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The international standard ISO 140-5 for the measurement of the sound insulation of build-
ing façades will soon be replaced by the new standard ISO 16283-3. This revision includes 
the procedures for measurements at low frequencies down to 50 Hz. The uncertainty of fa-
çade sound insulation, in particular at low frequencies, was evaluated by a Round Robin 
Test, conducted in a full-scale experimental building at ITC-CNR. Each of the 10 teams in-
volved in the RRT replicated the tests 5 times, for a total of 50 measurements. The different 
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measurement positions inside the receiving room are compared. In particular, all the teams 
involved in the RRT assessed corner and center room positions; their energy average values 
according to ISO 16283-1 are considered and the relative uncertainty in terms of repeatabil-
ity and in situ reproducibility standard deviations are compared with the ones measured and 
calculated following ISO 140-5. 

1. Introduction 

In recent years the attention to the measurements in the low frequency range has considerably in-
creased. The future standard ISO 16283-3 (ISO/DIS 16283-3 [1]), that will supersede ISO 140-5 
[2], includes the procedures for measurements at low frequency down to 50 Hz. The so-called low-
frequency procedure shall be used for the 50 Hz, 63 Hz, and 80 Hz one-third octave bands in the 
receiving room when its volume is smaller than 25 m3. Sound pressure level measurements are tak-
en close to the corners of the room to identify the corner with the highest level in each band. This is 
carried out in the receiving room with the sound source in operation to determine the corner sound 
pressure level, and with the element or global loudspeaker method when the loudspeaker is 
switched off to determine the background noise level. In this paper a comparison between the 
standard procedure and the low-frequency procedure was made on the same façade sound insulation 
measurement, where the receiving room volume is 40 m3 thus the comparison could be made. 

In this study was analyzed the uncertainty of the measurement method of façade sound insulation 
for field measurements, with the global loudspeaker method, in terms of repeatability and in situ 
reproducibility standard deviations, by applying the statistical procedures prescribed for this kind of 
cooperative tests in ISO 5725 standards [3]. 

The measurements on which this study is based were carried out on the same building, on the 
same building’s façade, so the airborne and structure-borne sound fields involved remain constant. 
Therefore, the variability in results and the standard uncertainty are related only to the measurement 
method itself. 

2. Round Robin Test 

The best way to study the repeatability and reproducibility of building acoustics field measure-
ments [4,5] is to carry out a Round Robin Test (RRT), which consists of independent measurements 
executed several times by different operators. 

Ten teams, coordinated by ITC-CNR - Construction Technologies Institute of the Italian Nation-
al Research Council - were involved in this RRT, each of them operating with its own equipment. 

The building under test is an existing experimental building located at ITC-CNR headquarters, 
made of prefabricated concrete panels. The building element tested was a prefabricated concrete 
façade with a PVC frame with double glazing 4/12/4 window. The façade is situated at the first 
floor. The receiving room is a rectangular room; its volume is 41 m3 and the façade surface is 8,7 
m2. 

3. One-third-octave band analysis 

For each quantity under test and for each team, 21 levels were considered, corresponding to one-
third-octave band from 50 to 5000 Hz. 

Each team operated under repeatability and in situ standard deviation conditions; where the in 
situ standard deviation is a reproducibility standard deviation of the same object in the same loca-
tion [6,7]. Each team followed the provisions of ISO 140-5 [2] and ISO/DIS 16283-3 [1] (low-
frequency procedure), to decide the position of microphones in the receiving room and the outside 
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loudspeaker position. In particular, the positions of the set of microphones over which averaging is 
carried out in one measurement were selected anew, more or less randomly, for each repeated 
measurement. As the receiving room volume is larger than 25 m3, it was possible to apply both the 
low frequencies measurements procedure described in ISO 16283-1 [8] and the standard procedure, 
for a comparison of the results. 

As stated in the introduction, all teams performed measurements following the global loudspeak-
er method, which yields the level difference of a façade in a given place relative to a position 2 m in 
front of the façade. All teams positioned the outside microphone 2 m in front of the façade, and the 
loudspeaker on the ground, with the angle of sound incidence equal to (45±5)°; some of them posi-
tioned the loudspeaker directly in front of the façade while some others in a lateral position (see Fig. 
1). 

 
Figure 1. Different loudspeaker positions: on left side in front of the façade, on right side in a lateral posi-

tion. In red the measured façade. 

