983)also reported results of a survey conducted in Canada. Tihe su
vey was presented as a building satisfaction survey, and initiatigpesnade no mention of
noise or acoustical problems. After each successful interview, permission to make acoustical
measurements at a later date was requested. The main result of this study was that the corr
lations of responses and individual 1/3 octdxensmission loss values revealed that significant
correlation coefficients are generally found only in the approximate region of 100 to 1,000 Hz,
while correlations were strongest from 125 to 400 Hz. He summarized that the reason for this
appears to behat it is only in this 106izto 1,000 Hz frequency region that, on averagey-su
jects will hear their neighbours. This is in line with findings by F&$8&9)in the late 1950s

Grimwood (1997)published a paper in which he presented the findings of alksiudy,
undertaken in England and Wales between April 1992 and March. 18%94at studyhe inves-
tigated complaints regarding poor sound insulation between dwellings. His findings support
previous findings from other researchers that the main noisegdég complainants are, for
example, music, television, radio, and voices. Among other results, he stated that the survey
indicates that some people are dissatisfied even when their home meets the intendedt stan
ard. That is, thestandard ofsoundinsulation (fromsection 3 Approved Document Ejor walls
is DirwX PH R. ®

K Department of the Environment, Approved Document E. Resistance to the passage of sound. HMSO, 1992.
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Furthermore Ljunggren and Agref2012)reported results of a project in Swedémat dealt
with various aspects regarding sound and vibration within lightweight buildings. Theg- mea
ured, for example, airborne sound insulation according to current ISO standards, butxa an e
tended frequency range. This parameter has shown decent ¢ofieh 2y G2 G S KI 07
jective opinion of the sound insulation in traditionally designed rdfalthily houses made of
concrete, masonry or other similar heavy homogeneous materials. They stédtedhe pop-
larity of lightweight block of flats increaséshas been noticed that standardised (ISO) sea
urements, like airborne and impact sound insulation, tend to show different correlation with
subjective experiences compared with concrete buildinysd SNI f £ = (G KS&heO2y Of
main resultsq¢ how diferent objective parameters correlate with subjective perceptare
still to be waiting forg

Additionally, a recent study by Hongisto et(@014)determined which standardized single
number quantities of airborne sound insulation best predict thejsdtive ratings of living
sounds. They found that there is a significant difference between different sound types, which
emphasized the importance of the sound spectrum. Furthermore, they stated dhatpris-
ingly the value(R, + Gu 3150 Was only a slightly better predictor of subjective ratings thgn R
or STC in case of bassh music soundsThis is in line with findings in this reseaftteubauer
and Kang, 2014). However, although Hongisto et #2014)found evidence of the importace
of considering the low frequency content of the signal, they statddiis study does not pu
port the inclusion of the 580 Hz third octave bands to the singlember quantity to be used
for the objective rating the sound insulation against airboivi@d sounds.

There are several other studies investigating the presence of noise problems associated

with building technology with objective acoustical measurements. These studies, however,
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mainly deal with the advantage and disadvantage of extendindrdwency range for the ta
ing procedure.

There are tendencies to overcome thdifficulties in defining the differences in acoustic
quality betweendwellings using a more simplified methodology. Such a simplified methodol
gy is e.g. aescrption ofthe airborne sound insulation in classes of acoustical comfort

These kind of defining classess proposed in a report of the European Commisg$ianE.
Commins et al., Report No. 7r, EEC Commission, Brussels, 1976).

However, describing certain subjectivagressions of noise protection in different classes
and quantifying appropriate values in w&hown acoustic indices are not suitable to describe
a sensation event such as annoyance, nuisance, or even noise awafiknessr,1997) This
type of classification completely suppresses the spectral components of the signal and any
statements made regarding which sound type is assessed.
To summarize this section, it is difficult and often ambiguous to define subjective measures to
describe the level oihterest with different noise types and different frequency ranges of ra
ing systems. The result of a survey depends highly on the survey method, design, and data

analysis.
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4.3 TheNormalised Loudness Level Difference

The level difference characterised by the weighted sound reduction iRlg@xvthout a dip
(Lo) and with a diplg,) provides a set of loudness level differences.

The level difference of the idealized (itg/pothetical or computed) airborne sound ingul

tion for third-octave bands is given by Eg-4%
Ohocry = Lnacry = Lnzc)o (4-4)

The levelly; is thefrequency dependindpudness level in the source room ahg is thefre-

quency dependingpudness level in the receiving room.

The idealised airborne sound insulation to obtaing( may be found using a prediction
model as provided by e.g. EN 12364 by assuming a reference curve e.g. ISOQ1717
The level difference of an actual (i.e.easuredor simulated airborne sound insulation for
third-octave bands is given by E4:5):
Oty = Lnacry = Lnz(fym (4-5)
where Ly, nis the loudness level in the receiving room obtained by the measured or simulated

sound pressure level.

In evaluating asound event, the rie of absolute level or loudness is often insignificant
Temporal structures and spectral patterns are more important factors in determining whether
a sound makes an annoying or disturbing impreség&mitek and Genuit, 2005)

Therefore,in this thesidt is suggested to normalise the level difference with respect to the

idealised level difference.

97



Chapter4. Establishment of a Loudness Based Model

The normalized level difference with respect to the idealized level difference for- third

octave band values is then:

_ DLm)
nodf) = ——— 4-6
Lnod DL (4-6)

This frequency depending measure may be written as a single numerical Valoesthod
for determining a single value of a sound in terms of a loudness level is given in ISabB2 B
in DIN 45631, respectiveli budness level can bmeasured for any sound and was created to
characterize the loudness sensation for these sounds (Zwaériddfastl, 1999).

The single number quantity for the normalized loudness level differelpgg i6 written as

the quotient of the differences of theotal loudness levels, yielding:

- Lni- Lnzm (4-7)

The calculated normalised loudness level difference as a functexemplarily for two di
ferent sound sampleshown in Fig4-4.

For comparison, the sound pressure level differerige () over frequency is depicted in
Fig 4-5 for two types of test signaldt is seen that the@und pressure level differenagses
with frequency and thelip of 6 dB athe frequency of 1k His, similar as for th@ormalised
loudness level differencdepided in Fig. 4.4, observed. What is obvious in both Figures is that
there is no difference between the two sound samples.

In summary, the level differences do not distinguish between the two different soumd sa

ples but do reflect the event of the introduddrequency dip.
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Figure4-4: Normalised loudness level difference over frequency accordiridt¢4-6) for two
types of test signals. Investigated airborne sound insulation with a weighted apparent sound
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Figure4-5: Sound pressure level difference over frequency for two types of test signals- Inve
tigated airborne sound insulation with a weighted apparent sound insulation \Rjwe40 dB

with a dip of 6 dB at a frequency of Hz.
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4.4 TheWeighting
It is assumed that a suitable weighting that reflects the event of a frequdapgndent dip

must be applied. The weighting will be judged as an awareness of noise, i.e. annoyance.
Therefore, the value is highlighted according to its importance for the comparator ok-wea

ened. Itis known thatpe OK2f 23A Ot STFSOGaE adzOK Fa | yy?2
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To differentiate the signal in terms of psychoacoustic measures, investigations of music

type signals were focused on specific fluctuation strength, as was suggested (hNeglgauer

and Kang, 201 a; 2012b). This is in accordance with investigations concerning indoor acoustic

comfort by Jeon et a(2011).
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The weighting W) for third-octave band values is the proportion of the frequency
dependent specific fluctuation strengthf the signal beig transmitted through an idealized
(i.e. hypothetical) partitionC fyg @nd the specific fluctuation strength of the signal being
transmitted through an actual (i.e. measured) partiti@hf &, €espectively.

The weightingw) is given by Eqg4{8):

FIS'(t), m (4-8)

W(f) = —————
" Fls'(f)o

The total specific fluctuation strength is calculated as the sum of all partial fluctuation

strength yieldingC f. @h@ single number quantity of the weightivg) (s then:

= FIs'm 4-9
w Flsg (“4-9)

The calculated specific fluctuation strength as a function of frequerslyawnfor two dif-
ferent sound samples iRig. 46. As a distinction criterion, the envelope of the specific flastu
tion strength is shown and marked in the figulidhe chosen musitype signal and the brak
band noise signal are shown, where the specific fluctuation strength of the respective signal is

shown before filtering.
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il, and pink noise has a value of approximately 0.011 vacil. From the comparison, it can be o
served that the envelope of the spéc fluctuation strength of pink noise falls off with incesa
Ay3d FTNBIljdzSyoOesz IyRY F2N) 6KS arayrft a9YAySY:z
with increasing frequency.

It is noted that Eq.4-8) as well as Eqg4{6) are normalised using thievel difference cha
acterised by the weighted apparent sound reduction inde¥)without a dip in the airborne

sound insulation curve. The computed weighting coefficients as a function of frequency are
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shown inFig. 47. There, two types of test sigreabhre exemplarily depicted, with a weighted

apparent sound insulation value Bf, = 40 dB having a dip of 6 dB at a frequency of 1 kHz.
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Figure4-7: Function of the weighting coefficientv] over frequency for two types of testgsi
nalsaccording to Eq48).{ K24y Aad (GKS YdzaAO GeL)lS araaylft ac¢
GeLIS aradaylrft aGLAY] yYy2AaSé T2N IR, %40 Bkt &Scip | LILJI

of 6 dB at a frequency of Hz.

It is seen fronFig. 47, the frequency dip is clearly gplayed. For the transient signal, the
peak of the function is more formed than for the broadband noise signal. It is noted, however,
GKFG GKS aAraylrt a9YAYySYé RAaALI @& | KAIKSNI L
band signal. Furthermore, it isoted that the signal of the broadband noise displays slightly
higher values than the transient signal outside the circle of influence of the dip. That is, the

weighting coefficient of the broadband noise is closer to 1 than that of the transient signal.
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This is in line with the basic theory of fluctuation strength, which states that unmodulated
broadband noise does not have high fluctuation strength.

The circle of influence of the dip at Hg is in the range of 630 Hz to 1Hk. The pink noise
signal isshown to be up to approximately 2% above the value of the transient signal
GOYAYSYdé |G GKS Hzihe tiansint sigiakiS apgrokiiately 9% hgher
than the broadband noise signal. This makes it clear that the signal type affects itjieting

adKI G

w»

O2STFTAOASYU® LG Aa AyGSNBadAiay3a dz2 as

KAIKSNI YFEAYdzyY G GKS RALI S@Syid GKIy GKS &aA3
To summarise the results up to this point, it is understood that the weighting coeffi@ent r

flects the frequencydependent event in the frequeneyependent airborne sound insulation,

and it differs for different types of signals.

4.5 TheWeighted NormalizedLoudnesslLevel Difference

The loudness model describes the frequedependent airborne sound insulation yielding
the weighted normalized loudness level difference.

For thirdoctave band values expressed as the product of the frequeepgndent normé
ized loudness level differee@nd a frequencgependent psychoacoustic weighting factor, the
corresponding formula is given in Eq:1(@):

Lior w(f) = Lnor(f) * W(r) (4-10)

where Lyory is the normalized level difference amdis a weighting factor
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Combining Eq. ¢4) and Eqg. (@) yields the single number quantity for the weightedrno

malized loudness level differendg . ) and is written as:

Lnor’ w = Lnor* W (4'11)

Equation (411) is case sensitive, i.&q.or, wdepends on the individual results of the levet di
ferences and the weighting, as is seen from E.)(@nd Eqg. (4®). The following regions occur
depending on the six conditions:

) Lor> 1@W>1Y Lygw>1

1) Lo <1@W<1Y Low<1

)+ 1V Lor> 1@W<1Y Ligw<1ULow>1

V)+V)  Lo<1@W>1Y Liw< L0Lgw> 1

NB Theregion yieldindnorw= 1needs L, = 1@w = 1and thatrequires Lhn =L o DC & Qfp.a Q

Thisconditionis impossible in redduildings and in real situations-gitu.

The calculatedveighted normalised loudness level differere® a function of frequency is
shownfor an airborne sound insulation of 40 dB with a dip atHX and for two different

sound samples ifig. 48.
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Figure4-8: Function of the weighted normalised loudness level difference over frequency for
two types of test signals according to E410).{ K26y A& (KS YdzaA O Ge& LS
0KS ONRBIFROFIYR y2AaS (GeL)S aAiraylrft aLAY]l Y2AaS:

R, = 40 dB with a dip of 6 dB at a frequency of 1k Hz.

The introduced dip at a frequency of Hg is clearly seen, anfiyr the transient signal, the
peak is more formed than for the broadband noise signal. Both signals, however, yield similar
results outside the ambit of the dip at 1 kHz, i.e. at frequencies below and above thai.dip,
is close to 1. In fact, the pink noise signal is up to nearly 3% above the value of the transient
AA3AYLE Ga9YAYSY®dE C¢KIG A& y2 adzoadlydAiAlft RA
one-third octave band off the introduced dip compared to theeat of the frequency dip.

The circle of influence of the dip at He is again between 630 Hz and 1.6k Hz. It is clearly
seen thatl, iS constant and close to 1 except at frequencies around the ambit of the-intr

duced dip.
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In the case oFig 4-8, this is approximately 1 kHz with a spread of approximately-thirel
octave bands. The music type signal reveals again a higher peak value than the broadband
y2AaS ardaylrfto ¢KS ardaylt a9YAYySYé NBFOKSa |y
dipeve/ i GKIyYy GKS aA3IYyIlf & LIALY | foryhe Endirerdsignat i€1501 I @S N

with a standard deviation of 0.10, and, for pink noise, the average is 1.00 with a standard dev

ation of 0.04.

4.6 Conclusios

This chapter introduced a novehlculation scheme of a loudnebased model. Through
analysing psychoacoustical parameters and conventional standards, it was reviewed that a
subjective rating in conjunction with an objective measure has not been done before. It has
been shown that it i$easible to transform the objective measure of a sound pressure lavel i
to a loudness level and form, together with the specific fluctuation strength, a subjecterely r
lated evaluation. This new measure of a weighted normalized loudness level difference p

mits evaluating a construction in terms of an objective and subjectively related measure.
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5 VALIDATION ANMPLEMENATION OF THE LOUDNESS

BASED MODEL

The introduced model is validated in this chapter to show how the medeks with diffe-
ent parameters, such as different test signals, airborne sound insulation values, and @sycho
coustic measuresThe esultsshown in chapter fouare implementedshowing the validity of
the prediction model(section 4.3-4.5). Finally, it smmarizes the main results of the model

(Neubauer and Kang, 20512012a, 2013b, 20144, b, ¢, 20153, b).

5.1 TestSgnals

Buildingacoustic measurements require specificsound source.The sound source must
radiate sound evenly in all directions give reproducible and reliable result$he relevant
standard describingpuilding acoustics measurememelated to airborne sound insulation
measurementy1S0O16283 requires the use of an omnidirectional sound source fed by ra

dom noise(B&K, 2014)

5.1.1 Compliance with theStandards

Airborne insulation tests, which are conducted on new and converted dwellings or even in
laboratories to test a material or construction, provide meaningful results when they aee ind
pendent of who measures the sound utation. Hence, all testers must use the same dtan

ards. This requires compliance with 1ISO 16283, and ISO 717, and it follows that the scheme
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must comply with these standard$o test the airborne sound insulation performance of a wall
or floor, between two roomsa sound source generatingltaoadband spectrum of noise at all
frequenciesmust be usedThe spectrum should cover at least the frequency range of 50 Hz to
5,000 Hz.The generated sound levi the source roomnhas to beamplifiedthat the levelin
the receivingroom is sufficiently highr abovethe backgroundnoise level. It is common pra
tice to use random noise, such as pink noise or white noise, as an excitation signal as required
by the standards. This condition of the characteristics of thaadioriginates from theoretical
considerations regarding transmission theory, which defines equally distributed sound energy
in a room where the test is conducted. Howeveisiprovenin thisthesisthat transient sound
signals, i.e., nomoisetype exdtation signals, do affect the result in determining the airborne
sound insulation, especially the rating according to the standards.

There are other measurement methods, such as the maximum length sequence (MLS)
(Vorlander and Kob, 1998nd sweptsine methods(Muller and Massarani, 2001both of
which integrate a measured impulse response to obtain the SPL, in use to measure airborne
sound insulation. Compared with noibge excitation signals, they correspond to measur
ments with infhite integration time. Furthermore, sweeps can be argued to be superior to
pseudenoise signals, such as MLS, as they exhibit significantly higher immunity against disto
tion and time variancéMuller and Massarani, 20Q0¥enegas, et al., 2006

However,these types of excitation signals have not been considered in this research b
cause the signals do not relate to occupational noise types and do not relate to psychoacoust
cal magnitudes, such as loudness.

This research addresses sound signals filtered bgnstruction or partition, and therefore

the sound stimulus is of vital interest. It is reported in the literat{Beambilla, et al., 2001)
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that the subjective preference for a sound stimulus is influenced both by the overall sound e
ergy and by its dtgbution in the frequency domainAccordingly acousticparameterswhich
are centredon sound energyre not sufficient to characteriseensation in terms odirborne
sound insulation measuge

In this chapter, the characteristics of different sound slgraend the effect on the asses

ment of the processed sound signal are studied in more detail.

5.12 ObjectiveMeasure of theSgnals

From basic theory for describing airborne sound insulat@remer, 1953; Fahy and iGa
donio, 2007, Cremer and Heck1996), it is known that the type of sound signal used as &n e
citation signal to yield the transmission loss of a partition does not have any influence on the
sound insulatiorof the investigated structure. This is true as long as the objective measure of a
sownd intensity or sound pressure level is concerned.

However, previous results presentéleubauer and Kang, 20K, 2011b), revealed that,
for different signal types, the subjective impressions of a sound heard are different as well.
This was also reporteby Ryu and JeofiRyu, Jeon, 201lindicating thatindoor residential
noise is judged differently from different noise types.

Furthermore, m the literature (Grimwood, 1997; Park and Bradley, 2009; Masoical,
2011) it is reported that music isne of the most frequently detected noises, even in dwel
ings, fulfilling the sound insulation requirements.

Therefore, the influence using different signals is investigated via two categories of signals,

namely steadystate and norsteadystate signalsThe steadystate signals are the broadband
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y2AaS ardaylrfaz alLhiyléWN ThReSiignals drelchosey ifecadse ey (i S
are recommended in the standards for measuring airborne sound insulation.

Especially according to investigations psifsdid in(UBAWien 2000)pink noise appears to
be most preferable as a substitute for musipe signals if a test signal has to be judged.

The nonsteadystate signals, i.e. the transient signals, were music samples, namely rap
O9YAYSYY da[ 2(B)a clastidmiEiS(Betthoven: Symphony Nr. 9: Poco Allegro,
Stringendo Il Tempo, Sempre Piu AllegRyestissimo) (B)his type of music was also inviest
gated earlier(Neubauer and Kang, 20H, 2012a, 2013).Additionally, a music type called
Gt F Nfidzy Reé ¢l a dzaSR Fa | a2daNOS aA3dylf oh-¢KAaA

ing people and dance music. The time spectrums of the used signals are sHég3-h

X[ Pink Noise 8 w[ 1,6
Hono, 44100Hz

g R [-08
- 490

Projektirequenz (Hz) Anfang der Auswahl C Ende G Lange
44100 ¥ Einrasten [ [00 h 00 min 00.000 sec¥| [00 h 01 mn 30,000 sec™

Figure5-1: Time signal of white nois&\(N), pinknoise PN, Eminem (E)Beethoven (B), and

Party Sound (P38Jith sound pressure levelf 85 dBSPLland duration 90 s.
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Pink noise, also known as 4ibise, is a signal with a frequency spectrum such that the
power spectral density is proportional to theaiprocal of the frequency. There is equal energy
in all octaves. In terms of power at a constant bandwidth;nbfse falls off at 3 dB per octave.
White noise, in contrast, is a random signal with a flat power spectral density. The signal
contains equapower within a fixed bandwidth at any centre frequency.

The power spectral densities of the noigge signals are depicted for comparisorfig.5-2.

VWM, 85dB (15s) Power spectral density {Average) (4096,50 0% HAN) L/dB[4e-010Pa"Pa/Hz]
f 80

pink noise

white noise

E 40

PN, 85dB (15s)
Power spectral density (Average) (4096,50.0% HAN)

Let- 5.0 dpgsrL | R 2

WN, 85dB (15s)
Power spectral density (Average) (4096.50.0% HAN)
------ Left - 85.0 dB[SPL]

20 il 100 200 fiHz 1000 2000 5000 10k 20k -
Figure5-2: Power spectral density (PSD) of steady noises, i.enpisk and white noise as a

function of frequencyThe sound pressure level of the signals is 85 dB and the duration is 15 s.

Figure5-2 displays a decreasing straight line over the frequency bandwidth for pink noise,
while a constant straight line overehfrequency bandwidth is seen for white noise.
The nonsteady or fluctuating noises used in this study are the miygie signals ased

scribed above. The power spectral densities of these signal types are depi€ligbi3.
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Figure5-3: Power spectral density (PSD) of miaady or fluctuating noises as a function of

frequency.The sound pressure level of the signals is 85 dB and the duration is 15 s.

The musigype signals show similar patterns over the frequemandwidth. A steepn-
crease of the power spectral density is observed at low frequencies below a frequency range
of approximately 100 Hz and decreasing with a certain fluctuation toward higher frequencies.
This is in line with the literaturéJBA Wien2000)and is exhibited irFig.5-4 where different

music spectraare showh.y G KI & FA3IdzZNBE aw2al wl dzaOKSy¢ Ayl
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Figure5-4: Representation of the lineagnergy equivalenthird octave spectraf the output

signalsof the variousmusicpiecesand pink noise(lUBA Wien, 2000)

113



Chapters. Validation and Implementation of the Loudness Based Model

5.1.2 Psychoacoustideasures of theSgnals
To describe a sound event, psychoacoustic measures are commonly used.

Loudness as a measure for hearing sensation is well known, referring to the humap-perce
tion of sound volume. While sharpness is a hearing sensation related to frequency a&ad ind
pendent of loudness, it is supposed to be a measure that can be considered separately and
hence can be used to compare different sounfleese elementary auditory sensations; t
gether with roughness, tonality, and fluctuation strength (the latter being an impoiteear-
ing sensation measurement), are investigated in this section. The psychoaquarstineters
sharpness and tonalitsre defined inAppendix \&). Forthe investigated sound source signals

all the aforementionegarametersare calculaed andresults are listed below iflab.5-1.

Table5-1: Psychoacoustic factors of theprocessedsignals: sound pressure levé),(loud-
ness levellg), loudnessl), sharpnesss), specificroughness R}, tonality Tor), and specific

fluctuation strength FIQQ 0 ®

{2dzyR ¢[RD [LdIKD b&2¢ {d Odr wt a ¢ ¢ 2§falz Ct@E OO

2 KAGS Lt 85 98.5 576 2.79 3.62 0.0197 0.0166
tAyl bz 85 99.1 60.0 2.14 3.95 0.0170 0.0225
.SSGK2¢ 85 97.2 53.7 143 347 0.181 0.1182
9YAYSY 85 94.8 45.9 1.60 363 0.182 0.223
tF NIe { 85 94.8 45.2 1.58 2.90 0.234 0.129

All of the psychoacoustic parameters presented ain.5-1 are additionally calculated using
filter coefficients for the idealizedound insulationwith R,~values of 20 dB, 40 dB, a6 dB

and summarized and tabulated for referenceAippendixV, b).
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It is observedrom datain AppendixXV that the specific roughnessv{tand the tonality Ton)

yield zero values for higbound insulation These psychoacoustic measures are therefore not

considered for further investigations in this study.

