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Abstract
Acoustics concerns both sound and vibration, and for wooden constructions there are some
important features that differ from those in concrete and other heavy constructions. The
weight of a construction is an important parameter for the airborne sound insulation
properties, especially for the lower frequency range, 20–200 Hz. This means that wood
constructions may have poor sound insulation at the lower frequencies. Impact sound from
people walking is the most common sound insulation problem for lightweight floors,
especially at low frequencies. Flanking transmission is another main problem for lightweight
constructions. Noise from installations is often dominated by low frequencies, whereby
special consideration is needed for wooden constructions. Low-frequency vibration and
springiness can be of importance to consider especially for floors of large dimensions.
For industry, it is important to have improved knowledge concerning current requirements, as
well as easily accessible data on the acoustic properties of building constructions that can be
used in the early stage of building projects. It is also crucial to have reliable prediction tools in
order to avoid severe and costly changes. Existing models are best suited for heavy and
homogeneous constructions, e g the European prediction standard EN 12354. The costly
process of using test-buildings is common even though the obtained results are not useful for
slightly different building constructions. Hence, there is a need to develop prediction tools.
Further research needs are also presented in this State of the art report.
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Preface
Acoustics is an important performance characteristic for building with wood and a
prerequisite for the acceptance of wooden buildings by building industry, building owners and
consumers. However, the research in this area has been limited in Sweden during recent years.
Therefore, a national Swedish consortium was initiated by SP Trätek in 2007 in order to
utilise available resources more efficiently and to maintain and develop the competence in the
field of Acoustics in wooden buildings. The consortium consists of all national R&D
performers, leading industry companies within the building, building materials and wood
sectors and leading consultants.
This state of the art report is the first result from the new Swedish consortium between
industry and researchers. The report includes a literature survey, analysis and identification of
industrial needs for producing wooden buildings with good acoustic comfort and further
research needs to reach that goal.
The work has been financed jointly by Vinnova and the participating companies.
Thanks to all participants for enthusiasm and very good cooperation. We hope to have created
a foundation for further work also on an international arena.

Stockholm, March 2008.

Birgit Östman
SP Trätek

Participants
Industry and consultants:
CBBT - Centrum för byggande och boende med trä
Gyproc
NCC Construction
Paroc
Saint-Gobain - Isover
Setra Group
WSP
ÅF-Ingemansson
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R&D performers:
Chalmers University of Technology
DTU - Technical University of Denmark
KTH - The Royal Institute of Technology
LTH - Lund University
LTU - Luleå University of Technology
SP Akustik - SP Acoustics
SP Trätek - SP Wood Technology
VXU - Växjö University

Förord
Akustik är ett angeläget område för träbyggande med starkt eftersatt FoU under senare år.
Samtidigt är god akustik är en förutsättning för att byggherrar och konsumenter i större
utsträckning väljer trä i större byggnader och flerfamiljshus i Sverige och utomlands.
En nationell samverkan initierades därför av SP Trätek under 2007 för att utnyttja tillgängliga
resurser effektivare och för att behålla och komplettera kompetensen inom området Akustik i
träbyggnader. Ett konsortium bildades med samtliga svenska FoU-aktörer inom området,
ledande industriföretag inom bygg-, byggmaterial- och träbranschen samt ledande konsulter.
Denna kunskapsöversikt är det första resultatet från det nya konsortiet. Rapporten innehåller
en litteraturöversikt, analys och definition av industrins behov för att kunna producera
träbyggnader med god akustisk komfort samt behov av fortsatta FoU-insatser.
Arbetet har finansierats gemensamt av Vinnova och deltagande företag.
Jag vill rikta ett varmt tack till alla deltagare för entusiasm och mycket gott samarbete.
Hoppas att vi gemensamt lagt grunden för fortsatt arbete för att utveckla träbyggande med
god ljudkomfort.

Stockholm mars 2008.

Birgit Östman
SP Trätek
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Summary
Acoustics concerns both sound and vibration, and for wooden constructions there are some
important features that differ from those in concrete and other heavy constructions. The
building industry has learnt that building in wood with high acoustic quality demands, is
connected with large risk since the acoustic behaviour shows large variability. By increasing
the knowledge on wood, the risks will be reduced, which will aid the decision process and
strengthen the positive qualities of choosing wood.
The weight (mass per unit area) of a construction is an important parameter for the air-borne
sound insulation properties, especially for the lower frequency range (in general 20–200 Hz).
This means that wooden constructions may have poor sound insulation at the lower
frequencies. Solid wood elements may however show better performance than lighter wood
frame elements at lower frequencies. At higher frequencies, solid wood elements may have
poor sound insulation, while wood frame elements and double layer elements may show a
good sound insulation. However, the so-called double wall resonance may cause an impaired
sound insulation of double layer elements at lower frequencies. Also for façade elements the
sound insulation is of importance, and may become increasingly so with the current trends of
intensified transportation and new apartments being built in central urban areas. Concerning
prediction of air-borne sound insulation for single elements, there is no general model
available that can be applied to the different types of walls with acceptable accuracy.
Impact sound from people walking is the most common sound insulation problem for
lightweight floors, and the most severe at low frequencies. An important difference between
the sound of footsteps and other sources of noise is that footsteps produce a high degree of
noise disturbance, even at low frequencies. The impact noise is measured with the
standardised ISO tapping machine. Although the machine provides no genuine simulation of
real footsteps, the obtained test results give valuable information on the dynamic behaviour of
the floor. Also for impact sound insulation, prediction models are lacking. In addition, the
evaluation procedure is known to frequently fail to correlate measured impact sound
insulation and perceived acoustic quality; people complain on impact noise even though the
building has been classified as fulfilling higher than (Swedish) minimum demands according
to the standardised procedure.
Flanking transmission is often one of the main problems for lightweight constructions. A
typical example of flanking transmission is when the vibrations of the floor spread to the loadbearing walls and result in sound radiation from the walls. The sound radiation from the walls
may well be a larger than that from the floor, especially if the floor is made as a double
construction. Flanking transmission constitutes an important practical problem for on-site
manufactured lightweight constructions. It is essential to solve the problems of flanking
transmission in order to handle the impact sound insulation.
Noise from installations is in many cases dominated by low frequencies, whereby special
consideration is needed for wooden constructions. Installation equipment may excite
vibrations more easily in a wooden floor than in a corresponding concrete element. Test
methods are needed, both for estimation of structure-borne input power from installations and
for dimensioning of vibration isolation on weaker foundations such as wooden floors.
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Low-frequency vibration and springiness can be of importance to consider especially for
floors of large dimensions. In order to avoid an impaired acoustic quality, it is valuable to
know where the lowest resonance frequencies appear.
For the industry, it is important to have improved knowledge concerning current
requirements, as well as easily accessible data on the acoustic properties of building
constructions that can be used in the early stage of building projects. It is crucial to have
reliable prediction tools in order to avoid severe and costly changes. There is also a need for
an improved quality of foundations. In addition, it is necessary to extend the acoustics
knowledge within the different groups involved in the wood building projects as well as to
have properly educated acoustic consultants. Furthermore, the very low number of acoustic
research groups that today deal with building acoustics accentuates the necessity to ensure
that the universities can educate the engineers called for by the industry.
Prediction models are important tools for the design of new constructions and building
projects. Existing theoretically simplified models are best suited for concrete structures, or
similar heavy and homogeneous constructions. This concerns mainly the European prediction
standard EN 12354, in which the flanking transmission is modelled, and the total resulting airborne and impact sound insulation is calculated. The lack of prediction models for lightweight
constructions constitutes a severe drawback for building in wood. The costly process of using
test buildings is common even though the obtained measurement results are not useful for
application to slightly different building constructions. Hence, there is a need to develop a
prediction tool for the flanking transmission. In addition, a reliable model for calculating the
direct transmission is needed to produce correct input for an engineering prediction tool. The
prediction is further complicated due to the periodic build-up of the wood framed floors and
walls, and due to that the solid wood constructions contain plates that are not isotropic.
The development of an engineering prediction tool is suggested to aim at a prediction tool for
buildings of volume elements, since the development of a generic prediction tool is limited by
the large complexity of wooden buildings in general. The prediction tool for volume elements
is then suggested to focus on mid-frequency transmission over the flanks and low-frequency
transmission considering the whole building.
A further development of elastic interlayers is needed, which can be used for multi-storey
buildings of volume elements. For building service equipment on wooden floors, the
development of vibration isolators, test methods and user guidelines are needed due to the
higher mobility of wooden floors compared with the rigid floors usually assumed for today’s
design. Moreover, there is a general need for noise reducing devices. These can be developed
in a process of combined theoretical and experimental work where innovation may be an
important part of the solution, whereby education and experience play central roles.
Low-frequency sound insulation needs to be studied with respect to the following aspects: to
insulate the impact of human steps and children playing (a problem which may be handled
directly by product development in industry), to know how much the low-frequency
resonances of rooms and building constructions will affect the sound insulation in individual
cases (which, as a first step, can be helped by a design guide), to develop a prediction scheme
for flanking transmission at low frequencies (a problem which can be dealt with by theoretical
research, possibly aided by experimental work), and concerning vibration isolation of building
service equipment. In addition, since there is strong indication that the evaluation methods in
use today substantially underrate the influence of low-frequency sound, there is a strong
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research need to improve the knowledge within this area and ultimately improve the
evaluation methods.
The general problem of variability for the acoustic properties of wooden buildings needs to be
investigated as well as the large effects of small construction changes. Such investigations can
be made using theoretical high-resolution methods and finite element analysis, with additional
contribution from using statistical energy analysis concerning the interaction of elements
within a larger part of the structure. In addition, controlled experimental tracking of changing
variability properties is also of interest, which is possible in the industrial production of both
flat blocks and volume elements.
At the end of the current report, the suggested further work topics are tabulated including the
character of the problems involved, wherefrom it can be concluded that there are large
similarities between the research and development needs for lightweight buildings in general
and wooden buildings in specific.
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Svensk sammanfattning – Extended summary in Swedish
Kunskapsläget om akustik i trähus
Akustik omfattar både ljud- och vibrationsegenskaper och för träkonstruktioner finns vissa
speciella egenskaper som behöver tas hänsyn till jämfört med tunga konstruktioner av
exempelvis betong. Byggnadsindustrin har genom åren lärt sig att det är svårt att använda trä i
konstruktioner där de akustiska kraven är höga. Detta beror på osäkerheter i det akustiska
beteendet. Spridningen i akustiska egenskaper är t ex stor för lättviktkonstruktioner (vilket
träkonstruktioner klassas som). Genom att öka kunskaperna om träkonstruktioners ljud- och
vibrationsbeteende kommer riskerna att kunna reduceras.
Det svenska ljudklassningssystemet ställer akustiska krav på bostäder och lokaler. Fyra
klasser definieras med olika krav, A, B, C och D, där klass A innebär högst krav och klass C
skall motsvara minimikraven vid nybyggnation. Klass D kan användas vid exempelvis
varsamma renoveringar där klass C inte kan uppnås.
Generellt kan trähus delas upp i tre olika konstruktionstyper:
• Regelkonstruktioner, som akustiskt betraktas som dubbelväggskonstruktioner
• Homogena träkonstruktioner, som akustiskt beskrivs som enkelväggar när endast en
skiva används och som dubbelväggar när större krav på ljudisoleringen behövs.
• Hybridsystem, som består av kombinationer av olika material och konstruktioner.
För att studera de akustiska egenskaperna i detalj delar man också upp dem i olika delar
beroende bl a på typ av bullerkälla.

Luftljudsisolering
Luftljudsisolering är ett mått på hur mycket byggnadskonstruktionerna hindrar ljud i ett
utrymme från att fortplantas till ett annat utrymme. Luftljudsisoleringen beror bland annat på
egenskaperna hos skiljeytan, väggen, bjälklaget etc, men angränsande konstruktioner har
också betydelse. Luftljudisolering presenteras i form av ljudreduktionstal. Ju högre ljudreduktionstal, desto bättre ljudisolering.
Vikten per ytenhet hos en konstruktion har avgörande betydelse för ljudisoleringsegenskaperna, speciellt vid låga frekvenser (mellan 20-200 Hz). Detta gör att många
träkonstruktioner har dålig ljudisolering vid låga frekvenser. Homogena träkonstruktioner kan
emellertid ha bättre ljudisolering vid låga frekvenser än lättare regelkonstruktioner. Vid högre
frekvenser har homogena träkonstruktioner ofta förhållandevis låg ljudisolering, medan
dubbelväggskonstruktioner kan ha hög ljudisolering. Den så kallade dubbelväggsresonansen
måste beaktas så att den säkert infaller under 50 Hz. Eftersom det svenska ljudklassningssystemet tar hänsyn till frekvenser ner till 50 Hz kan dubbelväggsresonansen vara ett
problem. Även för fasadelement är ljudisoleringen viktig och kan bli viktigare med ökande
trafik och nybyggnation av lägenheter centralt i tätbebyggda områden.
En konstruktion analyseras ofta som separata byggelement t ex då man studerar den s k
direkta transmissionsvägen och det finns idag ett flertal beräkningsmodeller. I en tidigare
studie kom man fram till att bara några av dessa modeller kunde förutsäga ljudisoleringen
med en acceptabel noggrannhet, men att ingen av dem var kapabel till att förutsäga
ljudisoleringen för alla väggtyper. Ett av de stora problemen med de existerande modellerna
är hur de behandlar hålrummen som bildas mellan reglarna i dubbelväggar.
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Stegljud
Stegljudsnivån är ett mått på den ljudtrycksnivå som uppkommer i ett rum när en standardiserad hammarapparat slår på ett bjälklag, trappa e d i ett annat utrymme. Stegljudsnivån vill
man ha så låg som möjligt.
Problem med störande stegljudsnivåer från gång är det vanligaste problemet i lätta träbjälklag,
speciellt vid låga frekvenser. Vid låga frekvenser bestäms ljudtrycksnivån primärt av ljud från
steg av personens vikt, fotvikt och stegfrekvens. Vid högre frekvenser är typen av skor relevant, åtminstone på hårda golvbeläggningar. En skillnad mot andra typer av buller är att
fotsteg upplevs mycket störande även vid låga frekvenser. Stegljudsnivå mäts med den
standardiserade ISO stegljudsapparaten. Även om maskinen inte simulerar verkliga fotsteg
ger mätningar värdefull information om golvets dynamiska egenskaper.
En komplikation är att utvärderingen av stegljudsnivån kan ge missvisande resultat för
träbjälklag. I vissa fall kan boende klaga på alltför hög stegljudsnivå trots att kraven enligt
ljudklass A eller B uppfylls vid mätningar. Speciellt vid låga frekvenser, även under 50 Hz, är
stegljudsnivån svår att uppfylla i dessa konstruktioner. Trots detta finns ett antal lyckade
exempel där goda stegljudsegenskaper har uppnåtts med träbjälklag.
Flanktransmission
Flanktransmission är en sammanfattande benämning på bidraget från alla andra transmissionsvägar än den direkta, se figuren.

Flanktransission mellan två rum.
Väg 1 är den direkta transmissionsvägen, medan
väg 2 och väg 3 är exempel på andra indirekta
transmissionsvägar.

För lättviktskonstruktioner är flanktransmision
oftast ett av huvudproblemen, t ex att vibrationerna från ett golv sprider sig till bärande
väggar, vilket resulterar i ljudutstrålning också
från väggarna. Flanktransmission är ett viktigt
praktiskt problem för platsbyggda lättviktskonstruktioner. Om konstruktionerna kan separeras är det en säker lösning, men det är oftast
inte praktiskt genomförbart eftersom regelkonstruktionen behöver stabiliseras för att
klara t ex horisontella vindlaster. Flanktransmission har avgörande betydelse även för att
kunna minska problem med stegljud.
Tillförlitliga teoretiska modeller för flanktransmissionen saknas. För att utveckla nya modeller
bör tre olika aspekter beaktas: ljudalstring (input), transmission och strålning. Nuvarande
mätmetoder för flanktransmission är inte alltid tillräckligt effektiva. Därför finns ett
brådskande behov av nya och bättre konstruktionslösningar.
Installationer och vibrationer
Installationsbuller är benämningen på det buller som kommer från mekaniska system som är
installerade i byggnaden för att uppnå vissa funktioner och komfort. Det kan vara
värmesystem, ventilationssystem, hissar, vitvaror m m. Kraven på komfort, god innemiljö och
låg energiförbrukning har ökat, vilket har lett till fler och mer komplexa installationer.
Exempelvis har självdragsventilation i bostäder ersatts av mekanisk FTX-ventilation med
fläktar och värmeväxlare vilket ökar risken för bullerstörning. De vanligaste orsakerna till
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klagomål på ventilation är drag och buller. Klagomål på buller förekommer även med system
för värmeåtervinning med värmepumpande teknik i småhus som är mycket vanliga. Det finns
emellertid goda exempel på både tysta och energieffektiva ventilationssystem med existerande teknik.
Installationsbuller domineras i många fall av låga frekvenser, under 200 Hz. Det är därför
speciellt viktigt att beakta att ljudisoleringen i träkonstruktioner kan vara otillräcklig vid låga
frekvenser. Träbjälklag är vekare än motsvarande betongkonstruktioner, vilket gör att installationsutrustning som monteras på träbjälklag kan överföra mer vibrationsenergi till bjälklaget.
Vibrationsisolering dimensioneras normalt utgående från att underlaget är styvt, vilket ger
problem när utrustningen placeras på ett vekt underlag. Det saknas en praktisk och tillförlitlig
mätmetod för att bestämma stomljudseffekt från installationer, men arbete pågår inom
europeisk standardisering med EN 12354-5.
Ökat fokus på låg energiförbrukning har lett fram till mer välisolerade och lufttäta lågenergihus och passivhus. Ofta är isoleringen mot ljud utifrån mycket hög i dessa hus. Samtidigt blir
det då viktigt att välja tysta installationer eftersom bakgrundnivån är låg och interna ljudkällor
kan uppfattas som extra störande. Moderna hus med öppen planlösning kräver tysta
installationer eftersom den interna ljudisoleringen, skärmningen och dämpningen är låg.
Vibrationer och svikt i bjälklag är ett problem för veka träbjälklag, speciellt då spännvidden
blir stor. Ofta kan de lägsta resonansfrekvenserna i bjälklag inträffa i det frekvensområde där
människan är mest känslig.
Industrins behov
För industrin är det väldigt viktigt att ha enkelt åtkomlig kunskap om de akustiska egenskaperna hos byggnadskonstruktioner som kan användas i tidiga byggskeden. Då är det också
extremt viktigt att kunna säkerställa den tänkta utformningen genom att ha tillförlitliga
beräkningsmodeller, så att byggprocessen kan fortsätta utan drastiska ändringar. Industrins
behov är av både teoretisk och praktisk natur. De teoretiska behoven är:
• Tydliga regler som medför att de slutliga konstruktionerna och deras objektiva ljudisoleringsvärden är jämförbara med den subjektiva uppfattningen i tunga konstruktioner.
• Kunskap om regelverk i andra länder, som kan bli nya exportmarknader.
• Förbättrade möjligheter att förutse ljudisoleringen i hela byggnaden, inklusive välkända säkerhetsmarginaler. Detta arbete involverar utveckling av den europeiska standarden EN 12354.
• Ökad kunskap om hur laster i högre hus inverkar på ljudisoleringen. Vad händer t ex
när lasterna i de lägsta våningarna ökar? Kommer en ökad last att påverka flanktransmissionen eller någon annan transmissionsväg?
• Flanktransmissionen generellt.
och de praktiska behoven är:
• Säkerställ att de produkter som ingår i byggnader, t ex vibrationsdämpningsprodukter,
har samma livslängd som andra byggelement i konstruktionen.
• Öka kunskapen hos de yrkesgrupper som är involverade i byggandet av träkonstruktioner. Korta kurser bör anordnas innan byggandet startar.
• Information om konstruktioner, knutpunkter och skarvkonstruktioner som är beprövade och effektiva.
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Det är också viktigt för industrin att utbildningen av akustiker med relevant kompetens
säkerställs. Akustik i trähus har särskilda aspekter och problem varför speciella kurser
anpassade för lätta konstruktioner behövs och bör hållas av universitet med forskning inom
området.
Teori
Förenklade beräkningsmodeller är viktiga verktyg för dimensionering av nya konstruktioner
och byggnadsprojekt. Idag finns förenklade beräkningsmodeller, t ex SEA (Statistical Energy
Analysis), som bygger på förenklande antaganden och är utvecklade för tunga och homogena
konstruktioner. Detta är en mycket stor nackdel för de som vill bygga i trä eftersom
modellerna fungerar mindre bra på lättviktskonstruktioner. En av dessa modeller finns i den
europeiska standarden EN 12354. Ett stort problem är att man har uteslutit de flesta
lättviktselementen. För att skapa nya förenklade modeller för lättviktskonstruktioner är ett
första steg att ha deterministiska högupplösta beräkningsmodeller. Man behöver även starta
med basekvationerna i SEA. På samma sätt som för luftljudisoleringen saknas tillförlitliga
enkla beräkningsmodeller för stegljudsnivå och flanktransmission.
Högupplösta metoder
För att öka möjligheterna att utveckla innovativa lösningar behövs detaljerade, högupplösta
beräkningsmetoder som kan användas för att prediktera det akustiska beteendet vid konstruktionsändringar och detaljer i tidiga utvecklingsskeden. Här behövs deterministiska modeller
som löser ekvationerna med rätt randvillkor. Detta kan göras med analytiska modeller eller
med olika numeriska modeller exempelvis FEM (Finita Element Metoden), om analytiska
lösningar saknas. FEM är en attraktiv metod att lösa differentialekvationer som kan ge
detaljerad information om konstruktioners akustiska beteenden. För detaljerade beräkningar
(oavsett metod) krävs tillförlitliga och detaljerade uppgifter på materialegenskaper, egenskaper hos infästningar, dämpningsegenskaper etc.
Mätteknik
Mätmetoder och beräkningsmodeller för akustiska egenskaper vilar ofta på statistiska egenskaper baserade på antaganden om diffust fält. Villkoren för diffust fält uppfylls vanligtvis
inte vid de lägsta frekvenserna, vare sig för ljud i rum eller för vibrerande konstruktioner.
Dessutom har lätta konstruktioner generellt högre intern dämpning än tunga konstruktioner
varför antagandet om diffust fält sällan är uppfyllt i praktiken. Mätmetoder har utvecklats för
att bestämma egenskaper hos separata element. Dessa metoder avser framför allt laboratoriemätningar där resultaten används för att bestämma ljudisoleringen i färdiga byggnader. De
icke-diffusa fälten i elementen vid låga frekvenser orsakar stor osäkerhet om beräknade
resultat för hela byggnaden. Även fältmätningar vid låga frekvenser har stora osäkerheter.
Byggregler
Byggreglernas utvärderingskurvor för subjektiv utvärdering (av både luftljuds- och stegljudsisolering) är bäst lämpade för tunga konstruktioner och vissa produktkombinationer. I moderna byggnadskonstruktioner är dock tunga konstruktioner inte nödvändigtvis det självklara
valet. Det blir mer och mer vanligt med prefabricerade tunna bjälklagskonstruktioner och särskilt lättviktkonstruktioner. Erfarenheterna visar att byggnader byggda med lättviktskonstruktioner i själva verket har acceptabel luftljudsisolering medan stegljudsisoleringen ofta är
otillräcklig.
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Förslag till fortsatt arbete
Här listas några viktiga problemområden för fortsatt forskning och utveckling. Notera att de
listas utan prioriteringsordning eftersom prioriteringen inte bara bör utgå från områdets
betydelse utan även andra faktorer som exempelvis utvecklingen i andra länder, samarbetsmöjligheter, utvecklingen inom svensk industri etc.
• Den stora variationen mellan nominellt ”identiska” mätplatser.
Orsakerna till att det finns stora variationer mellan mätningar gjorda i nominellt identiska
konstruktioner är inte helt kända. I lätta träkonstruktioner kan en liten skillnad i konstruktionen orsaka en stor skillnad i ljudisoleringsegenskaper, vilket gör området komplext.
• Beräkningsmodeller för ljudisolering
Tillförlitliga modeller för bestämning av ljudisolering inklusive flanktransmission behöver
utvecklas för att säkerställa att de akustiska kraven kan uppfyllas kostnadseffektivt tidigt i
byggskedet.
• Ljudisolering vid låga frekvenser
Detta område omfattar åtminstone tre delar: stegljudsnivå, inverkan av resonanser i rum och
konstruktioner samt flanktransmission vid låga frekvenser. Relaterade problem är lågfrekvent
buller- och stomljud från installationer.
• Utvärdering av ljudisolering i lätta konstruktioner
Att vidareutveckla metoder för utvärdering av ljudisolering i lätta konstruktioner som
stämmer med den subjektiva upplevelsen.
• Ingenjörsmässiga beräkningsmodeller för industriellt byggda volymelement
Eftersom industriellt byggande av volymelement ökar finns ett ökande behov av tillförlitliga
användarvänliga beräkningsmodeller som kan användas för att lösa de komplexa problemen i
lätta träkonstruktioner.
• Utveckling av bullerreducerande komponenter
För att lösa ljud- och vibrationsproblem i lätta konstruktioner behöver nya lösningar och
komponenter tas fram som är anpassade efter de relativt veka träkonstruktionerna. Detta gäller
bl a för vibrationsisolering för olika typer av installationer.
• Vibrationer i lätta bjälklag med långa spännvidder
För att träkonstruktioner skall vara konkurrenskraftiga behöver träbjälklag med långa
spännvidder och med acceptabla vibrationsnivåer utvecklas.
• Kompetens
För att upprätthålla kompetensen inom akustik i träkonstruktioner behövs relevant utbildning
vid universiteten. Utbildningen skall vara baserad på forskning, vilket betyder att det finns en
risk att utbildningen försämras när antalet forskningsgrupper inom området minskar.

(Denna svenska sammanfattning finns även publicerad i Bygg & teknik nr 4/08)
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Terminology and List of symbols
The term wood (instead of timber) has been used in this report in expressions like wooden
buildings and wood frame constructions. The main reason is to focus on the acoustics and to
avoid to imply differences between common terminology like solid wood structures and
timber frame structures.

List of symbols
Speed of sound in air (=340 m/s) [m/s]
c
Spectrum adaptation term value for impact noise (dB)
CI
Spectrum adaptation term value for the frequency range 50-3150 Hz (dB)
C50–3150
Spectrum adaptation term value for the frequency range 50-5000 Hz (dB)
C50–5000
Junction velocity level difference (dB)
Dv
Junction velocity level difference between excited element i and receiving
Dvij
element j (dB)
Critical frequency (Hz)
fc
Frequency (Hz)
f
Wave number of sound in air
ka
Bending wave number of an orthotropic plate in the soft direction
ksoft
Bending wave number of an orthotropic plate in the stiff direction
kstiff
Vibration reduction index for each transmission path ij over a junction (dB)
Kij
Normalized impact sound pressure level (dB)
Ln
Weighted normalized impact sound pressure level (dB)
L´n,w
Mass [kg]
m
Sound reduction index (dB)
R
Weighted sound reduction index (dB)
Rw
Weighted apparent sound reduction index (dB)
R´w
Sound reduction index for element i in source room (dB)
Ri
Sound reduction index for element j in receiving room (dB)
Rj
Flanking sound reduction index
Rij
Area of an element in the source room (i) and receiving room (j), respectively
Si, Sj
(m2)
Area of separating element (m2)
Ss
Loss factor [-]
η
Angular frequency ω = 2πf [radians/s]
Ω
Transmission factor (sound power ratio) [-]
τ
Density of air [kg/m3]
ρ
Average square vibration velocity [(m/s)2]
<v2>
2
Average square sound pressure [Pa2]
<p >
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1. Introduction and problem description
1.1 Introduction
Building technique using lightweight structures and in particular, wooden structures, is
interesting for a country like Sweden. Sweden has a large area covered with forest and this
forest is renewable. Hence, if this opportunity is used carefully and with respect to the
environment it is a source of building material that is always available.
Sweden has used wooden structures in dwellings for many years. However, since 1994 it is
permitted to use wooden structures in multi-storey (> 2 storeys) buildings. The first years
after the revision of the building code some buildings were erected as a result of research
within some certain projects. During the last ten years a large number of new systems have
entered the market, which is a result of persistent work within industrial companies but also a
result of governmental commitments to increase the use of wood in multi-storey housing
units. This work has increased the knowledge in Sweden regarding the use of wood in
building structures. Without doubt, Sweden is a precursor, but still there is a lot left to know
until the behaviour of wooden structures will be predictable and thus, a material that might be
as natural as any other building material in high rise buildings. There is a challenge to
convince the market that wood is a natural and obvious structural material and to do this, the
knowledge has to increase in particular regarding the acoustic and vibration behaviour of
wooden structures. To benefit synergism, scientific experience might be shared with other
countries which have shown a lot interest in wood as a structural building material, for
example Canada, Austria, Norway, Finland, New Zealand etc.

