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Preface 
The management of uncertainty in the field of building acoustics has become an increasingly 
important interest for me in the course of over 20 years of research, standardization and con-
sultancy worka. In 2005, a conference on the management of uncertainty was held in LeMans, 
France. Experienced researchers met there to discuss the subject from many perspectives, 
from which I derived much inspiration.  
 In this thesis, I will discuss several aspects of uncertainty that I or other researchers 
have studied, with focus on practical applications of both measurement and calculation meth-
ods. The background and need for understanding uncertainties will be discussed in the Intro-
duction. 

An acoustician may improve the predicted performance of a building by means of some 
of the ideas suggested in this thesis. The main aim is to combine empirical knowledge (obser-
vations, measurements) from “the reality” with theoretical understanding and calculation mod-
els. The Gerris lacustris on the cover page illustrates this ‘cautious’ strategy – it cannot use 
only one or two legs to float on the surface of the water, it needs all its legs to stay safely on 
top. This picture helped me outline this thesis. 
 In the final chapter I will discuss fairly general aspects of the building process, which 
may be considered more of a management than a technical issue. However, it is important to 
include these aspects in the context of uncertainty, because preventing an unexpected sound 
performance of a building is not only a question of being familiar with the acoustical theory. It 
also involves a complex chain of decisions made during the building process and an increased 
understanding of this chain of decisions may help the industry to reduce overall uncertainty.  
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Abstract 
The present thesis summarizes the results of research on the uncertainty of standardized 
methods applied in the field of building acoustics, both in terms of calculations and measure-
ments. Eight published papers are appended to the thesis. In order to provide the reader with 
a broader view, references to some relevant papers are also included.  
 The EN 12354 series of standards for calculation methods, published between 2000 and 
2009 have facilitated the management of acoustic issues during the building process. To en-
able lean design of building structures, the uncertainty of the calculation methods (compared 
to measurement results) must be known, as the measurement results in finished buildings are 
typically used to prove the fulfillment of formal requirements. The standards facilitate a struc-
tured comparison of calculations (made during the design phase) with field measurement re-
sults. These comparisons have been used to estimate the combined uncertainty of the stan-
dardized methods and to derive safety margins that should be taken into account during de-
sign work (i.e. added to the calculated values).  
 There are several factors that complicate such comparisons, e.g. inaccurate building 
element input data, flaws in the interpretation of building drawings into calculation models, 
poor workmanship and uncertainty related to the field measurement methods. Some studies 
specifically address the uncertainty of the field measurement methods. Management issues 
that serve to reduce uncertainties pertaining to unclear definitions of requirements, poor build-
ing construction documentation and assignment of responsibility to be taken by the parties of 
the building process are discussed in a separate section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: uncertainty, building acoustics, European standard, EN 12354, airborne sound 
insulation, impact sound, traffic noise, service equipment noise, structure-borne sound, sound 
absorption, reverberation time, calculations, field measurements.  
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1 Introduction 

1.1 Implementation of the EN 12354 standards in Sweden 
There are several reasons why the EN 12354 standards play an important role for some par-
ties involved in the Swedish building industry. The standards consist of six parts1 2 3 4 5 6, 
which can be considered “the main links” in the world of building acoustics since they define a 
natural meeting point for developers, manufacturers, designers and contractors. This view is 
explained further in section 5.3.  
 The standards have also made it possible to apply a common approach to the prediction 
of the sound performance of buildings, where theoretical calculations can be combined with 
empirical data. Hence, uncertainty can be handled in a structured way, as discussed in this 
thesis. 
 The content of the appended papers and the structure of this thesis may be easier to 
understand if they are viewed in light of our building history and need for prediction tools. Dur-
ing the 1990’s, the Swedish sound requirements and market situation changed considerably.  
 The frequency range of the sound insulation requirements was extended from 100-3150 
Hz down to 50 Hz. In the case of sounds from service equipment, requirements were enforced 
in the range 31-200 Hz in addition to A-weighted sound pressure levels.  
 Building layouts changed considerably due to an amendment of the rules pertaining to 
subsidized building credits as well as changes in the market prerequisities for privately owned 
apartments. New apartments were thereafter designed with a wider variety of floor plans and 
construction methods, ranging from small inexpensive ‘studios’ to luxury ‘exhibition spaces’. 
The prospective purchasers of expensive dwellings expected a better performance than the 
minimum requirements, and their residential houses were typically constructed with a 4-6 dB 
higher sound class.  
 Many new building products were introduced at this time. All of these changes made it 
difficult to use experience as the only basis for consultancy work (i.e. advicing architects and 
planners). Calculation tools and databases of sound insulation of building elements had to be 
developed and applied to predict the performance of new houses, as there were no compara-
ble examples to relate to. Fortunately, new tools were developed and investigations of their 
feasibility for the Nordic countries conducted. 
 When the first five parts of the EN 12354 were adopted (in 2000 and 2003), it became 
necessary to demonstrate the accuracy of their calculation methods in practice, since in Swe-
den there was little experience of any comparable methods. The building construction prod-
ucts and methods used in the Nordic countries often differ from those employed in other Euro-
pean countries. The final part (-5) of the EN 12354 was adopted in 2009 and its three sections 
still remain to be tested under realistic conditionsb.  

This thesis presents some examples and principles that may help consultants to commu-
nicate effectively with the commissioner in order to minimize overall uncertainty and improve 

                                                
b The section 4.2 of part 5 describes a calculation model for the transmission of airborne sound from service 
equipment (e.g. a fan) through ducts etc. This model is reasonably similar to so called energetic models used by 
consultants in Sweden and other countries for many years. Thus it should be rather straight forward to implement 
the new calculation model in computer softwares etc. The section 4.3 describes a model for airborne sound trans-
mission through building constructions which we already have some experiences of. The section 4.4 treats the 
prediction of structure-borne sound transmission which has often been regarded as a hassle by the consultants. 
Structure-borne sound may now be somewhat easier to handle, as there are new methods for determining the 
source strengths of many types of building service equipment. However, the propagation of structure-borne sound 
is difficult to predict as it often involves transmission across several junctions between heavy building elements and 
hence conversion between wave types. This is an appropriate field for future research. C.f. section 3.6.1. 
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the understanding of variations in sound and sound insulation in buildingsc. The main aim is to 
apply several tools in a sequence and to improve a theoretical prediction by means of com-
parison with a population of measurements (structured feedback). This procedure combines 
empirical knowledge (observations, measurements) from “the reality” with theoretical under-
standing (calculation models as implemented in available computer software). It is well 
adapted to the demands and tolerances of the Swedish sound requirements. 

The data and analyses in the studies referred to in this thesis are derived from short ap-
plied projects that took place over an extended period 1986-2009. These projects focused on 
the implementation of new methods etc and were carried out with very limited budgets, which 
did not leave any room for extensive theoretical comparisons, literature reviews etc that would 
have been of scientific interest. Greater resources would have allowed more data to be col-
lected etc, but the scope of each project was too restricted for this. For instance, each building 
site should have been analyzed to find out which transmission paths dominated the overall 
sound reduction index and how this differed from the theoretical estimation according to the 
EN 12354. Hence, there are “missing parts” in this thesis that would have been desirable to 
include, and its structure is somewhat different to what may be regarded as ‘typical’ at a uni-
versity of technology. Where appropriate, references  are given to papers by other research-
ers, in order to fill in some missing parts and to give the reader a broader perspective. Some 
issues where future research would be of interest are also pointed out. 

This thesis does not contain detailed information about the calculation models in the EN 
12354 standards. An example of a typical structure is provided in clause 2.1. However, in the 
future, results presented in this thesis may be valuable in the process of improving the accu-
racy of some of the theoretical models in EN 12354, e.g. for the airborne and impact sound 
insulation of heavy building structures. Research is currently being conducted by several insti-
tutes to extend the EN 12354 models in terms of airborne and impact sound insulation of 
lightweight building elements, but this issue is not addressed by the present thesis. 
 The main part of this thesis is probably of greatest interest to acousticians and building 
designers. However, unexpected sound performance of a building is not only a matter of 
acoustical technology. The chain of decisions made in the building process is complex and an 
improved understanding of its structure may help the industry reduce overall uncertainty. The 
introduction of the EN 12354 series of prediction standards in 2000 made it possible to de-
scribe a scheme for shared responsibility among all parties in the building process, supported 
by the ISO 140-series of measurement standards. Some examples of this broad perspective 
are discussed in section 5.3.  

1.2 History of the development of the EN 12354  
In 1989 the European standardization committee for building acoustics (CEN/TC126) pro-
posed to the European Commission that it would develop calculation tools to link the perform-
ance of a building (the works) to that of its building products and materials. The need for such 
tools and the background of this initiative is explained by Gerretsen in Acta Acustica in 19947. 
CEN was then mandated by the Commission to develop these tools in the EN 12354 series of 
standards. The first four parts (on sound insulation) were adopted by CEN in 2000. Part 6 (on 
room acoustics) was adopted in 2003 and part 5 (on sound from service equipments) in 2009b.  
 The EN 12354 standards support the intended purpose of the CPD (the Construction 
Product Directive 89/106/EEC). The CPD requires products on the common market to be de-
                                                
c An example: a consultant is commissioned by a client to propose affordable building constructions that fulfil the 
requirements. Preferably, these constructions should be chosen at an acceptable risk of failure. For example, if 
interior traffic noise must not exceed 30 dB in more than one out of ten apartments (or by more than 2 dB), the 
consultant should apply statistical analyses to determine appropriate constructions. However, there is rarely suffici-
ent time or data at hand to describe all relevant circumstances, nor to make profound scientific analyses. The 
commissioner is not always aware of the inherent difficulties and may not understand the conditional statements 
made by his/her building acoustic consultant about the expected performance of the building. There are many sour-
ces of uncertainty in this field and it is often not possible to “warrant” a certain performance without taking a risk or 
imposing additional costs for excessive constructions. C.f. section 2.3. 



Managing uncertainty in building acoustics - Comparisons of predictions using the EN 12354 standards to 
measurements. Simmons, C. Luleå university of technology 2009.   

6

signed for buildings that fulfill so called “essential requirements”. Buildings should also fulfill 
any other requirement set by the local authorities, commissioners or contractors.  
 However, even if the acoustic performance of products can be determined by means of 
standardized measurement methods (or other methods, c.f. section 2.3), the data from such 
tests are not sufficient to prove compliance with the local building regulations that typically 
refer to the conditions of the building. To assess whether a product can help to meet these 
requirements, the acoustic performances of products needs to be translated into the acoustic 
performance of the building, taking the influence of other building products and boundary con-
ditions into account. This is what the EN 12354 standards are designed for.  
 Using these standards, several combinations of products can be tested by the designer 
to find one or several feasible combinations. This possibility facilitates the use of functional 
requirements on building performance (e.g. sound insulation between rooms) compared to 
construction requirements, e.g. “minimum dimensions”, “authorized solutions” and similar (that 
are typically based on empirical experiences). This is discussed further in section 5.1.  
 The EN 12354 also facilitates the free trade of products. These effects appear particu-
larly important when new products; materials or architectural solutions are suggested during 
the building process, where construction/dimension types of requirements are conservative by 
nature. Free trade is of particular importance to the Swedish building industry, since the do-
mestic market is small and both products and turn-key building projects are imported and ex-
ported. 

2 Calculations according to EN 12354 

2.1 Structure of a calculation model (part 1) 
 The EN 12354 standards consist of several parts that cover the most important acoustic 
properties of buildings: airborne and impact sound transmission between rooms (parts 1 and 
2), sound transmission from or to the outside (parts 3, 4), airborne sounds and structure-borne 
sounds from service equipment (part 5) as well as reverberation control of rooms (part 6).  
 The calculation methods are described by each of the EN 12354 standards. An overview 
of the formulas used in parts 1-4 was presented in 1994 by the convener of the CEN/TC 
126/WG 2 in a comprehensive article in Acta Acustica7. Part 4 that treats sound transmission 
from inside a building to the exterior has not been applied by the present author and will not be 
discussed further in this thesis. Parts 5 and 6 are discussed later in this thesis. 
 The calculation model for airborne sound insulation between rooms (part 1) serves as an 
example of the structure of the standards. The model is established in several steps:  

- The direct airborne sound reduction index R expresses the direct sound transmission through a 
separating element (partition) between two rooms (e.g. a wall or a floor), as measured in a 
laboratory with suppressed flanking transmission in accordance with ISO 140-3. This quantity 
R is then corrected in the consecutive steps. 

- Small elements (components) may be inserted in the partition, such as doors, windows and 
ducts, and the sound insulation of the partition is corrected for their additional transmissions. 

- The flanking sound reduction indices of 4 separate structural paths are added, e.g. by 2 floors 
and 2 walls in the horizontal direction or 4 walls in the vertical direction. Flanking transmission 
may also be caused by extraneous systems, e.g. ducts, plenums (above ceilings), corridors 
etc, provided their flanking sound reduction indices are provided. The figure 1 from the stan-
dard illustrates the transmission paths: 
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Figure 1. Illustration of the different contributions to the total sound transmission to a room: d – 
radiated directly from the separating element, f1 and f2 – radiated from flanking elements, e- 
radiated from components mounted in the separating element, s- indirect transmission. From 
the first part of the EN 12354 standard1. 

- The sound reduction of additional layers, e.g. wall linings, suspended ceilings and floating 
floors, may be added to the sound reduction index of the elements they are attached to, pro-
vided the latter are heavyweight elements. 

- The type of junction between the connected structures determine the vibration reduction index 
Kij of each junction, which helps reduce the flanking transmission. The standard includes a va-
riety of types of junction and formulas to calculate the vibration reduction index from the struc-
tural properties of the connected elements, provided these are homogenous. For complex junc-
tions, the Kij  must be determined by the user of the standard, e.g. from dedicated measure-
ments.  

- The vibration reduction index of the junctions also alters the structural reverberation time (i.e. 
the loss factor) of the heavy elements, compared to the laboratory situationd. This can be taken 
into account by the detailed calculation model. 

- Lightweight elements are described by their direct sound insulations without changing their loss 
factors. The effect of any additional layers should be included with the data of the element it-
self. The radiation efficiency from flanking lightweight structures is less than from heavyweight 
structures (below the coincidence frequency), which may be corrected for in cases where its R 
value is taken from a laboratory test (of direct transmission) to describe its flanking sound insu-
latione.  

All measurements and calculations of airborne and impact sound transmission referred to in 
this thesis are made in the 50-3150 Hz third-octave bands in accordance with the detailed EN 
12354 models of parts 1 and 2. The calculations are made for buildings with concrete slabs 
only, where the walls are made of concrete or lightweight materials (e.g. plasterboards). The 
main reason for this restriction is that the calculation models in the EN 12354 have not yet 
been adapted to buildings constructed with only lightweight structures (e.g. timber joist floors, 
walls) and junctions between these elementsf.  
                                                
d For many typical buildings in Sweden, the loss factor of heavy elements may vary considerably because the num-
ber of heavy elements connected to the partition typically varies from 1-3. There are even cases where there are no 
heavy flanking elements at all (e.g. small offices with lightweight walls on a large concrete slab) or 4 heavy ele-
ments (e.g. walls of a small bedroom between an elevator shaft and the façade element). Thus, it is important to 
correct for the loss factor. However, more field data and comparisons to theoretical estimations would be valuable. 
e The reason for this difference is that in the laboratory setup, both forced and free vibrations determine its sound 
insulation, whereas in the flanking situation, only free vibrations radiate sound. Below the coincidence frequency, 
the radiation efficiency is less than 100%. A typical value of 10% may be applied for plasterboard walls with wooden 
studs or other stiffening structures attached to the plasterboards, i.e. the flanking insulation is 10 dB higher. 
f Some ideas for future revisions of the EN 12354 have been proposed (e.g. by Nightingale, Schoenfeld and 
others), but it is expected to require considerable efforts to develop the models, find relevant input data and assess 
the calculation accuracy with comparisons to field measurements. Transmission of sound through complex junc-
tions, particularly at low frequencies, constitutes demanding challenges for the researchers involved in the workf. 
Some measured data and experiences of light weight floors are discussed in a short paper by the present authorf. 
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2.2 Adaptation of “shoe-box” calculation models to real building layouts 
The designer is assumed to make some ‘best-choices’ when a shoebox model (of EN 12354-1 
and 2) is specified in order to resemble the real layout of the rooms in a building. These 
choices should be based on both theoretical understanding and practical experience of build-
ing constructions, since each choice influences the uncertainty of the calculation result: 

- Room geometries (i.e. walls and floors of the sending and receiving rooms should be ex-
posed to approximately the same amount of incident sound as in the real building. 

- Partition area and receiving room volume should be the same as in the building (and will be 
relevant in the case of field measurements in the building). 

- Data of sound insulation and material parameters should be relevant for each element and 
additional layer used in the real building. 

- Types of junction that resembles each type of connection between these elements. 
- Junctions between prefabricated concrete elements need some consideration in terms of 

which model to use for the calculation of the vibration reduction index (Kij). For the time be-
ing, the model for rigid junctions has often been applied as the best guess, but it should be 
examined thoroughly whether this is a valid assumption. The quality of the workmanship 
may influence whether airborne sound leaks through cracks and whether the elements are 
rigidly attached to each other. In cases of poor workmanship, flanking transmission could be 
larger than estimated by the calculation model. 

- Light weight walls and façades are assumed to increase the loss factor of continuous heavy 
elements connected to them, but which loss factor is reasonable to insert in the calculation 
still needs to be examined.d 

- In the present edition, there is no calculation model for junctions between heavy slabs and 
heavy double walls (masonry or elements), but there are some suggestions for extending 
the standard in the future as well as some laboratory studies on such constructions. 

- Influence of workmanship may be modelled and corrected for in a separate risk analysis, 
e.g. for the influence of air leakage through cracks, for structure-borne sound through too 
weak connections as well as too stiff connections that are not supposed to be present. 

To the present author’s knowledge, no systematic analyses have been conducted on the im-
pact of these choices (made by the designer) on the accuracy of the calculation results. A very 
limited study on the effect of choices was performed within a Nordtest project in 2003 (c.f. sec-
tions 4.1.1 and 4.1.2g).  

2.3 Different sources of input data  
The acoustic performance of building elements and the junctions between them are needed as 
input to the EN 12354 calculation models in which sound insulation between rooms or rever-
beration time inside a room are estimated. Data for the sound sources are also required for 
the estimation of the sound pressure level in rooms.  
 Input data for the elements (walls, slabs, flooring, windows etc.) may be obtained by 
several methods. The most common are measurements in the laboratory and in buildings as 
well as theoretical calculations or considerations on the basis of experience.  
 The CEN technical committee on acoustics (TC 126) has issued a technical report with 
guidelines on how to declare the acoustical properties of products8. The guidelines are in-
tended to assist product technical committees (TC’s) to specify acoustical requirements when 

                                                
g Short courses on the use of the standards for acoustic consultants and structural engineers have indicated that 
they tend to make rather similar choices provided they have some experience of building acoustics. Inexperienced 
users of an EN 12354 calculation software tend to define a variety of room models that increase the uncertainty. 
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formulating product standards. The report assigns responsibility for the declaration of a prod-
uct’s acoustic properties to its manufacturerh.  
 There are advantages as well as disadvantages with all types of source, and consultants 
may sometimes express rather critical experiences of (or attitudes to) each of the following: 

- “Laboratory measurements” – they only reflect the real performance of 1 sample product in 1 
sample laboratory under ideal circumstances. In order for them to be useful, there must be a 
series of tests, under non-idealized conditions, performed in several laboratories. At the very 
least, one should consider general results from round robin tests and the reproducibility of such 
measurementsi.  

- “Field measurements” (also referred to as measurements in situ, in the building or in the field) – 
they reflect the performance of an assembly of products under realistic yet more or less un-
known circumstances. Hence their performance may depend on workmanship and they may 
differ between buildings. The measurement uncertainty is larger in the field than in the labora-
tory because of non-ideal sound fields and higher background noise. As an example, the Ro-
bust Details84 system requires 30 field measurements to document the performance of a spe-
cific product or construction. 

- “Theoretical calculations” – can only estimate the performance of a product with assumed 
properties, their accuracy being limited by the theoretical model and underlying assumptions.  

Sometimes the last mentioned source is the only feasible one, e.g. when no measured data 
are available. It may also be the preferred method for characterizing some products, e.g. 
monolithic structures (concrete slabs and walls), that interact with the structure of the labora-
tory and hence yield results that depend on the test condtitions7. The TR 15226 guidelinesh 
recommend the annex B in EN 12354-1 for the declaration of the properties of such elementsj. 
 Theoretical calculations are the most widely used source of data for the vibration reduc-
tion index, although some applications have been reported where this index has been meas-
ured (e.g. for masonry walls and glazed façade elements with aluminum profiles). 
 Wittstock carried out a thorough investigation of the factors that contributes to the global 
uncertainty of measured airborne sound reduction and its weighted single numbers9. This is 
referred to as an uncertainty budget. He also compiled an overview of round robin tests10, 
where different types of element were circulated for measurements in European laboratories. 
Such round robins have been made for limestone walls, lightweight walls (c.f. references 12, 
13 and 24 of Wittstocks paper in ActaAcustica9) and windows11.  
 The figures (2, 3 and 4) from these publications illustrate the scatter of results obtained 
in the round robin tests mentioned11 12 13. As illustrated by these Figures, the scatter of results 
reported from these round robin laboratory tests was surprisingly large. Olesen commented 
upon the results for a window that was circulated among 5 laboratories:  
“A considerable deviation between the laboratories is seen in the frequency range 50 Hz to 100 Hz. It is 
remarkable that the difference between highest and lowest result at 50 Hz is more than 25 dB” 
 Efforts have since been made to improve the measurement standards with respect to 
laboratory conditions and mounting instructionsk.  

                                                
h CEN TC 126/WG 5 proposal prCEN/TR 15226:2005 (E) specifies the technical requirements related to acoustics 
for a product standard, European Technical Approval Guidelines (ETAG) or European Technical Approval (ETA) for 
a specific building product or equipment, or a family of building products or equipment. In particular, it provides 
advice on how to formulate requirements in response to the mandated characteristics (e.g. acoustics) under the 
Construction Products Directive. It also recommends that product TC committees contact WG 5 for assistance. 
i Reproducibility, repeatability and accuracy of measurements are described in ISO 5725 and ISO 140-2. 
j Prefabricated concrete elements, e.g. hollowcore slabs, need to be modelled differently with respect to impact 
sound. This is discussed later in this thesis. 
k e.g. ISO 140-3:1995/Amd 1:2004, Installation guidelines for lightweight twin leaf partitions. For heavy partitions, 
several suggestions have been made (c.f. Gerretsen7) but no change has been implemented in the ISO 140-series. 
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Figure 2. Sound reduction index of limestone walls. Black; average and standard deviation. 
Grey; individual measurement results from 20 different laboratories. From ref. 10. 

Figure 3. Sound reduction index of walls with one plaster board attached to each side of 
metal studs and rails. 24 laboratories. From ref. 13.
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Figure 4. Laboratory measurements of sound insulation of a window in accordance with ISO 
140-3 in the frequency range 50 Hz to 160 Hz. Five Nordic laboratories participated in this 
comparison. From Olesen11 
 
A few round robins aimed to test the reproducibility of the methods for field measurements 
under stable conditions (i.e. at the same measurement sites), which will be discussed in chap-
ter 4. A working draft of a revised ISO 140-2 standard14 is based on results from the above 
mentioned round robin testsl.  
 There is general agreement within the standardization bodies to address uncertainty 
issues in all new measurement standards. Brinkmann described this policy in a speech given 
at a conference on uncertainty in LeMans, France in 200515:  
“The international Standard ISO/IEC 17025 from 1999 on the competence of laboratories requires that 
calibration and testing laboratories shall have and shall apply procedures for estimating the uncertainty 
of their measurement results. Laboratories following closely international or regional standards in their 
measurements, on the other hand, expect that these standards provide valid information and guidance 
for the evaluation of uncertainty. This situation gave the main background for ISO/TC 43 “Acoustics” 
and its SC 1 “Noise” to agree, at their plenary meetings in 2003, on a strategy on how to implement this 
request in each newly developed or revised standard related to any kind of acoustic measurement. It 
was basically concluded to refer all future uncertainty considerations to the GUM. However, in cases 

                                                
l This draft will hopefully result in an approved third edition of this standard that makes it more practical to assess 
the uncertainty in the individual application (compared to the current edition of this standard from 1991). The draft is 
focused on general aspects and airborne sound insulation, but it would be valuable to fill in relevant data for some 
other quantities of the ISO 140-series as well, e.g. impact sound insulation, traffic sound insulation etc. 
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where existing knowledge is not yet sufficient to apply the GUM in each detail, certain deviations are 
allowed in order not to cause unjustifiable delays in ongoing standardization projects.”  
 