If the loudness levell() of the sound signals used in this study is calculated for different

sound pressure levelsSP), it is observed that there is no linear correlation between both

measures. This illustrated inFig.5-5, where the loudness level is depicted over soundspre

sure level.
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FromFig.5-5, it is seen that the loudness level is not linearly related to the sound pressure
level ard is dependent on the type of signal. Even for equal sound pressure level, the tealcula
ed loudness level differs in its absolute value depending on the type of signal.

Inspection of these data shows that varying the sound signal, i.e., using a broadkiaed no
signal and a transient signal, leads to somewhat different results, allowing the sound pressure
level to remain constant. This means that the loudness of a broadband sound and that of a
transient signal are different. This is in agreement with thedifere (Zwickerand Fastl, 1999).

For the investigated sound signal of pink noise, it was observed that, at 40 dB SPL and
above, the calculated loudness level was always higher than what was calculated for the other
sound signals. Below a sound presswreel of 40 dB, white noise and Beethoven yield the
highest loudness level values.

To investigate the difference of a measured and simulated signal after transmission through
a construction, or filterairborne sound insulatiomeasurements have been cad out to do-
tain the receiver levellf). This level is supposed to be the receiving level after transmission
through a dividing construction between two rooms.

The respective frequency values of thisborne sound insulationpught to be the filter o-
efficients used to simulate in a computer program gwnd insulatiorof a real construction.

In Fig.5-6, the measured sound pressure levéj)(and the calculated loudnessl(,) for
two constructions investigated, i.e., a wall and a door, are depiasidg two different source
signals, pink and white noise.

The measurementsarried outfollowing the procedure of EN 16283yield an apparent

sound reduction index of the wall of = 41 dB and of the door &, = 22 dB.
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Figure5-6: Measured SPILJ and calculated loudnesBi() for pink and white noise.

It is seen inFig.5-6 that the transmission loss measurements of the wall yield different
sound pressure levels of the transmitted sound signal, yielding a medite afpecific lod-
ness that is 2.09 0.16 sones. For the door measurement, the two source signals yield & grea
er difference, which yield a median of 10.09.15 sones.

Using the measured sound pressure level in the receiving ragnafid the obtained f-
quencydependent airborne sound insulatiom}(as the filter coefficient in a computer @
gram to filter the source signal, both signals, i.e., the meas@iekhfter transmission and the
simulated SPLafter filtering, can be compared to investigate thalidity of the proposed
method. In Fig.5-7, the results of the comparison of the measured and simulated results are
shown. First, from the measured sound pressure level in the receiving room, the spedific lou
ness was calculated, yieldihg (L, measured- S€CONd, from the simulated sound pressure level,
which was obtained after filtering with the calculated filter coefficients taken from thegnea

ured transmission loss, the specific loudness was calculated, yiéldifig cao-
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Figure5-7: Comparison oft Y S | & drdd &R & Y dztolidiieSsRlEfor pink and white noise.

FromFig.5-7, it is seen that the computed results are very close to the measured ones. To
calculate the error that occurs using the simulated sound pressure levadafoulating the
specific loudness, Eq.-(§ was usedThe k) values indicate the measured results, and the
() values indicate the calculated ones.

5-1
err=(1- ﬁ)*lOC% S

Xe

Table 52: Calculated error for the loudness calculation using a measswadd pressure level

(Xm) and acalculatedsound pressure levek,).

aSl adzNBR Simulated
[LOR. [OR. b@az| L@dB) L(dB) b Gone)| er (%)

52 20 O0HH

tAy1l b2A 78.9 57.1 9.28 78.9 57.0 9.34 0.64
2 KAGS b2 78.9 56.9 10.9 78.9 56.9 11.0 0.91
2 | fwWiT onm

tAyl b2A 78.8 43.8 1.97 78.8 43.6 2.01 1.99
2 KAGS b2 78.3 40.2 2.20 78.3 40.3 2.26 2.65
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The calculated error as shown Trab. 52 illustrates that the method to simulate thed¥
quencydependentairborne sound insulationn(, by using the frequenegtependentw-falues
as filter coefficients to build a transfer function in a computer program is a reliable procedure.
The calculated error was less than 3%, which confirm that the method yieldsleetat
comes. With this method, it is possible to examine any particular sound signal in detail, esp
cially with regards to psychoacoustics. Investigating the filtered signals in terms of thepsych

acoustic measure of sharpne$} yields the results depiet inFig.5-8.
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Figure5-8: Sharpnessy calculated from the receiving sound pressure level after filtering with
different airborne sound insulation values and different source signals. All source signals have

a sound pressure level of 85 dB SPL.

It is clear fromFig.5-8 that the unprocessed broadband noise signals of pink noise and
white noise yield the highest sharpness. This result is unexpected because sharpness is a

measure of the high frequency content of a sound, i.e., the greater the ptiopoof high fe-
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guencies, the greater th&value. However, to assess a construction in terms of a transmission

loss, sharpness seems to not be a suitable predictor because typically the airborne saund ins

lation rises rapidly with frequency. Sharpnesghisught of as a measure to assess a signal

g KSNB

0KS KAIK FTNBIldzSyoe

o2y uSyi

A a

AYLER2 NI Iy

a prime aspect for airborne sound insulation. This psychoacoustic measure is therefore not

considered for further imestigations in this study. The next psychoacoustic parametesto a

sess a sound signal is the specific fluctuation stren@Qtf).@ & specific fluctuation strength is

not a linear function and is dependent on the type of signal and on the level of thved ssgy-

nal.

In Fig.5-9, the region of the specific fluctuation strengtlt ) af the sound signals used in

this research is depicted as a function of sound pressure level.
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Figure5-9: Specific fluctuatiorstrength C f) asCa function of sound pressure levBP{. The

shaded area characterizes the region for the specific fluctuation stre@ythd Q

120



Chapters. Validation and Implementation of the Loudness Based Model

It is seen that the broadband noise signal has little specific fluctuation strength, whereas
the transient gnal, i.e., musitype signal, spreads with increasing sound pressure level. This
means that the specific fluctuation strength depends on the level of the signal.

For very low sound pressure levels, i.e., below approximately 10 dB SPL, both signal types
tend to gain close to zero. The smallest values are observed using white noise, and the max
mum values are identified for the musiceé LIS aA 3yl f G9YAYySYdeé ¢KS
signal types, i.e., the difference between a broadband noise signal angsigtype signal, was
observed to be as large as a factor of approximately 100.

The specific fluctuation strength€ ) asCa function of frequency of the sound signads d
picted inFig.5-1 are shown inFig.5-10. It is seen that party sound®?@ shows a high peak at
200 Hz and declines very rapidly towards higher frequencies. Eminem shows two maxima, the
first at approximately 450 Hz and the second at 3,700 Hz. Beethoven shows more maxima, four
in total. It is, however, interesting to observeltti (G KS . SSUK2@Sy &aaayl
with the Eminem signal at mifilequencies of approximately 600 l§8,000 Hz.

As was also expected, broadband noise signals have only slight fluctuation, with white noise
having less than pink noiséhis in linewith the literature (Aures, 1985) and it confirms results

presented earlier (Neubauer and Kang, 2012 b).
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Figure5-10: Specific fluctuation strengthC(f) as function ofrequencyof the sound signals

used in this studyThesound pressure level of the signals is 85 dB and the duration is 15 s.

It is of interest to determine how the specific fluctuation strength changes with sound ins
lation. This change is depicted in Figlly where the specific fluctuation strengtit €) & Q
shown for different sound insulation values and for different source sighaten that figureit
is seen that broadband noise signals do not change much in fluctuation strength, even for high
sound insulation. White noise showed the smallest valligs.noted that the transient signals
spread for all sound insulation steps, i.e., Party Sound is smaller than Beethoven, and Eminem
is the highestThe calculated specific fluctuation strengt® f) fordifferent sound signals and
different R,-values eveal that transient sound signals, i.e., the mugpe signals (Eminem,
Beethoven, and Party Sound), have higher values than broadband noise signals (pink and white
noise). This was also seen for the unprocessed signals; however, through the filtecegpr

the signals change, and it is observed that Eminem reveals higher values than previously found
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for the unprocessed signal Party Sound. The calculated specific fluctuation strénftlioQ

different sound signals and differeR,-values as showmiFig. 511 are shown in Tab-%nu-

merically.
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Figure 511: Specific fluctuation strengthC(f) dateulated for differenR,-values and different

source signals. All source signals have a sound pressure level of 85 dB SPL.

Table 53: Specifidluctuation strength for different airborne sound insulation values arfd di

ferent source signal®ll source signals have a sound pressure level of 85 dB SPL.

{LISOATAO CtdzOldz GA2y {

I AND2NYS {2d(¥ Ry &dz |
{ 2dzy R n H N nn cn
2 KAGS 0.00166 0.0120 0.00689 0.00387
t Ayl b 0.0225 0.0148 0.00849 0.00477
. 8SGK2 01820 0.1090 0.06110 0.03440
9YAYS 0.2230 0.1350 0.07740 0.04350
t I NI & 0.1290 0.1100 0.06590 0.03710
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As was seenrbadband noise signal@ink noise or white noise) do not change much in
specific fluctuation strength with increasing sound insulation, which is expected, but this could
be an indication that transient signals, i.e., reteadystate signals, can be more influenced
with appropiiate sound insulation in the sense of subjective judgments to rate the annoyance

of the receiving sound between a dividing partiti@eon et al., 2011).

5.2 SubjectiveAssessments oifest Sgnals

Hearing tests were conducted subjectively assesdifferent test signals at different sound
insulation values. The main goal of this investigation was to find evidence that perceived sound
is judged differently if the signal is changed or if the spectrum of airborne sound insuldtion di
fers. It is therefoe vital to understand how the model represents differences in sound signals

and spectra and how these differences are related to subjective assessment.

5.2.1 DetectingDifferences inDamped Sound Sgnals

A pilot test(1* experimen) was conducted to dermine whether a sound signal is judged
differently when the sound insulation and sound signals used as sources are different.

Nine untrained participants five females and four maleswere asked to listen to sound
samples via headphongennheiser HD B8pro) and to judge the sound by answering pre
coded questionsThe headphonevas closeeback ensuring a 32 dB attenuation of external
noise. The ear couplingf the headphonewas circumaural and its frequency response is
8 Hz¢ 25,000 Hz.

Thesound samplesvere played in differensequencego reduce the order effects.
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The background noise levduring the testwas less than 25 dB(A)he participantshad
selfreported normal hearingabilities and the median of age was 3fhe participants we
asked to select one of the following answe@s: | do not hear a soundL - | can hear a weak
sound 2- | hardly hear a sound3- Yes | can hear a sound but not easllyYes | can hear a
sound when concentrate on B- Yes | can hear a souné- Yes | can clearly hear a souiitie
test setup and results are shown Appendix V.

The stimuli offered were the electronically filtered sound samples which were obtained
using a filter function representing the sound insulation of inter&sie flter function, i.e. the
transfer function in the used software Artemias generated by modeling thevalues ashe
coefficients of the built transfer function

The sound samples offered in this listening varied figy 20 to 50 dBn steps of 10 dB
and had a maximursound insulatiorof 56 dB. The airborne sourndsulationwas calculated
following the ISO 7%1 procedure(ISO717, 2013and theinsulation curves did not differ in
their shapes. Source signals of white noise, pinkendianinem and Beethoven were used as
described above. Due to the small sample ¢ize 9), the nosparametricWilcoxontest, i.e.
the Wilcoxon signedank test,was applied rather than thenore commonly applied-test. In
contrast to the ttest, the Wilcxon test does not require a normal distribution of the data set.
A summary of the results is shownRig.5-12, where a boxplot of the data response distrib

tion is depicted.
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Figure5-12: Overall esults of thel® experiment displayed as a boxplot of the response distr

bution for the data samples of white noise, pink noise, Beethoven, and Eminem.

The sound samples were generally judged to be simitarwever, as shown in

Fig.5-13, the music signal is generally judged to be heard clearer than the broadband noise

signal.
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Figure5-13: Mean of grouped and overall grouped response distribution fisrexperiment.
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In Fig.5-12, it is seen that pink noise is judged to BeS I NR  dttiah BhiteNBiseEand
G9YAYSYE A &he@datightyRleateli KOS/ . SSGK20Syeéd Ly 02
Fig.5-13, the overall grouped response distribution of the two different sound samijsles-
sessed differently.

Using a source level of 85 dB SPL, the airborne sound insulation of 56 dB was quoted for the
broadband noise signals to have a median of885a L OFy KSI NJ Dand 2 dzy R
for the music type signals with a mediafi4p 6 a2 Y SO KA Yy IYed IScanghSa8 Y & 6
a2dzyR 6KSy O2yOSy &Nl LS 02y )XKBd& NI ¥R a@dzyR ¢

This is a strong indication that regardless of signal typestiund insulatiorat 56 dB does
not ensure privacy if the source level is abd56 dB. This experiment demonstrates thdt di
ferent sound samplesvere judged differently.lt is found that music is judged to be heard
more clearly than droadbandnoisesignal This was seen for increasingvalues. At low ai
borne sound insulationfoapproximately 20 and 30 dB, not much difference was observed. In
GKAa SELISNAYSYy(ds oOoNRBIRoOolYR y2AaSoudlinsulayog G | &
rose beyond 40 dBComparison of the music type of the sound source revealed that Eminem
was judgedo be more audible in the presence of high sound insulation than Beetha\en.
hough the sample size in this experiment is small, conclusions regarding sound perception can
still be drawn.lt is concludeal that music is heard more strongly than broadbandsegin line
with everyday experience.

These findings apply to the spectral shape of the sound reduction index as shown in
Appendix V, b) where no frequency dip is introduced in the frequency depending filter-coeff

cients.
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5.2.2 DetectingDifferences inSound Sgnalswith equal SPL
Followingthe pilot study (1% experiment) the aim of this listening te2™ experiment)was
to find evidence that the loudness of different types of sound signal is judged differestly d
pending on the type of signal. In this test, one hundred untraipadicipants(92 male, 8 -
male)were asked to listen to sound samples via loudspeakers and to judge their loudhess.
participants had selfeported normal hearing abilitieand the medan of age was 46. Thefdi
ferent presentation method of the acoustical stimuli was needed because the test was co
ducted for all participants simultaneously. The acoustic stimuli were played in diffegent s
quences for the participants to decrease the or@dfiects. The stimuli offered were the ele
tronically filtered sound samples which were obtained using a filter function representing the
sound insulation of interest.
The experiment involved 5 different sound&/N, PN, E, B, and Rth three different
sound levels(i.e. 40, 50, and 60 dB SRind was designed such that every sound was\-co
pared against all others. The participants were therefore presented two sound signals at the
same sound pressure level sequentially. The duration of each sound samplg sv&ach
sound pair was played in a row, and the participant was asked to decide whether the latter
sound was louder or quieter than the former and was asked to rate the sound-dm +5,
wheresp AYRAOI 1Sa aYdzOK IjdzA SGENBzOK T SA#R S NS dzl £ ¢
In contrast to the pilot study the participants were asked to decide which sound appears to
0SS 6f2dZRSNE AyaidSIR 2F a0t SFINBNED® ¢KA& OKIy3

evidence thatdifferent sound samples having same sound pressure level appear to be heard
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differently in a subjective aspectherefore three different sound levels were compared i
stead of different filter functions as was done in the first experiment.

In the experimat, all 5 sounds were joined in 12 pair comparis(geh as WN: WN vs. PN,
WN vs. E, WN vs. B and WN vs. PS; at 40 dB, 50 dB to 80sdBhd sample could accumulate
at most-60 points over 12 pair comparisons. By extension, for 100 participants, & saom
ple could reach at mos6,000 points over a total of 1,200 pair comparisons, represenéng
points per pair comparison. The test agt and detailed results are shownAppendix M.

The 5 soundéWN, PN, E, B, and R&ched the following points

w WNreached-1,066 points in all 200 pair comparisons (£0.89).
w PSreached-433 points in all 200 pair comparisons (20.36).

w PNreached-254 points in all 200 pair comparisons (@0.21).

w Breached+543 points in all , 200 pair comparisons (J045).

w Ereached+1,210 points in all 200 pair comparisons (@: +1.01).

(Note: score offset, i.e. plus and minus points sum up sometimes.)

The 5 sound variables calculated in accordance with the above strategy (point averages
from 12 pair comparisonsyere compared using both thetést for related samples and the
Wilcoxon test to determine whether the mean differences between the noises (whether softer
or louder) were significant (i.e., whether the differences could be generalized and applied to a
larger population). The difference between the two variables was tested in advance using the
KolmogorovSmirnov test for normality. If the difference was based on a normal distribution,
the t-test could be applied to related samples; otherwise, the 4panametic Wilcoxon test

was applied.
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The analyses showed that theand Wilcoxon tests produced the same result with regard

to the significance of the differences between the sourldsi d HSNIBER KA OGS y

62b0 NBOSAOORILEBRFOIXFEEI Gaxx83G85ad LISNOSAOBSR
LI ANB YR Fff &adzoweSOtGa O02YLI NBSR® 9YAYSY 069
YIF1TAYy3 AG GKS t2dzRSaG LISNOSAQPGSR az2dzyR &l YLK
¢2 adzYYFNAT S GKS NBagk AiaS xybasnddsdh 3WREEGERAY SR
jdzA SGS&aid LISNOSAPBSR az2dzyR al YLX S lo2dzi GKS

~ 7 A

OYAYSo%y (KS 2@KENICKIREBRS 082 ¢zRAS &G LIS ND
y

ADSHK

w»

F6o2dzi GKS O2YLI NRazya 2F +tf O2dzLJ S yR | ff
tKSasS lylfeagsd akKAFJWIKRFSFAKES RAFFSNByOSa
Vy2AA4S 062b0 &2dzyyR& OAA fKIEKEREA2 EFASR OF § 0 818 dz

2 0 KSNJ &2 dzyARsumimany dfdheSrésdits is shown Riig.5-14, where the boxplot of

the responsdlistribution of the data samples is depicted.
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¢CKEYGSNILINBGF GA2YCABEWMAGK S KNBadAg §2 68WI @I f dzS
f 26SNJ LISNOSLIiA2Y 2F F LI NGAOdzE  NJ a2dzy R 0O2Y
gl a 20SNIff 2dzRISR G2 0SS (GKS ljdzASGSAaGES 6 KA

NBadz §a 2F GKSaGA®MIOB LIAE 20 &dz2NBSe

5.2.3 DetectingDifferences inDamped Sund Sgnals with equalR-values

The goal of the third listening te$8 experiment)was to find evidence that the perceived
sound level after transmission differs with frequency, depending on the nature of airborne
sound insulation (all types have the saRevalue).

The equipment used and the procedure of this test was the same addirst test. The
experiment involved 5 different sounds: WN, PN, E, B, and PS, as for the second test. All source
signals had a sound pressure level of 85 dB SPL and a duration of 15 s.

Eleven untrainedarticipants (8 male, 3 female) were asked tdlisten to sound samples
through headphones (Sennheiser HD 280 pro) and to judge the sound by answertagpce
questions.All participants reportechormal hearingand the median of agef the participants
was 42 Five types ofirborne sound insulatiod A @S @3 FAf ( SN & IISNB> (514
¢tdL¥ ®wla Iy SEGSYRSR NBFSNBy OS], iStteNghtSdbe 4 KA OK
reference for a sound reduction index of 50 @B = 50 ¢(2; -6) dB)

The sound reduction indeR, of the filter types is depicted over frequencyhig.5-15.
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Figure5-15: Sound reduction indeR, over frequency fothe filter types(d ¢ I\£).

The participants were asked to listen to the sounds and to rank them from quietest to
loudest. Theyould listen to the sound samples as many times as they wanted.

The participantswere asked to select one of the following answeYs:quietest; 1- quiet;

2 - equal; 3¢ loud; 4- loudest.

The listening test was conducted such that a sound sample egthoven) was played to
the subjects through the different filter@i¢ to AVE). The test seup, data sheet and detailed
results are shown iAppendix MI. The participantsthen ranked the variants of the sound
sample from loudest to quietest. Adbunds per filter were averaged and combined for data
evaluation.This was done to compare the two filters rather than the sound signal. Anavalu
tion of the data collected after the listening test was performed.

The collected data are summarized and dised quantitatively irFig.5-16.
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Figure5-16: Results of the third experiment displayed as boxmbthe response distribution
for the data samplestype d& to VE. Note, the typedVg is the reference curve according to

ISO 7171.
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5.3 Model Implementation
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5.3.1.2 MeasuredAirborne Sound Insulation in aTest-Ste
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5.3.13 MeasuredAirborne Sound Insulation In-Stu
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As an exampl&ig.5-25, shows the measured sound pressure level and the corresponding

computed loudness level for different sound signals after transmission through a wall having

w{x 54 dB.
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Figure5-29: Calculated single valuescording to Eq4£7), @-9), and @-11), respectively.

The results presented in this section shows that a simple level difference as specified by the
loudness level difference.,) fictionally implies that, whei, > 1 a measured or unbiased
sound reduction indexR,) performs better than the calculate@value indicates.

However, investigating in detail the weighting) it becomes clear that this interpretation

can be false. This is seen by analysing the regrdsented in Fig.-26.

Consequently, it is concluded that a sound level differer2$ does not well reflect the effect

of the sound sourcepectrum on the airborne sound insulation. Therefore, a level difference is
considered not being a well reliabliescriptor for judging airborne sound insulation relating to

different sound samples.
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5.3.13.2 Successivénhancedw Qvalue

This part of the study focused on a situation in which a dividing floor between two vertically
situated rooms in a twdamily house of solid construction located in southern Germany was
reported to provide less airborne sound insulation than expected. The respective rooms under
investigation were the bedroom on the ground floor and the living roamtlee upper floor.
The building section and the floor plans are shown Fg,5lepicting the room configuration
and the direction of measurement.
The external wall, which was made of brick, had a levalue (the overall heat transfer coeff
cient), whit ensuredfulfilling the requirements for thermal protectianThe brickhad a dens-

ty of 650 kg/m3and the densityof the internal wallswere 800 kg/m3.
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Figure5-30: Sectiorview of the building anddor plans. The direction of measurement isiind

cated by an arrow. The receiving room was the bedroom on the ground floor, and the source

room was the living room on the upper floor.
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As seen irrig.5-30, the bedroom on the grounfloor has one external wall with a thickness
of 365 mm, one internal wall with a thickness of 240 mm and two internal walls witk-thic
nesses of 115 mpand 125 mm, respectivelfrhe living room on the upper floor has twr-e
ternal walls with thicknesses 865 mm, one internal wall with a thickness of 240 mm and one
internal wall with a thickness of 115 mm. All of the masonry walls \pkrgtered.