1.2 Attitudes
When choosing the materials in which a multi-storey house should be built a large number of
factors have to be considered. Two of these factors are the acoustic and vibration behaviour.
Other factors are, load bearing capacity, fire resistance, thermal insulation, sensitivity to
damp, building technique, accuracy of measurements, costs, pollutions, etc. Connected to all
these factors are risks.
The building industry has learned through time that the risk of choosing wood in a
construction with high acoustic performances is rather high because of the uncertainty of the
acoustic behaviour. Another high risk factor is the sensitivity to damp.
Future factors that would be advantageous of wood is the costs, low pollutions, appearance
and that it often is applied within a well known method of building technique and is very easy
to use.
In order to minimise the risks you can either choose a low risk material or change the building
methods. By increasing the knowledge of wood, in this case almost exclusively the sound and
vibration behaviour, the risks may be reduced of choosing wood as a building material in
walls and floors.
It is very important to the industry to have easy accessible knowledge of building materials in
the early stage of a building project. The precision regarding the prediction of the final sound
insulation of a wooden structure multi-storey housing unit must be improved to secure the
dimensions of the span width, floor thickness, roofs and wall thicknesses. This is extremely
important in order to secure that the design process will proceed without changes that might
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affect the area of hire or the height of the building. The general opinion is that it is hard to
find this type of knowledge regarding the acoustic behaviour of wooden structures.

1.3 Building regulations
In Sweden the National building regulations for sound insulation and noise control are based
on a sound classification system (see Figure 1.1). This system emanates from two standards
(SS 25267 and SS 25268) comprising four sound classes, A, B, C, and D (similar to an
INSTA proposal). Class C is intended to be the minimum requirement in the national building
codes. Classes A and B are recommended when the objective is a good sound climate, while
Class D may be acceptable in certain rebuilding projects. In current state of the art work we
will focus on the dwelling standard, SS 25267. In this, the sound insulation requirements of
classes A and B are based on an extended frequency range, meaning that the opportunity to
include lower than usual frequencies in the single-number value is used. The frequency range
referred to is either the traditional 100–3150 Hz range, or one of the extended ranges, i.e. 50–
3150 Hz or 50–5000 Hz. For class D traditional single-number ratings, referring to the 100–
3150 Hz range, are used.
However, the Swedish national standards differ from the common Nordic proposal regarding
one important point, namely, the performance levels required of the different classes. In
Sweden, participation in the joint Nordic effort resulted in a revision of the building code in
1999. The code simply refers to class C in the Swedish classification standard SS 02 52 67
(2nd edition) as the minimum requirement. Based on the results of the common Nordic work
described above, Sweden decided to include a wider frequency range even in class C, i.e. the
spectrum adaptation terms of an extended frequency range have to be applied also in class C.
This additional requirement appears as an amendment to the regulation text (BBR), so the
standard does not include the spectrum adaptation terms in the normative text for class C.
However, the Swedish standard has been revised yet again (SS 25267, 3rd edition), and now
the standard includes the spectrum adaptation terms as a normative figure even in class C.
From 2007-07-01 the building code was revised yet again and now class C of SS 25267, 3rd
edition, is the minimum requirement in Sweden.
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Figure 1.1 Sound classification standard/system and its connection to the building regulation
system in Nordic countries (Hagberg 2005)
The sound classification standard SS 25267, particularly with the introduction of the latest
revision (3rd edition), has become a tool for local authorities and the building industry to deal
with the sound climate in the housing environment in a more precise way. There is a
pronounced link between the Swedish classification standard and European and international
standards, possibly used by different actors involved in a building project, see Figure 1.2. The
system will facilitate sound climate management in a building project.
So as further to facilitate implementation of the standard, various application guidelines
adapted to local authorities and their needs have been issued. These may simplify application
of the standard in each project, as the standard itself is far too detailed for those who do not
regularly work with building acoustics. The application guidelines may serve as a checklist to
ensure that none of the requirements in the standard are omitted by mistake. They are
accessible both for use by local authorities, i.e. sound class C, and for commissioners of
housing projects who are striving for a sound class higher than the minimum requirement, i.e.
sound classes A or B.
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Figure 1.2. Scheme defining limits of responsibility regarding sound climate with the use of
standards (Simmons).

1.3.1 Shortcomings in the objective evaluation procedure
The Swedish experience is that current standardised building acoustic measurement methods
and evaluation procedures are not always the very best ways to describe the sound climate in
a building. This is due to increased low frequency content in a lightweight structure not
covered in the single number quantities. The observation appears to be valid, even if the
standardised low-frequency spectrum adaptation terms are added to the single-number values.
Nevertheless, for practical and juridical reasons, the building industry is directed to apply
standardised methods. The acoustic performance of a building or a building product should be
measured uniformly, no matter which laboratory is performing the calculations or
measurements. Standardised methods secure similar results independently of those
performing the calculations or measurements. Therefore, it is important always to analyse
these widely used methods, particularly in those cases where they are applied to buildings
employing new or not well tested structural principles.
The efforts of Nordic and international standardisation groups and of the Swedish Standards
Organization clarify some important aspects, namely (Hagberg 2005):
1. There are a number of uncertain judgements and doubtful background data that have been
used in constituting the basis for standardised building acoustic requirements.
2. New products and product combinations have been verified according to out-of-date
evaluation rules that should be reconsidered.
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3. Hence, there is a need for field studies in greater depth, to enable the adaptation of
evaluation figures to modern housing design and building structures.
These factors provide motivation for further research to secure building requirements well
adapted, particularly to lightweight structures.
The Nordic Committee on Building regulations, NKB, stated that the ISO figure for impact
sound insulation, L´n,w+CI,50–2500, proposed in the revised ISO 717, Part 2, combined with the
ISO impact source is the most suitable standardised basis for evaluation in use today
(Hagberg 1996). It was also concluded that the spectrum adaptation term C50–3150 for air-borne
sound should be added to the single number value, R´w to prevent sound from modern HiFi
equipment to some extent. The Swedish national authority decided at an early stage that the
conclusions presented in the NKB report (Hagberg 1996) were significant enough to warrant
incorporation into national regulations. With the introduction of the revised ISO 717 Part 1
and 2, standards are being applied as far as possible today, to prevent low-frequency noise in
new housing buildings. Nevertheless, work remains to be done, until the single-number values
are optimised to such an extent that they will fit any building structure to which it is applied.
The main problem is that the sound levels from structural impacts in the lowest frequencies
are a lot more annoying in lightweight structures than in heavy structures, see section 1.4.2.
Concerning impact sound, the old L´n,w value is retained in the Swedish building regulations
(BBR) in addition to the extended weighted impact noise single-number value (including the
spectrum adaptation term), L´n,w + CI,50-2500,. Thus both values have to be applied. This
approach was adopted because there are uncertainties concerning the future development of
floor coverings. If the old value is excluded (i.e. simply adding the spectrum adaptation term),
there is automatically a risk that hard floor coverings mounted on heavy structures may
become common and new high-frequency impact sounds might appear. Another long-term
effect might be new behaviour of the tenants, for example, use of hard coverings might inspire
people to wear hard-healed, outdoor shoes indoors, possibly changing the impact spectrum on
the floor. Furthermore, with such hard floor coverings, the noise of vacuum cleaning and
other household activities might become more apparent.

1.4 Subjective evaluation
Normally, the single number values (with or without the spectrum adaptation terms) described
above are used in many countries to verify the final sound insulation condition in a multistorey building. However, are these quantities representative and which limit value should be
prescribed? The ISO single-number evaluation methods suffer from shortcomings in a number
of respects. Current evaluation curves to be used in order to evaluate the single numbers
according to EN-ISO 717, both for air-borne and impact sound, are best suited to application
to heavy structures and certain product combinations; in addition, the normalisation may
cause errors, for example, in large volume receiving rooms. However, in modern building
construction heavy structures are not necessarily the obvious option; prefabricated thin-floor
constructions and in particular lightweight structures, have become more common and will
hopefully become even more common in the future Due to these large differences in modern
building methods and to several other factors that influence final results, it is important to
make critical judgements in each particular case, even though the traditional single-number
value appears to be sufficient. In the long run it is important to be able to conduct
investigations in actual situations, i.e. investigations in occupied dwellings of various building
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structures. In the laboratory it is very difficult to reproduce normal living environments, as
several important aspects have to be considered and observed; these include:
- Building structure
o Structural material
o Joists
o Floor coverings
- Type of dwelling
o Size
o Plan solution
o Mixture of inhabitants in each housing unit
- Students
- Elderly people
- Families with children
- Measurement direction
- Housing environment
A comprehensive literature review of a number of field studies conducted over the years was
presented by Rindel 1998. Analyzing field measurement data from Langdon, Buller and
Scholes 1981, Bodlund 1985, Weeber and Merkel et al 1986 and Bradley 1982, he found that
results presented in references (Langdon, Buller and Scholes 1981) and (Weeber, Merkel et al
1986) might be usable in estimating suitable current single-number values concerning airborne sound insulation, i.e. R´w, and that reference (Bodlund 1985) might be usable in
estimating fairly reliable single-number values concerning impact sound levels, i.e. L´n,w. The
results are summarised in Table 1.1 below.

Table 1.1. Estimated values of the acoustic parameters R´w and L´n,w corresponding to
different levels of acoustic quality expressed in terms of the percentage of inhabitants finding
the conditions poor (P) or good (G), respectively. Values in parentheses are extrapolations
outside the range under investigation; after Rindel 1998.

Referring to the data in Table 1.1, an air-borne sound insulation value of R´w, equal to 55–57
dB, can be stated to be acceptable; the corresponding value for impact sound, L´n,w, may be
equal to 57 dB. In reference (Rindel 1998) it was stated that one of the most comprehensive
investigations of field impact sound levels and their impact on human responses, was
conducted by Bodlund 1985. However, it was also concluded that there is a lack to state
requirement levels on the basis of one single investigation. Nevertheless, the data from
(Bodlund 1985) are interesting and in the present study this investigation is used as a basis for
further analysis.
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The studies referred to above do not always include complete measurement data. One third
octave band data below 100 Hz are missing in some cases, and measurement details, such as
reverberation time, are not fully described. Hence, it is complicated and not always possible to
further analyse the data from these investigations (Hagberg 2005).
Even though current single-number values may be applied in some cases, it is well known that
the frequency range covered is not sufficiently extended and the evaluation curve is not
adapted to fit all design structures, product combinations, and plan solutions. The single
number values clearly suffer from some obvious shortcomings; notably, the frequency
spectrum below 100 Hz is important and must not be neglected.
In 1996, Hammer and Brunskog introduced a design guide to ensure both the low- and high
frequency sound insulation quality of new housing construction (Hammer and Brunskog
1996). This was the final result of an inter-Nordic research project, starting in the late 1980s,
that aimed to explore the possibility of building multi-storey wooden buildings. The research
projects resulted in Sweden in two successful lightweight, wooden multi-storey housing
buildings (Hammer 1996a and b). The design guide included a low-frequency requirement
equivalent to the single-number value suggested by Bodlund 1985, and also a high-frequency
requirement based on the ISO curve (EN-ISO 717 Part 2). Furthermore, it included a
minimum resonance frequency requirement.
Nevertheless, it has been found that these requirements do not function as they should with
regard to lightweight constructions, which behave quite differently in the case of low
frequencies than massive constructions do, low frequencies also being dominant in connection
with footsteps. Another quite important aspect of the problem is that of the source of noise
adjusting to the structure involved; it is more pleasant to come down hard on one's heels when
walking on a wooden floor structure than when walking on a concrete floor. Thus, children
might be more inclined to run around more wildly on a lightweight floor structure than on a
concrete floor. Matters such as these make it important to formulate other criteria and building
codes than the traditional ones. Working out the details of such building codes calls for
widespread and systematic interviews with those living in such buildings. Furthermore, the
general rule that 8-10 dB correspond to a doubled experienced noise level is not valid in the
low frequency region. Once the low frequencies is detected only a small increase will double
the experienced levels.
In Japan a lot of research have been carried out in order to find an additional sound source
adapted to lightweight structures – a heavy rubber ball or a wheel dropping from a certain
height. However, from a practical point of view it is far more attractive to try to retain the ISO
tapping machine and only alter the evaluation curve, at least if measurements still will be a
common verification procedure. (Bodlund 1985, Hagberg 2005)
1.4.1 Air-borne sound
In the single number values from Table 1.1 only the ordinary frequency range is considered,
i.e. 100–3150 Hz. However, we know from earlier studies (Hagberg 1996, Hammer and
Brunskog 1996, Hammer 1996a and b) that it is proper to use an extended frequency range in
the evaluation procedure. In the case of air-borne sound insulation, the statements concerning
the necessity of considering a wider frequency range are based on the empirical fact that
modern sound sources generate more low-frequency sound than did sound sources of a few
decades ago. Furthermore, it has become increasingly common to use only lightweight
structures to separate different dwellings, structures such as plasterboard walls and wooden
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structures. These separating structures normally do exhibit enough sound insulation in the
ordinary 100–3150 Hz frequency region; however, at frequencies below 100 Hz their sound
insulation performance soon becomes unacceptable. Since modern audio equipment can
generate potentially annoying sound far below 100 Hz, some Nordic countries have extended
the frequency range covered by the building code (Sweden did so in 1998), even though there
is a lack of field data concerning insulation against air-borne sound in this lower-frequency
region and its effect on human response.
In an attempt to arrive at some sort of conclusion regarding the air-borne spectrum adaptation
terms and their effects in terms of improving single-number evaluation, results from reference
(Bodlund and Eslon 1983) were analyzed. The results in (Hagberg 1996), based on 89
different measurements from 13 different housing constructions (floors and walls) separating
dwellings indicate poor correlation between the objective measure, R´w, and subjective
evaluation. If, which seems reasonable, we exclude those measurements, which according to
Bodlund and Eslon result in doubtful judgments due to the presence of disturbing traffic noise
immediately outside the window and also a small number of interviews, the results become
R´w= 45.74 + 2.14S (r = 0.43, n = 11)

(1.1)

This gives a more reliable correlation, since the assessment naturally should become better as
the sound reduction index, R´w, increases. The results according to eq. 1.1 are outlined in
Figure 1.3.

Figure 1.3. Correlation between the sound reduction index, R´w, and subjective score
according to reference (Hagberg 1996) if measurements affected by traffic noise are
excluded.
Furthermore, in the report (Bodlund and Eslon 1983) it appears that the two outliers in Figure
1.3 above emanate from lightweight plasterboard walls. If either of the spectrum adaptation
terms, C50–3150 or C50–5000, were calculated and added to the measurements presented in the
figure then, since the spectrum adaptation term for lightweight structures will exhibit lower
values than those emanating from heavy structures (Hagberg 1996) the points in the cluster
would probably come closer together and the correlation would alter. Unfortunately, since
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complete data were not conveniently available,1 it is not clear whether such an alteration
would indeed lead to improved correlation; however, it would be an interesting topic for
further investigation.
1.4.2 Impact sound
As earlier mentioned, one comprehensive field investigation of impact sound was conducted
in Sweden in the 1980s (Bodlund 1985, Bodlund and Eslon 1983 (Table 1.1)). In this
investigation an alternative reference curve was proposed. The alternative reference curve was
developed using the former standard measurement method, ISO 140-VII, so the measurement
results were related to the ISO tapping machine. The evaluation procedure for the alternative
reference curve is identical to the standardised procedure in ISO 717, Part 2, hence it is only
the shape of the evaluation curve that is altered. Single-number rating using the proposed
reference curve showed far better correlation with subjective evaluation than the ISO-shaped
reference curve did. Just as is the case for air-borne sound measurements, the data in the
reports (Bodlund 1985, Bodlund and Eslon 1983) are shown in the form of sketched
diagrams, while building construction is described in detail. The data are interesting and
usable as a basis for deeper analysis. The finally suggested evaluation curve is shown in
Figure 6; it starts at 50 Hz, has a positive slope corresponding to 1dB per 1/3 octave, and
stops at 1000 Hz, see figure 1.4. The single number evaluated using this curve is denoted IS.
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Figure 1.4. Single-number evaluation curves according to EN-ISO 717
Part 2 and Bodlund 1985, respectively. Please note the huge difference
between the contours.
The very best evaluation curve was found by comparing objective measurements and
subjectively evaluated sound insulation in a number of housing units. The subjective
responses were mainly collected via questionnaires completed during telephone interviews.
The judgments were quantified using a seven-grade rating scale, in which 7 is the top score –
quite satisfactory, and 1 is the bottom score – quite unsatisfactory. If the mean subjective
score was below 4.4 (which was appointed as a preferred minimum subjective score to be
applied when minimum requirement is established (Bodlund 1985), the overall performance
was regarded as unsatisfactory; this score could be used as a limit score when evaluating the
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correct level for the objective single-number values – a valuable tool when formulating
requirements in building codes and standards.
The investigation results presented in the original investigation (Bodlund 1985) covered a
total of 22 different housing units with different building structures. The single data samples
each consisted of many measurements and interviews. There was quite a large spread in the
data, ranging from 37 to 70 dB in terms of the single-number value, L´n,w, and from 2.2 to 7 in
terms of the subjective grading, S. Both the objective measurements and the subjective scores
were first calculated as mean values for each single object; after that, these scores were
compared by means of linear regression analysis. The building structures and dwelling plans
are described in detail and the corresponding objective measurement data are presented in a
comprehensive report (Bodlund and Eslon 1983) and in an annex to Bodlund 1985. This
research includes a valuable database to use in future evaluations and in the development of
building regulation criteria.
In an analysis of the proposed revision of ISO 717 Part 1 and 2, measurement data were
collected and analysed by the Nordic Committee on Building Regulations (NKB) (Hagberg
1996). In this report, field data from 146 different floor constructions with L´n,w values
ranging between 31 and 78 dB were analysed. Applying linear regression between Bodlund’s
measure, IS, and the ISO figure, L´n,w, the correlation, r, was found to equal 76%. Adding the
spectrum adaptation term value, CI, not covering the lowest frequency bands, i.e. 50, 63, and
80 Hz, to the ordinary single number value, L´n,w, raised the correlation to 90%; however, the
highest correlation, 96%, was found when the spectrum adaptation term CI,50–2500, was added
to L´n,w. Consequently, the new ISO standard might be used so as considerably to improve
both the measure and its agreement with subjective grading:
L´n,w + CI,50-2500 = IS – 6.4

(r = 96%, n = 146)

(1.2)

where r is the correlation coefficient and n is the number of floor structures included in the
analysis. The relationship is also plotted in Figure 1.5, where LB is equal to IS and L50 is
equal to L´n,w + CI,50–2500.
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Figure 1.5. Correlation between the IS (= LB) value and L´n,w + CI,50–2500
(= L50) value, r = 96% (Hagberg 1996).
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It was concluded that if IS ≤ 62 dB (which correspond to S = 4.4) the impact sound is fair or
acceptable and hence many of those who live in multi-storey buildings will describe the
acoustic performance as acceptable. To render this value into the ISO measure, L´n,w + CI,502500, eq. (1.2) might be used; consequently, the value should not exceed L´n,w+CI,50-2500 ≤ 56
dB (S = 4.4), which should result in approximately 20 % of inhabitants judging the acoustic
performance as quite or nearly quite unsatisfactory (Bodlund 1985). However, there is a risk
in just using the measure proposed by Bodlund as a basis for other measures, since the high
frequencies are totally disregarded. If one does not apply a high-frequency limit this may lead
to new unattractive hard floor coverings. Naturally, these types of floor constructions are not
available and consequently not included in the investigation (Bodlund 1985), since such
technical solutions have been prevented due to the long history of requirements formulated
using the L´n,w value. What happens if this “high-frequency obstacle” disappears? This is not
known today, and therefore the frequencies above 1000 Hz should not be excluded. The exact
shape of the high-frequency part of the reference curve does not necessarily resemble that of
the ordinary ISO shape, but since there is a lack of data concerning this matter, the ISO curve
should remain unchanged and be used in addition to L´n,w + CI,50–2500. The conclusion is that
the impact sound requirement should remain, until contradictory results are found, as follows:
L´n,w + CI,50–2500 ≤ 56 dB
L´n,w ≤ 56 dB
This statement is emphasised in a report by Hammer and Brunskog 1996.
Furthermore, in the mid and late 1990s, Hammer and Nilsson 1999a studied alternative
psychoacoustic models pertaining to impact sound. The results of these studies showed that
the correlation between the subjective response and the impact sound transmission was
superior when using a loudness model for evaluation of impact sound instead of using the
value L´n,w. It was also proved to be significantly better than the suggested evaluation, IS,
according to (Bodlund 1985). Similar tests have also been applied to walking noise (Hammer
and Nilsson 1999b) and speech transmission in classrooms.
In 2005 Hagberg (Hagberg 2005) presented a licentiate thesis where the work described above
was analysed and partly revised and complemented. Similar to Bodlund’s work 1985, the
work by Hagberg covered a total of 22 different housing units with different building
structures. However some data were replaced and the total data sample only included vertical
measurement data. The findings from Hagberg’s work indicate that the low frequency
problem is far more severe than earlier investigations suggest. A new reference curve shape
was suggested, see figure 1.6.
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Figure 1.6. Single-number evaluation curves according to Hagberg 2005.
Please note the slope of the curve at low frequencies.
Following the principles from the work by Bodlund and Hagberg, the Forum For Building
Costs has created a report (Boverket 2007). The work included objective measurements and
questionnaires to tenants in seven multistorey housing units. The results from that
investigation could be used in addition to earlier investigations and in some future work the
data from (Boverket 2007) might preferably be added to the data in Hagberg 2005.
Nevertheless, one finding in (Boverket 2007), is that even if the subjective mean score differ
only to minor extent between different structures, the number of scores below 4 (on a 7
graded scale) are significantly higher for lightweight structures. This is probably due to the
fact that when a source really exist (children playing etc) it is far more annoying on a
lightweight structure than on a heavy structure. Actually, the mean value also involve those
cases where the habitant above is quiet.
1.4.3 Remarks – sound insulation evaluation procedure
New building methods and the development of commercially attractive lightweight structures
accentuate the need for further improvement of the single-number evaluation procedure.
Usable field investigations regarding air-borne sound insulation are performed during the last
decades (Langdon, Buller et al 1981 and Weeber, Merkel et al 1986). Nevertheless, partly due
to the nature of the sound itself, it is severe to perform comprehensive air-borne sound
insulation field investigations involving interviews and hence subjective evaluation. This is
due to that the sound level of the source differs, and any information possibly carried in the
sound might itself be disturbing (e.g. shouting, high speech, partly identified music).
Furthermore the experience is that buildings erected with lightweight structures actually do
often exhibit acceptable air-borne sound insulation, however the impact sound insulation is
normally poor. These are the main reasons why we in the present focus mainly on impact
sound. Nevertheless, it would certainly be a challenge for future research to perform an
extensive field investigation regarding air-borne sound insulation as a complement to those
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already carried out (Rindel 1998; Weeber, Merkel et al 1986, Bradley 1982; Bodlund and
Eslon 1983).
Concerning impact sound, it would be interesting to use various impact sources simulating
different natural sound sources in evaluating various structures. However, such a system is
complicated and not particularly practical; using a single source, preferably the ISOstandardised tapping machine, but altering the evaluation procedure, is a far more attractive
option. Probably this approach would reasonably allow one to improve the correlation
between objective measure and subjective grading by several percent. In particular, some
important aspects concerning details in the evaluation of low-frequency impact sound
insulation is important
•
•

Is the reverberation time, T0 = 0.5 s, really a preferred reference value instead of A0 =
10, i.e. L´nT instead of L´n ? 0,5 s is actually used in Sweden today.
Since the reverberation time in rooms differ a lot depending on frequency and
structure, would it be preferred to use different normalisation figures for different
frequencies?

These are some details in the evaluation that should be studied further in order to give a better
description of the behaviour in modern housing structures.
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1.5 Interactions with future energy performance requirements
Sustainable development has in resent years got increasing attention. One important area is
minimising the need of energy for heating, ventilation and hot water in residential buildings.
The so called passive house concept is getting more and more attention thus it is considered to
have a sustainable energy performance level.
In October 2006 the European Commission published the Communication COM(2006)545
Action Plan for Energy Efficiency – realising the potential:
“Building performance requirements and very low energy buildings (“passive houses”)
The Commission will propose expanding the scope of the Energy Performance of Buildings Directive
substantially in 2009, after its complete implementation. It will also propose EU minimum performance
requirements for new and renovated buildings (kWh/m2). For new buildings, the Commission will also by the end
of 2008 develop a strategy for very low energy or passive houses in dialogue with Member States and key
stakeholders towards more wide-spread deployment of the houses by 2015. The Commission will set a good
example by leading the way, as far as its own buildings concerned.
• Implementation and amendment of the Energy Performance of buildings Directive (2002/91/EC)
o
o
Propose minimum performance requirements (kWh/m2) for new buildings and renovated
buildings and some components with target for new buildings to approach the level of
passive houses from 2015 (2009)”
(Source: COM(2006)545)

Several EU-member states are adapting and developing the passive house concept to their
climate. The consequence for the building constructions are already clear.
The U-values (the heat transmission coefficient) of the building envelope; floors, exterior
walls and roofs are below 0.15 W/m2K corresponding to minimum 260-300 mm insulation
depending on the product choice. Often constructions with lower U-values than 0.15 W/m2K
are chosen thus cold climate requires more insulation to keep the heat transmission down to
the corresponding level. In cold climate countries such as the northern part of Sweden and
Finland 500 mm insulation will be commonly used.
An important characteristic of passive houses is the air tightness.
The air tightness of wood based framework constructions is preferably achieved by complete
sealing of the vapour-barrier system. To insure complete sealing the vapour barrier is placed
in secured distance from the interior cladding such as 70 mm behind the cladding to allow
electrical installations to be installed avoiding perforation of the vapour barrier.
An example of such wood based framework is shown in figure 1.7. Figure 1.7 shows an
exterior wall suitable for passive houses. The outer load carrying framework and the inner
frame work of an exterior wall is as a consequence disconnected which increases the acoustic
performance. It is not know to what extent the acoustic performance is improved. A double
leaf partition wall compared to a single leaf partition wall has up to 10 dB higher sound
reduction. The double frame exterior wall in question will probably also have 10 dB higher
sound reduction compared to the traditional single frame wall in case the insulation material is
glass wool or the like.
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Inner framework,
non –load carrying

Interior cladding
Vapour barrier
Outer
framework

Wind protection and
stabilising board –
gypsum composite
Exterior
cladding

Insulation –
glass wool

Figure 1.7. Passive house exterior wall. Insulation thickness minimum 260 mm corresponding
to a U-value of 0.15 W/m2K.
Additional gypsum boards at the interior side will also improve the performance. Also
gypsum boards, particle boards or the like can be added at the inside of the load carrying
framework to improve the acoustic performance.
Avoiding flanking transmission is easy in these constructions. Partition walls can be installed
before the interior framework of the exterior wall. The partition wall frame does not have any
connection to the outer framework of the exterior wall which is optimal to avoid sound
transmission through the construction from any possible direction.