3.1 Outliers Teams 

  
Figure 2. Standardized level difference of the façade (Dls,2m,nT) of the 10 teams (5 repetitions for each of the 
10 teams) on the left side, average (black) outlier team No 5 (blue) outlier team No 6 (red); Dls,2m,nT of the 8 

teams (5 repetitions for each of the 8 teams) on the right side, average (black). 

In the graphs of Fig. 2 are plotted the one-third octave curves, obtained following the standard 
measurement procedure, of the standardized level difference of façade Dls,2m,nT, which is the level 
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difference in decibels, corresponding to a reference value of the reverberation time in the receiving 
room. On the left side of the graphs of Fig. 2 are plotted the Dls,2m,nT of the 10 teams participating at 
the RRT; on the right side of Fig. 2 are plotted the Dls,2m,nT of the 8 teams, once the outliers teams 
No 5 and No 6 were excluded. The statistical analysis of the data provides a tree step procedure 
[3,4] for the identification of stragglers and outliers. Following this procedure, laboratories No 5 
and No 6 were identified as outliers laboratories and excluded because they showed a significant 
presence of stragglers and outliers starting from 500 Hz to 3150 Hz. Even if it turned out that there 
was nothing wrong with the microphones and the measurement instrumentation, it was found that 
the differences between including and excluding these laboratories were remarkable. As the method 
was correctly followed, the presence of stragglers and outliers, without any other physical explana-
tion, can only be attributed to an external event. 

3.2 Repeatability and in situ standard deviation results 

3.2.1 Standard measurement procedure 
The repeatability (sr) and in situ standard deviation (ssitu) obtained for the standard measurement 

procedure for the 8 laboratory are plotted in Fig. 3. 
 

 
Figure 3. ssitu and sr of Dls,2m,nT for the 8 teams. 

Regarding the low frequency range (from 50 to 80 Hz) the high values of sr and ssitu can be 
sought in the presence of the normal modes of vibration, in fact at the first three 1/3 octave bands 
(50, 63 and 80 Hz), the measured levels can be strongly influenced by the measurement position. 

In a previous RRT on façade sound insulation [7] it was found that an important contribution to 
the overall uncertainty, is the uncertainty in the reverberation time measurements at low frequen-
cies. In that case the uncertainties in Dls,2m,nT were heavily contaminated by the inappropriateness of 
the reverberation time correction at low-frequencies and a comparison between the uncertainties of 
the standardized level difference Dls,2m,nT and the level difference Dls,2m showed the magnitude of 
the reverberation time at low frequencies. In the present study no differences were found in the un-
certainties behavior including or not the reverberation time correction (i.e. no differences between 
the Dls,2m,nT and the Dls,2m uncertainties behavior; see Fig. 4). The ssitu and sr behavior of both 
Dls,2m,nT and Dls,2m is not similar to the behavior of the uncertainties of ISO 12999-1 [6], in terms of 
reproducibility sR and in situ standard deviation, which increase steadily and rapidly below 100 Hz, 
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as it can be seen in graphs of Fig. 4. This difference is not attributable to the reverberation time 
measurements as in the previous RRT [7]. 

 

 
Figure 4. Comparison of standard deviation values from RRT (calculated for both Dls,2m,nT and Dls,2m) and 

from ISO 12999-1. 

Respect to the high frequency range, in particular at 4000 and 5000 Hz, the RRT and ISO 12999-
1 [6] standard deviations values show the same behavior, i.e. an increase with frequency, but the 
RRT ssitu values are higher than the ISO 12999-1 values. Moreover the RRT ssitu values are higher 
than the low frequency ssitu values of both RRT and ISO 12999-1. This is probably due to the differ-
ent positions of the loudspeaker respect to the façade (see Fig. 1) and it is still under investigation. 
Some studies [9,10] considered the position of the loudspeaker as a variable, but its influence on the 
high frequencies was not evaluated comprehensively. 

3.2.2 Low-frequency procedure 
The low-frequency procedure was first studied and proposed by Hopkins and Turner [11] in a 

work about the airborne sound insulation between rooms. For each of the 50, 63 and 80 Hz bands 
they proposed that the average low frequency sound pressure level in the room, LLF, is calculated 
from LISO140-4 (the average sound pressure level in a room measured according to the normative 
guidance in ISO 140-4) and Lcorner (the corner sound pressure level) according to: 

(1) 
( )








 +=
−

3

10102
lg10

1.01.0 4140 cornerISO LL

LFL dB 

Referring to Hopkins and Turner [11], the weighting factor for LISO140-4 is empirical and has not 
been determined from theoretical models and any future work could look at this aspect in more de-
tail; however this equation was adopted by ISO 16283-1 [8] and will be adopted by ISO/DIS 
16283-3 [1]. 