The sound insulation of the separating floor was first tested in its original state, yielding a
measurement ofin situ airborne sound insulation. It has been shown that the sound power
transmitted into a receiving room can be represented by the sum of several components from
different elements(e.g., walls, floor, ceiling etcthus, the influence of theesulting soundri-
sulation by different treatments was investigated on these flanking constructions (i.e., on the
walls).

The steps taken are described in cases 2 to 4. After each step, the airborne sound insulation
was measured again so that a direct quarison of the results was possible.

The construction being tested was a concrete floor base with a thickness of 180 mm and a
floating floor on top. The floating floor was built of cement screed with a thickness of 55 mm,
which was laid over the structurfibor but remained separated by a layer of resilient material.
The floor was covered with parquet. The fireatment airborne sound insulation refers to the
initial situation without any changes to the flanking walls and is referred to as case 1. The

charges to the flanking constructions are described in the respective casés 2

Case 1In the source room, there were three plastered masonry walls and one framed pla
terboard wall.There were two external masonry walls with a thickness of 365 mm, anihene

ternal masonry wall with a thickness of 240 mifthe plasterboard wall had a thickness of
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125 mm. The volume density of the external masonry walls was 650 kg/m3, and that of the
internal walls was 800 kg/mIhe receiving room walls were all masonrkiefie was one e
ternal wall with a thickness of 365 mm, one internal wall with a thickness of 240 mm and two
internal walls with thicknesses of 115 mm and 240 mm. All of the masonry walls ware pla
tered. The measured reverberation time in the receiving roaas 0.48 s, and the room ko

ume was 29.3 ms.

Case 2An additional independent frestanding panel consisting of 2 layers of plasterboard
with staggered joints and mineral wool in the cavity was built on the inner sides of the external

and one internalvall in the source room to reduce flanking transmission.

Case 3The same as Case 2, with additional independent panels at the two external walls in

the receiving room.

Case 4The same as Case 3, with the addition of two more independent panels I(ifeyra

walls in the receiving room had independent panels).

It was also of interest to learn how transmitted sound is affected by speech as a sajirce si
Yyt 0SOlFdzaS 20SNKSIFNAYy3I ySAIKo2dzZNEQ O2y BSNAI
the speet level was measured. The measured frequetiegendent speech level of a male is

depicted inTab. 58.
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a2

(p))
[N
(p))

Table58:{ 2 dzy R LINB&{atdNS R S®SH KS a2 dzZNDS

Speech levdlpeecnin dB SPLL{,= 75 dB SHL
Frequency in Hz
50 | 63 | 80 [100|125(160|200|250|315|400|500|630(800| 1k [1.25K1.6K 2k |2.5K3.15K 4k | 5k

28.530.0132.3/32.346.3/66.6/68.7/63.7/63.565.265.565.457.7/58.560.8 (58.955.1/54.347.1 |41.242.4

It is seen that the sound pressure level varies ffadHz to B0 Hz in a nearly stewise
manner. This indicates that less sound energy is generated below a frequency of Fs0rhiz.
100 Hz to1l60Hz, the sound pressure level risesry steep and beyondhe maximum sound
pressure level of 20Biz, it begins to fall off caimuously(see Fig. 8B1).

In addition, the background noise level in the receiving room was measured to assess
whether the background noise level influences transmitted sound in the receiving room. The
standard ISO 1628B describes how to apply a correction to the signal levebfiekground

noise. The measured frequendgpendent background noise level is showT ab. 59.

Table 59: Sound pressure level (SPL) of the background noise level.

Background noise level, genin dB SPLL; gen=29.7 dB SPL
Frequency in Hz
50 | 63 | 80 |100|125|160|200|250|315|400|500|630800| 1k [1.25K1.6K 2k [2.5ki3.15K 4k | 5k

26.6|19.019.917.817.211.113.217.5922.715.7111.0 8.7|10.412.( 12.7|12.613.312.1 10.5|10.011.2

Figure5-31 compares the measured speech level and the measbesttground noise level
and plots the hearing threshold against frequency. The absolute threshold of hearing according
to ISO 226 is depicted®ackground noise exists for frequencies more than 160 Hz above the

threshold, which means the background noiseeleis audible, although the overall sound
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pressure level of the background noise is very Iothe unweighted measured sound pressure
level wasleq speeci= 75 dBand the unweighted background noise level lasgen=29.7 dB.It
is evident that the baaiound noise level is reduced with increasing frequency. This ig-a ge

eral characteristic of background noises measured in the context of building acoustics.
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Figure5-31: Measured sound pressure levg}; speeci= 75 dB and background noise level

Leq,8en=29.7 dB SPL compared to the absolute threshold of hearing according to ISO 226.

The measurement of airborne sound insulationsitu followed the international standard
ISO 16823. This standard specifies a procedure to determine the effectiveakssrborne
sound insulation between two rooms in a building using sound pressure level measurements.
It was intended to be used for room volumes up to 250 ms.

The sound spectra were measured in ehed-octave bands over a frequency range of
50 Hz to %00 Hz. The procedure requires that one room is chosen as the source ramsm co
taining the loudspeaker and another room is chosen as the receiving room. Adicgational

loudspeaker@odecahedropwas used as a sound source with pink noise as a soura.sig
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The average sound pressure levels in the source and receiving rooms were measuted simu
taneously at several microphone positiofthe measurement equipment was a two channel
real time analyset KS Y S| & dzNBLY Swyal f8A&0G SR Ay | LIWSYRAE

Themeasurements were performed according to the procedure described and specified in
section 24.

Based on the original design defined in case 1 with an apparent weighted sound reduction
index ofw,(x52 dB,an additional independent frestanding panel otthe inner side of the x
ternal wall and on one internal wall in the source room yielded an apparent weighted sound
reduction index ofv {56 dB.This indicates that case 2 yielded an improvement of 4 dB.

The furring of two external walls in the receiginoom brought a further improvement of
4 dB, yielding a weighted apparent sound reduction index £f 60 dB.

Finally, adding two more independent panels to the source room yielded a funimer i
provement of 2 dB, resulting in a weighted apparent sotadliction index ofv,(x 62 dB.

The measured sound insulations for the different cases are summarized and listed in

Tab.5-10.

Table 510: Measured airborne sound insulation and improvement of the applied treatments

to the flanking walls.

Case Apparent weighted sound reduction inde  Improvement

wgC; §) DN g
1 52 (1;-6) dB T
2 56 (1;-4) dB 4 dB
3 60 (2;-5) dB 4 dB
4 62 (2;-8) dB 2dB
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Overall, it was observed that the initisl,@value of the airborne insulation was 52 dB;
after the final improvement, the measured weighted apparent sound reduction index was
w,{x 62 dB.

Each action was documented by calculating the value QfyieldingdOwv,@ The measured
effectiveness of frequenegiependent airborne sound insulation isdepicted in
Fig.5-32. The respective improvements in each frequency range are clear. The treatments on
the flanking walls resulted in an almost parallel shift in frequethegendent airborne sound
insulation towards higher values. However, it was obsébat below a frequency of appxe
imately 200 Hz, almost no improvement was reachEde reason is that the attached light
plasterboard partition to the wall, whose frame is attached to the insulated wall and the width
of several centimetres is filled witimsulating material does not improve the airborne sound
insulation significantly at low frequency. To improve the airborne sound insulation at éaw fr
guencies it is needed to increase either mass or width sufficiently. Both treatments were not
applicablein that case due to space limitations of the rooms.

On the other hand, Hongisto et al. (2015) stated that airborne sound insulation below 160
Hz seems not to be of primary importance for occupaams hence there might be no real
reason to improve the dorne sound insulation at lower frequencies. This result however is in
contrast to earlier published results yldliner et al, 2007, 2008 Park et al., 2008

The biggest improvement in sound insulation was observed in the middle and higher fr
quency raages. Remarkably, despite these improvements, there were still complaints about i
sufficient insulation. This is an example of how discrepancies in the new model caa be r

vealed.
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Figure5-32: Results of the masured airborne sound insulation for each caggd’ p HndiR .

cates the initial situation without any changes to the flanking walls (case 1

The measured airborne sound insulations were transformed by a digital filter to simulate
damping. Theprocessed signal, using the speech sound signal as a source signal, was used to
calculate a loudness level. The calculated loudness level of the receiving level, together with
the hearing threshold, is depicted in Fig3%& It is clear that the loudnessuel of speech was,
in all cases, above the thresholthe peak loudness level in the case of 5Zdind insulation
was 16.5 phon, and for 56 dB, it was 15.2 phon. This demonstrates that, in this case, an i
provement insound insulatiorof 4 dB reduces #loudness level by approximately 1 phon.

The peak value for theound insulatiorof 60 dB is 13 phon, and for 62 dB, it is 10.6 phon.

It was noted that all of the peak values appear in a frequency range of 400 Hz, which is also the
peak value for speecli is clear that the level drops as®und insulationncreases, which isxe

pected; however, even a high airborne sound insulation measurement of 62 dB does not result
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in a drop of the loudness level to below the hearing threshold. That means that a poesid
sure level of 75 dB SPL was audible in the receiving room, even fof@aalue as high as
62 dB.

Furthermore, it was noted that the frequency range of the loudness level above théhthres
old was reduced with increasirgpund insulation The widesfrequency range was observed
from approximately 250 Hz to 3#z for asound insulatiorof 52 dB, whereas the smallesefr
quency rangewas observed from approximateB15 Hz to 800 Hz for sound insulationof
62 dB.It is interesting to note that at lowréquencies, there was only a small shift towards
higher frequencies, whereas at high frequencies, a greater reduction in the frequency range
from 5kHz down to 800 Hz was observed. This shows that an increaseria insulatiorpri-

marily influences thesound insulationat higher frequencies.
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Figure5-33: Calculated loudness level] after filtering with the respective airborne sount i

sulation (v,p
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The differences in normalized loudness level and in weighted normalized loudness level for
the four cases are discussed in detail. For comparison, pink noise is used in addition to speech
level because it is commonly used as a test signal in standard procedures to measure airborne
sound insulation.

It is therefore of vital interest to knowow the broalband noise signal influences these r
sults compared to speech.

The computed idealized airborne sound insulatibrp)as defined in Eq. {4) was obtained
by calculating the frequency depending values of the construction and filtering the respective
signal yielding the level of interest in terms of a loudness léygh The calculated weighted
sound reduction index iR, = 64 (2;-6) dB.

In Fig.5-34, the normalized level difference and the weighted normalized level difference
for different airborne sound insulations are shown.

From comparison, it is clear that there is little difference between the different sougid si
nals if the level difference ionsidered.The higher the single value of the airborne soumd i
sulation, the closer thenormalized loudness level difference comes to ufiity., the measured
and predicted airborne sound insulation values match).

It was noted that the normalized levelférence did not differ significantly between the

two signals.
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When the normalized loudness level difference is weighted, a clear change is observed. As
the sound insulatiorincreases, the weighted normalized loudness level difference decreases;
however, it was observed that for speech and lewmwnd insulation the peak value was higher
than when pink noise was used as a source si(peaFig.5-34). This indicates that the spe
trum of the signal is vital for the calculated results and the weighted normalized loudness level
difference.

In addifon, for the frequency range above the threshold, there was a reduction in loudness
with increasing sound insulation. The widest frequency range was observed betweeniapprox
mately 400 Hz and 2,000 Hz fosaund insulatiorof 52 dB, whereas the smallesefuency
range was observed between approximately 400 Hz and 1,000 Hzsoural insulationof
62 dB.

It is interesting to note that at low frequencies, there was no shift towards higher freque
cies, whereas at high frequencies, a greater reductiothénfrequency range from 3,150 Hz
down to 1,000 Hz was observed. This confirms the previously reported (dbauer and
Kang, 2014) that an increase in sound insulation primarily affects higher frequencies.

In order b compare the calculated valugsth the new approach, single values of therno
malized loudness level difference and weighted normalized loudness level differences were

calculated by applying Eq.-{4 and (411). The results are depictedig.5-35 a,b.
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Figure 5-35: Calculated normalized loudness level difference (a) and weighted normalized
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source sound signal was 75 dB SPL for both, pink feiyeidspeech level§peech

Figure5-35 a shows that the normalized loudness level differencg does not discrira
nate between the two sound signals; however, it is clear that the difference in the airborne
sound insulation is in agreement with the increasm@alues.In Fig.5-35 b, an inverted pt-
ture is drawn comparing the normalized loudness level differebgg @énd the weighted ne

malized level differencel (). It is observed that pink noise yields a grouped result (i.e., low
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sound insulation causes greater values than higher sound insulations). This means the values
w,{x 52 dB and 56 dB show close lesuvhich was also seen for,{x 60 dB and 62 dBhis is
in line with the results in the literature showing that pink noise has little fluctuation strength
(Neubauerand Kang, 2013)and hence, its influence decreases with increasing soundainsul
tion. This result, however, does not hold for speech, and it is seehign5-35 b that the
weighted normalized loudness level differendg,(,) clearly discriminates between different
sound insulations. This correctly depicts the influence of increasibgrne sound insulation.
These results indicate that the best value is the highest numerical value; that vgan
value of 52 dB is predicted to have the lowssund insulatioreffect, while anw,@value of
62 dB is predicted to have the highesstund insulatioreffect. The results of a related subje
tive assessment imply that sound will still be heard because the value is notlarkig.5-36,

the calculated relative improvement in sound insulation with reference to 52 dB is depicted.
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Figue 536: Relative difference ofv,£and L, for different airborne sound insulations with

ref. 52 dB. (PN) indicates source signal pink noise and (Speech) indicates source signal speech.
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It is seen that improving the airborne sound insulation in thseeps [i.e., $2-56 dB), (56
60 dB), and (6®2 dB) increases the relatedv,Qvalues linearly, whereas the introduced
weighted normalized loudness level differentg,(,) does not appear to be linear.

While the standard method for calculating the@alue revealed a linear improvement for
each step of increased airborne sound insulation of approximately 8, 15,18%g the
weighted normalized loudness level difference method yielded vdivek,q,,, (PN)of around
1, 8, and9%and forL,qrw (Speechdf around 3, 7, 10%, respectively.

Furthermore, the model discriminates well between the two sound signals. The airborne
sound insulation, expressed as aalue, is not proportional to thé,, value, which is in
agreement with perception theory. Thinonlinear dependence of the two values indicates
that a simple increase in a certain airborne sound insulation value does not automatically lead
to the same numerical increase of a subjective assessment of the sound insulation.

It is interesting to notahat in the case of less airborne sound insulation, the difference of
the relative improvement between both signals is larger than for higbend insulation

At an airborne sound insulation of 62 dB, almost no difference between pink noise and
speech is reported. This is an indication that the fluctuation of a signal becomes depressed in
the presence of higher sound insulation, which is reasonable becauser Sigined insulation
reduces favourably at higher frequencies. This is in line with data presented in38igwBere

it was seen that greatest reduction in thg,~value was at higher frequencies.
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p b Case distinction offie six conditions foiLnor w

In this section, distinctions between the six conditions of Ed.1{4are demonstrated. To
this end, two different examples are investigated.

First, the results of theoretical calculations for different airborne sounsdilations are d-
picted and compared. In this investigation, findings for the same material but different ai
borne sound insulation are compared. Second, the airborne sound insulations investigated in
section5.2.3 (seeFig.5-15) are examined and compade From this investigation, important

findings regarding the equal airborne sound insulation were obtained.

p ® o Pbhiffemant Airborne Sound Insulation

In this section, different concrete airborne sound insulations of different thicknesses-are i
vestigated. The calculated airborne sound insulations are depicted in the previous section in
Fig.2-9, and the detailed calculation values are depicted\ppendix X

For this investigation, data required for an unbiased evaluation of airborne soundtiosu
wasnot available; hence, a simplified expressioas used, though with little loss of accuracy
because the objective was to obtain a probability measure of differenties.most obvious
first step is to assume that the hypothetical airborne sounsulation follows the frequency
dependent values of the ference curve, according to ISO 717. The reference valyessed
to compute the difference in weighted normalized loudness leNi#&rence(L.or ) Were taken
from the shifted reference curvexgin in ISO 72w | & | &dzo aGAGdziS cF2NJ |
tion. That is, the calculateB-value and the shiftedRvalue of the reference curve were taken

to form the filter function to process the signéih AppendixX the calculated values of theap
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rameters, in particulaR, (C G;) andLw, are depicted for a single wall construction oheo
crete with a thickness ranging from 100 mm to 400 mm in 50 mm increments. By comparison,
it is clear that the,,. value decreases with thicknesa.section 4.3, it was shown that Eq.-(4
11) is case sensitive (i.&norw depends on the individual results of the level differences and
the weighting).

Again, the following regions occur depending on the six conditions:

) Lor> 1@W>1Y Lygw>1

1) Lo <1@W<1Y Low<1

M +1V)  Loa>18Ww<1Y Low< 1ULow>1

V)+ VD) Lo<1@W>1Y Liw< L0Lgu> 1

In searching for an airborne sound insulation that fulfils the conditioiasV|, it was -
served that a certaiirborne sound insulation is sensitive to the excitation (i.e., the type of
sound signal applied). Therefore, in fulfilling certain criteria, the source signal must bd-consi
ered as well.

In Tab. 511, examples of the calculated sound reduction indgx(C G,) for different re-
gions of the six different conditions yielding the difference in weighted normalized loudness
level (orw) are presented for comparisoAppendixXll shows the results ofab. 511 in de-
tail. It can be seen that the sound reduction indey as well as the C ar@ values, differ -
pending on the sound sample used.

This is a strong indication that the specific fluctuation strength significantly influences the

result of computing the weightedarmalized loudness level difference.
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Table 511: Examples of calculated sound reduction inéXC G;) for the different regions of

the six different conditions yielding the weighted normalized loudness level diffelgnce

wS3aAF [yan 7] [y2nzs wo/ iy /  { 2dzy / 2y ai N3z
L >1 >1 >1 65 (2;-6) PN, WN 300 mm concrete
LL <1 <1 <1 54 (1;-4) PS 150 mm concrete
LLL >1 <1 <1 49 (1;-3) PS 100 mm concrete
L+ <1 >1 <1 59 (2;-5) PN, B, E 200 mm concrete
+ <1 >1 >1 69 (2;-6) PN, E, PS 400 mmconcrete
+ L >1 <1 >1 50 ¢1;-1) WN, B T

Combining all of the results for the single wall construction with a thickimetse range of
100 mm to 400 mntor different source signal types reveals that some spreading of the
weighted normalized loudnedsvel difference occurred. This can be seefkim5-37, where
the upper and lower bounds of the results are shoknC A@opzA G OFy ©S &aSSy
g tf O2yadNHzOGA2Yy aK2ga GKS o0Sad NBadzZ da 7
F2N) GHESSYINI fATYyIE a9YAYSYeé>S F2N) 6KAOK GKS
OF £ Odzf F ISR YSIYy | YRDadcPpRMNR RSOALI GA2Y

¢KS NBadz Ga F2NJ 0KS GNIyaiasSyd aA3Iyl A m LI N

GKFG 0KISSNRINRSRAEY dS AfA2dzRSNI G Ky LI

O
(et
(s}
Q)¢

d2dzy R AyadZ FiA2ys GKS O2yaiNdzOGAz2y &AStRE |
LYGiSNBalGAy3Iftes (KS oaivdr S dieSkagit RS2RdzyliRK SA yoa2diEl (i AN

Yt S0 f dzZS0d ¢KAA A& |y AYRAOFGAZ2Y 2F GKS

ax
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grey line indicates the region for the individual results.

LY FTRERXBNRYROIYR y2iasS aixaylrta aLAY] y2A:
KAIKSal [@GhFAM8al 2F O2yONB IS gLft GKAOlYySaasSs:
GKA&d Y2RStX (KAa AYyRAOFIGSa GKIG GKS NB®@dz G-
OSLIKBY ®NRI RoOFYR y2AaS aAraylfta R2 AYRAOIGS
GKFY LINBRAOUGSR 0@ Furtmrgos(OtiwasdBsented thattide roasbanid
noise results are greater than unity for &|-values, indicating that the sound insutai is
supposed to be greater than calculatgdK A & O2dzZ R 6S 06SOl dzASndiKS &
ddzf F A2y A& LISNOSAQOGSR G2 0SS INBFGSNI dKIy (KS

In the subjective test, it was found that white noise is judged to be ovguidter than the

other sound sampleéseeFig.5-12). It was concluded that, in this study, white noise as a test

signal causes a perceived fictive increase in the airborne sound insulation.
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p ® o PEqdatAirborne Sound Insulation

The airborne sound insulation with an equal single number value but difféant G, val-
ues, respectively, is depicted in sectibr2.3in Fig.5-15. The detailed airborne sound insul
tion curves of the respective airborne sound insulations are sitsawn inAppendix M, b).

The detailed results are depicted Appendix X, a) toe).

In Appendix Ml b) and c)the frequencydependent normalized loudness level difference,
the weighting, and the weighted normalized level difference for cdsedV are shown. The
loudness level difference does not differ between the sound signals. A large spread, however,
was observed for the weighted normalized loudness level difference. The smallest deviation
was observed for cadé

From comparing the apparésound reduction indeR, as depicted irAppendix Ml b), it is
obvious that the frequency curve is rather even (i.e., no distinct frequency dip is observed in
the sound insulatiorcurve).

In Fig. 5-38 and 5-39, the results of the normalized and thveeighted normalized loudness
level differenceLno, and kory) areshown Although the single numerical values for airborne
sound insulation are identical, the normalized loudness level difference and the weighted
normalized loudness level differendeviate considerably with the signal type applied.

Figure5-38 reveals that white noise shows the smallest deviation, followed by pink noise.
The music type signals showed the greatest spread.

It is interesting to note that depending on the sound sigtia, normalized loudness level
difference is either above or below unity. However, inspection of the detailed resaés -
pendix XI, d) reveals that case [i.e. R, = 50 €1; -1) dB, shows highest values for all sound

samples. The calculated mean andi Y R NR RS @A Helh AF2MEO°PBANI G KS Ol 3
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Comparing the values in Appendix X3l and c), it is clear that the frequenrdgpendent

normalized loudness level differences do not result in great iiffees for different sound i

nals. The single values for the loudness level difference, however, differ for different sound

signals.
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Table 512b2 NV I £ AT SR 2 dzRY S[a.83 NBSUASI R RMYF TENERHFO Sa 16

FSNBY (LI@I&A F PF ) R. @

_ b2 NI £ AT SR f 2dzRy § A6
Ry=50dB F2NJ RAFFSONBY ( &
Case ofC/ G, PN WN B E PS

' 1.099 1.118 1.049 1.079  1.105
I 1.010 1.100 0.934 0.931 0.975
il 0.985 1.104 0.897 0.906 0.941
vV 1.006 1.041 0.925 0.951 1.014

Mean 1.025 1.091 0.951 0.967 1.009
Standarddev 0050 0.034 0.067 0.077 0.071

The weighted normalized loudness ledifference (Lyorw) I NB dzLISR A Yy &® dzy R 3

the four cases are shown kig.5-39.
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FT

Ry=50dB T2NJ RA SNBy i 4&2dzy

Case o2/ G, PN WN B E PS
' 0.975 1.024  1.023  0.988 0.950

I 1.227 1.102 0936  0.933 0.964

I 1.260 1.259  0.938  0.915 0.954

IV 0.974 0974 0973  0.901 0.884
Mean 1.109 1.090 0.967  0.934 0.938
Standarddev 0 156 0.125 0.041  0.038 0.037
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the airborne sound insulation d&, = 50 (1; -1) dByielded results for all sound samples close
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meaning that spreading was highest for different sound signals, indicating that the predicted
airborne sound insulation was subjectively overrated.