Figure 1.8
Joint between a stud
partition wall and exterior
passive house wall

Qualitatively the constructions as well as the partition wall joint are good. The single building
part can be measured, but it is not possible to calculate the performance of cohered building
which is a disadvantage in the building design phase when you want to meet a certain
requirement level.
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1.6 Low frequency issues
1.6.1 Introduction
Concerning acoustic quality of housing at the lower frequencies of the audio range (typically
20–200 Hz), most building elements are subjected to potential problems. However, thick
elements of heavy concrete may provide a high sound insulation at low frequencies thanks to
the large mass. Lightweight constructions are, on the other hand, prone to be connected with a
lower acoustic quality at lower frequencies. The most common building elements that can be
considered as lightweight constructions are: lightweight facades, roofs, windows, interior
double plasterboard walls and lightweight floors, e.g. made of wood. For most lightweight
elements, the air-borne sound insulation constitutes the main problem, whereas for the
lightweight floors, the impact sound insulation may be the most problematic. Furthermore, the
decreased acoustic quality due to flanking transmission paths adds to the problem description.
The main topics of consideration when dealing with the acoustic quality of housing at lower
frequencies are therefore concluded to be: air-borne sound insulation, impact sound
insulation and flanking transmission.
In some cases, low frequency noise of indoor ventilation systems constitutes a severe
problem. However, these problems have solutions within reach, for instance by using active
noise control, subject to some further development needs. On the other hand, concerning
guideline values of ventilation noise and the corresponding perceived annoyance and sound
quality, there is need for research.
When measuring and predicting acoustic performance, one often relies on statistical
properties that are based on the assumption of a diffuse field. The diffuse field condition is
usually not fulfilled at the lowest frequencies of interest, both for sound in enclosed spaces
and vibrations in structures. In addition, lightweight elements have in general a higher internal
damping than heavy elements, whereby the diffuse field condition is more seldom fulfilled.
Measurement methods have been developed for estimating the properties of separate building
elements. These methods mainly concern lab measurements, where the results are needed to
predict the sound insulation of whole buildings in situ. The non-diffuse field of the elements
at the lower frequencies causes a large uncertainty of the predicted end result for the whole
building. Also the field measurements of whole buildings are connected with a larger
uncertainty at lower frequencies.
1.6.2 Sound insulation of low frequency outdoor noise
The sound insulation of the facades of housing can be seen to consist of three main parts: the
sound insulation of air intakes, of windows and balcony doors, and of the remaining facade
structure. For properly designed and constructed facades and installed facade elements, a
good sound insulation is achieved at mid and high frequencies without much effort. However,
for lower frequencies, 50–100 Hz, reaching a good sound insulation may become more
problematic, especially for windows and lightweight facade structures. In some situations,
also the sound insulation of the roof is of importance, which is common when considering
aviation noise. Concerning sources of noise, the strongest low frequency noise source is often
due to heavy vehicles of road traffic. In other cases the noise may be dominated by aviation,
rail traffic, fans and other HVAC systems, or other sources considered as industrial noise
sources.
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With the current trends of increasing transportation noise, in combination with new
apartments being built in central urban areas, the noise problem due to outdoor sources is
expected to attain a larger focus in the near future. In addition, the use of traffic noise barriers
will give the noise reaching the facades a more low frequency characteristic, which enhances
the importance of low frequency acoustics.
In the context of community noise in urban areas, it has been shown that a somewhat higher
noise level on the directly exposed side of a dwelling can be compensated by access to a quiet
side, e.g. an enclosed inner yard (Berglund et al. 2004). The noise level at an enclosed inner
yard cannot be predicted accurately using software available today, whereby measurements in
situ are needed. Additional input can be given by scale model measurements and detailed
numerical modelling (Hornikx & Forssén 2007a, 2007b).
When describing sound insulation at very low frequencies, the acoustic response of the whole
building structure needs to be considered rather than the separate facade elements. This was
concluded from a Norwegian research project (Gjestland 2006) where focus was on air-borne
sound insulation at frequencies below 100 Hz and, in specific, below 50 Hz. The main
application was houses near to fields of military training activities. It was concluded that more
research on the topic is needed, and further research topics were suggested.
1.6.3 Extended frequency range and improved spectrum adaptation terms
A frequency range extended to lower frequencies has been used in Sweden during the last
decade. The extended frequency range means that the 1/3 octave bands 50, 63 and 80 Hz are
included. In Swedish classification standards, the extended range is used in the spectrum
adaptation terms C50-3150 and CI,50-2500, for air-borne and impact sound insulation, respectively.
The limit values are then given in terms of R’w+C50-3150 and L’n,w+CI,50-2500, in addition to R’w
and L’n,w (Swedish standard SS 25267, Edition 3).
For air-borne sound insulation, the extended frequency range is motivated by the stronger
low-frequency capability of modern home audio equipment, e.g. stereo and home theatre
systems, in combination with lightweight constructions. The lightweight, double leaf
constructions are made by acoustically more or less uncoupled panels, where, in a
plasterboard wall, each panel may consist of multiple plasterboards. A wooden floor can
constitute a double leaf construction when combined with a suspended ceiling. (The topping
of the floor can also create a double leaf construction, but this is not in focus here.) The
double leaf constructions usually have poor sound insulation at the resonance frequency of the
mass-air-mass system, sometimes called the double wall resonance frequency. The double
wall resonance frequency is therefore designed to be below the frequency range of focus for
air-borne sound insulation. A double leaf construction designed for good sound insulation
down to 100 Hz is thereby likely to give a very poor sound insulation below 100 Hz. And,
analogously, a design for good sound insulation down to 50 Hz is likely to give a very poor
sound insulation below 50 Hz.
For impact sound insulation, the motivation for using an extended frequency range rests on a
more solid scientific basis, compared with air-borne sound insulation. In the impact sound
insulation research, subjective responses of the inhabitants have been included to a large
extent, see e.g. (Bodlund 1985, Hagberg 2005). In the works by Bodlund and Hagberg,
improved spectrum adaptation terms or new single number figures have been proposed,
related to the subjective response. The results have been used in the design of new building
projects. For instance, the results by Bodlund were used in a project of multi-storey wooden

33

houses for the setup of sound insulation requirements, showing good final results in terms of
the subjective grading by the new inhabitants (Hammer 1996a, 1996b).
Concerning the subjective perspective of building acoustics in general, pioneering work was
made by Langdon et al. (1981), where, among other things, the large importance of impact
sound insulation was pointed out. More recent work can be found in the presentations by
Rindel (1998, 2007). It has been concluded that the slope of dose-response is approximately
4 % per dB (within the range 20–80 % satisfied) (Rindel 1998). It has also been suggested
that an improved measurement evaluation method could be created on the basis of Zwicker
loudness (Rindel 2007).
1.6.4 Impact sound insulation
The impact sound insulation can be measured in various ways, and each method suffers from
drawbacks. The standardized method uses a tapping machine as specified in ISO 140
(ISO140-6, 1998). The drawbacks of the tapping machine are that its small hard masses create
a sound that is very different from that of a person walking without hard shoes, and that the
impact process may be non-linear. Among possible alternatives to the standard ISO tapping
machine are (see e.g. Shi et al. 1997, Warnock 2000): real walkers, rubber balls, sand balls,
and the Japanese tyre machine (according to Japanese measurement standard where a car tyre
impacts on the floor). There is however a clear support within (western) academia for
continuing to use the standard ISO tapping machine (Warnock 2000, Brunskog & Hammer
2003, Hagberg 2005). It is then understood that an extended low frequency range in
combination with well adapted spectrum adaptation terms are used. Concerning low
frequencies and the use of the standard ISO tapping machine, the situation is simplified since
different kinds of floors give very similar results. This has been demonstrated for floors with
carpet (up to 200 Hz) and for other floor types including floating top surfaces, concrete floors
and wooden floors (up to 500 Hz) (Warnock 2000).
Concerning the prediction of sound insulation, and impact sound insulation in specific, in
wood framed housing and other lightweight constructions, there is extensive ongoing
research. For instance, a detailed variational model is developed by researchers in New
Zealand (Fox et al. 2006), and a relevant display of the research by others is made there,
referring to: Hammer and Brunskog, Mace, Takahashi et al., Yairi et al., Langely and Heron,
Craik, Wilson, Smith, Ashton and Fahy (where also SEA models are treated). Extensive
further development is however needed before reliable engineering methods can be realised
into software. The prediction methods are further treated in Chapter 3.
A topic similar to the one of sound insulation between rooms at low frequency, described
below, is studied by Tomitaka et al. (2006). There, the modal composition of a receiving room
is investigated in relation to the vibration characteristics of the floor above. It is concluded
that a coupled analysis of the two systems can lead to an improved accuracy of impact sound
insulation prediction. The study focuses on heavyweight floors, but similar qualities may be
of importance also for lightweight floors.
1.6.5 Flanking transmission at low frequency
It is of large importance to include flanking transmission paths for lightweight buildings since
the flanking often is significant and poses constraints on the building construction. Flanking
transmission paths are included in the calculation standard for sound insulation, EN/ISO
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12354, Parts 1 and 2, for air-borne and impact sound insulation, respectively. The standard is
however based on conditions where statistical energy analysis (SEA) is valid, i.e. a diffuse
vibration field of the building elements is needed. The higher internal losses of lightweight
elements cause the vibration field to become less reverberant, whereby the range of
applicability of the calculation standard is reduced. At low frequencies the prediction
uncertainty increases of SEA-like models due to the lower modal density and modal overlap
factor (depends on modal density and damping). In addition, many lightweight elements are
not isotropic and homogeneous, which adds to the complexity, and is not considered in the
calculation standard. The inhomogeneity of typical wooden floors is due to the direction of
the joists in relation to the wall, i.e. parallel or perpendicular, with large effect on the flanking
transmission. This has for instance been studied in the extensive research projects involving
wood framed housing, carried out by National Research Council Canada (see e.g. Nightingale
et al. 2005). The lack of being able to assume the simplifying assumptions complicates both
the measurement procedures and the predictions. Measurement of flanking has recently been
under study in a joint project of The Netherlands and Canada, where the direct method of ISO
10848 has been investigated (Schoenwald et al. 2006). The direct method uses vibration
measurements of the flanking elements, whereas the indirect method uses diffuse sound fields
in the rooms with the non-flanking elements shielded. For better understanding and
prediction, it is of interest to further develop the direct method since then the different
transmission paths can be evaluated separately. To conclude about flanking transmission,
further detailed modelling is needed before simplified but reliable, easy to use engineering
software can be developed (as discussed in Chapter 3). In addition, the complexity of the
problem makes it necessary to carry out measurements in such labs where flanking
transmission can be studied.
1.6.6 Sound insulation between rooms at low frequency
A report by Kihlman et al. (1994) addresses the meaning of the sound reduction index at low
frequencies, of a wall between two rooms. The frequency range in focus is when the sound
fields in the rooms are built up by only a few modes, i.e. when the room dimensions are
comparable with the sound wavelength. In the way that the sound reduction index is defined,
it will, in this frequency range, depend on the modal composition of the sending and receiving
room sound fields. Thereby, the sound insulation can be changed without changing the
properties of the separating wall. For instance, the sound insulation may become largely
different if the same wall is placed in another room geometry. A parameter study is made
using a finite element method (see also Pietrzyk 1995). It is concluded that two rooms with
equal geometry give the lowest sound insulation, i.e. the so-called equal room problem. In the
work by Davidsson et al. (2004), the approach by Kihlman et al. is extended to include a
double leaf wall.
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1.7 Variance of sound insulation in buildings
A problem when fulfilling sound insulation demands in lightweight wood constructions
concerns that they in some cases show great sound insulation variances, in field
measurements especially, but also sometimes in lab, (Johansson and Shi 1997; Ljunggren (to
be published); Nightingale et al 2002; Craik and Steel 1989a and b and Hagberg 2005).
Sometimes differences of as much as +-10 dB in field (Johansson and Shi 1997; Ljunggren)
for some 1/3 octave bands can be seen. Furthermore, the subjective perception of the
insulation also varies strongly over a given sound insulation rating and over different
constructions (Hagberg 2005). All in all this gives unpredictable results as well as a need to
“over-qualify” the sound insulation and thus generate more expensive houses and thereby
higher rents. There are many assumptions about the causes behind these variances, where one
is “workmanship” (Craik and Steel 1989a), but the precise knowledge about it is in practice
unknown. Large savings in building costs as well as better housing qualities and better sound
insulation can be the result of an increased knowledge.
There is a need to create a systematic knowledge about the causes behind the large variance of
sound insulation in lightweight wooden buildings, so that the variance can be reduced, sound
insulation can be better controlled and the predictability can be improved.
The problem can be divided into a multitude of factors:
a) Measurement repeatability
b) Influence of interior solutions (large, small, open plan spaces…)
c) Production variance (tolerances, workmanship, installations, materials …)
d) Room position in a building (floor, preload of rooms above, effect by adjacent
constructions etc.)
e) Transportation, especially of room and flat modules (settings, damage …)
It is important to identify the major causes behind the largest variances in sound insulation in
wooden buildings, to quantify them, to give theoretical models for them and to produce a
knowledge basis that can be used by others to create construction and production guide lines.
Especially in industrial production plants as in module production lines there are possibilities
to identify and better control some of these factors.
1.7.1 Definitions of terminology
There is a need to start by defining the terminology of variance in this case. In (Nightingale et
al 2002) there are definitions given for the terms Repeatability, Reproducibility and Rebuild
repeatability for laboratory tests. These are stated as:
Repeatability is defined as the closeness of agreement expected between repeated
measurements of the same specimen, using the same measurement system within a short
enough time to preclude specimen ageing effects. For each third octave band the differences
between a pair of measurements are expected to fall within the repeatability range 19 times
out of 20, when making repeated measurements on a given specimen. In general the
repeatability defines the minimum possibly significant change.
Reproducibility is defined as the closeness of agreement expected between pairs of measured
data obtained for the nominally identical specimen that has been constructed at different times
in different laboratories. The measurement reproducibility naturally has three components the first is the measurement repeatability, the second is variability in the specimen or its
installation due to construction practice and materials, and the third is any bias due to
differences between laboratories. This would define the basic threshold for confirming

36

significant differences when comparing a set of test results assembled from a group of
laboratories.
Rebuild Repeatability is defined as the closeness of agreement expected between pairs of
measured data obtained for the nominally identical specimen that has been constructed at
different times in the same laboratory. For each one-third-octave-band, the differences
between a pair of measurements are expected to fall within the rebuild repeatability range 19
times out of 20, when making measurements on nominally equivalent specimens.
For field conditions the probability ranges show other ranges than above and there are also
additional uncertainties due to the transportation to and production at the building site.
1.7.2 Field test of impact sound level in 170 nominally identical wood frame floors
In (Johansson and Shi 1997) a very large test of field rebuild reproducibility of 170 specimens
of nominally identical lightweight wood floors, but in some different sizes and in some
different solutions, were measured. The measurements were done according to the existing
Swedish standards at that time and not including sound below 100 Hz.
The measurements comprised eight groups of rooms. In the analysis, the grouping was done
with respect to differences in design, volume and floor area and floor covering. Four of the
groups had parquet and four had plastic carpet as floor cover. The room volume varied from
25 m3 to 66 m3 and the floor area from 10 m2 to 28 m2. The room shapes varied between
rectangular, L-shape and U-shape, especially for living rooms with parquet floor. Within each
group though the room shapes were exactly the same. The fundamental wood floor
constructions were nominally identical for all apartments.
The standard deviations for the impact sound level spectra for the total numbers of floors,
figure 1.9, varied from 0.8 dB to 5 dB/octave band with the highest standard deviation at
higher frequencies.
Different parameters that were relatively easy to control had been included in the
investigation, like the significance of different floor covers, effect of size and shape of the
room, reverberation time and effect of source position. The evaluation showed no clear
connection between different floor covers and dispersion. Neither did the room volume and
floor size alone seem to explain the dispersion, even if rooms of the smallest apartments
showed more dispersion both at low and high frequency than from the others.
All
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Figure 1.9. Standard deviation for all groups of rooms. The notation in the figures mean;
1L-4L are four groups of living rooms with parquet floor, 1K stands for kitchen with
plastic carpet and 2b-4b for three bedrooms with plastic carpet.
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Figure 1.10. A comparison between the median (red line) and individual impact sound
level spectra for all groups of living room floors.

Figure 1.11. A comparison between the median (red line) and individual impact sound
level spectra for all groups of kitchen and bedroom floors.
As a summary, the variations are found over the whole frequency, but with larger variations
at lower and higher frequencies. In the investigation it was not possible to find accurate
explanations of the causes behind the variations by looking at room volume, floor size,
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design and measurement method as the variations existed more or less in all groups of
rooms. It was stated that the variations may have been caused by other reasons that are more
difficult to check, like errors in measurements, mistakes during the constructions etc. or by
combinations of many causes. Whatever the reasons were, the results in field can according
to this investigation only be guaranteed within a ± 5-7 dB range.
1.7.3 Field test of room module buildings in wood frame construction
Constructions that are becoming more and more popular are industrially prefabricated module
constructions in various construction systems. There are examples of steel beam based
structures, masonite based structures, massive wood floor based structures and various wood
beam based structures. At present there is only known systematic data from a lightweight
wood system based on room modules joined together in four storey buildings. It is in itself
representing a rather typical lightweight structure. The most specific acoustic features of the
construction is that the floor and ceiling structures are separate, have a large distance and are
mechanically coupled only over the flanks through various elastic contact layers between the
bottom of one module and the top of the module below.
A study has recently been carried out of the impact sound level variance over a number of
adjacent rooms. Rather large variances could be observed. Generally the average of L´nw+C1,502500 was 55dB. For individual third octave bands the maximum variations were + 5dB at low
frequencies (50-500 Hz) and approximately -15 - +7dB at higher frequencies. A statistical
ANOVA (Analysis of Variances) was run of the parameters; Room size, Floor number and
Floor cover (parquet and clinker). The only statistically significant parameter that could be
observed was a coupling to floor number where the highest impact sound level was between
the lowest floors. The main differences were 2-3 dB at frequencies >100Hz. The cause for
this was assumed to be the accumulated preload effect of the weight from thee floors and the
ceiling above which in turn influences both the elastic layers and the wood structures,
according to Ljunggren, 2008 (The full data is so far confidential within the TCN
(TräCentrum Norr) project but is planned to be published during 2008.)
1.7.4 Methodology to investigate sound insulation variance
In reference (Craik and Steel 1985a and b) there are thorough statistical evaluations of
exclusively (assumed) the effect of “workmanship” on sound transmission through buildings.
The floors were simple concrete floors with a construction that could easily be controlled. The
authors show a clear influence compared to expected deviations due to the experimental
procedure. They investigated test floors compared to control floors. The applicability of the
work for wood constructions is mainly the experimental planning and the statistical
methodology with ANOVA of comparisons of test floors and control floors. Both air-borne
sound and structure-borne sound transmission were investigated.

39

Figure 1.12. Comparison of standard deviation between (concrete) test floors and control
floors; ___ test floors; --- control floors

Figure 1.13. Comparison of standard deviation between (concrete) test floor: ___ 10 control
floors; --- expected std. deviation due to the experimental procedure.
The authors also refer to field measurements of BRE (Building Research Establishment in
UK) for a wide range of constructions that show variations of 2-3.5 dB.
1.7.5 Sound insulation in the field and subjective rating
In (Craik and Steel 1989a) investigations of subjective rating versus sound insulation
measurements for various floors are presented. Measurements were carried out according to
standard procedures. The subjective investigations were carried out through questionnaires to
the tenants. In some cases the questionnaires were followed up by telephone interviews to
clarify the responses. The subjective rating scale was ranging from 1 (quite unsatisfactory) to
7 (quite satisfactory). Using the entire sample of original data it was stated referring to
Bodlund that if the mean score is below 4.4 the overall performance should be regarded as
unsatisfactory. This score is earlier suggested by Bodlund to be used as a limit of acceptance
in the building code. There is though not a strong documented support for this limit.
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Figure 1.14. Linear regression for four types of floors of L´n,w+C1 vs subjective rating.
Squares = concrete structures, triangles = hollow concrete structures, diamonds = wood
floor structures, x = lightweight steel structures. Red dotted line is suggested acceptability
limit.
The investigation shows the variance in measured sound insulation. There is accessible data
also to proceed with variance analysis of the subjective responses. The wood floor data in the
graph are originating from both old traditional buildings (the five structures to the left in the
figure) and data around 50-55 dB that show modern rather complex floors. In the figure it
should in this context be focus on the modern floor data sets to represent state of the art floors.
In the investigation it is implied for impact sound level of lightweight wood floors that:
- old floor types with a high variance generally show low rating.
- for low performing floors the subjective evaluation is generally low.
- the subjective rating of wood floors never reaches the top rating as high performance
concrete floors. Maximum wood floor rating is 4.8.
- highly insulating wood floors, 49-57 dB, show rather good subjective rating, 4.4-4.8.
- the impact sound level should be lower than 57 dB in order to be subjectively
acceptable.
It must be noted that the conclusions of this study are not generally applicable for all wood
structures.
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2. Building systems
Wooden buildings are built in many ways. However, in the present case, the main interest is
focussed on buildings where sound insulation demands are important. Thus, the many
building systems used for single-family houses are out of scope; this report instead deals with
systems for offices, schools and multi-family houses, etc.
With these restrictions, the Swedish industry has concentrated on three different systems,
which will be discussed here. These are named “wood frame”, “massive wood” and “hybrid”
systems.

2.1 Wood frame systems
With wood frame systems are meant constructions built up by plates that are reinforced by
frames or joists of solid wood or manufactured wood products (like I-shaped joists). The ccdistance between the frames is typically 600 mm, but other distances occur. Hereunder it is
distinguished between wood frame structures that are industrial manufactured and structures
that are built on sight. The difference is mainly in the production, so the sections 2.1.3 to 2.1.7
are common for them.
2.1.1 Industrial manufacturing
In the wood building trade of today, a clear trend towards industrial manufacturing prefabrication - is observed. Not only does the proportion compared to on-site manufacturing
increase but so does the degree of prefabrication. The great advantage is that a major part of
the prospective building is manufactured indoors at a factory with optimized production
technique. This in turn leads to benefits in terms of minimized risk of moisture problem
during building, better working environment for the workmen, excellent accuracy to size and
shorten production time at the building yard. Prefabrication brings also potential to a better
production economy leading to less expensive tenements.
Two general types of prefabrication systems are often referred to as plate structures and
volume structures. The former system constitutes the original idea in industrial manufacturing. Floors and walls are here prefabricated in sections and are then, at the building
yard, assembled to form a complete building. However, even if it would be possible to
finalize most of the elements on a factory (with respect to installations and surface layers etc)
normally a lot of work remains to be done on site. As long as the degree of prefabrication is
restricted the technique only possesses a limitation of the advantages mentioned.
The volume system is a further development of the plate concept. The idea is to construct and
manufacture modules which contain floors, walls and ceiling together with electrical, heating,
water, sanitation and ventilation installations. The system is often used for tenements where
each volume typically constitutes a small apartment, one room or a part of a larger living
room.
Although different levels of completeness can be chosen it is common that as much of the
work as ever possible is performed at the factory. The modules then arrive to the building
yard with completed surface layer as well as kitchen- and bathroom fixtures.
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To form an entire building, the modules are stacked upon each other, usually with a strip of a
elastic material in between, see Figure 2.1. This ‘vibration isolation’ is an important factor in
order to obtain good vibro-acoustic properties. With a proper design the isolation can greatly
reduce sound and vibration transmission from one floor to another.

Volume

Isolating strip

Figure 2.1. Volume based building system with intermediate vibration isolation
The volume system might very well be constructed in such a way that a dividing floor
originates from two separated modules. Such a construction is presented in Figure 2.2 where
the upper module contains the upper part of the floor and the lower module contains the
ceiling with no mechanical connection in between. This technique indicates conditions for
good sound insulation
13 floor plaster board
22 particle board
42x225 glulam beam c600
95 mineral wool
12 plywood w300 c600

120 mineral wool
45x120 c400
13 plaster board
15 plaster board (Protect)

Figure 2.2. Example of a construction with separated floor (upper) and ceiling (lower).
Although the industrial manufacturing technique has existed for some years and has been
developed continuously ever since, it is still not as well-tried and trusted as other more
traditional ways of building. The technique share several classical drawbacks with other forms
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of lightweight building e.g. poor sound and vibration properties at low frequencies. It has also
been noticed that the variance in sound insulation between nominally identical modules is
relatively large. The reasons are not yet fully cleared but it is assumed that workmanship is
one of the parameters that affect the outcome, Craik and Steel (1989). Particularly, if using
elements in the prefabricated building the foundation is yet another important task. It is
important to minimize the tolerances in the foundation in order to bring possible warping to a
low level even when the building height increase (to prevent risk of mechanical short circuit
in acoustical important connections)
2.1.2 On site manufacturing
Most of the available knowledge on this subject comes from two sources: projects dealing
with the sound insulation in the existing building, built in the late 19-century or early 20century, or from the Nordic wood project from the 1990´s and some other minor project.
References to the former source are mainly Bodlund (1987), but also Sjödahl (1992) and
others. References to the later source are the Nordic Wood report (Thörnqvist and
Thelandersson, 1997) and some working reports from this project. In North America, wood
frame is the dominating system used in multi-residential constructions.
In Scandinavia, all really old buildings are built with the load baring floor structure in wood.
Concrete floor started to be used in stone houses first in the 1930’s. These structures where
naturally manufactured on site. In cities, these houses were multi-family and multi-storey
buildings. The material of the load bearing construction in the walls was masonry (brick or
stone) or wood. The material choice where mainly depending on geographical and economical
facts – e.g., in the south of Sweden masonry is more common than wood, due to the lack of
local wood. The wooden floor structure differs to some degree depending on the wall
material: in the masonry houses the wood frames where often of larger dimensions. Thus, one
can find several examples of sound insulation of wooden building structures analysing the
existing buildings, as was done by Bodlund (1987). When the concrete floors started to
appear, these gave a better fire resistance, better strength and also better sound insulation. At
almost the same time building regulation started appear in the Scandinavian countries, which
were most easy fulfilled with the concrete floor, so the traditional way of building multi
storey buildings disappeared. The wooden frame floors where however still of interest in
renovations projects of old houses – in case of a extensive renovation the building regulations
has to be fulfilled (in some periods there has been separate building regulations for these
cases); it was then necessary to find ways to improve the sound insulation of these structures,
which was one important aspect of Bodlunds report. From these improvements it is possible
to learn how to build a proper new wooden joist floor structure, which was the case in the
Nordic wood project.
For the walls, the traditional way of building with wood was to use solid wood, in the late
period (∼1910-30’s) sawed wood of smaller dimensions. These walls will not be studied any
further here, but see section 2.2 about solid wood constructions. The wooden frame wall with
sheets of boards or panel and a cavity in between is a modern phenomenon.
The Nordic Wood program was financed by the Nordic Industrial Found and industry in
Sweden, Denmark, Finland and Norway, and was ongoing in the later half of the 1990’s. In
the first phase 6 different building sights (2 in Sweden and in Finland) were built with wood
frame multi-storey, in collaboration between researches and industry. The two projects in
Sweden were Orgelbänken in Linköping and Wälludden in Växjö (Hammer 1996 a and b).
Most of these building turned out to be successful in term of sound insulation, but to a high
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cost. But they showed that it was possible to build with wood frame structures on sight today
with a high sound insulation as a result. The result of the project is described in the reports by
Thörnqvist and Thelandersson (1997) and by Hammer (1996 a and b).
2.1.3 Air-borne sound insulation
For the floor construction, a common rule of thumb is that if the impact sound is under
control, then also the air-borne sound insulation is under control. This rule where tested and
confirmed by Bodlund. Bodlund also investigated the relationship between the sound
insulation measures for air-borne and impact noise insulation, and come up with

Rw′ = 105 − 0.87 Ln′ , w dB,

(2.1)

with correlation r=96 % for the studied floors. Thus, mostly it is not necessary to consider the
sound insulation of the floor structures so much. But some of the basic phenomena are easier
studied for air-borne sound insulation, and the sound insulation of walls is still of interest, so
the analysis of this section do not stop here.
The modern wooden frame wall can in general be constructed with almost arbitrary good
sound insulation – actually, in case of really high sound insulation a double structure is
superior in sound insulation as compared with a solid concrete wall – for a single wall it is
mainly the mass law that determines the sound insulation, and doubling the thickness then
increases the sound insulation 6 dB, which rapidly becomes unrealistically thick (there is also
a theoretical limit of the sound insulation in a single construction due to longitudinal waves in
its cross section – for concrete is this limit 80 dB). Examples of wall constructions with high
sound insulation can be found in collections of laboratory measurements, e.g Simmons
(2004), Hammer and Nilsson (1997) or the Gyproc Handbook.
An example of a wooden frame wall with high air-borne sound insulation can be: double
wooden frames of size 70x70 mm with 10 mm distance between the frames, 2x13 mm
gypsum board on each side and 170 mm glass wool (15 kg/m3) in the cavity. This wall will in
laboratory (the laboratory at LTH, that is not full fulfilling the requirements, however) give
Rw=62 dB and Rw+C50-3150=57 dB (Hammer and Nilsson, 1997).

