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The international standard 1ISO 140-5 for the mesment of the sound insulation of
building facades has been recently replaced by¢hwestandard 1ISO 16283-3. The re-
vised standard includes the procedure for measuntsnag¢ low frequencies down to 50
Hz. The uncertainty of facade sound insulationpamticular at low frequencies, was
evaluated by a Round Robin Test, conducted in lssfale experimental building at
the Construction Technologies Institute of the bladl Research Council of Italy
(ITC-CNR). Each of the 10 teams involved in the Rieplicated the tests 5 times, for
a total of 50 measurements. The different measurepasitions inside the receiving
room were compared. In particular, all the teanwolired in the RRT followed the
low-frequency procedure, assessing corner and ceyden positions; the energy aver-
age values according to 1ISO 16283-3 were considaneldthe relative uncertainty, in
terms of repeatability anoh situ reproducibility standard deviations, was compared
with the ones measured and calculated followingdéfault measurement procedure. It
was found that the uncertainty of the low-frequepiycedure is higher than that of the
default procedure. This would suggest the needvestigate further the reliability of
the low-frequency procedure. At high frequency, #ignificant uncertainty values
found are probably caused by the loudspeakerstuitgcand position; this aspect
need to be investigated in greater detail, as well.

Keywords: uncertainty; facade sound insulation; lowfrequencies; single number
guantities; ISO 16283-3

1 INTRODUCTION

This paper is a revised and expanded version gbdiper “Uncertainty of facade sound insulation
measurements obtained by a Round Robin Test: theeinte of the low frequencies extension” [1]
presented at the Z2nternational Congress on Sound and Vibration I8V

When reporting the result of the measurement dfiysipal quantity, it is compulsory that some
quantitative indications of the quality of the ritdae given so that those who use it can assesslits
ability. Without such indications, measurement lisstannot be compared, either with one another or
with reference values given in a specificationtandard. It is therefore necessary, in order toada
terize the quality of the result of a measuremtngvaluate and to express its uncertainty. In ggne
uncertainties should preferably be determined ¥ahg the principles laid down in ISO/IEC Guide
98-3 [2], the Guide to the expression of uncenjaintmeasurement (GUM:1995). According to cur-
rent knowledge, it seems impossible to formulatséhmodels for the different quantities in building



acoustics. Therefore, the concepts of repeatalahty reproducibility are necessary to determine the
uncertainty of building acoustics measurements.

In their paper, Scrosati and Scamoni [3] underlitieat the standard 1ISO 12999-1 [4], on meas-
urement uncertainties in building acoustics, githes medium uncertainty on all the Inter Laboratory
Tests (ILTs) and Round Robin Tests (RRTs) consiiéaed available at the time when the standard
draft was being written), for airborne sound intiola without distinction of the type of measurand.
At the current level of knowledge and due to thenbar of cooperative tests available, this seems to
be the only way to give an idea of the uncertainggnitude. The fact that the values of ISO 12999-1
[4] are the best estimates for the uncertaintyoningl insulation measurements that can be obtained
today, was also underlined by Wittstock [5] in p&per describing how the average uncertainty values
standardized in ISO 12999-1 [4] were derived. Bpscific standard is inaccurate as far as the &acad
sound insulation is concerned, because its unogrta considered equal to the airborne sound @asul
tion uncertainty; indeed, the facade sound insuatheasurement method is extremely different from
the airborne sound insulation measurement methopaidy walls and floors. Therefore RRTs on fa-
cade sound insulation are the only way to imprénel¢vel of knowledge of the facade sound insula-
tion uncertainty. Notwithstanding the importancetloé uncertainty of the measurement method in
building acoustics, the uncertainty of field measnents, in particular facade sound insulation, has
not been comprehensively investigated. There ig onk example in the literature of an RRT con-
ducted on a window of a facade [6] and only onengta of an RRT conducted on a facade [7]. In
addition to the need to estimate the measuremeoéertainty of facade sound insulation, the
knowledge of the uncertainty of the low frequenayasurements and their influence on the uncertain-
ty of the measurement method is necessary. Inifacgcent years the attention to the measurements
in the low frequency range has considerably in@@aScholl et al. [8] proposed for the revision of
ISO 717 new Single Numbers Quantities (SNQs) theltide in their definitions the spectrum adapta-
tion termsC andC,.. These quantities have the subscript living fatuding Cso_soog traffic for includ-
ing Cy s0-s000@nd speech, which includes the frequencies frotnt@ 000 Hz as proposed by Patk
al. [9]. Rasmussen and Rindel [10] discussed thelsliiyaof various descriptors and suggested har-
monizing the airborne and impact sound insulatiescdptors in building regulations. The implica-
tions of extending the measurements, and in péati¢he in situ measurements, down to 50 Hz, and
the consequent uncertainty of these measurememésamelyzed in various works. Some recent stud-
ies [11-16] on the uncertainty of SNQs extendeth¢olow frequencies range show an increase in the
SNQs uncertainty due to the low frequency (LF) esien. Garg and Maij [11], in their study on the
correlations and implications of SNQ for ratingb@mime sound insulation in the frequency range 50
Hz to 5 kHz, showed th&..sc (Ry + Ci In the enlarged frequency range) is highly seresito low
frequency sound insulation as compared to the cuS&Q andRiing (Ry + C in the enlarged fre-
quency range). The authors stressed the factabtihg of sound transmission loss characteristics i
the extended frequency range of 50 Hz to 5 kHz iatgdies the need to reformulate the sound regula-
tion requirements in buildings including the loveduency spectrum adaptation terms. Screadi.
2013[12], based on an on-site round robin test oglatweight wall and a heavy floor for measuring
airborne sound insulation, demonstrated that thension at low frequencies range increases the un-
certainty of the SNQs, in particular the reprodilitybstandard deviation oR;.r.. Mahn and Pearse
[13] studied the effect on uncertainty of expanding frequency range included in the calculation of
the single number ratings, using laboratory measents of 200 lightweight walls as data. They
found that the uncertainty of the single numbengst is highly dependent on the shape of the sound
reduction index curve. The uncertainty obtained Raf,y Was greater than that of the traditional
weighted sound reduction indeR,j for 98% of the 200 lightweight building elemeimsluded in the
evaluation. Hongistet al. [14] focused their study on the two most import&NQs proposed by
Schollet al.[8]; that is,Ryaic andRiving, @and how their reproducibility values differ fraime reproduc-
ibility values of their counterpar®, + C,; andR,. They found that the reproducibility values of the
proposed single-number quantities (50-5000 RiZ:g, Riaric) are larger than the reproducibility val-
ues of the present SNQs (100-3150 Rgz;R,, + Cy). Machimbarrenat al.[15] presented an alterna-
tive procedure, aiming at evaluating the need diopaing individual uncertainty calculations aneth
effect of extending the frequency range used toutaie sound insulation single number quantities.
For this purpose, they performed calculations seftiof 2081 field airborne sound insulation meas-
urements on 22 different types of separating waittipons ofin situ airborne sound insulation meas-
urements. The results obtained by Machimbaretral. [15] show that the frequency range used for
the evaluation affects the uncertainty of the gnghmber quantity. In almost all the cases shown in



their paper, the uncertainty is increased wherirtiriency range is extended. Anténio and Mateup [16
studied the influence of low frequency bands obaine and impact sound insulation single numbers
for typical Portuguese buildings. They found tha uncertainty is higher for the,r,, + C; de-
scriptor than foD,r, + C. They also found that when the low frequency baamdsincluded in the
calculation, the uncertainty of the descriptor @ases and this is more evident when the adaptation
term is for traffic noise.

