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Summary 
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 controlled 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. It was 
also indicated that the variations in sound insulation seem to decrease with the amount of 
workmanship required at the building site. 

PACS no. 43.40.Nn, 43.55.Nn  
 
1. Introduction1 

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 [1,2] who 
subtracted the measurement variance from the 
total variance. The remaining, unexplainable 
variation of 1,5-2 dB (standard deviation) in a 1/3 
octave band  was attributed to workmanship. A 

                                                      
1(c) European Acoustics Association 

          

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. Johansson [8] 
showed large variations in 170 specimens built in 
a timber construction. A dispersion in 1/3 octave 
bands of up to 15 dB was found for the low 
frequency range below 100-160 Hz and up to 19 dB 
for the high frequency range above 1000 Hz. The 
frequency bands 200-1000 Hz were more 
harmonised with a dispersion of less than 10 dB. 

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 
L´n,w+CI,50-2500 and R´w+C50-3150 under 
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reproducibility conditions was approximated to 
0,8 dB and 0,7 dB respectively, by Simmons 
[5[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[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 studied. The objective 
is to assess and quantify acoustical uncertainties 
related to the building system. 
 
2. Investigated cross-laminated timber 

constructions 

The CLT building system, Figure 1, 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, [7]. The T-beams 
provide high stiffness to the floor and permit a 
long floor span. The floors are separated by an 
elastic layer along the flanks to reduce flanking 
transmission. During transportation, the 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 
 
3. Methods and variations within the 

building 

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), where room height is 
2.46m. The distribution of room 
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Figure 1. Floor/wall flanking connection of the CLT 

system 

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. In the Swedish standard SS25267, 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. 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. 

3.1  Statistical analysis 

An analysis of variance (ANOVA) was performed 
at 5% significance level with L´n,w+CI,50-2500 and 
R´w+C50-3150 as response variables as well as L´n 

and R´ in 1/3 octave bands. Further, the 
measurements were grouped according to floor 
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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. 

3.2 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 
(built up of more traditional plate-beam-plate 
structures) 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.  

 the medium and large rooms.  

 

4.  Results, variations within the 
building  

The average value of all 18 measurements of L´n 

and R´ are presented in figure 2. Large variations 
generally appear at frequencies 50-80 Hz (average 
standard deviation of 3,8 dB and 5,6 dB for L´n 
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 (L´n,w and R´w) and the 
adaptation terms (CI,50-2500 and C50-3150) are given 
in table 1. The large rooms achieve similar 
performance in both L´n,w+CI,50-2500 and R´w+C50-

3150. The medium rooms display the largest 
variation in L´n,w+CI,50-2500 and R´w+C50-3150. The 
values of L´n,w+CI,50-2500 and R´w+C50-3150 for the 
small rooms are inferior to the other rooms due to 
large values of their adaptation terms CI,50-2500 and 
C50-3150, an indication of low performance below 
100 Hz. 

When the measurements are grouped according to 
their room size, some characteristic properties 
emerge,  

figure . The small rooms are clearly suffering from 
bad low frequency performance around 63-80 Hz, 

hen compared tow
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Figure 2 The variation of impact and airborne sound 

insulation in 18 rooms 
 
The variation in impact sound pressure level and 
airborne sound reduction for each group of rooms 
is investigated. 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 L´n 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 3a. Average impact sound level in different sized 

rooms 
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Figure 3b. Average airborne sound insulation in different 

sized rooms 
 

4.1 Statistical analysis 

According to the ANOVA, there are no significant 
differences in L´n,w+CI,50-2500 or R´w+C50-3150 
between floor 2 and floor 3. However, there are 
indications that both the impact and airborne 
sound insulation L´n or R´ are slightly better on the 
upper floor in some of the 1/3 octave bands, see  

figure4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Relative difference in impact and airborne 

sound insulation at different floors 

4.2  Comparison between CLT and volume 
beam-plate system 

The CLT system has higher impact sound 
insulation above 400 Hz whereas the volume 

system has higher impact sound insulation below 
400 Hz, figure 5. 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 5. 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, figure 6. 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 6. Comparison of airborne sound insulation 
between the CLT and the volume building system [[3]] 

 

5.  Discussion and conclusions  
There are some serious problems with the CLT 
system regarding the small rooms, figure 3b. 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. One reason for 
this may be that it is 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 50, 63 and 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 BxT-
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 BxT-product at 
50-63 Hz in the small rooms is ~6 whereas the 
medium and large rooms have an average BxT-
product of ~10. For future investigations using the 
63 Hz octave band is recommended in order to get 
at better BT product, ~18.  

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]. In this case the 
layers were dimensioned according to the 
manufacturers recommendations based on load 
calculations. 
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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 (radiators!?) 
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 
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place in a factory under more controlled 
circumstances. An important difference between 
the specific volume and CLT systems is that the 
volumes are constructed and assembled to 
completion 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 assume 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.  

Acknowledgement 
This project has been funded by Formas research 
council of Sweden and is carried out in 
conjunction with the national AkuLite project. 

 

References 
 
[1] J.M. Craik, J.A. Steel, The Effect of 

Workmanship on Sound Transmission through 
Buildings: Part 1 - Airborne Sound, Appl. 
Acoustics 27 (1989) 57-63. 

[2] J.W. Trevathan, J.R. Pearse, The Effect of 
Workmanship on the Transmission of Airborne 
Sound through Light Framed Walls, Appl. 
Acoustics 69 (2008) 127-131. 

[3] R. Öqvist, F. Ljunggren, A. Ågren, Variations in 
sound insulation in nominally identical 
prefabricated lightweight timber buildings, 
Building acoustics 17.2 (2010) 91-103. 

[4] E. Gerretsen, Interpretation of uncertainties in 
acoustic measurements in buildings, Noise 
Control Eng. J., 55.1 (2007 Jan-Feb) 50-54. 

[5] C. Simmons, Uncertainty of measured and 
calculated sound insulation in buildings – Results 
of a Round Robin Test, Noise Control Eng. J. 55.1 
(2007 Jan-Feb) 67-75. 

[6] F. Jacobsen, A note on acoustic decay 
measurements, J. of Sound and Vib. 115.1 (1987) 
163-170. 

[7] F. Ljunggren, A. Ågren, Potential solutions to 
improved sound performance of volume based 
lightweight multi-storey timber buildings, Appl. 
Acoustics 72.4 (2011), 231-240 

[8] Johansson, C., Field measurements of 170 
nominally identical timber floors – a statistical 
analysis, Proceedings of InterNoise 2000, Nice, 
France, 27-30 August 2000, 4072-4075 

 
 
 
 
 
 

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

Room 

 
L´n,w+CI,50-

2500 (dB) 
L´n,w 
(dB) 

CI,50-2500 
(dB) 

R´w+C50-

3150 (dB) 
R´w 
(dB) 

C50-3150 
(dB) 

Floor

 

Large (73,3-95,9 m3) 55-56 53-55 1-3 55-57 57-59 -2 2-3 

Medium (32,3-34,8 m3) 52-57 50-56 1-4 53-59 57-61 -1- -4 2-3 

Small (26,6 m3) 56-59 53-54 2-6 52-53 57-59 -5- -6 2-3 
 

 