Figure 2.3. Effect of the density of the mineral wool on the transmission loss:
glass wool 15 kg/m3 (-o-), glass wool 26 kg/m3 (-*-) and stone wool 35 kg/m3 (- -). 95 mm
studs + 70 mm studs, 95 mm mineral wool, 2 x 13 mm plasterboard.
Data after Hammer and Nilsson (1997).
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Figure 2.4. Effect of the degree of filling by mineral wool on the transmission loss: for a
filling thickness of 30 mm (-o-), of 95 mm (-*-) and of 120 mm (- -). 95 mm studs+70 mm
studs, glass wool 15 kg/m3, 2 x 13 mm plasterboard. Data after Hammer and Nilsson (1997).

The role of mineral wool in the cavity of lightweight constructions is important. Experiments
have shown the density and thickness of it to be important parameters, e.g., as shown by
Hammer and Nilsson (1997). The effect of the density of mineral wool is exemplified in
Figure 2.3. As can be seen, for glass wool a density of 26 kg/m3 is the best choice of the three
samples, stone wool with a density of 35 kg/m3 also functioning well, whereas glass wool
with a density of 15 kg/m3 functions less well. The largest differences are for frequencies
greater than 250 Hz, although differences are also clearly evident for the lowest frequencies.
Figure 2.4 shows the dependence of the transmission loss on the thickness of the mineral
wool. If a wall with a total thickness of 165 mm is filled with mineral wool only 30 mm thick,
the results are inferior to those obtained when mineral wool 95 mm thick is employed. If
instead the mineral wool is 120 mm thick, the results are better yet for frequencies above 500
Hz and below 125 Hz. It should, however, be noted that the low frequency results are
associated with measurement difficulties, making these results more uncertain.
It should be noted that the density is not an unambiguous characteristic in relation to acoustic
performance of glass wool products. Specific air flow resistance is considered the main
parameter of importance in relation to acoustic performance in frame walls. Specific air flow
resistance is by glass wool production given by the density as well as the average fibre size.
The study referred to above was made 10 years ago and today’s commercial product may
differ from the products used in the study. Generally products suitable for frame walls should
have a specific air flow resistance of minimum 6 kPa ·s / m2 which can be obtained for vide
range of density by adjusting the fibre size.
Another example from the report by Hammer and Nilsson (1997) is the use of either wooden
or thin-walled steel studs in lightweight walls, where the latter can also be seen as being
beams that can be deformed in their cross-section. It is quite common to use small resilient
elements in a lightweight double construction so as to recapture some of the weakness lost
through the presence of beams and studs. The mechanical description of this phenomenon is
not yet adequate, although much can be learned from experiments that have been carried out.
In walls containing 45 mm studs the transmission loss Rw is increased from 42 dB to 47 dB
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(Rw being the weighted single number transmission loss according to ISO 717-1), when a
change from wooden studs to thin-walled metal studs was preformed (with use of mineral
wool 30 mm thick at 15 kg/m3, 2x13 mm plasterboard, see Figure 2.5). One can readily see
that the difference is considerable and that thin-walled steel studs are 5 – 15 dB better at
frequencies above 250 Hz. For frequencies below 100 Hz the relation is the opposite. This
could be a random result, however, since for low frequencies the measurement error is large,
but is more likely due to the extra weight of the wooden studs compared to the thin-walled
steel studs. This is one of the reasons for the so called Sinus frame, developed by Södra – it
introduces a spring-like deformation in its cross section in a similar way as a thin-walled
metal stud.

Figure 2.5. Difference between use of wooden (-*-) and of steel studs (-o-): 45 mm studs,
30 mm thick mineral wool 15 kg/m3, 2 x 13 mm plasterboard.
Data after Hammer and Nilsson (1997).
Resilient channels are frequently employed, for example, as elements in wooden floor
structures. These are beams that can be deformed in their cross-section. The behaviour of the
resilient channel is examined experimentally by Brunskog and Hammer (2002). The resilient
channel is also studied by Bradley and Brita (2001a-b), containing both experimental results
as well as simplified models of the effects the channel has on a lightweight wall.
2.1.4 Impact sound insulation
Impact sound is the major problem for these types of floors. For lightweight floor structures,
footsteps represent the primary source of disturbances. At low frequencies, the sound level is
determined primarily by the person's body weight, foot weight, and number of steps per
second. At high frequencies, the type of footwear is relevant, at least for hard surfaces. An
important difference between the sound of footsteps and other sources of noise is that, even at
low frequencies, footsteps produce a high degree of noise disturbance. The impact noise is
measured with the ISO tapping machine. Although the machine provides no genuine
simulation of real footsteps, the test results obtained yield valuable information concerning
the dynamic behaviour of the floor. The low frequency content of the excitation signal in
problematic for the wooden joist floors – they have major resonances in the low frequency
region, both the so called fundamental (mass-spring-mass) resonance with opposite phase of
the two surfaces, and also structural resonances in the plates. There are also global resonances
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of the entire structure, including the beams, at low frequencies, that that is mainly relevant for
the springiness and vibration aspects of the structure.
The two Swedish constructions in the Nordic Wood projects can be taken as example of floor
structures with proper sound insulation. Both project focused on solving the low frequency
sound transmission problem associated with the wooden joist floors:
The floor in Orgelbänken consists of I-shaped joists 400 mm high. On top of the joists there is
a 22 mm chipboard or a 21 mm OSB, thereafter 7-8 mm rubber layer, 30 mm gypsum
concrete, 3 mm expanded polyethylene foam and a parquet floor. Below the joists there is a
25 mm resilient channel from Gyproc and 13+15mm plasterboard. The impact noise level
archived where L’nw = 49±1 dB.
The floor in Wälludden consists of trussed joists 45x300 mm LVL. On top there is 45 mm
trapezium metal sheet plate (TRP), 2x13 mm plasterboard and a parquet floor on top. Below
the joists there is a 25 mm resilient channel from Gyproc and 2x13mm plasterboard. The
impact noise level archived where L’nw8 = 50 dB (Thörnqvist and Thelandersson, 1997) and
Hveem et al (1995).
2.1.5 Flanking transmission
In order to build successfully using lightweight building techniques, one also needs to deal
successfully with flanking transmission problems. The junction between walls separating
adjoining apartments and floor structures is constructed in a manner aimed at reducing the
flanking transmission. In principle, this can be accomplished by means of completely
separating the construction frameworks of the adjoining apartments from each other.
Although separation, if it can be accomplished, is always a safe solution, it is often not a
practicable one, since the framework need to be stabilised in order to manage e.g. horizontal
wind loads. Although adequate theoretical models for the flanking transmission have not yet
been developed, practical solutions can be found in the reports by Thörnqvist and
Thelandersson (1997) and by Hammer (1996). Although one approach is to only stabilize the
structure at its stiffest points, there are also more unconventional solutions that if adequately
worked out, can yield satisfactory results. Orgelbänken, for example, achieved excellent
results with use of a board of OSB (a sort of chipboard) that was continuous through the
junction as shown in Figure 2.6 and described more closely in the reports just mentioned.

Figure 2.6. Flanking detail. From Hveem et al (1995).
In the old types of houses, flanking transmission was a minor problem, as the structure
(masonry or wood) where very solid in comparison with the floor structure (Bodlund, 1987).
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2.2 Solid wood systems
2.2.1 Introduction
Compared to frame structures walls and floors from made from massive wood are fairly
heavy. However, it should be remembered that they are still very light compared to most other
building materials, such as concrete or masonry. As the heaviness, or more accurately, the
surface mass in kg per square meter, is a very important parameter for the sound insulation, it
is clear that the sound insulation of simple wooden elements cannot be very high. This means
that they cannot be used directly for walls or floors in multi-family buildings or other
buildings with insulation demands. However, a very good sound insulation can be obtained by
using properly designed double constructions, why the low weight of wooden construction
need not be a serious drawback.

When working with lightweight constructions, the flanking transmission is often a major
problem. Flanking transmission can be explained in the following way. A person walking on a
floor is considered. The impacts of the feet on the floor generate vibrations in the floor. These
vibrations result in a radiation of sound from the lower side of the floor. This is called direct
transmission. However, the vibrations of the floor can also spread to the load-bearing walls,
which results in sound radiation also from the walls. The radiation from the walls may well be
larger than that from the floor, especially if the floor is made as a double construction.
Flanking transmission is important in most types of buildings but tends to be still more
important in buildings from massive wood. Thus, the flanking transmission is often the most
important aspect of sound insulation in lightweight buildings. On the other hand, costeffective solutions for the control of flanking transmission do exist.
2.2.2 Some common constructions
In Figure 2.7, a common wall type is shown. The left part of the figure shows a partition,
which can be used between two rooms in a flat. When a wall between two flats is needed, a
double construction is used, that is two wall elements with mineral wool in the gap between
the elements. Alternatively, a thick wooden construction together with a lightweight panel on
studs (on one or both sides) can be used. The right figure shows a corresponding external
wall. The wall is usually made from pine or spruce boards which either are glued or nailed
together.

Figure 2.7. A common type of Swedish wall made from massive wood. The example to the left
shows a wall for use where the requirements on sound insulation are low; the example to the
right is an external wall. From ‘Massivträ’.
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There are several types of floor constructions in use right now. Two common types are shown
in Figure 2.8. The example to the left in the figure shows a stress-laminated construction,
which consists of planks put together with their broad sides together. Pre-stressed steel rods
penetrate the wood. The width of the elements varies but is often in the region of 1 to 2 m.
Similar elements where the planks are glued, nailed or screwed together are also available.

Figure 2.8. Two common types of Swedish floors made from massive wood. The example to
the left shows a stress-laminated floor while that to the right is glued. From ‘SolidWood’.
The example to the right shows a glued construction which is also common in Austria and
Switzerland.
Massive wood constructions are used directly as plane building elements, that is floor and
wall elements, or as parts of volume elements, that is a part of, or a whole, flat. In both cases,
the suppression of the flanking transmission is extremely important. In the case of
constructions with plane elements, a common principle is to use a floating floor above the
load-bearing construction. The surface weight of this floating floor is enhanced by a layer of a
heavy material, e.g., sand or concrete. It has been shown that the air-borne sound transmission
as wells the impact sound can be sufficiently decreased in this way, even for multi-family
buildings. Another possibility is to combine a solid wood with suspended ceiling and walls
made from wood frames with plasterboards, as plasterboard constructions are in general much
less prone to flanking transmission than massive wood.
2.2.3 Acoustic performance of solid wood walls
The air-borne sound insulation of the massive wall illustrated in Figure 2.7 depends on how
the wall is put together. An important factor is here if the boards are glued or nailed together.
Figure 2.9 shows the sound reduction index measured in a laboratory. The walls are in both
cases 65 mm thick. It can be seen that the nailed wall gives a higher sound insulation than the
glued one. The main reason for this is thought to be the higher stiffness of the glued wall. The
result is not unexpected as an increasing stiffness often tends to decrease the sound insulation.
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Figure 2.9. Measured sound reduction index in laboratory of 65 mm thick walls from massive
wood. Solid curve: nailed wall, Rw = 34 dB, Rw + C50-3150=34 dB. Dashed curve: glued wall,
Rw = 31 dB, Rw + C50-3150=30 dB. From Ljunggren (2002).
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Figure 2.10. Measured sound reduction index in laboratory of glued walls from massive
wood. Solid curve: wall with 105 mm thickness, Rw = 34 dB, Rw + C50-3150=33 dB. Dashed
curve: 65 mm thickness, Rw = 31 dB, Rw + C50-3150=30 dB. From Ljunggren (2002).
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A still thicker wall will give a slightly higher sound insulation but this way of increasing the
insulation is usually not thought cost-effective. Instead, double wall constructions are used. In
Figure 2.10, the sound reduction index of a double construction consisting of two wooden
panels with mineral wool in between is presented. The insulation is not particularly high in
this case; much higher values, especially at low frequencies, can be obtained by using a larger
gap between the panels, as shown in Figure 2.11. It should be observed that these values have
been obtained for nailed panels; the insulation is not as high for glued ones as pointed out
above.

Frequency, Hz

Figure 2.11. Measured sound reduction index for a double wall consisting of two nailed
panels with 95 mm mineral wool in between. Dashed curve: two 65 mm panels, Rw = 62 dB,
Rw +C50-3150 = 53 dB. Solid curve: two 105 mm panels, Rw = 63 dB, Rw +C50-3150 = 57 dB.
From Ljunggren (2002).
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Figure 2.12. Measured sound reduction index for a double wall consisting of two nailed 65
mm panels. Dashed curve: 150 mm distance between the panels and 140 mm mineral wool,
Rw = 64 dB, Rw +C50-3150 = 56 dB. Solid curve: 200 mm distance between the panels and 190
mm mineral wool, Rw = 67 dB, Rw +C50-3150 = 59 dB. From Ljunggren (2002).
2.2.4 Acoustic performance of solid wood floors
The air-borne and impact sound insulation of a massive wooden floor is fairly poor. Results
obtained in a laboratory are shown in Figures 2.13 and 2.14. It should be noted that the socalled area factor, see Ljunggren (1991a), can have a substantial influence on the results
obtained in the field. Thus, Ln,w + CI,50-2500 = 77 dB has been obtained for a 190 mm massive
floor in an office building instead of Ln,w + CI,50-2500 = 81 dB as measured in the laboratory.
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Figure 2.13. Measured sound reduction index for a massive floor with a rectangular crosssection and without suspended ceiling. Solid curve: 190 mm thickness, Rw = 44 dB, Rw +C503150 = 43 dB. Dashed curve: 115 mm thickness, Rw = 40 dB, Rw +C50-3150 = 39 dB. From
Ljunggren (2002).
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Figure 2.14. Measured normalized impact sound pressure level for a massive floor with a
rectangular cross-section and without suspended ceiling. Solid curve: 190 mm thickness, Ln,w
= 86 dB, Ln,w +CI,50-2500 = 81 dB. Dashed curve: 115 mm thickness, Ln,w = 86 dB, Ln,w +CI,502500 = 81 dB. From Ljunggren (2002).
With a suspended ceiling much better sound insulation can be achieved, especially if the
ceiling is self-supporting, that is, has no structural contact with the floor. An example is
shown in Figures 2.15 and 2.16. It should be noted that the usual type of suspended ceiling
which is hung from the floor does not give so good sound insulation as shown here.
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Figure 2.15. Measured sound reduction index in a laboratory for a massive floor with a
rectangular cross-section and with a self-supporting suspended ceiling made from 13 mm
plasterboard. Total thickness is 437 mm, 2 x 95 mm mineral wool is placed on top of the
plasterboard. Rw = 67 dB, Rw +C50-3150 = 66 dB. From Ljunggren (2002).

Frequency, Hz

Figure 2.16. Measured normalized impact sound pressure level in a laboratory for a massive
floor with a rectangular cross-section and with a self-supporting suspended ceiling made
from 13 mm plasterboard. Total thickness is 437 mm, 2 x 95 mm mineral wool is placed on
top of the plasterboard. Ln,w = 49 dB, Ln,w +CI,50-2500 = 53 dB. From Ljunggren (2002).
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2.2.5. Flanking transmission

It has been shown that the sound insulation in a building where all the walls and floors are
made from massive wood will be comparatively low, if no measures against the flanking
transmission are introduced. In the example given in the report by Ljunggren (2002) the airborne sound reduction index was 46 – 48 dB (as expressed in R´w + C50-3150) while the impact
sound level was 62 – 63 dB (L´n,w + CI,50-2500). This is far from the minimum requirements for
dwellings. With suitable devices for suppressing the flanking transmission, the sound
insulation could be improved with approximately 15 dB. Thus, measures against flanking
transmission are of outmost importance.
From a theoretical point of view, flanking transmission can be reduced using three different
principles:
A: reduction of noise (air-borne or impact) transmitted into the plates in the source room,
B: reduction of transmission of noise from the plates in the source room to those in the
receiving room,
C: reduction of radiation of noise from the plates in the receiving room.
All three of these principles have been used by the industry.
Principle A has mainly been used to reduce impact noise by increasing the surface weight of
the upper part of the floors. In practice, this has usually been carried out with an extra layer of
a heavy material, e.g., sand or concrete. This principle seems to be widely used in Switzerland
and Austria. According to the manufacturers, good results for the impact and also the airborne sound transmission have been obtained. No data are available for the sound insulation
at low frequencies, that is, below 100 Hz. However, as the construction is fairly heavy it is
thought that it should be possible to achieve good results also at low frequencies.
Principle B has been widely used in Sweden, especially for buildings made from volume
elements. In the vertical direction, the noise transmission is usually reduced by an elastic layer
between the volumes. Provided that this layer is much softer than the wood of the volumes
above and below the insert, good results have been obtained. However, the layer is subjected
to the static load of the volumes above the layer. This means that comparatively stiff layers
must be used in the lower part of high buildings, which implies that it is difficult to obtain a
good insulation in such cases. There seems to be no problems with this principle in low-rise
buildings, though.
It is possible to use principle B without elastic layers. Two examples are presented in a report
by Ljunggren (2002b), one a contraption developed for increasing the impedance mismatch
between the device and the wooden parts above and below. Reasonably good results (sound
class C) were obtained in this way. Another idea is to use a stiff cylinder mounted between
two cylindrical shells as illustrated in figure 2.17. The cylinder is mounted with its axis in the
horizontal plane and in the neutral plane of the walls (with respect to the bending waves).
Good results (up to sound class B) have been obtained.
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Figure 2.17. Illustration of a device for reducing flanking transmission in the vertical
direction. The device consists of three parts, a cylinder with a diameter of 30 - 50 mm and a
length of some 200 mm. It is placed between two cylindrical shells in such a way that no
transverse forces and no bending moments can be transmitted from the upper part to the
lower one or vice versa.
Principle B is easy to use for reducing flanking transmission in the horizontal direction due to
the absence of static loads; it is only necessary to take care of wind loads, etc. There are
several well known possibilities here.
Principle C has also been successfully used by exchanging the massive walls to walls made
from plasterboards on wooden studs. As the radiation from plasterboards on studs is
comparatively low, especially at low frequencies, a significant reduction of the flanking
transmission is obtained in the frequency range where an improvement is most needed.
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2.3 Hybrid systems
2.3.1 Introduction
Hybrid systems can consists of a number of different materials and constructions like thin
plate of concrete with a floating floor, a frame system of steel with a floor of a mix of boards
and a ceiling of plasterboards and maybe some more constructions. Hybrid systems may also
consist of wood to a large extent. Typical well known “wooden hybrid systems” are shown in
figure 2.18 and 2.19. The floor construction in the first example is made by three or more
layers of crossmounted wooden panels, three legs in each module in a width of 1200 mm and
the second example is a systems which consist of Masonite board components, compounded
prior to erection to single elements (floor and wall elements) which are then mounted together
on-site.

Figure 2.18. Cross section of actual construction. From ‘Martinssons Trä’.
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Figure 2.19. A prefabricated floor structure, only floor covering is missing, weight 105
kg/m2. From ‘Masonite AB’.
The floor structures also consist of a ceiling with 2x13 mm plasterboards that can be
suspended on springs or mounted with some other joint, if the span is big. The cavity inside
the constructions is partly or as a whole filled with mineral wool.
The constructions are light and rather stiff with a low loss factor. Masonites systems (MFB)
stiffness is due to its composition and the upper layer of a certain boardlamell slab. This
means that the wooden construction have to be combined with a ceiling for offices, schools
and residences. The flanking transmission is the major problem. Normally buildings are made
in that way that the wooden floor is mounted on top of the load-bearing wall. To minimize the
flanking transmission with is necessary both for air-borne and impact sound insulation every
floor in vertical direction and every apartment in horizontal direction has to be suspended to
the next with an elastic material. The elastic material is normally mounted on top of the walls
and beneath the wooden floor. In the particular system from Masonite this is solved with an
installation layer (the white part in the figure below) in the wall elements which prevent sound
to be transmitted through the vertical load bearing boardlamell slab, see figure 2.20.

Figure 2.20. Prefabricated wall elements including an installation layer (the white part in the
figure) mounted prior to delivery. In the figure the particular openings for the floor structure
hangers are shown. From ‘Masonite AB’.
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There is a lack of theory regarding sound insulation and vibration behaviour. The knowledge
regarding these systems come from either full scale projects or test buildings. Masonite AB
erected a test building near their factory in Rundvik in order to try out various properties.
Hence a lot of knowledge emanates from full scale tests, either using test buildings or full
scale real projects.
The construction requires a floor structure height equal to approximately 500 mm (which is
normal for lightweight structures with high sound insulation. The advantage of these systems
is that the free span can be rather long, about 10 m and the weight is quite low (Masonite 105
kg/m2). In a test building erected by Masonite the floor span actually equals 10 m which
imply that there will be possible to build wooden systems with large open plans.
Some alternative systems with lower building height have been tested and erected, however
the acoustical success of such systems have not been verified.
2.3.2 Air-borne sound insulation
A large number of measurements have been performed on the floor illustrated in figure 2.18,
both in the test building and in real projects. The conclusion is that it will be possible to reach
high sound insulation (Rw +C50-3150 ≥ 58 – 63 dB, however then there has to be high accuracy
of the building element production and the erection has to be performed by skilful workers. In
case this is fulfilled the sound insulation might become higher than sound class A – R´w +C503150 ≥ 61 dB. However due to small errors in the erection procedure, i.e. additional
installations etc, the sound insulation might become a number of dB:s lower, for example an
extra screw in the ceiling which totally might destroy the springiness of the ceiling.
Deterioration of the sound insulation also occurs, if the flanking transmission through the load
bearing walls is not prevented.

In figure 2.21 and 2.22 we show typical measurement results.
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Figure 2.21. Air-borne insulation index R´w = 64 dB and R´w +C50-3150 = 59 dB.

Figure 2.22. Air-borne insulation index R´w = 66 dB and R´w +C50-3150 = 62 dB. The
measurements emanate from Masonite test building in Rundvik. The green line emanates from
exactly the same measurement site, however the installation surface covering the bearing
elements in the wall is mounted without using an acoustic profile to prevent flanking
transmission, R´w = 55 dB and R´w +C50-3150 = 54 dB.
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2.3.3 Impact sound insulation
The impact sound insulation is normally the main problem for any wooden structure building.
The transmission may be evident both directly through the floor structure but also through
flanking walls if those transmission paths are not enough isolated. When the tapping machine
works at the floor surface, very high sound levels might appear in the sending room, but also
(of course) in the cavity between the floor and the gypsum board in the suspended ceiling.
Sound pressure levels between 80 – 90 dB have been measured in 1/3 octave band from 50 –
1250 Hz. Hence, a good sound insulation in the ceiling is necessary in combination with an
obvious spacing between floor and ceiling.

If the flanking transmission is prevented and at the same time the manufacturing of the
elements and the mounting process is carefully implemented, a typical hybrid construction
might reach an impact sound insulation index equal to of Ln,w and Ln,w +CI,50-2500 = 46 – 52
dB. The higher single numbers (48-52) refer to the single number including the spectrum
adaptation term and the lower when this term is excluded. In figure 2.23 it is possible to
compare the influence of flanking construction for a typical hybrid construction. The
measurements were made on the same floor. The apartment had two rooms adjoining the load
bearing walls and one room between these two rooms.
Figure 2.24 shows the measurement results from the Masonite test building. The floor span
equals 10 m and the thickness of the floor structure is approximately 500 mm. The
measurement was carried out with a floor covering comprising 2 mm Airolen © and 14 mm
parquet.
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Figure 2.23. Comparison between no flanking transmission
Ln,w = 50 dB, Ln,w
Ln,w = 53 dB, Ln,w +CI,50-2500 = 53 dB
+CI,50-2500 = 51 dB and with flanking noise
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Figure 2.24. Impact sound measurement curve, Masonite test building. The floor span equals
10 m and the thickness of the floor structure is approximately 500 mm. The floor slab was
partly covered with a floor covering comprising 2 mm Airolen © and 14 mm parquet. The
result became L´n,w = 48 dB, L´n,w +CI,50-2500 = 49 dB

2.3.4 Flanking transmission
Generally, in the building system evolved around the floor construction illustrated in figure
2.17, flanking transmission causes problem above 200 Hz – normally between 200 – 1000 Hz.
Studying figure 2.24 it is obvious that the flanking transmission is dominating at frequencies
above 200 Hz. The main problem with this system is that elastic layers are used to reduce the
flanking transmission. These layers have to transfer the total load from the building parts
above. That means that the elastic layer has to be rather stiff which decreases the sound
insulation.