Regarding the facade sound insulation, in the btggature study available on an RRT of a facade,
Scrosatiet al. 2015[7] found that the low frequency uncertainty ig nell reflected in the SNQs un-
certainty. Their work was based on an on-site RRTa@refabricated concrete facade with a 4 mm
single glazing wood-aluminum frame window with a MMedium Density Fiberboard) shutter box.
Based on that RRT [7], in their paper on a mulglefunctional principal component analysis of fa-
cade sound insulation data, Argiertioal.[17], by using the estimated intracluster corietatfound
that the proportion of the total variability duethe frequencies between 50 and 100 Hz was 88.4%.

Based on a work of Simmons [18], Hopkins and Tuft8f proposed a measurements protocol for
sound pressure level measurements at low frequetitid includes additional measurements in the
corners of the room. In that paper Hopkins and @umsuggested the need for the low-frequency
measurement procedure to improve the reliabilityfi@fl measurements in rooms with non-diffuse
fields (with volumes less than 50 mThis protocol was adopted in the revision oéinational stand-
ards on field measurements of airborne, impactfacadde sound insulation for room volume below 25
m°>. In his work on this topic Hopkins [20], preseuntithe main technical changes concerning the new
ISO 16283 [21] series, described the low-frequgmmcedure for one-third octave bands below 100
Hz for rooms with volumes below 25°msing additional corner measurements to deterthieespa-
tial average sound pressure level and using thdz68ctave band rather than one-third octave bands
to measure the reverberation time. The choice @fdlom volume below 25 tior the application of
the low-frequency procedure in the new standardsead of 50 fas for the previous reference indi-
cations [19], was made more for practical tharsfientific reasons.

The present work is aimed at investigating bothfédtade sound insulation uncertainty by an RRT
and the influence of the low frequency measurememaisedure on this uncertainty. A comparison be-
tween the default procedure and the low-frequemoggaure was made on the same facade sound in-
sulation measurement, where the receiving roommelwas 41 i) above the new standard sugges-
tion [21]) but below the other reference suggestid®], which allows for the application of the de-
fault measurement procedure [21] and, thereforethi relevant comparison. This study analyzed the
uncertainty of the measurement method of facadadsmsulation for field measurements, with the
global loudspeaker method, in terms of repeatghalitdin situ reproducibility standard deviations, by
applying the statistical procedures prescribedt@ kind of cooperative tests in ISO 5725 stanslard
[22]. The measurements were carried out on the $antding’s facade so the airborne and structure-
borne sound fields involved remain constant. Tleeeefthe variability in results and the standard un
certainty are related only to the measurement naeitself.

2 ROUND ROBIN TEST

Ten laboratories, coordinated by ITC-CNR - CongtamcTechnologies Institute of the Italian Na-
tional Research Council - were involved in this RR@ch of them operating with its own equipment.

No deviations occurred from the test procedure dman in standard ISO 140-5 [23] and in ISO
16283-3 [24] (low-frequency procedure) but, repaatihe measurements several times, the parame-
ters left open in the measurement procedure w@resented as accurately as possible. In particular,
the set of microphone positions (including the heigf each microphone) and source positions were
selected anew for each repeated measurement. iSagniy, one of the authors was the I-RRT super-
visor who carefully checked the correctness ofpibsitions of the microphones and the source chosen
by the operators.

As stated in ISO 12999-1 [4], from a statisticalnp@f view, the number of laboratories should be
at leastp = 8 and the number of test results from each laboratbould be at least = 5; the combi-
nation ofp andn should be chosen so that

pin-1)>35 (1).

Each of the 10 laboratories involved in the RRTegdpd the tests 5 times, including the reverbera-
tion time both in 1/3 octave band and 1/1 octavelband the corner positions measurements (i.e. low
frequency procedure); therefore the minimum requéet was met.



The building under test is an existing experimetalding located at ITC-CNR headquarters,
made of prefabricated concrete panels. The buildiegient tested was a prefabricated concrete fa-
cade with a PVC frame with double glazing 4/12/4#daw. The facade is situated at the first floor.
The receiving room is an empty rectangular roonhlie following dimensions: 2.67 m in height,
3.25 m in width and 4.72 m in depth; its volumd1sntand the facade surface is 8,7. m

3 ONE-THIRD-OCTAVE BAND ANALYSIS

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

Each team operated under repeatability iansitu standard deviation conditions; where thesitu
standard deviation is a reproducibility standardiation of the same object in the same locatior Un
der repeatability conditions [22], independent testlts are obtained with the same method oniident
cal test items in the same laboratory by the sapesabor using the same equipment within short in-
tervals of time. Under reproducibility conditior2?], test results are obtained with the same method
on identical test items in different laboratorigsdifferent operators using different equipmentdéin
in situ standard deviation conditions [4] test results @v&ined with the same method, by different
operators using different equipment on the sameaoblj the same location (laboratory or usual build
ing). The only difference between reproducibilitydan situ standard deviation are the fact that under
in situ conditions the test object is exactly the samethadocation as well, while under repeatability
conditions the test object could be exactly theesée.g. a window) or similar (e.g. a wall) and lire
cations are different (different laboratories); ahdé equations used to calculateand g, are the
same [7, 22].

Each team followed the provisions of ISO 140-5 [28Y ISO 16283-3 [24] (low-frequency proce-
dure), to decide the position of microphones inrdeeiving room and the outside loudspeaker posi-
tion. In particular, the positions of the set oftrophones over which averaging is carried out i@ on
measurement were selected anew for each repeateslirament. As the receiving room volume is
larger than 25 f it was possible to apply both the low frequencie=asurements procedure and the
default procedure, for a comparison of the results.

As stated in the introduction, all teams performeshsurements following the global loudspeaker
method, which yields the level difference of a fé&&n a given place relative to a position 2 mrant
of the facade. All teams positioned the outsiderogibone 2 m in front of the facade, and the loud-
speaker on the ground, with the angle of soundiémie equal to (45+5)°; some of them positioned
the loudspeaker directly in front of the facadele/some others in a lateral position (see Fig. 1).

Figure 1. Different loudspeaker positions: on left side iarft of the facade, on right side in a lateral posit
Contoured in red the test facade.

