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Airborne sound insulation in terms of aloudness mode

Reinhard O. Neubauer*, Jian Kang

School of Architecture, University of Sheffieldestern Bank, Sheffield S10 2TN, United Kingdom

ABSTRACT

One of the main goals of building acoustics is the predicti@iribbrne sound insulation between rooms to determine theyquali
of sound protection. In many practical cases, however, thetimgj@aeasures of the airborne sound insulation using proceuures
standards are not in agreement with the subjective assessmisnpaphr, therefore, afterviewing the conventional model to
calculate airborne sound insulation, introduces a calculatibense based on loudness level linked with specific fluctuation
strength, yielding a weighted normalised loudness level differéngg, By analysing the difference between standard airborne
sound insulation values and the introduced weighted normdtiseltiess level difference, it iswealed that the sound pressur
level that is transmitted through a paditidecreases with increasing frequency, argishindependent of the type of sigjaad of
the airborne sound insulation valugs,fvalues), whereas if the transmitted signal is eoted into a loudness level, it tends to rise
with increasing frequency. Moreover, it isufad that, whereas a simple level differedoes not exhibit the effect of a giveignal
to the frequency-dependent airborne sound insulation curve, uging a significant change can be observed, in terms of both
computed and measured results. Furtherntbee frequency-dependent results allow mdegails to be investigated for a certain
sound insulation. A comparison betweer ttmeasured and predicted airborne sound insulation with no obvious malfunctio
suggests that at some frequency rangebypothetical subjective related failure might occur. Overall, the propgsegdcould
reveal detailed insights into the in situ measured airbonnedsiosulation compared with standard airborne sound insulalaps:

The frequency-dependent values discussed in this paper form a basis for developing a single-number index.

1. Introduction

Airborne sound insulation is mandatory to ensure a healthy living environment in gsiildiime measurement of airborne sound
insulation is usually specified in terms of single numbers by meénhe standard ISO 717 [1]. The quality of airborne sound
insulation in buildings described as a single number rating widsinsulation in terms of a weighted apparent sound reduction
index R’y is, however, inadequate and requires improvement bec&uke significant difference bgeen the standard rating of
sound insulation and its subjective assessment [2, 3]. Various investigations have been published that rate airborn&agonnd ins
with respect to their correlation with subjective ratings of saunsdlation. Vian et al., for example, related subjectivingat of
sound insulation to aA-weighted level difference [4], whereas Tachibanaletinvestigated the loudness of sounds transmitted
through walls with various sound insulation characteristicsajad, Park et al. published results concerning sound insulatiogs
of the intelligibility of transmitted speech [6].

Recently, a replacement for ISO 717-1, desighate ISO 16717-1 [7], has been pragab$8], which includes changes to the
frequency range included in the single number ratings [9, 10]. However, no evaluation hagrbdaned into the proposed new
standard that classifies hearing sensation.

As a subjective experience of noise stresslead to regulation health problems, as reported, for example, in [11, 12],18, 14
is important that a more specific requirement be established to quantify sound insulatieguargaoccupants from possilblealth
effects.

To determine airborne sound insulation, a standard test va#tuband noise signals as a source signal is used. In realgig, mu
sounds from neighbours are, however, oftaid to be a prime cause of annoyanog esmplaints [15]. Cwently, according to
present standards, the influence of noise is mainly described Byvileéghted equivalent continuous sound pressure |ével)(

This measure, however, takes into account too little the sulgeotixception and evaluation of sound [16, 17, 18] and is not
satisfactory descriptor of a sound event because it cannot describe many signal characteriséisgjrsadiuctuations [19jand
furthermore, as shown in [20], #weighted level is not suitable to assess low-frequartige events. The time fluctuations of a
signal can be captured, for example, by psychoacoustmeters, including roughness and fluctuation strength.