However, it is possible to decrease the direct transmission and the flanking transmission by
using floating floors. So far we have been talking about a floor construction with pure wood.
Test show that 10 mm Stepisol + 2x13 mm plasterboard or 18 mm Paroc Impact sound board
+ 2 x 13 mm gypsum board it is possible to improve the impact sound insulation with a few
dB. Still the lowest frequencies are difficult to improve significantly and normally these are
the determining frequencies with respect to subjective evaluation.
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2.4 Structure-borne sound and service equipment noise
Building service equipment means mechanical equipment that is needed to provide
functionality and comfort to a building such as ventilation systems, sanitary installations,
heating and cooling systems, lifts etc. The development of modern houses has led to more and
more, as well as more complex building service equipment. For example, natural ventilation
in buildings has been replaced by FTX ventilation systems with fans, heat exchangers etc.,
which introduces more noise sources in the building. Additionally, residents set higher and
higher demands on comfort and functionality as well as low energy consumption. In the
Swedish sound classing system (see chapter 1.3) there are demands on noise levels indoors
from building service equipment. The requirements are most strict in bed rooms and living
rooms, since it is important to have low noise levels in rooms for rest and recreation. Noise
problems occur mainly from ventilation systems and heating systems, although elevators or
sanitary equipment causes noise problems in some cases. Noise from ventilation systems
depend largely on mistakes during the planning of a building and mistakes at the installation
of the equipment. For example selection of wrong fan size or too narrow ventilation channels
are used. Small channels give in addition high pressure drops which increases the energy
consumption during use. Noise problems caused by installation issues may depend on wrong
adjustment or that wrong equipment is installed. Experience from older buildings with FTX
systems shows that there are complains on both drag and noise. Complains on noise are
mainly from noise in bedrooms. However, there are also examples showing that it is possible
to build silent and energy efficient ventilation systems using existing technique. Noise
generated by kitchen equipment such as dishwashers, refrigerators, freezers is also important.
In modern buildings with open designs where often the living room and kitchen are actually
one combined room, there is not much insulation or screening. This means that it is important
to choose machines with low sound power level in these cases. There are indications that the
sound power level of refrigerators and freezers are increasing over the last years but there is
no existing overview of the market to confirm this. For dishwashers low noise has become a
selling argument and “silent” dishwashers are developed.
Since energy efficiency and low energy consumption have become important factors the
number of heat pump installations in houses has increased substantially. Installing air/air heat
pumps is an attractive solution in houses with direct electric heating due to the simple
installation. In houses with a water based heat distribution system outdoor air heat pumps or
ground heat pumps are used. Many new houses are equipped with exhaust air heat pumps.
Field studies have shown that most complaints on heat pumps concern noise. One reason
could be that houses with direct electrical heating is virtually noiseless, but installing a heat
pump means that a noise source is introduced in a quiet environment which can be disturbing
although the noise limits indoors are fulfilled.
For building service equipment both air-borne as well as structure-borne noise is important.
Air-borne noise from installation equipment is in many cases dominated by low frequency
noise below 200 Hz. For example heat pumps have strong noise components at 50 Hz from
the compressors. Even lower frequencies can be excited. This is a problem for lightweight
building constructions where the sound insulation may be poor at low frequencies. The
propagation of structure-borne sound has a direct link with impact sound and flanking
transmission. The vibrations generated by the building service equipment excite the joist and
can radiate as sound further away in the building. As mentioned before, flanking transmission
and impact noise require special attention in lightweight wooden structures.
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A common way to solve structure-borne noise problems today (not only in lightweight
structures) is to mount additional insulation on the walls in the form of extra boards on
lightweight frames. In approximately 20-30% of all flats in multi family houses additional
wall insulation is used. An estimation of the cost for this is between 9000 to 19000 SEK per
10 m2 insulated wall. As a comparison the cost of measures close to the source (vibration
isolation) can be estimated to 10000 SEK per 10 m2 insulated wall. The building cost could
therefore be reduced if structure-borne noise could be reduced at the source (Simmons 2007).
For timbre frame systems the mobility (“stiffness”) of the floor varies. The floor is relatively
stiff (low mobility) on top of the wooden frame, but is weak (high mobility) between the
framing structure. Since the excitation of structure-borne noise depends on the mobility of the
supporting structure, the placement of the source on the floor is important. In some cases
fundaments with high weight under the source are necessary to reduce the structure-borne
noise excitation. Vibration isolators are normally designed for a rigid heavy floor, which
means that the effect of the isolators can be destroyed if the source is placed on a lightweight
floor, especially where the mobility of the floor is high.
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2.5 Springiness and vibrations
As a result of the dynamic properties, there is always a risk of annoying floor vibration and
springiness due to human activities, in lightweight constructions. When people walk, run or
jump on a floor they bring vibration energy into the construction which might be adverse to
other occupants.
Springiness is referred to the deflection that occurs from such activities. The deflection is
often local and affects, besides the active person himself, only other occupants in the direct
vicinity. Vibrations mean an oscillating motion of the floor which can be either transient
(often due to too low stiffness) or resonant (usually a combination of low stiffness and low
damping).
The total vibration response from human activity can thus be treated as being the summation
of the contributions mentioned. However, in practise, vibration problem seldom occur in
floors with moderate span, up to about 4 m, while the vibrations increase dramatically as the
span increases and the floor’s natural frequencies are displaced towards lower frequencies.
Even though widely spread, a short span wood floor might possess a fundamental frequency
of about 15-20 Hz and a long span floor of about 8-10 Hz, or even lower. As the natural
frequency gets lower, the more likely it is that occupants should complain about vibration
since humans are more sensitive to low frequencies compared to high. The ISO base curve
(ISO 2631-2,1989) in Figure 2.25 shows the sensitivity for sinusoidal vibration. It can be seen
that the sensitivity is at its maximum for frequencies between 4 and 8 Hz, after which it
decreases as the frequency increases.
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Figure 2.25. The ISO base curve shows the human vibration sensitivity expressed in terms of
(root mean squared) acceleration as a function of a sinusoidal frequency.
Even though vibration sources like road- and railway traffic as well as vibration from
different kinds of installed machines, e.g. ventilation fans, washing machines etc. might be of
importance, human walking is often of special interest due to two reasons; a) It is often the
most common vibration source that occur inside an occupied building and b) Walking is an
activity which comprises a pace of about 1.6-2.4 Hz (Kullaa and Talja, 1999) where 2 Hz is
normal fast walking along a corridor. The walking harmonics might then very well interfere
with a natural frequency of the floor, leading to amplitude magnification.
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Resonant vibration is generally a result of lack of damping, where the induced force generates
a long lasting vibration of the floor that corresponds to a global mode. To make it more
complicated, the floor vibration amplitude from global modes is indeed a function of position
in the room. At a certain spot on the floor, the contribution from a specific mode is high if the
spot coincide with an antinode but can on the other hand be neglected if the spot is near a
nodal line. If a number of modes are simultaneously excited, the resulting vibration response
in a specific spot of the room, is the summarised amplitude from each of the individual
modes.
Floor vibration is indeed a highly complex topic, well illustrated by the fact that despite years
of research and product development, no common standardised international design rules
exist, but most countries have there own code. The complexity is further stressed by the fact
that the existing codes rely upon a numerous of different parameters (Ljunggren, 2006). As an
example: Static deflection related to span (Onysko, 1988) fundamental frequency (Doolan et
al, 1999) and impulse response (Smith and Chui, 1988). In order to handle the vibration
problem it is absolutely necessary to have reliable design criteria.
An alternative method to quantify vibrations, compared to the use of static and dynamic
parameters as described above, has been suggested (Toratti and Talja 2006). Vibration classes
are here based upon human induced vibrations subjectively experienced from everyday
phenomena like leaf movement of pot plants or clinking of glassware. The basic idea is to
transfer some of the complex vibration nature into more manageable parameters
The present situation in Sweden is that the building code BKR (1999) does not give any strict
rules, but recommends that certain guidelines (Boverket, Handbok, 1994) are followed which
are based upon one static criteria and one dynamic. The design was worked out by Ohlson
(1984), a criterion often criticised to be too generous. Floor vibration also seems to be an
increasing problem since there is a tendency towards more slender constructions combined
with increasing spans for flexibility, yielding floors that often are sensitive to dynamic forces.
Is it well established that vibration problems increase dramatically as the floor span increase.
Therefore, a main challenge, besides the emphasised need for accurate and suitable design
criteria mentioned above, is to develop long span wooden floors with acceptable vibration
performance. To obtain this, unconventional design like floors possessing considerable higher
stiffness in transverse direction compared to traditional designed floors may be required
(Olsson et al 2008).
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3. Theory
3.1 Simplified engineering prediction models
3.1.1 General aspects
Lightweight building structures and wooden frame structures are often designed as
frameworks of studs with plates on each side. Existing theoretical models, as SEA (Statistical
Energy Analysis), rely on simplified assumptions and are developed for heavy and
homogenous structures such as concrete, and can therefore in general not be used for
lightweight building structures. This is a sever drawback for these structures, as when no
prediction model is available, the only alternatives is to use traditional solutions that is known
to work, or build test houses. The first alternative is not a good option in a changing world,
and there are no traditional structures that meet the demands of the inhabitants today. The
second alternative is a very expensive option – a test house has to be built and probably
rebuilt a few times – and the solutions found can only be used in similar conditions as in the
test house, which implies a series of type houses, but no general solution. These drawbacks
are not present for heavy, homogenous structures such as concrete. Thus, concrete as a
building material has an advantage over lightweight and wooden frame structures, as the
acoustic performance of these structures can be predicted.

With the term engineering prediction models is meant simplified models that can be used in
the every day praxis of building acoustics. It is thus hand calculation methods and simple
computer models with few input parameters and short calculation time. And it is models that
give answer to the actual problem that the engineer has to solve in the frequency range of
interest (50 Hz – 5 kHz). A prediction model is an important tool in developing structures that
have acceptable insulation characteristics and in explaining how they function. Practical
product development of sound insulation benefits from simple, flexible, fast and accurate
prediction models, which can be used in connection with carefully performed and documented
laboratory tests. Thus, simplified prediction models are important tools in the design stage of
new constructions and building projects.
The standard EN 12354 (1996), which lately became international standard ISO 15712, is a
tool to estimate the sound insulation performance for buildings, and is a first order SEA
method. It is an important example of a simplified prediction model, and it is aimed at
handling flanking transmission. A major drawback with the standard is that most lightweight
building elements are excluded.
When prediction of acoustical systems is considered, the approach to the problem can
primarily be divided into two main philosophies – either with an energy average thinking,
often combined with empirical knowledge and data, or to attack the problem in detail, using
deterministic thinking and analytical and/or numerical methods.
The first philosophy, including Statistical Energy Analysis (SEA), power methods1 and
empirical models, is often preferable in everyday praxis, e.g., when designing close to
1

With power methods, or energy flow methods, are meant methods using a power balance and energy
considerations, but not using the more elaborated theories of modal density and energy recouping as in SEA.
There is however no strict line between these methods and SEA.
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commonly used cases. No attempt is made to recover all details of the displacement field of
the structure; instead, the structure is modelled as an assembly of ‘subsystems’ with the aim
of predicting the average vibration energy level of each subsystem. On the other hand, if the
prediction model is needed to develop new types of solutions, the philosophy of average
energy might fail due to the lack of detailed information. Further, SEA fails in the low
frequency region, which is important in sound insulation of lightweight structures. Even more
important, standard SEA has severe difficulties in handling periodic structures (Fahy 1994) –
and lightweight and wooden frame structures usually periodic. Two important assumptions
when using this type of approach are that the field variables within each component are
homogeneous and diffuse. The former means that a single number describes the field for any
given frequency; the latter means that all angels of propagation have equal probability and
intensity. None of these assumptions are likely to be fulfilled in lightweight structures, see e.g
Nightingale and Bosmans (1999) and Sjökvist and Hammer (2001). However, it is this first
philosophy that can lead to an engineering prediction model.
The second philosophy, the high resolution methods, that typical are deterministic in nature,
often requires considerable theoretical effort, but is still likely to fail in many cases due to
parameter uncertainties. Numerical methods such as FEM (Finite Element Method) are timeconsuming in connection to acoustic problems in the full frequency range (e.g. 50 -5000 Hz).
Nevertheless, an analytical deterministic model often gives a great insight to the problem.
Moreover, when a deterministic model is used (numerical or analytical), uncertainties can
usually be handled easily with statistical methods, in spite of the deterministic nature. In fact,
by calculating in detail, the uncertainties in the input can be handled separately and not in a
non-predictable global sense, as is the case in SEA. Moreover, a deterministic model can in
the extension also be a starting point for the development of simplified energy based models;
SEA can be developed further only if one starts at the basic equations, e.g., as done by Keane
and Price (1989) for a simple periodic one-dimensional wave medium. The high resolution
methods are treated further in section 3.2.
3.1.2 Air-borne sound
For the direct path of air-borne sound insulation through lightweight structure there are
several simplified prediction models available. Hongisto (2006) have made a comparison
between a large number of models evadible (17 models) and laboratory measurements of
double plate walls. Among the models included the models by Beranek and Work (1949),
London (1950), Crocker and Price (1969, 1970) and Fahy (1985, 2001) can be mentioned
among the models that only can take into account walls without studs, and the models by
Sharp (1978) and Davy (1991, 1993) can be mentioned among the models that include studs.
(Thus, note that most models exclude the studs!) The variations between the models studied
were judged unacceptably high, more then 20 dB. Only a few models were found to predict
the sound insulation with acceptable accuracy, but none of them was capable of predicting the
whole spread of commercial wall types, with varying layers of cavities, absorbing material,
panels and more or less flexible studs. Hongisto (2006) concludes that the need for better
prediction models is obvious.

The major problem with the existing simplified prediction models is the treatment of the studs
and the cavity. If a double-plate structure consists of a framework of studs, the studs will not
only influence the vibration field directly, i.e., short-circuiting the plates as sound bridges, see
Cremer et al. (1988), but also affect the acoustic field in the cavities. The studs can be seen as
walls in the cavities, thus introducing finiteness, which leads to resonance. If a double-leaf
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structure is excited by an incoming wave on one side, the plate on the source side is excited
and will excite the framing beams and radiate to the cavities. The plate on the receiver side is
then excited by the acoustic field in the cavities and by the vibration of the beams, and will
radiate to the surrounding acoustic fields. The cavity is often partly filled with sound
absorbing materials. Thus, the wave field in the total wall structure is complicated, and
contains different but coupled transmissions paths. Moreover, the studs and the cavities
between them are spatially periodically distributed over the structure. This implies that typical
phenomena associated with periodic structures will be present; the wave field will contain a
pass-band/stop-band behaviour meaning that wave propagation can not occur freely for all
propagation angles and frequencies. Periodic structures cannot easily be analysed with
traditional SEA – which is the basis for much building acoustic models, e.g. Craik (1996).
However, a deterministic model can in the extension also be a starting point for the
development of simplified energy based models; SEA can be developed further only if one
starts at the basic equations, e.g., as done by Keane and Price (1989) for a simple periodic
one-dimensional wave medium. Attempts to treat sound transmission in beam-plate structures
with deterministic theory can be found in the literature. In Brunskog (2005) is presented a
deterministic prediction model for air-borne sound insulation including all the effects of the
studs and cavities mentioned above. A spatial transform technique is used, taking advantage
of the periodicity. The acoustic field inside the cavities is expanded by means of cosine-series.
The model is analytical and thus is written as a closed formula, but certain parameters are
found by solving a system of equations2. Numerical examples were presented and
comparisons with measurement were performed with good result. However, this model is to
complicated and time consuming to be used as an every day prediction model. However, this
model can probably be used as the basis for a simplified version of the model. The general
form of the prediction model can be found form the more advanced model, but it will be
simplified and some correction factors will be introduced instead, using optimisation against
measured data.
3.1.3 Impact sound
Impact sound is perhaps the most important aspect when considering sound insulation in
lightweight and wooden joist structures. The major reason for this is that this aspect is what
the habitants generally consider to be the most disturbing aspect, see section 1.4. The ISO
standard tapping machine is used as the excitation source for rating the impact-sound level of
a floor structure. Although the machine provides no genuine simulation of real footsteps, the
test results obtained yield valuable information concerning the dynamic behaviour of the
floor. The floor structure is important not only as a transfer part from excitation to response,
but also of determining the impact force due to interaction between the hammer and the floor.
It is important, therefore, that attention be directed at the interaction between the hammer and
the floor.

Cremer has derived the impact noise level caused by a tapping machine for homogenous
structures of high impedance, the results being summarised by Cremer et al (1988). In dealing
with a bare slab, where Cremer makes use of momentum calculations that assume there to be
a perfect elastic impact, the results are quit satisfactory. However, when taking into account
the effects of a resilient floor covering, Cremer’s description of the problem implies that the
hammer becomes stuck to the floor after impact. This leads to resonant behaviour that is not
2

Some of the limitations in the model are: it is an infinite model, both in the structure and in the rooms; and the
mecanical coupling is simplified and does only take into account bending of the beam.
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to be found in measurements according to the ISO standard. (Vér (1971) derived a complete
and accurate description of the force spectrum and the impact noise level that a tapping
machine produces on hard surfaces, including the rebound). In fact, the hammer rebounds
after impact, there being only an initial positive force pulse present, a matter investigated by
Lindblad (1968). Also, regarding linear excitation Lindblad considered the effect of an
energy-consuming part of the deformation, conceived as a resistance in series with a spring to
represent the resilient covering. The resistance can be due to local material damping or, as in
the case of lightweight structures, to energy being transported within the plate away from the
region of impact.
A lightweight floor structure can usually not be regarded as a homogenous structure of high
impedance. It consists of thin plates of wood, chipboard, gypsum, or whatever, and is
reinforced by joist stiffeners. Thus, it cannot be assumed that the force spectrum in Cremer et
al. (1988) is applicable generally. Nevertheless, in more recent papers on impact-sound
insulation, such as Gerretsen (1989), the momentum model of Cremer et al. (1988) and Vér
(1971) has continued to be used, also for non-homogenous or lightweight floors. Thus, it is
common to assume the force spectrum to be invariant with respect to the excitation system,
i.e. to be a linear source with infinite source mobility. Measurements indicates there to be a 6
dB gap at low frequencies between the force spectrum of a hammer impacting on a high
impedance surface such as concrete and its impacting on a low impedance surface such as an
mdf-board. This can easily be explained in terms of simple momentum consideration in a
manner comparable with the case to which Cremer’s calculations but letting the hammer be
stuck to the plate, see e.g. Brunskog and Hammer (2003b).
There exist models for vibrations and radiation of point excited plate structures, reinforced by
beams, e.g. Evseev (1973), Lin and Garrelick (1977) and Mace (1980 a-c). A more complete
literature survey can be found in (Brunskog and Hammer 2000). Brunskog and Hammer
(2003a) have developed and applied an approach, referred to above in the section on air-borne
sound, to a wooden frame structure, leading to the thesis of Brunskog (2002). The system and
the response are examined in detail in (Brunskog and Hammer 2003a), in which
measurements are also compared with predictions derived from a model, where the model of
the force generated by the tapping machine is described in (Brunskog and Hammer 2003b).
The former reference uses an advanced deterministic approach, but the results can be used
also for a simplified model, if approximate estimations of the point mobility are used. Such
point mobilities can be found in (Hammer and Brunskog 2002). However, there exists today
no simplified prediction model that works for impact sound insulation of lightweight
structures. In the prediction standard EN 12354 this is partly solved by using measured data as
input data. However, EN 12354 is a model for flanking transmission, not impact sound
insulation.
3.1.4 Flanking transmission
For homogeneous structures, simplified prediction models for flanking transmission have
been available for a long time, mainly using power methods and SEA. In the 90’s these
models, and especially the models by Gerretsen (1979, 1989), were put together in the CEN
building acoustics prediction model EN 12354 part 1-3. The standard EN 12354 is a tool to
estimate the sound insulation performance for buildings, mainly using measured data as input
data. It is thus a simplified prediction model for flanking transmission. EN 12354 is
implemented in the commercial software Bastian. The standard uses a power approach and is
equal to a first order SEA method, without recoupling. The relationship between SEA and EN
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12354 is discussed in (Nightingale et al. 2003). Thus, many of the basic assumptions and
limitations are shared with SEA.
The effects typical for periodic systems, such as periodicity, cannot be predicted by SEA and
EN 12354 theories of today. Hence, lightweight and wooden frame structures do not meet the
basic requirements for the simplified prediction models. Moreover, in the text of EN 12354 it
is stated that the standard is not to be used for junctions of lightweight structures3 (or rather in
the complementary measurement standard ISO 10848), which is a severe and not very well
known restriction.
A major drawback with the standard is thus that most lightweight buildings are excluded. In
the new version of the Swedish classification standard for the acoustics in dwellings, SS
25267 (3) (2004), it is stated that verification of the sound insulation can be made by
calculations – provided the calculations are done according the EN 12354. Thus, the
calculation standard has now a unique position in Sweden, which is a severe disadvantage for
lightweight and wooden building structures, as they are not included.
Papers that attempt to treat flanking transmission in lightweight structures are made by
Nightingale (1995), using EN 12354, and Craik et al. (1997), using SEA. However, the
junction was in these papers described by wave theoretical methods (as more or less must be
the case in SEA). No special adjustments where made in the models to meet the special
properties of lightweight and wooden structures. Tso and Hansen (1998) describe a theoretical
method for evaluation of the transmission coefficient and coupling loss function of a coupled
periodic structure; the structure studied consisted of a plate with periodic stiffeners coupled at
right angles to a uniform plate, and SEA was then used. The paper indicates that SEA can be
made to work for periodic structures, if special care is used. The results are however not
directly generally applicable.
The prediction standard EN 12354 is mainly using laboratory measurement data as input.
These measurement data include sound reduction R or impact noise level Ln of wall and floor
structures, and flanking junctions are described by the vibration reduction index Kij or
vibration level difference Dvij. The flanking sound reduction index is, according to the main
equation in the prediction model, determined as
Ri* + R *j
Ss
+ Dv ,ij + 10 log
(3.1)
Rij =
2
Si S j
where
Dv ,ij =

Dv ,ij + Dv , ji
2

, Dv ,ij = 10 log

vi2
v 2j

where Ri*, Rj*, Si, Sj, Ss...
The vibration level difference Dv ,ij is unique for every specific configuration (including size
and adjoining element absorption). Therefore are the junction itself described with the
quantity Kij, the vibration reduction index,
lij
(3.2)
K ij = Dv ,ij + 10 log
ai a j

3

One lightweight element as the direct path is probably ok.
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which is assumed to be invariant and closely related to the structural transmission loss.
However, for lightweight structures another definition of Kij is used, and the difference
between Kij and Dv is that an area correction is made.
An ad hoc working group (CEN/TC 126/WG2 AHG3) has been formed to improve EN 12354
for lightweight structures. The goal is that also lightweight buildings should be included into
the standard. The Ad hoc working group will evaluate the research work that has been made.
The group has however no monetary means to launch projects itself. In the first meeting of the
ad hoc working group, four groups of distinct problems where distinguished, according to
four pairs of opposite words:
1. Heavy – lightweight: the radiation of sound from the plate is not taken into account
correctly below the critical frequency fc. This is not a problem for heavyweight
structures, as fc then is low, and the theory is correct in the dominating part of the
frequency range. However, for lightweight structures this is a mayor problem, as f<fc
for the dominating part of the frequency range. The problem is due to the fact that R i
is used to link sound pressure in the rooms to the vibrations of the plates. For the
formulas to work correctly Ri should contain just the reverberant contribution – not the
forced one. This quantity can be called Ri*. The error can be corrected in different
ways (using measurements of the radiation coefficient or analytical corrections).
Modifications that corrects for this have been presented by e.g. Guigou-Carter et al.
(2006).
2. Low attenuation – high attenuation: Note that attenuation is a better word than
damping, as it also involves the periodic/nearly periodic effects. The vibration field
will be non-diffuse in the sense that there is decay from the source, and there is a
direction of the intensity field. The basic SEA assumptions are then not met, and the
average vibration velocity <v2> has a more complicated relationship to the structural
transmission loss than is assumed so far in EN 12354. However, it should be noted
that the errors made are probably small as Dv is both measured and used in the
calculations and the difference between the two cases are likely to be small (similar
dimensions and boundary losses) – the correction made by the intermediate Kij is thus
small and therefore also the error introduced. And the losses in the other boundaries
are probably small compared to the internal losses, and the areas in the lab situation
and the field situation are not that different. Attenuation has been studied by Sjökvist
e. al. (2004).
3. Isotropic – orthotropic: Lightweight and wooden structures are likely to have
different attenuation and/or bending stiffness in different directions. Periodicity
obviously causes this to be the case. And beam reinforcing in one direction is
obviously orthotropic at low frequencies. The vibration field will then be strongly nondiffuse. This point is related to point 2). Also here is the problem that <v2> has a more
complicated relationship to the structural transmission loss than is assumed so far in
EN 12354. The solution and observations are similar. However Kij and Dv must be
measured for the two dominant directions, see e.g. Sjökvist and Hammer (2001).
4. Single layer – double layer (multi layer): The problem here are twofold: which Ri is
to be used and how is Kij to be determined? The former problem is due to the fact that
Ri is used to link <p2> in the rooms to the vibration <v2> of the plates. If the two
leaves of a double structure are loosely coupled, then R i should relate to the single
leave it self, and if they are rigidly coupled R i should relate to the entire structure. But
how to do with the structures in between, which often is the case? Typically, these
structures will be close to the first case at high frequencies and close to the second
case at low frequencies. One way to do this is to determine a cross-over frequency
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(closely related to the fundamental resonance), and the combine the two situations in
some way. The other problem here is how to measure the vibration level difference Dv
– the energy is in general flowing in both plate structures, so which of them is to be
measured? Or how are they to be combined in a proper way?
The problems above have to do specifically with EN 12354. However, as indicated before,
also general SEA has severe problems with lightweight and wooden frame structures. Some
of the problems to deal with if including these structures in a SEA based prediction model are:
i) it is not possible to assume the vibration field of a plate reinforced by beams to be diffuse or
homogenous; ii) the spatial attenuation will be predominant and different in different
directions; iii) thus, there are no simple connection between the vibration squared average
velocity <v2> and the structural transmission factor τ (note however the vibration average
still is closely related to the vibration energy); iv) the periodic nature of a typical lightweight
structure means that modes will group together, which mean that SEA-based theories will
have problems (where smooth modal densities are assumed); v) the periodic nature of a
typical lightweight structure will also directly influence the structural transmission loss, see
Brunskog (2005b); vi) the radiation of a structure with an irregular vibration field is not
simple. To this list should be added the usual assumptions in SEA, e.g. high modal density –
which is not fulfilled at low frequencies; weak coupling (often used but not a necessary
assumption) – which is not fulfilled for strong flanking transmission; smooth modal densities
– which is not generally the case for periodic structures; and that the reverberant field
dominates the response.
Reference (Brunskog 2005b) describes the basic theory of the structural transmission loss of a
junction, when the surrounding media is periodic in nature (using theory with high
resolution). This study was continued in (Brunskog 2003), the wave characteristic of a
double-plate structure is analysed as a whole system, and (Brunskog 2004b), where the
structural transmission for a double-plate structure analysed. The primary conclusion from
these references is that the periodic nature of the wave media surrounding the discontinuity
clearly affects the amount of power transmitted through a discontinuity or junction – and that
it is not correct to use a theory assuming the surrounding structure to be uniform.
As a material, wood is inhomogeneous and orthotropic. This implies that the structure-borne
waves travel with different speeds, depending upon their direction. In beams and studs, pure
wood is often used. However, the bending stiffness along the beam then dominates, implying
that directionality is not particularly important in wooden structures of this sort. Thus,
methods for computing acoustical behaviour generally do not need to be specially adapted to
the orthotropic nature of these constructions.
3.1.5 Structure-borne sound and service equipment noise
The European standard EN 12354-5 deals with the estimation of noise levels in buildings
from service equipment. The standard is still under development but a draft version of prEN
12354-5 is under approval. The standard will give a general description of the calculation
method and also guidelines for the application in some cases. When it comes to acoustics both
air-borne as well as structure-borne sound are important for these sources. There are basically
three sound transmission paths to take into account:
- air-borne sound transmission through pipes or ducts
- air-borne sound transmission through building partitions
- structure-borne sound transmission through building partitions.
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Air-borne sound transmission through pipes and ducts

Figure 3.1 Sound transmission through a system of pipe (prEN-12354-5:2008)
Once the sound emission of the source into the pipe or duct is determined (sound power level)
the resulting sound pressure level in the receiving room can be calculated by taking the
properties of each pipe or duct element between the source and the room into account together
with the acoustic properties of the room, according to figure 3.1. In each element, insertion
loss, sound generation, sound entering through duct walls etc. have to be taken into account.
This approach is valid also in lightweight wooden building partitions.
Calculation of air-borne sound transmission through building partitions follows basically the
same principle as given in EN 12354-1 or by SEA. However, the same problems as mentioned
above apply for lightweight wooden structures, see figure 3.2.

Figure 3.2 Air-borne sound transmission in a building (prEN-12354-5:2008)
To determine the air-borne sound emission of the source there are accepted international
standards for that (the ISO 3740 series).
One issue regarding ventilation systems is that in some cases the acoustic data provided by
manufacturers are not reliable.
Structure-borne sound transmission from source to a receiver room is determined by
considering the structure-borne sound power level of the source, the supporting structure, the
transmission through building partitions and the acoustic properties of the receiving room, se
figure 3.3. The supporting building element is taken into account mathematically by an
adjustment term.
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Figure 3.3 Structure-borne sound transmission from a source in a building (prEN-123545:2008)
For the transmission through building partitions the procedure is the same as for air-borne
sound sources above. However, there are two considerations that are important to take into
account. There exist no agreed standards today to determine structure-borne sound power of a
source, although work is going on, and that the coupling term to the supporting building
element is more difficult to handle for lightweight wooden constructions where the mobility
of the floor might be large.
In the draft prEN 12354-5:2008 methods for measurement of characteristic structure-borne
sound power levels are given in an annex. In general, determination of the source strength
involves measurements of the source's mobilities and free velocities in six degrees of
freedom, according to:

LWs ,c

⎛ v *T Y *−1 v
⎜ sf
s
sf
= 10 lg⎜
Wref
⎜
⎝

⎞
⎟
⎟ dB
⎟
⎠

(3.3)

where
vsf is the complex free velocity for the multiple point multiple degrees of freedom source.
Ys is the complex source mobility matrix.
* indicates complex conjugate
T indicates transpose of vector
Wref is the reference power in Watts (1pW)

In practice the number of degrees of freedom are limited and in the case of one contact point
in one direction this can be written as
⎛ v sf2 1 ⎞
⎟ dB
LWs ,c = 10 lg⎜
⎜ Wref Ys ⎟
⎝
⎠

(3.4)

where
vsf2 is the r.m.s. free velocity at the contact point
Ys is the source mobility at the contact point.
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In general methods to determine the structure-borne sound power have to be derived from
these definitions. However, three different cases can be identified.
1. Equipment with high source mobility
Machines that are very light compared to the supporting structure, for instance whirlpool bath
on a heavy concrete structure, can be handled as a pure force source. In these cases the
mobility of the source can be assumed to be the reference mobility Ys ,ref = 10 −3 m/Ns. Thus
the structure-borne sound power can be measured by mounting the test object on a heavy
reception plate and measure the resulting average velocity on the plate together with the
structural reverberation time in the plate. When several contact points and degrees of freedom
are involved an equivalent force level of the source can be determined. Additionally, the ISO
tapping machine can be used to determine the equivalent source of the test object by a
substitution method.
2. Equipment with known mobility
In some situations the source mobility can be estimated or calculated. For example by
dividing the source in simple parts like masses, beams or plates the mobility can be estimated.
3. Equipment with low source mobility
When the mobility of the source is very low compared with the supporting structure it can be
seen as a velocity source. This is valid when the machine is mounted on resilient mounts. In
the case with multiple contact points an equivalent source velocity can be identified
perpendicular to the supporting building structure. Since the mobility of the source is very
low, the impedance is very high compared with the supporting structure. In these cases the
impedance can be assumed to be the reference impedance Z s ,ref = 10 6 Ns/m. Hence the
characteristic structure-borne sound power can be estimated from the equivalent free velocity
of the source.
To reduce structure-borne noise excitation vibrating machines are placed on elastic supports
that act as vibration isolators, which basically are soft springs. The performance of them can
be determined according to ISO 10846 with the dynamic transfer stiffness matrix. In practice
however only one degree of freedom is normally considered and a direct method to determine
the transfer stiffness is given in ISO 10846-2. Above the resonance frequency of the massspring system formed by the machine and the isolator, the vibration transmission from the
machine to the supporting structure is reduced substantially. However, this implies that the
supporting structure is very stiff compared to the machine. This is not the case for lightweight
wooden structures, where the mobility of the supporting structure might be in the same order
as the machine. Resonances in the machine and in the supporting structure above the
fundamental resonance frequency of the vibration isolation can cause vibration transmission
also at higher frequencies, especially if they coincide. To overcome these problems the elastic
mounts have to be designed appropriate for the supporting structure where the machine is
placed. There are no simple calculation methods for that today, and additionally, there are
large variations in the mobilities of wooden structures, especially for wooden frame
structures.
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3.1.6 Springiness and vibration
A survey of springiness and vibration in lightweight constructions was given in chapter 2.5
while this section covers fundamental engineering prediction models of some important
vibration parameters.