It is interesting to eamine the construction case itself (i.e., for a const@nt 50 G G;) dB
but different sound signaldnd how the normalized and the weighted normalized loudness
level differenceslion Loorw) performed5 SLISY RAY 3 2y (GKS a Ol lau8- 3 NP dz
ness level difference was either above or below unity. However, inspection of the detiled r
sults(see Appendix MJ €)) reveals that caseéi€ (i.e.,R, = 50 ¢1; -1) dB) showed the smallest
deviations for all sound samples. The calculated meanssamidard deviatiorfor O I aléSor &

the normalized loudness level differenase: 1090 ° 0.027.
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Table 514 b2 NI f AT SR t 2dzRy S&a0, { BB RRAFISBHY 04 2

INP dzLJISR WR &O0IBFS PTG R. @

b2 NY It AT SRt RAFRFSINR

Ry=50d8B T2NJ RAFFSNOYW O

Sound sample: | (-1;-1) 1¢1;-6) IE3;-7) IV EL-4)
WN 1.118 1.100  1.104 1.041
PN 1.099 1.010  0.985 1.006
1.079 0.931  0.906 0.951
1.049 0.934  0.897 0.925
PS 1.105 0975  0.941 1.014
Mean 1.090 0.990  0.967 0.987
Standard dev. g 027 0.069  0.084 0.048

Comparing the frequenegiependent values presented Appendix Xl, b) and c)it is clear
that the frequencydependent normalized loudness level difference does not differ greatly for
different sound signals.

The single values of the loudness level difference do, however, differ for different sound

signals. The weighted normalizédudness level differenced(,) for the four cases are

X«

showninFig54L.Ly ¢mMpdiKS YSFIya FyR GKS adl yRINR

Al YLEBAGKS 6SAIKESR y2NNI{f ASRKRENBIARNEaAEYiS@

173



Chapter 5. Validation andhplementation of theLoudnessBasedModel

130 ¢
g 125 ¢ l\\
g F Vad ‘
5 120 '
E'D:
- 115 DN
s
2 110 o ®PN
%
Q L
£, 105 £ aE
L :
o~ 100 % 3
2 [ X B > B
T 095 % < ¥
S o090 ¢ TA- A XPS
- L XK
S 3
£ o085
® :
5 i
2  os0f ' ' ' :

1(-1;-1) Il (-1; -6) N (-3; -7) IV (-1; -4)

R, =50(C, C,) dB

CAJdpzneS 2 SA 2RISR AV SR 2 dzRY S[a.AEFHNPABA IS RR MFF SONBAY"
Le &%F @a/quR. TFT2N RATTSNBYKIS &d2LdrySRNJ alHyYRLUJIE (5286 S N
fAYS AYRAOIFRNG (KSS ANRAMRAYR Az £ NBadz (&

Table 515 Weighted 2 NY' I £ AT SR 2 dzRY S §,%w T SMS R A RASNIEWEB

a1 YL Sa INRPAABR By PFadR.

R.= 50 0B 2 SAIKAMNRE AT SRt 2dzRY S48
T2N RAFTFSNEYWwW OF &¢
Sound sample I (1;-1) Il -1;-6) I E3;-7) IV €1;-4)
WN 1.024 1.102 1.259 0.974
PN 0.975 1.227 1.260 0.9741
0.988 0.933 0.915 0.9010
1.023 0.936 0.938 0.9728
PS 0.950 0.964 0.954 0.8841
Mean 0.992 1.032 1.065 0.941
Standard dev. 0.032 0.129 0.178 0.045
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b2GFof & DhaSYHTtSNI GKFy dzyAde F2NI It &2dz
AyadzZ FGA2y Aa GK2dAKG (G2 0SS fSad aLINRPGSOGA GBS
OverallLi KS  ANDb 2Ny S a2 dz6R ayeamde HKAS2a0 S25H KRIBESIIZE di |
sound sample, meaning that the airborne sound insulatiorRpf= 50 €1; -1) dB yielded
results forthat sound sampleabove andclose to unity. Inspection ofab. 515 aswell asthe
detailed results (see AppendiXiX6 0 NB S| fl& dAK2 @a O a8 wOdde I G SR
ard deviation ofiLnory=0.992° 0.032.¢ KS +F AND 2Ny S &2 dzy RE AlyWERIZ d (0 A
was the worst, meaning that the spreading was highfer different sound signalésee Fig.
5-41) and indicating that the predicted airborne sound insulation was overrattpared to
the measured value

In conclusion, the construction with an airborne sound insulatioR,0f 50 ¢1; -1) dBper-
forms best independent of the type of sound signal applied, in terms of the model intexrpret
tion. This does, however, imply that the calculated or theoretically predicted airborne sound
insulation is likely to perform as subjectively expect8@uis does not meaihat the airborne
sound insulatin would subjectively be judgeslfficient to avoid annoyancdut implies that

the calculatedsound insulationis close to the subjective sound insulation.

5.4 (onclusiors

This section discussed the newly introduced modeterms of objective and subjective
measurements of different sound signals and different airborne sound insulations. In this
chapter, the model was validated with three objectives:

First, the behaviour of the model was investigated by applying diffeseand signals (i.e.,

steady and nonsteadystate signals).
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As was shown in the previous chapter, the model is sensitive to the test signal as proven
through measurements. In this chapter, it was demonstrated that for different sound signals, a
simplesound pressure level difference does not correlate sufficiently with subjective sasses
ments. In this chapter, the investigated sound signals are shown in detail and are differentia
ed into two groups: steadgtate signals and nesteadystate signals. Thessignals werenk
vestigated in terms of various psychoacoustical parameters. From these investigations, it is
shown that the psychoacoustical survey measures of specific roughness and tonality yield zero
values for highsound insulatiorand are therefore mitted from further investigations in this
research. Sharpnessanother important psychoacoustic measure used to describe a sound
signal- was also omitted due to the fact that it shows the highest values for broadband noise
signals compared to music tyg@nals. This result was unexpected because sharpness iIs usua
ly a measure of the high frequency content of a sound. However, to assess construction in
terms of transmission loss, sharpness was classified as an unsuitable predictor. Furthermore, it
is shavn that loudness level derived from different sound signals was not linearly related to
sound pressure level, underlining the hypothesis that sound pressure level differences do not
correlate well with the subjective assessment of airborne sound insulatieasures. The
method used to simulate the transmission loss (i.e., the airborne sound insulation) electron
cally was proven to be reliable. The calculated error depended on the signal used as @&n excit
tion by less than 3%. An investigation of the speflifictuation strength revealed that broh
band noise signals have little fluctuation strength, as expected, butsteadystate signals
show a noHinear dependence on sound pressure level. Furthermore, it was shown that, d

pending on the time spectra ohé signal, fluctuation strength rose steeply with increasing
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sound pressure level. In addition, it was shown that specific fluctuation strength depends si
nificantly on the frequency spectra of the signal.

Second, the model was validated by applying sttije tests gection 5.2). It was shown
that, depending on the level (found insulationthe different sound signals were judged-di
ferently. The subjective tests also conducted revealed that the type of sound signal was judged
differently if the sound irsulationwas constant, supporting the findings of the pilot survey. It
gla Ftaz2 aKz2gy GKFd 6KAGS y2AasS gFa 2dzR3ISR
sounds investigated.
The difference in frequenegependent airborne sound insulation for differeexcitation sy-
nals was investigated subjectively, which revealed that certain constructions with the same
numerical rating R,-value) are judged to be subjectively different.

Third, the implementation of the model in section 5.3 shows that the modelectyr de-
picts frequency dips in theound insulatiorcurve. To validate the model on characterizet-co
structions, measurements of various salimde bricks were taken, and the results support that
the model is sensitive to the type of excitation signal. presented investigation supports the
findings of the previous sections. This shows how the model behaves with regard to different
airborne sound insulations and how it depicts various improvements in airborne sound-insul
tion on the same structure.

Finaly, the case sensitivity of the model is specified and shows how the model can be used
to investigate a structure to yield the best results for a specified excitation. This result dete
YAYSR (GKS G06Sadée O2yaidNHzOGA 2y meaadNhatan®©S NI | Ay

pected result correlates highly with a hypothetical reference value).
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6 DISCUSSICN

This research aimed to improve the assessment of airborne sound insulation by combining
objective and subjective measures.elTprocedure for calculating airborne sound insulation as
provided by the European standard EN 12354, which was the basis for the internatiortal stan
ard ISO 15712, as well as the procedure for measuring airborne sound insulation according to
the internatioral standard 1ISO 16283 in association with the international standard 1S®, 717
yields single number ratings. These ratings are especially suitable for comparing the perfo
mance of alternative building products, materials, and product data and to formrdagigire-
ments given in Building Regulations as needed for dwellings, flats, houses and other habit
tions where people live in adjacent rooms. However, these ratings, as the literature review and
results presented in this work show, are not suitable for panng the perceived efficacy of
insulation.

Although the debate about the correlation of an airborne sound insulation and its subje
tive assessment is long and well documented in the literature, as shown in Chapter 2, three

further points needed to beliscussed:

1 To identify the differences between design predictions and the measured performance
of the case study building

I To assess the role of the tools used in the prediction and analysis of airborne seund i
sulation

T User Needs and Expectations
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6.1 To ldentify the Differences betweenDesign Predictions and the Measured
Performance of theCaseSudy Building

Based on the results and analysis in this thesis, it is feasible to use standardized ba#ding a
aSaavySyild YSGK2R&a& G2 S dtef Tdztoinare lcalcaladethd easyirdd & LIS
data, thecalculation schemdighlights differences in calculatiand measurementesults. It
is therefore useful examining the residualdifferences more closelin order torecognizereal
performance problems. By aligning thelculation schemas closely as possible witbal situ-
ations and conditiongn buildings, a valuabletool for finding performance problems ishe
tained. Thisvork describes a key novel concept that enables the adjesit of thecalculation
schemesuch that it matches actual building conditions as closely as possible. The two main
contributions of this work are the airborne sound insulation performance comparisom-met
odology and the subjective performance assessmentcedure that integrates two perspe
tives (R,-value andvaluation). The calculation schemallows an assessor to identify a larger
number of performance problems in less time per performance problem compared with other
standard methods by comparing measuradd simulated airborne sound insulation pearo
mance dataThe case study partition showed a measured airborne sound insulation of 52 dB
and an idealized airborne sound insulation of 64 dB. After improvements to the flanking co
structions, the airborne soud insulation was raised to 62 dB.

Overall, these results indicate that the performance gap is the result of comparing three
variables: a design prediction, empirical evidence, and an assessment by the resident. This
leads to a challenge in performangeediction, but it is important to consider how much

sound protection a building is likely to need.
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6.2 ToAssess theRole of the Tools used in thePrediction and Analysis ofAirborne

Sound Insulation

The result of predicted airborne sound insulationdyartition reflected the construction
information well, although the case study demonstrates that having an accurate idea of actual
use and occupant patterns at the design stage is not necessarily sufficient to close the perfo
mance gap. Whilst the airboe sound insulation prediction may be more representative of
how the building will function during use, the total prediction is thought to always be higher
than reality due to activities of the inhabitants. Thus, signals that focus on the buildingn-desig
er and how they will use their tools may be more beneficial.

This work has shown that a thorough prediction model can provide a better estimate of
measured airborne sound insulation if the likely operation of the building is considered. Ho
ever, in the casstudy, the airborne sound insulation was overestimated compared to the su
jective expectation, warranting further investigation.

Although this new approach has proven to be a useful design tool, it lacks a sufficiently
large quantity of data to inform bechmarking or future design processes. Much moresa
data, compared back to design predictions, is needed. It is thought that in the near future, it
will be possible to simulate and accurately measure the room and building acousticgaram
ters, which wil enable the implementation and use of simulation and measurement algorithms
in prediction models to simulate the subjective experience of airborne sound insulation.

The use of psychoacoustic parameters in sound design is well established, as are sound
quality assessments. However, no link exists to assess a sound in a room that comes from a

YSAIKo2dz2NDRa | OGAGAGE 2N SPSYy FTNRY (GKS o2dziadAr
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grams, which enable modelling of the sound signals flowing through thditgiidnd to the e-

ceiver. A recording of the sound level at the site of future construction enables the architect to
judge the residual sound level in the finished building. The auralized sound can thus be used in
the present model, opening the possibilit§y demonstrating effects and for teaching and i

vestigating sound effects by variation of construction parameters.

6.3 User Needs and Expectations

Leaman Chapter 10 inCole and Lorch, 2003) (i | (98c@ ¥he @arly 1990s, Building Use
Studies has card out 150 studies of buildings, mainly from the point of view of thei-occ
pants but also often including their environmental and technical performdnegitably, the
question of global similarities and differences arises, especially in terms of Buildiza SiNE Q | |
tudes and preferences but also in comparisons between the buildings thengselves.

In general, there are problems with controlling for context; thagis,Leaman pointed out:
ooperating circumstances are so different from one case to thethakit is often impossible
to be sure that an accurate comparison is being made. There is too much uncontrollable (in the
adrdAradAort asSyasSo QGFENRARFGA2YS FyR GKS uRFGF |
sionsé In addition the complexityof buildings as total systenshouldalsobe considered

Leamanfinally statesy & &I G GKS fA1Sa YR 0SKI@A2dzNE 27
use and work in buildings every day but usually have no active part in designing or managing
them all have dferent needs and expectatiogs

As Coope(1982)SE LI | Ayaz O2 Y Tt constiutts/whichN@lact thedB  d

liefs, values, expectations and aspirations of those who constructthiem
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Even ifsome evidences given thatindoor environmentamight converge to an overallca
cepted valueliterature shows thatefficiency wellbeing and satisfaction are strongly related
to comfort. In other words, the better occupants think the indoor environment is, the more
likely they are to say that they are productive, healthy and happg I YI y O20a0f dzRS |
wanted noise in a building is oftensymptom of poor desigieam and managment intega-
tion.¢

Annoyance or noise awareness is an overall evaluation of disturbances and unpleasantness
of noise in general and is therefore subjective; thus, the social and cultural backgrounmds of o
cupants hae an important influence on their subjective attitudes to noise and must be co
sidered in addition to physical parameters. Therefore, the complexity of an awareness of noise
yielding to annoyance and the description of a certain airborne sound insulattdoh means
more than only the determination of annoyance, cannot be simply described with a sigle p
rameter because many factors contribute to it.

Hence, individual, contextual or physical variables causing a deviation from a simple ave
age measure suchs a single number rating must be determined with respect to an improved
understanding of annoyance as caused by neighbouring noise.

It is demonstrated especially well in this work by comparing objective and subjective
measures that a single number doast encompass the subjective impression of a heard
sound. This is in contrast to results published recently by Ljunggren @044) who asked
study participants to rate annoyance and derived a correlation between the rated airborne
sound insulation andw £+ Gos159). This resulimight beinaccurate due to the structure of the
questionnaire because results of asurveyaibl2 6 | 6 f & YdzOK Y2NB NBf Al 6

YSI adNBaé GKIY a1Ay3 LINIGAOALIYGE RANBOG |jd

182



Chapter6. Discussions

By comparing constructions with equal numerical values of airborne sound insulation, as
shown inFigs. 515 and 5-16, it can be seen that different frequenalependent airborne
sound insulations yielding the same single number rating perform differeménvjudged sh-
jectively. In particular, the results depicteth Fig.5-16 demonstrate that a single numerical
value does not correlate with subjective assessments.

This work showed that different sound samples are judged differently in their loudness.
That is, musidike sound samples were assessed to be louder than broadband noise sound
samples. This result is presentedHig.5-13. The hearing tests conducted in this work, hawe
er, are limited in that sense, that no analysis of gender, age and cultiffatetices were
made, which could be considered for future work.

The model presented in Chapter 4 provides a link for building a measure that is both obje
tive and subjective to ensure that sound insulation fits a certain demand. This loudnesk base
model must compute the loudness level difference and the specific fluctuation strefgth.
compute the level difference, the sound pressure level at the source and receiver must be
transformed into a loudness leveThe example in Fig-B shows that the norméted lowd-
ness level difference and the weighted normalized loudness level difference, as shown in
Fig. 520, depict very well the event of a single frequency di2 6 S@SNE A G 61 & 20
0KS NBOSNES LIAOGIZINE Aa RNI gYyRWEKSBY 0231 NRNY

YR GKS 6SA3IKGESR y2N¥IEATS f SGSt RAFFSNBy
AGNBYIGK aAIAYAFTAOIyGte AyFtdzSyO0Sa (GKS 6SA3K
. & RS T A ynoimalized Dudnieds $evel differende O 02 NRG Iy @cOdi NS S+ £ &
0KFG NB&dz 23y FMNS MPRNIOE KISy | G SyRSyOe dreal G G
LI NA &2y (2 YSI&aAdNBSBYy ks RI B 08 g D6HN&AG oY iy R |
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As was shown by a case study of measured improvements in a construction, the nwedel pi
tures these improvements well. By comparing the computed results in 4. ibis demo-
strated that the normalized loudness level difference does not differentiate between different
sound signals, whereas the weighted normalized loudness level diffesdtses a significant
difference in the frequency range. The calculated numerical value as depicted in-35g. 5
demonstrates very well that the model distinguishes between the different sound signals for
different airborne sound insulations and correctlgpicts the influence of increasing airborne
sound insulation.
Additionally, the model differentiates well between broadband noise signals, riksic

signals, and speech, which is demonstrated in F86 b. The linear relationship of the rai
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borne soundnsulation value and the near linearity of the normalized loudness level difference
are shown through the function presented in FigB& while it is clear that the weighted no
malized loudness level difference is not a linear functidme airborne sounchsulation is not
proportional to the weighted normalized loudness level difference, which is in line with pe
ception theory. This nofinear dependence indicates that a simple increase of a certain ai
borne sound insulation value does not automatica#lgd to the same numerical increase in
the subjective assessment of the sound insulation.

¢tKS RAFFSNBY(GAlLIGAZ2Y 2F RAFTFSNByYy(d az2dzyR al
CA3cbh paK2gAy3d (GKIG GKS OoNRBFROFYR y2AaS aaa3,
F62@0S dzyAidiex AYRAOFGAY3 | 0SUGGSNI adzoa2SOiGABE
SELISOGSRd Ly O2yiNraitGsz GKS GNIyaraSyid &az2dz/R
Yy2A4aS aradylrta odzi 28AStRSR NBadzZ (aa 20d3yf BmwA ydzy/ A
A2y LISNF2N¥a 4dz02SOGAQGSte 62NBS (KNI ARS
02NYS a2dzyR AyadzZ A2y Ay -fiKSS LANSHBYIOSI 2 Fid
Ay3 GKS aPrE6dzZ8XyBHAESRSY2a INBIBSHKE ar y O ¥y A d NpzO
ONBIFGSR dzaAy3a Iy IFAND2NYS az2dzyR AyadzZ I GAz2y
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6.4 Summay
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ratings provided as conventional standards are not suitable for comparing the perceiied eff
cacy of insulation. The discussion sums up three facts: first, sound pressure level must be
measured to asseszirborne sound insulatignsecond, thissound reduction indexnust be
evaluatedsubjectively and third, the levein the receiving room (levelfanterest) must be &-
sessed by set criteria.

These three facts certainly share common attributes, but in spirit of this thesis, it is useful
to think of them adiscretebut related concepts The evaluation of airborne sound insulation
is perhaps the mostomplex and least understood aspect of building acoustics. It isrunde
ai22R GKI G éve&atiof E LINBESINSAMUeRwhiehdrianSthat thhe recip
ent is engaging in a process designed to provide information based on a judgment of a given
situation. Any evaluation in generalyequires processing of information about the situation in
j dzS & (i A 2 yithatiogK AXYS WGKA & O2y GSEG Aa |y dzYodNBf f |
tives, goals, standards, and procedurBgaluating airborne soundnsulationsubjectively in-
formation regarding the appropriateness or validity of construction is obtained for whieh a r

liable measurement or assessment has been made. This means that to choose an appropriate
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airborne sound insulation, more than just eading from a sound level meter must be taken

into account; a single numerical measurement of airborne sound insulation reveals little or
nothing about whether a given material is appropriate for a certain situation. For an accurate
assessment of a matefiaQa @I f dzS> &adzoa2S0OGa Ydzaid 0SS LRffS
This polling process is what evaluation, in terms of an assessment of airborne sound insulation,

is about. A single numerical value of a certain sound insulation is therefore justitdiatahe

context of thesound insulatiorf 2 NJ | LJ- NIi A Odzt I NJ dza SN & LJdzN1J2 &
criteria for evaluation.

The valuation of airborne sound insulation therefore involves more than a measurement of
sound pressure levels on both sidesappartition. Rather, it seems that the evaluation of a
material is more dependent on indoor soundscape. This study has shown that types of ai
borne sound insulation can be clustered depending on purpose and on expectation. However,
it was demonstrated tht there is at the moment no evaluation capable of assessing airborne
sound insulation in a subjective manner that yields a single numerical rating. Nevertheless, the
model discussed herein provides sufficient evidence that clustering enables an assesément

the probability that a certain material will fulfil expectations.
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7/ CONCLUSIGN

This thesis studied the effects of different sound signals on airborne sound insulatien by
lating objective and subjective measures. This study began with a hypothesis that an index of
sound insulation expressed as a single number rating (such as the weighted sound reduction
index) cannot provide a reliable measure of the perceived efficatyeahsulation.

The computed efficacy of airborne sound insulation was investigated, revealing thétan o
jective measure of efficacy is dependent on the type of sound signal. The model coreectly d
picted the experimentally reported loudest and quietestund samples as well as individual
frequency dips in the airborne sound insulation. The implementation of the model showed
that the calculation scheme was able to capture details in the studied frequency range very
well. As shown by the comparison of edited values with experimental results, the diffe
ence in weighted normalized loudness level demonstiatelependence on signal characteri

tics and on the type of airborne sound insulation.

7.1 Research findings

Following the presentation of the objeets in the introduction, the literature review in
Chapter 2 revealed the need for a subjective measure of airborne sound insulation. Tae inad
quacy of conventional methods for describing the relation of airborne sound insulation and
subjective assessmentas described in Chapter 3.1, while discrepancies in the description of

airborne sound insulation were detailed in Chapter 3.2.
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The model established and introduced in Chapter 4 has been validated and succeassfully i
plemented(Chapter 5)in particular forthe exploration of different sound signals (Chapter 5.1)
and assessed subjective test sign@sapter 5.2as well as in practical case studies in which
objective and subjective measurements were condudtedapter 53).