In their work Hopkins and Turner evaluated also the reverberation time measurements in narrow 
rooms (for rooms with volumes < 50 m3) and suggested this criterion: the product of the filter 
bandwidth, B, and the reverberation time, T, should be greater than eight (BT > 8). For the low fre-
quency 50, 63 and 80 Hz if this criterion is satisfied, the reverberation time measured could be used 
for the calculation of R’ or Dn (or, in the case of this paper, for the calculation of Dls,2m,nT); other-
wise the 63 Hz octave band reverberation time shall be measured and this single value used to rep-
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resent the 50, 63 and 80 Hz bands. The measurement of the 63Hz octave reverberation time became 
a part of ISO 16283-1 [8] (and will be part of ISO/DIS 16283-3[1]), in the low-frequency procedure 
in case of room volumes < 25 m3. 

To investigate the uncertainty in the low frequency range (50, 63 and 80 Hz), the values and the 
relative repeatability and in situ standard deviation of Dls,2m,nT were calculated following three dif-
ferent measurement procedure: the first following the standard measurement method, the second 
following the low-frequency procedure considering the reverberation time measured in one-third 
octave band (named LF) and the third following the low-frequency procedure considering the re-
verberation time measured in octave band at 63Hz (named LF_oct). 

As illustrated in Section 3.1, the outliers laboratories could be included in the evaluation of the 
low frequencies uncertainties as the straggles and outliers are from 500 Hz, thus Table 1 shows the 
standard deviations values for the case of both 10 and 8 teams. 

Table 1. Low frequency sr and ssitu values for the three measurement method (standard, LF and 
LF_oct) for both 8 and 10 teams. 

Standard 
deviations  

50 Hz 63 Hz 80 Hz 
standard LF LF_oct standard LF LF_oct standard LF LF_oct 

sr_10 2.7 dB 2.5 dB 2.3 dB 3.1 dB 4.5 dB 4.5 dB 1.4 dB 2.3 dB 2.3 dB 
ssitu_10 3.1 dB 3.1 dB 3.3 dB 4.8 dB 5.5 dB 5.5 dB 4.0 dB 4.1 dB 4.1 dB 

sr_8 2.3 dB 2.3 dB 2.3 dB 3.3 dB 5.0 dB 5.0 dB 1.4 dB 2.5 dB 2.6 dB 
ssitu_8 2.9 dB 3.2 dB 3.5 dB 4.3 dB 5.2 dB 5.2 dB 4.1 dB 4.2 dB 4.2 dB 

 
With the low-frequency procedure there is an increase of the uncertainty, particularly noticeable 

at 63 Hz: the repeatability increases by about 1,5 dB while the in situ standard deviation increases 
by about 1 dB. Respect to reverberation time, at 63 and 80 Hz there are no differences considering 
the measurement of the 63Hz octave reverberation time or the 1/3 octave reverberation time; while 
some little differences are noticeable at 50 Hz. 

4. Single number quantities 

Two different procedures have been considered in order to determine the single number quanti-
ties (SNQs) of each team for this study. The former procedure consists in determining the SNQs 
according to ISO 717-1 [12] shifting the reference curve both in steps of 1 dB and 0,1 dB, toward 
the measured curve, until the mean unfavorable deviation is as large as possible but not more than 
32 dB. The obtained SNQs are respectively Dls,2m,nT,w and Dls,2m,nT,w,01. 

The latter procedure consists in determining the SNQs plus spectrum adaptation terms C and Ctr 
according to ISO 717-1 [12] in the ranges provided by the standard (from 50 to 5000 Hz; from 50 to 
3150 Hz; from 100 to 3150 Hz and from 100 to 5000 Hz), with one decimal place using the follow-
ing equation: 

(2) 
( )

jw
XL

Aj CXX iij +=−= ∑
− 10/

10lg10  

where: j is the index of spectrum No.1 to calculate C or No.2 to calculate Ctr according to ISO 
717-1; i is the index of frequencies; Lij are the levels indicated in ISO 717-1 at frequency i for spec-
trum j; Xi is the standardized level difference Dls,2m,nT at frequency i for the spectrum j; Xw is the 
SNQ; Cj is the spectrum adaptation term C or Ctr if calculated with spectrum No.1 or No.2, respec-
tively. The results of SNQs calculations, for the 8 teams, are shown in Fig. 5; the relative sr and ssitu 
are shown in Table 2 and Table 3. 

