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Abstract
This licentiate thesis deals with the topic of variations and uncertainties in building acoustic 
parameters for lightweight timber constructions. A higher safety margin to the legal 
requirements is needed to compensate for acoustical uncertainties, which leads to higher 
costs. Building costs can be reduced if the variations can be identified and controlled. The 
project was limited to industrially prefabricated timber frame based volumes and massive 
timber based plate elements. This thesis is based on the work reported in three papers (A, B 
and C).

In paper A, the variations in impact and airborne sound insulation were assessed and 
quantified in 30 nominally identical volume built apartments in a four-storey building. Large 
variations were found and the underlying causes were investigated. A statistically significant 
difference between floor numbers was found as the highest floor achieved better sound 
insulation. This difference was assumed to be caused by the higher static load on lower floors 
affecting the elastic layer used to structurally connect the apartments.  

In paper B, three room volumes were followed and measured at different stages of 
completion throughout the construction process. The objective was to test if acoustical 
deviations in the field can be identified at earlier construction stages. An ISO tapping machine 
was used to excite the floors and the response was measured at 20 positions. The airborne and 
impact sound insulation were measured in the finished building. Deviations were found, but 
these could not be traced to earlier stages of completion.

In Paper C, the variations in sound insulation of a cross-laminated timber (CLT) building 
system was investigated. The construction was based on prefabricated wall and floor plate 
elements which were mounted at the building site. A number of acoustical uncertainties 
related to the measurement procedure were also investigated. The measurement uncertainty 
was small in comparison to the total variations. The degree of prefabrication for the CLT 
system was lower compared to the volume system, which indicated a greater scope for poor 
workmanship.  

All papers indicate a higher sound insulation on the upper floors in a building. It is 
therefore important to carefully design the elastic layer between floor numbers. The 
measurement uncertainty has been continuously considered in this thesis. In order to properly 
identify and quantify variations, the measurement uncertainty should be minimised. 
Advantages and drawbacks with different measurement methods and directions for future 
research are discussed in the concluding chapters.





Thesis
The thesis contains three papers (A, B and C). Personal reflections and experiences with 
building acoustic measurements will be presented. Finally, some suggestions for future 
research are given.

Paper A: 
Öqvist, R., Ljunggren, F., Ågren, A.,Variations in sound insulation in nominally identical 
prefabricated lightweight timber buildings, Building acoustics, 2010, 17.2, pp 91-103 

Paper B:
Öqvist, R., Ljunggren, F., Ågren, A.,The growth of vibro-acoustical properties of volume 
based timber buildings during the construction phase, Proceedings of 20th International 
Congress on Acoustics, 23-27 August 2010, Sydney, Australia 

Paper C:
Öqvist, R., Ljunggren, F., Ågren, A.,On the uncertainty of building acoustic measurements – 
Case study of a cross-laminated timber construction, To be submitted, 2010 
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1 Introduction 
Dealing with lightweight plate-beam-plate constructions, some specific acoustic properties 
have to be considered. In comparison with a heavy homogenous construction, e.g. concrete, a 
lightweight construction will typically have inferior low frequency performance. The low 
frequency airborne sound insulation is generally governed by the mass and stiffness of the 
separating construction. It is stated by the acoustical mass law for a single wall that a doubled 
density will increase the reduction index by 6 dB. The low mass and stiffness of modern 
timber constructions act as a physical limitation in the low frequency region. A careful design 
is therefore necessary to fulfil legal and customer requirements. On the other hand, 
lightweight constructions have higher damping than their heavier counterparts and are often 
used as double wall configurations. Timber constructions therefore typically achieve better 
high frequency performance when compared to homogeneous concrete floors. Flanking 
transmission occurs when sound is transferred from one room to an adjacent room by another 
path than the directly separating element. Due to the high damping of lightweight 
constructions, a fair approximation is to only consider first order transmission paths. In heavy 
constructions where the damping is lower, higher order transmission paths may have to be 
considered. In multi-family buildings, the floor and ceiling may be constructed as separate 
parts, i.e. a decoupled structure. The two parts can be separated by means of an elastic 
interlayer to reduce structure-borne flanking transmission.  

The concept of reproducibility is defined as the compliance of measurements made on 
nominally identical objects, by different operators using their own equipment in any given 
time span. The measurement reproducibility contains three components of uncertainty; 
repeatability of measurements, variations in the objects, e.g. workmanship and the bias that 
different operators can give rise to [1]. The measurement uncertainty under reproducibility 
conditions has been approximated to 1 dB (standard deviation) for all types of building 
acoustic measurements [2]. The standard deviation of the weighted airborne and impact sound 
insulation ( 315050CRw  and 250050,, Iwn CL ) has been approximated to 0,7 dB and 0,8 dB, 
respectively [3]. Repeatability is the compliance of repeated measurements performed on the 
same object, by one operator using the same equipment, in a short time span. This naturally 
results in lower variations compared to measurements under reproducibility conditions. The 
measurement uncertainty typically increases at low frequencies, as the sensitivity for spatial 
sound field variations in the room becomes higher. The requirements on the measurement 
procedure are stricter regarding averaging times and minimum source-receiver distances etc. 
when frequencies lower than 100 Hz are considered. Building acoustical measurements are 
traditionally performed in the frequency range 100-3150 Hz. The Swedish building 
regulations have increased this range down to 50 Hz [4-8]. The uncertainty of the increased 
frequency range (50, 63 and 80 Hz) was found to be somewhat higher than at the 100 Hz 1/3 
octave band albeit the measurements are still usable [9]. The effect of workmanship on sound 
transmission through a concrete construction has been quantified to a standard deviation of 2 
dB for both airborne sound reduction and structure borne sound transmission [10, 11]. A 
similar study on a light steel framed wall approximated a standard deviation in airborne sound 
reduction due to workmanship of 1 dB [12].  

Field measurements have shown large variations in sound insulation for lightweight 
timber constructions [13, 14]. Large variations require a higher acoustic safety margin to the 
legal requirements in the design phase, which increases the cost. If the causes for the 
variations can be found and controlled, the costs can be reduced. The uncertainty in acoustic 
performance poses a threat for lightweight timber constructions as the building system may 
gain a bad reputation among designers. The building industry may thereby become hesitant in 
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choosing an unpredictable system in favour of a heavier but acoustically safer system. At 
present, reliable prediction models only exist for homogeneous constructions [15, 16]. An 
increased knowledge on the uncertainty of the acoustic properties of lightweight constructions 
is needed to develop proper prediction models. In the case of industrially prefabricated 
building elements, there is potential for low variations since a large part of the construction 
takes place in a factory under controlled circumstances. There are many advantages with 
industrially prefabricated timber constructions such as; low weight simplifies transportation, it 
is a dry technology, it is less sensitive to weather since a shorter time is needed at the 
construction site etc. Timber is environmentally friendly and can be recycled, a desirable 
property since today’s society is heading for a more sustainable lifestyle.

Research objectives 
The following objectives are covered in this thesis: 

Quantify the acoustical variations of industrially prefabricated building systems 
Investigate if acoustical deviations in a finished building can be traced to earlier stages 
in the construction process 
Quantify the uncertainties in building acoustical measurements 



3

2 Summary of papers 

2.1 Paper A – Variations in sound insulation in a volume system 
Paper A treats variations in sound insulation of industrially prefabricated volume building 
systems and the concept of “nominally identical” objects. The objective was to assess and 
quantify the variations of the system by measuring impact and airborne sound insulation in a 
large number of nominally identical apartments. All three authors outlined the work. Rikard 
Öqvist performed the measurements, analyzed the data and wrote most of the paper together 
with Fredrik Ljunggren and Anders Ågren. The paper is published in a scientific journal and 
was subject to a review procedure.

2.1.1 Method 
Impact and airborne sound insulation in 30 nominally identical apartments were measured in a 
newly built four storey volume based building. The volume of every apartment was 53 m3 and 
the separating area in the vertical direction was 22,1 m2. The apartments were grouped by 
their identifiable differences and an analysis of variance (ANOVA) was performed to find 
significant effects on the sound insulation. At the end of the measurement schedule, 12 
repeatability measurements of the airborne sound insulation were performed in a control room 
pair. The sound insulation measurements were made using fixed microphone positions, where 
three could be measured simultaneously.  

2.1.2 Results 
The 30 apartments showed a large variation in airborne and impact sound insulation of as 
much as 15 dB in 1/3 octave bands between minimum and maximum values. The variation in 
airborne sound reduction was nearly constant throughout the frequency range, whereas the 
variation in impact sound level increased with frequency, see figure 1 and figure 2.
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Figure 1. The variation of airborne sound reduction and corresponding standard deviation in 
30 volume based apartments 
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Figure 2. The variation of impact sound level and corresponding standard deviation in 30 
volume based apartments

A statistically significant difference in both impact sound level and airborne sound reduction 
was found between floors. Floor 3 achieved higher sound insulation than floor 1 and 2, see 
figure 3 and figure 4. No significant differences were found between floor 1 and 2. The 
apartments achieve different sound classes as they span 7 dB between the maximum and 
minimum value of both airborne and impact sound insulation.

Figure 3. Airborne sound insulation on each floor, with 95% confidence intervals for the 
mean 
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Figure 4. Impact sound insulation on each floor, with 95% confidence intervals for the mean 

2.1.3 Discussion 
For the tested volume system, a statistically significant difference was found between floor 3 
and floors 1 and 2, probably due to a mismatch between the static load and the stiffness of the 
elastic interlayer. Since a statistically significant difference between floors was identified, the 
variations within each floor number were therefore quantified by the Root Mean Square Error 
(RMSE). The standard deviation of 250050,, Iwn CL  and 315050CRw  was 0,9 dB and 1,4 dB 
respectively.