3.1 Outliers Teams

In the graphs of Fig. 2 are plotted the one-thicthwe curves, obtained following the default meas-
urement procedure, of the standardized level diffee of facad®s .mn5 Which is the level difference
in decibels, corresponding to a reference valubefteverberation time in the receiving room:



DIs,2m,nT = D2m +1O|Og(T /TO) (2)

where:
Is simply indicates that a loudspeaker was usectaalsdf real traffic noise (notation tr);

T is the reverberation time in the receiving room;

Ty is the reference reverberation time; for dwellinfgs= 0.5 s.
D.n is the level difference, i.e. the difference, ecitbels, between the outdoor sound pressure level

2m in front of the facade,; ,,, and the space and time average sound pressetellgun the receiv-
ing room:

D, = I-1,2m - Lz (3

2m
On the left side of the graphs of Fig. 2 are ptbtiee Djs om ntOf the 10 teams participating in the

RRT; on the right side of Fig. 2 are plotted e, n70f the 8 teams, once the outlier teams No 5 and
No 6 were excluded. The statistical analysis ofda& provides a tree step procedure [12,22] for th
identification of stragglers and outliers. Follogithis procedure, laboratories No. 5 and No. 6 were
identified as outlier laboratories and excludedaose they showed a significant presence of strexygle
and outliers starting from 500 Hz to 3150 Hz. Eifahturned out that there was nothing wrong with
the microphones and the measurement instrumentatiaas found that the differences between in-
cluding and excluding these laboratories were rkaide. As the method was correctly followed, the
presence of stragglers and outliers, without ahgraphysical explanation, can only be attributedrio
external event. Referring to laboratories No. 5 Hod6, it turned out that the most plausible expla
tion of an external event was the window accidéntabt properly closed. Therefore laboratories No.

5 and No. 6 were excluded from the further analgs3s om n¥

Dis omnr 10 teams Dis omnar 8 teams
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Figure 2. Left side:standardized level difference of the facabg 4. ), obtained following the default meas-
urement procedure, of the 10 teams (5 repetitiongéch of the 10 teams); total average (blackfjieoueam
No 5 (blue) and outlier team No 6 (red). Right sidg,y, n7Of the 8 teams (5 repetitions for each of theadrns);

average (black).

3.2 Repeatability andin situ standard deviation results

3.2.1 Reverberation time

Reverberation time has been evaluated followingpttescriptions of 1ISO 16283-3 [24], for both
the default and low-frequency procedures. In paldic as stated in the introduction, the low-
frequency procedure requires that the reverberditiom is measured in the 63 Hz octave band instead
of the 50 Hz, 63 Hz, and 80 Hz one-third octavedsaand that this single measured value is used to
represent the 50 Hz, 63 Hz, and 80 Hz bands iral®ilation ofDs > s Table 1 shows the average
and standard deviation valueg,®nd s of reverberation timeT] for the 10 laboratories, both meas-
ured in 1/3 octave bands and 1/1 octave band afriequencies. The 1/3 octave band reverberation



times of all repetitions of all laboratories ar@wsi in Figure 3. As expected [12, 25], at low frequ

cies and in non-diffuse field conditions, relatstandard deviations are around 20% (50 and 63 iz 1/
octave bands) and around 14% (80 Hz 1/3 octave @add®3Hz 1/1 octave band), which is still high
with respect to other approaches recently proptsettain more accurate and precise measurements
for frequencies below 100 Hz in small rooms [26J &mimprove the prediction of reverberation times
[27].

Table 1 —Average and standard deviation valugsand s of reverberation timeT] for the 10 labora-
tories, both measured in 1/3 octave band and 1Avedand at low frequencies.

1/3 oct 1/1 oct

50Hz 63Hz 80Hz 63Hz
average (s) 1.85 1.78 1.55 1.86
s (s) 0.23 0.23 0.09 0.14
Ssitu (S) 0.35 0.35 0.20 0.26

. Reverberation Time standard deviations
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Figure 3— Left side: 1/3 octave band reverberation timesusaments of the 10 teams; 5 repetitions
for each of the 10 teams (gray) and average (hl&ight side: in situ standard deviatiqg, $contin-
uous line) and repeatabilistandard deviation édotted line) of reverberation time for the 10dedto-
ries.

3.2.2 Facade sound insulation: default measurement procede

The repeatability (sandin situ standard deviation {g) obtained for the default measurement pro-
cedure for the 8 laboratories are given in Table 2.

Regarding the low frequency range (from 50 to 8) tHe high values of, &nd s, are obtained in
the presence of natural room modes, in fact afitbiethree 1/3 octave bands (50, 63 and 80 H®), th
measured levels can be strongly influenced by thasurement position (see section 3.2.3).

In a previous RRT on facade sound insulation, $tresal. 2015 [7] found that an important con-
tribution to the overall uncertainty is the unceta in the reverberation time measurements at low
frequencies. In that case, the uncertaintieB,dn., ,ywere heavily contaminated by the inappropriate-
ness of the reverberation time correction at loegfirencies and a comparison between the uncertain-
ties of the standardized level differergg.m, ,;and the level differenc®s o, showed the magnitude of
the reverberation time at low frequencies. Theatams between laboratories at low frequencies are
still very high even if the reverberation time @mtion is not included in the calculation (i.e.]yon
consideringDjs 2n), Which implies that for the sound pressure lewehsurements the low frequencies
also have a high uncertainty.



Table 2 -s;i, and $of Dis om n1for the 8 teams

Fz (Hz) $(dB) S (dB)
50Hz 2.3 2.9
63Hz 3.3 4.3
80Hz 1.4 4.1
100Hz 1.2 2.0
125Hz 14 2.2
160Hz 1.2 2.2
200Hz 1.7 2.3
250Hz 0.9 1.7
315Hz 11 1.4
400Hz 0.6 1.7
500Hz 0.6 1.7
630Hz 0.6 1.3
800Hz 0.5 0.8
1kHz 0.4 1.0
1.25kHz 0.4 1.1
1.6kHz 0.5 1.2
2kHz 0.3 1.6
2.5kHz 0.3 1.0
3.15kHz 0.6 11
4kHz 0.6 3.8
5kHz 15 4.8

In the present study no differences were foundh@uncertainty behavior including or not the re-
verberation time correction (i.e. no differencesaaen theDs o, ntand theDs o, uncertainties behav-
ior; see Fig. 4). Theyg and s behavior of bottDis ;m nfandDis o is NOt similar to the behavior of the
uncertainties of 1ISO 12999-1 [6], in terms of rafucibility sz andin situ standard deviation, which
increase steadily and rapidly below 100 Hz, aslmaseen in the graphs of Fig.Gontrary to what
was found by Scrosatit al. 2015 [7], this difference is not attributable be treverberation time meas-
urements. This different behavior could be attdig to the differences in the facade test samples:
the facade of the previous RRT [7] is a prefabedatoncrete facade with a 4 mm single glazing
wood-aluminum frame window with an MDF shutter bthe facade of the present study is a prefabri-
cated concrete facade with a PVC frame with doglaeing 4/12/4 window. Also the loudspeaker po-
sition could be relevant and its influence is irigeged in the second part of this study, whichus
rently being drafted.
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Figure 4. Comparison of standard deviation values from RRAlc(dated for bottDs om nrandDis 2n)

and from 1ISO 12999-1.