The GUM mentioned is the ISO Guide to the expression of Uncertainty in Measurement16.  
The association for the accreditation of technical laboratories in the European member states 
(EAL) has increasingly stressed the need for this work to be performed by the standardization 
committees within CEN. The accredited laboratories are urged to implement adequate rou-
tines for the estimation and declaration of uncertainty in their test reports.  
 However, this has been more difficult to achieve within the field of building acoustics 
than first anticipated. The draft ISO/WD 140-214 recommends repetitive round robin tests as 
the primary tool for the assessment of the uncertainty of each test method and its practical 
implementation at the laboratory (i.e. its routines). Wittstock examined the relation between 
the uncertainty of the weighted airborne sound reduction index and the uncertainty of the indi-
ces in third octave bands and concluded that it was very complicated due to some cross-
correlation between the frequency band values17. The uncertainty of the weighted number is 
overestimated when the uncertainty of the third octave band values are added without correc-
tion for the cross-correlation.  
 It should be noted that in spite of the difficulties mentioned in the draft ISO/WD 140-214, 
the GUM procedure can still be used to scrutinize measurement routines and find sensitive 
parts therein, e.g. the influence of spatial averaging on the average sound pressure level or 
reverberation time within a room. If there is a need to shorten the measurement time, an un-
certainty budget helps find out which terms influence the final result most and which could be 
simplified. For instance, it is not uncommon that only one loudspeaker position is used in air-
borne sound reductions index measurements. Whether this is a reasonable simplification or 
not could be studied. Olesen studied several complications in the application of the standards 
for measurements in the field18 and made recommendations on procedures for difficult cases, 
which were later summarized in ISO 140-14.  
 The instrumentations in the laboratories must be calibrated with traceability to national 
and international references, but it could be noted that the contribution of instrumentation un-
certainty is often low compared to other factors. The uncertainty of input data is discussed 
further in section 3.1. 

2.4 Design goals  

 
The most widely used sound requirements in Sweden are described by two national sound 
classification standards19, 20 published by the Swedish Standards Institute (SIS). The National 
Board of Housing, Building and Planning (Boverket) refers to these standards in the building 
codes21 BBRm.  
 The SS 25267 and SS 25268 standards include tolerances that must be observed when 
sound insulations, sound pressure levels or reverberation times are verified by measurements 
in the building. SS 25267 and SS 25268 state that the results of field measurements must 
meet each type of requirement on the average within each dwelling or commercial premise. 
The maximum unfavourable deviations from the requirements are  

- 1 dB for the single weighted numbers of sound reduction (ISO 717, 100-3150 Hz)  
- 2 dB when spectrum adaptation terms for low frequencies (50-3150 Hz) are included  
- 2 dB for service equipment sound pressure levels in third octave bands 31-200 Hz. 
- 0,1 seconds for the reverberation time in octave bands 250-4000 Hz, 0,2 s in the 125 Hz oc-

tave band (described in section 3.7) 

                                                
m Typically, the standards are used by local authorities to state formal requirements, but they may make specific 
exceptions that deviate from the standards. Some large developers (e.g hospitals) may add specific requirements 
that should be observed as well. In the context of the thesis, the standards are referred to as “the requirements”. 
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The principal design goal is to consecutively fulfill two types of requirements; average as well 
as maximum deviations. The designer may need to correct calculation results with respect to 
systematic variations between calculated values and several field measurements, as well as to 
keep a margin for unexpected (random) variations. Figures 5a and 5b illustrate the effect of 
both types of variation. There are no systematic differences in figure 5a, but the measured 
value may deviate from the calculated value in an unpredictable manner. If the calculated 
value is one standard deviation (3 dB in this example) above the requirement, the measured 
value might have a 16% risk of failure, i.e. 84% of all measurements are likely to pass. The 
upper limit for sound pressure levels must not be passed and the margin should be applied 
with a reversed sign. (…continues below) 

 

Need to increase margin by 1 dB 
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Figures 5a and 5b. Safety margins. The graphs depict the ‘occurrence’ of differences between 
weighted calculated and measured sound insulations, based on 496 fictive cases that follow a 
normal distribution (Gaussian). a) with random variations only (upper). b) with 1 dB systematic 
‘overestimation’ added to the same random variations (lower). 3 dB standard deviation is ap-
plied in both examples, with coverage factors of 1,0;1,28; 1,6 and 1,96. Risks of failure (meas-
ured value < calculated value incl. safety margin) are indicated to the right. 

(contin.) In the bottom figure (5b), there is a systematic difference where the calculated value 
overestimates the insulation by 1 dB compared to average measurements. This systematic 
difference should also be corrected for, i.e. the margin should be increased by 1 dB. If the 
same 3 dB margin were applied, the risk of failure would increase from 16 to 25%. 
 The field measurements should preferably be taken in furnished rooms in buildings with 
documented constructions under well-controlled quality workmanship. This would yield a long-
term average performance of the products. Calculations of the performance of buildings with 
these product data should agree with the measured average performance in the field. How-
ever, unexpected and unfavorable variations from the calculated value (scatter) endanger 
compliance with the tolerances of the requirements. Such variations may be due to several 
factors, e.g. the quality of workmanship. The design of the product may be improved to reduce 
its sensitivity to errors in workmanship, e.g. by encapsulating elastic mounts etc. 
 The uncertainty of a field measurement is determined by several sources of error, e.g. 
time and spatial averaging of sound pressure levels, reverberation time measurements (slope 
of sound decays), background noise and equipment sensitivity errors. These problems are 
discussed (briefly) later in this thesis. 
 Thus during the design work, both systematic and random variations must be considered 
by means of appropriate safety margins, preferably based on experience of the actual type of 
building productsn. Discussions about and examples of adaptation of input data for building 
elements that cannot be tested in laboratories are presented in section 3. 

 
Another field of interest, where it may be useful to make more research in the future, concerns 
the use of weighted single number values (e.g. ISO 717) and their relation to subjective reac-
tions to sounds (annoyance of the part of the residents). Rasmussen provided an overview of 
sound requirements in the European member states22. In the first edition of SS 25267 in 1996, 
the previously used parameter R’w was replaced by R’w + C50-3150  and in the third edition by 
DnT,w+C50-3150. L’n,w was then complemented by L’nT,w+CI,50-2500. The purpose of these changes 
was to improve the correlation with subjective performance (for impact sound based on stud-
ies e.g. by Hagberg23). The SS 25267 also states maximum C-weighted sound pressure levels 
and third octave band values (31-200 Hz) to prevent disturbing sounds from e.g. heat pumps.  
 However, there are indications that even these changes have not been sufficient to pre-
vent all types of sounds from being judged acceptable based on measurements and criteria 
contained in the SS 25267. This should be investigated further, e.g. with respect to very low 
frequency impact sound through timber joist floors, vibrations of the floor and supporting walls 
as well as tonal/impulsive sounds from heat pumps and similar equipments.  
 Airborne sounds from neighbors are not well described; the current requirements merely 
comprise long-term empirical knowledge of what is needed. Rasmussens comparison of the 
requirements in 24 European member states22 revealed that there are no major differences 
when the various types of requirement are “converted” into “equivalent” single number values 
(R’w and L’n,w). Figures 6a and 6b85 summarize these requirements.  
 

                                                
n A sample measurement taken in a completed building is often considered “the true performance”. This may be 
adequate in an individual case, e.g. for a buyer of an apartment, but it should not be used to ”tune” input data. 
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Figures 6a and 6b. (figures 4.4 in the handbook85 ). Summary of the requirements of 24 mem-
ber states. Left (a); number of EU-states applying an equivalent R’w-value. Right (b); number 
of EU-states applying an equivalent L’n,w-value. Rasmussen converted the requirements based 
on spectrum adaptation terms or volume restrictions to the equivalent R’w (L’n,w) values with-
out the adaptation terms (c.f. ref.22). 
 
The fact that many countries use similar levels in their requirements does not imply that they 
are optimal with respect to modern life and the expectations of people buying and living in 
apartments. Hagberg, Bradley, Vorländer and others have suggested new principles for 
evaluation criteriao.  
 The standardized tapping machine (ISO 140-7) has been questioned with respect to 
lightweight floors, in particular by Japanese researchers (Tachibana) and others. Pyoung et al 
examined psycho-acoustical characteristics of impact ball sounds on concrete floors24. It would 
be advantageous to investigate these issues further, as they affect the perceived quality and 
the competitiveness of different building systems. 

3 Input data  

3.1 Improving accuracy by structured feedback  
As discussed in section 2.3, there are no methods that can be used to exactly determine the 
performance of elements and junctions – all methods suffer from various types of inaccura-
cies. It may be intuitively correct to assume that sample measurements in the laboratory or 
fieldn) are the “true values” and to adapt a calculation model or the input data to fit these 
measurements. However, several experiences and considerations make this assumption less 
attractive and a more feasible approach is suggested in this section, together with some ex-
amples of application. 
 Erroneous measurements should be removed from data that will be compared with cal-
culations, whether these are due to measurement errors (e.g. background noise), bad work-
manship (e.g. air leakage) or merely a poor documentation of the building constructions (im-
precise references). Such measurements may still be analyzed statistically, since they reflect 
realistic experiences from the field. The comparisons may as well highlight needs for improv-
ing measurement routines, workmanship and the description of the constructions. Changes of 
the calculation model or its input data should be the next step, if needed.  
 In the present author’s experience, unexpected differences between calculated and 
measured values can be caused by errors in the description of the building element. These 
mistakes are often detected by comparison between calculations and measurements, e.g. by 

                                                
o A new research initiative has been taken by Rasmussen et al, where European scientists from more than 22 
member states will meet in a EU based COST-activity to coordinate research on these issues. 
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comparing the resonant (fundamental and coincidence) frequencies. Considerable differences 
in the sound insulation at low frequencies may often be explained by erroneous weight datap. 
 Calculations of the performance of elements are sometimes regarded as the “the best 
guess”, but they may (as mentioned in section 2.3) be closer to the long term average per-
formance to which they should be compared than sample measurements. This apparent con-
flict of views is sometimes expressed (with a twinkle in the eye) as 

- Everybody believes in measurements, except those who make them 
- Nobody believes in calculations, except those who make them 

Calculation models may be improved after systematic comparisons with large populations of 
measurements, including a variety of constructions, measurement locations and measurement 
operators. If errors tend to be related to one source of input data for a certain construction 
(element) but are not observed for other sources, it is more relevant to study the specific con-
struction and its input data (rather than changes of the calculation model). An illustration of this 
procedure is presented in Figure 7: 
  

 
Figure 7. Procedure used to establish input data for building elements where it is impossible to 
find laboratory data (e.g. in old houses, refurbishment projects etc) and to verify these by 
comparisons with laboratory and field measurements. C.f. section 3.2.2. 

It should be noted, that if a calculation model (software) is improved to incorporate effects that 
were previously corrected for (manually) after empirical comparisons, the scatter of results 
may be reduced compared to field measurements. Then the input data of elements may have 
to be corrected as well. Such revisions should only be undertaken only after careful compari-

                                                
p A few examples may illustrate this problem: a) new stiffening profiles had been embedded in a PVC window sash 
without updating the product description, b) the surface weight of a concrete slab was reduced from the agreed 
value by encapsulating EPS blocks inside the slab (made to increase span width), c) unexpected air gaps between 
panes of a door (intended to be glued) changed the stiffness and introduced new resonances, as compared to the 
product description. 
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sons of resultsq. Some applications of these procedures are discussed in the following sec-
tions. 

3.2 Walls and slabs - airborne sound insulation 

 
Data from laboratory measurements of many types of building products, e.g. light weight plas-
terboard walls, air inlets, windows, doors, linings, flooring etc, are readily available8 27.
 Pedersen made a broad and systematic analysis of concrete walls and floors in a 
NORDTEST project in 199725, where input data (to parts 1 and 2 of EN 12354) were described 
in the frequency range of 100-3150 Hz for a variety of constructions used in apartment houses 
in the Nordic countriesr. The input data of heavy elements were first calculated according to 
methods described in the informative annexes of the EN 12354 (parts 1 and 2) and then 
modified as described in the NT technical report 42525. In a special study commissioned by the 
Swedish Precast Concrete Federation (Betongvaruindustrin), Pedersen extended the analysis 
to precast hollowcore slab elements (HD/F) and developed a special model for the estimation 
of their airborne and impact sound insulation in moderately sized rooms. The technical note26 
describes the changes of the calculation models.  
 Data for the most typical homogeneous concrete walls and slabs, as well as HD/F slabs, 
were calculated by means of Pedersen’s revised modelss and published in 2001 in the “Nordic 
database” that supplements the BASTIAN software27. These data have since been used by 
acoustic consultants in the Nordic countries (SE, DK, NO, IS, FI)t u. 
 The results of Pedersen’s comparisons with field data26 serve as an example of the out-
come of a comparison between field tests and theoretical calculations. The sound insulation of 
concrete elements was increased in the vicinity of the coincidence frequency (fc), since the 
field measurements in ordinary sized rooms in dwellings rarely exhibited any “weak zone” at fc  
as would be anticipated by the theory. (The coincidence is a well known phenomenon of plas-
terboard walls, where the weak part of the sound insulation close to fc is pronounced by an 
approximately 10 dB reduction, compared to values one octave band below the fc). Other data 
at low frequencies may be more appropriate for very large walls or slabs, e.g. high partition 
walls between cinemas, auditoria etc. The thick-plate correction according to eq. B4 in annex 
B1 of the EN 12354-1 was applied for all frequencies (not only those below the plateau fre-
quency). 
 Warnock has recently made available to the public a calculation software (Sokrates) for 
the prediction of airborne sound insulations of plasterboard walls on studs28. This software is 
fully empirical, it utilizes measurement data from the laboratory of the Canadian National Re-

                                                
q The first regular 5 years review of EN 12354 parts 1-4 did not lead to any comments from the member states with 
respect to the calculation models of heavy constructions. CEN is not responsible for the input data, which are typi-
cally managed by the users or local database owners. The suggestion to CEN TC 126 was to amend the models for 
light building systems, particularly in terms of vibration attenuation at junctions and radiation from flanking construc-
tions below the coincidence frequency. 
r The author and participants from other national laboratories in the Nordic countries contributed data to this project. 
This database has since been continously amended with the aid of the building industry and acoustic consultants in 
the Nordic countries. 
s This calculation model was based on Pedersen’s comparisons with some field measurements. 
t No changes have since been made to these data. Some users of the database have reported good agreement 
between their predictions (in general) and their own field measurements. 
u Comments by the users have led to several changes being made to additional layers in the database,. As a con-
sequence of this “live learning process”, modified data of e.g. flooring have been entered into the database on 
completion of new laboratory or field tests. Since 2007, the underlying test reports are audited before data are ente-
red into the database, c.f. the BASTIAN web-site27. Some application issues (FAQ) are explained on this website 
and also discussed on a web-forum for acoustians (ISAC) in order to support a living learning process. 
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search Institute (NRC) in Ottawav. For the reasons mentioned above, the present author pre-
fers to “calibrate” a software by means of comparing its results to data from several laborato-
ries and various types of product as the conditions at a single laboratory might introduce atypi-
cal systematic errors. An example is provided in the following section. 

 
In Sweden, the modernization of old apartment houses is an important and growing building 
activity, e.g. infill development, expansion of attic stories and conversion of other types of 
building into dwellings. Some years ago, severe annoyance was reported among the residents 
due to poor sound insulation between new and existing dwellings.  
 As a consequence thereof, sound insulation now has high priority during the planning 
process. The standard on sound classification of dwellings19 explicitly advises that building 
acoustic documentation should be presented at an early stage of a project, based on calcula-
tions or measurements. Measurements in the building are often required, but they can only 
confirm the actual conditions. Predicting the acoustic performance of a renovated building 
(where major changes to the construction have been undertaken) calls for theoretical calcula-
tions.  
 Calculations of airborne and impact sound insulation of older Swedish buildings were 
previously hindered by a lack of reliable data. There was some empirical knowledge of typical 
acoustic problems within houses from the 1950-, -60 and -70 decades85, but it was not struc-
tured in such a way that it could be easily applied to future projects. With the retirement of 
several experienced acoustic engineers close at hand (2000-2004), there was an urgent need 
to document their empirical and theoretical knowledge of old houses. A survey was under-
taken among these experts, and some literature data were also gathered.  
 It was realized that the complex range of constructions typical for old houses had to be 
described in a schematic and structured way. Otherwise, the amount of variations in construc-
tion and sound insulation data would have made it impossible to establish a practical and easy 
to use database of constructions.  
 Fortunately, an architectural survey had been undertaken in Sweden some years ear-
lier29, and the constructions typical of each decade from 1880 to 2000 were described and 
illustrated therein. The task was then to assign acoustical properties to the constructions listed 
in the survey. A sound insulation database of some 170 typical constructions suitable for the 
calculation of sound insulation in situ in accordance with the EN 123541 2 3 was then estab-
lished which included data on appropriate renovation measures and some risk factors ‘to keep 
an eye on’ 30.  
 A structured approach to finding consistent data for these constructions was established 
and was presented at the inter-noise congress in Prague in 200431. The strategy chosen was 
to combine all methods and data available as illustrated in the Figure 7 (above).  

- INSUL calculation software32 was used to analyze a variety of constructions that had been 
measured in several laboratories (but were not directly applicable). An empirical correction was 
then established for each category of construction, on the basis of the average and random 
variation of difference between the calculated and measured sound insulation in the laboratory.  

- The input data of each construction in the database (from the architectural survey) was calcu-
lated with INSUL and adjusted by the empirical correction of the category.  

- Sound insulation in some existing buildings was estimated using BASTIAN software27 (with 
input data derived in the previous steps) and the results were compared with field measure-
ments.  

After the comparisons with field data, some additional corrections were made to certain items 
of input data. One correction serves as an example with great practical implications in Swe-
den; the light weight 70 mm aerated concrete wall elements. The retired acousticians and one 
                                                
v This tool was published recently, and the author has not yet made any comparisons with its results. As discussed 
in section 3.2.2, INSUL software32 has been applied and according to its developer (Keith Ballagh at Marshall-Day 
Acoustics) compared extensively with the NRC database. 
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of the manufacturers who participated in the construction of houses with these elements in the 
early 1970’s finally presented a plausible hypothesis as to why the calculation results differed 
considerably from the field measurements. It turned out that in Sweden, these elements were 
mounted in a special manner, i.e. vertically and pre-stressed between the bottom and top 
slabs. Since there was hardly any plaster on their surfaces they were very reverberant and 
had an extremely low sound insulation in the mid frequency domain (about their coincidence 
frequency). When the same material was used for masonry walls with a small gap to the top 
slab and plastered on both sides, the resonant transmission decreased substantially. To provi-
sionally cope with this effect, two sets of data were entered into the database, one for each 
type of mounting. This topic should be investigated further, but as the market for such prod-
ucts has decreased the industry has only a minor interest in resolving this issue. 
 It was also found that some building constructions were difficult to approximate by the 
relatively simple EN 12354 model. For example, vertical transmission where only lightweight 
partition walls are placed on very large heavy slabs, e.g. in cellular offices or horizontal trans-
mission between attached row houses. It emerged that the absorption of these slabs (as seen 
from the sending room) may be provisionally increased to its maximum value 0,5 (according to 
EN 12354-1, annex C) to fit the field measurement results. However, it would be valuable to 
investigate this application further.  
 As illustrated by the above examples, the 3-step procedure combined to some extent the 
consistency of calculated data with the legitimacy of measured dataw. As previously men-
tioned, the empirical corrections were established for each type of construction, e.g. light 
weight inner walls and external facades, lightweight concrete walls, windows and flooring. An 
example of an empirical correction is presented in Figure 8 taken from the inter-noise paper 
(next page). 
 The empirical correction was calculated from the average difference between the calcu-
lated and measured values in order to correct for the systematic error. This means that if the 
calculation overestimates the averaged measured performance, the next calculation case can 
be reduced by the empirical correction to resemble a plausible average measurement result.  
 If the calculated value (corrected by the average difference) would be taken as the final 
result, the probability of underperformance were actually 50%, which would be unpractical for 
most applications. A safety margin must take account of uncertainties due to workmanship 
and measurement errors (random variations). Hence in most cases, the empirical correction 
was taken as the sum of the average difference and one standard deviation.  
 Calclation results with INSUL corrected by these empirical corrections can be assumed 
to give an estimated risk of failure of 16% when they include the average difference and one 
standard deviation, but this is only valid under certain assumptions14, e.g. that the probability 
density function of the empirical correction values approximates a Gaussian density function 
and the data used to derive it are independent and representative of the type of elementsx. 
This idealized situation is illustrated by Figures in section 2.4.1. 
 The distributions of real cases have been plotted In section 4.1.2. These distributions do 
not exactly follow the normal distribution, but have a similar tendency. This means that the 
safety margins may still be applicable although a chosen coverage factor (e.g. 1 or 1,28) does 
not correspond exactly to 16% or 10% risk of failure. 

                                                
w A few participants at the inter-noise conference in Prague commented that this was an innovative procedure 
although no new theory was presented. 
x These assumptions are probably reasonable but unlikely to be fulfilled completely unless very extensive compari-
sons are made (>30 measurements for each type of construction would be desirable). The uncertainty increases 
with smaller samples and coverage factors from the Student t- distribution are more realistic than the Gaussian. 
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Figure 8. Squared line; the average difference between calculated and measured airborne 
sound reduction indices in third-octave bands and weighted single numbers. Dashed; the 
standard deviation. Without marks; the empirical correction that should be added to the calcu-
lated results is the average increased by 1,28 times the standard deviation. Based on com-
parisons of 12 lightweight external walls with various types of insulation and cladding on 
wooden battens. 

Furthermore, database users are recommended to keep a safety margin between sound insu-
lation in situ calculated according to EN 12354 (with this product database) and a required 
value. This margin must be defined by the client or acoustic expert and should take all relevant 
uncertainty factors into account. When no other information is available, a margin of 3 dB is 
often used as a rule of thumb (c.f. section 4.1.2). The empirical correction of constructions 
(elements) should preferably only correct for uncertainties that pertain to the specific construc-
tion, i.e. not for general uncertainty. Applying one standard deviation for the input data of 
lightweight walls was then assumed to provide enough margin, compared to other building 
elements with less variation in the field. In the case of concrete walls and slabs cast in situ,the 
correction was only made for the systematic difference. Hence, the same general margin 
could be applied to calculations of field values, including all types of building elements. 
 As mentioned in the previous section, one disadvantage of the approach presented here 
is that it has to be repeated if substantial changes are made to the method employed for deriv-
ing the data (measurements or theoretical calculations). It should be applied on a local bases 
since building methods and products tend to vary between countries. On the other hand, the 
empirical correction may help to determine what needs to be improved.  

Calculated – Measured airborne sound insulation (dB) 
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3.3 Walls and slabs - impact sound insulation 

 
The calculation model in annex B of the EN 12354-2 was applied for homogeneous concrete 
floors. For precast HD/F concrete slabs, Pedersen’s comparisons25 26 revealed an increasing 
impact sound pressure level in line with increasing frequency that was higher than expected 
on the basis of the monolithic slab theory. This was assumed to relate to the joints between 
the HD/F elements, which do not firmly attach the sides of the elements (with respect to both 
displacements and rotations). Excitation with the standardized tapping machine (defined in 
ISO 140-7) concentrates on one or two elements at the time and thus differs from airborne 
sound excitation that affects all elements within the room.  
 Some analyses conducted by SBI (Stålbyggnadsinstitutet) with ultrasound equipment 
and vibration transducers confirmed that there is an increasing attenuation of vibrations across 
each joint with increasing frequency33. This study also comprised an overview of field results 
for various types of precast HD/F as well as massive concrete slabs. The results are summa-
rized in Figures 9a and 9b (from ref. 33).  
 The comparison by SBI showed two tendencies that support the application of a calcula-
tion model for estimating the performance of HD/F elements in the field: the performances of 
HD/F were less in the laboratory than in the field; and the variations in the field results were 
larger than expected (at the time of the study, when the EN 12354 had not yet been devel-
oped).  

 
Figures 9a and 9b. The comparison by SBI revealed two tendencies that support the applica-
tion of a calculation model to estimate the performance and not just evaluate empirical data: a) 
left, the airborne sound insulation of “Håldäcksbjälklag” (HD/F) in the laboratory (circles) was 
less than in the field (bars). b) right, the field impact sound levels (bars) varied more than ex-
pected at the time of the study and were lower (better) than in the laboratory. From ref. 33. 
 

 
An exception to the procedure described in section 3.2 was that the impact sound insulation of 
light weight timber joist floors was adopted directly from laboratory measurements and their 
impact sound levels were simply increased by 3 dB. This margin (3 dB) was suggested by 
consultants on the basis of their empirical experience. The reason for this correction is that 
their performances tend to be impressive in the laboratory but more moderate in the field. One 
explanation for this difference may be flanking transmission through the supporting studs and 
walls, which is not handled by the calculation model in the present version of EN 12354. In 
addition, transmission losses at junctions between light weight constructions are not yet well 
described, as mentioned in section 2.2.  
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Until further knowledge is gained about such constructions, one should keep a large margin to 
requirements or minimize the use of constructions that are too sensitive to the quality of 
workmanship. An example from Luleå University of technology (Johansson et al, presented at 
the Inter-noise 200034) reports the results of impact sound measurements in 170 dwellings 
with the same type of lightweight floor construction. Figure 10 illustrates that the uncertainty of 
performance of such constructions should be determined in the field and not only in the labo-
ratory. 

 
Figure 10. Impact sound level and index for 170 floors. From ref. 34. 
 

3.4 Numerical analyses of vibration reduction at junctions 
There are calculation models in annex E of the EN 12354-1 for the estimation of a vibration 
reduction index of junction between 2-4 homogenous plates. Gerretsen presented Figure 11 
(at a Nordic meeting 2008) with an estimation according to a Dutch model and empirical data 
from Westphal, Gösele and Kihlman. The conclusion was that such formulas might be a reli-
able basis for Kij when the building elements are homogeneous.35.  
 The expressions based on mass ratios have been discussed e.g. in the CIB/WG 51 sci-
entist forum. A study conducted by the author between 1987 and 198836 provides some refer-
ences to analytical approaches to this problem. In many applications however, flanking trans-
mission through more complex junctions plays an important role, e.g. facades or ceilings with 
plates embedded in profiles of steel or aluminum. A group of measurement standards have 
been developed for the flanking sound reduction index and the vibration reduction index of 
junctions (EN ISO 10848 parts 1-4).  
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Figure 11. Vibration level difference (D) of two homogenous slabs on each side of a junction in 
relation to the mass ratio of a massive wall connected firmly at right angles to the slabs. Solid 
line, calculated according to an empirical Dutch model. Points, empirical data from Westphal, 
Gösele,calc by Kihlman. The Figure is taken from the proceedings of B-NAM 2008 (Gerretsen).35  

The values differ slightly from Figure E1 of EN 12354-1 but the tendency is similar.  
 