Analyzing the results of Fig. 5, it can be seen that the differences between including and exclud-
ing low frequencies are very high. This is in contrast with the results of the previous RRT on façade 
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sound insulation [7], that showed that the differences between including or not the low frequencies 
were practically negligible. 

 

   
Figure 5. SNQs distribution: grey symbols are the values of the SNQs, the red crosses are the RRT mean 

values. Left side: standard method SNQs; center: LF SNQs; right side: LF_oct SNQs. 

Table 2. Standard uncertainties of SNQs without low frequencies for the 8 teams. 

Descriptor (SNQs) sr [dB] ssitu [dB] 
Dls,2m,nT,w 0.4 0.7 

Dls,2m,nT,w+C(100-3150) 0.6 0.8 
Dls,2m,nT,w+Ctr(100-3150) 0.8 1.0 

Dls,2m,nT,w01 0.3 0.7 
Dls,2m,nT,w01+C(100-3150) 0.5 0.8 
Dls,2m,nT,w01+Ctr(100-3150) 0.7 1.0 
Dls,2m,nT,w01+C(100-5000) 0.6 1.2 
Dls,2m,nT,w01+Ctr(100-5000) 0.7 1.0 

Table 3. Standard uncertainties of SNQs with low frequencies for the 8 teams. 

Descriptor (SNQs) 
sr [dB] ssitu [dB] 

standard LF LF_oct standard LF LF_oct 
Dls,2m,nT,w01+C(50-5000) 0.6 0.6 0.6 1.2 1.3 1,2 
Dls,2m,nT,w01+Ctr(50-5000) 0.8 1.9 1.8 1.0 2.1 2,0 
Dls,2m,nT,w01+C(50-3150) 0.5 0.6 0.6 0.8 1.0 1,0 
Dls,2m,nT,w01+Ctr(50-3150) 0.8 1.9 1.8 1.0 2.1 2,0 

 
From the experience derived from many measurements of façade sound insulation [13,14], the 

lower the insulation of a window, the lower the spectrum adaptation term Ctr. On the other hand, the 
higher the window insulation, the higher Ctr. For this reason, in the case of the previous RRT [7] the 
difference between Dls,2m,nT,w and Dls,2m,nT,traffic (SNQs proposed by Sholl et al. [15] that correspond 
to Dls,2m,nT,w + Ctr,50-5000) averages, was not high, only 1.5 dB, while in the case of the present study, 
the difference between the average values of Dls,2m,nT,w and of Dls,2m,nT,w + Ctr,50-5000 is 5.3 dB for 
standard measurements and 6.8 dB for low-frequency method; and the difference between the 
Dls,2m,nT,w and of Dls,2m,nT,w + Ctr,100-5000 averages is 4.5 dB for both standard and low-frequency 
method. It is interesting to note that the average values did not change significantly whether includ-
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ing or not the high frequencies. The uncertainty in case of low-frequency method increases very 
much (twice for LF_oct and more than double for LF). Although at 4000 and 5000 Hz the uncer-
tainty is very high, this does not influence the uncertainty of the SNQs (see the comparison between 
SNQs with spectrum adaptation term from 100 to 3150 and from 100 to 5000, in Table 2). 

5. Conclusions 

In this paper a comparison between the standard procedure and the low-frequency procedure was 
made on the same façade sound insulation measurement. It was found that the low-frequency pro-
cedure yields to lower SNQs values, when the low frequencies are included. Moreover the uncer-
tainty of SNQs measured with low-frequency method are higher than the ones measured with stand-
ard method. With the low-frequency procedure there is an increase of the uncertainty, which is par-
ticularly noticeable at 63 Hz. Respect to reverberation time, at 63 and 80 Hz there are no differences 
considering the measurement of the 63Hz octave reverberation time and using this single value to 
represent the 50, 63 and 80 Hz bands or the 1/3 octave reverberation time; while some little differ-
ences are noticeable at 50 Hz. At 4000 and 5000 Hz very high uncertainties, that not influence the 
SNQs and that need a deeper investigation, were found. 
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