With respect to the high frequency range, in paldicat 4000 and 5000 Hz, the RRT and ISO
12999-1 [4] standard deviations values show theeshemavior, i.e. an increase with frequency, but
the RRT g values are higher than the ISO 12999-1 valueseblar the RRT high frequency,s
values are higher than the low frequengy #alues of both RRT and ISO 12999-1. This is prbpab
due to the different positions of the loudspeaki wespect to the facade (see Fig. 1 and Figl'tas
topic is investigated in deeper detail in the segpart of this study, as mentioned above; nevertisel
a first analysis of the high frequency issue islistd in the following section 3.2.3. Scrosattial. 2015
[7] in their facade RRT, where all the teams ineal\placed the loudspeaker in the same position (di-
rectly in front of the facade), found that the higbquency uncertainty was lower (see Fig. 4),anp
ticular lower than ISO 12999-1 [5] values and muetver than the low frequencies uncertainty.
Berardiet al.[28] and Berardi [29] considered the positioniu# toudspeaker as a variable, but its in-

fluence on the high frequencies was not comprefielysevaluated.

St. Dev. comparison (2)
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Figure 5. Comparison between standard deviation values fr&h Rs;8 (red) and 8 (blue) of
Dis 2m ntfOr the 8 teams - and from Scrosettial. RRT [7] - siw ref.[7] (purple) and,gef. [7] (green) of

DIs,Zm,n'F

Another difference between the results of the Stres al. 2015 [7] RRT and the present study
(see Fig. 5) is the presence of the shutter baxinflaences the standard deviation behavior. o, fa



high variation of the g, values in'the Scrosatt al. 2015 [7] RRT, larger thary values of 1ISO12999-

1 (situation A) [4], is observed at 1250 Hz, copayding to the critical frequency of the shuttek bo
(20 mm of MDF). A slight increment of thg,gvalues was also observed in the region of thecatlit
frequency of the 4 mm glass (3120 Hz). A similahdagor was observed in the Austrian RRT [6],
where the RRT values exceed the values of the I18121]31] (the standard on acoustics measure-
ment uncertainty available at the time of Lang'sTREh the range of mass-spring-mass resonance
frequency and in the range of the coincidence ®aqu of the double glass. Lang suggested that such
behavior may be caused by the difficulty of arraggihe loudspeaker at an angle of incidence of 45°.
As investigated deeper in the second part of thidys the loudspeaker position and its directivity
fluence in particular the high frequencies (4008 8200 Hz), which were not included in the Lang’s
RRT [6]. Such behavior is thus exclusively attrdfle to the nature (i.e. critical frequencies) a# t
measurand itself. In fact, in this study thg, standard deviation values exceed the value of I1ISO
12999-1 (situation A) in the range of the massrpmass resonance frequency of the double glass
(see Fig. 3, the peak at 200 Hz).

3.2.3 High frequency uncertainty

Referring to Figure 4, at high frequency, in partée at 4000 and 5000 Hz, the RR{J, salues are
higher not only with respect to the 1ISO 12999-1uesl but also with respect to the low frequengy s
values of both RRT and ISO 12999-1.

This is probably caused by the loudspeakers ditggtiwhich is particularly relevant at these fre-
quencies, and by the different positions used loj &RT participant as well, as indicated in Figbire
All the implications of the sound source directyyithe sound source position and the combination of
these two variables are examined in deeper detdle second part of this study, which analyses the
sound sources measurement in an anechoic roomhanepetitions of the RRT measurement, using
the same equipment both with a directional anddedahedron sound sources.
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Figure 6. Loudspeaker positions (1 to 10) of the laborataneslved in the RRT

Table 3 shows the loudspeakers used by each labpizdrticipating in the RRT. Some laborato-
ries used different devices of the same loudspegberand model, as indicated in column “item” (8
different loudspeakers), and, in the case of labdes No. 1 and No. 3 and laboratories No. 7 aod N
8, exactly the same loudspeaker. Table 3 alsoahecthe loudspeakers tested in the anechoic room (
loudspeakers), which are representative of alldhdspeakers used in this RRT; when the same mod-
el of loudspeaker is used, the individual deviceialty tested is clearly indicated (e.g. for laliorg
No. 1, No. 3 and No. 5 the loudspeaker of laboyaw. 1 was tested in the anechoic room and the re-
sult extended to the other laboratories).



Table 3 —Loudspeaker type and model for each laboratorygyeating in the RRT

Laboratory Loudspeaker ltem  Tested in
anechoic room

LAB1 B&K Sound Source 4224 1 YES

LAB3 B&K Sound Source 4224 1

LAB5 B&K Sound Source 4224 2

LAB9 Look Line Sound source FLO1 3 YES

LAB2 Look Line Sound source FL0O2 4

LAB7 Look Line Sound source FLO1 5

LABS Look Line Sound source FLO1 5

LAB4 MKC Proline Active Monitor 15” 2-way 6 YES

LAB6 Montarbo 7 YES

LAB10 01dB Sound source NGS1 8 YES

For these five different loudspeakers, the dirdégtiwas measured in the large anechoic room of
the University of Ferrara, following the proceduresmally used in order to determine the polar dia-
gram of the sources, considering the standard A=3%5 and averaging the narrow band results into
1/3 octave bands.

The directivity,D,, was obtained at intervals of 5 degrees bothertbrizontal and vertical planes
at each frequency band from 50 Hz to 10 kHz acaogrth eq. (4).

D; = Lpi - LpO [dB] 4)

where:

L,i is the sound pressure level measured in the phatidirection at a distancerom the source [dB];

Lyo is the sound pressure level measured in the natimedtion at a distanaefrom the source [dB].
Table 4 shows the directivity in the vertical plaioe all loudspeakers, at the frequency bands of

4000 and 5000 Hz, referred to the angle betweeditbetion of emission toward the center of the fa-

cade (normal axis to the loudspeaker) and the tithrecoward the external microphone at 2 m from

the facade. All values are normalized to the divégtmeasured in the axial direction, i.e. eacluea

indicates the increment (positive values) or redacnegative values) of directivity with referenoe

the axial direction of the loudspeakers.