The calculation scheme alled the evaluation of sound insulation in a psychoacoustic
manner, rather than only by sound pressure level differen€dsapter 5.1.2)The model co
rectly predicts the experimentally reported loudest and quietest sound samples as weli-as ind
vidual frequency dlis in airborne sound insulatiqi€hapter 5.3.1.1)Measurements made with
different sound signals indicate that the perceivaolind insulatioris dependent on the type
of source signal. The model correctly identifies different sound signals and reports a measure
2F GNBEtAlIO0ftSE 2NJ ay2iG NBEtAIofSéE (G2 RSaONROS
predicted valug(Chapter 5.3.1.2)Thus the model describes the probability that a measured
or computed value of airborne sound insulation corresponds to the perceived efficacy of the
insulation.

This work showed that a sound judged subjectively in relation to a given type of airborne
sound irsulation cannot be expressed as a single humeric value without considering the sound
itself (Chapter 5.21) The introduced psychoacoustic measures of loudness level and specific
fluctuation strength cover important dimensions involved in the noise evalngbrocess. In
general, psychoacoustics describes sound perception with several parameters, including intr
duced loudness and fluctuation strendi@hapter 5.1.2)

This research showed that the loudness leliferencedoes not adequately distinguisteb
tween certain signal characteristics and tyg€sapter 5.3.1.3.1However, introducing spdei

ic fluctuation strength into the model yielded results that clearly exposed the signal characte
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istics of the filter function (i.e., the frequendependent airbone sound insulation). In add

tion, the type of signal was differentiated, which had not been possible for simple levet diffe
ences. The experimental results showed that for equal sound pressure levels, white noise was
perceived to be significantly quieteompared with the other sound sampléShapter 5.2.2)
Furthermore, the experiments showed that, in general, noise samlkes white noise and

pink noise)are judged to beperceivedquieter than music sound samples, resulting in lower
specific fluctuaibn strength values. Conversely, nsteadystate signals yielded the greatest
specific fluctuation strength values and were judged topeeceivedlouder than the brod-

band noise samples. The model correctly depicts the experimentally determined louttst a
quietest sound samples as well as the individual frequency dips in airborne sound insulation
(Chapter 5.3.2.2)The implementation of the model proved that the calculation scheme is able
to capture details of the frequency range as well as single naalevalues. As shown by the
comparison of calculated values with experimental results, the difference in weighted horma
ized loudness level demonstrates a dependence on signal characteristics and airborne sound
insulation(Chapter 5.3.2.1)Thus, this moddinks the objective and subjective evaluation of
airborne sound insulation.

However, it is clear from comparing the psychoacoustic values of loudness level and specific
fluctuation strength that no linear relation exists for a specific sound sample. This means that
no single number value can be modelled at this time in relatioa t@rtain construction. The
main reason for this is that the sound signal (i.e., the type of signal) plays a major part in the
perception of the psychoacoustic value of a sound sample, although, as was shown @ this r
search, a construction for a partiemlsound signal ansoundinsulation can be foun@Chapter

5.3.2.1)
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This approach could be a useful tool for investigating airborne sound insulation materials
with identical single number ratings but different spectra. As such, this model is intendbed to
a link between the objective and subjective evaluation of airborne sound insulation.
The most practical question, however, is which airborne sound insulation spectrum results
in the best sound insulation to prevent annoyance or disturbance. This ditation depends
on further investigations in the fieldnd on subjective assessment tests.
This work showed that a sound pressure ledifierence does not differentiate between
different sound signals. This finding led to the conclusion that a measwedhban transns-
sion loss is not suitable to predict the related subjective meagQtapter 6.3)It was further
shown that conventional standards are not related to the spectrum of the signal. This finding
indicated that a single numerical value descripa@irborne sound insulation is not correlated
with the respective subjective measure. It was demonstrated that the introduced model co
rectly depicts a frequency dip in the airborne sound insulation curve. Furthermore, it was
shown that the model correctlgistinguishes between different sound signals, which was also
confirmed by subjective tests.
Summarizing the findings of this work it follows that:
- Airborne sound insulation as a single value cannot be representadasjective measure
- Airborne ©und insulation assessed subjectively is depending on the type of source signal
- The loudness based model depicts the event of a frequency dip correctly
- The loudness based model differentiates correctgtween different sound signal types
- Theloudness based model describes a probability of how close the result is to an idealized,

theoretical, unbiased, or calculated reference value
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7.2 Recommendations for futurelesign

The overarching aim of this work was to investigate the performance gap for airborne
sound insulation in buildings. Common reasonssfeparating partitioracting weaker in sound
protectionthan expected have long been documented

However, the performance of a building in an acoustical sense is not only a matter of
acoustical technologyt is important to have a good understanding of what buildingsrveid
and ensure that they operate within that purpoder a variety of reasonssuch ashealthy
living conditionsgood working conditionause restrictionsdemand forecasting and affordabi
ity. The chain of decisions made in the building process is complex and an improved unde
standing of its structure may help the industry tosgahe gap between an objective andosu
jective measure.

Much of the existing literature surrounding this subject calls for more evidence-uden
building performance to build up knowledge of good and poor practice to inform futurd-buil
ing design. Thisvidence should be linked back to design predictions or mo&elsnd insu-
tion is no longer a kind of "anchor technology”. The range of performance optfomsw na-
terialsis enlarged, and approved the combination of various fulfilment optidhg. aspet of a
building®@ individual noise protection is recorded for the first time in the reviews, to establish a
connection between the buildingelated need forairborne sound insulatiomnd a subjective
overall view of the building.

Hence this piece of workas sought taelate the results ofmeasured predictedand sub-
jectively assessedirborne sound insulation.

The overall project aim has been addressed through the following objectives:
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The largest uncertainty at the design stag@ow the building is built: the original airborne
sound insulation predictions appear realistic, with the main variation from these due to the
way the building is used.

This work has also shown that using default values could result in an overestimbton o
borne sound insulation. Considerations of how well a building is likely to be managed for
acoustic needs mahelp determine whether settings for improved constructions should be
comparable to the default settings or are likely to be higher.

Further evidence from more buildings is required to gain a better picture of such variables
that occur once occupied, which whéinked back to the design stage airborne sound iasul
tion predictions, provide more depth to the scenarihe person who builds and rsithe pe-
diction or simulation needs deeper insight for likely operation details. It follows that the value
of making achievable predictions and understanding realistic operational needs at the design
stage, then following through with them once occupispuld be communicated to clients. In
reality it may be the case that the person who builds the model is not part of the core design
team becausethe work is outsourced to a different team. More importance needs to be
placed on the decision process behsglecting the inputs tehis model For example, despite
use of general regulations there is still a significantly higher expectation than is usually- consi
SNBR Ay RSaAay LINBRAOGAZ2yad ! GGSYyGA2yY (G2 Y2N
using regulations) may be necessary to move towards closing theTgpprocess of evaltia
ing the uncertaintymust be continuous especiallyof new building elementsand building
techniques Newmeasurement methods as well agw prediction methodare needed The

thesisadviseduture research that could help to optimize the building constructions.
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7.3 Future Work
This section describes work that expands on both the study presented and the conclusion

drawn from it.

Evidence Based Design

In order to make better design stage predictions, more evidence is needed of what is and is
not working in practiceThis is an important issue since e.g. thermal and acoustic insulation
performances areften contradictory This would enable a better undganding of likely in
use outcomes of design decisions. It is likely that this is a result of time and resourses pre
sured design projects, which do not place high priority on interrogation of what is realtl nee
ed from a building, how will it be used amthat did not work well in the past. Further to the
sound protection issues discussed in this research, occupant satisfaction and productivity are
further benefits to this procesdMore data based around key performance indicators such as
occupant densitylocation of the building, background noise level are needed for a range of
building types. Design considerations can then be referenced to how previous building-are pe
forming once occupied, in line with parameters that can be measaresthe building $ oc-
cupied, and fed back into the information channel. This informatante collected through
further, better directed, post occupancy evaluation studies with well thought out and specified
outcomescould be used to place more importance on this part of the design process.

This work extends to more evidence needed on inclusion of sound insulation in projects. As
highlighted through this work, very little evidence of measured performance of real rteast
tion in terms of psychoacoustic parameters currently exists. The measured performance

should be com@mented by calculation of the value that each intervention and airborne
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sound insulation provides to buildings (i.e. financial payback through qualitsiderations),
which would provide valuable information for future project decisions and a measuredofiew

inclusion of such demands.

Up-to-date and Useful Benchmarks

This requires a large survey of satisfaction in buildings, per type of inhabitants. As a starting
point, data could be collected before and during occupanciesther work to establish the
value of these metrics, and how this could potentially better Virithh what inhabitants want to
have in their homes would be valuable in order to assist the aim of createsgeqliving envw

ronment.

Building Performance Evaluation Methodology

Proposed is a review of current building performances evaluation methogoltte latest
study reports could be used along with a wider review of what is working and what is imot in
an objective mannerdentifying useful and applicable outcomes form these studies. How this
process can be improved and standardised can then Imsidered. This study has identified
strengths and weakness in the predictiohan assessmenirocess. Theffectivenessof the
COST actionsonsidering airborne sound insulation and environmental issues as well as the

LARES (WHO) survey should alsbrbeght into question here.

195



References

REFERENCES

Aarts, R. M. 1992. A Comparison of Some Loudness Measures for Loudspeaker Listening

Tests.Journal of the Audio Engineering Socid6/(3), 142146.

ABCB,2004). Sound Insulatio2004¢ Handbook. Sound Insulation in Buildings, The Australian
Building Codes Board (ABCB), The Guideline Docunrer8oond Insulation in Buildings,

http://www.abcb.gov.au/educatioreventsresources/publications/abchandbooks.aspx

Andrade, C., Gonzélez, J., Machimbarrena, H&rraez, M(2005. Validation of EN 12352
prediction models by means of Intensity and Vibration measurement techniques in Spanish
buildings involving flanking airborne sound transmissimceedings of thd™ European Co-

gress on Acoustics (Forum Acusticum), Budapest, Hungary.23563

ANSI S1.41083. American National Standard: Specification for Sound Level Meters, American

National Standards Institute, Acoustical Society of America, Melville NY, USA.

ANSI S3.£2007. American National Standard: Procedure for the Computation of Loudness of
Steady Sounds, American National Standards Institute, Acoustical Society of America, Melville

NY, USA.

ASTM E9@2 (2009. Standard Test Method for Laboratory Mesement of Airborne Sound
Transmission Loss of Building Partitions and Elements, ASTM International, West Cdnashohoc

en, PA, USA.

196



References

ASTM E3362010. Standard Test Method for Measurement of Airborne Sound Attenuation

Between Rooms in Buildings. ASIRwrnational, West Conshohocken, PA, USA.

ASTM E412010. Classification for Rating Sound Insulation, Am. Soc. For Testing and Mater

als, ASTM International: West Conshohocken, PA, USA.

Aures, W. 1985. Ein Berechnungsverfahren der Rauigkéf. calculation method of the

roughness)(in German)Acustica58 (5), 268281.

Ballagh, K.02004). Accuracy of Prediction Methods for Sound Transmission Posseedings
of the 33 International Congress and Exposition on Noise Control Engine@niegNoise),

Prague, Czech Republie81

Barlindhaug, R. & Ruud, M. BOQ&) @ & . S02SNySa GAf FNBRaAKS{O YSF
satisfaction with newly built homes). Norsk institutt for-bg regionforskning. NIBRpport

2008:14, Oslo, Norway.

BadzSNE W&d 2 &I | y R 1981S Suifjectivé agsessmeht off SoundMeansmission
through party wallsJournal of the Acoustical Society of Amerg® Suppl. 1 (Meeting A-

stracts) 47.

Beranek, IL.,Ver, IL., (992. Noise and Vibratio€ontrol Engineering Principles and appke

tions, J. Wiley and Sons, New York 1992, ISBRIL&B175%2.

Berger, R.1911). Uber die Schalldurchlassigk€iabout the sound transmission(n German),

Dissertation(doctoral thesis)Technische Hochschuldiinchen, Germany.

197



References

Berglund, B., Berglund, U., and Lindvall1976). Scaling loudness, iginess, and annoyance

of community noiseslJournal of the Acoustical Society of Amere€n5), 11191125

Berglund, B., and Lindvall, T.905. Community NoiseCentrefor Sensory Research, Stec

holm, SwedenlSBN 91887-8402-9.

Bies, D.A., Hansen, C.B0D@3. Engineering Noise Contr&@pon Press, London, UK.

Bodden, M. 2004). Sound Quality: from customer expectation to engineering metrios- Pr

ceedings ofhe 51 Open Seminar on Acoustics (OSA), Gd&ukeszewo, Poland

Bodlund, K. and Eslon, 1983 @ & ! adz2NBSe 2F GKS y2iasS 10t AYl

Ay3dao {dzoa2SOiABS IyR 202SO0GABS RFEGF F27INJ y NJ

National Testing Institute 1983 (In Swedish).

Boullet, 1. 2005. La sonie des sons impulsionnels: Perception, Mesures et Modéles. (the lou
ySaa 2F AYLMzZ aA@S az2dzyRay LISNOSLIIA2y> YSI &adzN
Aix Marseille llspécialité Mécanique, option Acoustique. (French). The taken summary is
available at: http://genesiscoustics.com/en/loudness_onlif@2.html (dated last accessed

28/12/2014).

Bradley, J.51083. Subjective Rating of Party Wallanadian Acoustic$1 (4), 3745.

Bradley, J. S2001). Deriving Acceptable Values For Party Walls Sound Insulation From Survey
Results Proceedings of th&0" International Congress and Exposition on Noise Contrat Eng

neering(InterNoise) The Hague, The Netherlands

198



References

Brambilla, G., Carletti, E., and Pedrielli, 200Q). Perspective of the sound quality approach
applied to noise control in earth moving machingsgrnational Journal of Acoustics and V

bration, 6, 90-96.

BRE Environment2Q02. The 1999/2000 Nation&urvey of Attitudes to Environmental Noise
¢ Volume 3 United Kingdom Results. The building research establishment BBEEhvira-

ment Garston Watford UK.

B&K, 2014. Brilel & Kjeaer. Sound Sources for Building Acoustics: OmniRowér 2 dzy’' R { 2 dzN.
Data sheet is available at: http://www.ee.bgu.ac.il/~acl/Equip/OMNI.déted last accessed

28/12/2014).

BS. CP 1111948. Structural recommendations for lodgkaring walls. British Standards linst

tution. London.

Buckingham, A. andaSnders, P.2009. The Survey Methods Workbook: From Design to

Analysis Polity Press Ltd. Campridge UK.

Buckingham, E1029. Theory and interpretation of experiments on the transmission of sound

through partition wallsb I G Qf . SzNPapefs2@9¥1R%

Carvalho, A. P. O., Faria, J.1®98. Acoustic Regulations in European Union Countries. Pr
ceedingsofthd 2y FSNBEY OS Ay . dzAf RAy3 | O2 dza-RigeGi- a! O2

0 SNJ . dzA £ RA Y 41898, DELENOHBNGD S NI o

Clark, D. M.1970. Subjective study of the sousithnsmission class system for rating building

partitions.Journal of the Acoustical Society of Americ&a(3), 676682.

199



References

Cole, R. J., and Lorch, RO(3. Buildings, Culture & Environmegtinforming local & global

practices. Blackwell Publishibtd, Oxford. UK

Cooper, 1.1982. Comfort theory and practice: barriers to the conservation of energy by-buil

ing occupantsApplied Energyll, 243;288.

COST Action TU09020(3: "Integrating ad Harmonizing Sound Insulation Aspects i8-Su

tainable Urban Housing Constructionsimfw.cost.eu/COST_Actions/tud/Actions/TU0901).

Council Directive 89/106/EEQ@989. Council Directive 89/106/EES) the approximation of
laws, regulations anddministrative provisions of the Member States relating to construction
products, Council of the European Communiti@fficial Journal of the European Communities.

NolL40/12.11.2.89

Craik, R. J. M. & Evans, D1886. Workmanship and its efé¢ on sound transmissiorRro-

ceedings of the Institute of Acoustj@& UK, 468466.

Craik, R. J. M., Steel JA989. The Effect of Workmanship on Sound Transmission through

Buildings: Part 1, Airborne Sourddurnal of Applied Acoustj& (1),57-63.

Cremer, L.1942. Theorie der Luftschallddmmung diinner Wande bei schragem Efifadh-
ry of airborne sound insulation of thinner walls at oblique inciden@e)German)Akustische

Zeitschrift 7 (3), 81104.

Cremer, L.J953. Calculatiorof soundpropagationin structures Acustica3 (5), 31%335(19).

200



References

Cremer, L., Heckl, M1996). Kérperschalt Physikalische Grundlagen und technische Anwe
dungen (StructureBorneSound, (in German) Springer Verlag, Berli2, neu bearbAuflage,

ISBN3-540-546316.

Daniel, P., Weber, R1997). Psychoacoustical roughness: implementation of an optimized

model, Acta Acustica united with Acusti@&@8, 113123.

Dammig, P., Fischer,-M/.(1978. Untersuchungen Uber die Abhangigkeit bauakustisches-Me
sungen von der Art des verwendeten Lautsprech@rsvestigation into the Dependence of
Building Acoustic Measurements on the Kind of Loudspeaker Uge@erman)Acta Acustica

united with Acustica40 (2), 7380(8).

Davis, A. H.1025. Reverberatiorequations for two adjacent rooms connected by an imeo

pletely soundproof partition, Phil. Mag.(60), 75-80.

defra. 006. Neighbourhood Noise Policies and Practice for Local Authocitedanag-
ment Guide. The Chartered Institute of Environmemehlth (CIEH). Londobepartment for

Environment, Food and Rural Affajdefra) September 2006

DIN 4110.1938. DIN 4110:1938Technische Bestimmung fiir die Zulassung neuer Bauweisen.
(Technical specification for the approval of new construction réd), (in German)Beuth

Verlag, Berlin, Germany.

DIN 45631.4010. DIN 45631/A1:20103. Berechnung des Lautstarkepegels und der Lautheit
aus dem Gerauschspektruaverfahren nach E. ZwickerAnderung 1: Berechnung deru-a
theit zeitvarianter Gerausche(Calculation of loudness level and loudness from the sound
spectrum - Zwicker method- Amendment 1: Calculation of the loudness of tiweriant

sound) (in German)Beuth Verlag, Berlin, Germany.

201



References

DIN 45692 Z009. DIN 45692:20098. Messtechnische Simation der Hérempfindung
Scharfe, fMeasurement technique for the simulation of the auditory sensation of shesg))

(in German)Beuth Verladgerlin Germany.

Drucksache.1099. Drucksache 12300.Sondergutachtemles Rates von Sachverstandigen fur
Umweltfragen.Umweltbedingte Larmwirkungen 199@pecial report of the Council of experts
for environmental issue€nvironmental noise effects 1999 German)Bundesministeriums

fir Umwelt, Naturschutz und Reaktorsicherh@&teutscher Bundestag14. Wahlperiode.

Duvvuru, S., and Erickson, N0{3. The effect of change in spectral slope and formaat fr

guencies on the perception of loudnegeurnal of Voice7, 691-697.

Eargle, J. M., Foreman, @015. JBL Audio Engineering for SoueinforcementPublisher:

JBL Pro Audio Publications. Hal Leonard Corporation

enHealth report2004) ® G ¢ KS KSIf 0K STTSQUXSAF (KY PA KBY X&
Department of Health and Ageing. ISBN 0 642 82304 9, Publicatmovap number3311

(IN 7845)http://enhealth.nphp.gov.au/council/pubs/pubs.htm

EN ISO 100522@10. EN ISO 10052: Acoustidsield measurements of airborne and impact
sound insulation and of service equipment sound (Survey methfutppean Committee for

Standardization (CEN), Brussels, Belgium.

EN 123541. 2000. EN 12354.: Building acoustics. Estimation of acoustic performance in
buildings from the performance of elements (Part 1: Airborne sound insulation between

rooms). European Committee f@tandardization (CEN), Brussels, Belgium.

202



References

EPA.Z007. NOISE SURVEYS 2007. Publication 1169 October 2007

http://www.epa.vic.gov.au/~/media/Publications/1169.pdf

Esteban, A., Fuente, M., Arribillaga. O., GaBadereguero, I. Z005. Accuracy of prediction
models applied to Spanish buildings. Proceedings of thEuropean Congress on Acoustics

(Forum Acusticum), Budapest, Hungary.

Fahy, F.J1087). Sound and Structural VibratioAcademic Press, London, UK.

Fahy, F., Gardonio, 007). Sound and Structural VibratioAcademic Press, London, UK.

Fasold, W.1959. Untersuchung zum zweckmafigsten Sollkurvenverlauf fiir den Schallschutz
im Wohnungsbau(Study on the appropriate reference curve for the sound insulation in house
building), (in German). Proceedings of tH& [&ternational Congress on Acoustics, Stuttgart,

Germany, 1038.041.

Fasold, WX965) @ ¢! y i SNE dzOKdzy 3Sy No6SNJ RSy +SNI I dzF R
2 2Kydzy3aol dzax o0{ G dzRA S aimpacy souink Bsulafidn NiH résident@ldzNIZ S
construction), (in German). Mitteilung aus dem Institut fir Elektnod Bauakustik der Techn

schen Universitat, DresdeAcusticalb, 271-284.

Fasold, W., Sonntag, E., Winkler, H987. Bau und Raumakustik.Bayhysikalische
Entwurfslehre (Building and room acoustics. Building physics design teach{img)German).

Rudolf Miller Verlag, Kéln, Germany.

203



References

Fastl, H.1985. Loudness and annoyance of sounds: subjective evaluation and data-80m |
532 B.Proceedings of thd4" International Congress and Exposition on Noise Control Eng

neering(InterNoise) Munich, Germany, 1403406.

Fastl, H.1997). The Psychoacoustics of Sot@dality EvaluationACUSTICA acta acustiga,

754-764.

Fastl, H.Z006). Psychoacoustic Basis of Sound Quality Evaluation and Sound Engineering. Pr

ceedings of the 18International Congress on Sound and Vibration (ICSV), Vienna, Austria.

Fastl, H., Menzel, D., Maier, W2006. Entwicklung und Verifikation eines Lautheits
Thermometers(Development and verification of a loudness thermometer), (in German}, Pr

ceedings in Fortschritte der Akustik, DAGA 2006, Braunschweig, Germany.

Fastl, H., Volk, F., Straubinger, I40@9. Standards for calculating loudness of stationary or
time-varying sounds. Proceedings of the"38ternational Congress and Exposition on Noise

Control Engineering (InterNoise), Ottawa, Canada.

Fausti, P., Pompoli, R., Smith, R1899. An Intercompariso of Laboratory Measurements of
Airborne Sound Insulation of Lightweight Plasterboard Wadsrnal of Building Acoustjds

(2), 127140.