The author applied the finite element method (FEM) to estimate the vibration level difference 
of plates connected to one or two common junctions. The goal was to verify whether FEM 
could be a general tool for estimating the vibration reduction of junctions of more or less arbi-
trary shape and hence applicable to complex types of junction.  
 The calculations in the FEM-study were made for perspex plates, since these have 
known properties and are easy to attach in order to obtain a completely homogenous junction 
(it becomes transparent). The first parts of the study explored whether the approach was fea-
sible. The calculation results were compared with measurements made in the same narrow 
frequency bands and the same discrete accelerometer positions as the mesh in the FEM-
model. The results were also compared to values estimated by a SEA-analysis.  
 An example of agreement between calculations and measurements of the ratio of kinetic 
energy between the plates is presented in Figures 12a and 12b from reference (36). The “H-
model” referred to in the legend to figure 12 can be found in Figure 15 (below).   
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Figures 12a and 12b. The energy ratios of the H-structure in Figure 15. a) top, ratio of spatial 
averaged kinetic energies E2/E1 between plates 2 and1. b) bottom, energy ratio E5/E1 between 
plates 5 and1. Bold solid lines (___), experimental values in narrow bands. Dashed lines(_ _ 
_), discrete frequency values predicted by FEM. Thin solid lines show third-octave band val-
ues predicted by SEA. Bold solid line depicts equal energy of both plates (their ratio is 1). 

The agreement is not perfect in the narrow frequency bands but improves when a frequency 
band average is calculated. The agreement with the solid thin line, derived by means of an 
SEA-calculation was reasonable on average. The structural damping of the system was al-
tered a few times within the expected confidence interval, which shifted the calculated values 
closer or further away from the measured “true” values. The author concluded that although 
the vibration level difference may be less than expected at some frequencies (meaning that 
more energy travels from one plate to the other), the agreement could still be satisfactory for 
engineering purposes provided some averaging is applied.  
 To improve accuracy, appropriate variation of input data should be made with respect to 
their expected probability density functions (PDF) and simulation results should then be aver-
aged to reduce the influence of random errors. The author has not performed such analyses, 
but Mace and Thite presented some work of this nature at the inter-noise conference in Pra-
gue 200437. Their paper also lists other articles related to this issue. 
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 Coyette presented some interesting graphs at the LeMans conference in 200538 which 
illustrate certain effects on the frequency response function (FRF) caused by uncertainties in 
the input data to the FEM-calculations. The main sources of uncertainty can be divided into 
three categories (Coyette’s descriptions are summarized briefly by the author): 

- Finite elements and modelling assumptions do not reflect the function of the real dynamic sys-
tem 

- Numerical errors in the model and calculation (interpolations, equation solving..) introduce er-
rors 

- - Input data approximate the behavior of the materials, e.g. one must often apply linerized and 
frequency independent parameters (mass distribution, stiffness, damping) 

An impression from Coyette’s presentation is that the statistical analysis proposed by the 
author in 1991 may be more complicated to implement than first anticipated. There are several 
reasons for this, one being the large number of parameters that have to be randomized. A 
Monte Carlo technique must be applied since there can be no presumptions about the PDFs 
of the input and computational parameters, as this would require great computational effort.  

 

Figure 13. Dispersion of the vertical displacement frequency response function (FRF) 
for a plate with random flatness default 
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The results presented in Figures 14, taken from Coyette’s paper, may increase understanding 
of some underlying mechanisms behind an empirical observation in the field of building acous-
tics; that resonant phenomena in narrow bands deduced from analyses of small dynamic sys-
tems tend to be “smoothed” in the larger scale of a building. This may explain why SEA-like 
estimations of vibration velocities tend to fit measured data (in third octave bands) better (on 
average) than anticipated on the basis of a detailed (deterministic) analysis. This is of course a 
benefit, from a practical perspective; the opposite would be more troublesome. It is beyond the 
scope of the present thesis to expand this discussion, but it is certainly tempting to do more 
work in this area in the future! 
 The FEM analysis in this author’s paper36 also revealed a phenomenon that is well 
known in structural acoustics, namely the occurrence of global modes. A plate connected to a 
plate of the same size and dynamic properties via an intermediate structure of a different size 
or with different properties may actually vibrate more than expected from a SEA analysis, as 
illustrated by Figure 15 taken from the same paper.36 In terms of SEA, this corresponds to a 
negative energy flow between plates 2 and 3.  
 It is reasonable to expect global modes of connected plates in buildings where the slabs 
of different stories are made of the same materials and dimensionsy. This would reduce the 
accuracy of predictions carried out in accordance with the EN 12354-5 (compared to field 
measurements), particularly where there are several wall or slab intersections between the 
plates. Unfortunately, most field measurements known to the author were made in the vertical 
direction, where direct transmission through the slab dominates the transmission. This will be 
discussed later in this section. 
 Craik and A. Thancanamootoo examined the effect of including in-plane waves in a sta-
tistical energy analysis model of a building39. They stated that: “It is shown that the additional 
waves make little difference close to the source, but large differences can occur far from the source if 
they are omitted.” This phenomenon can be illustrated by Figure 15 (below). The effect of in-
plane waves need to be investigated further with respect to their impact on structure-borne 
sound transmission across multiple junctions. 

                                                
y There are undocumented experiences reported about structure-borne sound where the most disturbing sounds 
were actually detected several rooms away from the source room. This need to be investigated further. 

Figures 14a and 14b. Articulated truss structure; fuzzy frequency response function (FRF) 
of the displacement field (all parameters having a) left: 3% or b) right 10% of variability 
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The main purpose of the author’s study was to determine whether FEM could be used to ana-
lyze complex junctions between plates, which cannot be analyzed by other models, e.g. modal 
expressions or statistical energy analyses (SEA). It was concluded that FEM can indeed be 
used for such analyses, but great care has to be taken to ensure the validity of the numerical 
analysis, i.e. that it yields reliable resultsz.  
 A verification procedure was suggested, where numerical results are compared to ana-
lytical results, using structures that can be calculated exactly. An example is presented in Fig-
ure 16 from the paper36, where the FEM results are compared to a frame analysis that is as-
sumed to be exact (i.e. exact when all conditions apply in reality). It appears that in this case 
the FE-analysis was in good agreement. 

                                                
z When this study was planned, several researchers were sceptical about this approach and this author could find 
no previous study to support it. However, computer resources were rapidly developing and their costs reducing, 
which may be one reason for why this approach had not yey been applied. 

Figures 15a and 15b. Five Perspex plates forming an H-structure, suspended in soft 
springs, excited vertically at the corner of the plate 1. Dashed lines; the element mesh. 
Solid lines, illustrating two mode shapes. a) top figure, frequency 584 Hz. b) bottom figure, 
frequency 900 Hz. 
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It was also proposed that consecutive FEM analyses might be applied in order to estimate 
coupling loss factors for SEA analyses of complex systems in which the specific type of junc-
tion appears. Guyader later suggested this as well40. However, as mentioned above, this part 
of the work remains to be done and is not discussed further in this thesis. 

3.5 Façade elements - airborne sound insulation 
For many years the Swedish requirement on the protection of dwellings with respect to exter-
nal sounds has been expressed as the highest sound pressure levels that may occur in the 
dwelling, given as the LpAeq (the A-weighted 24 hour equivalent sound pressure level) as well 
as the LpAFmax (the A-weighted maximum sound pressure level with F time weighting). This 
requirement may appear clear with respect to the protection of the inhabitants, but practical 
experiences reveal that it is very complicated to implement and verify in building projects. 
 Many questions have been raised during the planning phase: which traffic conditions 
should be assumed for the estimation of the outdoor sound pressure levels? Who is responsi-
ble for the composite sound insulation of the facade (i.e. the outer walls, windows, air inlets 
etc)? Is the maximum sound pressure level the highest value that can occur at any time, or an 
average of events?  
 The sound classification standards19 20 and the Boverket handbook 85 provide guidelines 
that clarify some of these questions. In 2003, this author proposed a change that was adopted 
in 2004; the requirement is expressed directly as a sound insulation requirement, the value 
being determined from the outdoor sound pressure level provided by the client or the authori-
ties. The definitions of outdoor sound pressure levels include application conditions, i.e. they 
state that the levels refer to yearly traffic averages. The designer was assigned responsibility 
for the sound insulation of the facade, which implied selecting appropriate products with re-
spect to the margins for the types of products used in the actual building. This procedure is 
described in a Euronoise paper from 200641. 
 Sound insulation of windows and the main sources of uncertainty in the determination of 
their insulation in the laboratory as well as in the field, are discussed extensively in a 1998 
report (in Swedish)42. Experiences of the performance of windows in the field were reported by 
Jonasson in 1985, based on which a general safety margin of 3 dB was recommended43. This 

Figure 16. Point receptance (displacement/force) of the free end of a steel frame, with the 
other end clamped. Solid lines; predicted by means of an exact frame analysis. Dashed 
lines; predicted with FEM. Dimensions and material properties of the structure, c.f. ref 36. 
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value may be appropriate for many types of window, but there are both better and worse expe-
riences with modern windows that call for individual assessment of the safety margin needed 
for each product including and its mounting method. 
 Hveem and Homb presented “Håndbok 47 – Isolering mot utendørs støy”44, a detailed 
and widely used façade insulation handbook.  
 Saarinen examined sound insulation in the field compared to estimations made with the 
EN 12354-3. This Finnish study revealed a standard deviation of 3.8 dB in the difference be-
tween the calculated and measured values of twelve facades45. The 3,8 dB systematic devia-
tion should be examined further by looking carefully into the underlaying assumptions.  
 The location of the outdoor microphone is described in ISO 140-5. This issue has been 
discussions for many years as it seems that consultants do not feel confident about the ISO-
method for all circumstances in the field. For instance, Bradley and Chu examined some prob-
lems related to the measurement of incident aircraft noise46 and recommended free field posi-
tions for the microphone rather than façade-mounted microphones. Other studies on this issue 
were found but explored furtheraa. 

3.6 Structure borne sound from service equipment 
The section 4.4 of the EN 12354-5 describes models for the prediction of structure-borne 
sound from service equipmentbb. Gerretsen provided a short background to the standardized 
calculation model at Inter-noise 2000 in Nice, France47 and Euronoise/Acoustics in Paris in 
200848. To apply the model, input data for all equipment used in buildings (sources) should be 
determined and made available to the designers. To the knowledge of the author, no compari-
sons with field measurements exist. In this section, only methods to derive input data for 
sources are discussed. 

 
A new measurement standard was issued by CEN in 2009; the EN 15657-1 for laboratory 
measurements of structure-borne sound power of equipment with high mobility placed on 
building structures with low mobility. This method is based on a so-called reception plate, on 
which the equipment being tested is mounted. The average vibration velocity levels of the 
plates are determined during operation of the source. The injected power is indirectly esti-
mated from the power losses of the reception plates, which are assumed equal under steady 
state conditions. The basic principle of this method is similar to the well-known ISO 3741 
method for airborne sound power measurement in a reverberation chamber.  
 Schievenels, De Geeteren and Ingelaere described an application of the EN 15657-1 at 
the inter-noise 2009 in Ottawa, Canada49. They described some promising agreements but 
also pointed out several complications that need to be investigated further: “ The promising re-
sults with the ISO tapping machine show that the RPM assumptions are valid with this broadband 
source and that the model parameters in EN 12354-5 are well estimated by the annexes in EN 12354-1. 
Only for lower frequency bands, there are larger deviations between predictions and measurements. 
These might be due to limited eigenmode density on the reception plate and/or less accurate estima-
tions of model parameters by EN 12354-1. The results for the washing machine depend on the mount-
ing…  If the concrete basecc is shortcut by jacks as supports, the agreement between prediction and 
measurement is comparable with the ISO tapping machine case, suggesting that the RPM can also be 
used for low-frequent tonal force sources.” 

                                                
aa e.g. 1) Testing the acoustical corrections for reflections on a façade. Memol G. et al. Applied Acoustics Vol 69, 
Issue 6, June 2008. 2) A method for field measurement of the transmission loss of building facades. P.T. Lewis 
Journal of Sound and Vibration, Vol 33, Issue 2 March 1974. 3) Sound fields near building facades – comparison of 
finite and semi-infinite reflectors on a rigid ground plane. C. Hopkins, Y. Lam. Applied Acoustics, Vol 70, 2009. 
bb The section 4.2 of part -5 describes a calculation model for airborne sound transmission through ducts from ser-
vice equipment. This issue has not yet been addressed by the author, but some manufacturers have been informed 
about the new standard (2009). The part 4.4 also provides examples of structure-borne typical sources in buildings. 
cc The base was actually a MDF-board on the jacks, not the concrete base, its mobility being considerably higher. 
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A field method has been developed by the author in cooperation with Larsson (SP Borås)50 on 
the basis of principles suggested by Gerretsen (TNO). It has now been adopted as the NORD-
TEST method NT ACOU 11751. The method is based on the principle of substitution. The vi-
bration levels of a more or less arbitrary heavyweight reception plate are first measured when 
a source with high internal mobility is in operation. The vibration levels are then measured at 
the same positions on the reception plate when a substitution source is in operation. The sub-
stitution source employed in NT ACOU 117 is a standardized tapping machine in accordance 
with the ISO 140-7 as is also used to determine impact sound of floors. A round robin test of 
this method has been performed, where a heavy laundry machine on three different bases 
was used as a source, as illustrated by figure 17 from a paper submitted to the Noise Control 
Engineering Journal52.  
 There were critical arguments against the reproducibility of the substitution method in the 
course of preparing the pilot study. The source strength determined either by comparison with 
a tapping machine (standardized in EN ISO 140) or by the method in EN 15657-1 can be 
strongly affected by different modal vibrations of the supporting floor which would alter the 
source strength in a building, as compared to the strength determined in the laboratory. The 
relation of the performance in the laboratory compared to in situ must be well known in order 
to make the test results from the laboratory to be applicable in practice. It was therefore nec-
essary to perform a round robin test, including dedicated impact sound laboratories as well as 
realistic buildings with a variety of heavyweight floor constructions. 

 

Figure 17: Electrolux Laundry Systems type Wascator 465H washing machine, on a) the 
framed base with a MDF plate on 4 hand-operated jacks, b) the concrete filled steel plate base 
(200 kg) resting on massive steel cylinders, c) the same concrete base resting on Sylomer® 

soft polymer cylinders (f0 12 Hz), d) the drum and the eccentric load (a 1,5 kg steel plate 
screwed to the side of the drum) 

Figure 18 (next page), which is also taken from the NCEJ paper  illustrates the result of the 
inter-laboratory comparison.  
 In the round robin study, the differences between the vibrations from the washing ma-
chine and the tapping machine were calculated from the spatially and logarithm averaged vi-
bration level of each source, essentially following the ISO 140-8 standard for determination of 
the reduction of the impact sound of flooring.  
 Subsequently, another way of calculating the difference of vibration levels was exam-
ined, and finally adopted in the NT 117 method (instead of the ISO 140-8 method). In the NT 
117-method, the difference in level at each accelerometer position was averaged arithmeti-
cally over all source and accelerometer positions. That is, each difference is regarded as an 
independent estimate of the vibration level difference (and hence force level difference) of the 
source compared to the tapping machine. 
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Figure 18. Solid lines indicate differences between the spatially logarithm-averaged vibration 
levels of the standardized tapping machine and the washing machine on three types of base, 
placed on 9 concrete floors. Averages of 4 speeds 720-1080 rpm (12-18 Hz). Dashed lines 
show the same differences but reduced by one standard deviation of the differences deter-
mined by the participating laboratories. In an individual case, the scatter of results could vary 
much more among different positions of the source, rotational speeds etc, see below. 
 
Therefore, the arithmetic average difference of levels determined in each position is used. 
Their standard deviation is calculated. According to NT 117 the final result is the average re-
duced by one standard deviation (of the average) in order to compensate somewhat for the 
uncertainty of the method. In cases where only one source position is used, two standard de-
viations should be subtracted from the average. The Figures 19a and 19b illustrates the aver-
ages and the standard deviations of the average using the two methods of averaging, calcu-
lated for one specific mode of operation, using one machine base and one floor.  
 The standard deviations in Figures 19 refer to half the confidence interval of the aver-
age, for the 28 results used, using 1,7 as a coverage factor. The standard deviation between 
individual positions is about 2 times larger than shown by the confidence interval of Fig. 19b. 
 The NT 117 is a simple and robust measurement method suitable for use as a survey 
method. The lack of a practical method has been a major drawback for the building industry, 
particularly manufacturers of building service equipment such as HVAC systems, elevators, 
laundry machines, sanitary equipment and kitchen furniture. The results from the round robin 
study were satisfactory and a NORDTEST method was adopted in 200951. However, there 
may still be a need for laboratory methods with higher precision that justify the use of more 
advanced measurement resources to be applied. Greater efforts should be made to develop 
and test methods that are both practical and accurate. They should preferably handle the need 
to characterize a machine at different rotational speeds (e.g. an interpolation scheme) as well 
as presentations of some weighted single numbers. Some kind of classification scheme could 
be developed to guide consumers to choose machines that are not likely to disturb neigh-
bours. 
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Figures 19a and 19b. a) top; spatially averaged vibration levels determined in two ways. b) 
bottom, the single sided 90% confidence interval of the averages (n=28, coverage factor 1,7) 
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In 1987, the author conducted a short study in cooperation with Kihlman and Peterson on the 
measurement uncertainty of point mobilities of concrete slabs53. This study may be of interest 
with respect to the use of the EN 15657-1, where the point mobility of the reception plate is 
determined.  
 Previous works by Peterson raised the question as to whether ordinary force and vibra-
tion velocity transducers could be applied directly to the surface of a concrete slab, or if spe-
cial intermediate devices should be used. This question was raised because it had been ob-
served that the local deformation of the surface of the concrete slab introduced a “spring-like” 
impedance between the transducers and the plate, which acts as a vibration isolator between 
the transducer and the slab. This is illustrated by Figure 20 taken from the report.53 

 
Figure 20. Displacement of the surface of a concrete floor, when excited by a local force on a 
small surface. From ref. 53. 
 
In a point mobility measurement, the local deformation of the surface turns the phase of the 
complex mobility of a heavily damped plate from almost zero (with a rigid surface) to close to 
90 degrees. An error of one degree in the detectors of the signal analyzer and transducers 
corresponds to a fraction of a decibel when the phase is close to zero but increases to almost 
1 dB for phase angles of more than 80 degrees. Furthermore, if this increased motion would 
create additional losses (friction, viscous motions of the particles of the concrete), the real part 
of the mobility would not be reliable for estimating the vibration power injected into and propa-
gating to all parts of the slab. Fortunately, it was concluded that if the vibration transducer can 
be placed on the opposite side of the force transducer, or an indenter applied to increase the 
surface of the force transducer (and hence reduce the local compliance of the surface), the 
measurement accuracy is not seriously affected by local reactions at the point of excitation. 
The principle of the indenter is illustrated by Figure 21 from the report. 
 Another method is to place two accelerometers on each side of and at a short distance 
away from the force transducer, from which the average accelerations are used for the mobil-
ity ratio. The author has no knowledge of the accuracy of this (latter) method. 

 
Figure 21. A force distribution indenter, as suggested by Peterson. From ref. 53. 
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3.7 Sound absorbers for reverberation control 
The absorption of sound for specific products (absorbers, acoustic ceilings etc) as well as for 
generic objects (cupboards, shelves, chairs, curtains) etc. may be determined in the laboratory 
according to ISO 354 or the similar ASTM method (C 423). At the DAGA conference in 2009, 
Vercammen presented the results of a round robin in which 13 laboratories participated, and 
concluded54:  
“ It is known that the inter laboratory reproducibility of these measurements is not very well. At this mo-
ment the differences of results between laboratories are much larger than can be accepted, e.g. from a 
jurisdictional viewpoint in case of building contracts and liability.”  

 An example of the scatter of results are taken from Vercammen’s paper: 

 
Figure 22. Measurement results of the sound absorption in 13 laboratories. The solid black 
line gives the average result. From ref. 54. 

Other round robin studies will be performed in order to evaluate new mounting conditionsdd. 
 Another source of uncertainty is the translation of sound absorption of materials and 
products into an estimate of the reverberation time of a room, which must fulfill certain re-
quirements. In SS 25268, the designer is assumed to calculate the amount of absorption that 
must be present in a room in order to meet the prescribed reverberation time.  
 There are three requirements that must be fulfilled in each type of premise, e.g. the 
classrooms within the same school unit: 

- the average reverberation time in octave bands 250-4000 Hz ≤ Treq 
- the reverberation time in each of the octave bands 250-4000 Hz ≤ Treq+0,1s 
- the reverberation time in the octave band 125 Hz ≤ Treq+0,2s 
However, the building industry wants to apply simple design rules and not make calculations 
pertaining to each individual room. Some common design schemes were presented by this 
author, with the purpose of facilitating the choice of sound absorbers55.  

                                                
dd CEN/TC 126 formed a working group (WG 11) in 2008 to develop test codes for suspended, acoustic ceilings. 
The goal is to determine differences in laboratory measurement results and to suggest better mounting conditions 
in order to improve the reproducibility of the tests. Several European laboratories are invited to participate in a 
round robin test of sound absorption measurements aimed at evaluating changes in mounting conditions. 
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 The classification system for absorbers in to the ISO 11654 standard is frequently used 
in Sweden to prescribe an amount of sound absorption in common spaces. Typically, mini-
mum coverage of the ceiling is prescribed, where any sound absorber of the stated sound ab-
sorption class (A-D) is deemed acceptable. The coverage is often given as a percentage of 
the ceiling area because of its ease. However, there are evident risks that the resulting rever-
beration may differ considerably from the requirements when this apparently simple procedure 
is applied, particularly at 125 Hz. Graphs and tables from this paper illustrate this problem.  
 Tables 1 and 2 (below) were calculated to allow first-hand assessment of the amount of 
sound absorption that is needed in a room for speech communication, based on a coverage 
factor defined as the ratio of the area of sound absorbers to the area of the ceiling. 
 The third row in Tables 1a and 1b shows an approximate fraction (in %) of the available 
commercial sound absorbers in the database that may fulfill the requirement when covering 
the ceiling as listed in the left hand column. 10% of the database within a sound absorption 
class typically means that 1-3 products from at least 2 manufacturers fulfill the requirements. 
90% means that most products of this class would fulfill the requirements if they cover the 
larger area listed in the right hand column. If a restricted range of products can be accepted, it 
is enough to prescribe the 10%-column. If a wider range is preferred, the 90%-column is more 
appropriate. 
  The typical absorption value stated in Table 1 is predominantly from the 250 Hz octave 
band when the product belongs to class A or B. Other octave bands may determine the class 
and coverage needed for the C-classified products.  
  Since the ISO 11654 rules do not take account of the 125 Hz octave band, it was neces-
sary to investigate the sound absorption in this band and calculate the required coverage. The 
results are presented in Table 2. Some plasterboard products with a large empty space to the 
slab floor (plenum) might have good sound absorption at low frequencies but need additional 
absorption at high frequencies to meet all requirements. Thus the coverage from table 2 may 
be greater or smaller than indicated by table 1. Tables 1 and 2 may be too complex for practi-
cal applications, thus an attempt was made to formulate simpler tables (see the paper55).  
 The large variation in acceptable coverage of sound absorbers with the same ISO-
classification leads to the conclusions that this system would be more useful if it also consid-
ered sound absorption at low frequencies (125 Hz) and narrowed the tolerances within each 
class.  
 An alternative procedure in line with the EN 12354-6 is suggested in paper55, based on 
calculations of sound absorption and reverberation times in the 125-4000 Hz octave bands 
and taking the relevant conditions of the room into account. This simple calculation scheme 
provides a table of coverage factors for each of the specific sound absorbing products listed in 
the database, which is also adapted for all requirements stated i SS 25268. The author con-
cludes, that the classification scheme of ISO 11654 is obsolete and should be removed from 
the standard. 
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Table 1. Coverage of classified sound absorber vs. reverberation time of a furnished space. Intended for 
rooms without requirements at 125 Hz. Room absorption from the handbook85. 

 
Table 2. Additional 125 Hz octave band requirement for furnished rooms. 

 



Managing uncertainty in building acoustics - Comparisons of predictions using the EN 12354 standards to 
measurements. Simmons, C. Luleå university of technology 2009.   

37 

4 Field measurements and some comparisons to 
calculations  

4.1 Airborne and impact sound insulation between rooms 

 
A short study performed by the author contributed some information about the expected un-
certainty of field measurements and field calculations referring to the same building site (i.e. 
variations in the properties of the test object were omitted) 56 57. 
 An inter-laboratory comparison was made in situ with the participation of 8 laboratories. 
The operators measured airborne and impact sound insulation of 7 partitions according to the 
ISO 140 standards and some additional guidelines. Variations in the airborne sound reduction 
index and its components were analyzed. In the draft ISO 140-214, this test is referred to as a 
type B-test, where the test objects are the same but the operators and equipment are 
changed. Table 3 from the paper summarizes the resulting standard deviation and single 
sided confidence intervals between operators.  
Table 3. Variation in the measured airborne sound reduction index and spectrum adaptation terms, 
measured by 5-8 operators in 7 spaces. 