Table 4 -Directivity for different loudspeakers/ laboratarieeferred to the angle of emission between
center of facade and microphone at 2 m form thadec

Angle between facade center _ Directivity D, [dB]

Laboratory microphone at 2 m [deg] 4000 Hz 5000 Hz
LAB1 13.1 2.7 -4.1
LAB2 13.9 -4.9 -7
LAB3 1.1 -1.0 1.7
LAB4 11.0 0.5 15
LAB5 13.9 -2.7 4.1
LAB6 13.1 3.8 -0.8
LAB7 13.7 -4.9 7.7
LAB8 13.7 -4.9 7.7
LAB9 13.1 -4.9 7.7
LAB10 11.0 -6.9 7.2
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Figure 7 shows the standard deviation of the dinggtbetween different loudspeakers/ laborato-
ries, considering only 8 laboratories (excluding ttutlier laboratories No. 5 and No. 6). In thepips
two curves are reported; one shows the directretgrred to the real position of the different ledio-
ries (continuous line) and the other the diregti@ssuming the same position for all laboratores
meters from the facade (dotted line), as in the cdid.ab 2 (Figure 6). In both cases, the standerd
viation of the directivity increases at higher fneqcies and in particular above 2.5 kHz.
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Figure 7. Standard deviation of directivity for differdaboratories/loudspeakers. Continuous line:
real position of laboratories’ sources; dotted:|ls@me position at 5 meter in front of the facade

The loudspeaker directivity modifies the value lodé difference between the sound pressure inci-
dent on the facade center and on the microphowee fat 2 meters from the facade. Since the facade
sound insulatiorD,, 1 is obtained, according to Eqns. (2) and (3), fibm difference between the
sound levels measured at 2m from the fachgdg, and in the receiving roonh,, while the sound
power transmitted in the receiving rooms dependshensound effectively incident on the facade, a
difference between these two quantities (due tadttectivity of the loudspeaker) may involve a dif-
ference in the results &, ,+ As a consequence, the standard deviation obtainde RRT at higher
frequencies may be partly due to the standard tlemiaf the directivity of different loudspeakers a
these frequencies. It is useful to underline that directivity of the loudspeakers may have an im-
portant role in the case of irregular facade sadatn the case of facades shielded by externatekv
such as external louvers, the sound pressure (8%tl) distribution over the facade is very influedc
by the direction of the incoming sound waves asvshio the study by Zuccherini Martel&t al.[32].

With respect to the requirements for loudspeal&®, 140-5 [23] states that the directivity of the
loudspeaker in a free field shall be such thatldcal differences in the sound pressure level thea
frequency band of interest are less than 5 dB, umedson an imaginary surface of the same size and
orientation as the test specimen. The ISO 16283%Brequirements are very different, as it stales t
the loudspeakers shall have approximately unifemmidirectional radiation, which implies a dodec-
ahedron.

In the second part of this study the effect of kpehker directivity over the facade surface is in-
vestigated and the actual omnidirectional radiatibthe dodecahedron will be evaluated.

3.2.4 Facade sound insulation: low-frequency procedure

As mentioned in the introduction, in this studycenparison between the default procedure and the
low-frequency procedure (prescribed for room volumetow 25 m [21]) was made on the same fa-
cade sound insulation measurement, where the regaigom volume is approximately 40°nThis
volume allows for the application of the defaultaserement procedure [21] and, therefore, for the
relevant comparison.

In the low-frequency procedure firstly proposedHnpkins and Turner [19], for each of the 50, 63
and 80 Hz frequency bands the average low frequeoiegd pressure level in the rodmy, is calcu-
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lated fromL, from the default measurement procedure ang... (the corner sound pressure level)
according to:

2(100.1L2 ) +1002.comer
3

L. =10Ig dB (4)

whereL, comeriS defined [24] as ten times the common logaritirthe ratio of the highest time av-
erage squared sound pressure from the set of coeesurements to the square of the reference sound
pressure, for the low-frequency range (50, 63,8z one-third octave bands).

For the low-frequency procedure [24], sound pressevel measurements are taken close to the
corners of the room to identify the corner with thighest level in each band. A fixed microphone
shall be positioned in room corners at a distarfc@.® m to 0.4 m from each room boundary that
forms the corner. A minimum of four corners shalrbeasured using a fixed or manually-held micro-
phone. Two corners should be at ground level amddevners should be at ceiling level. These cor-
ners can or cannot be near the facade wall.

Referring to Hopkins and Turner [19], the weightfagtor forL, c.meriS €mpirical and has not been
determined from theoretical models, so any futuoekveould look at this aspect in more detail; how-
ever this equation was adopted by ISO 16283-142d]by ISO 16283-3 [24].

In their work, Hopkins and Turner [18] evaluatedaathe reverberation time measurements in nar-
row rooms (for rooms with volumes < 50°)nand suggested this criterion: the product of fiter
bandwidth,B, and the reverberation timé&, should be greater than eiglT(> 8). For the low fre-
quency 50, 63 and 80 Hz if this criterion is s&idf the reverberation time measured could be used
for the calculation oR’ or D, (or, in the case of this paper, for the calcutatd Dis om np; Otherwise
the 63 Hz octave band reverberation time shall basured and this single value used to represent the
50, 63 and 80 Hz bands. The measurement of the 68tdwe reverberation time became a part of
ISOm%6283-1 [21] and of ISO 16283-3 [24], in therdrequency procedure in case of room volumes <
25 nt.

To investigate the uncertainty in the low frequenagge (50, 63 and 80 Hz), the values and the
relative repeatability anith situ standard deviation @ ,, yywere calculated following three different
measurement procedures: the first following theadiéfmeasurement method; the second following
the low-frequency procedure, considering the resration time measured in one-third octave bands
(named LFj3); the third following the low-frequency procedue®nsidering the reverberation time
measured in the octave band at 63Hz (namegd)Li accordance with ISO 16283-3 [24].

As illustrated in Section 3.1, the outlier laboras could be included in the evaluation of the low
frequency uncertainties as the stragglers andeosittire from 500 Hz, thus Table 4 shows the stdndar
deviations values for the case of both 10 and Bisea

Table 5. Low frequencyDis omntS @nd sy, vValues for the three measurement method (defiakli;
and LR/, for both 8 and 10 teams.

Frequency Measurements10 Sil0 S8 SsiS

(H2) method (dB) (dB) (dB) (dB)
50 DEFAULT 2.7 3.1 23 29
LFys 25 3.1 23 32
LFy1 23 33 23 35
63 DEFAULT 3.1 4.8 33 43
LFys 45 55 50 5.2
LFy1 45 55 50 5.2
80 DEFAULT 14 4.0 1.4 41
LFys 23 41 25 4.2
LFy1 23 41 26 4.2

With the low-frequency procedure there is an ingeeia the uncertainty, particularly noticeable &t 6
Hz: the repeatability increases by about 1,5 dBemhiein situ standard deviation increases by about
1 dB. With respect to reverberation time, at 63 8AdHz there are no differences considering the
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measurement of the 63Hz octave reverberation timbe1/3 octave reverberation time; while some
small differences are noticeable at 50 Hz. Thelteshown in Table 5 indicate that the low-frequenc
measurement procedure does increase the uncertBimsycannot be attributed to the operators whose
experience is well proven. To deeper investigatedhpect the repeatability aimdsitu standard devi-
ations of the following quantities, for the 10 lahtories, were calculate®,, the level difference be-
tweenL, ,, and the space and time average sound pressetellgvn the receiving room (as defined
in EQ. (3)); Damcomerthe level difference betwedn ,,, andL; comes IN the receiving roomD,, ¢ the
level difference betweeb, ,,, and the average low frequency sound pressur¢ lieyvéas defined in
Eq. (4)), in the receiving room. The results shawiable 6 underline that the uncertainty of the LF
procedure depends on the uncertainty of the coneaisurements.