Fothergill, L. C10800 ® awSO2YYSYRIGA2ya F2NJ GKS YSI adaNB
Rg St f AppliedAcoustics13, 171-187.

Fothergill, L. C1088. Sound Insulation between Dwellingiournal of Applied Acoustjc4,

321-334.

204



References

Furrer, W. and Lauber, A1972. Raum und Bauakustilc Larmabwehr (Room and Building
Acoustics; Noise Protection), (iGerman).3 Ed.Birkauser Verlag Basel und StuttgartrGe

many, 197230.

Fyhri, A., Aasvang, G.M2O(LO. Noise, sleep and poor health: Modelling the relationship b
tween road traffic noise and cardiovascular problef@sience of the Total EnvironmgdB,

49354942.

Gade, A.Ch. 2013. Subjective and objective measures of relevance for the description of
acoustics conditions on orchestra stages. International Symposium on Room Acoustigs (ISRA

Toronto, Canada,-2.

Garg, N., Kumar, A., Maji, 8013. Practical Concerns Associated with Silienber Ratings
in Measuring Sound Transmission Loss Properties of Partition PAreis/es of Acoustic38

(1), 115124

Genesis. 2014) Loudness online, available http:/genesisacoustics.com/en/loudness_en

line-32.html (dated last accessed 28/12/2014).

Genuit, K., Fiebig, 2205. Prediction of psychoacoustic parametdPsoceedings of the 2005
National Conference on Noise Control EngineefidmjseCor), Minneapolis, Minnesota, USA.
Gerretsen, E.1094). European developments in prediction models for buildings acoustics.

ta Acustica2, 205214

Gerretsen, E.2003), Prediction of sound insulation in buildings: a tool to improve the acoustic
quality, Proceedings of Fortschritte der Akustik, DAGA 2®8narvortragMunich, Germany,

13-18.

205



References

Glasberg, B.R., Moore, B.C2DQ2), A Model of Loudness Applicable ToneVarying Sounds,

Journal of the Audio Engineering SociBt/(5), 331342.

Green, E. (2014). Introduction to Sensation and Perception. Chapter 3 / Lesson 1, available at
http://study.com/academy/lesson/intro-to-sensation-and-perception.html (dated last accessed

28/12/2014).

Grimwood, C.1997). Complaints about poor sound insulation betwedwellings in England

and WalesJournal of Applied Acoustj& (3/4), 211223,

Grimwood, Q. , Skinner, C.J. , Raw, @J02. The 1999/2000 National Survey of Attitudes to
Environmental NoiseéBuilding Research Establishment, 2001. Noise Forum Conference 20 May

2002

Gosele, K.1065. Zur Bewertung der Schalldammung von Bauteilen nach SollkuEresilia-
tion of sound reduction in building structures by means of grading curves), (in Gerfzan).

custica 15, 264-270.

Gosele, K. 1068. Zur Luftschallddmmung von einschaligen Trennwdnden und Decken.
(Airborne sound insulation of single partitions and ceilings), (in Germauktica 20 (6), 334

342(9).

Gosele, K., Koch, 3968. Die Storfahigkeit von Gerduschen verschiedener Frequenzbandbre
te. (Theannoyance ofnoise ofdifferent frequency bandwidth (in German)Acustica 20 (6),

324-333(10)

206



References

Gosele, K.,1090. Verringerung der Luftschalldammung von Wanden durch Dickenrasona
zen. (Reduction of airborne sound insulation of walls by thickness resonar{@ges}erman).

Bauphysik12, H.6, 187191.

Halliwell, R.E., Nightingale, T.R.T., Warnock, A.C.C., and Birtal998. ¢ D e LJa dzY° . 2 I N

2 ffayYy ¢NIyaYAaaArzy [2ada RIEGFEDd bFrdA2yLFE wSa

Hansen, C. H2010. Fundamentals ofAcoustics University of Adelaide, Australia. Handbook

2010, eBook. (http://www.who.int/occupational_healtipublications/noisel.pdf)

z A

Haseltine, B2012) ® & ¢ KS S$@2tdziazy 2F GKS RSaA3y FyR
''Yé d t NB OS S Rihtgimhtiona? Brick @rid 8lock Masonry Conference (IB2Mag), Fl

rianopolis, Brazil.

HEAD Acoustics Gmb2014). HEAD Acoustics Gmbipplication Note 014Y dat 4 @8POK2 | O2
tic Analyses irthe ArtemiSSUITE ¢ | @ | Hitp:/Ihé@afl-&oubtids.de/downloads/eng/appli

cation_notes/Psychoacoustic_Analyses_|lI_e(ddte last accesse2B/12/2014).

Heckl, M. £981). The Tenth Sir Richard Fairey Memorial Lecture: Sound Transmissiomin Buil

ings,Journal of Sound and Vibratiofv (2), 165189.

Heckl, M, Donner, U.,1985. Schalldammung dicker Wénde. (in Germ&upndfunktechnische

Mitteilungen, 29, H.6, 287 291.

Heckl M., Muller, H.A.1994). Taschenbuch der Technischen AkusBkcketboolof Technical

Acoustics), (in German). Springer Verlag, Berlin, Germany.

207



References

Hellman, R., and Zwicker, E987).46 2 K& OFy | RSONBI &S Ay &. 6! 0

y' S & ddarhal of the Acoustical Society of Amer@2x(5), 17001705.

Hongisto, V.2000. Airborne sound insulation of wall structuresneasurement and predi
tion methods. Doctoral thesis, Helsinki University of Technology, Laboratory of Acoustics and

AudioSignal Processing, Report 56, 2000, Espoo, Finland.

Hongisto, V., Oliva, D., Kerdnen,2D1¢). Subjective and Objective Rating of Airborne Sound

Insulationg Living Soundscta Acustica united with AcusticB00(5), 848863.

Hongisto, V., MakilgkiM., Suokasa, M2015. Satisfaction with sound insulation in residential

dwellingsg The effect of wall constructiofBuilding and Environmer5, 30;320.

Hveem,S. 010.4 ! yy 3 n 0 & BydisolasiorsEsalitet i boliger 6! @2 AR 0cdzA f RA
Sound insulation quality in dwellings). SINTEF Byggforsk, 2010. http://www.sintef.no/upload/
ArtikkeF05-10-ByggAktuelt.pdf. Note: This article summarizes main findings about sound ins

lation from (Barlindhaug, 2008)

IEC 616722013. IEC 61672:2013.Electroacoustics Sound level meters Part 1: Specifa-

tions. International Electrotechnical Commission. ISBN288221087-1

[-INCEZ009. HNCE PUBLICATION:10%urvey of Legislation, Regulations, and Guidelines for
Cortrol of Community Noise. Final Report efNCE Technical Study Group on Noise Policies

and Regulations (TSG 3). International Institute of Noise Control Engineering

INSULZ0140 @ { 2F i g NBD ¢R@fi®n&d yaldlBE Kt 51 & | 02 dz

Zealand, (http://www.insul.co.nz/).

208



References

ISO. 1974). Technical Report 3352. Acousticdssessment of noise with respect to its effect
on the intelligibility of speech. Geneve, Switzerland: Internatiddrganization for Standaird

zation.

ISO 14. (1991). Acoustics; measurement of sound insulation in buildings and of builtling e
ements; part 2: determination, verification and application of precision data. (This standard

has been revised by: ISO 129B2014).

ISO 1464, (1998. Acoustics Measurement of sound insulation in buildings and of buildikg e
ements ¢ Part 4: Field measurements of airborne sound insulation between rooms. (This

standard has been revised by: ISO 1628%14).

ISO 226.2003. ISO 226: AcousticsNormal equaloudnesslevel contours. Geneve, Switze

land: International Organization for Standardization.

ISO 532/R.1075. ISO 532/R: Acousticdlethod for Calculating Loudness Level. (Standard

confirmed in 2012). Genéve, Switzerland: International Organization for Standardization.

ISO/R 717.1068. International Standards Organisation Recommendation, ISO 717/Rs-Acou
tics - Rating of sound insulation for dwellingSenéve, Switzerland: International Organization

for Standardization.

ISO717-1. (2013. ISO 71-4: Acoustics; Rating of sound insulation in buildings and of building
elements(Part 1: Airborne sound insulatipriGenéve, Switzerland: International Organization

for Standardization.

209



References

ISO 10142. 2010. Acoustics Laboratory measurement of sound insulation of building- el
ments¢ Part 2: Measurement of airborne sound insulati@eneve, Switzerland: International

Organization for Standardization.

ISO 1014481, 2010. Acoustics Laboratory measurement of sound insulation of building- el
ments ¢ Part 4. Measurement procedures and requirements. Genéve, Switzerland: dntern

tional Organization for Standardization.

1ISO12001. £996). ISO 12001: AcoustiedNoise emitted by machinery and equipmenRules
for the drafting and presentation of a noise test code. Genéve, Switzerland: International O

ganization for Standardization.

ISO 1518€. (2003. Acoustics Measurement of sound insulation in buildings and of building
elements using sound intensityPart 2: Field measurements. Genéve, Switzerland: latern

tional Organization for Standardization.

ISO 1571A. 2005. Building acousticsEstimation of acoustiperformance of buildings from
the performance of elements Part 1: Airborne sound insulation between rooms. Geneve,

Switzerland: International Organization for Standardization.

ISO 162834. 2014). ISO 16283: Acoustics Field measurement of sound wigtion in buid-
ings and of buildinglements- Part 1: Airborne sound insulation. Genéve, Switzerlandrinte

national Organization for Standardization.

210



References

ISO/NP 16711. 2012. ISO/NP 1671T: Acoustics Evaluation of Sound Insulation Spectra by
SingleNumbers (Part 1: Airborne Sound Insulation, ISOTTC 43/SC2). Genéve, Switzerland: |

ternational Organization for Standardization.

ISO 182332006). Acoustics- Application of new measurement methods in building and room

acoustics. Genéve, Switzamd: International Organization for Standardization.

Jeon, J.Y., Ryu, J.K., and Lee, 210( A quantification model of overall dissatisfaction with

indoor noise environments in residential buildingeurnal of Applied Acoustic&l, 914921.

Jeon, J.Y., You, J., Jeong, C.I., Kim, S.Y., Jh@0MLJ.\(arying the spectral envelope of-air
conditioning sounds to enhance indoor acoustic comfBrtilding and Environmemnt6, 739

746.

Joiko, K., Bormann, V., Kraak, @0Q2. Durchhéren vorSprache bei Leichtbauwandeispe-
ech intelligibility through prefabricated walls of gypsum plasterbodid)German)Zeitschrift

Larmbekampfung49 (3), 79-85.

Jones, M.R., Fay, R.R., Popper, 20810. Music PerceptionSpringetVerlag New York Do

drecht Heidelberg London

Kihlman, T.X995. Residential acoustie® European perspectivdournal of The Acoustical

Society of Americ®8 (5), 2878.

Kingsbury, B.A1027). A direct comparison of the loudness of pure tones, Phys.2Re888;

600.

211



References

Kitamura T, Shimokura R, Sato S, And@0Q2. Measurement of Temporal and Spatiacfa
tors of a Flushing Toilet Noise in a Downstairs Bedralmatnal of Temporal Design in Arch

tecture and the Environmey (1), 13-19.

Kranendonk, F., Gerretsen, Euxemburg, L.C.J. (vatp93. Akoestische kwaliteit van wami
gen versus de beleving van burengeluidcoustic quality homes versus the expedenof

neighbors sound)in Dutch). TNEBOUW, TUBouwkunde; 93CBGR3185.

Kropp, W., Pietrzyk, A., aidhlman, T.1994). On the meaning of the sound reduction index

at low frequenciesActa Acustica2, 379-392.

Kortchmar, L., Vorlander, M., Slama,2D0Q). Sound quality evaluation for the workplace2-R
search on the influence of spatial sound distributiosta Acusticaunited with Acustica 87,

495499,

Kuerer, R. C.1097). Classes of acoustical comfort in housing: Improved information about

noise control in building#pplied Acoustic$2 (3/4), 197-210.

Kuwano, S., et all989. Advantages and Disadvantages afidighted Sound Pressure Level in
Relation to Subjective Impression of Environmental Noldesse Control Engineering Journal

33(3), 107115

Lang, J.1997). A round robin on sounithsulation in buildingsApplied Acoustic$2 (3/4), 225

238.

Lang, J., Pierrard, R., Schonback,280¢. Schallschutz im Wohnungsbau. (Sound protection
housing), Endberich{in German)Fachbereich Finanzwissenschaft und Infrastrukturpolitik

(IFIP)Viema, Austria(http://www.ifip.tuwien.ac.at/forschung/SCHALL/SCHALL -Bevicht. pdf).

212



References

Lang, J.2007). Schallschutz imVohnungsbau(Sound protection in housingfin German),

Zeitschrift wksh59, 5-19.

Langdon, F. J., Buller, 1.B., and Scholes, (ME&]). "Noise from neighbours and the sound i

sulation of party walls in houseslburnal of Sound and Vibratiofd (2), 205228.

Lawless H. T, Heymann H. (2010. Sensory Evaluation of FqoBHood Science Text Series,
Springer Science + Businddsdia, LLC 2010, Chapter 6: Measurement of Sensory Thresholds

125147.

Lawrence, A. B1069. Rating Systems for the Sound Insulation of Building Elements. Brocee
ings of the 1969 Conference of the Australian Acoustical Society (A.A.S.), Noise rediction

Floors, Walls, and Ceilings. Hotel Florida, Terrig%ﬂ, 14" October 1969, Paper A.

Le Jeannic, T., Vidalenc,2Dd5. Environnement, nuisances et insécurité: Indicateurs sociaux
1996-2004. (Environment, nuisance and insecurity: social indicatt®962004. ),(in French).
Insee RésultatSocieté, Nat5, Décembre 20051-48. (http://www.youscribe.com/catalogue/
etudeset-statistigues/savoirs/sciencesumaineset-sociales/environnemenhuisanceset-

insecuriteindicateurssociaux1960097).

Lee,P.J., Shim, M.H., and Jeon, R¥1(Q. Effects of different noise combinations on sleep as

assessed by a general questionnalleurnal of Applied Acoustical, 870875.

Leissa, A.W1069. Vibration of Plates. NASA-$80. Office of Technology Utdizon, National

Aeronautics and Space Administration, Washington , D.C.

213



References

Leppington, F.G.1096. Acoustic radiation from plates into a wedgleaped fluid region: gk

plication to the free plate problem. Proc. Royal Soc. Lond@b2,1745ff.
LeventhallH.G. 2004). Low frequency noise and annoyanb®ise and Healtf6, 5972.

Liunggren, 19910 @ d&! AND 2 Ny S { 2 dzy R Jowhaldiffthe AcbustiCal o€ ¢ K A

ety of America89 (5), 23382345.

Ljunggren, F., Agren, £012. How to match hilding acoustic measurements with subjective
judgements?Proceedings of th&1® International Congress and Exposition on Noise Control

EngineerindinterNoise), New York City, USA.

Ljunggren, F., Simmons, C., Hagberg2®14. Correlation betweersound insulation and @
OdzLJr y (i & Q cIRG®peEaSdf Kitdrigate single number rating of impact sound. Applied

Acoustics85, 57-68.

London, A.X949.Transmission of Reverberant Sound through Single Wallsnal of the &

search National Bureau ofa#ddard,42, 605, RP1998.

London, A. 1950.Transmission of Reverberant Sound through Double Whilstnal of the

Acoustical Society of Amerj@2 (2), 276279.

Lord Rayleigkl877). Theory of SoundMacmillan Company, London.

Lorenz, A. M.2000). Klangalltag; Alltagsklang. Evaluation der Schweizer Klanglandschaft a
hand einer Repréasentativbefragung bei der Bevolker¢8gund life- everyday sound. Evadu

tion of the Swiss landscape of sound based on a representative survey of the population.), (in
German), Zentralstelle der Studentenschaft, Zurich, 2000. (Summadsitschrift, tec21,

48/2001, Zirich, Schweiz, 26)

214



References

Lowry, S.1989. Housing and HealthNoise, space, and lighBritish Medical JourngBMJ),

299, 14931442.

Mahn, J., and Pearsd, @012. The Uncertainty of the Proposed Single Number Ratings for

Airborne Sound Insulatiodournalof Building Acousti¢49, 145172.

Maidanik, G.,X962. Response of ribbed panels to reverberant acoustic fidlgrnal of the

Acoustical Societyf America34(6), 809826.

Masovic, D.B., Pavlovic, D.S., and Mijic, M2018. On the suitability of ISO 167-L17refer-
ence spectra for rating airborne sound insulation. JASA ELJd@Mal of the Acoustical Society

of Americal34.

McMinn, T.2013® %G4S AIKOGAYIEY La Al (Pro&edigoiAtdulicse 2 dz

2013, Victor, Harbor, Australia.

Mirowska, M. 2004). Evaluation of the low frequency noise in dwelliggts scale of anng

ance.Proceedings of th1* Open Seminar on Acoustics (OS3danskSobieszewo, Poland

Moore, B.C.JGlasberg, B.RBaer, T.1997). A Model for the Prediction of Thresholds, deu

ness, and Partial Loudnessurnal of the Audio Engineering Sociég/(4), 224240.

Moore, B.C.J.2004). An Introduction to the Psychology of Hearij Edition, Elsevier Ae

demic Press, London.

Mortensen, F.R.1099. Subjective evaluation of noise from neighboumsith focus on low
frequenciesPublication no 53, Main Project, Technicalivérsity of Denmark, Department of

Acoustic Technology.

215

(



References

Mdller, S., Massarani, Q0)). Transferf~unction Measurement with Sweepkurnal of the

Audio Engineering Sociep, 443471.

Mdullner H., Humer C., Stani M. N2007). Lightweight Buildinglements with Improved Sound
Insulation, Considering the Low Frequency Range. Proceedings df then@ress of the Alps

Adria Acoustics Association.ZB September 2007, Graz, Austria.

Mdullner, H., Frey, A., and Humer, 20@8. Sound insulation propges of building elements,
considering the frequency range below 100 Hz. Proceedings of Acoustics "08, Paris, France,

60256030.

Muzet, A. 2007). Environmental noise, sleep and healfteep Medicine Reviewld, 135142.

Neubauer, R.0.2004). Subjective Estimation of Airborne Sound Insulation in Buildings and
How to Quantify the Real Acoustical Comfort of Dwellings. Proceedings biir@pen Serm

nar on Acoustics (OSA3danskSobieszewo, Poland

Neubauer, R. 02005 ® & ! A ND 2 NB/BA 2 dyyR S &fdif Ay IE F YR A

Proceedings of th&@2" International Congress on Sound and Vibrai@sY, Lisbon, Portugal.

Neubauer, R.O., Kang,20{1a). 62 Kl § 5SaONARo0Sa (4KS ! AND2NYyS {
YR { dzo 2 S O iProcd&lings 6f This"NERrspean Congress on Acoustigsr(im Acs-

ticum), Aalborg, Denmark, ISSN 222167, 17831L787.

Neubauer, R.O., Kang, 201{1b). Temporal aspects @irborne sound insulation and how if-a
fects the subjective estimatiorProceedings of th&" International Symposium on Temporal

Design, Sheffield, United Kingdom.

216



References

Neubauer, R.O., Kang, 20{24a). Rating Airborne Sound Insulation in Terms of Timec8ira
of the SignalProceedings of théd1* International Congress and Exposition on Noise Control

EngineerindinterNoise) New York City, USA.

Neubauer, R.O., Kang, 20{2b). Time Structure Of The Sidrla Airborne Sound Insulation.
Proceedings ofhe 9" European Conference on Noise Control (EuroNoise), Prague, Gzech R

public.

Neubauer, R.O., Kang, 2013 a). Subjective Evaluation of Airborne Sound Insulation below

100 HzProceedings of thdoint Conference on AcoustigsIADAGA 2013, Merandialy.

Neubauer, R.O., Kang, 2013 B. Airborne sound insulatn as a measure for noise anno

ance. Proceedings of the 2International Congress on Acoustics (ICA), Montréal, Canada.

Neubauer, R.O., Scamoni, B013. Die Akustische Klassifikatiam Italienund Deutschland:
Perspektivenund Mdglichkeiten (in German)Proceedings of the Conference on Acoustics

EUROREGI@2 March2013, Merano, Italy.

Neubauer, R.O., Kang, d0144a). Airborne sound insulation in terms of a loudness model.

Journal of Applied Acoustj@&b, 3445.

Neubauer, R.O., Kang, 4014 b). Airborne Sound Insulation Based on a Model of Loudness.

Proceedings of the1* International Congress on Sound and Vibration (ICSV), Beijing, China.

Neubauer, R.O., Kang, 20{4 c). A Model Based on Loudness Level to Describe Airborne
Sound InsulationProceedings of the 43international Congress and Exposition on Noise-Co

trol EngineerindInterNoisg, Melbourne, Australia.

217



References

Neubauer, R.02015. COST Action TU09§Harmonisierung von Kennwerten und Klasaiik
tionsschema fur den baulichen Schallschyzine Zusammenfassung der Ergebniddarrfo-
nisation ofdescriptorsand classification scheme for the structural sound protectidnsum-
mary of the results), (in Germa Proceedings iRortschritteder Akustik DAGA 20153\ urem:

berg Germany.

Niemann, H., Maschke, C., Hecht, K., Huber200% ® da bl OKoF NE OK I Fid &t NN
gung und Erkrankungsrisik&rgebnisse des Paneuropaischen LARBSNJXNaghbourivod
noise caused nuisance and disease risksults of the Paituropean survey of LARE®)

German)Proceeding®f Fortschritte der Akustik, DAGA 2005, Munich, Germany.

Niemann, H.; Maschke, C.; Hecht,2006) @ & [ NNX 6 SRA y 3 Bri&ankuSysrisiko i A 3 dz
Ergebnisse des paneuropaischen LARESNII@l@séinduced annoyance and disease risk
results of the Pasturopean survey of LARE8) German), Bundesgesundheitsblaitesund

heitsforschung; Gesundheitsschut28 (3), 315¢ 328.

Noise @013. Technical Handbooks 2013 Domestidoise, The Scottish Governmdnuiblia-

tions. Section & Noise (http://www.gov.scot/Resource/0045/00459728.pdf)

Norwich, Kenneth H1993. Sensationand PerceptionAcademic Press, Inc. A Division of-Har

court Brace & Company San Diego, CalifoB28&.

Northwood, T. D.1979. Criteria for Airborne Sound Insulation between Dwellif@smmary

of paper presented at meeting of Canadidaooustical Association, 8 October 19758.2

218



References

Ortscheid, J., Wende, K2006). Larmbelastigung in Deutschland. Ergebnisse der Befragung im
Jahr 2004. (Noise pollution in Germany. Results of the survey in 2004), (in German), Zeitschrift

fur Larmbekampfungs3 (1), 2430.