The investigations thus far indicate that the airborne sowsudaition measured in accordancighwpresent standards [21] does
not correlate well with subjective impression [22, 23, 24, 25,226 These results reveal that, in line with previous reptine
level difference measured tends to produce lower correlativens the corresponding transmission loss measures, and this
contradicts suggestions that differences in sound level wouldlat® best with subjective responses [28]. In the meantirasi
been reported that loudness combinedhwiughness describes the correlationhwsubjective estimation of noise-induced
discomfort better than th&-weighted sound level [29]. Moreover, as Jeon et al. [30, 31] noted, subjective response to noises, s
as annoyance, depend upon the type of noise.

Therefore, the purpose of this study is to investigate the differences between the ainnodnesdation expressed as arsbu
pressure level differencelll) and a loudness level differencaly), effects of a frequency depending dip in the airborne sound
insulation curve, which is realised as a drop of 6 dB in aindiequency range, and the influence of a psychoacoustic reeasu
based on the specific fluctuation strength of the normalised loudness level difference. This papetttstartiesdription othe
calculation scheme used to derive the presented new term oighatedenormalised loudness level difference. It then presents
measured and calculated results comparing airborne sound insulation and weighted normalised lémadrdifferences. The
results of this paper are then summarisétl a short discussion on measured ealtulated level differences, which is folled by
a conclusion concerning the need for consideration of psychoacoustic measures in the assessment ofuaidooséation.

* Corresponding author. Tel.: +40)84134173; fax: +49 (0)84135238.
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2. Method

The drawback of a dB(A) assessment is illustrated in Fig. 1 aRid.ir2, where the sound pressilevel with an A-weightingsi
shown and compared to specific loudness and loudness lesgsctigely. It can be seen that a broadband noise signal (pink
noise), music type signal (rap music: Eminem), and a single ton (sinus) at 1 kHz, despite equalthaldB(A) rating, loudess
(sone) and loudness level (phon) are quite different. AFveighted level and the loudness are therefore not sufficient to describe
sounds. This is in agreement with the results presented inA32¢asure that is more closeblated to direct human percipt of
noise is the loudness level [33]. Therefore, the method of this study is to describe airborne sound insulation in tensetioha se
level related to a psychoacoustic measure, which means tlaat imaginary manner of subjective regards the intrusive sound
pressure level, which is an objective measure, will be link#d aypsychoacoustic measure to describe the sensation ofeavpdrc
sound pressure level. This will be carrimat using the transmitted or filtered sowsignal. To distinguish results relatexthe type
of signal, a steady-state signal and a st@ady-state signal are investigated. Thended perceived sound pressure level is
calculated using a transfer function filtegi the signal for the airborne sound insulation. The calculated psychoacousticenigas
intended to be a measure of a subjective related estimation of the hearing sensation.

2.1 Signal description

The steady-state signal used in thisegsh was a broadband noise signal, so-adpak noise”. According to investigations
published in [34], pink noise appears to most preferablesabstitute for music-type signals if a test signal has to beg§udg

As indoor residential noise is judged differently with different noise types, as indicategafmple in [31], in this studyn
addition to the steady-state signal, we also investigatedi-ateady-state signal as well for comparison purposes. The egmhyst
state signal, i.e., the transient signakveamusic sample, namely rap (Eminem, “le&9ourself’). This music type was chosen
because prior investigations have reporeed,, in [25, 27], that this piece of sia was judged in a pliminary study subgively
louder than other music samples compared, such as classic music (Beethoven), otherwise having the same sound prédssure le
preliminary study, although having a relatively small number of participants (i.e., nine subjects), daatitisat when usina
broadband noise type signal such as pink, white, or grey asiaetest signal compared tonasic sound source, the subjeetiv
estimated sound insulation was judged differently. This result confirms previous findings [10, 35].

In Fig. 3, the power spectral density of the used two signals is shown. Pink noise hasreqgtl over a logarithmic scaié
frequencies. Pink noise displays a decreasing straight line over the frequency bandwidth, whereas theersigialtyEminerh
decreases with a certain fluation toward higher frequencies.