2.2 Paper B – The growth of acoustical properties 
Paper B concerns the growth of building acoustic properties during the construction phase. 
The objective was to test if any acoustical deviation could be related to measurements 
performed earlier in the building process. All three authors outlined the work. Rikard Öqvist 
performed the measurements and analyzed the data. Rikard Öqvist wrote the paper with the 
assistance of Anders Ågren and Fredrik Ljunggren. The paper is published in conference 
proceedings. 

2.2.1 Method 
Three nominally identical timber volumes were followed and measured at different stages of 
completion in the factory and at the building site. An ISO tapping machine was used to excite 
the floor and the acceleration level was measured both as a surface average and along the 
boundaries. The following stages of completion were measured; plates attached to beams, 
floor with gypsum board covering, the whole volume without floor parquet, the finished 
volume and finally in the finished building. Field measurements of impact and airborne sound 
insulation were performed as well. A motorised microphone boom was used in the sound 
insulation measurements. Due to the small population of three volumes, a strictly statistical 
analysis was not possible. Instead, the conclusions were based on “visual inspection” of the 
results. Since the way the floors were supported changed throughout the production line, 
control measurements were made on three different supports.  
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2.2.2 Results 
Variations in acceleration level appear above 400 Hz in general. The largest variation was 
found when comparing measurements of the finished volumes in the factory to field 
measurements, see figure 5 and figure 6. A difference between maximum and minimum 
values of more than 10 dB was found in the frequency range 315-1250 Hz. The control 
measurements indicated acceptable repeatability.  
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Figure 5. Acceleration level measurements of finished volumes in the factory 
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Figure 6. Acceleration level measurements in the finished building 

2.2.3 Discussion 
Some acoustic deviations were found, but these could not be traced back to the earlier stages 
of completion. It would have been preferable to measure a larger amount of volumes to 
achieve a higher significance of the results. Three volumes were a too small population but an 
attempt was made to identify some specific stages which could be studied further. A source of 
error was that the floors and volumes were supported differently between the stages of 
completion.  

2.3 Paper C – Variations in sound insulation in a CLT system 
Paper C deals with variations in sound insulation of a Cross-Laminated Timber (CLT) system 
based on prefabricated wall and floor plate elements which were assembled at the building 
site. The study is similar to the one in paper A, but applied to a different building system. 
Further, it also contains a thorough analysis of measurement uncertainty. The objective was to 
assess and quantify the acoustical uncertainties related to the building system and to 
accentuate a number of parameters related to the measurement procedure. The work was 
outlined by Rikard Öqvist, who also performed the measurements and analysis of data. Rikard 
Öqvist wrote most of the paper together with Fredrik Ljunggren and Anders Ågren. The paper 
has not been submitted at the time of this writing.  



7

2.3.1 Method 
The impact and airborne sound insulation were measured in 18 different rooms distributed 
over 8 apartments. The room size varied from large (~82 m3) to medium (~33 m3) to small 
(~25 m3). The variations in impact and airborne sound insulation in all rooms were compared 
to the volume system in paper A. To analyze the measurement reproducibility of a single 
operator, 7 control measurements were performed at random time interval throughout the 
measurement schedule. This study utilised the manual sweep method described in [8], which 
can be referred to as the “consultant method” since it is commonly used by the industry due to 
its simplicity and speed.  

2.3.2 Results 
The CLT system showed large variations at low frequencies as seen in figure 7. The average 
standard deviation (50-80 Hz) of nL  and R is 3,8 dB and 5,6 dB respectively. The airborne 
sound reduction also varied for high frequencies (1600-3150 Hz) with an average standard 
deviation of 4,9 dB.
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Figure 7. Average impact and airborne sound insulation in all 18 rooms 

A comparison between the different room sizes showed that the small rooms have sound 
insulation problems at low frequencies. Note the poor sound insulation at 63 and 80 Hz in 
figure 8. Two of the medium sized rooms showed the same character.  
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Figure 8. Average impact and airborne sound insulation in rooms of different size 

When the impact sound level is compared with the volume system, the CLT system performs 
better at high frequencies but worse at low frequencies. The variations are larger at low 
frequencies for the CLT system whereas the volume system has larger variations at higher 
frequencies, see figure 9.
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Figure 9. Comparison of impact sound level between the CLT and the volume building 
system  

In the case of airborne sound reduction, the difference between the two systems is smaller, but 
the volume system still performs better at low frequencies whereas the CLT system has the 
upper hand at frequencies between 630-2000 Hz, see figure 10. The variations in airborne 
sound reduction are constant throughout the frequency range for the volume system but the 
CLT system has larger variations at high and low frequencies.
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Figure 10. Comparison of airborne sound reduction between the CLT and the volume 
building system 

The control measurements indicated a high repeatability for the chosen method, with 
relatively small standard deviations in a given 1/3 octave band, see figure 11. All control 
measurements yield the same single number values of both 250050,, Iwn CL  and 315050CRw ,
52 and 59 dB respectively.
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Figure 11. Standard deviation of impact and airborne sound insulation in the 7 control room 
measurements 

2.3.3 Discussion 
The CLT system showed variations below 100 Hz for both airborne and impact sound 
insulation. This affects the weighted sound insulation, especially when the adaptation terms 
are added. Uncertainty in low frequency performance is a serious problem since lightweight 
constructions are physically limited in this region. Variations in airborne sound insulation 
were also found above 1250 Hz. Since the sound insulation of the CLT system is good for 
higher frequencies, this is an indication that workmanship issues or sound leakage may be 
present. A separating element with high sound insulation is more sensitive for sound leakage. 
The largest problems were found in the small rooms, which had unacceptable performance in 
the 63-80 Hz 1/3 octave bands. It can be assumed that some of the problems are related to 
measurement uncertainty, as it is hard or impossible to measure strictly according to the ISO 
standards in small rooms. The study on measurement uncertainty indicated lower variations 
when dealing with airborne sound insulation compared to impact sound insulation. When 
performing measurements of airborne sound reduction, diffuse sound fields are generated in 
the sending and receiving rooms, at least theoretically. The separating element is thereby 
evenly excited whereas measurements of impact sound insulation are likely dependent on 
excitation position.
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3 Overall discussion and conclusions 
Floor dependence 
All three studies indicate that the sound insulation is higher on the upper floors in a building. 
This difference may be caused by the higher static load from the upper floors acting on the 
elastic connection between the floors. The ground floor carries the weight of the entire 
building whereas the top floor only carries the weight of the roof. The static load thus 
decreases as the floor number increases. It is therefore important to carefully design the elastic 
layer so that it withstands the static load and still acts as a spring. An improperly designed 
building is illustrated in figure 12. As the static load increases, successively stiffer elastic 
connections have to be used which eventually will resemble a structural coupling. The load 
also varies within the same floor numbers as the weight distribution of an apartment is not 
equal. For example, a bathroom or a kitchen is much heavier than a living room. It may 
therefore be necessary to vary the stiffness of the elastic layer at different parts of an 
apartment.  

Volume

Elastic layer

Figure 12. Mismatch in the stiffness-load relationship of the elastic layer  

Measurement uncertainty 
In this thesis, the measurement uncertainty has continuously been considered. By quantifying 
the measurement uncertainty, the validity of the conclusions can be assessed. The operator 
can control and minimise the measurement uncertainty by taking precautions and choosing a 
proper measurement method for the situation at hand. The repeatability study in paper C 
represents a realistic scenario, with different source and microphone positions in every 
repetition of the measurement. Still, the calculation of the weighted sound insulation gave the 
same result every time. The repeatability test in paper A gave even lower variations, 
especially at the lowest frequencies. These control measurements were performed in direct 
succession however, which certainly leads to lower variations but another cause could be that 
the same microphone positions were used in every measurement. The influence of spatial 
variations of the sound field in the room is thus reduced. All in all, the measurement 
uncertainty is small in relation to the total variations.  
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Sound pressure level measurements 
Three different microphone strategies regarding sound pressure level measurements are 
accepted. Since they all have their advantages and drawbacks, the choice should be based on 
the actual measurement circumstances. The following conclusions are based on measurements 
down to 50 Hz, which requires longer averaging time and a higher number of source-receiver 
combinations. The strategies are: 

1. Fixed microphone positions 
2. Motorised microphone boom 
3. Manual microphone sweep 

When using either of the sweep measurement methods (2 or 3), special care must be taken to 
avoid spatial over-sampling. The sweep paths must not overlap since points in the room will 
then be over-represented when calculating the average value which might bias the result. In 
the case of manual sweeps, it is possible that the operator may be tempted to just stop where 
he started and then wait the measurement time out or begin a new revolution. A too high 
sweep velocity thus results in spatial over-sampling. It is therefore safer if the sweep velocity 
is slightly too slow i.e. a full revolution will not be made.  

Using fixed microphone positions is straight-forward and intuitive, but somewhat time 
consuming. However, when the setup is rigged, the measurement itself is quick since the 
requirements on averaging time are short. If a measurement fails e.g. due to external noise, a 
re-measurement can be performed straight away. The method is not preferable if less than five 
channels can be measured simultaneously since airborne sound insulation measurements 
require at least five microphone positions per source position [4]. A system capable of less 
than five channels will require at least twice the amount of time as each source position has to 
be measured several times and the microphone stands have to be adjusted.