The dynamics of a floor can be described in terms of stiffness, damping and mass.
The parameters’ influence of a floor can be summarised as follows:
• Stiffness – The stiffness decides the springiness. The higher the stiffness the less
deflection amplitude when a force is applied. A high stiffness is therefore to prefer but
since high stiffness is normally achieved by either increasing the existing physical
dimension or using stronger material, it is a contradiction to low weight and to economy.
• Damping – All materials have their own specific internal damping. But it is far more
complicated since all joints, couplings, screws etc. affect the damping as well. It is
extremely difficult to predict damping, illustrated by the fact that most FE-software's do
not support calculation of internal damping. High damping is always favourable.
• Mass – Low mass is economically desirable since supporting walls then can be made
slimmer. Regarding floor vibrations, it is favourable to have high mass, as the floor
response due to an impact force then possesses lower amplitude.

Fundamental frequency
The experienced floor vibration is often assumed to be a result of the first natural frequency
while a higher frequency is normally less annoying. The fundamental frequency depends on
the stiffness and the mass and can be estimated from equation 3.5 in which the edges of the
floor are assumed to be simply supported;
f =

π
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where g is the modulus of elasticity, Ix the moment of inertia in main direction, Iy the moment
of inertia in transverse direction, m the weight of the floor, l the span and w is the width of the
floor. The expression can be approximated according to equation 3.6 if the stiffness in
transverse direction is considerably lower compared to the main direction, a condition that
often is fulfilled in wood floor joists.
f =
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Deflection
The deflection of a floor is a significant parameter when it comes to springiness, the higher
deflection the higher discomfort. The maximum global deflection of a floor from a point load
of 1 kN can be estimated according to equation 3.7 where it again has been assumed that the
stiffness in transverse direction is considerably lower than in the main direction.
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3.1.7 Additional aspects for solid wood systems
Prediction from material data and plate dimensions
The solid wood walls are often of the type illustrated in figure 3.4. As the boards are mounted
in two directions, the gross stiffness of the wall can, as a first approximation, be taken as the
same for the two directions in the wall plane. From an acoustical point of view, the wall can
then, again as a first approximation, be treated as a homogeneous plate. This approximation
should be useable, provided that the frequency is not too high. At high frequencies, on the
other hand, the low stiffness in the thickness direction cannot be disregarded as will be
pointed out in the discussion on solid wood floors.

Figure 3.4. The type of wall discussed in the text. From ‘Massivträ’.
Measured sound reduction indices are available for two 65 mm thick walls of the type
illustrated in figure 3.4, together with the loss factor (Ljunggren, 2002a). One of these walls is
glued while the other is nailed. The measurements have been carried out in the laboratory of
SP in Borås. For this wall type and this measurement situation, the sound reduction index can
be calculated from the following expressions (Ljunggren 1991a):
⎛ ωm ⎞
⎟⎟ − 3 − 10 lg(sd )
R = 20 lg⎜⎜
( f < f c ),
(3.8)
⎝ 2 ρc ⎠
⎛ f ⎞
⎛ ωm ⎞
⎛ 2η ⎞
⎟⎟ + 10 lg⎜ ⎟ + 10 lg⎜⎜ ⎟⎟ − 10 lg(1 − f / f c ),
R = 20 lg⎜⎜
⎝π ⎠
⎝ 2 ρc ⎠
⎝ fc ⎠

where fc is the critical frequency.
In these expressions,
ω = 2πf, where f is the frequency,
m is the surface mass of the plate,
ρ is the density of air,
c is the speed of sound in air,
η is the loss factor of the plate.
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( f > f c ).

(3.9)

The factor sd denotes the radiation factor with respect to forced vibrations. It is given as a
curve in the paper by Ljunggren (1991a) but the following approximation can also be used:
⎛ 2π 2 fS ⎞
⎟⎟,
(3.10)
10 lg(s d ) ≈ −1 + lg⎜⎜
cU
⎠
⎝
where
S is the area of the plate,
U is the perimeter of the plate.
Finally, the critical frequency can be calculated from the following expression
c2 m
fc =
,
(3.11)
2π B
where B is the bending stiffness of the plate.
The calculations have been carried out using the measured loss factors of the two walls. In the
coincidence region, that is, around the critical frequency, an empirical method has been used
(Ingemansson’s plateau method). The following material data were used for the calculations:
E = 2.2 GPa,
ρ = 600 kg/m3
The Young’s modulus E is obtained as the geometrical mean of the values given for the stiff
and soft directions for fir (Cremer et al, 1988). The value for the density comes from the same
source.
Figures 3.5 and 3.6 show comparisons of measured and calculated values for the nailed and
glued wall, respectively. It is seen that:
- Below the critical frequency, the predicted values are too high, especially for the glued wall.
- The measurements show no influence of coincidence around the critical frequency.
- Above the critical frequency, the agreement is fairly good.
The discrepancies show that the walls do not behave in the anticipated manner. Thus, it is
evident that the walls do not behave as limp masses at low frequencies, which is an
underlying assumption for the prediction models. The difference between the glued and the
nailed walls, see also the figure in section 2.2.3, is impossible to explain with today’s
acoustical models.
The reason for the unexpected behaviour in the coincidence range may to some degree be due
to an unisotropic behaviour of the walls. However, as shown later on in the discussion on
solid wood floors, also a orthotropic plate should exhibit a clear coincidence effect.
The agreement between measured and calculated data is fair at frequencies above the critical
frequency. This is, however, of little value in practice as low and medium frequencies are
much more important than the high ones.
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Figure 3.5. Calculated and measured sound reduction index for a 65 mm thick nailed wall.
Solid curve: measured data; dashed curve: calculated data.
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Figure 3.6. Calculated and measured sound reduction index for a 65 mm thick glued wall.
Solid curve: calculated data; dashed curve: measured data.
The sound reduction index of a corresponding double wall (without connections) can be
predicted using a well-known work by Bodlund. According to this method, the sound
reduction index of each leaf is first predicted. The sound reduction index of the whole
construction is then calculated using semi-empirical formulas. For this reason, errors in the
prediction of the separate leaves are added to each other. As the errors for each leaf in this
case are far from negligible, the total error will be still larger.
Prediction models for solid wood floors have been tested in a similar way. Of special interest,
both from a practical and theoretical point of view, is the type of floor illustrated in figure 3.7.
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Figure 3.7. A stress-laminated floor construction, popular in Sweden. From ‘Massivträ’.
This construction is clearly unisotropic. As a first approximation, it is interesting to test a
theoretical model for the air-borne sound insulation of orthotropic plates. A simple model was
developed many years ago (Ljunggren, 1974). As calculated results from this model has
shown very good agreement with corresponding results from a more exact (but much more
complicated) model (Fégeant, 2002) the simple model is used here.
As a help for the calculations, two critical frequencies are determined. These frequencies are
calculated using the stiffness for the stiff and soft directions, respectively. Below the lower of
these frequencies, the sound insulation is mainly determined by the forced response. The
sound reduction index can then be determined using the same expression as for isotropic
walls, see equation (3.8).
At high frequencies, that is, above both of the critical frequencies, the sound reduction index
is given by a similar expression as for the isotropic plate equation (3.9), but with fc exchanged
for f c1 f c 2 ,
⎛
⎛ ωm ⎞
⎛ 2η ⎞
⎟⎟ + 10 lg⎜ ⎟ + 10 lg⎜
R = 20 lg⎜⎜
⎜
⎝π ⎠
⎝ 2 ρc ⎠
⎝

f
f c1 f c 2

⎞
⎟,
⎟
⎠

( f > f c1 , f > f c 2 ). (3.12)

Below the higher of the two critical frequencies fc2, only a part of the plate modes radiate
efficiently. In the range between the two critical frequencies this effect can be treated with the
help of a factor Φ which is defined as
2
⎛k
⎞
k a2 − k stiff
soft
⎜
⎟.
Φ = arccos
(3.13)
2
2
⎜ k a k soft
k
− stiff ⎟
⎝
⎠

The sound reduction index can now be written as
⎛
⎞
⎛ ωm ⎞
f
⎛ 2η ⎞
⎟ − 20 lg⎛⎜1 − 2 Φ ⎞⎟,
⎟⎟ + 10 lg⎜ ⎟ + 10 lg⎜
R = 20 lg⎜⎜
⎜ f f ⎟
⎝π ⎠
⎝ π ⎠
⎝ 2 ρc ⎠
⎝ c1 c 2 ⎠

( f c1 < f < f c 2 ). (3.14)

Equation (3.14) describes only the influence of the resonant modes. Also the influence of the
non-resonant modes according to equation (3.8) should be taken into account especially at
87

frequencies close to fc1. This can be done by adding the calculated sound reduction indices in
the usual way (that is, by calculating the total power transmitted by the two mechanisms).
Measurement data in the form of sound reduction index and loss factor are available
(Ljunggren, 2002a) for a floor of the present type and with a thickness of 190 mm. The
measured sound reduction index is compared with the predicted one in figure 3.8. The
agreement is fairly good up to a frequency of, say, 500 Hz. Above this frequency the
measured values are significantly lower than the predicted ones.
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Figure 3.8. Calculated and measured sound reduction index for a 190 mm thick stresslaminated floor (see figure 3.7). Solid curve: measured data; dashed curve: calculated data.
This difference is probably partly due to a ‘thick-plate’ effect. According to Ljunggren
(1991b) the sound reduction index at high frequencies, here above about. 1600 Hz, tends to a
maximum value, which is almost frequency-independent. This value depends on the loss
factor. If the loss factor is assumed to be 1 % the sound reduction index becomes about 50 dB.
With a smaller loss factor, the sound reduction index also becomes lower. However, the
‘thick-plate’ effect can hardly explain the difference between predicted and measured values
in the region just above 500 Hz.
It should also be mentioned here that the loss factor is very high and also varies a lot with the
frequency at low and medium high frequencies, see figure 3.9. The values in the figure
deviate significantly from those given in the literature for fir, see, e.g. Cremer at al (1988),
where the value of η ≈ 1% is given. The reason for the high loss factor is not known.
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Figure 3.9. Measured loss factor of the 190 mm thick stress-laminated floor. The solid curve
shows the loss factor obtained from the first 10 dB level decrease; the dashed curve is valid
for the first 20 dB decrease. The measurements were carried out at SP in Borås.
Beside the air-borne sound insulation of components, also impact sound insulation and
flanking transmission are of interest in the present context. From a physical point of view, the
impact sound insulation is closely related to the air-borne sound insulation (Heckl, 1964).
This means that the impact sound level can be predicted with the same precision (or rather
lack of precision in this case) as the air-borne sound insulation, provided that the frequency is
not too high. At high frequencies two additional effects influence the impact sound level: the
mass loading of the hammer and the local deformation of the floor at the point of excitation.
Both of these effects are well known, see, e.g., the paper by Brunskog and Hammer (2003).
The flanking transmission is of utmost importance in practice for buildings of solid wood.
This was clearly shown in a test building were the walls where double with each leaf of the
type shown in figure 3.4 and with the load-bearing floor of the type shown in figure 3.7
(Ljunggren, 2002b). The two rooms used for the test were situated directly above each other.
In the case where no noise control measures were used, the sound transmission was 15 dB
greater along the flanking paths than directly through the floor. This means that only some 3%
of the total sound energy transmission between the two rooms was transmitted through the
floor; the remaining 97% was transmitted along flanking paths.
It is obvious that the standard method for prediction flanking transmission in heavy buildings
(EN 12354-1) cannot be used, as this method relies on a mixture of theory and empirical data.
There is, at present, no available method for lightweight constructions.

Predictions using acoustic data
The sound insulation in a lightweight building, and especially the air-borne sound insulation
in the vertical direction between two rooms, usually depends on the room size or sizes. This
effect is mainly due to three separate phenomena. The first of these is the fact that the
influence of flanking transmission usually increases with decreasing room area. This means
that the measured sound insulation usually is lower between small rooms than between large
ones. The second effect is the so-called area effect. It has been shown (Ljunggren 1991a) that
the sound reduction index of a plate under certain circumstances varies with the room area in
such a way that a smaller area gives higher insulation than a large area. The third effect is the
influence of plate size on the loss factor.
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All three of these effects make it uncertain to predict the sound insulation in a building using
measurement results from another, similar building but with other room, and/or floor plate
sizes.
The final issue to be treated in this section concern the relation between single and double
wall sound insulation, and particularly the question: can the air-borne sound insulation of a
symmetric double wall be calculated from measured data for the corresponding single wall?
According to Bodlund, the sound reduction index of a double wall can be calculated in the
following way:
R = 20 lg(M 1 + M 2 ) + 20 lg( f ) − 48,
R = R1 + R2 + 20 lg( fd ) − 29,

(f

R = R1 + R2 + 6,

(f
( fr

< fr )

(3.15)

< f < f1 )

(3.16)

> f1 )

(3.17)

where all the quantities are non-dimensional and where M1 and R1 denote the surface mass
and the sound reduction index of plate 1, etc, d is the distance in meters between the two
leaves and fr is the fundamental mass-spring-mass resonance frequency. The frequency f1 is
given by
55
f1 = .
(3.18)
d
In order to use the data for the single wall, the factor 20lg(M1+M2) is here approximated by R1
+6 dB.
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Figure 3.10 shows measured and calculated sound reduction index for a double wall with two
nailed, 65 mm thick leaves at a distance of 95 mm and with mineral wool in the cavity.

Frequency, Hz

Figure 3.10. The sound reduction index of a double wall consisting of two 65 mm thick, nailed
leaves with 95 mm mineral wool in the cavity.
Solid line: calculated values; dashed line measured values.
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Conclusions

It is, at present, impossible to predict the sound insulation of solid wood walls and floors of
the types presently used in Sweden. For the walls, the main problem is the inadequacies of the
current models for isotropic and orthotropic plates. The observed difference in sound
insulation may be due to a difference in the loss factor (if this is so small that the resonant
sound transmission becomes predominant) or to three-dimensional effects. In view of the
rather large loss factor measured for the floors, see figure 3.9, it seems improbable that
differences in the loss factor can explain the differences in sound insulation of glued and
nailed walls. Thus, the most probable reason for the observed effect is that the walls do not
behave as plates. Instead, a ‘three-dimensional’ model is needed.
It is very interesting to see that the sound insulation of a double wall can be predicted from
data for the corresponding single wall. This shows, inter alia, that the measurement results are
reliable. However, this observation is of little value for the industry as single walls are rarely
used in practice and as a sound insulation measurement of a double wall is no more
complicated or expensive as one of a single wall.
The main problem for the floors is obviously the loss factor. In general, the loss factor of a
plate depends on both the plate itself and on the surrounding constructions. It is necessary to
know both parts in order to make predictions, as the part due to surrounding constructions
varies, not only with the type of surrounding constructions but also with the plate size. This
means that it is not possible in the present situation to make predictions for a specific case.
Neither is it possible to use sound insulation data for one situation on another case with
different floor element size or different room size or different surrounding elements.
The impact sound insulation is closely related to the air-borne sound insulation. This means
that the present models for impact sound insulation will show the same shortcomings as the
models for air-borne sound insulation discussed above.
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3.2 Modelling and simulation using high resolution methods
3.2.1 Some general remarks
In lightweight and/or orthotropic structures the capacity of suggesting new solutions, even
inventions, lies in the possibility to simulate details beyond the current practise and beyond
the capacity of standard or non-standard simplified methods.

In contrast to the simplified prediction models described in section 3.1, modelling and
simulations using high resolution methods can give insight in details of the physic studied,
and therefore often provides highly useful information. These methods are often in first end
deterministic, solving the underlying differential equations and boundary conditions (in
opposite to e.g. SEA). On the drawback side are that a detailed approach is generally more
complicated and theoretically complex. The computations can easily fail due to the uncertainty in the input data and the complexity often leads to a high sensitivity to variations in
the input data. But one can always introduce statistics afterwards, such as through repeated
simulations of the problem using Monte Carlo methods. The purpose of the high resolution
methods is thus not to be used in the everyday praxis, for that they are too time consuming
and complex; the purpose is rather to give detail insight into a specific problem, specific
questions (such as which parameters that are important) or investigating certain physical
behaviour. This information can then be used, either directly or as input on how the simplified
models should be adjusted.
The high resolution methods can be numerical like FEM, analytical or a combination of these,
e.g. using numerical integration or matrix equation solving in the otherwise analytical
approach.
The finite element method is a general method for solving partial differential equation over
complex domains on one hand. On the other it is an engineering method for solving design
problems in most kind of engineering areas, areas that include complicated geometry,
topology and mixture of materials. It is a research field on its own, and likewise its adoption
to various fields of science and engineering a research field. The latter statement involves the
understanding of the physics of that area and of the engineering and industrial needs. Hence,
the point of departure for the finite element method is the mathematics, same as for analytical
methods. In finite element the theoretical foundation lies in the general context whereas
analytical solutions that aim at for instance model a floor takes it’s starting point the particular
formation of the floor. The strength of finite element lies in the instant reshaping into
numerical methods where it is possible to simulate precise behaviour of complex structures as
will be discussed below.
By modelling and simulation we understand the process of taking the complex structure, e.g. a
wooden floor, and making theoretical representation. This includes formulating its
geometrical appearance, correct material properties, all the stiffness properties of the included
specimens, the understanding of different mechanisms, such as damping in interfaces between
components. The procedure of simulation also has the capacity to design properties, i.e.
determine the result if changes in the properties are proposed. In this way modelling and
simulation has the capacity to be part of an innovation process.
As an introduction to the discussion, in Figure 3.11 we see a cut out of the finite element
mesh of a floor structure including a beam with a chipboard plate mounted. The left figure
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indicate that solid FE-element is used, in this case five in total through the thickness. Thus
one are able to user different material properties through the thickness of the plate. The result
show that the difference in energy vibration content of the floor differs between the plate
using isotropic material definition as oppose to using varying, true, material properties. In fact
the “true” material yields far better results when compared to measurement, contrary to using
the mean value of the chipboard. This clearly shows that in order to fully understand the
behaviour of the floor we must introduce a precision in description and simulation beyond the
current practise. It also give the tool for propose new design based on simulated properties.

Figure 3.11. Cut out of the finite element mesh of a beam and a chipboard. Five solid
elements are used over the thickness of the chipboard. 6×20 elements are used in the cross
section of the beam. The variation of modulus of elasticity through the height of the board is
clearly visible through the variation of density. The material description of finite elements
utilizes this variation. Also the varying properties of the beam in bending and torsion due to
the orthotropic material properties is accounted for.
There exist other numerical approaches as the Finite Difference Method (FDM), the Boundary
Element Method (BEM) or equivalent source methods. There exist general commercial codes
for most of these numerical approaches. FDM can be seen as a raw version of FEM, and BEM
and equivalent source methods are especially suited for problems including open spaces, such
as outdoor propagation of sound or radiation of sound, but are usually not used for structural
problems.
Typical examples of analytical methods are wave base approaches or analytical modal
approaches. The wave based methods often make use of a spatial Fourier transform or other
spectral methods. Using analytical methods you must often simplify the problem regarding
the boundary conditions and the geometry. (One obviously has to make such simplifications
using numerical methods also, but not to that extend.) This is a severe restriction in many
cases, e.g. in geometrical complicated structures as cars or aircrafts, but a less sever restriction
in building acoustics, where rectangular and cubic geometries often is the reality, and the
boundary conditions are close to simply supported, see e.g. Chung et al. (2006).
In order to get a broader and deeper understanding about the wooden building structures, it is
important and necessary to develop new theoretical models with a high level of complexity –
both numerical and analytical models. It would then be possible to describe the substantial
changes in the sound insulation caused by details in the lightweight structure. This is
important in the development of new, simplified lightweight structures with good sound
insulation. Moreover, an deterministic model can in the extension also be a starting point for
the development of simplified energy based models; SEA can be developed further only if
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one starts at the basic equations, e.g., as done by Keane and Price (1989) for a simple periodic
one-dimensional wave medium, or Tso and Hansen (1998) for a 2D junction including a
periodic wave media in one end.
3.2.2 Analytical methods
In a wooden building construction, joist or studs in general are equally spaced. Periodicity is
therefore one of the typical features of a wooden joist structure. There are some typical
physical aspects that are associated with wave propagation in periodic structures. At some
frequencies a wave can propagate as if there were no periodicity, which is denoted as a pass
band. And at other frequencies there exists no wave-propagation, which is denoted as a stop
band. Plates stiffened by periodically spaced beams also exhibit the stop band/pass band
behaviour. Contrary to a one-dimensional case, plate structures have all angles of propagation
represented; the length between the periodic supports will vary depending on the propagation
angle. Every frequency then contains both angles with pass band and angles with stop band
behaviour, see e.g. (Mace 1980b). One consequence of this then is that the vibrations on a
periodic structure are expected to attenuate more than the vibrations on a homogeneous plate
with equal mass. In a nearly periodic structure, the vibrations are expected to exhibit even
more attenuation (Brunskog 2004a). A wave theoretical approach is especially suited for
studying periodic structures. Thus, this is a typical example of a situation that is well suited
for analytical methods. This is the main idea behind the prediction models presented in the
thesis of Brunskog (2002) and in a number of papers, e.g. (Brunskog and Hammer 2003 a-c,
Brunskog 2005 a,b). The theoretical basis of this approach origin from, e.g., Evseev (1973),
and Mace (1980 a-c), using spatial Fourier transforms. Evseev and Mace where studying
infinite plate with periodic reinforcements of beams. A more complete literature survey can
be found in (Brunskog and Hammer 2002).

As indicated above, the direct path trough the building structure, due to air-borne or impact
noise excitation, can be studied with the analytical wave approach. Lin and Garrelick (1977)
investigated the transmission of a plane wave through two infinite parallel plates connected by
periodical frames modelled as limp bodies. In (Brunskog and Hammer 2003a) a model for the
impact noise transmission of at wooden joist floor was presented. The excitation due to the
ISO tapping mashing where studied separately in the papers (Brunskog and Hammer 2003
b,c). In (Brunskog 2005a) Brunskog presents a deterministic prediction model for air-borne
sound insulation including al the effects of the studs and cavities mentioned above. Here, the
acoustic field inside the cavities is expanded by means of cosine-series. The transmission
coefficient (angle-dependent and diffuse) and transmission loss where studied. The model is
analytical and thus is written as a closed formula, but certain parameters are found by solving
a system of equation. In both examples, numerical examples were presented and comparisons
with measurement were performed with good result.
Also flanking transmission can be studied using analytical approaches, with the above
described wave propagation in periodic structure thinking. Tso and Hansen (1998) describe a
theoretical method for evaluation of the transmission coefficient and coupling loss function of
a coupled periodic structure; the structure studied consisted of a plate with periodic stiffeners
coupled at right angles to a uniform plate. In reference (Brunskog 2005b) is the basic theory
of the structural transmission loss of a junction described, when the surrounding media is
periodic in nature. In (Brunskog 2003), the wave characteristic of a double-plate structure is
analysed as a whole system. These two aspects are joined together in (Brunskog 2004b),
where the structural transmission for a double-plate structure analysed. The structural
transmission loss of two junctions is examined when the surrounding media is periodic and
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uniform. The primary conclusion is that the periodic nature of the wave media surrounding
the discontinuity clearly affects the amount of power transmitted through a discontinuity or
junction – and that it is not correct to use a theory assuming the surrounding structure to be
uniform.
An analytical modal approach sometimes is advantage: it might easier be coupled to the sound
field of a room, and finiteness is introduced naturally, among other things. Examples of such
models are Chung et al. (2006), Brunskog and Chung (2007), Brunskog et al. (2007) and
Sjökvist and Brunskog (2007). There can also be a combined modal and numerical approach,
studying the entire system as a whole, including the sound fields in the rooms, as in
(Brunskog and Davidsson 2004), where finite elements are used for the structure and waveguides for the rooms. The computational time is reduced as compared to standard FEM.
3.2.3 Finite element modelling in structural acoustics
Description

As stated earlier one point of departure for the finite element method are the partial
differential equations. The strength of the method lies in the fact that the base functions have a
compact support. This in fact is the property that yields the possibility to simulate details in
complex constructions. Depending on what type of structural component, the differential
equation might be beams, plates, shells or even more complex continuum mechanics
approaches.
In plain acoustic analysis the finite element modelling is based directly on the acoustic wave
equation, applicable when the viscosity of air is neglected and assuming small particle
vibration in the air. Finite element solutions in this part is fast and direct, partly due to the fact
that the primary unknown is just the acoustic pressure, i.e. only one degree of freedom per
nodal point. In structural analysis we are used to handle six degrees of freedom in each nodal
point.
A common notation or field of computational subchapter in the finite element world is
structure-acoustic interaction. By this we mean the interacting coupling of a structural domain
and an acoustic domain. The coupling is done on the equation level. The acoustic pressure is
directly coupled to the structural partitions, walls and floors, as a load. The acceleration of the
structure is directly coupled to the acoustic pressure at the interface. Thus the formulation is
based on the physics of the phenomena and done by a strict mathematical approach. The
result is a tool that will, in one solution step yield both structural vibration and acoustic
pressure. Particularly in the case of lightweight structures it is necessary to allow both the
acoustic domains and fluid domain to interact in this fashion as both are affected by the
response of the other.
One of the first industrial utilization of structure-acoustic investigations in Sweden was done
during the development of Saab 340 in the mid 80’s. At first the investigations did not take
into account interaction between the vibrations and interior acoustic performance, but rather
done separately. The acoustic prediction was done based only on the vibration pattern of the
fuselage. It was then shown that this was not enough. The acoustic pressure changed the
vibration pattern causing unforeseen problems in the frequency domain up to 400-500 Hz.
The methodological development and the solution procedures behind the investigations were
reported by Sandberg and Göransson (1988).
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Figure 3.12. Investigations of sound profiles in the Saab aircraft.

Sound transmission and attenuation

The main focus of this section is to present a finite element solution of the sound transmission
and attenuation rate in a wood lightweight floor structure in different directions in the low
frequency range. The aim is to discuss status and possibilities to improve the acoustic
prediction of noise insulation by numerical methods for the lightweight building system.
There is also a general approach with this discussion, which is to combine the high resolution
numerical method, finite element analysis with the support of laboratory measurements to
investigate the complex physical phenomenal that occurs in the structure, hence to give a
reliable numerical prediction model for the structural acoustic design.
In the numerical models, the structure can be described with finite elements with specific
material properties. The connection between different floor elements can be modelled with the
help of the proper visco-elastic models. These have been implemented in either the
constructive material model level or as an extra damping interface, so that the damping effects
from each discontinuity can be included in the numerical model.
An earlier numerical investigation (Sonnerup, Bard, Wernberg and Sandberg, 2007) has
confirmed that an orthotropic wood model in the finite element simulations can improve the
accuracy (frequency limitations, number of elements, etc.) of the calculation results.