In this study, the used sound signals have a SPL of 85 dB and duration of 90 seconds. Iné-gpufictipressure level ofeth
test signals are shown at one-third octave-band centre frequencies.

2.2 Airborne Sound Insulation

2.2.1 Computed R-values
The airborne sound insulation is essentially the level difference of a signal after being transmitted through a partiiimg Acco
to 1ISO 140-4, the sound reduction ind®xs described as follows:

R=L,-L,+10log3 dB )

with L; andL, denoting the sound @ssure levels measured in a testirgiifg in the source and receiving roo®denoting the area
of the partition, and\ the equivalent sound absorptiarea of the receiving room.

In free space with the pition separating two domainghe sound reduction indeX’ is identical to the sound pressure level
differenceD:

R=D=L,-L,dB @

The level of interest is theh,. This is the sound pressure level that is impiggin the ear of a resident, and thus, this level has
to be judged correctly in an objective manner. Previous st{8Re86, 37] have demonstrated that the sound pressure levitca
be judged as aA-weighted sound level to represent a gmopearing sensation. Therefore Aaweighted sound level is misleading
when used as an indication of subjectively perceived loudness [38, 39].

First of all, airborne sound insulation has to be definedvtestigate the sound pressure level of interest. In an idealssgdhe
frequency-dependent airborne sound insulation was chosen in accordance with the standardllS® the left panel of Fig.,5
the investigated idealised airborne sound irtgardas shown exemplarily for the case ofRivalue of 40 dB. Introducing a dip into
the frequency depending airborne sound insulation, however, and letting the single numbd®’yaheenéin constant is depicted
in the middle and right panel, respectivelhe frequency dip throughout this studyswé dB, i.e., at a certain frequency the
airborne sound insulation decreased by -6 dB.

2.2.2 Measured R-values

A field measurement of sound insulation was performed. Thifigarinvestigated in-situ was a concrete wall of thickness
d = 220 mm in a massive construction builgli The measured procedure applied was according to ISO 140-4 using pink noise
the source signal. A second measurement was conducted to obtain records of signals. Thedisaghatsuwere pink noise and
rap music. The measured procedure toinbtiiae records in a wav forh was according to EN IS@0052 [40]. The results are
shown in Fig. 6.
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Fig. 1. Three different sound signals (sic type signal, braband noise, tone) wittgaally weighted sound pressure level of 85 dBfat different loudness (sone).
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Fig. 2. Three different sound signals with SPL8& dB(A) but different loudness level (phon).
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Fig. 3. Power spectral density (PSD) thie used sound signals pink noise and rap nfsignem” as a function of frequency having sound pressure level of 85 dB
and duration of 90 s.

2.2.3 Predicted R-values
An estimation of the airborne sound insulation was perforfoethe partition investigated. The prediction procedure applied
was according to EN12354-1 [41]. & hesult of the frequency-dependent airborne simswation is shown in Fig. 6, togetheitlw
the results of the measurement to obtadtiract comparison. There, the calculatedb@ine sound insulation is depicted asoéd
line.

2.3 Transformation of sound pmsge level into loudness level

To compute the loudness level difference, the sound pressure level has to be transformetbuditess level. This
transformation is accomplished using the standard procedur®©d26 [42]. In Fig. 7, the computed sound pressure levelrend t
corresponding loudness level for differdRt,-values are depicted. Computing the level difference of both measures, i.e., th
difference of the sound pressure leval { L,) and the difference of the loudness le\g; (~ Lyy), yield results that are depicted in
Fig. 8. The level differences are shown for the pink noise Emthem sound signals. In the filter function for simulating the
airborne sound insulation, no dip was introduced.