 
 
The comparison of the results revealed that the main part of the uncertainty in the measured 
sound reduction index is pertinent to the sound pressure level difference between the trans-
mission and receiving rooms Ls-Lm, which depends on the amount of time and spatial averag-
ing. In the guidelines of the informative annex H of the Swedish standard SS 25267 (written by 
the author) as well as in the ISO 140, it is stressed that microphone positions must be distrib-
uted over the entire measurement space to minimize the spatial sampling errors.  
 Audits of measurement operators indicate that this is a risk factor in measurement rou-
tines when operators do not allow sufficient time to use the number of source and microphone 
positions needed to reduce the uncertainty of the average. A common explanation for this is 
the lack of time at the building site, in particular when the construction work has to be stopped 
during the course of measuring the sound insulation. 
 The two cases omitted in the right hand columns of Table 3 were measurements in two 
spaces where it was particularly difficult to measure the sending room sound pressure level in 
accordance with the standard. One was a very narrow room, the other an open space (an 
atrium) in front of the receiving room. The values in Table 3 were contributed to the ISO work-
ing group dealing with the revision of ISO 140-214 (situation B). Table 4 provides estimates of 
the uncertainty typical of three different types of round robin tests. 
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Table 4. Standard uncertainties for single-number values according to ISO/WD 140-214, in dB. 

 
One of the variables that affects the sound insulation was discussed in this paper; the sound 
absorption term which is derived from the area S of the common partition, the volume V of the 
receiving room and its reverberation time T. The sample standard deviation of the factor 
10*logST/0,16V according to ISO 140-4 was determined to 0,6–0,8 dB from the measure-
ments, including the variation in reverberation time T.  
 A brief survey was made among the operators on the choice of S and V for 5 additional 
schematic cases with a constant value of T. The cases comprised dwellings with open plan 
constructions, or regular spaces with several wardrobes or a toilet room covering parts of the 
partition and receiving room. The sample standard deviation was 0,7 dB when one outlier was 
removed from the data set, and 1,2 dB including this outlier. The results indicated, that it might 
be worthwhile to attempt to improve the measurement standard instructions to make the 
choice of S and V less ambiguous. 
 Wittstock compiled a variety of uncertainty studies in a PTB-paper (in German58), per-
taining to the ISO/WD 140-2 type situations A, B and C14. He pointed out variation in the pro-
duction quality of certain elements, e.g. windows, which could depend on seals etc. Aging of 
elastic materials could also endanger the performance of e.g. windows (air leakage through 
sills). This scatter of results should be examined by the manufacturer and considered in the 
properties declared for this product8. 

 
In the same Nordtest project56, the author also made field calculations of airborne and impact 
sound insulation for some building cases and compared the results with field measurements 
(performed by different consultants across the Nordic countries). The calculations were made 
according to parts 1 and 2 of the EN 12354, using BASTIAN® software and the Nordic data-
bases27. The results of the comparisons are tabulated in Table 5, from the paper57. All com-
parisons refer to vertical sound insulation and heavy slabs. 
 More data have been added to the analyses since publication of the Nordtest report NT 
tech 603. The values within parentheses were recalculated to include these additional data. 
Table 5. Comparison between measured and calculated sound insulation57 (amended with new data) 

Difference calculated- 
measured insulation,  
in decibels: R’w R’w + C50-3150 L’n,w L’n,w + CI,50-2500 
…between the 
averages -0,17 (-0,29) 0,42 (0,19) 1,87 (0,7) 1,91 (1,7) 
…standard  
deviation 2,3 (2,4) 1,6 (2,0) 4,4 (3,4) 2,9 (3,1) 
…90%-confidence limits  
(5% risk of non-
conform.) 3,5 (3,5) 3,0 (3,4) 5,1 (4,7) 2,7 (3,3) 
Number of  
comparisons 26 (34) 36 (44) 30 (71) 43 (51) 
Measured average  
of sound insulation 59,4 (58,8) 57,6 (57,3) 54,1 (50,4) 51,3 (51,6) 
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The differences in Table 5 have been sorted into 0,5 dB classes and plotted in figures 23a and 
23b to illustrate the probability distributions which have been assumed to resemble Gaussian 
probability density functions in course of preparing the safety margins. 

 

 
Figures 23a and 23b. a) top; distribution of differences between the calculated and the measu-
red airborne sound reduction indices (R'w and R’w + C50-3150). b) bottom; calculated-measured 
weighted normalized impact sound pressure levels L'n,w and L’n,w + CI,50-2500. In both figures, 
positive differences (x-scale) imply better measured results than calculated. 

The average and standard deviation values in Table 5 refer to all differences. Since the stan-
dard deviation of the measurement methods appears to be in the order of 1 dB (Table 4), un-
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certainty of input data (elements, junctions) and the calculation model seem to dominate the 
combined uncertainty in Table 5.  

Another question that might be of interest is whether there are systematic differences between 
the predicted and measured values when high or low sound insulation values are compared. 
For this purpose, regression analyses were also made to find any trend in this direction. 

 
Figures 24a and 24b. Regression analyses of measured vs. calculated sound insulation.  
a) left; weighted airborne sound reduction index (R'w and R’w + C50-3150).  
b) right; weighted normalized impact sound pressure level L'n,w and L’n,w + CI,50-2500 

The regressions illustrate a tendency that may have a practical explanation: the higher the 
requirement and calculated value, the more sensitive the real insulation to errors of workman-
ship as well as of measurements. During the setup of the calculation model, it may be useful 
to include more transmission paths and to simulate the effects of deviations in the real con-
structions on the site, as this serves to identify risks and indicate where greater care must be 
taken to ensure the expected sound insulation. The regression lines may be uncertain be-
cause most data are centred in a narrow range of insulation values that correspond to Swed-
ish building practice. When a few statistical outliers were removed, the correlation coefficient 
increased and the slopes approached the 45 degree line by a few degrees.  
 The conclusion from this analysis is that for the purpose of ordinary buildings (and stan-
dard requirements), a fixed safety margin may still be more adequate rather than a margin that 
increases with the expected sound insulation. 
 On the basis of the results of the Nordtest study, some practical safety margins for users 
of the software and the databases were estimated for the purpose of predicting the sound in-
sulation of heavy building partitionsee, with respect to an estimated risk of 5-10% that a field 
measurements is disapproved. The margins presented in Table 6 have been recommended to 
consultants for the last 5 yearsff.  

                                                
ee To the knowledge of the author, no comparisons of this kind have been made for lightweight constructions, , 
except for Pedersens results, c.f. next page. 
ff To date, the margins in Table 6 have not been questioned which indicates they may be sufficient for most applica-
tions (although this indication should not be taken as evidence). 
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Table 6. Recommended safety margins for calculations of heavy building constructions. 

 
The new data do not call for any changes in these recommendations to designers. However, 
there are some underlying assumptions in the analyses presented in the paper, which should 
be commented upon:  

- The field cases may be considered representative of the heavy constructions widely used in 
Sweden, but suitable margins for other types of constructions may differ.  

- The field cases were not randomly chosen but merely made available to the author by clients 
and colleagues in the Nordic countries. Thus, they may be biased for various reasons, e.g. 
measurements were taken because of complaints about poor sound insulation, or on the con-
trary, they were selected because they were assumed to perform well. Both reasons would in-
troduce systematic errors into the results, fortunately of opposite signs. 

- Any systematic influence of only one operator making all calculations was compensated to 
some degree by the addition of the uncertainty of operator assumptions as discussed in the 
previous section. This error could lead to an underestimation of the safety margin, compared to 
the case where several operators are asked for estimates and make different models and 
choose different input data for the elements and junctions.  

- Not all the constructions in the building cases were well documented and the author had to 
make some qualified assumptions, based on what was typical for the type and age of the build-
ing, with the help of an architectural survey29. This error would exaggerate the safety margin, 
compared to cases where constructions and workmanship are well documented. 

- The probability density function (PDF) of the difference between calculated and measured re-
sults was assumed to approximate a Gaussian function. Generally, the central theorem of sta-
tistics implies that the PDF of a parameter composed of several parameters (each with its own 
PDF) tends to follow a Gaussian distribution even if the individual parameters are not normally 
distributed. Wittstock10 as well as Mahn and Pearse59 have demonstrated by means of Monte 
Carlo simulations that the airborne reduction index (composed by two sound pressure levels 
and one reverberation term) tends to be normally distributed. Comparisons in round robin tests 
involve more parameters, which could be expected to increase the convergence of the PDF 
towards a normal distribution. C.f. Figures 23a and 23b. 

- The number of comparisons should be high enough to choose coverage factors from the nor-
mal distribution. Coverage factors from the Student-t distribution would be more appropriate, 
but these are only slightly higher for the same probability and degrees of freedom (>30). This 
means the given probabilities of failure are slightly underestimated in the tables above. 

The results of the Nordtest study were presented at a conference on uncertainty held in Le-
Mans 200560. 
 Other researchers have also made comparisons between predicted and meas-
ured sound insulation in the field. Pedersen presented some results from his Nordtest study in 
199725, that inspired the author to continue similar analyses (presented above). About 200 
field measurements from the Nordic countries for both heavy and light weight structures were 
compared by Pedersen with calculations according parts 1 and 2 of the EN 12354. The main 
findings are concluded in the Tables 7 and 8 below. 
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Table 7. Average, standard deviation and 90% confidence limits for the difference between calculated 
and measured R’w-values. 

Table 8. Average, standard deviation and 90% confidence limits for the difference between calculated 
and measured L’n,w-values vertically.

 

Lang presented an extensive comparison between 60 field measurements and calculated val-
ues at the inter-noise in Nice 200061: Lang made this observation: “The compliance of measured 
and calculated DnT,w – values was very good. On average the difference calculated value – measured 
value was –0,4 dB for adjacent rooms and 0,3 dB for rooms one above the other (details on the results 
see fig.5). All calculations were carried out with the simplified model (calculation with the single number 
quantities only).”  
 According to a presentation at the Euronoise conference in 2009, no updates 
have been made to these results and they are still considered relevant for Austrian concrete 
buildings. Figure 25 from Lang’s report (in German) illustrate the difference for the 60 buildings 
that were included in the comparison. However, this comparison cannot be considered valid 
for other types of building constructions since the flanking transmission by the outer wall was 
assumed to dominate the overall transmission. A 3 dB margin appear to be appropriate for 
these constructions as very few cases exceeded this difference. Langs study indicate a similar 
tendency as was discussed above, where the calculated insulation is higher than the meas-
ured for cases with high sound insulation values. 
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Figure 25. Difference between the calculated and the measured DnT,w -values. From Lang61. 

Galbrun analyzed airborne sound transmission between adjacent rooms divided by masonry 
walls by comparing results obtained from the EN 12354-1 with SEA predictions as well as 
measurements. Galbrun wrote: “it is shown that the restriction of the Standard to first-order flanking 
paths can lead to large errors in predictions when compared to measurements and SEA results taking 
into account all transmission paths.” 62. This problem would be worthwhile looking closer to, 
something that remains to be done. 
 Crispin, Ingelaere and Wuyts presented measurements and calculations of lightweight 
cavity walls at the Acoustics 08 congress in Paris63. For rigid junctions, the vibration reduction 
index of the junctions agreed well with the EN 12354-1 model. They presented an extended 
model of the EN 12354-1 for walls with cavities and resilient junctions. 
 Martin et al presented in situ measurements of vibration attenuation between solid build-
ing elements at the internoise 200464. Their paper also provides a brief theoretical background. 
 Ruff and Fischer presented results on vibration reduction at junctions and measured 
flanking transmission at Acoustics 0865.They concluded that: “It is difficult to consider decoupled 
flanking gypsum walls exactly because of the missing input data. The calculation with singular values 
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according the simplified model of the EN 12354-1 and the measured vibration reduction indexes of the 
gypsum walls as input data has shown a comparative good correlation to the actually measured sound 
reduction index.” 
 Wittstock presented some uncertainty estimates in the field insulation estimates in a re-
cent web-based article66: “A new approach for calculating the measurement uncertainty made it pos-
sible for the first time to realistically evaluate the uncertainties of building acoustic predictions according 
to EN 12354-1 from the uncertainty contributions of the acoustic input quantities…. The starting point 
was the fact that the sound insulation results from a total of 31 acoustic quantities in this case. An indi-
vidual uncertainty is associated with each of these quantities. Then the uncertainty of the predicted 
sound insulation is yielded from the uncorrelated superposition of the single uncertainties weighted by 
the appropriate sensitivity coefficients… The results of the spreadsheet turned out to be consistent with 
other independent prediction results. Furthermore, 24 real building situations have been considered. It 
could be shown, that the deviations between measurement and prediction results can be explained 
essentially by the uncertainties (Figure 26). This has created a high level of transparency in the predic-
tion and has thus considerably increased the acceptance by the users in practice.”  
  
Figure 26 from this article66 provides an informative overview of the uncertainties: 

 
Figure 26. Comparison between measurement and prediction results corresponding to 95%-
confidence intervals. From Wittstock66. The predicted uncertainty is computed from uncertainty 
estimates of the building elements and junctions used in each case. The field measurement 
uncertainty is estimated from one global value (ISO/WD 140-2). 
 

 
The comparison discussed in section 4.1.2 also covered impact sound, but the number of 
cases in the Nordtest round robin test56 was less than optimal for the purpose of estimating the 
magnitude of uncertainty in field measurements. Lang’s survey61 had revealed poor agree-
ment between calculations and measurements of impact sound, for which there was no obvi-
ous reason presented. Since floating floors were used, it might be worthwhile to examine 
whether stiff contact points are made between the floor and the concrete slab or walls, which 
are common when the workmanship is not very well controlled (according to experienced con-
sultants). Figures 27 and 28 indicate floating floors perform worse in the field than expected 
from results under well controlled workmanship in the laboratory. 
 Later studies conducted by the author yielded new estimates of the impact sound insula-
tion67 68 on the basis of measurement data from 40 Finnish apartment buildings. All of these 
buildings have heavy slabs and exterior walls that were well documented. The measurements 
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were made by the same operator using the same equipmentgg. The uncertainty of calculations 
was compared to measurements and a margin was computed as a 10% risk of exceeding the 
required impact sound pressure level in the field. This risk was calculated as the average dif-
ference increased by 1,28 times the standard deviation of the differences. As can be seen 
from the Figure 27, it is well below the general (recommended) safety margin of 3 dB.  
 However, the deviations at high frequencies are systematically greater than expected, as 
is indicated by the bold black line in Figure 27 taken from the report67 (and the article68).  
 Hardening of a soft flooring underlayers may be one reason for the discrepancy at high 
frequencies, since the input data for the calculations are based on laboratory measurements 
of sample of products that have not been aged. The constructions with floating floors per-
formed much worse than expected at medium and high frequencies, with respect to both the 
average and the standard deviation. The performance at high frequencies affects the weighted 
L’n,w values more than the L’n,w + CI,50-2500 values (as defined in ISO 717-2). 

 
Figure 27 (top). Difference between calculated and measured impact sound pressure levels, 
plotted as a margin. The margin is calculated as the average deviation increased by 1,28 ti-
mes the standard deviation in each frequency band 50-3150 Hz and as for the weighted single 
numbers. From ref. 68. 
 
The average differences and their standard deviations used in Figure 27 are given by Figures 
28a and 28b. 

                                                
gg The data were measured and made available to the author by Mikko Kylläinen at Heikki Helimäki Acoustic Con-
sultants, who is gratefully acknowledged. These data were included in the analyses presented in section 4.1.2. 
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Figures 28a and 28b. Difference between calculated and measured impact sound pressure 
levels. a) top; the average deviation, b) bottom; the standard deviation in each frequency band 
50-3150 Hz and for the weighted single numbers. From ref. 68. 

4.2 Airborne sound from service equipment 

 
The prediction of airborne sound from air handling equipment has been described in part 5 of 
EN 12354 (approved in 2009). To the knowledge of the author, systematic comparisons be-
tween calculations according to this standard and measurements in the field (in order to esti-
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mate the uncertainty) have not yet been made, but practical experience with similar methods 
indicate satisfactory uncertainty. The measured room average A-weighted sound pressure 
level is typically within 3 dB of the calculated value, except where sound at low frequencies 
dominates the spectrum. Higher levels may occur where the flow is disturbed by sharp bends 
or obstacles in the air handling equipment, or in long ducts without branches,. An important 
factor for the estimation of the accuracy of the calculation method is the accuracy of the field 
measurement method used to ‘verify’ the calculations. To enable meaningful comparisons the 
measurement accuracy must be known. 

 
Field measurements of sound pressure levels can be performed according to the EN ISO 
16032 standard (engineering grade) or the EN ISO 10052 standard (survey grade). The mi-
crophone positions prescribed by these standards are to some extent formulated on the basis 
of results from a Nordtest project conducted by the author in 1996-199769. The background of 
this project was the need to find a method that reduces the large uncertainty of the room aver-
age sound pressure levels at low frequencies as are typically encountered when the existing 
methods were applied.  
 The Swedish National Board of Health and Welfare issued recommendations for the 
restriction of sound at very low frequencies (31-200 Hz) in dwellings70, and commissioned SP 
(i.e. the author)hh to develop a measurement method for the verification of such sounds71.  
 In order to develop a measurement procedure that would reduce the scatter of the spa-
tial average sound pressure level, a survey was conducted in various types of room exposed 
to low frequency sound from an artificial source, where a shaped spectrum was kept at a con-
stant level, including tonal components in some third octave bands from 31 Hz-200 Hz.  
 Sound pressure levels were measured in a dense mesh of positions in 10 rooms/cases, 
both in reverberation rooms and in the field, under realistic conditions. The spatial variation of 
sound pressure levels in realistic rooms turned out to be very complicated and deviated con-
siderably from the idealized mode shapes of regular shoebox room modal models under the 
assumption of completely rigid boundaries. For instance, it was found that the sound pressure 
levels in the corners differed a great deal from each other. The distribution of sound pressure 
levels was more even in spaces with more sound absorption and light building materials com-
pared to rooms with heavy materials and a low degree of diffusing furniture etc. On the basis 
of these empirical data, 24 existing measurement methods (from industry standards, guide-
lines, regulations etc.) were evaluated by a Monte Carlo technique, where the restrictions of 
each method were applied to exclude invalid results. From each set of simulated measure-
ment results, the standard deviation of uncertainty and the average deviation from the average 
of all acceptable measurement positions in each room were calculated to characterize the per-
formance of this method.  
 The advantage of this approach was that no time variations in sound pressure levels 
were introduced which would have been a risk had physical measurements been undertaken. 
This approach also enabled a large set of simulated measurement results to be established for 
each of the 24 methods tested. The same number of physical measurements with each 
method would have been unfeasible but the simulations were an efficient means of obtaining 
enough data to make analyses of the uncertainties. All methods could then be compared on 
the same premises. This approach may be regarded as “situation B” tests in accordance with 
the draft ISO/WD 140-2, i.e. a few test objects are fixed but measurements are repeated many 
times. The main results were published in Acta Acustica in 199972. Two observations from this 
study have practical implications that may be worthwhile mentioning: 

- Most methods described in industry standards, guidelines etc tend to underestimate the room 
average sound pressure level at low frequencies, i.e. they introduce systematic errors com-
pared to the room average. If the sound pressure levels close to the walls are considered 

                                                
hh Work performed at SP Technical Research Institute of Sweden 1995-1996. 
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more important (from a subjective point of view), the systematic error is even more pro-
nounced 

- The uncertainty of the measured room average (random errors) was large for most of the 
methods, but may be reduced considerably by increasing the spatial averaging or including a 
specific corner position 

The first observation, as illustrated by the Figure 29a from the Nordtest report, was presented 
at a conference on low frequency sounds73 where the standardized A-weighting of sound 
pressure levels in frequency bands was discussed with respect to its ability to predict the per-
ceived disturbance of low frequency sound. It i a common opinion that the A-weighted sound 
pressure level underestimate the subjective annoyance with sounds and this should be ex-
plained by the shape of the A-weighting filter, but this can to some degree be related to the 
systematic underestimation of the sound level closer to the walls, as mentioned above. 
 The second observation, as illustrated by Figure 29b, was used to define a principle for 
the measurement procedure, which could later be integrated with the EN ISO 16032 and 
10052 standards. The procedure involves measuring the sound pressure levels in all corners 
and only including the corner of the room having the highest C-weighted level. The measure-
ment in one corner is added to two measurements in the middle of the room (i.e. an average 
of the three positions is the final result). Although somewhat cumbersome to perform in prac-
tice, the procedure reduced the uncertainty considerably (see Figures 29, curves denoted SS-
63_Cfix) compared to other methods using 1-3 positions. Procedures using 6-10 microphone 
positions, e.g. ISO 140, yield comparable uncertainties but may take longer to perform, in par-
ticular when the sound varies over time. The procedure suggested to be included in the ISO 
16032 and ISO 10052 reduces the standard deviation at very low frequencies from about 4 dB 
(from older methods) to approximately 1 dB (the new methods). Other researchers, e.g. S. 
Pedersen et al, have compared alternative methods to these standards in order to reduce 
measurement uncertainty even further74. For the measurement of airborne sound insulation, a 
new routine was proposed in the annex H of the SS 25267, where an extensive scanning pro-
cedure is described. 
 Hopkins suggested at a COST work group meeting in Växjö in 2009, that the “corner 
method” might also be worthwhile considering in the field methods for sound insulation, if they 
were extended to include very low frequencies (down to 20-25 Hz has been discussed). An 
alternative would be to increase the number of microphone positions even further, e.g. with 10 
positions in each room. However, these suggestions remain to be tested. How to determine 
the reverberation times at low frequencies also remain to be examined. Hopkins presented 
new results75 at the Euronoise 2009, based on analytical expressions where various tech-
niques have been applied to measure the room averageii.  
 Bodlund made theoretical calculations and measurements to determine the statistical 
confidence intervals of spatial and time averaged sound pressure levels and reverberation 
times in reverberation chambers, typically used in building acoustic laboratories76. Bodlund 
also applied some advanced expressions published by Waterhouse in 1968 and by Lubman in 
1968-1971. 
 Olesen made theoretical calculations of the spatial variations of sound pressure levels 
(and reverberation times) in rooms and compared these to measurements. He published the 
results in a Nordtest report18 that also includes recommendations on non-idealized measure-
ment situations in the field. These recommendations were published in another Nordtest-
report (NT Tech 203) and are to some extent included in the ISO 140-14 standard.  
 Bethke and Wittstock described general uncertainties in the methods for measuring 
sound pressure levels in a hemianechoic room77, and the application of the ISO guide GUM16. 

                                                
ii These new results have not yet been compared to the results obtained by this author. At a quick glance they ap-
pear to agree to some extent.  
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Figures 29a and 29b (Figures 3a and 3b in the paper72). Overview of the simulation results for 
24 measurement methods. The ISO 140-3 standardized method for the 100-3150 Hz fre-
quency range is plotted as a reference indicated by a bold black and crossed line. a) top; de-
viation from the room average, b) bottom; standard deviations. 
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Sound from radiator valves may be a problem if the pressure loss and flow through the valve 
and the heater is too high. A measurement method for the determination of sound power from 
radiator valves was adopted as a Nordtest method NT ACOU 101 in 199678. During the devel-
opment of this method, the uncertainty issue was the most difficult to solve. The repeatability 
of consecutive measurements was good, but when the valve was removed and remounted, 
the sound power changed dramatically in frequency bands as well as in the A-weighted value. 
After some practical experiments had been performed it turned out that the main factor gov-
erning the sound emission was the amount of air dissolved in the water. A vacuum pumping 
procedure solved this problem and made the repeatability much more stable. It was also con-
sidered correct also from the perspective that the operating conditions of the test circulation 
system would then resemble the long-term condition of a realistic system in a building, where 
the dissolved air diminishes over time. This study serves as an example of that refining the 
laboratory routines can help reducing the uncertainty. 

4.3 Reverberation time in rooms 
Part 6 of the EN 12354 standard was approved in 2003 and used to change the Swedish 
sound classification standard SS 2526820 in terms of the type of requirement in premises for 
health care, education etc. The focus was then shifted from the measured reverberation time 
to sound absorption area of the room. In the course of preparing this second edition of the 
standard several types of applied studies were made, mainly in classrooms. Larsson per-
formed measurements79 in a special laboratory that was intended to resemble a classroom, an 
office and a meeting room under ordinary field conditions. The results were rather confusing at 
first sight, since the reverberation times did not fit well with the predicted values. In fact, the 
results were almost independent of the type of sound absorber used (class A, B and C accord-
ing to ISO 11654). The reason suggested was wall reflections that prolonged the measured 
reverberation times more than was initially anticipated by the laboratory. An important practical 
result of this study was the amendment of the SS 25268 by the addition of recommendations 
about the shape and furniture of classrooms and similar spaces for speech communication.  
 The author performed another study that helped implement the use of EN 12354-6 in the 
new edition of SS 25268. Measured reverberation times from 44 classrooms were compared 
with values calculated according to the basic method of the EN 12354-6 standard. Figures 30 
and 31 from the Euronoise paper80 present the results of the comparisons.  
 Both porous absorbers and perforated plasterboard absorbers were analyzed, since 
previous studies indicated that they might behave quite differently in situ than in the laboratory.  
 Systematic and random differences between the calculated and measured reverberation 
times were derived. Practical safety margins were derived from these differences which should 
be observed when the type and amount of sound absorbers are determined.  
 The resulting “safety margin” was deduced from Figures 30a and 30b. The systematic 
difference (mean deviation between calculated and measured reverberation times) is first sub-
tracted from the calculated value. To correct for the scatter of data, the calculated value is also 
increased by the standard deviation multiplied by a statistical coverage factor of 1,28, which 
was assumed to correspond to a 90% probability of compliance with the required value, i.e. a 
10% “risk” provided that the room and furniture is of the same types as in the rooms used in 
the study.  
 Figure 30c presents the sum of negative mean deviation terms (from fig. 1) increased by 
1,28 times the standard deviations, i.e. the safety margins. They turned out to agree well with 
recommendations issued in the Danish regulations, where the same tolerances were in-
cluded81. 
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Figures 30a, 30b and 30c (Figures 1-3 from the paper80). Differences between calculated and 
measured reverberation times in the field. DK-tolerans cited from the Danish guidelines81. 
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However, some of the rooms used in the study were not well documented. A selection of 23 
rooms with diffusing furniture and documented sound absorbers were selected for a new anal-
ysis, and Figure 31 (Figure 4 from the paper) illustrated a reduced need for a safety margin. 