ONORM S 50122@12. ONORM S 5012: 2012 04 15challtechnische Grundlagen fiir die E
richtung von Gastgewerbebetrieben, vergleichbaren Einrichtungen sowie den damitnverbu
denen Anlagen Ermittlung der Emissionen(Acoustic principles for the construction ofsre
taurants, similar establishments and a&dd installations- Determination of emissions), (in

German). Austrian Standards Institute, Vienna, Austria.

Osipov, A., Mees, P1997). Vermeir, G.LowFrequency Airborne Sound Transmission through

Single Partitions in Buildingspplied Acousti¢$2 (3/4), 273288.

Park, H.K., Bradley, J.80@9. Evaluating standard airborne sound insulation measures in
terms of annoyance, loudness, and audibility ratinlggirnal of the Acoustical Society of Ame

ica, 126, 208219.

Park, H. K.; Bradley J. S. and Gover R0Q8), Evaluating airborne sound insulation in terms

of speech intelligibilityJournal of the Acoustical Society of Ameri@38 (3), 14581471

Park, H.K., Bradley, J.S., and Gover, BO@7). Using speechielligibility scores to rate sound

insulation.Canadian Acousti¢85, 122123.

Parmanen, J2001). System for Rating of Airborne Sound Insulation in Buildings and df Buil

ing ElementsActa Acustica united with Acustic87, 101:117.

219



References

Parmanen, J.2007). Aweighted sound pressure level as a loudness/annoyance indicator for

environmental soundsCould it be improved3ournal of Applied Acousti@&8, 5870.

Pickles, J.02008. An Introduction to the Physiology of Hearir8j Edition,Emerald Grap

Publishing Limited.

t NI OavS O ® 8 & 1D Mihajlo¥, D. 012. Comparison of Prediction and Measurement
Methods for Sound Insulation of Lightweight PartitioR&ACTA UNIVERSITATESies: Arch

tecture and Civil Engineering0 (2),155-167.

Pompoli, R.1994). Intercomparison of laboratory measurements of airborne sound insulation

of walls. Report on the EUProject MATE940054.

PoulsenT. and MortensepF. R.2002. Laboratory Evaluation of Annoyance of Low Frequency
Noise, Working Report No.-1Arbejdsrapport fra Miljgstyrelsen, Technical University ofi-De
mark, Acoustic Technolog¥-66. http://www.miljoestyrelsen.dk/udgiv/publications/2002/87

7944-955-7/pdf/87-7944-956-5.pdf (date last accessed 20/03/2015).

Quinlan, D. A1094 @ ! [/ 2YLI N} A @S {(idzReé 2F %A Ol SNRa

of Continuous Soundsloise Control Engineering Jourri (3), 117126.

Quirt, J. D(1982.6 { 2 dzy R (i NINPAIYIKS 36M2yyR 206k L & { Agummal S |+ y F

of the Acoustical Society of Ameriga2 (3), 834;844.

Rademacher, Hl. 1955. Subjektive Bewertung der Schalldammung, untersucht an elektrisch
nachgebildeten SchalldammkurveiSubjective evaluatioof acoustic insulation, studied ale

trically imitated sound insulation curves), (in Germaxgustica5 (1), 1927(9).

220



References

Raggam, R.B., et a2007). Personal noise ranking of road traffic: Subjective estimation versus
physiological parameters under labooay conditions.International Journal of Hygiene and

Environmental Healt210, 97-105.

RasmusserB.; Rindel, J.H1096). Wohnungen flr die Zukunft: Das Konzept des akustischen
Komforts und welcher Schallschutz von den Bewohnern als zufriedenstellend beurteilt wird.
(Homes for the future: The concept of acoustic comfort and which soundproofing is judged by

the inhabitants adeing satisfactory), (in Germareitschrift viksh 41 (38), 411.

Rasmussen, B2@04). Sound insulation between dwelling<lassification schemes and lokil
ing regulations in Europe. Proceedings of th& 8&ernational Congress on Noise Contral E

gineering (InterNoise), Prague, Czech Republic

Rasmussen, B.; Rindel, J.2005. Concepts for evaluation of sound insulation of dwellings
from chaos to consensus?, Proceedingshef 4" European Congress on Acoustics (Forum

Acusticum)Budapest, Hungary

Rasmussen, B. & Lang,2Dd9. How much protection do the sound insulation standards give
and is this enough?. Proceedings of EURONOISE 2009. Action on noise in EUEapep&n
Conference on Noise Control,-28 October 2009, Edinburgh Internatiml Convention Centre,

Edinburgh, United Kingdom.

Rasmussen, B.; Rindel, J201(0. Sound insulation between dwelling®escriptors applied in

building regulations in Europdournal of Applied Acousticdl, 171-180.

221



References

Rasmussen, B2010. "Soundinsulation between dwellingg Requirements in building reg

lationsin Europe" Applied Acousti¢cg1(4), 373385.

Rasmussen, B. & Machimbarrena, M. (editorad.1@). COST Action TU099Building acos-
tics throughout Europe. Volume 1: Towards a comnfoamework in building acoustics

throughout Europe. (www.cost.eu/COST_Actions/tud/Actions/TU0901).

Raw, G.J., Oseland, N.2991). Subjective response to noise through party floors in conversion

flats. Applied Acoustic82, 215;231.

Rindel, JH., 994). Dispersion and Absorption of StructeBerne Sound in Acoustically Thick

Plates Applied Acousti¢cgll, 97-111.

Robinson, D.W1053. The relation between the sone and phon scales of loudessstica3

(5), 344358

Roos,M., Henze N, SeeberS.,Kurtze L, Ellermeier,W. 2011). Measuring and Scaling the
Unpleasantness of PMverter. Sound Emissions based on Psychoacoustic MeRitxeeal-

ings of the26™ European Photovoltaic Solar Energy Conference and Exhibition.

Ruf, A., Fischer, #{1. (2009. Umsetzung der europaischen Normen des baulichen Schalschu
zes fur das Bauen mit G{fggandbauplatten (Transposition of European standards of structural
sound protection for building with gypsum wall boards). Abschlussbericht Nr. 122 005 05 P

zum AF Vorhaben Nr. 14656 N (in Germdip01.

Ryu, J.K., and Jeon, J201(1). Influence of noise sensitivity on annoyance of indoor and ou

door noises in residential buildingtournal of Applied Acoustié®, 336340.

222



References

Salomons, E.M., and Janssen, 2@11). Practical Ranges of Loudness Levels of Various Types
of Environmental Noise, Including Traffic Noise, Aircraft Noise, and Industrial Nueea-

tional Journal of Environmental Research and Public H&altl8471864.

Scharf, B.; Hellman, RL9/8. How Best to Predict Human Response to Noise on the Basis of
Acoustic Variables. Proceedings of th&Gongress on Noise as a Public Health Problent. Fre

burg, Germany. Published in: ASHA Reports Nr. 10, 198@.8¥75

Scharf, B.1978. Loudnessin: Handbook oPerception 4, Hearing. Edited bk.C.Carterette

and J.C. MortonAcademic Press, New York.

Sharp, B. H., Gurovich, Y. A., Fazeli, F. K., Mill&20B).(Assessment of Sound Insulation
Treatments. Final Report, Prepared for Airporbferative Research Program (ACRP), §ran
portation Research Board of The National Academies, Project N@@,GRe National Research

Council (TRB), U.S.A71.

Sepmeyer, L. W1986). Study of the sound transmission class system for rating building part

tions: Another viewJournal of the Acoustical Society of Amerta5), 14041407.

Sewell, E. C1970. Transmission of reverberant sound through a sihgid partition su-

rounded by an infinite rigid baffldournal of Sound and Vibratidi®? (1), 21-32.

Simmons, C.2001). Systematic comparison of sound insulation measured in situ with values
calculated according to EN 12354 yields confident data of the acoustical properties of building

elements. Proceedings of the "L Thternational Congress oicoustic{ICA) Rom ltaly.

223



References

Schlittenlacher, J., Hashimoto, T., Fastl, H., Namba, S., Kuwano, S., and H&8a06). S. (
Loudness of pink noise and stationary technical sounds. Proceedings of'thetdfhational

Congress and Exposition on Noise Control Engineering (InterNoise), Osaka, Japan.

Schoch, A.1037). Die physikalischen und technischen Grundlagen der Schallddmmung im
Bauwesen(The physical and technical basis of sound insulation irbtliding industry), (in

German)S. Hirzel Verlag Leipzig, Germany

Schone, P1079. Messungen zur Schwankungsstarke von amplitudenmodulierten Sinusténen

(FluctuationStrengthof AmplitudeModulatedTones)(in German)Acustica4l, 252257.

Scholl, W., Lang, J., Wittstock, 20X1). Rating of Sound Insulation at Present and in Future.

The Revision of ISO 71Acta Acustica united with Acustic@v (4), 686698.

Shomer, P.D. et a2001). Evaluation of loudnedsvel weightings for assessitite annoyance

of environmental noiseJournal of the Acoustical Society of Amerdd®) (5), 23962397.

Smith, S., Mackenzie, R., Mackenzie, R., and Whatdiar, T.Z001). Housing and Sound las
lation, A Review of Sound Insulation Performance in &fotDomestic Construction, (@

mary).(http://researchrepository.napier.ac.uk/4757/1/Smith2.pdf

Smith, R. S., Mackenzie, R.K., Mackenzie, R.G., and Wallers T.Z003. The implications of
ISO 717 spectrum adaptation terms for residential dwellifgy®ceedings of the Institute of

Acoustic®25 (5).

224



References

Smith, S., Macdonald, R., Lurcock, D., Mackenzi@0B7)( Airborne sound transmission, ISO
140 and Influence of 1ISO 717Spectrum Adaptation Terms. Proceedings of th® [t@erna-

tional Congress oAcoustics, Madrid, Spain.

Smith, R. S., Mackenzie, R0O14). Compliance, performance and sound insulatiosm decade
review of the UK robust approach. Proceedings of tfleEtiropean Congress on Acoustics

(Forum Acusticum), Krakow, Poland.

Schmitz, A.Meier, A., Raabe, G1999 Interlaboratory test of sound insulation measur

ments on heavy walls: Par¢ Preliminary testBuilding Acousti¢®, 159-169.

Sottek, R., Genuit, KF05. Models of signal processing in human hearlngernational Jot

nal of Electronics and CommunicatigA&£U)59, 157165.

Sottek, R.2014). Progress in calculating tonality of technical sounds. Proceedings of the 43
International Congress and Exposition on Noise Control Engineering (InterNoise), Melbourne,

Australig 1-9.

Sottek, R., Bray W20Q15. Application of a New Perceptualyccurate Tonality Assessment
Method. Proceedings of the SAE 2015 Noise and Vibration Conference and ExHi@lms

Place Convention Center, Grand Rapids, Michigan, USA

St.Pierre, R.L. Jr., Maguire, D2D@4). The Impact of Aveighting Sound Pressure Level Mea
urements during the Evaluation of Noise Exposure. Proceedings of the 2004 National Confe

ence on Noise Control Engineering (NGTEHN), Baltimore, Maryland, USA, 7008

225



References

Stefaniw, A.Z001). Hearing Comfort in Classrooms: How Much Difference Does Design Make.

Proceedings of th@41* Meeting of the Acoustical Society of America, Chicagd)$A

Stevens, SS.(195%) @  &eéakufement ofl2 dzR y Sléuénél of theAcoustical Society of

America27 (5),815-829.

Stevens S. S1956) ©aldllation of the Loudness of Complex Nbideurnal of the Acoustical

Society of Americ28 (5),807-832.

Suzuki, Y., Takeshima, B0@4). Equaloudnesslevel contours for purdones.Journal of the

Acoustical Society of Amerjddl 6(2), 91&933.

Szudrowicz, B., Izewska, 2995. Simplified evaluation of flanking transmission based on the

mean mass and mean area of flanking elemeAfgplied Acousti¢c46 (3), 307¢319.

Tachibana, H., Hamado, Y., and Sato1888). Loudness evaluation of sounds transmitted
through walls- Basic experiments with artificial soundsurnal of Sound and Vibratidt27,

499-506.

Tachibana, H., Lang, W.\W\2005. Draft Final Report :fINCE TSG#3Noise Polices and Reg
lations, Proceedings of th&4™ International Congress and Exposition on Noise Contra Eng

neering(InterNoise) Rio de Janeiro, Brazil.

Tadeu, A. J. B., Mateus, D. M. R0Q). Sound transmission through singl#guble and triple

glazing. Experimental evaluatiofpplied Acoustic$2 (3), 30¢325.

Taibo, L., and Glasserman de Dayanl383. Analysis of variability in laboratory airborne

sound insulation determinations. Sound and Vibratiof1 (3), 319329.

226



References

TechRefNr2. 015. Acoustica Products Ltd., UK,
http://aco-on.co.uk/assets/Uploads/Data_Sheets PDF/TREFNR2.pdf.

(date last accessed 15/02/2015).

Terhardt, E.X974). On the perceptions of periodic sound fluctuation (Roughnéss)stica30

(4), 201213

Terhardt E., Stoll G., und Seewann NI9g® @ o ! f 32 NKR G KY T2 NJ &déni NI O /

O2 YLX SE (i 2)gurnil ofdhk Acgustical $oiety of Amerida(3), 67%688.

Thaden, R. und Vorlander, M2000. Horversuche zunVergleich unterschiedlicher Bewe
tungsverfahren fur LuftschalldémmalRe.(Hearing tests to compare different evaluatioropr
cedures for airborne sound insulation value@h German) Proceedingsof Fortschritte der

Akustik DAGA 2000, Oldenburg, Germany.

The Building Regulatio2@00. Approved Document E. The Building (Approved Inspectors etc)

Regulations 2000JK Regulation, into force since 1 July 2003

Timmel, R.,1991). Untersuchungen zurkinflussder Randeinspannung biegeschwingender
rechteckiger Platten auf den Abstrahlgrad am Beispiel von geklemmter und gestitzter Platte
und Untersuchungen zu Streuung des Abstrahlgraflesestigations on the effect of edge
boundary conditions for flexurally lmiating rectangular panels on the radiation efficiency as

exemplified by clamped and simply supported pangis)German)Acustica 73 (1), 1220.

Tonin, R.,2004). THE BCA 20@A PLAN FOR THE FUTURé&ceedings of Acoustics 2004,

Gold Coast, Austlia, 141150.

227



References

UBA WienZ2000. Umweltbundesamt Wien / Federal Environment Agency Vienna. Begrenzung
der Schallemission durch Musikanlag@rimitation of the sound emission through sound-sys

tems), (in German), Vienna, Austria;BiB, ISBN-B5457%472-X.

UBA 2002. onlineLarmumfrage des Umweltbundesamtgdloise survey of the FederahE
vironmental Agency)(in German), Bericht Oktober 2002, Umweltbundesamt, Zusameieng

stellt von Jens Ortscheiflvww.umweltbundesamt.de)

UBA 2013. The UBA annual putdition 2013. What Matters 2013, Annual Report of the-Fed

eral Environment Agency. (www.umweltbundesamt.de)

V 562 (1952). Zeller, W. and Elsner, H., Messung der Larmminderung und der La&rmdarhmung
(Measurement of noise reduction and noise insulation), (in Gernlal{)534.839, ATlatt

V562, Archiv fur Technisches Messen, Lieferung 198;1521

van Dongen, J.E.R2001. Noise annoyance from neighbours and the impact of soundansul
tion and aher factors. Proceedings of the BMnternational Congress and Exposition on Noise

Control Engineering (InterNoise), The Hague, The Netherlands.

Venegas, R., Nabuco, M., Massarani(Z2B06). Sound Insulation Evaluation Using Transfer

Function Measuremnts.Journal of Building Acoustjds3 (1), 2331.

Vian,J-P.,Danner,W.F.,and BauerJ.W. 1983. Assessment of significant acoustical paeam
ters for rating sound insulation of party wallournal of the Acoustical Society of Amerit&

12361243.

228



References

von Bismarck, G19740 @ o { KIF NLJy Saa | & |y | (04N oAdustiBa 2 F

30, 159172.

Vorlander, M., Kob, M.1097). Practical aspects of MLS Measurements in Building Acaustics

Applied Acoustic$2, 239258.

Vorlander, M.; ThadenR. 2000. Auralisation of Airborne Sound Insulation in Buildidgga

Acustica united with Acustic86 (1), 7676.

Vorlander, M. 2006). Building acoustics: From prediction models to auralization. Proceedings

of Acoustics 2008 hristchurch, Newealand, 152.

Wang Y.S.Shen G.Q, Gua H.,Tang X.L, Hamade T. 2013. Roughness modelling based on
human auditory perception for sound quality evaluation of vehicle interior ndisernal of

Sound and Vibratior832, 38933904.

Waterhouse, R/. (L955. Interference Patterns in Reverberant Sound Fieldsrnal of the

Acoustical Society of Ameri@y, (2), 247258.

Watters, B. G.1059. Transmission Loss of Some Masonry Wadigtnal of the AcousticabS

ciety of America31(7), 898911.

WHO 2009. Night Noise Guidelines for Europe. The World Health Organization, Geneva, Swi

zerland. http://www.euro.who.int/document/e92845.pdf.

Waugh, D.Z002. Environmental Quality Objectives Fdoise In Relatively Quiet Areas And Its

Potential Impact On The Mining And Quarrying Industry. SWS Environmental Services, Shinagh

House, Bandon, Co. Cork, Ireland.

229

[fl



References

Warnock, A.C.C., Vorlander, M903. InterLaboratory Comparison of Low Frequency Sound
Transmission. Part II: NarreBand Measurements and Computer Simulatidioceedings of
the 22" International Congress and Exposition on Noise Control Engineering (InterNeaise),

ven, Belgium929932.

Warnock, A.C.C. & Birta, J.2000). a 5 SG I Af SR wSLR2 NI F2NJ / 2y a2 NI
Sound Insulation of Floors: Sound Transmission and Impact Insulation Data in 1/3 Octave

FyYRaéS brdAz2ylf wSaSINDK /2dzyOAt 2F /[yl RIS

Weston, E. T.; Green, R. 9¢9. Methads of Achieving Airborne Sound Insulation. Pracee
ings of the 1969 Conference of the Australian Acoustical Society (A.A.S.), Noise reduction of

Floors, Walls, and Ceilings, Hotel Florida, Terrigﬁl, 14" October 1969, Paper B.

Wittstock, V. 2007). On the Uncertainty of Singldumber Quantities for Rating Airborne

Sound InsulationActa Acustica united with Acusti@s8 (3),375-386.

Wittstock, V. 2005). Uncertainties in building acousti¢roceedings of the"¥European Con

gresson Acoustics (Forum Acusticum), Budapest, Hungary.

Yaniv, S. L., Flynn, D. R978 "Noise Criteria foBuildings: A Critical Reviev®&pecial Publa:
tion SP 499National Bureau of Standards, U.S. Department of Commerce, Washington, D.C.,

USA.

Yifan H, Guoging D, Yiting Z, YoupengH, Bangjun Z. 008. Pairwise comparison exper
ment on subjective annoyance rating of noise samples with different frequency spectrums but

same Aweighted levelJournal of Applied Acousti@&9, 12051211.

230



References

Zwicker, E.1959. "Uber psychologische und methodische Grundlagen der Lautijaivut
psychological and methodological basics of loudnésslzerman)Acustica8, Supplement 1,

237-258(22).

Zwicker, E.1960. "Ein Verfahren zur Berechnung der Lautstarka"method for calculating

loudness level)in German)Acustical10, Supplement 1, 30808(5)

Zwicker, E., Scharf, B.965. "A model of loudness summatiorPsychological Review?2 (1),

3-26.

Zwicker, E.1977). Procedure for calculating loudness of temporally variable soulmdsnal of

the Acoustical Society of Amerié2, 675

Zwicker, E(1985. What is a meaningful value for quantifying noise reduction? Proceedings of
the 14" International Congress on Noise Control Engineering (InterNoise), Munich, Germany,

47-56.

Zwicker, E., Fastl, H999. PsychoacousticFacts and Model<™ Updated Edition, Springer

VerlagBerlin Heidelberg New York.

231



Appendices

APPENDICES

Appendix I:Reference values for airborne sound according to ISO-I17

Frequency, Hz Reference values, dE

100
125
160
200
250
315
400
500
630
800
1,000
1,250
1,600
2,000
2,500
3,150

33
36
39
42
45
48
51
52
53
54
55
56
56
56
56
56
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Appendix II: Sound spectra to calculate the adaptation teraxcording to ISO 71T

Frequency Sound leveld,;, dB
Hz Spectrum No. 1 to calculaté  Spectrum No. 2 to calculat@
100 ¢29 ¢20
125 ¢ 26 ¢ 20
160 23 ¢18
200 ¢21 ¢16
250 ¢19 ¢15
315 cl7 ¢l14
400 ¢15 ¢13
500 ¢13 q12
630 q12 ¢l1
800 ¢l1 c9
1,000 ¢ 10 ¢8
1,250 ¢9 c9
1,600 ¢9 ¢ 10
2,000 c9 ¢l1
2,500 c9 ¢13
3,150 c9 ¢15

NOTE All levels afeweighted and the overall spectrum level is normalized to 0 dB.
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Appendix Il Calculation procedure for the simplified model according to EN 12B54

The weightedapparent sound reduction index is determined from EqlKl):
h . . .
Y pu'@m pmm ™ pmm ™ pmm ™ 0 '00

where:

Roaw  is the weighted sound reduction index for direct transmiss{oii)
R«w  is the weighted flanking sound reduction index for the transmission path Ff, (dB)
Rorw: s the weighted flanking sound reduction index for the transmission path Df, ( (dB)

R-aw  is the weighted flanking sound reduction index for the traission path Fd, ( (dB)

Y j Yr DY j 0 00
where:

Row is the weighted sound reduction index of the separating element, dB

DRoqw s the total weighted sound reduction index improvement by additional lining on the source

and/or receiving side of the separating element, dB

The weighted flanking sound reduction indices are determined from the input values according

to the following:

: Yi Vi : S R o

Y & — DY 5 U pmELTDY QO 0 O0®
C aa

: Yir  Yi . S G s

Y ; ——— DY 5 U pmESD QO 0 0010
C aa

: Yi o Yp . NP G o

Y i — DY U paESY QO 0 00
C aa

234



Appendices

where;:

R is the weighted sound reduction index of the flanking element F in the source room, (dB)

Rw: is the weighted soundeduction index of the flanking element f in the receiver room, (dB)

R, is the total weighted sound reduction index improvement by additional lining on the source
and/or receiving side of the flanking element, (dB)

R4 is the total weightedsound reduction index improvement by additional lining on the flanking
element at the source side and/or separating element at the receiving side, (dB)

LRy is the total weighted sound reduction index improvement by additional lining on the separating
element at the source side and/or flanking element at the receiving side, (dB)

K;i: is the vibration reduction index of the transmission path kjf#=dor Df, respectively, (dB)

S isthe area of the separating element, (m?)

l: is the common couplip length of the junction between separating element and the flankieg el

mentsFandf, (dB)

lo: is the reference coupling length,= 1m.

The different contributions to the total sound transmission to a room are shown in the Figure

below for clarity.