A motorised rotating microphone boom is less time consuming than fixed microphone 
positions, since less equipment is needed. The method only requires one measurement 
channel. There is only one microphone stand to be placed and the sweep velocity will be 
constant in every measurement.  

The manual sweep method is faster and easier than the other two since it only requires a 
hand-held sound analyzer. However, there is a risk that the operator affects the measurements 
when being present in the receiving room. The other two methods can be used with the 
operator outside the room. The microphone should be attached on a boom with a shock-mount 
so that the operator can move the microphone by just turning his hand. If the sound analyzer 
is held in the hand without the boom, the operator has to move his whole arm to do a 
measurement sweep which increases the risk of background noise from clothes etc. It is 
important for the operator to practice in order to get a constant sweep velocity. With proper 
precautions and experience, the manual sweep method is a reliable method.  

Recommendations to guarantee statistical significance 
If the purpose of the measurement is to gather a large amount of data to use in statistical 
analysis, like the study in paper A, the measurement uncertainty should be minimised. This is 
achieved by using a single operator with the same equipment in every measurement. It is hard 
to make a fair comparison if several operators have been involved in the measurements. If the 
rooms are nominally identical, the measurement setup should be identical in all measurements 
to avoid spatial variations of the sound fields in the rooms. When performing large field 
measurement series, time is of the essence. The measurement procedure must be optimised to 
permit as many measurements as possible in a given time span. It is therefore advisable to 
choose the fastest and most reliable method for this type of studies. Much time is required to 
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correctly place the microphones if fixed positions are used and it also involves a lot of cable 
routing and carrying of microphone stands. The manual sweep method on the other hand is 
very quick and easy, but there is always the apparent risk that the operator affects the 
measurement. It is hard to perform identical manual sweeps, with respect to both position and 
velocity. If utmost accuracy is desired (identical measurement setup in all cases), the 
motorised microphone boom is the best method to use since it is faster than using fixed 
microphone positions as well as being more reliable than the manual sweep method.  

Large gatherings of data in newly erected buildings often imply that the measurements 
have to be performed at a time near the final inspections, before the residents move in. This 
period typically involves a lot of activity by the building workers to meet the deadline, 
leading to inevitable background noise. Building acoustic measurements are thus preferably 
performed during night-time.  
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4 Future research 
The research presented in this thesis has evaluated and compared the variations in volume and 
plate building systems. The next step could be to analyze the variations of on-site 
manufactured building systems, to further test the hypothesis that the uncertainty decreases 
with a higher degree of prefabrication. The comparison of the volume- and CLT system in 
study A and C isn’t fair, since the systems differ both in construction and degree of 
prefabrication. The same construction system should be studied to make a fair comparison. A 
better way could be to compare the volume system in study A in three different versions: 

Construction and assembly in the factory 
Construction in the factory but assembly in the field 
Construction and assembly in the field 

So far the project has shown that variations in sound insulation do exist, but it has been harder 
to pinpoint the underlying causes. Finding the causes behind variations in lightweight timber 
constructions is indeed a very complex problem. This thesis is just scratching on the surface 
to the problem and during such a research project, successively more questions tend to arise. 
More specific research questions should be identified since the problem is too complex to find 
all-encompassing solutions in the relatively short time span of a PhD project. Another 
approach to further study the concept of workmanship could be an intervention study where 
an acoustician strictly supervises and intervenes in the construction of a building and than 
compares it to a building constructed without supervision [17]. This method could be useful to 
specify what workmanship really is.  

An idea that develops the concept of paper B is to study how the airborne and impact 
sound insulation are affected when finished volumes are mounted in the field. Two volumes 
could be stacked in the factory to perform the measurements. At this stage the volumes may 
presumably achieve higher sound insulation than in the finished building due to fewer 
flanking connections. The next step would be to perform a parametric study at the building 
site and assess the contribution of each added flanking transmission path as façade, plumbing 
and ventilation etc. are stepwise installed.
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ABSTRACT
Variations in sound insulation necessitate higher safety margins to the legal requirements, which
results in higher production costs. Increased knowledge about variations leads to lowered costs
and better sound quality. In-situ measurements of 30 nominally identical apartments of a
lightweight timber construction were performed, to assess and quantify the variations in airborne
sound reduction and impact sound pressure level. The construction is an industrially prefabricated
system of complete volumes. Different sound insulation was found between floor numbers as the
apartments on the highest floor achieved significantly better sound insulation. This difference
was assumed to be due to the extra weight on lower floors affecting the elastic connections used
to structurally connect the apartments. The variation between apartments on the same floor was
therefore evaluated using the Root Mean Square Error, resulting in a standard deviation of 0,9 dB
and 1,4 dB for the airborne and impact sound insulation, respectively. The measurement variance
was subtracted from the total variance. The remaining, unexplainable, variation of 0,8 dB in
airborne sound insulation can be attributed to workmanship. 

1. INTRODUCTION
Field measurements of buildings usually show a variation of the acoustic performance
between nominally identical constructions. If the variation is large, a higher safety
margin to the legal requirements is needed. This means that most of the apartments have
to be “over-qualified” so that the lowest performing apartments can meet the
requirements, which inevitably leads to increased costs. The variations in sound
insulation can for example be caused by structural variations, measurement uncertainty
or by workmanship. Problems within the construction can often be identified under
careful inspection. The uncertainty of measurements in a limited study of a particular
construction can be minimised by using a single operator and the same experimental



setup in every measurement. The influence of workmanship however, is harder to
define. 

The variations found in building acoustic measurements are partly due to measurement
uncertainty. This has been investigated by Simmons [1], who found the standard deviation
of to be 0,7 dB and the standard deviation of to be 0,8 dB
when the same objects were measured by different operators using their own equipment.
This can be called a test of reproducibility of measurements. If a single operator conducts
a measurement of the same objects using the same experimental setup in every case, it is
a test of repeatability. The uncertainty of the single number airborne sound insulation 
is large (more than 2 dB) under reproducibility of measurement conditions compared to
the uncertainty under repeatability conditions according to Wittstock [2]. The accuracy of
all types of building acoustic measurements in the field has also been investigated by
Gerretsen, who characterised a standard deviation for reproducibility of measurement of
at least 1 dB [3]. 

Even if the measurements are carefully planned and executed, variations caused by
workmanship will still arise. A study on a precast concrete construction by Craik et al.
approximated the variation (standard deviation) due to workmanship to 2 dB per 1/3
octave band for both airborne and structure borne sound transmission [4, 5]. For the
lowest frequencies, i.e. 50-250 Hz, the variation was even higher. A repeatability test of
their measurement gave a standard deviation of 0,7-0,8 dB. It was claimed that the
variations between results are probably greater the more complex a construction is, as
the scope for workmanship is greater. For a lightweight steel framed construction, the
level of workmanship variation on airborne sound transmission loss has been
approximated to a standard deviation of 1,1 dB for a given 1/3 octave band by
Trevathan and Pearse [6]. A repeatability test gave an average standard deviation of
0,55 dB. A large field reproducibility test of impact sound insulation in 170 specimens
of a nominally identical lightweight timber floor construction with a ceiling suspended
by an acoustic profile was conducted by Johansson [7]. A dispersion in 1/3 octave bands
of up to 15 dB was found for the low frequency range below 200 Hz and up to 19 dB
for the high frequency range above 1000 Hz. The intermediate frequency bands 200-
1000 Hz were more harmonised with a dispersion of less than 10 dB. 

The present paper deals with in-situ measurements of airborne and impact sound
insulation. The purpose is to assess and quantify the variations between nominally
identical apartments in a volume based timber construction. The actual construction
consists of industrially prefabricated volumes. Increased knowledge about field
variations is necessary to develop better prediction models for lightweight timber
constructions. Studies of variations can also reveal errors and problems with a
construction.

2. LIGHTWEIGHT TIMBER VOLUME CONSTRUCTION
In the modern timber building industry, prefabrication of building elements has
increased in recent years. The time spent at the construction site is reduced with a high
degree of prefabrication. Other benefits are e.g. less weather dependence, higher quality
control and the ability to manufacture and assemble at different locations.
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Prefabrication ranges from separate floors and walls to complete volumes. The concept
of a volume system is that as much work as possible is performed indoors at the factory.
Pre-installed volumes are then transported to the construction site where they are
stacked on each other to form a building. One volume usually constitutes a single room
or a small apartment, but it is also possible to join two or more volumes to create larger
rooms. 

The transfer of structure borne sound between floors can be minimised by avoiding
direct mechanical connections between the volumes. This is achieved in vertical
direction by constructing the floor and ceiling of two adjacent volumes as two separate
parts. The upper volume contains the upper part of the floor and the lower volume
contains the ceiling, as illustrated in figure 1. 

With this design, structural vibrations from the floor above can only be transferred
to the floor below through the flanks. To reduce flanking transmission, an elastic strip
is placed around the edges of the volume. The elastic strip is exposed to different static
loads depending on the floor number. The top floor only carries the weight of the top
flat and the roof, while the ground floor must cope with the weight of the entire
building. Stiffer strips are therefore used on the lower floors which are exposed to
higher loads. This industrial building concept introduces a potential for better control of
construction reproducibility, since most of the construction takes place in a factory
under controlled conditions. 