 
Figure 31. Sum of negative average deviation and 1,28 times the standard deviation between 
calculated and measured reverberation times, in seconds. 23 field cases with diffusing ele-
ments have been selected from the 44 cases. Legend, c.f. Figures 30. From ref. 80. 

The SS 25268 requirement was finally expressed so that it included 0,1 s tolerance in the 250-
4000 Hz octave bands and 0,2 s in the 125 Hz octave band. 
 It should be mentioned, that for the last case (Figure 31), the coverage factor should 
have been selected from the Student t-distribution to compensate for the fewer cases ana-
lyzed. Thus, it should have been 1.32 rather than 1,28. However, this error does not change 
the magnitude of the margin. 
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5 Responsibility of the participants of the building process  
 

5.1 Application of the Swedish requirements 
For several reasons the Swedish building process has become more complicated to manage 
with respect to acoustic issues. If this process is well understood the uncertainty in the final 
acoustical performance of the building can be reduced.  
 As in many countries, new buildings are often erected at complicated locations inside 
city centers and hence often exposed to high sound levels and ground vibrations from various 
types of traffic. High demands on sound insulation between various types of interior spaces 
are frequent, e.g. between residential apartments and premises for commercial activities.  
 Furthermore, new architecture, new building products and new structural systems are 
frequently suggested (by the designer, the contractor or a manufacturer), that place challeng-
ing demands on the designer for accurate predictions of the acoustic properties of the building. 
This is pronounced when empirical experience is not available for such specific applications. 
 The sound requirements used in Sweden are described in two national sound classifica-
tion standards (SS 25267, SS 25268), see section 2.4. These standards are revised continu-
ously by a standing committee (TK 197) one of the main tasks of which is to resolve interpreta-
tion and application problems and to revise the standards whenever new applications or prob-
lems arise. Furthermore, the committee maintains a web page with frequently asked questions 
and answers82. All of this work serves the common purpose of reducing uncertainty with re-
spect to interpretations and applications of the standards.  
 In the latest edition of SS 25268 issued in October 2007, the users of the standard are 
even encouraged to amend its conditions with specific definitions in order to optimize the out-
line of the building with reference to its intended use. They can still claim to conform with the 
stated sound class, if they present documentation that explains why the specific exception or 
alteration of the requirement set out in the standard is still within the general quality scope of 
the relevant sound class. The purpose of this option is to help developers and contractors 
minimize building costs for constructions that do not improve the acoustical climate of spaces 
within the building. Whether or not this concept increases the uncertainty of the application of 
the standard will be revealed in the future. 
 The SS 25267 and SS 25268 standards are based on performance, i.e. they specify 
sound conditions of various spaces within the completed building in great detail, but still leave 
the choice of technical solutions open for domestic as well as foreign suppliers. This system 
may be considered an open one, compared to the type of requirements used in some other 
countries, where it is customary to refer to approved constructions, e.g. the German industry 
standard DIN 410983 and the Robust Details system used in England and Wales (partly also in 
Scotland)84. As foreseen by the Swedish authorities, there are now an increasing number of 
innovative products and structural elements, also from foreign suppliers, that could be com-
bined in order to meet the requirements stated by the client, the national building codes or the 
standards. In a small market as in Sweden, this has been beneficial. 
 However, there are disadvantages with the open/performance based requirements as 
they imply that the client and other parties involved in the building process interpret the rules 
and make appropriate decisions within each project, which is one reason behind the need for 
continuous revision of the sound classification standards, as discussed above.  
 The EN 12354 standard and a group of laboratory test methods may help our acousti-
cians make rational choices and decisions related to combining products. This issue was dis-
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cussed into some detail in section 1, but the following descriptions illustrate the broader con-
text of decision-making during the building process. 
 It may be concluded from experiences in Norway, Germany and the United Kingdom, 
that it may be preferred to maintain both methods concurrently. Approved solutions for each 
sound class that yield a large margin to the requirements may be preferred by those who do 
not want to optimize their constructions. For other parties it may be preferred to choose con-
structions and building products carefully with the help of calculations and databases of the 
performance of each product in accordance with laboratory methods. In the UK, about half the 
new residential buildings employ constructions approved by the Robust Detail Ltd, the others 
choose so called precompletion tests on the site before finalizing the building projects. 

5.2 The”Bullerskydd i bostäder och lokaler” handbook 
The organization of the building industry differs from that of manufacturing industry. Architects, 
planners, technical consultants, manufacturers of building products and contractors assemble 
teams that cooperate within individual building projects. With each new project, new people 
meet in project groups to assign tasks and solve common problems. The project development 
(design) is often managed by a project leader on behalf of the commissioner, who may be a 
developer (also referred to as a commissioner) or the contractor (who builds the house). The 
architect may play a leading role, but it is not unusual in Sweden that he (or she) is only com-
missioned as a consultant who reports to the project leader. This kind of temporary organiza-
tion has been a subject of debate for many years but has turned out to be difficult to replace. 
The main criticism has focused on unclear responsibilities and suboptimal decisions (the par-
ties do not account for the global result). Sound issues are difficult to manage in this kind of 
temporary organization, hence the need to discuss this topic in the context of uncertainty. 
 The decision process related to sound issues can be complicated in even an ordinary 
building project, e.g. for a block of apartments. General requirements must be interpreted with 
reference to the specific conditions of the project. Sound issues affect many building construc-
tions. Many parties must handle these issues during several phases of the building process. 
Typical errors and misinterpretations stem from building design (floor plans), product design 
(input data), calculation models (assumptions), workmanship and uncertainties in field meas-
urements. 
 Hagberg and the author were commissioned by the National Board of Housing Building 
and Planning (Boverket) to write a handbook with the title “Bullerskydd i bostäder och loka-
ler” 85 jj. The purpose of this handbook is to facilitate the management of building projects in 
terms of acoustic issues. This means reducing the uncertainty due to poor cooperation be-
tween the parties, interpretation problems etc. The handbook is written in Swedish, but a pa-
per that summarizes it has been submitted to the journal of Building Acoustics86. The paper is 
appended to this thesis. 
 The Swedish building industry and the local building authorities could use the new hand-
book to 

- Describe how the commissioner (e.g. the developer, proprietor, contractor) can specify the 
responsibility of each party involved in the building process. Each party may then be assigned 
dedicated targets, which facilitates the handling of acoustical issues 

- Provide interpretations and examples of application of the Swedish sound classification stan-
dards, based on a large number of real world questions and detailed examples from the build-
ing industry 

- Complement other guidelines from the National Board of Housing Building and Planning to 
facilitate the handling at the local authorities, e.g. of building permits and town planning issues.  

The handbook consists of seven sections: 

                                                
jj The Swedish title means “Noise prevention of dwellings and commersial premises” 
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Sections 1 and 2 are intended for all participants in the building process who may come into 
contact with acoustic issues, for example property developers, authorities, designers, manu-
facturers, building contractors, experts and quality assurance managers. These sections pro-
vide general background information and a description of which party should take what re-
sponsibility and when, during the building process. Figure 32 illustrates the transfer of informa-
tion between the actors during a building project. 

 

 
Figure 32: A matrix of actors being involved in a building project. General performance requi-
rements (sound class in situ) stated by the Authorities and the Commissioner must be conver-
ted by a Designer to available constructions and products. The Manufacturers must present 
correct input data to the Designer. The Contractor must follow all instructions carefully and 
avoid risk constructions. The final Buyers or inhabitants are often not involved during the in-
vestment, design and building phases. A poor sound class will reduce the return on invest-
ment. 

Section 3 recommends the commissioner to engage an acoustic expert to monitor all phases 
of the project, i.e. the design, drawings, building work at the site as well as the verification 
measurements in the finalized building. As a result, an acoustic documentation will be assem-
bled throughout the project. This documentation is a living document that helps the rest of pro-
ject team to take the right decisions at various stages of the development. 
 Section 4 is primarily intended for acousticians as it provides details about risks and in-
terpretational aspects of the sound requirements.  
 Section 5 informes manufacturers about how they should test and present the acoustical 
technical properties of their products, as well as provide information that ensures that the 
product fits connecting structures, handling issues etc. 
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 Section 6 gives general advice to building contractors. The advice involves mounting 
conditions and risks that should be considered. In many projects, extraneous costs are due to 
flaws in the drawings and poor workmanship during erection of the building. 
 Section 7 clarifies some aspects on the verification of the acoustic performance of the 
building. It has become clear that the international standards for sound testing at the sites 
(ISO 140-series) would benefit from some complementary instructions to minimize arbitrary 
choices of measurement locations etc. 
 
The handbook does not cover all conceivable practical problems, nor does it provide any re-
view of theoretical acoustics. However, it contains references to some well-known books and 
papers that describe theory in greater detail.  

5.3 Assigning responsibility by means of EN 12354 
The EN 12354 standards may help the commissioner to assign responsibility for the overall 
acoustic performance of the building, in particular for choosing appropriate products (construc-
tions) and defining adequate interfaces of the products as illustrated by Figure 33.  

 Figure 33. Assigning responsibilities with the aid of EN 12354. The Designer chooses optimal 
solutions (products) for the building. The Manufacturer documents the performance of his/her 
products and their effect on other building products. The Contractor analyzes risks and con-
trols the workmanship. The Commissioner defines unambiguous requirements. The Controller 
makes precise measurements in the completed building. 

All parties in this scheme may help to reduce the global uncertainty within their field of work:  

- The Commissioner should state precise requirements and means of verifying performance, 
for the reasons discussed in the previous sections. He/She can refer to standards, official 
codes or his/her own experience. Standardized questionaires may help to structure subjective 
opinions and attitudes among inhabitants and users of existing buildings, thus providing impor-
tant feedback and input for new building projects. ISO/TS 15666 may be a helpful guideline for 
outlining such questionaires, since a common structure of the questions and answers enables 
researchers to compare results from many studies. 

- The Designer can choose robust products (constructions) and carefully define interfaces with 
other constructions, e.g. to minimize risks of air leakages, flanking transmission or structural 
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bridges. Appropriate use of lightweight walls and long span slabs can for instance improve the 
sound insulation due to increased structural losses. During calculations, he/she should keep 
appropriate safety margins to the required values (as verified by measurements in the com-
pleted building). In the Robust Details scheme84; products must pass 30 field measurements in 
order to be accepted in the catalogue of approved details. In the open Swedish system, labora-
tory results may be accepted without empirical experience of the product, but in such cases 
safety margins and verification efforts should be increased. This topic is discussed in earlier 
sections of this thesis. 

- The Manufacturer is assumed to provide the designer with adequate data for the products, to 
enable calculations of the assembled building in accordance with the EN 12354. The manufac-
turer should also be responsible for monitoring the performance of the product(s) in the field, 
since he/she may be the only party who applies the same product in a variety of situations. The 
instructions on how to use and mount the product may play a vital role when it comes to uncer-
tainty. Building products must be fit for the purpose for which they are intended; they should 
not be sensitive to the conditions at the building site (temperature, moisture, handling etc). If 
such products cannot be avoided, the risks should be clearly identified and communicated. 

- The Contractor should analyze the assembly of constructions and identify risks during all 
phases of handling at the building site. Where workmanship is critical for the overall function, 
relevant education of workers is recommended and should take place in close cooperation with 
the designer, the manufacturer and the acoustician. 

- The Controller can contribute general experience when problems may occur, in addition to 
carrying out precise measurements in the building. According to the third edition of the SS 
25267, the controller may use calculations to verify the performance of a building provided that 
the input data have proven relevant to the constructions herein and the workmanship is under 
control. The purpose here was to emphasize verification during an early phase of a project as 
an alternative to the traditional control at a late stage, by means of field measurements. How-
ever, there were several objections to this option in the standard, and in 2007, the fellow stan-
dard SS 25268 (for public premises) stressed a three step verification of a building:  
- by calculation, that the constructions in the authorized drawings can provide the intended per-
formance at an acceptable risk of failure,  
- by visual inspections at the building site, that workmanship and products conform with the in-
tended construction details  
- by field measurements, that the performance of the building conform with the requirements.  
 

The handbook provides some details of this scheme as well as some instructions pertaining to 
field measurements, based on supervision of operators (audits) during such measurements. 



Managing uncertainty in building acoustics - Comparisons of predictions using the EN 12354 standards to 
measurements. Simmons, C. Luleå university of technology 2009.   

58 

6 Concluding remarks 
The EN 12354 series of standards on calculation methods facilitate the management of build-
ing acoustic issues during the building process. They may be used by a designer (e.g. an 
acoustician) to estimate the performance of buildings (e.g. sound insulation between rooms) 
from the performance of elements (e.g. floors and walls).  
 When measurement results from finalized buildings are used to prove the fulfillment of 
formal requirements (as stated by the building authorities or the commissioner), the calcula-
tions (made in an early phase of a project) must be on the safe side to minimize the risk of 
failure. However, in order to enable lean designs of the building constructions and choice of 
the most appropriate products on the market, the safety margins must not be exaggerated. 
Hence, it is important to determine them as accurately as possible. 
 The thesis presents comparisons, which have been used to estimate the combined un-
certainty of the standardized methods and to derive safety margins to be observed during de-
sign work (i.e. to be added to calculated values). The combined uncertainty is estimated from 
the differences between field measurements of the performance of buildings with heavy con-
crete floors (made according to international standards) and the corresponding theoretical es-
timations in each case (according to calculation methods in the EN 12354).  
 The uncertainties of building element input data contribute to the combined uncertainty 
and a procedure that estimates their magnitude is described. Some problems are outlined in 
respect of the approximation of the calculation models to the real building constructions, ef-
fects of poor workmanship and uncertainty of the field measurement methods. Some results 
specifically address the uncertainty of the field measurement methods. Uncertainties may also 
pertain to unclear definitions of requirements (by the commissioner) and poor building con-
struction documentation by the entrepreneur. A handbook has been written (briefly outlined in 
this thesis), which supports a structured way of describing requirements and establishing rele-
vant documentation. This includes the use of the EN 12354 standards. 
 The process of evaluating the uncertainty, e.g. of new building elements, building tech-
niques and measurement methods must be continuous and undertaken on each local building 
market. The thesis suggests future research on some issues that could help to reduce the 
safety margins and optimize the building constructions. 
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A pilot project with an inter-laboratory comparison (round robin) has been performed, 
where a modified heavy-duty washing machine has been circulated for tests among 7 
laboratories. The main goal of this pilot project was to find out whether a simple 
substitution method could be applied to estimate the structure-borne sound source 
strength of some typical building service equipments in the field. The vibration levels of 
a heavy low mobility test floor, measured when a machine with high internal mobility 
operates on this floor, are compared to the vibration levels obtained on the same floor 
when the standardized tapping machine (ISO 140-7) operates in place of the test 
machine. These vibration level differences obtained on a heavy floor may be used to 
estimate the actual machine force and the characteristic power on other heavy floors by 
comparison to the forces and powers of the standardized tapping machine, according to 
the new European standard EN 12354-5. This EN standard also describes how sound 
pressure levels in a nearby room may be deduced from the measured data. In its 
simplest form, this can be made in the same way as for floorings, i.e. first calculating the 
normalized impact sound pressure level (EN 12354-2) and then subtracting the force 
level difference of the actual machine compared to the tapping machine.
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1. INTRODUCTION 
Structure-borne sound (SBS) from building service equipment is an important issue to 

manufacturers of such equipment as well as developers, contractors and consultants. SBS may cause 
unexpected indoor noise problems in modern apartment buildings and in public premises such as 
hospitals, schools etc. These problems might even increase in the future because of the increased use 
of light-weight building structures, e.g. timber joist floors, where normal structure-borne sound 
insulation solutions become complicated. It is common to add sound insulation to walls and slabs 
(linings) to prevent vibrating structures to radiate sound. The lack of source data has the effect that 
building constructions are not optimized but either exaggerated or underperforming.  

A new European standardized method (EN 15657-1:2009, ref. 1) is now available to 
determine the source strength of structure-borne sound sources with high mobility operating on a 
reference concrete plate under laboratory conditions. Another new European standard (EN 12354-
5:2009, ref 2). may be used to calculate the propagation of SBS and its radiation of sound in nearby 
rooms. The laboratory method is based on research by members of the CEN technical committee TC 
126/WG 7 (ref 3, 4). However, there is little practical experience in the field with these methods. To 
document SBS performance of machinery or vibration insulation solutions in the field, a simple and 
robust measurement method is needed. The lack of practical methods is a major drawback for the 
building industry, particularly to manufacturers of building service equipment such as HVAC systems, 
elevators, laundry machines, sanitary equipment and kitchen furniture. In this paper, a practical 
method has been tested at several sites, according to principles for substitution measurements of the 
source strengths described in EN 12354-5.  

In course of preparing a pilot study, there were critical arguments against the 
reproducibility of a substitution method. The source strength determined either by comparison to a 
tapping machine (standardized in EN ISO 140) or determined by a reception plate method (EN 15657-
1), could be strongly affected by different modal vibrations of the supporting floor. If so, this would 
alter the source strength in a building, as compared to the strength determined in the laboratory. This 
relation of performance in the laboratory data to performance in situ must be well known in order to 
make the test results from the laboratory applicable in practice. Therefore, it was necessary to perform 
a round robin test, including dedicated impact sound laboratories as well as realistic buildings with a 
variety of heavy-weight floor constructions.  

There may be a need for several methods with different precision grades and 
measurement resources, suitable for laboratories as well as in situ. This paper is only one-step towards 
this goal; more research has to be conducted in the future. 

To study the feasibility of the substitution method, one structure-borne sound source 
(with three different bases and four modes of operation) was circulated for tests at 5 Nordic and 2 
European laboratories. The main purpose was to evaluate the characteristic spread of results among 
various laboratories. Some of the participating laboratories were not familiar with the draft standards 
mentioned above, since the measurement methods proposed therein are not typical for building 
acoustic laboratories. Thus, it was decided to assign one test leader to bring the test object and to 
monitor the measurements in each laboratory. This presence may have influenced the measurement 
results. 
 
The pilot study was divided into three steps: 

- initial tests were made at SP, in their reference impact sound laboratory as well as in 2 nearby 
spaces to evaluate if there were any interpretation problems of the provisional testing 
instructions. After this initial study, some of the participating laboratories commented on the 
findings and suggested improvements. 

- circulating one typical source for test. The source used for this inter-laboratory comparison 
was a modified heavy-duty laundry machine with 4 fixed speeds (computer controlled) and 
variable structural mobility (as is described in the next clause). This machine may be regarded 
as a typical source of vibration in this context, i.e. the results may be applicable to other types 
of equipment with similar framed thin steel structures and operating frequencies, e.g. HVAC 
units, elevators, water pipes etc. This assumption is based on experience of the types of steel 
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frames used for such machinery, which is often reasonably similar to the washing machine 
used as test object. Studies by Mayr et al (ref 3) suggest that the mechanical mobility of weak 
steel frames tend to be rather similar, which is also suggested in EN 12354-5.  

- extending the range of floors by means of one light weight floor inserted in an impact sound 
laboratory (with suppressed flanking transmission), as well as one timber joist floor placed on 
top of a reference concrete floor. This “mock-up floor” test was made in a similar way as is 
described in the Nordtest report TR 488 (Kartous and Jonasson, ref 5) and included in an 
informative annex of ISO 140-11. However, the joists of our mock-up floor were supported 
differently to the TR 488 floor. This change was made for the purpose of evaluating 
performance of structure-borne sound sources vibrating at low frequency, and to estimate the 
efficiency of vibration insulation products from the manufacturer, when these sources are 
mounted to light weight floors of similar dimensions. Experience tells, that additional 
insulations may even cause deteriorations, i.e. increase the structure-borne sound transmission 
to the supporting building structure, when this structure is comparatively weak. 

 
The results of this inter-laboratory comparison on different floors (slabs) may not be representative for 
other types of source with considerably lower source mobility, e.g. diesel engines, cooling 
compressors or electrical motors with very rigid structures or footings. The applicability should be 
restricted to equipment with weak frames made from wood or steel, placed on concrete floors with a 
minimum thickness of 10 cm. If additional tests are made on a light-weight structure (with high floor 
mobility) as is suggested in the proposed measurement method (ref. 6), the results are only relevant for 
such floors with the specified source. Indications on source mobility for various types of source or 
receiver structures are given in an annex to the standard EN 12354-5. 
 
 

2. TEST OBJECT 
The source used for this inter-laboratory comparison is a modified washing machine, 

Electrolux Laundry Systems type “Wascator 465H”, intended for 6,5 kg dry load. This heavy duty 
laundry machine is intended for common laundry spaces in apartment buildings, stores, pre-schools, 
hospitals etc. The machine has 4 fixed speeds and may be used with variable bases (foundations). 
These bases imply different structural mobility of the source (c.f. figure 1). This machine is somewhat 
larger than typical household machines (its dimensions being HxDxW 112 x 69 x 72 cm and its weight 
being 154 kg). The drum was loaded with a steel plate (1,5 kg) being fixed eccentrically, i.e. to one 
side of the drum (c.f. figure 1d). The drum and driving motor are internally suspended on soft steel 
springs and friction dampers.  

The machine was placed on top of three different bases in order to change the source 
mobility, see figures 1a-1c. This was achieved by means of 4 hand-operated jacks (acting as feet in 
one of the three cases) and a fork lift that made the changes of base efficient. The machine was not 
fixed to the bases, nor to the test floors. After each change of base, the balance and horizontal 
positioning of the machine and the feet were adjusted. The machine was operated at four fixed speeds 
(on each base type), as controlled by an internal microcomputer: 720, 840, 960 and 1080 rpm (12, 14, 
16, 18 Hz). The unbalance forces were quite noticeable at these speeds (with the steel plate eccentric 
load). This load case may occur in practice from time to time, and the machine has been designed to 
handle such unbalances without interrupting or pro-longing the washing program. House-hold 
machines are often designed differently, where its microcomputer measures the unbalance force and 
tries to redistribute the washing load until the unbalance forces are minimized before the drum is 
accelerated. This takes additional time and makes the speed changing without control. For this reason, 
such a machine would not have been practical for this study, albeit considerably easier to move in and 
out from the laboratories (!)  
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3. TEST FLOORS 
In some laboratories, tests were made on several floors. The floors used for tests are 

listed in a random order. 
A. 16 cm massive concrete floor, 4,0 x 3,4 m2, supported on 3 masonry walls (340 kg/m2), one 

side free (with a light weight stud-and-plasterboard wall beneath). Thin linoleum carpet laid 
on the floor (without foam layer and without glue). Reverberation room under the plate, 
intended for impact sound reduction tests according to the standard ISO 140-8 

B. 10 cm massive concrete floor, 2,8 x 2 m2, 4 free sides. The plate is supported by elastic pads to 
serve as a ‘reference plate’ according to the standard EN 15657-1 

C. 10 cm massive concrete floor, 250 kg/m2, 3,15 x 3,15 m2, on 40 cm concrete frame and walls. 
Reverberation room under the plate, intended for impact sound reduction tests according to 
ISO 140-8 

D. 2x2 cm OSB floor boards on 45x145 mm wooden joists spaced 0,8 m, no ceiling under the 
joists, joists supported by 40 cm concrete frame and walls. Reverberation room under the 
plate, intended for impact sound reduction tests according to ISO 140-11 

E. 10 cm massive concrete slab with tile flooring, supported by 20 cm expanded polystyrene 
thermal insulation on a crushed rock ballasting on soil bed, 9 x 7 m2. The edges of the plate 
have an increased thickness (30 cm) to carry the load of the light weight walls and roof 

F. 30 cm massive concrete floor on 50 cm concrete beams spaced 5,6 m, the overall plate size 
being> 600 m2. Tests were made in the middle of one floor section (between the beams, 7,4 x 
5,6 m2 

G. 16 cm massive concrete floor, 3,2 x 4,2 m, on a 30 cm concrete frame and concrete walls, the 
room being supported by steel springs (with a low loss factor). Reverberation room under the 
plate, intended for impact sound reduction tests according to ISO 140-8 (ref 7), without any 
structural connection to the test floor 

H. 10 cm massive concrete floor, 7,5x5,7 m, 4 free edges, suspended on cork/rubber vibration 
insulation (f0 <20 Hz), light weight walls and roof load carried by the edges of the floor 

I. 14 cm massive concrete floor (360 kg/m2) 2,9 x 3,8 m2, on 4 masonry walls. Reverberation 
room under the plate, intended for impact sound reduction tests according to ISO 140-8 

J. 15 cm massive concrete slab 3,3 x 3,3 m on heavy concrete frame and walls. Reverberation 
room under the plate, intended for impact sound reduction tests according to ISO 140-8 

K. (Not used.) 
L. (Not used.) 
M. 2,2 cm particle board screwed (not glued) to wooden joists 45x195 mm, spaced 600 mm, 

width 2,4 m, length 3,6 m. 
N. 2,2 cm particle board screwed (not glued) to wooden joists 45x195 mm, spaced 600 mm, 

width 2,4 m, length 2,5 m. Floor M was accomplished by adding a third joist support to the 
floor L (a wooden lath between the joists and the concrete floor) 

 

 

4. MEASUREMENTS 

4.1. Measurement setup 
In the inter-laboratory tests, the washing machine was operated at 3 positions (except for 4 

positions on floors A and B, 2 positions on floors C and D). One source position was located 
close to a corner of the test floor and the others were placed asymmetrically in the middle of 
the test floor (except for floor E where all source positions were in the middle region of the 
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large floor since there were no corners available). The standardized tapping machine was 
placed in 2 positions in the center of each position used for the washing machine, the 2 
positions being at right angles following its diagonal lines. The accelerometers (4 positions) 
were placed in the middle of the floors, avoiding their symmetry lines and diagonal lines, on at 
least 0,5 m distance from each other and at least 0,2 m away from the any source position or 
edge. On floors A and B, 7 positions were used for the accelerometers. Figure 2 shows the 
floor H setup as an example. 