Table 6. Low frequency sand s, values for the three level differend®gy,;, Dam comer@anNdDom ¢ fOr
10 teams.

Level Frequencysl10 S, 10

difference (Hz) (dB) (dB)
63 3.1 4.7
80 13 3.9
D2m,corner 50 28 36
63 5.0 5.9
80 2.6 4.1
Dom,e 50 2.4 3.2
63 4.5 5.4
80 2.2 3.9

3.2.5 Low-frequency uncertainty analysis

The evidence of high values gfand g, at low frequencies can be explained by differanbp
lems: the non-diffuse sound field, low S/N ratioeldhe low frequency procedure itself. Calculation
of room modes shows the low modal density betwe@rHs and 100 Hz, and proves the non-
diffusivity of the sound field at such frequencieasmall rooms (Fig. 8). Both the dimensions aral th
volume of the rectangular receiving room are asrilesd in Sec. 2. For a room of this size, quige di
tinct peaks of sound pressure levels can be foundtaral modes in the low frequency range (below
100 Hz), especially when measured at rectangukmroorners. At higher frequencies there is a
greater number of modes yielding more resonanc&spemaany of which are closer together, even
overlapping and tending to produce a uniform trassion (see Ref. [31]). For the room under inves-
tigation, the first (significant) axial modes, wittthe 50-100 Hz frequency range, are found afdhe

lowing frequencies, respectivelyy = 53 Hz, {, = 64 Hz, §, = 73 Ha2.

& The axial modes of vibration are those in whighwaves travel along one axis, parallel to twospafrwalls.
Their frequencies are obtained as follows:

c

fo= = (H2)

n;il;

where c is the sound speed (i.e. 340 m/&,the dimension of height)) width(l,), depth() of the room (in me-
ters), n=1,2,3,... and i = x,y,z.
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Figure 8. The first 10 room modes.

Facade sound insulation measurements are usuafiyriped with directive and powerful loud-
speakers in the standard range 100-5000 Hz. BeG®ivMHz, sound power of ordinary sound sources
strongly decreases. RRT measurement conditionscidly at low frequencies, were affected by both
low sound power levels of sources at low frequenaied potential high background noise due to air-
borne and structure-borne sound transmission framese congested road. At low frequencies, insu-
lating properties of facade and windows are usuallyand background noise becomes more influen-
tial. Such condition yielded to low S/N ratios,ganeral, for most of laboratories and, althougtkba
ground noise standard requirements were respette@s not possible to avoid or predict possible
high and temporary background noise peaks, espeatalow frequencies, where the low frequency
procedure folyeomer requires to determine the highest sound pres$evets from the set of 4-corner
measurements. This could be a possible reasohdantrease of uncertainties with the LF measure-
ment procedure (see Table 6). Such issue, whinbtisonsidered in the new standard, should be tak-
en into account in future releases. In additiothaalgh the default procedure entails high disparsio
outdoor and indoor measurements due to backgroaise peaks, their influence is reduced with re-
spect to low frequency procedurelasnyel, values come from averaged measurements.

Given such evidences, as an alternative, the ageralgies of the 4-corner set, corrected with the
average values of the background noise measurbe icorners, were also investigated. The values in
Table 7 refer to 9 laboratories, as laboratory Hl@rovided only the highest corner values while all
the other laboratories provided all the measurddegaof the 4 corners. TH& ., nrValues, for the
low frequency 1/3 octave bands (50, 63 and 80 far)the following measurement method, are given
in Table 7: the default measurement procedure @ti¢fahe low-frequency measurement procedure
(LF), considering the reverberation time measuredatave band at 63Hz (named;L} in accord-
ance with ISO 16283-3 [24]; the LF measurement gulace, considering the reverberation time
measured in one-third octave bands()Fthe LF measurement procedure considering theagee
values of the 4-corner set, corrected with the ayewvalues of the background noise measured in the
corners (LFA), considering the reverberation timegasured in octave band at 63Hz (named {4FA
and the LFA, considering the reverberation time sueed in one-third octave bands (Lfzp
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Table 7. Low frequencyDis .m nraverage,,and s, values for the five measurement methods (default,
LF, LFA, LFyz and LFA3) for 9 teams.

Frequency MeasurementDis omnt  Disomnt  Disomnt

(H2) procedure  average Ssw S
(dB) (dB) (dB)
50Hz DEFAULT 24.6 3.0 2.8
LFy 21.6 3.1 2.4
LFA, 23.0 2.8 2.2
LFy3 21.7 3.0 2.6
LFA 3 23.0 2.7 2.4
63Hz DEFAULT 223 5.0 3.2
LFy 16.8 5.8 4.8
LFA, 18.7 5.5 4.1
LFy3 16.5 5.8 4.7
LFA 2 18.3 5.4 4.0
80Hz DEFAULT 29.2 3.0 1.4
LF1s 25.3 3.8 2.5
LFA, 26.5 3.3 2.0
LFy3 24.5 3.8 2.5
LFA; 25.7 3.2 2.1

The results in Table 7 show that thesitu standard deviation decreases if the average vafubg
4-corner set measurements are taken into accoBAt;,Lmethod g, is lower than Lip; method g,
and the same behavior was found considering therlvevation time measured in one-third octave
bands, i.e. LFA; method s, is lower than Lz method s, Moreover, at 50Hz, both LRA and
LFA,; method s, are lower than the default methagl,.s

As already done with the results shown in Table6nvestigate in more depth the uncertainty of
low frequency bands, the repeatability amaitu standard deviations &, values (as defined in Eq.
(3)), for the low frequency 1/3 octave bands (59afd 80 Hz), for the following measurement meth-
od, are given in Table 8: default, LF and LFA.

Table 8. Low frequencyD,,, average, ;sand g, values for the three measurement methods (default,
LF and LFA) for 9 teams.

Frequency  MeasurementD,, Do Don
(H2) procedure  average Ssw S
(dB) (dB) (dB)
50Hz DEFAULT 18.8 2.9 2.6
LF 15.9 2.9 2.5
LFA 17.3 2.7 2.2
63Hz DEFAULT 16.9 4.9 3.3
LF 11.1 5.7 4.8
LFA 13.0 5.4 4.1
80Hz DEFAULT 24.3 2.9 1.4
LF 19.6 3.6 2.4
LFA 20.8 3.1 2.0
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The results in Table 8, which are the standardieeel differences without the reverberation time
correction D), show that thén situ measurement uncertainty decreases if averagesvafuthe 4-
corner set measurements are taken into accouintttas case of standardized level differencesthe.
level difference with the reverberation time coti@t (Djs om nrin Table 7).