3. METHOD
New buildings must fulfil certain requirements specified as minimum and maximum
levels in dB, of airborne sound reduction and impact sound pressure level in rooms. The
values given in this paper are presented as and as 
defined in the relevant ISO standards [8, 9]. These single-number indexes specify the
legal requirements and are a rating of the acoustical quality. 
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Figure 1. Separate floor and ceiling in a timber volume construction



Field measurements of airborne sound reduction and impact sound pressure level in
30 nominally identical apartments were carried out in a new four-storey residential
building. The floor numbers are referred to as floor 1, 2, 3 and 4 where 1 is the ground
floor. All measurements were made in the vertical direction. Each apartment consisted
of one single volume, utilising the construction described in figure 1. Of the apartments,
22 had one façade wall only, 8 had two façade walls and 14 had a mirrored layout. The
volume of every apartment was 53 m3 with a separating area in vertical direction of 22,1
m2. The floor plan is illustrated in figure 2. 

All measurements were made according to SS-EN ISO 140-4 and SS-EN ISO 140-
7 and the data was evaluated according to SS-EN ISO 717-1, SS-EN ISO 717-2 and SS
25267:3 [8-12]. In accordance to the latter, the volume of the receiving room was
restricted to 31 m3 for the impact sound pressure level calculation. To minimise the
measurement uncertainty, every measurement was made using the same equipment by
the same operator. The microphones and sound sources were placed in the same
positions every time. Six fixed microphone positions were used. The estimated
variation in each position was ±20 mm. To minimise the influence of background noise,
all measurements were made during night time. The measurements took place in
unfurnished rooms before the residents had moved in. When the reverberation times
were calculated, all decay curves were visually reviewed and corrected manually if
necessary.  The airborne and impact sound insulation in each apartment was measured
once. In addition, the airborne sound insulation was measured in a control apartment 11
times at the end of the schedule to quantify the repeatability of the experiment. 

Sound classes
In the Swedish building code, sound classes are based upon the single-number indexes

and . The results concerning new buildings are divided′ + −L Cn w I, ,50 2500′ + −R Cw 50 3150
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Figure 2. Floor plan of a one-volume apartment



into three sound classes where class C meets the minimum requirement while class B
and A state higher acoustical performance with an interval of 4 dB [12]. The
requirements of the different sound classes are given in table 1. The sound classes are
useful tools to warrant a certain acoustic performance for a given price range. But these
sound classes are only meaningful if the variation in acoustic performance for a specific
construction does not exceed the range of the sound class. 

Table 1. The requirements on sound insulation in the Swedish sound ratings

Sound class

A 61 48
B 57 52
C 53 56  

Equipment
• B&K ISO tapping machine
• B&K 4224 Loudspeaker
• B&K Pulse six-channel system
• B&K 4190 Microphones

Statistical analysis
The measurements were grouped according to floor number, orientation (original or
mirrored layout) and number of façade walls (one or two). These were the only
identifiable differences between the apartments. An analysis of variance (ANOVA) was
performed at 5% significance level with and as
response variables as well as R′ and L′n in 1/3 octave bands. The average standard
deviations were calculated by averaging the variances. 

4. RESULTS
For the airborne sound reduction R′, the spread in 1/3 octave bands between minimum
and maximum values is about 8 dB across the entire frequency range, see figure 3. For
the impact sound pressure level L′n, the corresponding spread increases with frequency,
about 7, 11 and 15 dB for low (50-200 Hz), mid (250-800 Hz) and high (1000-3150 Hz)
frequencies respectively, see figure 4. The results from the 11 airborne sound reduction
measurements for the control apartment are shown in figure 5. The variation for the
repeatability control apartment is small compared to the variation of the 30 apartments.
The average standard deviation for all frequency bands is here 0,4 dB. The average
standard deviation for is also 0,4 dB. 

The single-number indexes are presented as dot-plot diagrams in figure 6 and figure
7. The variation of both airborne sound reduction and impact sound
pressure level spans 7 dB which means that the apartments achieve
different sound ratings; class A, B or C. There is a connection between airborne and
impact sound insulation in such a way that good performance in airborne sound
insulation indicates good performance in impact sound insulation, and vice versa. 
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Figure 4. The variation of normalised impact sound pressure level and
corresponding standard deviation in 30 apartments

Figure 5. The variation of airborne sound reduction and corresponding standard
deviation for the 11 control apartment measurements

Figure 3. The variation of airborne sound reduction and corresponding standard
deviation in 30 apartments



The ANOVA showed that among the tested parameters floor number, orientation and
number of façade walls, floor number is the only one of statistical significant
importance for the airborne sound reduction and the impact sound
pressure level . Floor 3 has better airborne and impact sound insulation
than floor 1 and 2, while there are no significant differences between floor 1 and 2, see
figure 8 and figure 9. The differences in and between
floor 3 and the other floors are given in table 2 and table 3. 

Table 2. Tukey 95% Simultaneous confidence intervals of difference in

Floor 3 subtracted from: Lower Upper

Floor 1 -4,6 dB -2,4 dB
Floor 2 -3,6 dB -1,6 dB  

Table 3. Tukey 95% Simultaneous confidence intervals of difference in

Floor 3 subtracted from: Lower Upper

Floor 1 1,8 dB 5,2 dB
Floor 2 0,5 dB 3,8 dB  
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Figure 6. Dot plot of the airborne sound insulation in the 30 apartments

Figure 7. Dot plot of the impact sound insulation in the 30 apartments
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Figure 8. Airborne sound insulation on each floor, with 95% confidence intervals
for the mean

Figure 9. Impact sound insulation on each floor, with 95% confidence intervals for
the mean



The average airborne sound reduction R′ of all apartments on each floor is displayed
in 1/3 octave bands in figure 10. Floor 3 has significantly better airborne sound
reduction than floor 1 and 2 for all but two frequency bands. There is also a significant
difference between floor 1 and 2 for certain frequency bands higher than 315 Hz. The
average impact sound pressure level L′n of all apartments on each floor is displayed in
figure 11. Floor 1 has significantly higher impact sound pressure level than floor 2 and
3 for all frequency bands above 250 Hz. Floor 3 has the lowest impact sound pressure
level in all frequencies higher than 80 Hz but the difference is significant only in the
frequency range 125-400 Hz. 
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Figure 10. Average airborne sound reduction per floor

Figure 11. Average impact sound pressure level per floor



Variations between the floors are observed. With this type of construction the floors
are not totally nominally identical. A principal difference between the floor flanks is the
load from overlying volumes acting on the elastic strip in between the volumes.
Apartments within the same floor number have no principal differences in flanking
transmission and can thus be considered to be nominally identical. To study the
variations within each floor it is appropriate to analyse using the Root Mean Square
Error (RMSE). For airborne sound insulation R′, the spread is more or less constant
over the frequency bands, see figure 12. The impact sound insulation L′n on the other
hand, shows a clear increment in the variations for higher frequencies, see figure 13. 
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Figure 12. Floor related Root Mean Square Error for airborne sound insulation

Figure 13. Floor related Root Mean Square Error for impact sound insulation



5. DISCUSSION AND CONCLUSIONS
Within volume building systems it is common to compensate the increased static load
at lower floors by using stiffer elastic strips compared to higher floors. As the static load
is increased, successively stiffer strips have to be used and eventually – at least
theoretically – a situation reminiscent of a direct structural connection appears. In the
investigated construction, a stiffer elastic strip was used above floors 1 and 2, while a
softer strip was used above floor 3. Both the airborne sound reduction and
the impact sound pressure level are better on floor 3 compared to
floors 1 and 2. Differences in both airborne and impact sound insulation also exist
between floors 1 and 2, where floor 2 performs significantly better in certain higher
frequency bands. These differences however, are not large enough to affect the
weighted sound insulation and , which are more
dependent on low frequency performance. In general, the acoustical performance
increases with the floor number in frequency bands higher than 200-300 Hz. Overall, it
is suggested that the difference in sound insulation between floors was caused by a
mismatch in the relationship between load and the stiffness of the elastic strip. It is of
significant importance to use carefully dimensioned elastic strips in order not to
provoke sound property deviations between floors. 

The obtained results coincide with the conclusions in another closely related study,
where the impact sound insulation was measured in 24 volume built nominally identical
apartments [13]. The fundamental construction (according to figure 1) as well as the
configuration of the elastic strips were of the same type as for the building in the present
study. An ANOVA (5% significance level) was performed to find the effect on impact
sound insulation by the factors room size, floor number and type of
floor covering. It was concluded that the impact sound insulation was significantly
better on the third and highest floor. The difference (about 2 dB) was clear for
frequencies of 100 Hz and higher. 

In a building, there will always be various constructional differences which have to
be accounted for. The decision of how to define “nominally identical” has to be made
from case to case. To perform a study of variations between nominally identical objects,
it is therefore important to thoroughly check for unobvious differences in the
construction. In the present study, the volumes are identical but they differ in the
flanking connection. If the elastic strips had been optimally dimensioned, a floor effect
would probably not have been measurable. In that respect, all apartments could have
been considered to be nominally identical. 

The repeatability test of airborne sound measurements was performed after all
apartments had been measured. A better way to determine the repeatability could have
been to measure at random intervals during the measurement schedule. However, it can
still be concluded that the variations caused by measurement uncertainty were small
compared to the total variation. In the present study, the variations for the lightweight
timber volume construction can either be approximated by the spread between all
apartments unconditionally as a group or, based on the results from the ANOVA, by the
spread within each floor (RMSE). For the tested volume construction, the standard
deviation of the airborne sound insulation, , is 1,7/0,9 dB
(Unconditionally/RMSE). For the impact sound pressure level, , the′ + −L Cn w I, ,50 2500

′ + −R Cw 50 3150
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standard deviation is 2,0/1,4 dB. The standard deviation in airborne sound insulation
due to unexplainable differences was calculated by subtracting the measurement
variance (0,4 dB) from the total variance. The result is a standard deviation of 1,7/0,8
dB which can be attributed to workmanship. It is better to use the RMSE for
comparison with other studies, since a significant difference between floor numbers
exists. When comparing the workmanship variation to the previous studies [4, 6], the
volume construction achieves significantly smaller variations in airborne sound
insulation.  