4.2. Measurements 
• Measurement equipment: 2-8 accelerometers fixed to the floor surface and connected to third 

octave band sound level meters (real time analyzers) that comply with requirements in ISO 
140-4 and ISO 10848-1  

• The velocity levels of the background (no source in operation) and for maximum excitation 
(with tapping machine) were determined in 4-8 positions and compared to the vibration levels 
with the source operating, to determine the upper and lower limits of measurement (i.e. the 
effective dynamic range).  

• Test object and modes of operation, c.f. clause 1  
• Measurement time: 32 seconds after 30-60 seconds starting and settle time for the washing 

machine, i.e. each measurement was made at a constant speed 
• All data presented for the inter-laboratory comparison below refer to logarithmic spatial and 

time averages of 4 speeds, taken over all source and all accelerometer positions for each 
source. This is referred to as the ISO-average since it is similar to the procedure in ISO 140-8 
(ref. 7).  

• In the final method NORDTEST NT ACOU 117 (ref 6), another type of averaging is applied, 
which is referred to as the NT-average. This is discussed in clause 5.4. 

 

5. RESULTS 

5.1. Initial tests with washing machine on its ordinary feet 
As a part of the preparation of the inter-laboratory test round, some sample 

measurements were made at SP on 3 concrete floors with various thickness and supports. Figures 3a)-
f) illustrate the spread of acceleration levels (taken as the spatial logarithmic average of 4 
accelerometers) for 8 source positions of either the standardized tapping machine or the washing 
machine. In this test (only), the washing machine was operating on its ordinary stiff feet (made by a 
short thin steel rod and a plastic washer), i.e. the external machine bases described in clause 1 were not 
used for these initial tests.  

5.2. Inter-laboratory comparisons on 9 concrete floors with 3 modified 
bases 

The results of the inter-laboratory measurements are summarized in figures 5a-5c. The 
figure 5d shows vibration levels using the tapping machine on 5 concrete floors. The figures 6 show 
vibration level differences for each type of base on each floor. For anybody who is interested in the 
detailed results, the authors may forward an MS Excel file with all vibration levels of each floor and 
each test object. Please direct such a request to the authors, with a short explanation of its purpose. 

 The figures 5b and 5c indicate, that the standard deviations of results 
from the different laboratories are less than the difference in performance of the machine, put on 3 
different bases. The difference is reasonably stable at the lowest frequencies compared to the higher. 
For practical purposes, the Nordtest method (NT ACOU 117) includes a safety margin of one standard 
deviation to be subtracted from the average vibration level difference, in order to coop with the 
uncertainty of this field method.  
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As can be seen in the figure 5d, the vibration levels from the tapping machine are 
considerably weaker below 20 Hz than at higher frequency. This may be explained by the periodic 
motion of the tapping machine, where the average time between hammer impacts is 0,1s. Thus, high 
energy may be expected at 10 Hz and the multiple frequency bands (20, 31, 40.. Hz), but the 
intermediate third octave bands 12 Hz, 16 Hz, 25 Hz etc. would be expected to contain considerably 
less energy. This also explains parts of the large uncertainty at 16 Hz. Thus, the measurement range 
should be limited downwards to say the 25 Hz third octave band. Results given in this section are 
plotted down to 20 Hz or even 12 Hz, but 25 Hz is adopted in the NT ACOU 117 method (ref 6) to be 
the lowest frequency of measurement being reported. 

5.3. Sample tests on 3 wooden floors with 1-3 modified bases 
The substitution method described in the previous clauses refers to concrete floors, 

where the source mobilities of the machine and its bases may be assumed much higher than the 
mobility of the floor. It was highlighted by the manufacturers, that difficult sound problems arise when 
their equipments are operating on light weight floors. Thus, it was decided to make some tests to study 
what happens when the same machine/base is moved from a concrete floor to three types of timber 
joist floor. See figures 4. The mobility of such floors may be expected to match the mobility of the test 
object at some frequencies and thereby increase the structure borne sound power input to the wooden 
floor. This increase was expected to be underestimated by the comparisons to the tapping machine 
made on a concrete floor, as is described by theoretical expressions in EN 12354-5. 
 

Figures 7 shows the spatially logarithm-averaged vibration levels measured with the 
test object (on 3 bases) as well as the tapping machine. The differences between the spatially averaged 
vibration levels of the test objects and the tapping machine are significantly lower at low frequencies, 
compared to results obtained on a concrete floor with the same equipment and operating conditions. 
This result confirms the experience of vibrations of light floors mentioned above. 

The different spectral shapes of figure 7c are assumed to be caused by some of the 
accelerometers to be placed far away from the source on floor D, with 2 beams inbetween. This is 
known to cause spatial decay of vibration levels on timber joist floors. Floors M and N of the figures 7 
clearly demonstrate the effect of mobility matching at low frequencies, i.e. the prerequisite for the 
force source approximation is obviously not valid. If it would have been so, the vibration level 
difference would have been the same irrespective of floor mobility. 
 

5.4. Influence of the type of spatial averaging  
Two different types of averaging of the results and the scatter between different source 

positions have been investigated, as shown in figure 8 and 9 respectively. The first type of averaging 
of the vibration levels of the receiving structure was used to plot the figures 2-5 . Each average was 
taken as the logarithm-average of all source and all receiver positions used for each type of source, 
then their difference was computed (i.e. between the vibration levels of the floor when  the tapping 
machine operated on the floor, then the test object). This is referred to as the “ISO-average” in the 
figures 8 and 9, since it is used in the ISO 140-8. With a second type of averaging,  the vibration level 
difference of each accelerometer is computed from the tapping machine acting and then from the test 
object acting. The average is taken as an aritmethic average of all such differences. This type of 
averaging is referred to as the “NT-average” in figures 8 and 9. In the method NT ACOU 117 (ref 6), 
the vibration level difference is 

 
for a given third-octave band, the vibration level difference on the test floor for each transducer, taken 
when the test object is operating and then with the substitution source operating in the same position.  
 

 dB 
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where 
 
  = vibration level at a transducer position on the test floor when the substitution 

            source is running 
 
  = vibration level at the same transducer position on the test floor when the test 
           object is running 
 

The “ISO”- method could be applied when a diffuse reverberant field is available (compare with 
measurement of airborne sound power according to ISO 3741) and the “NT”-method may be more 
appropriate when a diffuse reverberant field is not available (compare with for instance ISO 3747). 
However, this is only a hypothesis and it remains to be proved. Figures 8 show the level differences 
between the tapping machine and the washing machine used as test object in this study, using the one 
foundation and one fixed speed, comparing and both methods of averaging.  
 
 
 

6. CONCLUSION 
The results of the inter-laboratory measurements are encouraging with respect to the possibility to 
establish a field method for the determination of structure borne sound from building service 
equipments. The spread of results call for some statistical analysis to be applied to a measurement 
result, such that the final result represent e.g. the 10-20% highest level that may be expected on any 
kind of floor of a similar type as being measured. For light weight floors, separate measurements must 
be made and the difference in vibration levels may only be referred to for similar types of floor.  
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Figure 1: Washing machine Electrolux Laundry Systems type Wascator 465H, on a) the framed base 
with a MDF plate on 4 hand-operated jacks, b) the concrete filled steel plate base (200 kg) resting on 
massive steel cylinders, c) the same concrete base resting on Sylomer® soft polymer cylinders (f0 12 
Hz), d) the drum and the eccentric load (a 1,5 kg steel plate screwed to the side of the drum) 
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Figure 2. Example of test setup (floor H). sX denotes source positions, aY denotes accelerometer 
positions, d1 and d2 shows orientation of tapping machine on the diagonals of each source position. 
 
 

a   b  
 

c   d  

e   f  
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Figures 3 a-f. Measured acceleration levels on three concrete floors with different thickness and 
support. Scatter of results for various source positions, with a) c) e) the standardized tapping machine 
(according to ISO 140-8 and with b) d) f) the washing machine, for floors E, F and G, respectively. 
The washing machine was placed on its ordinary stiff feet made by steel and plastic (i.e. without the 
bases described in clause 3.1), operating at the maximum speed 1080 rpm. 
 
 
 
 

 
  

 
Figures 4.  Example of a mock-up light weight timber joist floor attached to the surface of a concrete 
floor in an impact test laboratory. It is used for additional tests of vibration level differences where the 
vibration of the test object is compared to the levels from the substitution source. 
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Figure 5a): Differences between the spatially logarithm-averaged vibration levels of the standardized 
tapping machine and the washing machine, put on three types of base, on 9 concrete floors. Average 
of 4 speeds 720-1080 rpm (12-18 Hz.  
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)Figure 5b): Standard deviation of vibration level differences. Legend, see figure 5a. 

Figure 5c. (—)-) the vibration level differences from figure 5a, (- - -) the vibration level differences 
(from figure 5a) reduced by one standard deviation (figure 5b) 
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Figure 5d. Vibration levels from the tapping machine on 5 concrete floors. Below 20 Hz, the energy is 
reduced significantly compared to the higher frequency bands. 

Figure 6a. Differences between the spatially logarithm-averaged vibration levels of the standardized 
tapping machine and the washing machine, put on the Steel&Concrete base on steel footings, 
measured on 9 concrete floors. Average of 4 speeds 720-1080 rpm (12-18 Hz). 
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Figure 6b. As for 6a, washing machine put on the MDF-board base on 4 screw jacks 
 

Figure 6c. As for 6a, washing machine put on the Steel&Concrete base on Sylomer® footings 
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Figures 7a: Differences between the spatially averaged vibration levels of the standardized tapping 
machine and the washing machine, put on three types of base (floors M, N), on 2-3 timber joist floors. 
Floor D measured with jacks/MDF-board only. Average of 4 speeds 720-1080 rpm. Up to 50 Hz, the 
test object may produce higher vibration levels than the tapping machine (negative differences). 
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Figure 7b): As for figure 7a, with all measurement cases included. Standard deviations could not be 
calculated (too few samples). The vibration level difference is significantly lower at low frequencies. 
 
 

 
Figure 7c): As for figure 7b, with all vibration levels plotted separately. The washing machine 
produces significantly higher vibration levels at low frequencies than the tapping machine (except for 
floor D).
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Figure 8:Two types of averaging of the vibration level differences between the tapping machine and 
the test object, using the steel&concrete base, put on the floor A and running at 1080 rpm. 3 source 
positions and 4 accelerometer positions. (ISO_TM-WM), the logarithm-average of 12 source and all 
receiver positions is taken for each source, then their difference is computed. (NT_TM-WM), the 
difference in level is registred by each accelerometer and source position, then the aritmethic average 
of 12 differences is computed. 
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 Figure 9: The standard deviation of the ISO-type of average (Std_ISO_TM-WM) and the NT-type of 
average (Std_NT_TM-WM). For comparison, the expected standard deviation of impact sound 
reduction of floorings according to ISO 140-8 (Std_delta_Ln_ISO_140-8). 
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Uncertainty of measured and calculated sound insulation
in buildings - Results of a Round Robin Test

Christian Simmonsa�
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An inter-laboratory comparison has been made in situ with the participation of
8 laboratories.The operators measured airborne and impact sound insulation of
7 partitions according to the ISO 140 standards and some additional guidelines.
Variations of sound insulation, and their components, have been analyzed. In
addition, field measurements of sound insulation in 40 building cases were
compared to calculations according to EN 12354 „-1, -2…. Safety margins for
predictions of 3 dB are recommended for calculation of heavy building
partitions, with respect to an estimated risk of 5% being disapproved by a
sample measurement in situ. © 2007 Institute of Noise Control Engineering.

Primary subject classification: 72.5; Secondary subject classification: 77

1 INTRODUCTION

Uncertainties of measurement and prediction of the
sound insulation in a building put increased expenses
on all actors of the building process, because they have
to keep safety margins to prescribed requirements.
Knowledge of these uncertainties and the appropriate
safety margins may therefore be a critical factor for
these actors. This paper deals with estimates of both
types of uncertainty and some recommendations on
suitable safety margins for predictions are given.

Requirements on sound insulation are described in
the Swedish sound classification standards SS 252671

and SS 25268, on the basis of the ISO 140- and ISO
717 series of standards. New standards for the
measurement �ISO 140-14, SS 25267 annex H� and the
prediction �by calculation� of sound insulation, EN
12354 �ISO 15712�, are now incorporated as alternate
means of verification of performance in situ. The
frequency range of interest was expanded to include
low frequencies �50–100 Hz� in 1999. Typical require-
ments on airborne sound insulation is Rw�
+C50–3150 53–57 dB and impact sound insulation Lnw�
+CI,50–2500 56–52 dB. This project was initiated in
2001 to examine how the new methods apply to typical
building cases with respect to the new requirements on
sound insulation �within the expanded frequency
range�.

In the first part of this study, an inter-laboratory
comparison �round robin� has been made in Mölndal,
Sweden with the support from Nordic Innovation
Center and the eight laboratories participating. The

operators made sound insulation measurements on 7
partitions located in the same building. The airborne
sound insulations of these partitions ranged from 23 to
47 dB �which are less than required for dwellings�. The
operators were instructed to follow the procedures of
ISO 140 parts 4, 7 and 14, as well as the guidelines in
the informative annex H of the standard SS 25267. The
guidelines of this annex give some practical informa-
tion about how to locate the loudspeaker and the micro-
phones, e.g. in narrow spaces where the instructions of
ISO 140-4 annex B are not feasible. The differences of
the measured sound insulation and its components
�sound pressure level difference, normalized impact
sound pressure level, reverberation time, partition area
and receiving room volume� are analysed in the first
part of this paper.

In the second part of the study, about 40 calculations
of sound insulation between rooms in real buildings
were made by the author according to EN 12354 �ISO
15712�. The calculated values were compared to field
measurements obtained from consultants from the
Nordic countries. The resulting differences �calculated-
measured results� include all kind of variations that
may be expected and therefore yield a reliable estimate
of the uncertainty that may be expected in practical
design work. This estimate of uncertainty could even be
expected to be conservative, because several details on
the building construction measured were not properly
documented �in the consultants reports�, and default
values had to be chosen with respect to traditional
constructions in houses of the same age and style. In
the individual case, when all details are known, a more
precise calculation could be made. However, there are
still several uncertainties to consider, e.g. reproducibil-
ity of calculations among several operators. There will

a� Simmons akustik & utveckling ab, Krokslätts Fabriker 1,
SE-431 37 Mölndal, SWEDEN; email: info@simmons.se
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always be a difference between calculated and
measured sound insulation in situ. The task is to
characterize the mean deviation �and correct for this�
and the random variations, �and to recommend a practi-
cal safety margin that can be employed by consultants
during design work�.

2 RESULTS - DETAILS

A summary of uncertainty of weighted values are
given in Tables 1–5.

The main parameters studied are variations about the

ensemble average of the sound pressure level differ-
ence, impact sound pressure level, reverberation time,
partition area and the receiving room volume.

2.1 Airborne Sound Insulation

Results for airborne sound insulation are shown in
the Figs. 1 and 2 in third octave bands from
50–3150 Hz, followed by the weighted airborne sound
insulation including four spectrum adaptation terms, in
decibels �dB�:

Table 1—Variation of measured airborne sound reduction index and spec-
trum adaption terms.

Estimated
uncertainties,
in decibels, dB:

Standard
deviation,
7 �all� cases

90% confidence
�1,6*Standard-
deviation�,
7 �all� cases

Standard
deviation

5 regular spaces

90% confidence
�1,6*Standard
deviation�,

5 regular spaces
RW� 1,0 1,7 0,7 1,1
RW� +C 1,2 1,9 0,8 1,3
RW� +Ctr 1,3 2,2 0,9 1,5
RW� +C50–3150 1,3 2,1 0,7 1,1
RW� +Ctr,50–3150 1,7 2,7 0,8 1,3

Fig. 1—Standard deviations of the measured values. Legend: “dL-stddev-allcases” denotes standard
deviation of sound pressure level differences between the source and receiving room, “10lgS/A-
stddev” denotes the standard deviation of the receiving room absorption term 10*log�S/A�,
where S denotes the partition area and A the sound absorption area of the receiving room. “dR-
std-dev-measured” denotes the standard deviation of the resulting sound reduction index �R�, in
decibels. All �7� measurement cases included.

68 Noise Control Eng. J. 55 �1�, 2007 Jan-Feb



RW� RW� + C RW� + CtrRW� + C50–3150RW� + Ctr50–3150 �dB�

The overall result, including all �7� cases, for the
airborne sound insulation, is shown in Fig. 1. The solid
�red� line with triangular marks shows the standard
deviation about the ensemble average.1� The solid
�blue� line with squared marks shows the standard
deviation of the sound pressure level difference
between the source and receiving rooms. The solid
�green� line with circular marks shows the standard
deviation of the sound absorption term 10 log�S/A�, or
rather 10 log�ST/0 ,16V�. The dashed �red� line with
triangular marks shows the standard deviation of sound
insulation according to ISO 140-2:1991.

It can be observed from the Fig. 1, that the results
obtained in this study resemble the data tabulated in
ISO 140-2 and the inter-laboratory comparison study
made by Pedersen in 1992.2 However, there is a notice-
able reduction of uncertainty in this study at the low
frequencies which may be explained by improvements
of the measurement procedures. The main part of the
uncertainty is pertinent to the sound pressure level
difference �L, which depend heavily on the amount of
time and spatial averaging. In the guidelines of the
informative annex H of the Swedish standard SS
25267, it is stressed that microphone positions must be
distributed over the entire measurement space to
suppress spatial sampling errors.

In Fig. 2, the standard deviations are plotted as in
Fig. 1, but two measurement cases have been consid-
ered particularly difficult �i.e. statistical outliers� and
removed from the data series. In both cases, the source
room SPL average was difficult to determine properly.
This is discussed to some detail in the project report.3

Figure 2 shows some interesting changes as
compared to Fig. 1. The uncertainty of R is still
explained mainly by the variations of �L, but there is a
significant improvement. The uncertainty of the
weighted sound insulation RW� is now only 0 ,7 dB.

Even more interesting, the uncertainty does not
increase when the low frequency spectrum adaptation
term C50–3150 is added. This conclusion is in accordance
with the opinion among some building acoustic
consultants in the Nordic countries, who have had a
positive experience with the extension of the frequency
range from 100–3150 Hz to 50–3150 Hz made to the
Swedish building code �BBR� in 1999. Most consult-
ants were by then already using this extended
frequency range and supported the changes of code,
even though some were very sceptical. It is not clear
however, if the consultants also changed the measure-
ment procedure accordingly, so this comparison with
practical experience should merely be considered as an
indication, not as an evidence. This is discussed to
some detail in the project report.3 In Table 1, the uncer-
tainties of the weighted values are listed.

2.2 Impact Sound

The normalized impact sound pressure levels Ln, in
decibels �dB�, were determined by 4 of the operators in
four cases. The operators were not the same in all
building cases. The overall variation of results
�standard deviation� are demonstrated by Figs. 3 and 4,
where comparisons with the standard deviation of
reproducibility taken from ISO 140-2 are included. In
Table 2, the uncertainties of the weighted values are
listed.

2.3 PartitionArea and Receiving Room
Volume

One interesting variable that influences the sound
insulation is the absorption term, which is derived from
the area S of the common partition, the volume V of the
receiving room and its reverberation time T. From the
measurements, the sample standard deviation of the
factor 10 log�ST /0 ,16V� was determined to
0 ,6–0,8 dB, including the variation of reverberation
time T. A brief survey was made among the operators
on the choice of S and V for 5 additional �schematic�
cases �with a fixed value of T�. The cases comprised
dwellings with open plan constructions, or regular
spaces with several wardrobes or a toilet room covering
parts of the partition and receiving room. The sample
standard deviation was then 0,7 dB �one outlier was
removed from the set of data, the deviation was 1 ,2 dB
including this special case�. This indicates, that it could
be worthwhile to make an attempt to improve the
instructions of the measurement standard to make the
choice of S and V less ambiguous. Another strategy
would be to express sound insulation requirements as
DnT,W instead of RW� . Then, the choice of S and V does
not have any influence on the result. A compromise,
adopted in SS 25267, was to restrict the ratio V /S

1�All standard deviations in the report are calculated as the sample standard
deviation of the measured values, in decibels1.

Table 2—Variation of measured normalized impact
sound pressure level and spectrum adap-
tion terms.

Estimated
uncertainties,
in decibels, dB:

Standard
deviation,
4 cases

90% confidence
�1,6*Standard
deviation�,
4 cases

Ln,W� 0,7 1,1
Ln,W� +CI 0,7 1,2
Ln,W� +CI,50–2500 0,8 1,3
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Table 3—Reverberation times of a conference room, obtained by a detailed measurement. 40 reverberation
decays were sampled �in all� using 20 microphone positions and 4 loudspeaker positions. Fre-
quency in third octave bands �Hz�. “T-av” denotes aritmethic average values, “T-sd” denotes
sample standard deviation of reverberation times, in seconds �s�.

Freq. 50 63 80 100 125 160 200 250 315 400 500 630 800 1000 1250–3150
T-av 1,16 0,66 0,63 0,55 0,65 0,64 0,78 0,85 0,97 0,98 1,03 0,98 1,03 1,05 1,0
T-sd 0,31 0,27 0,21 0,17 0,24 0,18 0,17 0,16 0,27 0,11 0,22 0,18 0,10 0,13 �0,09

Table 4—Comparison between measured and calculated sound insulation.

Difference calculated-
measured insulation,
in decibels: RW� RW� +C50–3150 Ln,W� Ln,W� +CI,50–2500

. . .between the averages −0,17 0,42 1,87 1,91

. . .standard deviation 2,3 1,6 4,4 2,9

. . .90%-confidence limits �5% risk of
non-conform.�

3,5 3,0 5,1 2,7

Number of comparisons 26 36 30 43
Measured average of sound insulation 59,4 57,6 54,1 51,3

Fig. 2—Standard deviation of sound pressure level differences, the receiving room absorption term and
the resulting sound reduction index, in decibels. Calculated for 5 “well defined rooms”. The
dashed thin lines replicate values from figure 1. The solid lines show the same quantities as in
figure 1, but the results are based on data of 5 well defined rooms.
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�3,1 meters in which case RW� equals DnT,W. For
impact sound, Ln,W� is equal to LnT,W� when V�31 m3,
and this limitation was also added to SS 25267.

3 ESTIMATION OF UNCERTAINTY IN
THE INDIVIDUAL CASE FROM
SOUND FIELDVARIATIONS

In an attempt to apply the ISO GUM procedure,4

some data were collected by the author to make an
uncertainty budget and compare this to the variation of
data between the operators. Some detailed measure-
ments were made in the building case A, between an
office and a small conference room. The sound
pressure levels were measured at 38 fixed positions in
the source room �Ls� �office�, 0 ,3 m apart, 0 ,5 m and
1,5 m above the floor, �0,5 m from the walls and
ceiling. The same grid of microphone positions was
used with a second loudspeaker position, thus a total of
76 SPL were measured in the source room. The
increase of SPL close to the loudspeaker was observed
and positions closer than 1,5 m from the omnidirec-
tional loudspeaker were excluded. In the conference
room, the grid of measurement positions covered 2
�22 positions at 0 ,7 m distance from each other,
0 ,5 m and 1,5 m above the floor, �0,5 m from the
walls and ceiling �Lm�. The same 2 loudspeaker
positions were then used in the source room.

The reverberation time was measured in the receiv-

ing room using 2 loudspeaker positions, 5+5 fixed
microphone positions �distributed over the entire
space�. The measurement was repeated, thus 20 differ-
ent microphone positions were used. Two decays were
recorded in each position. Each decay was inspected
visually on-screen. Decays with a correlation to the
straight line less than about 0,96 were rejected or the
on-set/off-set points were adjusted to make the decay
regression line fit the early part �−5,−20 dB� of the
decay curve. At low frequencies, erroneous regression
lines were common and the measurements had to be
repeated several times. The reverberation times
�average and standard deviation� obtained in the
conference room are given in Table 3.