FEM
Floor measurements

Finite Element Modelling
based on measurements

Sub-models measurements

Figure 3.13. Principal scheme of the analysis procedure from test setup to simulation.
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Simulation models

The material models that have been used in the referred study are based on the orthotropic
wood material models which have been used in fracture mechanic calculations, see Persson
(2001) and Gustavsson et al (1995). The dynamic behaviour of the floor structures have been
investigated by the use of the finite element method. The special focus is on the material
orthotropic characteristics and influence of the T-junctions in the floor where there is a
combined material and geometrical discontinuity. To be able to have a better understanding of
the structural wave propagation through different discontinuities, two sub-models have been
studied both experimentally and numerically. The sub-models are illustrated on 3.13. The two
sub-models represent two types of continuities of the floor structure. The first sub-model
contains one continuous chipboard plate and one bearing beam. The second sub-model
contains two separate chipboard plates and one bearing beam.

Figure 3.14. The two regarded sub-models.
The finite element model of the wood floor structure for the structural vibration calculations
has been set up for the frequency range between 25 Hz to 500 Hz.
The overall vibration difference level in the floor structure depends on a number of factors,
among others the location of the stiffness, the dimension of the standard chipboard plates used
in the construction, the thickness of the bearing beam and the distance between each screw. A
simple illustration of a floor structure can be found in Figure 3.15.

Figure 3.15. Exploded view of the floor substructure with its components; the chipboard
plate, bearing beam internal stiffeners at free edges of the chipboard plate and interface
element between the components to model local behaviour.
The material properties of each floor element can be found in Table 3.1, where E is the elastic
modulus, ν is Poisson’s number, d is the damping coefficient, ρ is the mass density and K is
the spring constant. The chipboard plate is modelled with 20 nodes hex solid elements. In the
discretization, the length of each element is 0.03 meter in the propagation direction, 0.005
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meter in the vertical direction and 0.02 meter in the transverse direction. There are five
element-layers, the elastic modulus E2 of the first layer and the last layer is higher than the
elastic modulus E1 of the element layers in between. The spruce bearing beams are also
modelled with 20 nodes hex solid elements. The length of the elements in the transverse
direction is 0.01 meter and 0.03 meter in the propagation direction. In this fashion if a load is
exerted, some elements experience only compression and others only tension. The beam
elements are modelled using transverse orthotropic material, the elastic modulus in the fibre
direction El from that of the transverse direction Et.
Table 3.1. Material properties of the floor components
Spruce beam
El
Et

ν
ρ

d
Chipboard
E1
E2

12·109 Pa
0.8·109 Pa
0.25
520 kg/m3
0.025
5.6·109 Pa
20·109 Pa
0.29
920 kg/m3
0.055

ν
ρ

d
Screws
E

221·109 Pa
0.29
7710 kg/m3
0.02

ν
ρ
d
Fasteners
K

500 kN/m

The screws connect the chipboard plates with the spruce bearing beams and the screws are
placed with 0.3 meter between adjacent screws. In the simulation, each metal screw is
modelled as a line of solid elements through the thickness of the chipboard into spruce beam.
To be able to simulate the connection, an additional spring has been implemented at each
screw joint. Both the spruce beam elements and the chipboard plates which are located in the
vicinity of the metal screws have a higher damping coefficient. The damping coefficients for
those elements can vary between 10 % and 15 % and are implemented with an extra random
field function.
During the simulation of the sub-models, all the boundaries are assumed to have free-free
boundary conditions. To be consistent with the experimental measurements, during all the
simulations the same impact excitation has been used. The integrated acceleration function in
the time domain has later been transformed to the frequency domain and serves as the
reference velocity during the velocity reduction level calculations. During the simulations of
the whole floor structure, all the translational degrees of freedom and the vertical rotational
degree of freedom of the boundary elements were locked.
The dimension of the studied floor structure is outlined in Table 3.2 showed in Figure 3.16.
During the simulations, the impact excitation has been placed at two different locations, one is
on the bay side and the other is on the joist side to be able to estimate how the difference
between the reduction vibration levels depends on the location of the impact excitation.
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Table 3.2. Dimensions of the structure and elements of the floor.
Floor
Length
Width
Chipboard
Length
Width
Thickness
Spruce bearing beam
Length
Height
Width

4.8 m
4m
1.2 m
2.4 m / 1.2 m
0.025 m
4.8 m
0.225 m
0.045 m

Figure 3.16. Test floor for validation.

3.2.4 Finite element modelling of structure-acoustic interaction
Structure-acoustic interaction refers to the coupled motion of a structure, wall, floor and
acoustic fluid. Examples are air inside closed cavities; a resident room or vehicle (buss, car
etc) but also air and sound insulation material inside a double wall.

Application of the finite element method to acoustic and vibro-acoustic problems began early,
Gladwell (1965). It continued and expanded during the 1970s and thereafter with Craggs
(1972 and 1973), Petyt, Leas and Koopman (1976) and Nefske and Howell (1978). During the
1980s, studies of fluid-structure interaction were published to an increasing degree, especially
those in which the fluid was viewed as an acoustic medium with a manifold of papers, e g by
Felippa, Park and Ohayon et al not cited here. Sandberg (1986) and Carlsson (1992) can be
cited in this connection. The development of new strategies and approaches in this field
continued during the 1990s, Sandberg (1995), Sandberg, Hansson and Gustavsson (2001), and
concerning the classification in modal terms of structural acoustic approaches to computations
of this sort is relevant here. Sandberg and Davidsson (2006) discuss how the selection of
modes can be carried out in a consistent way. These references are concerned with reduction
procedures defined new possibilities to analyse large partitions. In (Davidsson and Sandberg
(2005a) and (2005b)), formulations are introduced for volume dampers for Biot-type
materials, consistent with the reduction procedures. The line of results makes it possible to
reduce the size of the problem to be solved and partition each domain suitable for a
probabilistic analysis and optimization procedure. Changes in one partition can easily be
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migrated into a fully coupled analysis of the room (cavity), flexible structural partitions and
sound insulation components, each of which can be optimized for an integrated functionality.
The procedures discussed above are frequently used in the automotive industry. The acoustic
field of the rooms or cavities is couple to structural vibration and vice versa through the
physical coupling of the independent variables for a precise description. Typical example is
the design of the dynamic vibration absorbers as countermeasures to vibration and noise
inside the aeroplane, see Figure 3.17. The size as such is comparable to a resident apartment.

Figure 3.17. Airbus A400M, Vibration of cabin, approx 4 m in diameter and the interior
acoustic field.
In (Wernberg (2006) and (Davidsson, Brunskog, Wernberg, Sandberg, Hammer, 2004)) the
application is sound transmission loss in a double wall, see Figure 3.18. Two rooms are
modelled with an intersecting wall where both the rooms and the air inside the wall are
interacting with the flexible wall.

Figure 3.18. Room-wall-room system where the rooms and the lightweight wall is modelled in
detail using the finite element method.
The result from this research clearly shows that in the low frequency domain, frequencies up
to 220 Hz were studied, the modal properties where dominant and mass-law description was
not applicable. This means that in order to understand the system, all details such as the
geometries of the rooms, the properties of the wall; geometric properties e.g. the wall stud
spacing, weight, the capacity to allow pressure release between wall studs need to be included
in the model.
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3.2.5 New type of understanding, physical investigations and design possibilities
The structures become more and more complex (shape of the rooms/building). It creates new
needs. Because of the different materials topologies used in building we need to solve new
types of acoustical and vibration problems. Also, people are more demanding in relation to
the acoustic environment. Currently, the well-known tools and measurements are not efficient
enough. For this reason we need to create new types of acoustic/vibration measurement
adapted to potential modelling using high resolution calculation. Keywords for the future
would be: Mixing the existing methods. By this way, it will give to us tools to investigate
these problems. And in a near future, it could help to validate new tools.

Much of the discussions above have been about modelling and measurements of existing or
built up floors. The strength of this chain of activities in modelling and simulation is twofolded: Parametric studies to investigate the complex phenomena inherent in the physical
layout of lightweight structures. Such parametric studies can yield a deeper understanding of
the overall behaviour as well as behaviour of the particulars. But the procedures also allow a
design process. The formation of element as interfaces or detailed descriptions of other
entities gives the possibility to find properties of these such that a desired qualitative or
quantitative target is arrived at. Once such properties are described, an industrial innovative
process necessary in order to find the physical layout with such qualities.
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4. Measurement techniques
4.1 Simple measurement techniques
The sound insulation in buildings is regularly measured by using standardized techniques. In
this part the most used standards will be described and explained. Comments are given about
the usefulness of the methods for wooden buildings.
4.1.1 Air-borne sound insulation measurement
The weighted sound reduction index, Rw, is probably the most well known measure for
building acoustics. The index gives a single number precision of the acoustical performance
between two rooms. It is widely used in building regulations and for classing the sound
performance of buildings. The measurement procedure was invented 1925 (Sabine, 1977).

The technique to measure the sound reduction index, R, is described in ISO 140. It is a way of
establishing the sound energy transport through the construction from one apartment to one of
its neighbours. This is performed by introducing high random noise in one room and then
measuring the sound pressure levels in both the noisy room and the silent room, the sending
and receiving rooms. Since the receiving room also sends some of the noise away to its
neighbours a correction for that is made by measuring the rate at which sound disappears from
the receiving room, the reverberation time. With some adjustments for the room size one can
then establish an index that tells about the sound insulation performance of the dividing
structure. There is also an alternative which is based on measuring the intensity near the wall
in the receiving room, is described in ISO 15186. Then one can get the sound reduction index
directly without having to deal with the properties of the receiving room, except that some
extra absorbers might have to be installed to minimize the disturbance from the reverberant
field.
The weighted index, Rw, is a number where different frequencies have different weight
factors. The procedure is described in detail in ISO 717. The reason for this is that humans
cannot hear all frequencies at the same sound pressure levels. Also, the disturbance differs
between the frequencies. A higher pitch can for instance be extremely annoying while a low
bass tone at the same sound pressure level will perhaps not be noticed.
Due to the introduction of more low frequency noise in our surroundings the classical sound
reduction index could no longer relate with the perception that the tenants experienced.
Therefore a new range of measurement was suggested (Mathys, 1993). Soon after that the
correction index, C, was introduced in the European standards. The correction index mostly
corrects for the low frequency disturbance that can be a consequence especially when building
with wood.
The correction index is a new weighting procedure. It gives more weight to the lower
frequencies than is the case with only the Rw. The new correction index has not been
necessary until lately, when new home theatres and new building technique have shown to let
even very low frequencies be disturbing in the neighbouring apartments. There is though a
problem with low frequency measurements. The sound reduction index for the lower
frequency bands depends very much on the eigenfrequencies of the rooms and the partitions
(Kropp, 1997). At low frequencies there exist only a few modes in the two rooms and also the
partitions exhibit only few eigenmodes. Therefore, will the values obtained only describe the
whole setup and no information on the partition itself is actually obtained. It is therefore
harder to make predictions for what happens when something in the system change.
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The Rw+C measure should always be used to ensure that the sound insulation of a building
performs well. The air-borne sound insulation for a modern wooden house should usually be
good. As long as no major mistakes are made, the wooden house reduces the air-borne sound
quite well.
4.1.2 Impact sound insulation measurement
The weighted impact sound insulation, Ln,w, is the second of the two measures that have been
in use since 1940, with some corrections. It is also well known, especially for builders of
wooden houses, since it is the measure for which it is more difficult to meet the building
regulations. The impact sound is a measure of the sound disturbance when the sound is
generated by dropping something on the floor, most commonly above the apartment that
receives the sound. Examples of common impact noise sources are playing children, walking
men and the washing machine.

The impact sound level, Ln, is measured by using a standardized tapping machine as a noise
source on the floor in the sending room. The tapping machine has five falling hammers that
repeatedly fall from the same height. This generates a lot of structure-borne vibrations into the
floor where it is placed upon. The sound pressure level is then measured in a neighbouring
apartment in the same way as with the air-borne sound reduction measurements. Also here the
reverberation time is needed for the same reason, that the receiver room absorbs sound or
sends sound energy away to its neighbours. The source does not need to be measured since
the standardized tapping machine is a very well defined source (specified weights repeatedly
falling freely from a specified height) . One should note that high sound transmission gives a
high Ln while high air-borne transmission gives a low R.
Then the index is weighted throughout the frequencies into a single index value according to
our hearing and disturbance levels. The classical weighted impact level index does not
consider the lower frequencies. In buildings with wood technology it is typically the lowest
frequencies’ that disturbs people. Walking and running on a wooden floor produces much
more low frequency noise than would be the case for heavier constructions. The C correction
index is therefore also added for the impact noise level into the Swedish building code. The C
correction is here again another frequency weighting that takes more account of the lowest
frequencies.
For the impact sound level an adjustment of the classical standard with a correction term was
even more necessary when introducing the wood building technique. The impact sound in a
wooden house showed high levels of low frequency noise that the classical impact sound level
measure did not take into account at all.
Although the C-correction has been introduced complaints still remain for some wooden
buildings that pass the building code regulations. The reason for this is that the frequency
weighting still do not take enough consideration for the disturbing lower frequencies. One
would also like to measure even lower frequency bands than today. This can though not be
done without introducing new problems. Today we measure down to the 50 Hz one-third
octave band. Below that is very difficult to achieve good measurement results. The same
problem as is described for low frequency sound reduction index yields here too.
Additionally, the standardized tapping machine works with the 10 Hz base frequency,
meaning that one cannot perceive much energy within all the low frequency one-third octave
bands. The lower frequency bands contain only one frequency with energy from the hammer,
which is also true for both the 50 and 63 Hz one-third octave bands. Therefore one might
argue that already the existing system is a bit low. The tapping machine poorly excites any of
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the few eigenfrequencies that probably dominates the sound transmission in those low
frequency bands.
4.1.3 Flanking transmission measurement
For flanking transmission there is no special building regulation. It is included in the
measurements presented above for R and Ln. The flanking transmission is interesting though,
since it explains why the measured values always are better in the laboratory than when built
in a house with the same partitions.

The flanking transmission can be measured by using standard methods ISO 10848. There are
two different excitation techniques described in the standard, impact source directly on the
partition or air-borne noise in the sending room. The air-borne alternative requires shielding
of the partitions that should not be measured and also that the measurements are made in both
directions. This is a tedious alternative and is not discussed any further here.
For the impact sound technique a hammer or the tapping machine is used to excite the
structure. The vibration level on the two partitions’ considered is measured at several points
until a stable mean value is reached. The vibration reduction index is then calculated with a
similar technique that is used for the sound reduction index. One measures the reverberation
time for the floor and adjusts the mean level difference for that and receives a vibration
reduction index, Ki,j.
The vibration reduction index represents the influence from flanking transmission that a
certain type of partition has if the partition contains a reverberant sound field. The standard
marks out that a relevant reverberation is achieved for partitions where the attenuation is less
than 2 dB across the partition. Then the vibration reduction index can be used to estimate
what the flanking transmission will be when the size of the partition is changed. This is very
useful when building new buildings with a measured partition, because the dimension of the
house can be changed while it is still possible to have a good idea about the sound insulation
of the new house. How to perform calculations with such partitions is described in the
standard ISO 15712. The standardized calculation technique is also interpreted in the Swedish
building regulation code, giving an advantage for techniques that can be interpreted with the
measurement and calculation standards.
Unfortunately there exist very few wooden partitions that comply with the demand of a
reverberant sound field. A typical wooden floor can have more than 5 dB attenuation per
meter, giving more than 15 dB of attenuation across a small partition. For that reason the
standards for flanking transmission most of the time are useless for wooden houses. The
solution today is to make small inventions between each project and measure on the live
building to see what is achieved. For larger innovations test houses have been built up before
actually using the technique at real building sites.
There is a need for more research within the area of flanking transmission in wooden houses.
One aim of such research can be to improve the understanding about flanking transmission to
such an extent that a new improved standard can be produced. No technique is today known
that combined the demands of simplicity and accuracy so that it can by interpreted as an
international standard, completing ISO 15712 and ISO 10848. The need for such a standard
has been brought to some attention by a European working group with this task. The working
group has though no resources to do research. It merely has the opportunity to take advantage
of published research in order to accomplish a new and better standard.
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4.2 Advanced measurement techniques
Advanced techniques are used both for sound insulation and vibration measurements.
4.2.1 The building as a dynamical system
A building is a dynamic system. Due to its complexity with beams, plates and joints it is very
complex and difficult to model. In general the dynamics of elastic continuous structures can
mathematically be described by a superposition of an infinite number of simplified single
degree of freedom systems, so-called modes, with corresponding eigen-frequencies and mode
shapes. The mode shapes and eigen-frequencies can be calculated by FE-analysis but can also
be extracted from Frequency Response Function—measurements (FRF) on real structures,
which is called Experimental Modal Analysis (EMA).

The extracted individual modes are usually described with modal-parameters such as; mode
shape, modal damping, eigen-frequency and modal mass, thus fully describing the dynamic
properties of the extracted simplified mode. The full dynamic system is described by the
summation of all the modes, Figure 4.1.

Figure 4.1. Mode shapes of house bearing section calculated by FEM.
4.2.2 FRF-measurements
Measuring FRFs is well established in machine-dynamics especially in the automotive
industry. The measurements are used for modal analysis, as described above, Transfer Path
Analysis (TPA) and for updating FE-models in order to refine and verify models. Commonly,
a force impulse is applied to the structure using a hammer with a force transducer.

Alternatively, the system is excited with an electro-dynamic shaker whilst measuring the input
force and the response with accelerometers or microphones. Also, the structure may be
excited by sound waves. Measurements are most efficiently performed with multi-channel
analyzers.
A dynamical system which is excited by a force can be seen as a black box system, where the
black box is the FRF (or transfer function), Figure 4.2. The measured parameters can in
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addition to vibration response be sound response. One important assumption (which is true for
most structures) is that reciprocity is valid. For instance it does not matter if the structure in
Figure 4.2 is excited on the left side or on the right side; the FRF remains the same for
excitation in either direction. If this is not true one can determine if the dynamical system is
non-linear. For wood building systems non-linearities can be expected.
Exciting
force

House
structure

Frequency
response

Figure 4.2. Black box dynamic systems

4.2.3 Transfer Path Analysis (TPA)
Transfer path analysis is well established in the automotive industry for estimating and
ranking individual noise or vibration contributions and transfer paths, Figure 4.3. By utilizing
FRF’s and analysis one can show which path in the structure the vibration or sound energy
travels. Thereby ideally the transfer paths can be ranked and addressed for abatement of
selected paths. In buildings this technique can be used for investigating flanking transmission
as is described in 4.1.3.

Sound- and
vibration

Air-borne
sound
i i

Receiver point

Structureborne
sound

Figure 4.3. TPA principal model the transmission paths.
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4.3 Measurements as input and validation to finite element
calculations
A realistic timber structure display discontinuities of several types, e.g in the case of a floor
the interface between the chipboard plate and the beams, the array of fasteners fixing the
chipboard to the beam. The chipboard is of course not continuous, but presents itself with
several discontinuities; those in the free field are likely to be fixed by some internal stiffener.
The overall transmission rate in the floor depends on all this discontinuities in addition to
other factors such as the orthotropic properties of the material, wood and chipboard, as well as
of overall structure etc. In order to simulate behaviour we need to be able to determine
detailed properties and use these in simulations. At a later stage, once parameters are
determined, they can be treated as design parameters, free parameters, in the further
development towards acoustic performance.
The discussion below illustrates the necessity to develop measurement techniques capturing
phenomena with a level of details suitable for finite element simulations.
4.3.1 Experiment set-ups
The structure is excited using a tapping machine, delivering reproducible impacts over the
whole measurement. The experimental performance of the hammer impact excitation on the
lightweight wood floor structure can reveal which vibration can be expected from an impact
excitation. Triaxial accelerometer is fixed on the structure in order to record the vibrations in
three directions. Accelerometer is placed at several positions across the different scale models
to be able to determine the vibration pattern, Figure 4.4. A FFT of the acceleration is done in
order to obtain frequency domain data instead of the time domain. By analyzing the frequency
repartition of the acceleration on all three axes, several peaks could be found, corresponding
to frequencies at which the most of the oscillations took place. In the laboratory, the
reverberation time is 1.97 s and speed of sound in the air is assumed to be 331.3 m/s.

Figure 4.4. The experiment set-up.
To be able to measure the energy losses from the T junctions, the same excitation is
performed a number of times on the same location at the left side of both sub-models. The triaxial accelerometer is located on two locations, one is on the immediate neighbourhood of the
junction on the left side, and the other is on the right side. The excitation location and the two
responses locations do have the same co-ordinate in the transverse direction.
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The mass density of the included material of the structure and the damping effects from each
and every discontinuity. The local transmission loss can be determined with two simple
parameters: the decrease of the group speed and the vibration reduction level, if the plates of
the floor structure are sufficiently thin. In that case the shear wave propagation can be ignored
and the only wave propagation that leads to sound radiation is the flexure wave. The first
parameter determines the change of the dominated vibration pattern and the second
determines the decay of the propagating kinetic energy.
4.3.2 Maxwell Element
In order to calibrate the vibration reduction rate for both sub models a series of measurement
is necessary. By inverse modelling the properties of the T-junction, the interface between the
chipboard and beam, can be determined. Below the utilization of scattering is discussed.

Figure 4.5: Schematic figure of how the interface between the chipboard and the beam are
modelled by means of Maxwell elements. By inverse modelling the parameters for the
Maxwell element is determined.
The aim of scattering measurements is not only to determine the reflection and transmission
rate of a heterogeneous material using impact excitation, but also to determine the
development of evanescent wave due to different geometrical discontinuities. In this
particular measurement, two types of junctions are tested: a T-junction which contains one
bearing beam and a chipboard plate and an L-junction with a plasterboard and chipboard
plate. To obtain the change of bending moment and the effective shear force, an
accelerometers matrix have been placed on both side of the discontinuity. In the analysis of
the measurement results, flexure wave propagation is assumed in the plate and the torsional
wave propagation in the beam. The change of the bending moment, rotational angle and
effective shear force in the plate are caused by the interruption of the evolution of the
torsional wave as wave propagates towards the beam. The transverse deflection of the plate at
a few specific locations for the T junction can be determined experimentally. The change of
the flexure wave propagation is caused by the fact that the thickness of the chipboard is not
the same as the thickness of the plasterboard. The additional change of the flexure wave
propagation due to the visco-elastic damping effect that arises from the metal screws can be
determined experimentally. The change of the bending moment is used as a spring in Maxwell
element development. The evascent wave propagation will function as extra energy
dissipation in the structure vibration calculation in the C matrix construction, (Morse and
Ingard (1968), Bathe (1996)).
Another important variable is the change of phase due to the discontinuity. The causality
theorem is used to determine the change of the phase of the group speed. The length scale of
the material heterogeneity can be determined experimentally. If the Mindlin plate theories are
applied, the phase relation can be determined individually at each and every location in the
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dynamic response. The change of phase is simply the difference between two separate
measurement results.
The introduction of the interface element between the chipboard and the beam will simulate
the behaviour of a complex action at the interface. Furthermore it gives the possibility to
study other interface objects such as a rubber layer. In short it gives the possibility to adjust
the parameters such that a desirable performance is reached.
The measurement for validation of results on the whole floor thus needs the same precision in
details and resolution as the calculations.
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5. Needs for research and development
The material for this section is taken not only from the preceding pages of this report but also
from information given during discussions among the authors.

5.1 Industrial needs
5.1.1 Methods for predicting the sound insulation in the design stage
When building with heavy floor and wall elements, e.g. concrete plates, different kinds of
elements can be chosen from different producers. This causes no problem from an acoustical
point of view, as the final sound insulation can readily be calculated according to a European
standard, EN 12354. As a matter of fact, the reason for procuring that standard was a
pronounced wish to facilitate a mixing of products from different producers.

The situation for lightweight elements is different. Apart from some special cases, there is an
obvious problem when choosing one type of elements, say wooden frame floors, from one
producer and another type, say massive wood walls, from another. In such cases, it is usually
impossible to predict the sound insulation, even if data on all the elements are available - not
even data on the sound insulation of all the components are sufficient. The main reason is the
lack of knowledge regarding the effect of flanking transmission and joist behaviour, which is
especially important for buildings with high sound insulation demands. For this reason, the
builder usually chooses a complete building system from one producer.
It is thought that this problem constitutes a formidable obstacle for the further growth of the
industry producing lightweight building elements.
In addition, it should be remarked that even the producers of complete building systems have
evident problems with the flanking transmission, as the sound insulation in their buildings
depends on the room sizes and on the number of floors, i.e the loading of the bearing
elements. Thereby, the results obtained in one building (sometimes a building made only for
tests) cannot be used for precise predictions for other, slightly different buildings.
As the sound insulating properties of a building is a very important factor for buyers/tenants it
is obvious that a good prediction at an early stage is extremely important in order to secure
that the following design process will proceed without changes. Such changes may well affect
such fundamental features as the area for hire or the height of the building. The reason for this
is that measures for improving the sound insulation during the finishing stages of a building
project will often increase the total thickness of a wall or a floor by some 10 - 20 cm.
A related problem is the large variations in sound insulation between ‘identical’ measurement
places in the same building or other ones. In this case, the word ‘identical’ means that the
buildings have been built using the same drawings and specifications for the constructions,
the rooms have the same dimensions, all the relevant walls and floors are prefabricated, etc.
The problem is that the measurement places are really not identical, as shown by the
measurement results. It is not known in which respects the physical conditions really differ.
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This problem is also very important for the industry. It must be frustrating not to be sure of
the sound insulation in a new project, even if you have made measurements in a previous
house built from the same drawings. The problem also has an economical impact, as the
necessary safety margins and/or add-on measures do not come cheap.
5.1.2 Methods for improving the low-frequency sound insulation
It is often said that the low-frequency sound insulation is poor in lightweight buildings. It is
true that this often is the case, but it should be emphasized that there are certain types of
lightweight buildings without these problems (buildings with massive wooden floors) and
also that some types of heavy buildings exhibit the same problems (e.g. some buildings with
floating floors). Nevertheless, it is thought that the problems are so evident in connection with
wooden buildings that they should be addressed in the present context.

The variations in sound insulation are also here quite large. However, the variations tend to be
fairly systematic; in one type of building a certain component can work well but not in
another type. The fundamental reasons for this are well known, but there is a lack of material
developed for use in the building industry.
5.1.3 Improved description of air-borne and impact sound insulation
The current evaluation procedure is known to frequently fail for lightweight structures, for
both air-borne and impact sound insulation. Thus, it does happen that the sound insulation
measurements show good results in spite of the fact that the subjective impression is poor.
This situation is serious for the wood building industry, as many people are of the opinion that
the sound insulation in heavy buildings is always better than that in lightweight ones,
irrespective of measurement results.
5.1.4 Products
In the case of buildings built up from volume elements, the flanking transmission in the
vertical direction is often reduced by an elastic interlayer, placed between the volumes as
mentioned in section 2.1.1. The problem is here that the interlayer must be soft (compared to
the stiffness of the wood) in order to give the wanted reduction of flanking transmission. On
the other hand, the interlayer must withstand the static load of all the volumes above the
interlayer. This implies in practice that the interlayer for this reason must be fairly stiff,
especially in the lower parts of high buildings.

The elastic interlayers available at present usually work really well in buildings with two
storeys. Already in three-storey buildings, the situation is more difficult and the interlayers
must be dimensioned very accurately. For higher buildings, the situation is still more
complicated and it may well be impossible to arrive at a solution which is acceptable with
respect to both the sound insulation and the load-bearing capacity. Thus, one or several new
types of interlayer or interlayer material are urgently needed.
Another factor of great concern for the industry is the service life of the interlayers.
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5.1.5 Information
At present, the following issues are thought to be of prime interest for the industry:

•

•
•
•

Improved knowledge regarding current requirements and its shortcomings with regard
to lightweight structures, i.e. lightweight structure behaviour and certain needs with
respect to low frequencies. In addition, it is important to raise the awareness
concerning requirements valid in countries that might become new export markets.
Easily accessible data on the acoustic properties of building materials.
An improvement of the knowledge and skills of all professional categories involved in
the design and erection of a wooden structure. Short courses at the early stages of the
project would be preferred.
Improved cooperation with those responsible for the foundation work, to secure that
the foundation structure is levelled and horizontal enough in order to admit erection of
wooden elements and the use of elastic interlayers.