There is one apartment on the second floor with better impact sound insulation than
the rest. If it was known what makes this apartment special, it would be theoretically
possible to construct all the apartments this good. A way to find out why a certain
apartment performs better, could be to follow the production phases from the beginning,
and make detailed documentations and measurements during the process. This would
make it possible to follow the growth of the acoustic properties and find the causes for
a favourable deviation. 
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ABSTRACT 

Variations in sound insulation are a problem for lightweight constructions, since it demands a high safety margin to 
the legal requirements on acoustical performance, if the variations are large. The building costs can be lowered if 
these variations can be characterised and identified. This paper describes an investigation of how the vibro-acoustical 
properties of nominally identical dwellings change during the construction phases. The objective is to find out 
whether acoustical deviations in the field can be traced to the earlier stages of construction. It also gives an indication 
of how the variations grow during the process. Throughout the investigation, all measurements were made on the 
same building elements. The building technique under study is a lightweight timber system consisting of industrially 
produced prefabricated volumes. Acceleration level measurements have been performed in the factory on building 
elements at different stages of completion; plates attached to beams, floor with gypsum board covering, the whole 
volume without floor parquet and the finished volume. An ISO tapping machine was used as excitation source and 
accelerometers were placed along the edges of the floors and across the surface. Field measurements were performed 
in the finished building. In addition to the analysis of acceleration level, airborne and impact sound insulation were 
measured in situ. Acoustical deviations were found for frequencies above 400 Hz, but these could not be traced back 
to the earlier construction stages.  

INTRODUCTION 

Industrialised building is a concept which is heading for the 
future in the modern timber building industry. Prefabricated 
building elements are transported to the construction site 
where they are easily assembled to form complete buildings. 
The higher the degree of prefabrication, the less time is 
needed on the construction site. By producing complete vol-
umes in the factory, a very high degree of prefabrication is 
possible. These volumes typically constitute a single room 
apartment or a room in a larger apartment. It is also possible 
to join two volumes to create larger rooms. One of the big-
gest advantages with industrialised building compared to 
traditional on-site manufacturing is that the construction 
takes place under controlled conditions in a factory. Since 
many of the uncertainties normally associated with field con-
struction can be avoided, industrialised building has potential 
to achieve good reproducibility of acoustical properties. 
However, field studies have shown large variations between 
nominally identical dwellings [1, 2]. Uncertainties in acousti-
cal performance increase the cost as the constructor has to 
use a higher safety margin to the legal requirements. An in-
creased knowledge about the variations in sound insulation 
can lead to lowered costs and increased sound quality for the 
tenants. Some probable causes are workmanship [3-5] and 
measurement uncertainty [6, 7], but in order to control the 
variations an in-depth study of the growth of the variations is 
necessary. The building elements are constructed in produc-
tion lines. For example, one production line constructs the 
floors while another one constructs the walls etc. These pro-

duction lines then converge, and the building elements are 
mounted as volumes, which then move along on parallel 
assembly lines. As the volume is moving on the assembly 
line, the interior is filled and painted, electrical wiring is in-
stalled, parquet floors, cupboards and closets are installed and 
so on, stepwise bringing the volume closer to a complete 
apartment or room, ready for shipping at the end of the line. 
Each of these steps in the production and assembly lines 
represents a stage of completion for the volume. The present 
study focuses on the floor, which is the most important build-
ing element in determining the impact sound insulation. To 
minimise structure borne sound transfer, the floor and ceiling 
are constructed as two separate parts with an insulating strip 
in between. The construction under study is illustrated in 
figure 1.  
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120 mineral wool
45x120 c400
13 plaster board
15 plaster board (protect)

13 floor plaster board
22 particle board
42x225 glulam beam c600
95 mineral wool
12 plywood w300 c600

Figure 1. Separate floor and ceiling in a volume construction 

The controlled manufacturing of the volume system makes it 
possible to follow individual building elements throughout 
the construction process and analyse the growth of their vi-
bro-acoustical properties. The objective of this investigation 
is to find out if it is possible to trace acoustical properties and 
deviations in the completed building back to earlier stages of 
construction. It will also give an indication of how the varia-
tions grow during the process.  

METHOD

A series of acceleration level measurements have been made 
in three nominally identical timber volumes at different 
stages of completion. The floor was excited by an ISO tap-
ping machine and the response was measured in the fre-
quency range 50-3150 Hz with an averaging time of 15 sec-
onds. Double-sided adhesive tape was used to mount the 
accelerometers on the floors. The measurement setup is illus-
trated in figure 2, and was used in all measurements. A total 
of 20 measurement positions were selected with 5 on the 
short edge, 5 on the long edge and 10 positions randomly 
placed on the surface. The corresponding measurement re-
sults are referred to as “Width”, “Length” and “Surface”. The 
data were analysed by averaging the results in each of these 
three groups. A total of six different completion stages were 
measured. Each stage of completion represents a significant 
structure-acoustical change in the volumes. Throughout this 
paper, the three volumes will be referred to as 206D, 306D 
and 406D, which were their corresponding identification 
numbers.

Length (   )

Width (   )

Surface (   )ISO tapping machine

4620 mm

24
50
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Figure 2. The measurement setup and definition of terms 

Plates on beams 

The floors were measured at the beginning of the production 
line, where the floors are placed on tables with rollers, see 
figure 3. In this measurement stage the floor consists of 
wooden plates on beams. Floor elements were quickly pro-
duced and it was important to complete the measurements as 
quickly as possible, before the workers glued the gypsum 
boards. Each measurement represented a small, but disturb-
ing delay in the production. The construction schedule was 
therefore adapted so that the floors of the three volumes were 
built in direct succession to ease and speed up the measure-
ment procedure.  

Figure 3. The simple floors with plates on beams were 
measured in the production line, on tables with rollers

Floor with gypsum board 

At this stage of completion, gypsum boards had been glued to 
the wooden plates and secured by screws when the glue was 
curing. All floors had been allowed to cure for four days. The 
securing screws improve the structural connection between 
the gypsum boards and the floor structure and were therefore 
removed before the walls and ceiling were attached. The 
floors were placed on wooden point supports on a large con-
crete foundation. The measurements were performed with the 
screws removed.

Volume

When the volumes were assembled, the floors were placed on 
moving rails on the floor, see figure 4. The volume then 
moved along on these rails until it was ready for shipping. All 
subsequent measurements in the factory thus used the rails as 
support. The floor covering inside the volume was the same 
as in the previous stage; exposed gypsum boards. The walls 
are attached from the outside of the flanks, which makes the 
construction stiffer.  

Figure 4. The volumes are supported with moving rails on 
the floor 
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Patch of parquet 

In the final building, the floor was to be covered with parquet 
tiling. To assess the energy transferred to the floor construc-
tion through the parquet and its resilient layer, a square patch 
of parquet (1 m2) was constructed and placed beneath the ISO 
tapping machine, see figure 5. The accelerometers were 
placed on the still exposed gypsum boards, inside the vol-
ume.

Figure 5. A 1 m2 square patch of parquet was placed be-
neath the ISO tapping machine inside the volume 

Finished volume 

These measurements were performed when the volume was 
completed and ready for transport to the building site. The 
floor was covered with parquet tiling and all the installations 
were in place. The volume had reached the same state of 
completion it would have in the final building.  

Field measurements 

The three volumes were transported to the construction site in 
Nynäshamn, where they were used in a five storey building. 
The field measurements were performed in unfurnished 
rooms before the tenants had moved in. Six months had 
passed since the final measurements in the factory. The ac-
celeration level measurements were complemented by meas-
urements of impact and airborne sound insulation. The vol-
umes were stacked on top of each other at floor numbers 2, 3 
and 4 with 1 being the ground floor. Each volume was part of 
a larger apartment were they served as a small bedroom. The 
volume at the ground floor was nominally identical to the 
three under study. All sound insulation measurements were 
thus performed between nominally identical pairs of rooms, 
with the floor number being the only known significant dif-
ference between them. The measurements of impact and 
airborne sound insulation were made according to SS-EN 
ISO 140-4 and SS-EN ISO 140-7 and the data was evaluated 
according to SS-EN ISO 717-1, SS-EN ISO 717-2 and SS 
25267:3 [8-12]. A rotating boom with a rotation time of 60 s 
was used in two positions. The same measurement and source 
positions were used in all measurements. The area of the 
floor separating each dwelling was 11,3 m2 and the volume 
of each room was 27,0 m3.

Quality control 

A second control measurement was made at three different 
measurement stages (plates on beams, gypsum boards and in 
a volume). The measurement equipment was completely 
removed from the object and replaced when the second run 
was made. This is a basic test of the uncertainty due to the 
measurement procedure. The background noise vibrations in 
the factory were measured at several times during the sched-
ule. Silent measurements were performed with the ISO tap-
ping machine turned off, which were then compared with the 

normal measurements to assess the signal to noise ratio. A 
test of the influence of the way the floors were supported was 
made, since the supports differed between the measurement 
stages. Three different supports were tested; tables with roll-
ers, wooden point supports and isolating strips along the 
edges. The latter two were placed on a large concrete founda-
tion. The test was conducted on a simple floor with wooden 
plates on beams. During the field measurements of the air-
borne and impact sound insulation, the background noise 
level was measured and corrected for according to [10-11].  