From the guidelines in ISO 140-14 and the rever-
beration times in Table 3, there is no reason to believe
that there should be excessive spatial variations of the
sound pressure level in the receiving room. In the
source room, there are no sound absorbing tiles or
furniture, but the shape of ceiling and diffusive effects
of a large table and some bookshelves were judged to
be sufficient to make the sound pressure diffused. In
Fig. 5, the measured standard deviation of Ls and Lm

�solid lines� were then compared to the guidelines of
ISO 140-14 figure A.1 �reproduced in Fig. 5 with
dashed lines�, for the purpose of checking the diffusiv-
ity of the measurement rooms.

It appears from the Fig. 5, that the measurement

Fig. 3—Standard deviation of normalized impact sound pressure levels, 4 measurement cases �dLn-
stddev-allcases�, in decibels. The standard deviation of reproducibility of ISO 140-2 is included
for comparison �dashed line, dL-stddevISO140�.
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spaces in case A �both the office and conference room�
are less diffuse than anticipated from the reverberation
times. This may be explained by the irregular shapes of
both spaces and the uneven distribution of sound
absorbing tiles in the receiving room.

Figure 6 shows a comparison, where the uncertainty
of case A is estimated from the measured standard
deviation of the Ls, Lm and T. The variation of the ratio
S /V was estimated by the author from some plausible
variations of geometrical dimensions, as seen from the
source room or the receiving room. A standard devia-
tion of 0 ,5 dB is added to the uncertainty budget to
take variations in instrumentation sensitivity into
account. This value �0,5 dB� has been found by
comparison of calibration data for sound analyzers at
SP, Sweden.

The agreement is satisfying at low frequencies, but
at high frequencies the estimated uncertainty exceeds
the actual uncertainty �as determined by the operators�.
The reasons for this deviation may be that the operators
used a single channel analyzer or dual channel analyzer
with matched microphones, thus errors in sensitivity
are cancelled. If the 0 ,5 dB is removed from the
estimated uncertainty, the agreement is improved at
high frequencies. Additional analysis of the data will be
proposed to the ISO TC 43/SC 2/WG 18/AHG 2.

4 CALCULATIONS - CONSIDERATION
OF INPUT DATA

When a theoretical model of a building is estab-
lished according to EN 12354 �ISO 15712�, several
decisions must be taken by the operator.

� Appropriate input data for each building ele-
ment that enclose the transmission rooms must
be chosen.

� The operator has to define the size of partitions
and room dimensions. The size of the model
may differ from the actual physical dimensions,
particularly where the geometry of the building
is complicated, e.g. staggered rooms and open-
plan spaces.

� The operator has to define the junctions be-
tween the building elements.

� The actual performance of elements in the
building depends on to which elements it is
connected, and the quality of workmanship �air
leakages, structural sound bridges etc.�Another
important issue is the choice of loss factor, that
relates to the structural vibration energy trans-
mission through external building elements
�i.e., elements that are connected firmly to the
partition and flanking structure and therefore
extract energy from the “system”, but do not in-
crease the flanking transmission to the receiv-
ing room�. This loss factor is particularly im-

Fig. 4—Illustration of the variation of normalized impact sound pressure levels, all cases, with the stan-
dard deviation according to ISO 140-2 plotted for comparison �dashed lines�, in decibels.
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portant for heavy building systems. Large
concrete slabs, with room partitions built by
light weight plasterboard walls, will give sub-
stantially higher sound insulation vertically
than buildings with heavy partition walls. This
is sometimes referred to as the “area factor” and
it is treated in EN 12354.

� One may assume that calculation results may
vary depending on the operators experience and

which building element data in the database is
considered most appropriate to include in a
model of the real building construction.

� When comparisons are made with respect to the
conformance to field measurements, measure-
ment uncertainty has to be taken into account.

There was a need to compare measurements and
calculations of real buildings, to see whether there are
systematic or random errors that need to be taken into

Table 5—Recommended safety margins for calculations of heavy building
constructions.

Practical safety margin to a requirement,
in decibels RW� RW� +C50–3150 Ln,W� Ln,W� +CI,50–2500

in an individual case, as verified by one
sample measurement:

2 3 2 3

as an average of measurements, allowing
2 dB deviation �if the average value
conforms with the requirement�

0 1 0 1

Fig. 5—Comparison of measured standard deviation of sound pressure levels �solid lines� to values esti-
mated from the measured reverberation times according to ISO 140-14 figure A.1 �dashed lines�,
in decibels. Legend: “Std-devLs-A. . .”, lines with box markers, refer to the source room �an of-
fice� and “Std-devLm-A. . .”, lines with circle markers, refer to the receiving room �conference
room�.
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account. The sound insulations in a variety of building
cases �mainly residential buildings� have been analysed
by the author, using the BASTIAN software and a
propriety database of building elements.5 The compari-
son between measured and calculated sound insulation,
in the Table 4, refers to vertical sound transmission
through concrete slabs with different floorings. The
number of comparions are given for each case.

The measured building cases were not properly
documented with respect to all building products and
construction joints used in the respective building.
When the calculations were made, data for construc-
tions typical for the age and type of building were used
when no other information was available. Naturally,
such assumptions increase uncertainty of the calcula-
tions. In spite of these uncertainties, the Table 4 shows
that the 90% confidence limits agree reasonably well
with a common experience, that a 3 dB margin is suffi-
cient for most practical applications. The risk of a field
measurement �performed according to all relevant
standards� being non-conformant to the requirement is
then less than 5%. This confidence limit corresponds to
a coverage factor of k=1,6, assuming the random
variations being normal distributed �being justified by
the fact that several independent variables influence the
final result� and the influence of systematic errors being
negligible. If well documented building products are
used, and the quality of workmanship is high, it should

be possible to reduce the margins, according to the
recommendation in Table 5.

In order to estimate the influence of the operator
�reproducibility of calculations according to EN
12354�, 4 of 8 the operators contributed sound insula-
tion values of 7 hypothetical �rather complicated�
building constructions, calculated according to EN
12354 �ISO 15712� parts 1 and 2. Two of these opera-
tors were not experienced with the standardised calcu-
lation procedures. The standard deviation of the calcu-
lated weighted airborne and impact sound insulations
are given in Table 6. The results of this simple compari-
son may possibly be considered as examples of uncer-
tainty that may occur in real consultancy work, but the
low number of experienced operators �2� who delivered

Table 6—Variation of calculated sound insulation,
4 operators �of which 2 experienced with
EN 12354�, 7 building cases.

Standard deviation, 4 operators, all cases, in decibels
RW� RW� +C50–3150 Ln,W� Ln,W� +CI,50–2500

3,0 3,0 2,6 2,3
Standard deviation, 4 operators, 1 complicated case
�diagonal measurement� excluded
RW� RW� +C50–3150 Ln,W� Ln,W� +CI,50–2500

2,6 2,6 1,8 1,4

Fig. 6—Estimated standard deviation of uncertainty of the sound reduction index �“SAUcaseA std-dev”�
as compared to standard deviation values obtained by 8 operators in the same rooms �“Allopera-
tors std-dev”�, in decibels. Values from ISO 140-2 added for comparison �dashed lines�.
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results, and the complexity of the calculation examples,
prevent an interpretation of the results to obtain reliable
estimates of the uncertainty of the calculation method.

No comparison has been made in this project of data
for light weight slabs, but the practical experience is
that the margin must be increased compared to the
uncertainty values given above. This depends on the
type of product and the quality of workmanship. Some
indications are given by Pedersen.6

5 SUMMARY OF RESULTS

The uncertainties calculated from the comparisons
described above are given in Tables 1 and 2. The project
report2 contains some advice on possible improvements
of the measurement procedure, a detailed description
of the study and all results.

From the measurements, the sample standard devia-
tion of the weighted airborne and impact sound insula-
tions and the spectrum adaptation terms RW� �C;C50-
3150� and Ln,W� +CI,50–2500 are presented in Tables 2 and
3.

To estimate the uncertainty of a calculated sound
insulation to a sample measured value, about 40 field
measurements were collected from consultants in the
Nordic countries and analyzed by the author. Estimates
of the sound insulation between the rooms were made
with calculations according to EN 12354 �ISO 15712�.
All measurements had been made vertically in build-
ings with concrete slab floors, with various floorings,
where a mix of heavy and light walls defined the
measurement spaces. The resulting differences between
calculated and measured values yield a more reliable
estimate of the practical uncertainty that may be
expected in practical planning work, because all kind of
uncertainties are included in the comparison.

The software used for the comparison was
BASTIAN version 2.1 and the input data for concrete
slabs, floorings and walls were taken from the Nordic
database for this software, used by several consultants
in the Nordic countries. The number of comparisons is
given for each type of weighted value in Table 5.

The values of Table 5 correspond to practical experi-
ence and approximately to the results of a previous
Nordtest study by Pedersen,2 except for Ln,W� which is
higher than expected, but reasons for this has not been
examined further.

From the results presented, the safety margins of
Table 5 are recommended for practical planning work,
applicable when sound data of building elements have
been tested and documented properly, and the quality
of workmanship is high. Under these conditions, the
uncertainty may be assumed less than given in Table 4.
The margin does not guarantee that non-conformance
with requirements may never occur, it must be expected
that measured sound insulation may occasionally be
less satisfactory than predicted, by say 1–2 dB, if the
safety margins given in Table 5 are applied during the
planning process.

The measurement uncertainty may be reduced to
some extent by a careful measurement work and an
extended averaging procedure. The uncertainty of
calculations of the performance in a building with
specified products may be reduced by a continuous
comparison between predicted and measured sound
insulation. Input data for the calculations may initially
be taken from laboratory values or theoretical calcula-
tions, and adjusted after some time if empirical experi-
ence proves there are systematic differences that need
to be compensated for. The manufacturers should take
on the responsibility for maintenance of their data, but
all actors of the building industry could contribute,
with an open mind to exchange of experience.
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ABSTRACT 
A new handbook has been published by the Swedish National Board of Housing, Building 
and Planning. This handbook describes the building process from an acoustical point of 
view. It focuses on the conversion of functional requirements on the performance of the 
building to appropriate designs of a building. This type of requirement allows all kinds of 
solutions to be applied, but is also requires coordination of acoustic issues between the 
parties involved during the entire building process. Hence, the handbook addresses detailed 
information to each party. Functional requirements and acoustic issues are complex by 
nature, because they affect many building elements, they are handled by several parties and 
they must be considered during several phases of the building process. Typical errors come 
from building designs (floor plans), product designs (input data of elements), calculation 
models, quality of workmanship (during the construction phase) and uncertainties in field 
measurements. The aim is to help the commissioner manage the responsibility for these 
issues. The handbook also covers a large field of practical applications to support the 
acoustic expertise. It is expected that this handbook will encourage developers and 
contractors to deal with acoustic issues more efficiently. If the noise environment is not 
considered in the design process for new residential areas and other building facilities, the 
satisfaction of tenants, the health costs for the society and the building values will be 
affected. If verifications are made only at a late stage of the building process, errors are 
normally discovered too late. They are then expensive to correct for and it is difficult to 
find out who is responsible. When the verifications are made effectively during the 
process, costs are minimized. 

1 INTRODUCTION 
This paper summarizes the content of a new handbook, which includes; a description of 

the process to handle acoustical issues during the building process; practical advices to all 
parties involved in the process and interpretations of functional requirements in sound 
classifications standards that are referred to by the Swedish building regulations. However, 
this paper does not discuss scientific theory. The aim is rather to describe a practical way to 
deal with acoustics throughout the building process, from the interpretation of the functional 
requirements, the early stage design, the purchases of building elements to the finalized 
building.  

The modern building process is complicated. For those who deal with acoustic issues in 
the design phase or the construction phase, this is obvious for several reasons. New buildings 
are often erected at complicated sites in the city centres. Hence, they are often exposed to 
high sound levels and ground vibrations from various types of traffic. High requirements on 
sound insulation between the interior spaces are frequent, e.g. between residential apartments 
and premises for public activities (shops, restaurants, theatres, cinemas etc) and these 
requirements tend to be raised further in future. Furthermore, new architecture and new 
building products are often suggested, which claim a lot of knowledge to handle since 
empirical experience is not always at hand for these specific solutions.  

1/7



Since a few years, there is a need to transfer acoustic knowledge directly to our building 
industry, since the teaching of building acoustics at our universities has been significantly 
reduced. It is too expensive to retain acoustic laboratories at the universities, since they are  
not efficiently used, hence converted and used for other purposes. Furthermore, the 
governmental grants to research and teaching have been reduced which has resulted in fewer 
civil engineers graduated with even basic knowledge in acoustics.  

At the same time, modern buildings become more and more complicated, and the 
building acoustic demands from inhabitants and commercial developers are increasing. 
Lightweight structures (e.g. by wood or steel) are being used more frequently in multi storey 
residential buildings, which present large challenges to the acousticians.  

The possibility to use various building products is now easier than some decades ago, 
partly because the requirements are based on performance of the building (or spaces therein) 
instead of the properties of individual products. Performance based building codes may be 
regarded as an “open system” compared to codes based on specific dimensions and 
constructions.   

 However, an important disadvantage of a performance based building code is the need 
for conversion from the performance of products to the expected performance of buildings. 
Requirements on dimensions and constructions are more “straight forward” to apply and to 
verify by inspection in situ. However, the advent of EN 12354 [1] and extensive laboratory 
tests have helped the acousticians making rational choices and decisions with respect to 
combination of products, at least in those cases where the standardized calculation models are 
applicable. There are now an increasing number of innovative products and structural 
elements that might be combined in order to meet the requirements stated by the client or the 
national building codes.  

Furthermore, the requirements are often changed. In Sweden (as well is in some other 
countries), the requirements by authorities or clients normally refer to the sound classification 
standards or similar publications. The Swedish standard SS 25267 [2] addresses requirements 
for dwellings and the SS 25268 [3] addresses spaces in hospitals, schools, offices, hotels and 
institutional premises. The idea behind a classification system is to offer the developer too 
choose a level of acoustic quality (sound class) that is appropriate for the actual performance 
level considering the acceptable cost level. The sound class may vary in different projects, 
from renovation of old buildings (low sound class) to very high ambitions (luxury 
apartments).  

Acoustic issues affect many building constructions, several parties must handle them and 
they influence several phases during the building process. Typical errors come from building 
design (floor plan), product design (data), calculation models, assemblies in the building 
(construction phase) and uncertainties in field measurements. 

1.1 A new handbook 
On the initiative of the National Board of Housing Building and Planning (Boverket), a 

new handbook has been issued, in an attempt to facilitate the management of building 
projects with respect to the acoustic issues. The handbook is written to coop with the 
following needs: 

  
• to describe how the commissioner (e.g. a developer or a proprietor) can specify the 

responsibility for different parties involved during the building process. Each party 
then gets specific targets to facilitate his handling of acoustic issues. 

• to present interpretations and application examples on the Swedish sound 
classification standards, based on a large number of real questions and detailed 
examples from the building industry, universities and consultants. 
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• to complement other guidelines and advisory notes from the National Board of 
Housing Building and Planning used by local authorities. 

 
The handbook consists of seven sections: 

 
• Sections 1 and 2 address information to all participants in the building process who 

may come in contact with acoustic issues, for example proprietors, developers, 
authorities, designers, manufacturers, building contractors, experts, quality controllers 
etc. They give general background information and a description of which parties 
should take responsibility during each phase of the building process.  

• Section 3 recommends the commissioner to engage an acoustic expert to monitor all 
phases of design, drawings, building details at the site, as well as the verification 
measurements in  partly finalized or in the finalized building. As a result, an acoustic 
documentation is assembled. This documentation is a living document that may 
support the other parties of the project team during the building process. 

• Section 4 is primarily addressed to experts within acoustics, involving detailed 
advices on risks and interpretation aspects on the sound requirements.  

• Section 5 gives information to manufacturers on how they should test and present the 
acoustical technical properties of their products, as well as supplementary information 
on how to secure that the product fits to connecting structures, handling issues, 
mounting advices etc. 

• Section 6 gives general advice to building contractors. The advices address several 
aspects which should be considered to avoid raised costs due to poor workmanship 
and a lack of precision during the construction phase. 

• Section 7 clarifies the most important tasks to verify the acoustic performance of the 
building. It has become clear that the international standards for sound testing at the 
sites (ISO 140-series) are not detailed enough. Uncertainty may be reduced with 
complementary instructions, e.g. to minimize arbitrary choices of measurement 
locations etc. 

 
However, the handbook does not cover all conceivable acoustic problems, nor does it 

give a general review of theoretical acoustics. It is intended to facilitate the management and 
the probability to fulfil the intended sound class, and to clarify responsibilities to all parties 
involved in each stage. It does give reference to papers and books on theory etc. that may be 
of interest to some parties, e.g. manufacturers of service equipment or building elements. 

It is a well known fact that if technical aspects, i.e. acoustics, are not considered at an 
early stage this might lead to raised costs in the end of the building project, as illustrated by 
the figure 1. 
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Figure 1: The relation between costs for acoustic (or other) measures and sound quality depending on when the 

technical issues are considered during the building process.  
  

2 THE COMPLEXITY OF THE BUILDING PROCESS 
There are often conceptual confusions within the building industry and between the 

parties of a project process, with respect to the variety of type of agreements, c.f. figure 2. In 
an attempt to simplify the process the purposes of different participants in the process are 
emphasized, no matter whom is responsible for a specific task at a specific time during the 
progress of a project. The handbook describes which parts should be managed and by whom: 
the developer, the experts, the designers, the manufacturers, the building contractors or the 
authorities. 
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Figure 2: The complex matrix of actors involved in a building project. General performance based requirements 
(sound class) stated by the Authorities and the Developer must be interpreted by the Designer to constructions 

and to products. The Manufacturers must present correct input data to the Designer. The Contractor must follow 
all instructions carefully and handle risk constructions consciously. The final Buyer (or tenant) is often not 

involved at all during the planning, design and construction phases. 

3 THE STRUCTURE OF THE HANDBOOK 

3.1 Acoustic documentation – created by the expert 
Frequently, there is no acoustician involved during the very early phases of a building 

process. They may be commissioned during the latest stage of design process or sometimes 
just to perform measurements in the finalized building or when problem occurred. However, 
the handbook advises the commissioner  to engage an acoustician during all phases of the 
project. Then, all acoustical risks may be clarified and handled early, and all parties involved 
may be assisted by the acoustic documentation, updated throughout the process. Furthermore, 
an acoustic consultant knows where the acoustic efforts are most beneficial and may guide 
the client through the building process. The communication with the authorities is made 
easier by the assistance of an experienced acoustician. 

The expert should establish an acoustic documentation with a structure described in 
section 3 of the handbook. In general the documentation may cover the following topics:  

 
• Part 1 specifies the sound requirements established by the developer (particularly if 

they deviate from the recommendations given by the sound classification standards). 
In this phase, the input data regarding exterior noise levels should be specified, as well 
as the façade elements (walls, doors and windows) that must attenuate noise from the 
exterior. In public premises, the requirements may be adapted to fit the needs of the 
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current clients/tenants. In multi storey residential buildings, relieves of the 
requirements may be appropriate, for example on the impact sound insulation of 
staircases that are only intended for evacuation purposes.  
 

• Part 2 contains recommendations for the design of the building (documented by 
drawings and product descriptions) such that it fulfils the current sound class 
(requirement). The risks should be highlighted, considering known issues with the 
actual structural elements (light weight or heavy structure, prefabricated or in-situ 
manufactured etc) as well as the contained building products. 
 

• Part 3 describes the procedure for review and verification within different stages of 
the project.      

 

3.2 other sections   
Section 4 is primarily addressed to designers and acousticians and it has the same basic 

structure as the Swedish sound classification standards. The content of section 4 gives  
backgrounds, interpretations and examples in order to increase the understanding and to 
facilitate the application of the standards. Its content is written on the basis of real questions 
and contain statements that faces frequent attitudes by the building industry, universities, 
consultants etc. As an example, a developer is certainly free to pick single requirements from 
various acoustic properties in the different sound classes as long as the minimum national 
requirements are fulfilled. But the handbook explain why this is not recommended, i.e. it 
explains that the perceived sound level will be determined by the weakest part of the 
building. Hence, in some respects the building will be either worse or better than expected 
which is, of course, not cost efficient.  

Section 5 describes current requirements, standards and methods applicable to 
manufacturers in order to deliver product data usable in the calculation standard series ISO 
EN 12354 (equal to ISO 15712) [1] which are of particular significance. The section also 
emphasizes the importance of good workmanship of field adapted assembly instructions, e.g. 
structures made of lightweight material.   

Section 6 addresses building contractors and involves, amongst others, description of risk 
level, description of sensitive details, typical acoustical problems with regard to service 
equipments etc. Such descriptions are cumbersome to establish, because the variety of 
constructions and possible problems in intersections makes it virtually impossible to cover all 
risks that may occur. Hence, also the contractor must have some basic understanding of 
acoustics and be able to identify risks that have not yet been described.  

3.3 Verification 
Suitable verification procedures are necessary to produce a final building which actually 

meet the contracted sound class (or any requirement). Traditionally, acousticians are involved 
at a late stage performing measurements in the building. This is too late if something is 
wrong, see Figure 1. If involved very late, the acoustician knowledge of the project is very 
limited which further complicate efficient measures. Undoubtedly, costs are minimized when 
the verification is carried out throughout the building process. As soon as decisions have been 
made or the work is already in progress, the verification should cover 

 
• Requirement level, type of project contract, responsibility management 
• Traffic density, type of traffic, sound pressure levels at the facade 
• Structural framework, products in the building, final drawings 
• Visits at the building site     
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• Measurements in the finalized building 
 
Depending on each project, its location, its form for contract, the choice of structural 

material etc the need for verification within each part above vary and should be stated in the 
acoustic documentation.  

The intention of this part of the handbook is to clarify the need for surveillance carried 
out continuously throughout the process, and not solely relying on acoustical measurements. 
Continuous visual inspections during the construction phase and documentation of products 
which form a part of the building is important in order to take actions if something appears to 
be wrong – correcting measures may then be carried out immediately. 

Furthermore, during the building process current basic prerequisites for the design have to 
be laid down. One such issue is to define the traffic conditions (traffic density, number of 
heavy vehicles etc) in order to choose the right windows and façade. The handbook also 
contain information of security margins during design in order to manage the final 
requirements with sufficient probability, based on calculations which are compared to 
measurements presented in a Nordtest report NT Tec 603 [4] and a report from the Forum for 
building costs [5, 6].    

4 CONCLUSIONS 
There is a need for a shake-up regarding knowledge of aspects that cause acoustical 

problems in buildings. Every mistake not being corrected as early as possibly costs a lot of 
money and the final product quality may deteriorate more than necessary. A new Swedish 
handbook has been issued by our national authorities, to provide help to those who work in 
projects to secure the acoustical quality of buildings.  

To promote acoustic knowledge directly to the building industry has become an even 
more important task during the last decade (or decades) since the teaching of building 
acoustics at the universities has been reduced. At the same time, modern buildings become 
more and more complicated, and the building acoustic demands from inhabitants are 
increasing. Lightweight structures (e.g. by wood or steel) are increasingly being used in multi 
storey residential buildings, which present huge future challenges to the industry and to the 
acousticians. 

The handbook is presently available in Swedish only. However, some countries have 
shown interest to translate the handbook into their language and of course it would be 
interesting to publish it in other languages, primarily into English.     

5 REFERENCES 
[1] EN 12354 Building acoustics - Estimation of acoustic performance of building from the 

performance of elements. Parts 1-6. The parts 1-4 have been published by ISO without 
changes (ISO 15712 1-4) 

[2] SS 25267 Acoustics - Sound classification of spaces in buildings - Dwellings 
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work and hotels 
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ABSTRACT 
Measured reverberation times taken in 44 classrooms have been compared to values 

calculated according to the basic method of the new standard EN 12354-6. Both porous 
absorbers and perforated plasterboard absorbers were analyzed, since other studies have 
indicated they may behave quite differently in situ as compared to the laboratory. Systematic 
and random differences between the measured and calculated reverberation times have been 
calculated. From these differences, practical safety margins were derived, to be observed 
during design, when the type and amount of sound absorbers is estimated. The margin was 
calculated to a 90% certainty, that a measured reverberation time will not exceed the calculated 
value, provided that the type of room and furniture is of the same type as in the rooms used in 
the study. A special study in the laboratory will be presented at the conference. 

1 INTRODUCTION  
In a working draft of the second edition of SS 25268 (the Swedish standard for sound 

classification of common spaces, ref 1), requirements on room acoustical conditions have been 
suggested, where a calculated sound absorption area would be the main entity. In the current 
edition (1), reverberation times, as measured in the building (in situ), are specified for this 
purpose. Obviously, any type of requirement must be possible to handle during a design phase 
as well as to verify in situ. It is required by several parties, that both calculated and measured 
values must be in close agreement, at least on the average. Some scatter between calculated 
and measured data is inevitable, but the uncertainty of a calculation result as compared to a 
sample measurement should be possible to estimate (and correct for during design). 

The strategy chosen was then: 
 state an estimated reverberation time in situ for various types of space, as a design goal  
 require the effective absorption area, types and amounts of absorber, shall be determined 

be the user 
 input data shall be chosen, that make calculated values comply with measured, within a 

given uncertainty  
The suggested method for calculation is the new standard EN 12354-6, completed during 2004 
[2]. The type and amount of absorber is assumed to be specified in contracts etc, and constitute 
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the effective requirement. Verification of absorbers may then be done by a simple visual 
inspection, where prints on their back side is recommended. Measurements of reverberation 
time may still be used as a means of determining the amount of absorption in a space 
(furnished or unfurnished) before or after sound absorbers have been added, but measurements 
would no longer be the reference method (in case of dispute). 
 The method of calculation of the main section of EN 12354-6 is basically equivalent to the 
well known formula of Sabine, i.e. the sound fields are presupposed to be diffuse and the 
effective absorption area is expected to be independent of the location of the absorbers. 
However, there are some new concepts applied in EN 12354-6, for the estimation of the 
absorption of furniture and objects inside the space, which are based on their effective volume. 
These concepts are not as well examined, and it seemed appropriate to evaluate their influence 
on the calculated reverberation time by means of comparisons to field measurements. 
Furthermore, there are some field studies made, that indicate important discrepancies between 
calculated and measured reverberation times, that depend on type of absorber. These 
discrepancies constitute a trade barrier, which must be removed somehow. 