Considering the average values, it is importanirtderline again that the receiving room volume
of this RRT is 40 rhwhich allows for the application of the defaultasarement procedure [21] and,
therefore, for the relevant comparison. As showmable 7, the average values of the five procedures
are very different and the difference between thepkocedure and the default procedure is higher
than the difference between the LFA procedure aeddefault procedure; therefore the LFA proce-
dure seems to better represent the facade soundting values at low frequencies, according to ISO
16283-3 [24] requirements (volume of the receiviagm under test equal to 4P )mNevertheless in
conditions of non-diffuse field the accuracy idl sthknown and other methods and procedures, based
on a modal approach [34], are nowadays under iig&itn in order to improve it.

It is known that the RRT is the only way to asaerthe true value of a test element in building
acoustics, assuming that the mean of all the tipeiof all the laboratories involved in the tissthe
value that can best describe the true value oélgmment. So the mean valuesyf,n.rare the “true”
values in this sense. However, for the purposé@present study the choice of the RRT mean values
has not been defined for non-diffuse field condisioln fact, these values depend on the measurement
method used for their calculation: default, LFLFA;1, LFi5 LFA15 The results in tables 7 and 8
show that the differences between these five meawnt methods are very high (average values) and
therefore it is necessary to understand what isrtbasurement method that better represents the true
value of the facade sound insulation of the teshitin fact, the receiving room volume of this RRT
41 n?, which allows for the application of both the défameasurement procedure [21] and the LF
measurement procedure and, therefore, for theaeteomparison.

4 SINGLE NUMBER QUANTITIES ANALYSIS

Two different procedures have been consideredderdio determine the single number quantities
(SNQs) of each team for this study. The former pdoce consists in determining the SNQs according
to ISO 717-1 [35] shifting the reference curve biotlsteps of 1 dB and 0.1 dB, toward the measured
curve, until the mean unfavorable deviation isaagd as possible but not more than 32 dB. The ob-
tained SNQs are respectivé om nt.waNADjs 2m nTw,01

The latter procedure consists in determining th&@Slus spectrum adaptation ter@sand C,
according to ISO 717-1 [35] in the ranges provibgdhe standard (from 50 to 5000 Hz; from 50 to
3150 Hz; from 100 to 3150 Hz and from 100 to 50Q), vith one decimal place using the following
equation: ( )

_ Lj =X )/10 _
X, =-10lg>"10 =XutCp g

where;j is the index of spectrum No.1 to calcul&er No.2 to calculat€, according to ISO 717-
1;i is the index of frequenciek; are the levels indicated in ISO 717-1 at frequenicy spectrunj;

X is the standardized level differendg ,n nrat frequency for the spectrumt X,, is the SNQGC; is the
spectrum adaptation ter@or C, if calculated with spectrum No.1 or No.2, respegi. The results
of SNQs calculations, for the 8 teams, are showkign9; the relative,aand g, are shown in Table 9
and Table 10.

Analyzing the results in Fig. 9, it can be seer tha low frequency inclusion, measured with the
default procedure, does not significantly influetice SNQs values and their uncertainty, as found in
the previous RRT on facade sound insulation [7JsMaas also highlighted by Wittstock [5], who
found, for SNQs, that extending the frequency ramgeno significant effect on the standard dewmatio
of reproducibility, whereas a small increase iseobsd for thein situ standard deviation; he also
found [5], contrary to the results of this RRT,tteatending the frequency range has a larger iserea
for the standard deviation of repeatability. On ¢itleer hand, the low frequency inclusion, measured
with the LF procedure, influences the SNQs valud®gn theC,, spectrum adaptation term is included,
and increases their uncertainty, if compared withdefault measurement procedure uncertainty (Ta-
ble 10).

Considering the default measurement procedurdotihdrequency uncertainty is not well reflected
in the SNQs uncertainty. Therefore, for the extemdd low frequencies, the suitability of the refer
ence spectra for rating airborne sound insulatimukl be validated.
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On this topic, Masoviet al.[36] made a study on the suitability of ISO CD 181 [37] reference
spectra for rating airborne sound insulation. TB® ICD 16717-1 [37] “living” and “traffic” spectra
correspond to the reference spe@ré60-5000 Hz) an;, (50-5000 Hz) of ISO 717-1 [35], respec-
tively. Masovicet al.[36] demonstrated, with an extensive noise momigpin a number of dwelling
recordings of 38 potentially disturbing activitiebat the reference spectrum for living noisgifg),
should be redefined to better match the typicattspm of noise in dwellings because it seems to be
rather high at lower frequencies, especially bel®® Hz. Moreover, in the case of noise generated by
sources of music with strong bass content the eater spectrum for traffic noiskfsc) seems to be
more appropriate above 100 Hz thag,. This could suggest one of the reasons why theftew
qguencies uncertainty is not adequately reflectethbySNQs uncertainty extended to low frequencies
and should be considered in greater detail befe@dthg to perform measurements down to LF
range.

In literature, there are some studies (e.g., Rif@lland Park and Bradley [39]) on the annoyance
of noise from neighborhood at low frequencies #ass the importance of investigating the LF noise
nevertheless, at present time, effective protedimiems against low frequency noise are still@ano
challenge both for researchers and components metowérs, as underlined by Prato and Schiavi
[40]. Hongistoet al.[14] suggested that scientifically valid socio-astic evidence for the need to in-
clude the frequency range 50-80 Hz should be sigmifly improved before deciding that the low
frequency measurements are included in the calonlaf the SNQs. Last but not least, if LF meas-
urements are aimed at the protection against LBendhe fact that the high uncertainty of the one-
third octave LF bands affects the reliability oé therformance of the test element implies thapthe
tential effectiveness of the protection systemragidow frequency noise is not quantifiable.
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Figure 9. SNQs distribution: grey symbols are the valueshef$NQs, the black crosses are the RRT mean val-
ues. Left side: default SNQs; center:;; LISNQs; right side: Lf; SNQs.
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Table 9. Standard deviations,(and g, of SNQs without low frequencies for the 8 teams.

Descriptor s St
(SNQs) (dB) (dB)
Dis.2mnT, 0.4 0.7
Dis,2mntatCiocaiso 0.6 0.8
Dis,2m,nTa+Ciraoc-3150 0.8 1.0
Dis.2m.nTwo 0.3 0.7
Dis,2m.nwotC (10c-3150 0.5 0.8
Dis,2m,ntwot Cir1oc-3150 0.7 1.0
Dis,2mn.wotC (1oc-5000 0.6 1.2
Dis.2m,ntwot Crr1oc5000 0.7 1.0

Table 10.Standard deviations(and g;,) of SNQs with low frequencies for the 8 teams.