Equipment 
BK Pulse six-channel system 
5 BK 4508 Accelerometers 
BK 2270, single channel with rotating boom 
BK ISO tapping machine 
BK 4224 sound source 

RESULTS

The three control measurements in the factory indicated good 
repeatability with a spread of less than 1 dB in a given 1/3 
octave band. The background vibration levels in the factory 
were well below (>40 dB) the levels measured with the ISO 
tapping machine. The comparison of different floor supports 
showed a spread in acceleration level of more than 10 dB in 
frequency bands lower than 50 Hz. Therefore, the data below 
50 Hz was considered too uncertain and was omitted from the 
analysis. Above 50 Hz the different supports gave similar 
results, with an average difference between maximum and 
minimum values of 1,8 dB in a given 1/3 octave band. The 
field measurements of airborne sound insulation showed an 
unacceptable signal to noise ratio in the frequency bands 50 
and 63 Hz. No problems were found above 80 Hz.  
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Figure 6. Vibrations on a floor consisting of wooden 
plates on beams 

In the simplest configuration the floors measure similar ac-
celeration levels, see figure 6. The only exception is floor 
406D which achieves high acceleration levels on the long 
side, in the frequency range 400-1600 Hz.  
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Figure 7. Vibrations on a floor element with glued gyp-
sum boards 

When the gypsum boards have been added to the configura-
tion, the complexity of the system has increased. The varia-
tion between the floors is larger than in its simplest configu-
ration, see figure 7. The variations are largest on the edges of 
the floor, with an average deviation of 6,6 dB between 
maximum and minimum values in the frequency range 400-
3150 Hz.
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Figure 8. Vibrations on a floor with gypsum boards where 
the walls and ceiling have been attached to form a volume 

The volume stage is similar to the previous stage, except that 
the edges have been stiffened by the walls and ceiling. Fre-
quencies above 400 Hz have about the same spread as before, 
see figure 8. The mid and low frequencies (50-315 Hz) how-
ever, are here more collected compared to the previous stage.  

50         100        200        400         800         1600        3150
60

70

80

90

100

110

120
Width

Frequency (Hz)

A
cc

el
er

at
io

n 
le

ve
l (

dB
)

50         100        200        400         800         1600        3150
60

70

80

90

100

110

120
Length

Frequency (Hz)

A
cc

el
er

at
io

n 
le

ve
l (

dB
)

50         100        200        400         800         1600        3150
60

70

80

90

100

110

120
Surface

Frequency (Hz)

A
cc

el
er

at
io

n 
le

ve
l (

dB
)

206D
306D
406D

206D
306D
406D

206D
306D
406D

Figure 9. Vibrations with a small patch of parquet placed 
under the ISO tapping machine on the gypsum floor in a 

volume

The patch of parquet on a resilient layer acts as an effective 
isolator of the excitation for frequencies higher than 400 Hz, 
see figure 9. The highest frequencies were attenuated by 
more than 20 dB whereas the frequencies below 400 Hz were 
hardly affected at all.  
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Figure 10. Vibrations in a completed volume with parquet 
floor, ready for shipping 

The acceleration levels in the completed volume have a low 
spread in general, see figure 10. Overall, the results are simi-
lar to the patch measurements below 400 Hz. The levels have 
increased at frequencies higher than 400 Hz, with a substan-
tial increase at the highest frequencies.  
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Figure 11. In-situ measurements of vibrations in the fin-
ished building 

The measurement results in the field differ from the previous 
stage. The variations between the volumes are larger along 
the flanks and especially on the long side of the floor, see 
figure 11. A difference exceeding 10 dB can be found be-
tween the maximum and minimum values in the frequency 
range 315-1250 Hz. There are no clear deviations in the im-
pact and airborne sound insulation measurements except that 
volume 206D has the lowest acoustical performance above 
400 Hz, see figure 12. This deviation cannot be identified in 
the measurements at earlier stages of completion. The single 
number impact and airborne sound insulation ( 250050,, Iwn CL

and 315050CRw ) are given in table 1. The volumes achieved 
similar performance.

Table 1. In-situ measurements of impact and airborne 
sound insulation in the finished building 

Volume 250050,, Iwn CL 315050CRw

206D 55 54 
306D 55 55 
406D 54 54 
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Figure 12. In-situ measurements of impact and airborne 
sound insulation in 1/3 octave bands 

DISCUSSION AND CONCLUSIONS 

The control measurement showed similar results which indi-
cate acceptable repeatability of the experiment. Due to time 
restrictions the floors were not moved and replaced on their 
corresponding supports which could have resulted in a larger 
difference between the control measurements. On the other 
hand, the measurements of different supports also indicated 
good repeatability above 50 Hz. In all measurements, the 
variations are larger on the edges of the floor compared to the 
whole surface average. A contributing factor to this may be 
that only 5 measurement positions were used on the edges, 
while the surface average used 10 positions. The problems 
with the signal to noise ratio in the airborne sound insulation 
measurements were due to the inability of the sound source to 
produce sufficient sound pressure levels at the lowest fre-
quencies. The BK 4224 sound source dates back to the time 
when insulation requirements were specified in the frequency 
range 100-3150 Hz, and its performance below 100 Hz is 
thus inadequate nowadays.  

During the measurements of plates on beams, the construc-
tion schedule was adapted to minimise the negative effects on 
the production. Since all three floors were produced in direct 
succession by the same workers, it is likely that the variations 
in the present study are lower than in a normal situation 
where the floors would be constructed independently of each 
other, perhaps by different workers. For the simplest floor 
configuration, plates on beams, the variations are relatively 
small. The uncertainty in acoustic performance increases 
when gypsum boards are added. An important factor regard-
ing the sound insulation is the choice of glue for the gypsum 
boards. There are specialised glues on the market with acous-
tically desirable properties. These glues act as a damper be-
tween the gypsum boards and the wooden plates. In the pre-
sent study, basic glue was used.  

Some examples of workmanship were identified on the floors 
with gypsum boards; some securing screws were not re-
moved properly, gypsum boards were assembled differently 
and in some volumes different glue was used. None of these 

workmanship issues are relevant for the three volumes in the 
present study however, as they were strictly supervised dur-
ing the construction. When the walls and ceiling are attached 
to the floor, the edges will become stiffer. More energy is 
transported into the walls and ceiling which makes the accel-
eration levels decrease on the edges. In the free floor, the 
same energy is distributed over a smaller structure which 
should give higher levels. It can be assumed that the decrease 
in acceleration levels at low frequencies can be attributed to 
the stiffening caused by the change in the supports.  

The acceleration levels are higher when the complete parquet 
floor has been installed. Acceleration levels above 800 Hz 
increased drastically compared to the measurements with the 
patch of parquet, since the measurements in the finished vol-
ume were made on a continuous structure. The parquet floor 
with a resilient layer basically acts as an effective low pass 
filter with a cut-off frequency of 400 Hz.  

The objective of the present study was to find out if it is pos-
sible to trace acoustical deviations in the field to the earlier 
stages of construction. No clear differences and deviations in 
the field measurements which can be traced back to the ear-
lier stages of construction could be found. For example, vol-
ume 206D has the lowest sound insulation in the field above 
500 Hz, but deviations in this frequency range found in ear-
lier stages cannot be coupled to that volume. Previous studies 
of the construction system have shown a decrease in acoustic 
performance on the lower floors, due to a mismatch in the 
load-stiffness relationship of the insulation strip used be-
tween floors [1-2]. It is possible that this is a contributing 
factor in the present study too, as the construction is of the 
same type. Another difference in the field measurements 
compared to the final factory measurements is that the façade 
layer had been mounted on the finished building, but in the 
factory the façade only consisted of gypsum boards.  

Something has happened with the volumes in the finished 
building. The floors measure differently, and the variations in 
acceleration level along the length of the volume have in-
creased by more than 10 dB. Variations along the short side 
have also increased, but not by as much. The variations found 
in 250050,, Iwn CL  and 315050CRw  are of the same magni-
tude as what can be expected to be caused by measurement 
uncertainty. It can be concluded that an investigation of this 
kind is very hard to arrange and perform. A tremendous 
amount of work is required to collect enough data to draw 
statistically significant conclusions. Three volumes are sim-
ply a too small population. In general, variations in the acous-
tical properties are found in the frequency range above 400 
Hz. Variations in this frequency range are also apparent in 
the sound insulation measurements, but it does not affect the 
values of 250050,, Iwn CL  and 315050CRw  as they are 
mainly determined by the low frequency performance.  
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Abstract
If variations and uncertainty in building acoustic measurements can be controlled, 
construction costs can potentially be reduced since the building will not have to be 
acoustically over-dimensioned. Field measurements of impact and airborne sound insulation 
were carried out for an industrially prefabricated cross-laminated timber (CLT) system of 
plate elements. The results from 18 rooms, forming three groups with respect to size, were 
compared to a similar study dealing with a volume based building system. Large variations 
were found at frequencies below 100 Hz which is crucial for the low frequency adaptation 
terms connected to the weighted sound insulation indices. The measurement uncertainty was 
investigated by analysing the repeatability, measurement direction and the time dependence of 
the sound source. The variations due to the measurement procedure were found to be small 
compared to the total variations and it was also indicated that the variations in sound 
insulation decrease with the amount of work required at the building site.