In this paper, results are presented from a comparison made between 44 field measurements 
of reverberation times, taken mainly in classrooms and day-care centers, and the calculated 
values of each of these spaces. The measured data and room descriptions have been collected 
from acoustic consultants and manufacturers in the Nordic countries. The data cover both 
spaces with porous absorbers (mineral wool) and spaces with resonant absorbers (perforated 
gypsum boards, lined with a porous cloth). Sound absorption coefficients of acoustic tiles have 
been collected from the manufacturers catalogues. In some cases, the field case documentation 
has been vague and some generic data of absorbers and typical building materials have then 
been applied, according to common building practice. 

2 BUILDING MATERIALS - SOUND ABSORPTION COEFFICIENTS 
In order to enable calculations of the sound absorption and reverberation times of spaces 

without sound absorbing tiles, sound absorption coefficients of traditional building materials 
needed to be “standardized”. Data were collected from EN 12354-6 and a variety of 
publications and consultants. Some tables on absorption of building materials were established 
more than 40 years ago, and one cannot be fully confident in the validity of these data. 
Nevertheless, these type of tables are still widely used. By incorporating in the standard [1] a 
table of absorption coefficients of constructions and materials typical to our national building 
traditions, it is expected that these generic sound absorption coefficients will be widely used. 
Apparent discrepancies could be corrected in due time if several users report coherent 
observations to the Swedish standards committee. The values used in this study are collected in 
a “table 1”, which is omitted in this paper but presented in the project report [3].  

In addition to the coefficients of materials, 8 types of furniture absorbers were calculated 
from their volume (according to ref. 1) and added to the table. These data represent the 
apparent sound absorption of desks, chairs, book shelves and other furniture. This absorption is 
not only related to porous materials, but as well the sound diffusing properties that reduce the 
reverberation time of a furnished space. At low frequencies, the absorption of small items was 
reduced, as well as the absorption of large items was increased if the item was assumed to have 
resonant surfaces (e.g. thin leaves or glazings). 

2/6



Euronoise 2006, Tampere, Finland Christian Simmons 
 

3 COMPARISON OF CALCULATIONS WITH FIELD MEASUREMENTS  
Differences between calculated reverberation times and measured have been evaluated for 

all spaces as well as for groups of spaces with similar types of absorber. In the latter case, 
spaces with two types of absorber were considered; porous absorbers (e.g. mineral wool) and 
resonant absorbers (e.g. perforated plaster boards with an air space behind). In each group, the 
mean and standard deviation between calculated and measured reverberation times have been 
calculated, as is illustrated by figures 1 and 2 below. 

 
Fig. 1. Mean deviation between calculated and measured reverberation times, s. (44 spaces). Legend: 
“Efterklangstid”-reverberation time”, “beräknad”-calculated, “uppmätt”-measured, “ALLA”-all 44 
cases studied, “Resonansabsorb.”-resonant tiles (21 cases), “Porösa absorb.”-porous tiles (23 cases) 

 
Fig. 2. Standard deviation between calculated and measured reverberation times, s. (44 spaces). 
Legend, see fig. 1. The line “T_NT-rr”-estimate of reproducibility of the measurement method [4]. 
The figure 2 shows the standard deviation of difference between calculated and measured 
reverberation times, in seconds. The dashed line “T_NT-rr_Stdav-38meas-8op-7rooms” line is 
an estimate of standard deviation of reproducibility of the measured reverberation time, taken 
from a Nordtest inter-laboratory study [4]. They were derived from 38 measurements, made by 
8 operators in 7 different types of room. The comparison indicates that the differences obtained 
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can not be explained by measurement uncertainty only. However, the calculation method and 
the input data chosen do influence the differences obtained, c.f. the introduction. 

The result of a calculation by EN 12354-6 with appropriate sound absorption coefficients 
may be corrected for the systematic and random differences given in figures 1-2. Thus, an 
appropriate safety margin may be established for each type of absorber. If this safety margin is 
applied, one may state which measured reverberation times in situ would comply (i.e. not 
exceed the calculated value), by a given probability. This probability was set to 90%. The 
systematic difference (mean deviation between calculated and measured reverberation times) is 
first subtracted from the calculated value. To correct for the scatter of data, the calculated value 
is also increased by the standard deviation multiplied by a statistical coverage factor of 1,28, 
which corresponds to a 90% probability of compliance with the required value, i.e. a 10% 
“risk”. Fig. 3 shows the sum of negative mean deviation terms (fig. 1) increased by 1,28 times 
the standard deviation (fig. 2)

 
Fig. 3. Sum of negative mean deviation (fig. 1) and 1,28 times the standard deviation (fig. 2) between 
calculated and measured reverberation times, s. Legend, see fig. 1. 
The dashed line shows a tolerance, proposed by Delta Akustik & Vibration to be included in 
the Danish regulations of working environments [Ehrvervs- och boligstyrelsen, ref. 5], that 
were suggested for the Swedish standard as well. Fig. 3 shows that even with these tolerances, 
sound absorbers must be designed to meet a shorter reverberation time, to ascertain measured 
values to comply, in case the diffusivity of the sound field can not be assessed.  

The figures 1-3 are based on all cases studied (44). From these, 23 favourable cases were 
selected, which represent rooms with a large amount of sound diffusing furniture and room 
heights less than 3.1 m. The calculations were then repeated for these 23 favourable cases. 
Values of the negative mean term added to the term 1,28 times the standard deviation 
(corresponding to figure 3) are printed in figure 4.  

The figure 4 indicates, that the tolerances prescribed in the Danish regulations correspond 
well to the practical results, in case the rooms have reasonably diffuse sound fields, i.e. contain 
diffusing furniture and a low room height. At high frequencies, resonant absorbers perform as 
expected and the margins could even be reduced somewhat. Porous absorbers tend to be 
overestimated by calculations at high frequencies.  
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Fig. 4. Sum of negative mean deviation and 1,28 times the standard deviation between calculated and 
measured reverberation times, s. (23 cases). Legend, see fig. 1. 

This difference is assumed to be explained by the measurement conditions in the laboratory 
according to ISO 354, where the laboratory is equipped with sound diffusors to make sound 
arrive at the absorbers from all angles. In typical classrooms, a larger proportion of sound tends 
to be incident at large angles or even be parallel to the absorber. Their sound absorption is then 
not as efficient. Resonant absorbers are less efficient and tend to function more equally in the 
laboratory as compare to the field.  

4 SAFETY MARGINS 
The results presented above confirm, that the calculation method in the European standard EN 
12354-6 may give satisfactory results on the average. To obtain calculation results, that by a 
given probability (90%) would comply with measured values, some safety margins should be 
applied during design of absorbers for a specified space. Some margins are proposed, based on 
the figures 3 and 4, rounded to the nearest 0,05 seconds. 
Table 1. Safety margins – rooms with limited sound diffusing properties: 

 
Table 2. Safety margins – rooms with a favourable sound diffusing properties: 

 
The margins proposed should be sufficient to correct for both systematic and random variations 
between calculated and measured reverberation times in classrooms and similar types of space, 
provided the data for the sound absorbers have been determined correctly in the laboratory 
according to ISO 354. The uncertainty of compliance with a required value is less than 10%, if 
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a deviation of 0,2 sec at 125 Hz and 0,1 sec at frequencies 250-4000 Hz are accepted. These 
margins have been calculated based on data from rooms with approximately 0,6 seconds 
reverberation time. In other types of space, the margins may differ, but similar tendencies may 
be expected.  

The tables 1-2 should be possible to use as generic data, where no other information exists. 
They may be replaced by other documentation in case the manufacturers can prove other data 
to be more representative for their products as applied to specific types of space. 

5 LABORATORY TESTS IN A CLASSROOM, A WORK SPACE AND AN OFFICE 
A special test facility has been established at the Swedish testing and research institute (SP, 

Borås), where an empty space 11,6m x 5,7m x 3,5m was equipped with furniture and sound 
absorbers in a variety of combinations. The aim was to test the efficiency of each absorber 
under field conditions in a classroom, a work space (half size) and an office (quarter size). The 
sound absorption of each set of absorbers was also determined in the reverberation chamber 
according to ISO 354. A summary of the results will be presented at the conference. 
Preliminary results show four important tendencies: 1) the measured reverberation time 
exceeds the calculated in all cases, 2) the influence of furniture was surprisingly high (which 
can not be explained only by the few porous parts of the chairs), 3) the difference in 
reverberation time between products based on mineral wool and plasterboard absorbers was 
almost negligible, 4) the strength of sound as well as the attenuation of sound with increasing 
distance hardly differed at all between different types of absorber (less than 1 dB, at high 
frequencies). This study indicates that most types of absorber work satisfactory in realistic 
rooms, independent of their absorption rating (EN ISO 11654). 

REFERENCES 
[1] SS 25268, working draft March 2005 (not published) 
[2] EN 12354-6: Building acoustics - Estimation of acoustic performance of buildings from the performance of 

elements - Part 6: Sound absorption in enclosed spaces. 
[3] Internal report SAU 2005135-1 to the SIS Tk197 committee. The report file (SIS-Tk197-SAURa-Dim-EN-

12354-6.pdf, in Swedish) is available for download at www.simmons.se, link to “Böcker & Artiklar”. 
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ABSTRACT 
The classification system according to the ISO 11654 standard1 is frequently used in 
Sweden to prescribe an amount of sound absorption in common spaces. Typically, the 
minimum coverage of the ceiling is prescribed, where any sound absorber with the stated 
sound absorption class (A-D) is accepted. The coverage is often given as a percentage of 
the ceiling area, for its ease. However, there are evident risks that the resulting 
reverberation may differ considerably from the requirements when this apparently simple 
procedure is applied. Graphs and tables of this paper illustrate this problem. The ISO-
classification would be more useful if it as well considered sound absorption at low 
frequencies (125 Hz) and narrowed the tolerances within each class. An alternative 
procedure is suggested, based on calculations of sound absorption and reverberation 
times in octave bands 125-4000 Hz according to EN 12354-6, that returns a table of 
specific products that fulfill all requirements. 

                                                
a info@simmons.se 

1. INTRODUCTION 
The Swedish sound classification standard SS 25268 states acoustic requirements on 
common spaces in buildings, such as classrooms, pre-schools premises, offices, hospitals 
and hotels. It expresses requirements on room acoustics by two means.  
 The quantitative requirement is the reverberation time T, from which an appropriate 
sound absorption area A shall be calculated according to the European standard EN 
12354-6, with due respect to building materials and furniture. Whether the room 
boundaries are made from lightweight gypsum boards or heavy materials makes a 
substantial difference to the sound absorption at low frequencies and hence the need for 
additional absorption by e.g. an acoustic ceiling. Furniture increases diffusion at mid- and 
high frequencies, which may be considered as an extra amount of absorption in the room 
(if there are sound absorbing materials in the room). If so, the Sabine formula and the 
calculation scheme of EN 12354-6 return valid results, within acceptable tolerances1. The 
requirement includes a tolerance of 0,1 seconds in the range 250-4000 Hz and 0,2 
seconds in the 125 Hz band.  
 The qualitative requirement of SS 25268 gives recommendations for the design of the 
room. In case of sparse furniture and parallel surfaces, the standard warns for excessive 
reverberation times and poor acoustics caused by flutter echoes. The standard advise the 
diffusion to be improved, or sound absorbers to be re-allocated to both ceiling and walls, 
rather than to increase the amount of sound absorption (or blame the products used for 
deficiency).  
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 In spite of these requirements, it is still frequent that requirements on sound 
absorption is stated only as a minimum “coverage factor”, expressed as a percentage (%) 
of the ceiling area, to be covered with any product with a stated sound absorption class A-
D according to ISO 11654. In this paper, it is demonstrated some consequences that may 
follow from the large variance between products within the same sound absorption class.  
 In the last section of this paper, an improved procedure is suggested, to facilitate 
adequate design of sound absorption of common spaces, which consider natural 
absorption by materials and furnitures. The solutions fulfill requirements on reverberation 
times and give comfortable room acoustics for speech etc. A spreadsheet with data for a 
variety of sound absorbers and building materials is available for free download.1 
 

2. COVERAGE OF CLASSIFIED SOUND ABSORBERS 
In order to analyze how reverberation time requirements may be translated to a “coverage 
of a ceiling” with sound absorbers, a database of commercial sound absorbing products 
was established. Products from large manufacturers were entered to a database, e.g. from 
Danoline (Knauf Danogips), Ecophon (Saint Gobain), Parafon (Paroc), Roxull (Rockwool), 
Gyptone (Gyproc), Herakustik (Heraklith) and Träullit (Tepro). Both porous absorbers 
(mineral wool, wood fiber etc) and perforated hard absorbers (plasterboards) were 
analyzed. Each product may be entered at several distances from the slab floor, with 
sound absorption values taken from laboratory measurements accordingly. In all, about 
500 combinations were included in the database.  
 The graphs and tables below show the coverage of all sound absorbers of the 
database, according to their measured sound absorption coefficients in octave bands as 
well as to their given sound absorption class according to ISO 11654. The coverage was 
calculated according to EN 12354-6, according to the expressions in clause 3. The room 
boundaries and furniture was assumed to contribute with a moderate “basic room sound 
absorption”, expressed in Table 1 as the coverage of the ceiling area (in percentage %).  
 

Table 1: Basic sound absorption of a common space with both lightweight and heavyweight 
materials as well as some furniture, typical for an office or a classroom. 

 Sound absorption area (m2) per m2 ceiling area 

Octave band [Hz] 125 250 500 1000 2000 4000 

Room boundaries only 0,1 0,1 0,1 0,1 0,1 0,1 
Room boundaries and furniture 0,2 0,25 0,25 0,25 0,25 0,25 

 
As demonstrated in figure 1 below, the coverage may vary between 70% and 800% for 
products mounted close to the slab floor. The scatter of calculation results in figure 1 
demonstrates the unpractical effect of allowing a large variance between products that 
belong to the same sound absorption class according to ISO 11654. For products mounted 
at 200 mm distance to the slab floor, the scatter of coverage within each class (on the right 
side of the figure) is reduced compared to the “thinner” solutions on the left side of the 
figure. This is explained by the increased sound absorption at low frequencies at 200 mm. 

3. ACCURATE TABLES OF AMOUNT OF SOUND ABSORBERS 
The building industry requested a simple design scheme (tables) for an appropriate 
selection of sound absorbers with respect to a reverberation time requirement, expressed 
by their sound absorption class (A-D) and coverage of the ceiling (%). In order to meet this 
request but still obey to the requirements in octave bands of SS 25268, both tables and an 
interactive spreadsheet1 were established.  
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Figure 1: Minimum coverage (%) of a ceiling with 500 sound absorbers of class A, B or C according 

to ISO 11654. The requirement is in this case T=0,6 seconds 250-4000 Hz, 0,8 s at 125 Hz. Left 
part, absorbers class A, B and C mounted close to the slab (typically 20-50 mm). Right part, 

absorbers are mounted at 200 mm distance. Coverage factors larger than 150% are marked with a 
-sign. Yellow field means that both ceiling and parts of the walls must be covered. Red means 
unfeasible application. The room is furnished with diffusing items. The ceiling height is 3,1 m.

 
The spreadsheet (cf section 5) calculates the amount of each absorber in the database, 
with respect to the boundaries of the room as well as the amount of furniture. The pre-set 
values are given in table 1. The spreadsheet was used to define tables that translate a 
reverberation time to the need for sound absorption under given prerequisites. The tables 
2 and 3 give a broad overview of all products of the database. The tables 4 and 5 display a 
narrow selection of the best products within each class. 
 
The requirements of SS 25268 are 

1. The average reverberation time of the 250-4000 Hz octave bands must fulfill the required 
reverberation time T 

2. Within one or more octave bands in this range, the result may deviate 0,1 second from T 
3. Within the 125 Hz octave, the result may deviate 0,2 second from T 

 
This means, the coverage factor of a sound absorber (cf) must be sufficient to fulfill 

cf125 = [
0,16 h

T + 0,2 room,125]/ absorber,125    in the 125 Hz octave band  (1) 

cfi = [
0,16 h

T + 0,1 room,i]/ absorber,i  in each octave band i 250-4000 Hz  (2) 

cfaverage = [
0,16 h 5

T room250

4000
]/ absorber250

4000
  average of octave bands 250-4000 Hz (3) 
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Table 2a: Coverage of classified sound absorber vs. reverberation time of a furnished space.  
Intended for rooms without requirements at 125 Hz. Room absorption from Table 1, row 3 

Coverage of ceiling with sound absorbers (% of ceiling area), 
with products of class A-C (ISO 11654) 

For rooms with T+0,2 sec requirement at 
125 Hz, the highest coverage of table 2a 
and 2b apply. A B C 

Available products that fulfill T req (%): 10 perc 90perc 10 perc 90perc 10 perc 90perc 
Typical absorption Reverberation  

time T (s) Room height (m) 
0,85 0,6 0,70 0,5 0,65 0,4 

 2,7 72% 102% 88% 123% 94% 154% 
0,4 3,1 87% 124% 106% 148% 114% 186% 

 3,5 102% 145% 124% 174% 134% 218% 
 2,7 55% 78% 67% 94% 72% 118% 

0,5 3,1 68% 96% 82% 115% 89% 144% 
 3,5 80% 114% 98% 137% 105% 171% 
 2,7 43% 61% 52% 73% 56% 92% 

0,6 3,1 54% 76% 66% 92% 71% 115% 
 3,5 65% 92% 79% 110% 85% 138% 
 2,7 27% 38% 33% 46% 35% 58% 

0,8 3,1 35% 50% 43% 60% 46% 75% 
 3,5 44% 62% 53% 74% 57% 93% 
 2,7 17% 24% 20% 29% 22% 36% 

1,0 3,1 24% 33% 29% 40% 31% 50% 
 3,5 30% 43% 37% 52% 40% 65% 
 2,7 10% 14% 12% 16% 13% 21% 

1,2 3,1 15% 22% 19% 26% 20% 33% 
 3,5 21% 30% 26% 36% 28% 45% 
 4 29% 40% 35% 48% 37% 61% 
 2,7 2% 3% 3% 4% 3% 5% 

1,5 3,1 7% 10% 9% 12% 9% 15% 
 3,5 12% 17% 14% 20% 15% 25% 
 4 18% 25% 21% 30% 23% 38% 

 
The third row of tables 2a and 2b estimates the availability of commercial sound absorbers of 
the database that may fulfill the requirement when covering the ceiling as listed in its left 
hand column. 10% of the database within a sound absorption class typically means that 1-3 
products from at least 2 manufacturers fulfill the T-requirement. 90% means that most 
products of this class would fulfill the requirement if they cover the larger area listed in the 
right hand column. 
 The typical absorption value stated in table 2a is predominantly from the 250 Hz octave 
band when the product belongs to class A or B. For the C-classified products, other octave 
bands may determine the class and the coverage needed. 
 Since the rules of ISO 11654 do not consider the 125 Hz octave band, it was necessary 
to look into the sound absorption at this band and calculate the coverage needed. The 
results are given in table 2. Some plasterboard products with a large empty space to the slab 
floor (plenum) might have good sound absorption at low frequencies but need additional 
absorption at high frequencies to meet all requirements. For these products, table 1 may be 
used to determine the coverage. Other products may have high sound absorption in the 
range 500-4000 Hz, but less absorption at 125 and 250 Hz, typical for thin mineral wool 
absorbers. For these products, the required coverage according to table 2 is considerably 
stricter than table 1. Hence, both tables must be used to find an appropriate coverage. 
 The ISO-classification would be more useful if it as well considered sound absorption 
at low frequencies (125 Hz) and narrowed the tolerances within each class. 
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Table 2b: Additional requirement for furnished rooms with requirements at the 125 Hz octave band. 
Sound absorption @125 Hz <0,15 0,2 0,3 0,4 0,5 0,6 0,7 0,8 

Class A-C from ISO 11654 
% of products fulfilling T+0,2s 

A, B, C 
(90%) 

   A, B 
(10%) 

C 
(10%) 

  

Reverberation  
time T (s) 

Room height 
(m) 

        

 2,7 347 260 173 130 104 87 74 65 
0,4 3,1 418 313 209 157 125 104 90 78 

 3,5 489 367 244 183 147 122 105 92 
 2,7 278 209 139 104 83 70 60 52 

0,5 3,1 339 254 170 127 102 85 73 64 
 3,5 400 300 200 150 120 100 86 75 
 2,7 227 170 113 85 68 57 49 43 

0,6 3,1 280 210 140 105 84 70 60 53 
 3,5 333 250 167 125 100 83 71 63 
 2,7 155 116 77 58 46 39 33 29 

0,8 3,1 197 148 99 74 59 49 42 37 
 3,5 240 180 120 90 72 60 51 45 
 2,7 107 80 53 40 32 27 23 20 

1,0 3,1 142 107 71 53 43 36 30 27 
 3,5 178 133 89 67 53 44 38 33 
 2,7 72 54 36 27 22 18 16 14 

1,2 3,1 103 77 51 39 31 26 22 19 
 3,5 133 100 67 50 40 33 29 25 
 4 171 129 86 64 51 43 37 32 
 2,7 36 27 18 14 11 9 8 7 

1,5 3,1 61 46 31 23 18 15 13 11 
 3,5 86 65 43 32 26 22 18 16 
 4 118 88 59 44 35 29 25 22 

 

4. TABLES OF COVERAGE WITH THE BEST ABSORBERS 
The tables 2a and 2b may be too complex for practical applications, and an attempt was 
made to establish simpler tables. The tables 3a and 3b display coverage of sound 
absorbers for each class as in tables 2, but only the best products within each sound 
absorption class were used to determine the coverage. Clearly, the recommended 
coverage then applies only to this selection of products and not to all products of a given 
sound class. This has to be stated in architectural prescriptions etcetera. 
 At the right hand column of table 3a, the minimum absorption factor at 125 Hz is 
tabulated, assuming 100% coverage of the ceiling. 
  

5. SPREADSHEET WITH COVERAGE FOR EACH ABSORBER 
It was made clear during the calculation work, that the large variance of sound absorption 
within each class makes it difficult to state a functional requirement that leaves the choice 
of product open and yet secures an appropriate amount of sound absorption to meet the 
required reverberation time. The database of sound absorbers and the calculation 
expressions (1-3) were therefore made accessible for anybody to download. The intention 
is that the architect or the acoustic consultant enters the appropriate data for the room 
boundaries and the furniture, or at least some assumed properties that fit the intended use 
of each type of room. This applies to classrooms, offices, hospital premises etcetera.  
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Table 3a (top) and 3b (bottom).  

Coverage of selected (best) products from each class A-C, at two mounting distances.  
Top: with requirements at 125 Hz, in furnished rooms. 

Bottom: Without requirements at 125 Hz, in furnished or unfurnished rooms. 

Best products, in furnished rooms, incl. requirements at 125 Hz    Cover. 100%

Rev.time   Room height       Suspended min 200 mm                      Suspended <100 mm                     => min. abs

Best products, with/without furniture, no requirement at 125 Hz

Rev.time   Room height  Furnished rooms Unfurnished rooms

 
The figure 2 illustrates the result of such a choice, and some sample products that may 
then be appropriate. The spreadsheet may be sorted with respect to coverage, mounting 
distance, manufacturer etcetera. Instead of prescribing a coverage with a given sound 
absorption class, the specification is based on a reverberation time and a few examples of 
feasible products that meet the requirements. Whenever alternative solutions are 
considered, they may easily be compared on exactly the same premises as the original 
solutions. This means that optimal sound absorbing solutions may be chosen for the all 
types of room condition. The design of furniture, diffusion etcetera should also be 
described clearly, to improve speech intelligibility and avoid problems, e.g. flutter echoes. 
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Figure 2: Minimum coverage (%) of a ceiling with specific sound absorbers, based on their sound 
absorption in octave bands according to ISO 354 (lower part of the table). The requirement is in this 

case chosen to T=0,6 seconds 250-4000 Hz, 0,8 s at 125 Hz. Left column displays the coverage. 
Right column show the sound absorption class according to ISO 11654. The room is furnished with 
diffusing items, room absorption specified in row 4. The ceiling height is 3,1 m, specified to the right. 

 
 

6. CONCLUSIONS 
It has been demonstrated that the large variance of sound absorption accepted within the 
limits for each sound absorption class according to ISO 11654 makes the classification 
system less practical. The idea is to state a functional requirement (sound absorption 
class) that leaves the choice of product open and yet secures an appropriate amount of 
sound absorption to meet the required reverberation time. However, it is safer and more 
economical to calculate the amount of specific products according to EN 12354-6, with 
respect to the boundaries and furniture. A database of sound absorbers and the 
calculation expressions (1-3) are accessible for anybody to download.2 This allows the 
architect or the acoustic consultant to enter appropriate data for the building materials and 
the furniture, and choose among a variety of products, with the appropriate coverage 
tabulated. This design procedure is applicable to classrooms, offices, hospital premises 
and similar.  
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