Descriptor Measurements Ssitu
(SNQs) procedure  (dB) (dB)
Dis2mnTwotC (sc-3150 DEFAULT 0.5 0.8
LFys 0.6 1.0
LFin 0.6 1.0
Dis,2mnTwot+C (sc-5000 DEFAULT 0.6 1.2
LFys 0.6 1.3
LFin 0.6 1.2
Dis.2m nT.wotCirs0-3150 DEFAULT 0.8 1.0
LFys 19 2.1
LFia 1.8 2.0
Dis.2m,nT.wot Cirs0-5000 DEFAULT 0.8 1.0
LFys 1.9 2.1
LFi 1.8 2.0

From the experience derived from many measurenwfntacade sound insulation [41, 42], the
lower the insulation of a window, the lower the &pem adaptation terr@,. On the other hand, the
higher the window insulation, the high@;. For this reason, in the case of the previous RRThe
difference between the average value®gbm nt.wandDis omnt wrafic (SNQS proposed by Schat al.

[8] which correspond t®s omntwt Cirs0-50090 Was only 1.5 dB, while in the case of the prestady,

the difference between the average valueB,gf, ntwand ofDis om ntwt Cir50-5000iS 5.3 dB for stand-
ard measurements and 6.8 dB for the low-frequenethod; and the difference between the average
values 0ofDis omntw@Nd OfDis omntwt Cir100-5000 IS 4.5 dB for both the standard and low-frequency
methods. It is interesting to note that the averadees did not change significantly whether they i
cluded or not the high frequencies. The uncertaintgase of the low-frequency method increases
very much (twice for L; and more than double for L. At high frequencies, 4000 and 5000 Hz,
the uncertainty is very high, and this influencee tuncertainty of SNQs, in particular,sof
DIS,Zm,nT,WOfC(100—315O)iS equal to 0.8 dB and, inCIUding the hlgh freq];er%itu of DIS,Zm,nT,WOfC(loo—SOOO)
increases up to 1.2 dB (Table 10). As stated iticge8.2.3 this is probably caused by the loudspeak
directivity and position and it is examined in gegadetail in the second part of this study.

To study the influence of the LF measurement praeedn the SNQs, in Table 11 are shown the 7
laboratories’ SNQs average values, with their stashdleviations (sand sy,), which are not affected
by the low frequencies inclusions, i.e. the SNQgaimge 100-3150 Hz. Table 12 shows the 7 laborato-
ries’ SNQs average values, with their standardateris (sand §), which are affected by the low
frequencies inclusions, i.e. the SNQs in range BEB3Hz. In tables 11 and 12, 7 laboratories are con
sidered for the relevant comparison between tHerdifit procedures (i.e. default, 44 LFA11, LFy3
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and LFA;; procedure), because it was necessary to exclbdeaimry No. 4, in addition to the exclu-

sion of the outlier laboratories No. 5 and No. 6 fdct, laboratory No. 4 provided only the highest
corner values while all the other laboratories med all the measured values of the 4 cornersether
fore it was not possible to calculate the averaaes of the 4-corner set measurements for lalbgrato
No. 4.

Table 11.Average and standard uncertainties values of SNi@®ut low frequencies for the 7 teams.

Descriptor Average s Ssitu

(SNQs) (dB) (dB) (dB)
Dis 2mnT 39.7 0.6 0.3
Dis2mnt+Cioc 3150 38.4 0.8 0.6
Dis2mntatCiraocsiso 35.6 1.0 0.8
Dis 2m.nT.wo 40.1 0.7 0.3
Dis2mntwotCiocaiso 384 0.8 0.5
Dis omntwotCur(iocaiso 356 1.1 0.8

Table 12.Average and standard uncertainties values of SNi@slaw frequencies for the 7 teams, for the five
measurement procedures (defaulty/b,A.FA1/1, LFz3and LFAy3).

Descriptor Measurement Average Ssitu S
(SNQs) procedure (dB) (dB) (dB)
Dis 2m T\ tCs0-3150 DEFAULT 38.3 0.8 0.6
= 38.1 1.0 0.6
LFAy, 38.2 0.9 0.6
LFys 38.0 1.0 0.7
LFA 1 38.2 0.9 0.6
Dis 2mnTa+Chirs0-3150 DEFAULT 34.9 1.0 0.8
LFy 33.4 2.1 1.9
LFA1, 34.1 1.4 1.2
LFys 33.3 2.2 2.0
LFA1; 34.0 15 1.3

As found in the 1/3 octave band analysis (secti@¥}, the results in Table 12 show that e
situ measurement uncertainty decreases if the averalgesvof the 4-corner set measurements are
taken into account: LFA method g, is lower than Li; method g, and the same behavior was
found considering the reverberation time measuraxhie-third octave bands, i.e. LEAmethod gy is
lower than Lk;3 method §,. Again, as found in the 1/3 octave band analysest{on 3.2.4), the dif-
ference in the average values between the LF puoeezhd the default procedure is higher than the
difference between the LFA procedure and the defaatedure.

The differences between the average values andargl@encertainty ¢g) of the five procedures
are slight in the case of SNQ withspectrum adaptation term compared with the SN@s @i spec-
trum adaptation term (obviously, beca@econsiders more the LF).

5 CONCLUSIONS

This paper illustrates a comparison between thaultgbrocedure and the low-frequency procedure
made on the same facade sound insulation measurdingas found that SNQs values do not change
when the low frequencies are included. Nevertheldgss uncertainties of SNQs measured with the
low-frequency procedure are higher than the onessared with the default procedure. Observing the
one-third octave band results, it was found thatldlv-frequency procedure reduces sound insulation
values and increases measurement uncertaintibe iow frequency range, in particularly at 63 Hz. A
possible cause can be found in the procedure,itsith requires to take into account the highest
sound pressure levels from corner measurementaihstf the average levels from the default proce-
dure, even if in the presence of high backgroundenpeaks. Such condition highly affects sound in-
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sulation measurements especially at low frequenevbere ordinary sound sources do not usually
have a linear response and the sound field is ifeusd. For such reason, an alternative procedure
based on average corner measurements was invedtigatues are closer to the default ones and the
uncertainties decrease with respect to the lowdeaqy procedure. However, questions about the ac-
tual accuracy of the results obtained with theedéht tested methods are still open. Therefordéhan
future, the actual necessity and reliability of tbe-frequency procedure in non-diffuse field skbul
be discussed and further investigated. With regpewverberation times, at 63 and 80 Hz therenare
differences considering the measurement of the G38itave reverberation time and using this single
value to represent the 50, 63 and 80 Hz bandseofAB octave reverberation time; however, some
small differences are noticeable at 50 Hz. Higheutainties, which influence the SNQs and depend
on the sound source directivity and position, whaoh being investigated in further detail in thgon

ing study, were found at 4000 and 5000 Hz.
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Highlights

» Comparison between default and LF measurement procedure is made on the same
facade

* High uncertainty in LF range is found, in particular with LF measurement procedure
* Proposal of an alternative LF measurement procedure with 4-corner set average
» Actual need for and reliability of LF procedure in non-diffuse field is discussed