1. INTRODUCTION
The uncertainty of building acoustic measurements is a potential problem within the industry. 
Variation in sound insulation requires a high safety margin in the design phase in order to 
secure that the appropriate requirements will be fulfilled. The uncertainty is related to the 
building system, the standard of workmanship and to the measurement procedure. Building 
contractors and designers appreciate products with small variations for which the acoustic 
properties can be predicted. This way the products don’t have to be acoustically over-
dimensioned and the total costs can be reduced.  

The effect of workmanship on airborne sound insulation in a concrete construction has 
been investigated by Craik and Steel [1] who subtracted the measurement variance from the 
total variance. The remaining, unexplainable variation of 1,5-2 dB in a 1/3 octave band 
(standard deviation) was attributed to workmanship. A similar study on a lightweight steel 
framed construction by Trevathan and Pearse [2] approximated a variation in airborne sound 
insulation due to workmanship of 1,1 dB (standard deviation) in a given 1/3 octave band. The 
level of workmanship variation in airborne sound insulation for a prefabricated timber volume 
system was approximated to 0,8 dB by Öqvist et al. [3]. A common conclusion from these 
studies is that the measurement uncertainty is small in comparison to the total uncertainty.  

The reproducibility of measurements can be defined as when the same objects are 
measured by different operators using their own equipment. A standard deviation of at least 1 



dB was characterised by Gerretsen [4] for the reproducibility of all types of building acoustic 
measurements. The standard deviation of 250050,, Iwn CL  and 315050CRw  under 
reproducibility conditions was approximated to 0,8 dB and 0,7 dB respectively, by Simmons 
[5]. The measurement uncertainty will be lower if a single operator performs all 
measurements in a study. An acoustical challenge concerning lightweight constructions is to 
obtain good sound insulation at low frequencies which is crucial in the determination of the 
weighted sound insulation indices, especially when the adaptation terms (C, CI) are included. 
Therefore, low frequency variations in the measurements are of particular concern. One 
source of low frequency uncertainty is the 1/3 octave band filtering during the measurements 
of reverberation time. In small rooms and at low frequencies, the reverberation time becomes 
short and the 1/3 octave filter bandwidth becomes narrow. A BxT product (Filter bandwidth 
multiplied by reverberation time) of at least 16 is recommended by Jacobsen [6]. If the BxT 
product is lower, the filter starts to affect the measurements of reverberation time. Over- as 
well as underestimation is possible.  

In the present study, the variation in sound insulation of a cross-laminated timber (CLT) 
system of plate elements is considered. The objective is to assess and quantify acoustical 
uncertainties related to the building system and to accentuate a number of possible parameters 
related to uncertainties of the measurement procedure. 

2. CROSS-LAMINATED TIMBER CONSTRUCTION 
The CLT building system consists of three layers of cross mounted timber panels where each 
floor plate module is 2,4 m wide and is supported by six T-beams, see figure 1. The T-beams 
provide high stiffness to the floor and permit a long floor span. The floors are separated by an 
elastic layer to reduce flanking transmission, see figure 2. During transportation, a suspended 
ceiling is attached to the T-beams with screws, which are later removed when the floor and 
ceiling is in place. The floor and ceiling are thus decoupled in the finished building. Parquet 
floors were used in all rooms in the present study.  
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Figure 1. Cross-section of the CLT floor construction 
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Figure 2. Floor/wall flanking connection of the CLT system 

3. METHOD, VARIATIONS WITHIN THE BUILDING 
Building acoustic measurements 
Field measurements of airborne sound reduction and impact sound pressure level in 18 rooms 
were carried out in a newly built four-storey residential building. The floor numbers are 
referred to as floor 1, 2, 3 and 4 where 1 is the ground floor. The rooms were distributed 
among a total of eight apartments on floors 2 and 3. The sizes of the rooms varied from large 
(~82 m3) to medium (~33 m3) to small (~25 m3). The distribution of room sizes were 8 large, 
6 medium and 4 small rooms. All measurements were made according to SS-EN ISO 140-4 
and SS-EN ISO 140-7 and the data was evaluated according to SS-EN ISO 717-1, SS-EN ISO 
717-2 [7-10]. In the Swedish standard SS25267 [11], it is stated that the volume of the 
receiving room in impact sound level measurements shall be limited to 31 m3. All treatment 
of impact sound level measurements in the present study is without this limitation, to comply 
with international standards.

The measurements of sound pressure level were performed with a hand-held swept 
microphone with an averaging time of 60 s, following the recommendations of annex H in 
SS25267:3 [11], see figure 3. All measurements were made in vertical direction and the 
sending and receiving room had equal volume, except in two cases. To minimise the influence 
of background noise, all measurements were made after normal office hours. The background 
noise was always measured but corrections were only necessary in a few cases, typically at 
the highest frequencies during impact sound level measurements. The measurements took 
place in unfurnished rooms before the residents had moved in. When the reverberation times 
were calculated, all decay curves were visually reviewed and corrected manually when 
necessary.
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Figure 3. Microphone traverse path in measurements of sound pressure level with a hand-
held swept microphone according to SS25267:3 

Equipment
B&K ISO Tapping machine 
B&K 4224 Loudspeaker 
B&K 2270 Hand-held analyzer 

Statistical analysis 
An analysis of variance (ANOVA) was performed at 5% significance level with 

250050,, Iwn CL  and 315050CRw   as response variables as well as nL  and R  in 1/3 octave 
bands. Further, the measurements were grouped according to floor number and the average 
standard deviations were calculated by averaging the variances. It was not possible to perform 
an ANOVA with the room size as factor, since the prerequisites of the method cannot be 
fulfilled when there are too few measurements at each factor level. However, a “visual 
inspection” was carried out in order to identify characteristic properties, related to different 
room size.  

Comparison of CLT and volume system 
The average impact sound level and airborne sound reduction of all 18 rooms were compared 
with the ones obtained in 30 volume apartments measured by Öqvist [3]. The volume system 
represents a higher degree of completion compared to the CLT system. To assess the 
difference in variations, the standard deviations for each case study were evaluated in 1/3 
octave bands.



4. RESULTS, VARIATIONS WITHIN THE BUILDING 
Building acoustic measurements 
The average value of all 18 measurements of nL  and R  are presented in figure 4. Large 
variations generally appear at frequencies 50-80 Hz (average standard deviation of 3,8 dB and 
5,6 dB for nL  and R  respectively) but the airborne sound insulation measurements also 
exhibit high frequency variations at 1600-3150 Hz (average standard deviation of 4,9 dB for 
R ). The weighted sound insulation indices ( wnL ,  and wR ) and the adaptation terms ( 250050,IC

and 315050C ) are given in table 1. The large rooms achieve similar performance in both 

250050,, Iwn CL  and 315050CRw . The medium rooms display the largest variation in 

250050,, Iwn CL  and 315050CRw . The values of 250050,, Iwn CL  and 315050CRw  for the 
small rooms are inferior to the other rooms due to large values of their adaptation terms 

250050,IC  and 315050C , an indication of low performance below 100 Hz. 
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Figure 4. The variation of impact and airborne sound insulation in 18 rooms 



Table 1. Single number impact and airborne sound insulation in 18 rooms 

Room 250050,, Iwn CL
(dB)

wnL ,

(dB)
250050,IC

(dB)
315050CRw

(dB)
wR

(dB)
315050C

(dB)
Floor

Large (95,9 m3) 56 54 2 55 57 -2 2 

Large (76,4 m3) 56 55 1 55 57 -2 2 

Large (73,3 m3) 55 54 1 55 57 -2 2 

Large (87,8 m3) 56 55 1 56 58 -2 2 

Large (95,9 m3) 56 53 3 56 58 -2 3 

Large (76,4 m3) 55 54 1 55 57 -2 3 

Large (73,3 m3) 55 54 1 56 58 -2 3 

Large (76,1 m3) 56 55 1 57 59 -2 3 

Medium (32,3 m3) 56 55 1 57 58 -1 2 

Medium (32,3 m3) 53 52 1 56 58 -2 2 

Medium (34,8 m3) 57 56 1 53 57 -4 2 

Medium (34,8 m3) 57 55 2 54 57 -3 3 

Medium (32,3 m3) 54 50 4 59 61 -2 3 

Medium (32,3 m3) 52 50 2 59 61 -2 3 

Small (26,6 m3) 58 54 4 52 57 -5 2 

Small (22,8 m3) 59 53 6 53 59 -6 2 

Small (26,6 m3) 56 54 2 52 57 -5 3 

Small (22,8 m3) 57 53 4 53 58 -5 3 

When the measurements are grouped according to their room size, some characteristic 
properties emerge, see figure 5. The small rooms are clearly suffering from bad low frequency 
performance around 63-80 Hz, when compared to the medium and large rooms.  
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Figure 5. Average impact and airborne sound insulation in different sized rooms 

The variation in impact sound pressure level and airborne sound reduction for each group of 
rooms is given in figure 6-8. The variation of the large rooms is relatively small throughout 



the frequency range, except for some dispersion for frequencies higher than 1600 Hz in the 
case of airborne sound reduction. The variation of nL  and R  among the medium rooms is the 
largest of the three room sizes. There are larger deviations in the 80 Hz 1/3 octave band and 
above 1600 Hz. The measurements of the small rooms are consistent.  
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Figure 6. The variation of impact and airborne sound insulation in 8 large sized living rooms
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Figure 7. The variation of impact and airborne sound insulation in 6 medium sized rooms
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Figure 8. The variation of impact and airborne sound insulation in 4 small rooms