The first of these issues is preferably covered in a handbook (which has yet to be written!).
The second one must be suitable for the established companies giving courses for the building
industry. The third one is mainly thought to be about standardisation.
5.1.6 Competence
It is important for the industry to be able to secure the services of well educated acousticians
with relevant competence. It is important to stress here that the acoustics of wooden buildings
have many special aspects and problems. For this reason, special courses adapted to
lightweight structure behaviour, managed by university research units are preferred.
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5.2 Conclusions and suggestions for further work
Below, several important problem fields for further research and development are discussed.
It should be noted that they are listed here without prioritizing as it is thought that prioritizing
must depend not only on the importance of the field but also on such factors as developments
abroad, possibilities for collaborations, developments within the Swedish industry, etc.
5.2.1 The large variations between ‘identical’ measurement places
The reason for the large variations in sound insulation between ‘identical’ measurement
places is not known. Two other observed phenomena may have a bearing on this problem.
One is the large difference in sound insulation between a nailed and a glued wall, made from
massive wood, which is pointed out in section 2.2.3. This example shows that the walls do not
behave in the anticipated manner, that is, according to common thin-plate models. The other
phenomenon is the large influence on the sound insulation due to differences in workmanship,
mentioned in section 2.1.1. These variations can only partly be studied with current models.
As these two examples show unexplained phenomena it cannot be ruled out that they are
related to the problem of large variations in sound insulation between ‘identical’ measuring
places.

It is thought that in order to understand and model these phenomena new types of
mathematical models may be needed for the dynamical behaviour of wood and wooden
constructions (and other lightweight structures). These models should also cover the coupling
between plate fields and air-borne sound fields and also the plate response to dynamic point
loads. Models in the form of analytical expressions would be of great help, but it is also
thought that high-resolution methods will be needed.
It has been shown that especially in the case of lightweight wooden structures a small
difference between similar constructions can result in a significant sound insulation
difference. It is possible to model at least some of these structures and to explain the reasons
for such differences using high-resolution modelling of details of the structure. Such
modelling is usually carried out using the FEM technique (Finite Element Method), but
analytical modelling using normal modes analysis, wave-guide technique, etc., have also been
applied with good results. However, a common problem for all of these methods occurs when
the loss factor of the studied part is important for the response and when this loss factor is also
influenced by the energy flow to and fro the studied part. Such problems can be solved by
applying energy (or energy flow) models, e.g. using SEA (Statistical Energy Analysis) or
FEM, incorporating all of the relevant structure. It is thought that an integration between highresolution models and energy models should lead to very powerful analysis tools.
It should also be pointed out that a part of the problem is the variations at low frequencies.
This problem has a different character and will be discussed later on under heading 5.2.2.
However, controlled experimental tracking of the variation problems is also of great interest.
In the modern industrial production of flat blocks and room volumes this gives both
possibilities for more controlled production and thus also less variation. It gives also
possibilities for a better understanding about how the variations of dynamic and acoustic
properties are being built up through the process. This opens good possibilities to follow
individual building elements and see how factors like modal parameters and flanking coupling
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are being changed step by step under the production, e.g. from a simple plate construction to
the finished apartment.
Such experimental studies may be of great value not only for the present problem of the
varying sound insulation, but also as an input for the urgent studies of flanking transmission
described below.
5.2.2 Prediction models for the sound insulation
The sound insulation between two adjacent rooms is determined partly by the direct
transmission through the common wall or floor and partly by the flanking transmission as
described in section 2.2.1. Thus, in order to predict the sound insulation, data are needed for
the joist, for the common wall or floor as well as for all the elements contributing to the
flanking transmission.

The direct transmission, that is the air-borne or impact sound insulation of an element, can in
principle be determined from calculations or measurements. It is important to note here, that
measurement results cannot be used directly, but must be ‘corrected’ with respect to
surrounding constructions (for the corresponding corrections for heavy walls see, e g, EN
12354). In order to make these corrections, a reliable model for calculating the direct
transmission is needed. It should also be noted that corrections of this type can be fairly large;
in the example given in section 2.2.4, it amounted to at least 4 dB.
The problem of predicting the flanking transmission is difficult. To start with, the ‘standard’
model for flanking transmission (see, e g, EN 12354) is only valid for isotropic plates at
frequencies above the critical frequency. This means in practice, that the standard model can
only be applied to houses built from thick plates, usually concrete. There is no generally
accepted model for frequencies below the critical frequency and consequently no model
which can be applied to lightweight buildings. The problem is intricate as there are two
different types of vibration fields in each plate and that these fields couple in different ways to
each other and also in different ways to the air-borne sound fields in the rooms.
It should be noted that work on this problem has been started within the working group
responsible for the development of the European prediction standard EN 12354. Swedish
participation in this work is a prerequisite for the standard to cover typical Swedish
constructions.
For wooden frame constructions, the problem is further complicated by the periodic build-up
of the floors and walls. For solid wood constructions another problem is evident; the plates
are not isotropic. In some cases, models for orthotropic plates may be useful as a start. In
other cases the problem is certainly more complex as shown by the example with the nailed
and the glued walls mentioned above. The unexpected high values of the damping of a solid
floor plate, see section 3.1.7, must also be explained and incorporated in the models.
5.2.3 Low-frequency sound insulation
There are at least three parts of this problem. The first is the practical difficulty when using
lightweight constructions to insulate the heavy impact of a human step or children playing /
jumping on a floor from adjacent rooms. It is thought that this problem is mainly one of
product development, which should be tackled directly by the industry.
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The second part is the influence on low-frequency insulation by room and construction
resonances. There is, at present, sufficient knowledge to calculate the relevant resonance
frequencies and also to predict their maximum influence on the sound insulation. However, it
is not possible to say in advance if these resonances will really influence the sound insulation
at all in a specific case.
It is thought that as a first step, a simple design guide should be developed. The guide will
enable designers in the building industry to find cost-effective and safe solutions.
The problems seem to be general as they are known not only in buildings using wooden
frames but also in steel buildings.
The third part is the flanking transmission at low frequencies. The development of a
prediction scheme for flanking transmission may provide a solution to this problem. However,
it cannot be taken for granted that the underlying assumptions used for flanking transmission
at medium and high frequencies are valid also for the very low ones. Some pertinent
experimental work could here give valuable information.
Related to this issue is also the noise from building service equipment. Many of these noise
sources generate low frequency noise, which is especially relevant for wooden partitions
where the low frequency sound insulation might be poor. More and more equipment are
installed in modern houses, such as heat pumps or washing machines in each apartment which
increases the risk of noise problems if not treated in a proper way. Additionally there is a need
to develop standardised methods to determine structure-borne noise excitation for such
sources.
5.2.4 Evaluation of sound insulation in lightweight buildings
The knowledge regarding flanking transmission and subjective response in wooden structures
is important in order to secure the production of buildings with lightweight structures that
might be competitive to those with heavyweight structures. There are strong indications that
the present method for evaluation substantially underrates the influence of low-frequency
sound (see section 1.4.2). However, there is urgent need for much more research covering
detailed evaluation of objective sound insulation in several types of modern buildings together
with interviews of the tenants to evaluate corresponding subjective response.
5.2.5 Engineering prediction model for industrially produced volume buildings
Wood frame constructions are quite complex, can be strongly damped and show strong
variations both within each floor- and wall element, in the couplings, material and façade
elements. This limits the possibilities to develop generic prediction models that are applicable
as engineering tools for all wood frame constructions. At the same time industrial production
of volume buildings is steadily increasing. The sound transmission problems, in the typical
configuration of volume-to-volume-to-volume over elastic couplings, are generally two-fold;
one is the midrange transmission over the flanks and the other is the low frequency
transmission incorporating in principle the whole building, 20-100 Hz, where the mid and
high frequency transmission through the floor is quite limited today and is masked by the
other transmissions. The development of an engineering prediction model can be simplified
by limiting a study to these two phenomena and by combining experimental data from
empirical projects with existing theoretical models.
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5.2.6 Development of noise-reducing devices
It is impossible to indicate a suitable mode of work for this problem; good solutions may be
the result of a person’s brain-wave as well as laborious fundamental work. It should
nevertheless be pointed out that the problem is rather complex. When developing noise
reducing devises, it is important to study the flanking transmission sound in all degrees of
freedom, as there are indications that the transfer of energy in some cases have been caused
by a multi-dimensional behaviour in timber frame constructions. Depending on the type of
device, different theoretical approaches may be preferable: analytical thin-plate models as
well as high-resolution models using FEM, etc.

On the other hand, the well established cooperation between researchers and, both volume and
plane element companies, opens up very good possibilities for theoretical work combined
with experimental work on real buildings and for a wide range of experiments. The research
can range over various coupling elements in combination with various combinations of stiff
floors/stiff supporting construction, weak floors/stiff supporting construction, weak
floors/weak supporting structures etc.
For reduction of structure-borne excitation from building service equipment in wooden
buildings the development of vibration isolation adapted for these types of floors is essential.
The mobility of the supporting structure is normally relatively large in a wooden floor and
additionally the mobility varies depending on the position on the floor. This means that the
vibration isolation needs to be adapted to the type of floor. There is also a need for design
guidelines for vibration isolators for high mobility floors, since today they are normally
designed for rigid floors.
5.2.7 Vibrations in lightweight long span floors
For long span floors annoying vibrations due to human activities is a problem. When people
walk, run or jump on a floor they bring vibration energy into the structure that might be
adverse to other occupants. As long span floors is required for flexibility in architecture and
for the competitiveness of wood building as compared to heavy structures the need for
research and development on this subject is urgent. The research needs comprise development
of long span wooden floors with acceptable vibration performance. To obtain this, thicker
floor structures may be necessary but unconventional design of floor element, like floors
possessing considerable higher stiffness in transverse direction compared to floors with
traditional design, should also be developed and evaluated. In addition, research aiming at
further development of criteria for securing satisfactory performance of floors should be
carried out. Such criteria must be expressed in a way suitable for every day design but also
well anchored in what people actually experience regarding annoying vibrations in floor
structures.
5.2.8 Competence
The question of competence is certainly more intricate than usually believed. The crucial
point is that the education at the universities and colleges shall be based on research. Basic
research is usually financed by grants from the research councils, but experience shows that
without active participation from the industry, it is impossible to build up relevant research
and education within a specialised field.

Today there is a decreasing number of universities with acoustic research concentrating to
building acoustics and in particular building acoustics in lightweight structures. This means
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that there is a pronounced risk (or maybe already a fact) that the universities cannot supply the
market with new students and new engineers sufficiently in the future.
5.2.9 Possible structure for further work
Some of the desired further work discussed above is exemplified specifically for sound
insulation in wooden buildings. Many of the suggested research topics though, are valid also
for other lightweight building structures. This is an important issue for the relevant research
councils and their programs, as these may have different profiles. The following table shows
an attempt to quantify the research areas with regard to this aspect. As seen from the table,
several of the research areas can be regarded both as specific problems for wooden buildings
and for lightweight buildings in general. It is difficult at the present stage to quantify how
much of the needed work is of general interest as this will depend on the research results.
This means that the comments given in the table should be regarded as rough indications only.
The research examples are not in order of priority.
Ideas for research
projects

5.2.1 Characterisation and
identification of large
variations in sound
insulation
5.2.2 Prediction of sound
insulation in wooden (and
other) buildings
5.2.3 Low-frequency
sound insulation
5.2.4 Evaluation of sound
insulation
5.2.5 Prediction models
for volume buildings
5.2.6.a Noise-reducing
devices
5.2.6.b Low frequency
installation noise
5.2.7 Vibrations in
lightweight long span
floors

Specific for
wooden
buildings

S, C, R

For
For European
lightweight cooperation e g
buildings in within COST
general
S, C, R
x
(uncertain*)

For European
standardisation
within CEN

E, C, R

E, C, R

x

x

S, H, C, R

S, H, C, R

x

x

S, H, C, R

S, H, C, R

x

x

E, C, R
E, H, C, R

E, C, R
(uncertain*)
E, H, C, R

E, C, R

E, C, R

S, H, C, R

S, H, C, R

x

x

Symbols:
E = Existing problem
S = Serious problem
H =Hindering the development
C = Causing strong development costs
R =Research need
*The comment of “uncertain” is due to a lack of structured knowledge about the present situation for
this construction type.

The symbol S means that the problem may be handled in building practise, while the symbol
H means that it´s a real hindrance for using the building technology at all.
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Some of the listed problem areas rather have a character of development work than
fundamental research and vice versa. With the present profile of the Swedish research
programs, the development work may fit better for Vinnova’s branch research program for the
forest and wood industry (BFP), while the fundamental work rather has its place within
Formas and Vinnova programs. In addition, some of the problems may be interesting on the
European level, and therefore of possible interest for the COST action. The COST program is
important, but has the disadvantage that it only supports networking and no actual research.
Participation in COST program is essential as it gives a knowledge exchange between
qualified international partners and as it can be a basis to write an EU application. Several of
the problems are also connected to CEN standardization that needs input from R&D to be
further developed to suit lightweight building systems.
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Appendix:
Activities and competence profiles among the participants
Chalmers University of Technology

The research activities at Applied Acoustics, Chalmers, have traditionally been devoted to
structure-borne sound in buildings, ships and vehicles, as well as noise control, building
acoustics, room acoustics, and electro-acoustics. Today tyre-road noise, vehicle acoustics,
community noise, active noise control, sound and vibration quality, and virtual reality are the
dominant research areas. Within Applied Acoustics, professor Wolfgang Kropp (chair for
applied acoustics and building acoustics) leads the vibro-acoustic group and professor Mendel
Kleiner leads the room acoustics group.
Within building acoustics, extensive research and testing was made under the professor of
building acoustics, Tor Kihlman (now emeritus). During the last decade the research activities
have been strongly focused on environmental noise in urban environment. Applied Acoustics,
Chalmers has been one of the major forces behind the Mistra programme Soundscape Support
to Health. The group working with sound propagation outdoors is a well-established group on
the international scene. The leader of the group, Jens Forssén, has been appointed as associate
professor for building acoustics and community noise at Applied Acoustics. A smaller
number of research projects have been devoted to building acoustics during the recent years
such as active control of double walls for sound insulation and optimisation of spatial stiffness
variation of double plate interlayers for sound radiation and sound insulation. We plan for
increased research activities within building acoustics, and currently we are involved in the
Mistra awarded planning grant for a research programme named Homes for Tomorrow.
Applied Acoustics at Chalmers is situated in its own building since 1969 with designed
laboratories for a large variety of standard measurements and a large flexibility for other
experimental set-ups. These laboratories are comprised of a reverberation chamber, an
anechoic chamber, a sound insulation suite of 4 reverberation chambers (for both horizontal
and vertical partitions), a test hall, and assorted laboratory space for vibro-acoustic research.
The department also has a hemi-anechoic chamber for psychoacoustic testing. Instrumentation
for advanced acoustic and vibro-acoustic measurements is available, e.g. scanning Laser
Doppler Vibrometer and a 64-channel data acquisition system. Software for FEM, BEM,
SEA, etc. are available and continually used.
For measurements within building acoustics the very central investigations of flanking
transmission need special lab facilities, where not only an isolated, single floor or wall
element can be studied. One needs to measure on the relevant set of connected elements, i.e.
two or more floor/wall elements together with their connecting junction. Applied Acoustics at
Chalmers has such lab facilities.

Applied Acoustics
Department of Civil and Environmental Engineering
Chalmers University of Technology
www.ta.chalmers.se
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DTU - Technical University of Denmark

Research at Acoustic Technology, DTU Electrical Engineering, focuses on investigations of
generation, propagation and effects of sound and vibration, as well as auditory signal
processing and perception of sound. Although activities obviously overlap, three research
groups can be identified: the physical acoustics group, the architectural acoustics group, and
the audiological acoustics group.
The research in architectural acoustics is concerned with room acoustics (room acoustic
modelling and design, speech intelligibility in rooms, auralisation, sound reproduction in
rooms, room acoustic measurement techniques) and building acoustics (sound transmission in
buildings, especially prediction models for lightweight structures, and effects of new building
materials).
The research in physical acoustics comprises investigations of generation and propagation
effects of sound and vibration. The research is concerned with structure-borne and air-borne
sound, sound fields, passive and active noise control, outdoor sound propagation, transducer
technology (loudspeakers, microphone calibration), and acoustic measurement techniques
(sound intensity, array methods, acoustic holography).
The research in audiological acoustics is concerned with psychoacoustics, physiological
acoustics and audiology, including the signal analysis in the human auditory system, the
perceptual consequences of hearing impairment, models of auditory and audiovisual
processing and perception, applications of auditory models in hearing instruments, and speech
perception. At Acoustic Technology most of the research in this area is carried out by the
Centre for Applied Hearing Research.
Among the facilities can be mentioned: Two anechoic rooms; a large (1000 m3) and a small
one. Three reverberation rooms each of about 240 m3. (Two adjoining rooms for measurement
of transmission loss of walls, one below one of the others for measurement of transmission
loss of horizontal partitions). One reverberation room of about 240 m3. A listening room
according to IEC 268-13 for e.g. loudspeaker comparisons. Facilities for audiometry and other
audiological measurements. Modern and updated measurement equipment (e.g. 4 B&K Pulse
systems).
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KTH - The Royal Institute of Technology

KTH has a long tradition (some 80 years) of research and development work in building
acoustics. During the last 35 years the activity has been organized within the division of
Building Technology. However, there have been no research activities since the retirement of
prof Ljunggren in 2004, and the education is carried out by former graduate students, now
mainly working within the building industry.
In order to remedy this unsatisfactory situation, the division has decided to revive the research
and development work in building acoustics and is now seeking a suitable opportunity for
this.
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LTH - Lund University

The profile and research directions of the Department of Constructions Sciences, Lund
University brings on several qualities with importance to Acoustic in Wooden Buildings and
also to lightweight structures in general, namely acoustics, structural vibrations, timber
engineering, and production issues.
The field of structure-acoustic interaction deals with the dynamic interaction of sound and
structure. This is an active research field at the Department since the mid 80s. It comprises
fundamental studies in the framework of the finite element method. The studies include
physical investigations which also have caught industry’s attention:. In room acoustic together
with Saab Car and Saab Aircraft during the mid 90s. We have investigated the sound
transmission between rooms with lightweight wall constructions in collaboration with Lindab
AB. We are now developing the strategy for measuring systems (accelerometers and some 50
microphones) to support high resolution simulation techniques.
Starting with a major project on timber engineering in 1985, the research area Timber
Engineering (e.g. wood and wood-based materials) has since then been very important for the
group and has successfully continued and developed into several subareas. In essence, the
knowledge of the material and its properties, also in the context of structural systems, is a
fundamental quality to a project concerning wooden buildings.
The Facilities and Resources endowed to the Department enable it to pursue its research
agenda and doctoral education in this field. The resources include the Acoustic lab which
consists of four separate lab facilities; transmission lab (with a transmission opening of 10
m2), step sound lab, anechoic chamber, and reverberation lab (a volume of some 250 m3). The
Department have access to High Performance Computing hardware resources through Lunarc.
We have access to general finite element software packages such as Abaqus, Nastran, Actran
suitable for doing structural acoustics and structural-acoustic interaction simulations.

[1]
A finite element solution of structure-borne sound attenuation for a lightweight timber
floor Bard D., Sonnerup J., and Sandberg G. Building Acoustics Volume 15 No.2, to be
published on June 30 2008.
[2]
Computational Aspects of Structural Acoustics and Vibration, Springer, Eds G.
Sandberg and R Ohyaon, Contributions from Ihlenburg, Felippa, Ohayon, Olhoff, Sandberg.
(In press)
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LTU - Luleå University of Technology

Division of Sound & vibration at LTU is a division with main research focus on two areas;
building acoustics and vehicle acoustics. The R&D in building acoustics has been running for
about 20 years with an emphasis on development projects in cooperation with industry.
The lab facilities comprise; anechoic laboratory, a sound quality recording and reproduction
studio, a laboratory for floor measurements at the LTU campus and a wall lab in cooperation
with local industry in Överkalix. The lab has a wide range of measurement and modelling
equipment, ranging from a multi channel B&K pulse system, over Head Artemis sound
quality system, a scanning laser Doppler vibrometer, two motion simulators, FEM software,
ADAMS dynamic software, Sysnoise, VisiSEAM etc.
At present six persons are involved in building acoustic R&D; 1 professor, 1 PhD researcher,
2 PhD students and two senior research engineers. The running projects are all directed
towards lightweight structures.
The main research program comprises three projects regarding sound insulation in wood
houses produced as volume modules in factory. One of the projects is about characterising the
sound insulation behaviour of the volume modules and developing models and solutions that
are acoustically and economically feasible. It is a 2-year project sponsored by TCN
(Träcentrum Norr) and Lindbäcks AB. The second project is a study of the variance in sound
insulation in wooden buildings and how it is generated through the production process. The
project includes structure dynamic studies as well as acoustic and sound quality evaluations. It
is a 3-year project sponsored by Formas. The third project is about developing a prediction
model for sound insulation prediction in volume modules. It is a 2-year project sponsored by
SkeWood, where Vinnova also is involved one of the partners.
Another project is about sound insulation of exterior walls. The project includes measurement
and analysis of a couple of wall types which are modified in a set of variations. It is a 2-year
project sponsored by SBUF. The last of the ongoing projects is to measure and develop
lightweight sandwich module element with steel plates and a mineral wool core. It is a long
term cooperation sponsored by Isolamin AB. The division is also involved in development of
the sound insulation and room acoustics of; a listening room for SCANIA, a recording studio
at LTU, two concert halls, one in Piteå and one in Luleå.
The division is also involved in a COST EU application which seems to be approved. (Not
confirmed yet though).
During the last eight year period the division has been involved in two European projects
about sound insulation and floor vibrations in lightweight building structures based on steel
beams and studs. The projects covered both sound insulation and floor vibration. The main
research focus by the group was floor vibration and impact sound insulation. One PhD thesis
was produced with focus on subjective evaluation of floor vibration.
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SP Acoustics

SP's section of acoustics has extensive, well equipped and flexible acoustic laboratories
together with experienced and trained personnel and is accredited for most relevant acoustic
standards. The laboratory comprises transmission suites, both for small partitions like doors or
windows as well as for large partitions like walls up to 10 m2, reverberation chamber, hemianechoic chamber, impact noise laboratory for slabs up to approximately 12 m2 and
additional rooms for temporary setups. The lab is a resource for the industry as well as for
universities. Beside laboratory measurements we can also provide modelling and prediction of
acoustic properties and sound propagation using various software such as FEM (Abaqus,
Comsol multiphysics) or BEM (Matlab) or own developed software for sound insulation
which has been validated towards measurements in the frequency range up to 5 kHz.
Additionally we have competence of environmental noise modelling using SoundPLAN to
determine external noise from road or rail traffic and to optimise noise reduction measures
such as screens or barriers.
Research is currently conducted within four different areas; building acoustics, environmental
noise, vibrations & measurement technology and machine acoustics. As examples in the field
of building acoustics research has been conducted concerning sound insulation of lightweight
double walls at low frequencies and impact sound insulation of wooden floors. In an ongoing
project a measurement method to determine structure-borne source levels of building service
equipment is under development. Within environmental noise SP has participated in the
development of the current calculation models. SP participated in the European Harmonoise
and Imagine projects to develop the future European environmental noise prediction methods.
Within measurement technology SP acoustics has developed a method for simultaneous
measurement of noise, particles and gaseous emissions from road traffic together with IVL
and GU.
SP Acoustics perform also field measurements of sound and vibrations. Within SP's Pmarking system, SP acoustics investigates acoustic properties of buildings, machines and
products both in the lab and in the field. Also hand-arm and whole body vibrations as well as
work place noise can be measured.
SP Acoustics has a large general experience in measurement technique and is also national
metrology centre for sound pressure and acceleration. We calibrate most acoustic
measurement equipment such as sound level meters, microphones, accelerometers, calibrators
etc.
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SP Trätek / SP Wood Technology

SP Trätek in Växjö is active in the acoustics and dynamic performance of wooden buildings.
The aim is to develop models and design solutions that meet the requirements for modern
building technology. The work is mainly carried out as PhD studies in close cooperation with
leading universities and as practical design in close cooperation with industry.
Two Ph D studies are ongoing 2008:
-

Modelling and simulation of flanking transmission in wooden buildings

-

Dynamic properties of long span wooden floor elements

SP Trätek is also active in field studies of new multi-storey wooden buildings, mainly the
eight storey wooden residential buildings Limnologen in Växjö. The acoustic performance is
being analysed, e g the influence of number of storeys and the vibration behaviour in the
building is compared with the laboratory performance for different support systems.
Most activities are linked to the new R&D centre for timber building research CBBT
(Centrum för Byggande och Boende i Trä), Centre for Building and Housing in Wood, with
participation of major industries, Växjö University and SP Trätek.
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WSP Acoustics

WSP Acoustics is a part of WSP Environmental and is one of the worlds largest consultant
departments within acoustics. WSP Acoustics comprises approximately 100 acoustic
consultants throughout the world. The offices are located in Sweden (Stockholm, Gothenburg
and Malmoe), Norway (Oslo, Bergen and some other cities), Finland, UK (London, Liverpool
Bristol), USA (New York) and Dubai. WSP Acoustics has an extensive field laboratory and
experienced personnel and is accredited for most relevant field measurement acoustic
standards. More info is found in www.wspgroup.se or www.wspenvironmental.com.
WSP Acoustics is active in research through supporting and participation in different
collaborating research projects. WSP Acoustics also plays an active role in the development
of new standards within the Swedish Standard Organisation, SIS and work a lot in different
development projects for the National Board of Housing, Building and Planning in order to
always improve and evolve current building legislation.
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VXU - Växjö University

At Växjö University research is carried out within the project ”Structural and acoustic
performance of wall and floor connections in wood framed dwellings”. The project aims to
develop a reliable measuring method and finite element models of parts of prefabricated wood
framed buildings. Within the project measurements using accelometers have been carried
through in order to evaluate the main flanking transmission for low frequency vibration. The
study has shown that the main flanking transmission paths can be detected and the work has
contributed to the knowledge about different types of joints in wood constructions with
respect to acoustic performance.
In Växjö the local authority has allocated an entire district of 15 hectare, called Välle Broar,
exclusively for wood framed buildings. Välle Broar will be developed during a ten to fifteen
year period. Within Välle Broar a unique residential area, called Limnologen, is currently
being developed. Limnologen will consist of four eight-storey houses, of which seven storeys
are built with wood structure. The project gives an excellent opportunity for researchers to do
different field studies and for the wood engineering research group at Växjö University the
accessibility is particularly good as the university is located next to the construction sites of
Välle Broar.
The ongoing research at Växjö University is planned to continue with in-situ measurements
and different methods for measurement and data collection will be evaluated and compared.
The research will also include simulations using the finite element method as a tool for
analysis and for further development of components and systems aiming at improved acoustic
performance.
Another research project, carried out in cooperation with SP Trätek, deals with springiness
and vibrations of long span floors. Parametric analyses by means of FE-modelling and fullsize laboratory tests are carried out in order to study floor response due to different boundary
conditions with respect to the stiffness of the supporting framework and the connections
between floor elements. Different floor systems, some available on the market and some
existing only as prototypes, are evaluated by means of laboratory tests and calculations. Two
floors with novel design, aiming at high stiffness in the transverse direction as well as in the
main load-bearing direction, are included in this research.
Field measurements on building sites are also carried through. For example, on Limnologen,
Välle Broar, the influence of different boundary conditions and the significance of changes in
boundary conditions, due to the fact that additional stores are added above the considered
floor and the influence of floor topping, are evaluated. Comparative measurements are done
before and after changes of conditions.
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SP Sveriges Tekniska Forskningsinstitut utvecklar och förmedlar teknik för näringslivets
utveckling och konkurrenskraft och för säkerhet, hållbar tillväxt och god miljö i samhället. Vi
har Sveriges bredaste och mest kvalificerade resurser för teknisk utvärdering, mätteknik,
forskning och utveckling. Vår forskning sker i nära samverkan med högskola, universitet och
internationella kolleger. Vi är ca 870 medarbetare som bygger våra tjänster på kompetens,
effektivitet, opartiskhet och internationell acceptans.
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