N\
s

>Dde
_”

FigureAlll1: Description of the paths of the sound transmission:

7=

\ies it
L

d ¢ direct path,f ¢ flanking path
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Appendix V, a): Transformation ofSPLinto LoudnessLevel (Ly) according to ISQ26

In order to calculate the sounishsulation value the sound pressure levels have to bestran

formed into loudness level.

0 T®Zp T Mzp T n8rrrupcu(A|Vval)

0 THRA® NG ¢ wmM@ ¢ (AIV, 22)

were

Ly Loudness level in phon forpaure tone of frequency

L,  Sound pressure levei dBof a pure tone of frequenclwhich has a loudness levg|
& Exponent forloudness perception

L,  Magnitude of the linear transfer function normalized at 1 kiHdB

T; Threshold ofhearing in dB

The parametera;, L, andT; , respectively for the calculation of the curves are depicted in

Appendix V, b).
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Appendix V, b): Calculation of the curves of equédudness according t¢SO 226

Parameter for the calculation of theurves of equaloudness ISO 226)

Frequencyf & L Tt
Hz dB dB
20 0.556 -30.4 76.6
25 0.525 -26.5 67.3

31.5 0.495 -22.7 58.4
40 0.465 -19.2 50.2
50 0.439 -16.1 43.2
63 0.414 -13.3 36.7
80 0.389 -10.6 30.7
100 0.368 -8.4 25.7
125 0.349 -6.4 21.3
160 0.329 -4.5 17.0
200 0.313 -3.1 13.6
250 0.299 -1.9 10.7
315 0.286 -0.9 8.0
400 0.275 -0.2 5.7
500 0.266 0.3 3.9
630 0.258 0.5 2.5
800 0.253 0.5 1.9
1,000 0.250 0.0 2.2
1,250 0.247 -2.2 3.2
1,600 0.246 -3.0 1.8
2,000 0.246 -0.2 -1.2
2,500 0.246 2.2 -4.3
3,150 0.246 3.1 -6.3
4,000 0.246 2.0 -6.0
5,000 0.246 -1.0 -2.5
6,300 0.248 -5.9 54
8,000 0.256 -10.1 134
10,000 0.270 -10.2 15.0
12,500 0.295 -3.7 15.6
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Appendix V, a)Definitions of psychoacoustic parameterSharpness andlonality.

Sharpness (S)

Sharpness is a measure of thgthifrequency content of a soun&harpness is linked to the
spectral characteristics of the soumdhd is calculated from specific loudnds<rhis metric is
measured in acumThe sensation of sharpness results from Higdguency components in
acoustic signals and is defined as a linear perception dimension. The sharpness of narrowband
noise of 1k Hzbandwidth less than 150 Hz (critical bandwidth) and level of 60 dB is defined as
1 acum.The calculation of sharpness vs. time is standardig€&N 456922009) Other mal-

els exist e.gthe model of von Bismard974) or Aures (19.

The calculationni this study was done using the model in DIN 45692 implemented in the

software ArtemiS V 11 of Head acoustics.
Calculation methods according to DIN, Aures and von Bismarck

DIN

+24 Bark
| 7'(z) -z g(z)dz

= o
§=0.11 = (AV, al)

1 (z £15.8Bark)
g@@)= {

0.85+0.15. ™18 (7515 8Bark)

Aures

""“"n.(z) PR EFR
S=X, UN—
In(— +1)

20

von Bismar ck

l»ﬂ&vh ‘@) @)z 1'(z) = Specific loudness
7'(z)-z gz

§S=K,-2 - z= Tonality (Bark)
1 (z <14Bark) N= Total loudness
8@ =1140003. (- 14Bark)’ (22 14bark) K_= Scaling factors
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3Q61 0 Abandiate @pudert Adtof. This factor does only for critibahd rates larger
thanz =16 Bark(3,150 Hz)jncrease from unity to a value of four at the end of the criticahd
rate nearz =24 Bark(15,500 Hz)This takes into account that sharpness of nadzand noises

increases unexpectedly strongly at high centre frequencies (Zwicker and Fastl, 1999).

Besides the different weighting curves for the specific loudness (see picture below) there is a
difference in the denominator. Whereas the DIN and v. Bismarck formulas give the same r
sults for different total loudness values as long as the specific logddisribution is the
same, Aures' formula will give higher sharpness values with increasing total loudness.

The different results are presented grapdlig in the used software in the help fifeom which

the figure below is taken as a capy

100— DIN
— - Alres
801----- v Bismarck .
60 2
L7
A e
40 e
e
20 E——
. -
0 .} —
100 200 500 filHz 2000 5000 10k

Copy takerfrom: ArtemiS V11.00.200, HEAD acoustics GmbH, Germany
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Tonality (Ton)

Tonality is the degree to which a noise contains audible pure tones. It measures the number of
pure tones in the noise spectrum. This metric is measured.in t

The alculationof tonality is based on publications by Terhardt, et al., (1982)

la adlrGSR Ay (KS KI yRoTmlty issafeadukeSf thie Drdpbrion 65 | N
tonal components in the spectrum of a signal and allows a distinction between tones and noi

es Tones consist mainly of tonal components which show in the specis pronounced

peaks. Noise and broadband noises have no or little tonality. A constant in tonality calculation

K achieves that a value of 1 tu results from a sine tone of 1k Hz and&60 dBl 9! 5 | O2 dz
GmbH2014)

Sottek (2014 2015 has mentionedhat the method b quantify the tonality of identified gk

crete tones do not respond well or even at all to tonalities caused by navengs of noiser

non-pure tones,and thusare particularly useless with many frequeréigcountered tonalities
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Appendix V, b)Calculaed psychoacoustic parameterfor different sound signals using

Calculated parametestusing above filter coefficient®, = 0 dB indicatek; =85 dB

filter coefficients forR, = 20 dB, 40 dB, and 60 dB.

Sound Reduction Index R indB

70

60

50 A

40

30

20 A

10 A

0

-

L=
.-
-

50 80 125 200 315 500 800 1250 2000 3150 5000
Frequency in Hz

——Rw=20dB = - =Rw=40dB ===-Rw=60dB

Frequency depending filter coefficients figy = 20 dB, 40 dB, and 60 .dB

PN R'(asper) S(acum) Ton (tu) Fls'(vadl) Ly (phon) N(sone) SPLdB)
R= 0dB 3.9500 2.140 0.0170 0.02250 99.1 60.000 85.0
R=20dB 2.0400 1.540 0.0180 0.01480 81.3 17.500 71.2
R=40dB 0.7980 1.420 0.0202 0.00849 60.7 4.190 53.1
R=60dB 0.0226 0.915 0.0096 0.00477 26.7 0.314 33.1
WN
R= 0dB 3.6200 2.790 0.0197 0.01660 98.5 57.600 85.0
R=20dB 1.8300 2.150 0.0231 0.01200 79.0 15.000 61.2
R=40dB 0.5780 2.200 0.0256 0.00689 57.8 3.440 41.7
R=60dB 0.0000 2.170 0.0000 0.00387 22.2 0.185 21.7
B
R= 0dB 3.4700 1.430 0.1810 0.18200 97.2 53.700 85.0
R=20dB 1.7500 1.090 0.2180 0.10900 79.9 16.300 68.3
R=40dB 0.6740 0.936 0.2620 0.06110 59.3 3.970 49.0
R=60dB 0.0121 0.781 0.2670 0.03440 29.9 0.484 29.0
E
R= 0dB 3.6300 1.600 0.1820 0.22300 94.8 45.900 85.0
R=20dB 1.7400 1.150 0.2240 0.13500 77.5 13.900 72.5
R=40dB 0.4720 0.993 0.2630 0.07740 56.0 3.22®m 54.5
R=60dB 0.0315 0.601 0.2280 0.04350 23.7 0.2670 345
PS
R= 0dB 2.9000 1.580 0.2340 0.12900 94.8 45.200 85.0
R=20dB 1.4700 1.090 0.2780 0.11000 78.2 14.300 72.7
R=40dB 0.3520 0.837 0.3230 0.06590 57.0 3.330 54.4
R=60dB 0.0338 0.427 0.4390 0.03710 27.2 0.356 34.4
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Appendix VI, a) Questionnaire response scalgand resultsfor the 1* listening test.

For reference see section 5.2.1

1'clear' 2'hear' 3'concentrate’ 4 'not easy’hérdly’ 6 'weak' 7 'no sound

Play Sound

Do you hear a sound

Please mark

() Yes | can cleary hear a sound

) Yes | can hear a sound

") Yes | can hear a sound when concentrate on it

) Yes | can hear a sound but not easily

) | hardly hear a sound

) | can hear a weak sound

) 1do not hear a sound

WN

Sound sample
PN E

Sound insulatio sound reduction index R (dB)

Participant 20 30 40 50 56|20 30 40 50 56|20 30 40 50 56|20 30 40 50 56
1 1 2 2 2 3 1 2 2 2 2 1 1 1 2 2 1 2 2 3 3
2 1 2 2 3 5 1 2 2 3 4|11 2 2 3 3 1 1 1 2 2
3 1 1 1 2 3 1 1 1 2 2 1 1 2 2 3 1 1 2 2 2
4 1 1 1 2 2 1 2 2 3 3|1 1 1 1 1 1 1 1 1 1
5 1 1 2 2 2 1 1 1 2 2 1 1 1 1 1 1 1 1 1 2
6 1 2 6 7 7 1 1 2 6 6|1 1 2 5 6|2 2 2 4 6
7 1 1 1 2 3 1 1 1 1 2 1 1 1 1 1 1 1 1 1 2
8 1 1 1 2 2 1 1 1 2 2 1 2 1 3 3 1 1 2 3 4
9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2
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Appendix I, b)

Descriptive statistics

(6) clear
T
H
L

3— )
-]
= *
]
o 2—
g Noise Noise20 Noise30 Noise40 Noise50 Noise56
—_— Mean 5.12 6.00 5.67 5.33 4.50 4.11
=) Stddev 0.866 0000 0433 0968  1.601  1.635
1_ Min 3.1 6.0 5.0 3.0 0.5 1.0
Max 6.0 6.0 6.0 6.0 6.0 6.0
Median  5.50 6.00 6.00 5.50 5.00 4.50 * *
N 9 9 9 9 9 9
0 T 1 I i 1 T
Noise Noise 20 Noise 30 Noise 40 Noise 50 Noise 56
T T
*
B
§ 5 L
(&)
—_
©
S
4 o
.
3_
-]
=
3
n 2— ) ) ; ) ) .
o Music Music 20 Music 30 Music40 Music50 Music56
[ = Mean 5.36 5.94 5.78 5.61 4.94 4.50
8 Std dev 0.678 0.167 0.264 0.417 1.210 1.521
= Min 4.0 6.0 6.0 5.0 3.0 1.0
1 [Max 6.0 6.0 6.0 6.0 6.0 6.0 *
Median 5.30 6.00 6.00 5.50 5.00 4.50
N 9 9 9 9 9 9
0 - . . .I . T
Music Music 20 Music 30 Music 40 Music 50 Music 56
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Appendix I, ¢)

Descriptive statistics

6— —
3 E ﬁ L 7
©
o 57 4
(&)
_—
© L
4_ ) l
N *
3_
-]
=
]
n 2—
[=] All All 20 All 30 All 40 All 50 All 56
= Mean 5.24 5.97 5.72 5.47 4.72 431 o
e Std dev 0.735 0.083 317 0.618 1.337 1.488
1] [Mmin 3.50 5.75 5.25 40 15 0.75
Max 6.0 6.0 6.0 6.0 6.0 6.0 N
Median 5.40 6.00 5.75 5.75 5.00 4.50
N 9 9 9 9 9 9
0 1 T T | 1 I
All All 20 All 30 All 40 All 50 All 56
6_
B
8 5 i
©
~ N
©
S
4 o
1
*
3_
2
g . )
3 o Median Noise Music
n Mean 5.12 5.36
2 [] »wem Standarddeviation ~ 0.866 0.678
= =
=) ) ) Minimum 3 4
Range without outlier .
~ 14 T 9 Maximum 6 6
* Extreme aitlier Median 5.50 5.30
" Soft outlier N 9 9
G |. I .
Noise Music
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Appendix M1, a) Questionnaire, response scale, and results for ¥ listening test.

For reference see section 5.2.2

Was the second sound sampl e when
Test Much equally loud much
Louder quieter
-5 41 -3 -2 -1 0 +1 | +2 | 43 | +4 +5
1 © C|¢|C|C G ¢l ¢ ¢ |C ©
e e e e e e e e e e e e
30 C
Test
Noisel
Noise2
5Signals |Musicl
Music2
Party Sound
20
3 SPL (dB) 40
60
Sound SPL Sound SPL
1 Noisel 20 vs. Noise2 20
2 Noisel 20 vs. Musicl 20
3 Noisel 20 vs. Music2 20
4 Noisel 20 vs. PartySound 20
5 Noise2 20 vs. Musicl 20
6 Noise2 20 vs. Music2 20
7 Noise2 20 vs. Party Sound 20
8 Musicl 20 vs. Music2 20
9 Musicl 20 vs. Party Sound 20
10 Music2 20 vs. PartySound 20
11 Noisel 40 | vs. [Noise2 40
12 Noisel 40 | vs. |Musicl 40
13 Noisel 40 | vs. |Music2 40
14 Noisel 40 |vs. |Party Sound | 40
15 Noise2 40 | vs. [Musicl 40
16 Noise2 40 | vs. |Music2 40
17 Noise2 40 | vs. |Party Sound | 40
18 Musicl 40 | vs. |Music2 40
19 Musicl 40 |vs. |Party Sound | 40
20 Music2 40 |vs. |Party Sound | 40
21 Noisel 60 vs. Noise2 60
22 Noisel 60 vs. Musicl 60
23 Noisel 60 vs. Music2 60
24 Noisel 60 vs. Party Sound 60
25 Noisel 60 vs. Musicl 60
26 Noisel 60 vs. Music2 60
27 Noisel 60 vs. Party Sound 60
28 Musicl 60 vs. Music2 60
29 Musicl 60 vs. Party Sound 60
30 Music2 60 vs. Party Sound 60
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: Response sheet

Appendix VI, b)

Test
1

22 23 24 25 26 27 28 29 30

8 19 20 21

11 12 13 14 15 16 17

10

7 8 9

2 3 4 5 6

Partisip.

o~

om

N

ey

2

1

=

-1
0
2

0
<1
7L

N

o

11

14
15

20
21

2

1
=2

1
2

-1

0

b

24

i -

1

-2

-1

25

oo

oo

co

co

o~

oo

co

oo

-1
4

28
29

32
33

=2

35

2
-1

2
3

-1
1

-1
1

-1
0

-1
1

a2
[

-1

-1

2

2

-1

2

-

o

1

=

o

1
=2

3
3

1
sk

2
-3

3
2

°

2

i

1

-2

-2

2

—m

N

<+

o

0w

om

oo

mno

71

-1

-1

-1

2

72

~o

o

L

-1
2

-1
-1

mao

o

75
76
77

0

3

738
80

81

83

-3

85

-2

87

W

1
-1
2

4
]
=z

4
-3
1

3
-a
1
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Appendix VI, c) Descriptivestatistics

5_
g 47
=
3 3 ) T
g5 |
E . T
o 1
x
0 T V_-r_l J—
— T
I °
=
o | =
ST L
E -3_ g = Median
5:. o I:l 25%- 75%
-4— I Range without outlier
5 " Soft outlier
| I ! ! :
WN @ PS @ PN & BO Eo

Description: White Noise (WN), Parts Sound (PS), Pink Noise (PN), Beethoven (B), Eminem (E)

WNOBvs.PSOvs. PNOvs.BOvs.ED

WN @ PS @ PN @ B @ E @
Mean -0.8883 -0.3608 -0.2117 0.4525 1.0083
Standard deviation 0.79598 0.66772 0.70536 0.71561 0.67404
Minimum -3.67 -2.33 -2.33 -1.25 -0.33
Maximum 0.75 1.50 1.42 3.00 3.00
Median -0.8333 -0.3333 -0.1667 0.3333 1.0000
N 100 100 100 100 100
Explanation

Thelower the value decreases the more the particular sound of all test persons of all attempts is pe
ceived.

WNis assessed being total perceivedquietestand Eloudest

The rerceptionof PSand PNarein total statistically equal.
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Appendix VI, d): Descriptive statistics

... (+5) much louder

(-5) much quieter

e}

|
[a]e]
|

— Median

D 25%- 75%
I Range without outlier

* Extreme aitlier

Soft outlier

|
WN 40 dB

|
PS40 dB

!
PN 40 dB

|
B40dB

|
E40dB

Description: White Noise (WN), Parts Sound (PS), Pink Noise (PN), Beethdzemn@) (E)

WN 40 dB vs. PS 40 dB vs. PN 40 dB vs. B 40 dB vs. E 40 dB

WN 40dB| PS40dB| PN40dB| B40dB| E 40 dB
Mean -0.1975 -1.1225 0.8775| 0.2225( 0.2200
Standard deviation 1.01148] 0.99525| 1.01721| 0.79606| 0.82211
Minimum -2.75 -5.00 -1.75 -2.50 -1.75
Maximum 3.00 0.25 4.50 2.50 2.50
Median -0.2500 -0.7500 0.7500] 0.2500( 0.0000
N 100 100 100 100 100

Explanation:

At 40 dB PNs judged being perceived loudestidiPSjuietest
The perception oEand B isat 40 dBstatistically equal
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Appendix I, e) Descriptive statistics

5_
g 47 0 0
o _0_
3 3- o
-E ——
3 2+
£ _
P
E . .
° 1+
5 —
(=
5 27 4
5 —t
= -3 —— Median
"3 4 e I:l 25%- 75%
) | Range without outlier
-5 " Soft outlier
| | | | |
WN50dB PS50dB PN 50 dB B 50 dB E 50 dB

Description: White Noise (WN), Parts Sound (PS), Pink Noise (PN), Beethoven (B), Eminem (E)

WN 50 dB vs. PS 50 dB vs. PN 50 dB vs. B 50 dB vs. E 50 dB

WN 50dB| PS50dB| PN50dB| B50dB| E50dB
Mean -0.9525 -0.4550 -0.27501 0.3750] 1.3075
Standard deviation 0.92161 0.85825| 0.85834| 0.95776| 0.89602
Minimum -3.50 -2.25 -2.50 -1.25 -0.50
Maximum 1.00 2.75 1.50 3.75 3.75
Median -1.0000 -0.5000 -0.2500f 0.2500] 1.2500
N 100 100 100 100 100

Explanation:

At 50 dBsameorder as in total
The perception of PS and PN is at 50 dB statistically equal.
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Appendix VI, f): Descriptive statistics

5_
L i ;
E 3— 9 o _8_ T
£ —
e 2
5 1 = T
X
D0
Iy —t—
8 1- 4 ’
g L
=2 [}
-§ 2 o — Median
E - A4 [ ose 750
E -4 — o I Range without outlie
o * Extreme aitlier
-5 o o ~ Softoutlier
| | ! | |
VWN 60 dB PS 60 dB PN 60 dB B 60 dB E 60dB

Description: White Noise (WN), Parts Sound (PS), Pink Noise (PN), Beethoven (B), Eminem (E)

WN 60 dB vs. PS 60 dB vs. PN 60 dB vs. B 60 dB vs. E 60 dB

WN 60dB| PS60dBl PN60dB| B60dB| E 60dB
Mean -1.5150 0.4950 -1.2375 0.7600| 1.4975
Standard deviation 1.04254] 1.01627 1.19837| 1.01374| 0.83673
Minimum -5.00 -2.00 -5.00 -2.25 -0.75
Maximum 1.25 4.50 3.00 4.00 325
Median -1.3750 0.5000 -1.2500 0.5000] 1.5000
N 100 100 100 100 100

Explanation:

At 60 dB PN is perceived relatively quieter than in the total.
WN and PN are judged being perceived quieter than the other.
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Appendix M, a) Questionnaire, response scale, and results for 8 listening test.

For reference see section 5.2.3

R,=50 dB Test sound
Group L, (dB) Type L, (dB)
85 | B, 85dB (15s)
85 Il B, 85dB (15s)
1 85 1 B, 85dB (15s)
85 v B, 85dB (15s)
85 V(ref.) B, 85dB (15s)
85 I E, 85dB (15s)
85 Il E, 85dB (15s)
2 85 1] E, 85dB (15s)
85 \Y; E, 85dB (15s)
85 V(ref.) E, 85dB (15s)
85 [ PN, 85dB (15s)
85 Il PN, 85dB (15s)
3 85 11l PN, 85dB (15s)
85 v PN, 85dB (15s)
85 V(ref.) PN, 85dR15s)
85 [ PS, 85dB (15s)
85 Il PS, 85dB (15s)
4 85 1l PS, 85dB (15s)
85 [\ PS, 85dB (15s)
85 V(ref.) PS, 85dB (15s)
85 | WN, 85dB (15s)
85 Il WN, 85dB (15s)
5 85 1 WN, 85dB (15s)
85 v WN, 85dB (15s)
85 V(ref.)  WN, 85dB (15s;]

Same procedure and
equipment as for the
1% Test

Assessment ranking

0 quietest
1 quiet

2 equal

3 loud

4 loudest

Sound samples

B Beethoven
E Eminem

PS Party Sound
PN Pink Noise
WN White Noise

11 Participants

Thel & LIZr¥f.¥ tepresents the shifted reference curve according to ISQI717
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Appendix VI, b): Sound reduction indexi, = 50 dBwith different C G,-values.

80

70

() R,=50(-1;-1)dB

60

50

40

Sound Reduction Index R (dB)

Sound Reduction Index R (dB)

80

70

60

50

40

| (1) R,=50(-1;-6)dB

Frequency (Hz)

30 ‘
L 30 7
’
’
/
20 20
s
£
0+ """ 0 +~—T+—T—TT"TTTTT—TTTTTT T
50 80 125 200 315 500 800 1250 2000 3150 5000 50 80 125 200 315 500 800 1250 2000 3150 5000
Frequency (Hz) Frequency (Hz)
80 80
(I R,=50(-3;-7)dB | (IV)R,=50(-1; -4)dB
/|
/
70 ’ 70
_ ’ —_
=) ’ _ﬁg
= s =
-5 e -3
= 60 y = 60 =
o ’ g -
- ! g -
= T c -7
2 s5p 7 ,' 2 50 4
B P ' T z
3 rd \ 3 o=
e il V! 3 , ~- -
3 Il v -3 20 PR
40 4 A —
'g ,I -E ,/ N7
3 Jid 3 L7
wv - w I
” 4
30 30
I
1
1
]
20 ; 20
I
7
rd
-
0W+E—TTT"F"T"TT 1T T T 0W+——T"T"TTrTTT T T T T T
50 80 125 200 315 500 800 1250 2000 3150 5000 50 80 125 200 315 500 800 1250 2000 3150 5000

Frequency (Hz)

Theresponse sheet igivenin Appendix VI, c).
The reference values for V(Rafrve) in Appendix VJIt), are the shifted reference values of

the reference curve according to ISO 7iL Reference valueR, e = 50 (2;-6) dB.
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