Statistical analysis 
According to the ANOVA, there are no significant differences in 250050,, Iwn CL  or 

315050CRw  between floor 2 and floor 3. However, there are indications that both the impact 
and airborne sound insulation nL  or R  are slightly better on the upper floor in some of the 
1/3 octave bands, see figure 9.
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Figure 9. Relative difference in impact and airborne sound insulation at different floors 

Comparison between CLT and volume system 
The CLT system has higher impact sound insulation above 400 Hz whereas the volume 
system has higher impact sound insulation below 400 Hz, see figure 10. The CLT system also 
has larger variations in the low frequency 1/3 octave bands 50-80 Hz compared to the volume 
system. The volume system has larger variations at higher frequencies, 800-2000 Hz.
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Figure 10. Comparison of impact sound insulation between the CLT and the volume building 
system [3]  

For the airborne sound insulation, the two systems achieve similar performance, but the 
volume system still has an advantage at frequencies below 400 Hz and the CLT system 
performs better between 630-2000 Hz, see figure 11. The variations in airborne sound 
reduction for the CLT system are considerably larger than for the volume system, both at low 
(50-100 Hz) and high (above 1600 Hz) frequencies. The volume system has about the same 
variation throughout the frequency range.
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Figure 11. Comparison of airborne sound insulation between the CLT and the volume 
building system [3] 

5. METHOD, MEASUREMENT UNCERTAINTY 
Repeatability study 
The airborne and impact sound insulation in each room was measured once. In addition, both 
the impact and airborne sound insulation were measured in a designated control room 7 times, 
to quantify the ability of a single operator to reproduce his/her own measurements. The 
control measurements were randomly performed throughout the five-day measurement 
schedule. Different measurement and sound source positions were chosen in each control 
measurement to represent a realistic measurement scenario. The control measurements were 
made in a nominally identical pair of rooms with a volume of 32,3 m3 and a separating area of 
13,00 m2.

Reverberation time 
Measurements of reverberation time can be problematic at low frequencies due to large spatial 
variations inside the room, caused by standing waves. The measurements of reverberation 
time used in the repeatability study of impact sound were analysed to assess the reliability of 
the method.  

Vertical measurement direction 
Airborne sound insulation measurements can be performed in both vertical directions, i.e. the 
sending room can be either above or below the receiving room. The sound source should not 
be placed in proximity of the separating element, to avoid exciting it with incident direct 
sound and thereby potentially create a higher sound pressure in the receiving room. If the 
upper room is chosen as sending room, the risk of incident direct sound is apparent if the 
sound source is standing on the floor. If instead the lower room is chosen as sending room, it 
is unlikely that the ceiling will be excited with direct sound. The lower room was always 
chosen as sending room in the present study, except in two cases. To assess the importance of 
the choice of sending room, one measurement in each direction were made in the control 
room pair.  

Speaker heat 
During airborne sound insulation measurements, heat will build up in the loudspeaker coil and 
the amplifier, which can lead to a time-dependence of the sound source. To study the 
influence of this possible phenomenon, the sound source was configured with the usual field 
settings and placed in an anechoic chamber. The equivalent sound level was then measured at 
a distance of 2 m using an averaging time of 10 s. A total of 30 measurements were performed 
with one-minute intervals.  



6. RESULTS, MEASUREMENT UNCERTAINTY 
Repeatability study 
The results from the measurements in the control room are given in figure 12. The seven 
measurements show a high degree of repeatability as the standard deviation in a given 1/3 
octave band is small. There is a slightly larger spread for the impact sound insulation. All 
control measurements yield the same single number values of both 250050,, Iwn CL  and 

315050CRw , 52 and 59 dB respectively.
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Figure 12. Standard deviation of impact and airborne sound insulation in the 7 control room 
measurements  

Reverberation time 
The measurements of reverberation time which were used in the calculations of the impact 
sound insulation are given in figure 13. The curves are well collected, with an increase in 
uncertainty for the lowest frequencies.  
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Figure 13. The variation of reverberation time in the 7 control room measurements 

Vertical measurement direction 
The comparison measurements of the choice of sending room gave similar results in both 
vertical directions, see figure 14. The value of 315050CRw  was 59 dB in both cases.
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Figure 14. Relative difference in airborne sound insulation depending on vertical 
measurement direction 

Speaker heat 
As seen in figure 15, the sound level does drop with time as heat builds up in the speaker coil 
and amplifier. Do note the scale on the y-axis as the effect is very small, only 0,2 dB in half 
an hour.
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Figure 15. The time dependence of the sound source 

7. DISCUSSION AND CONCLUSIONS 
There are some serious problems with the CLT system regarding the small rooms. They all 
show unacceptable performance in the 63-80 Hz 1/3 octave bands. The floor areas of the 
small rooms are slightly less than 10 m2, which makes it impossible to strictly measure 
according to the requirements of the ISO standards due the proximity of the room boundaries. 
The results should therefore be used with caution. It is also hard to achieve sufficient 
distances between source and microphone positions in small rooms. In addition, all three 
room dimensions (length, width, height) coincide with the expected wavelengths in the 80 Hz 
1/3 octave band which can cause resonant standing waves in the rooms. The sound reduction 
index is strongly dependent on which room modes are excited [7]. In a larger room, the sound 
field will be more diffuse, which leads to lower measurement uncertainty for low frequencies 
compared to a small room. The larger the room, the faster the modal density will increase. 
When the wavelength is large compared to the room dimensions, the room will behave like a 
pressure chamber. It is the intermediate frequency range between the pressure region and the 
high modal density region which causes measurement difficulties. Further, the reverberation 
times are too short to fulfil the BT-product recommendations for frequencies below 100 Hz. 
The inability to correctly measure low frequency reverberation times may be a contributing 
factor to the inadequate performance of the small rooms. The average BT-product at 50-63 Hz 



in the small rooms is ~6 whereas the medium and large rooms have an average BT-product of 
~10.

During the measurements, a sound emanating from the heating pipes on the lower floor 
was observed. A possible cause is the flanking transmission path through the radiators and 
heating pipes between the sending and receiving rooms. The amount of heating equipment 
differed considerably between the rooms. Typically, the pipes from the radiators on the top 
floor go straight down into the floor, whereas they are exposed all the way from floor to 
ceiling on the lower floor. In the smallest rooms, it is possible that the sound source was 
placed in such proximity of the radiators that they were affected by direct sound, thereby 
increasing the flanking transmission. No statistically significant difference was found in 
acoustic performance between the two floors, although there are some indications that the 
upper floor performs slightly better. Furthermore, it is important to carefully design the elastic 
layers between the floors, as the lower floors always are exposed to a higher static load. If 
there is a mismatch in the relationship between load and stiffness, the sound insulation can 
vary between the floors [3, 12].

The comparison between the CLT and the volume system showed that the variation in 
sound insulation is considerably larger for the CLT system at low frequencies (50-100 Hz), 
especially in the case of airborne sound. The CLT system has better impact sound insulation 
than the volume system at frequencies above 400 Hz. The relatively large variations in 
airborne sound insulation above 1250 Hz for the CLT system indicate some kind of sound 
leakage since the sound insulation is high at those frequencies. When the sound insulation of a 
separating element is high, it is more sensitive for weak links in the form of sound leakage or 
flanking transmission.  

Concerning lightweight timber constructions, the manufacturing can either take place 
traditionally onsite or industrially, as a prefabricated system. Prefabrication normally involves 
either plate elements such as floors, ceilings and walls, or assembled volumes. The latter 
normally shows a higher degree of completion, reducing the amount of work required at the 
building site. There is reason to believe that the uncertainty in acoustic performance decreases 
as the degree of prefabrication increases, since a larger proportion of the production then takes 
place in a factory under more controlled circumstances. An important difference between the 
specific volume and CLT system is that the volumes are constructed and assembled by the 
same contractor. This means that the workers are familiar and experienced with the building 
system which could result in a lower variation due to workmanship. In the case of the CLT 
system however, the building elements are normally assembled by different contractors who 
may not be familiar with the system. The scope for workmanship is thus greater. All in all, 
this indicates that the variations in sound insulation decreases with the amount of work 
necessary in the field.  

The repeatability measurements made by a single operator were consistent. The impact 
sound level measurements show a larger spread throughout the frequency range than the 
airborne sound reduction. Since a lightweight floor structure is orthotropic and 
inhomogeneous, it is reasonable to believe that the impact sound insulation will vary with 
excitation position. In the measurements of the airborne sound reduction, a diffuse sound field 
is generated in the sending room which excites the separating element evenly, at least 
theoretically. The uncertainty of airborne sound measurements might then be expected to be 
lower.

The control measurement of the importance of the vertical direction of the airborne 
sound reduction did not show any significant difference between the choices of sending room. 
If the sound fields in both rooms are perfectly diffuse, the measurement direction will not 
affect the measurement. Still, it is preferable to choose the lower room as the sending room if 
possible, to avoid exciting the floor with loudspeaker vibrations and incident direct sound 



[13]. Any potential flanking transmissions induced by vibrations and direct sound will thereby 
be of at least one order higher and thus less important.  

The time dependence of the airborne sound source is an issue which should be 
considered. The measurement procedure should be adapted so that the effect of loudspeaker 
heat is minimised. The loudspeaker should only be used in conjunction with actual 
measurements and not for prolonged periods of time, something which can occur if a remote 
control is not used. The sound source used in the present study was shown to be stable over 
time. Under normal circumstances, it is only used for short periods of time and even if heat 
eventually builds up, the effect is too small to be significant.  
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