2.4 Loudness concept

After transmission of; through a structure or partition, the sound heard by a listehegr Thus, it is assumed that the heard
sound can be judged in terms of a loudness lgyel

The loudness is determined by means of a hearing-related measurement procedure focused on the fuhittemoman
hearing. Here, the signal processing units of the human hearitica(dbands) as well as the temporal and spectral masét éffe
taken into account [38]. If it is assumed that frequency-dependent sound insulation shouldmgfée@nts in the frequenange,
it is expressed in the ratio of the airborne sound insulatitmaadip to the airborne sound insulation without a dip infrésguency
depending sound insulation. Becausedness is a hearing-related measure, with temporal and spectral mask effects taken i
account, it is preferable as a meastar describe sound insulation.
2.4.1 Loudness level

The phon is a unit of perceived loudness lelg),(which is a subjective measure oétbtrength of a sound. The measure of
sound insulation may therefore be written in terms of a loudness level yielding a measure of airborne sound insulationtstrengtt
transformation follows 1SO 226:

Lo(f) >Ln(f) ®3)

The filtered level I(;) contains all information of the airborne sound insulation characterised by the weighted apparent sot
reduction indexR’,) as it is the transmitted sound signal. Thus, conversion of sound pressure level into loudness level yiel
sensation level.
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Fig. 4. Sound pressure level of the used sound signals as a functimgoéncy in a one third octaband spectrum. All signals hena sound pressure level of

85 dB SPL and duration of 90 s.
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Fig. 5. Idealized airborne sound insulationRf, = 40 dB without (left panel) and with dip of 6 dB at frequency of 1 kHmiddle panel) and 2 kHz (right panel).

The solid line is the reference curve given in ISO 717-1.

2.4.2 Loudness level difference

The level difference characterised by the weighted apparent sound reductiorRipjlexthout a dip L) and with a dip I(;))
provides a set of loudness level differen. The level difference of the idealised (i.e., hypothetical) airborne soundiamsakR’

valuesfor third-octave bands is given by Eq. (4):

Alory = L)y — Lnzeryo

(4)

and the level difference of an actual (i.measured) airborne sound insulationRasvalues for third-octave bands is given by

Eq. (5).

ALmcsy = Lnt)y — L), m

(%)

In evaluating a sound event, the rule of absolute level or é&msdis often insignificant [42]. Temporal structures and sgectr
patterns are more important factors in determining whether a sound makes an annoying or disturbing in#3kseieneforeijt
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is suggested to normalise the level difference with respéletmealised level difference. The normalised loudness Ieffetatice
for third-octave band values is then written as follows:

ALm) (6)
ALy

Lnor(f) =

80

R, =60/59dB

70 A

0]
X

EGD-

(-4

5 50 4 8

®

il o

540_

©

c

3

a

30 A

@

£

©

2

= 20 A
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0 T T T
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Frequency (Hz)

O Pink Noise X Eminem —R-calc © 150140-4

Fig. 6. Results of field measurements usingnstard procedure of EN €610052 and ISO 140-4. éiorne sound insulation measured adowg to 1ISO 140-4,
R'W(C; Cy) = 60 (-1; -5) dB and précted according to EN 12354-R),(C; Cy) = 60 (-1; -6) dB. Airborne sound insulation measured according to EN ISO 10052
using pink noise yiel®’,, = 60 dB and using rap music yigRd, = 59 dB.

The calculated normalised loudness level difference as adanatifrequency is shown in Fig. 9. For comparison, the sound
pressure level differencéy(- L) over frequency is depicted in Fig. 10.

2.4.3 The normalised specific fluctuation strength as a weighting function

It is assumed that an appropriate weighting that reflects the event of a frequency-dependent dip has to be ep@igttith
will be judged as an awarenesknoise, i.e., annoyance. Theyed, the value is highlighted according to its importanceHer t
comparator or weakened. The weightedmalised loudness level difference,aimborne sound insulation strengtbr third-octave
band values is then written as follows:

l—nor, w(f)= Lnor( £y * W(t) (7)

wherew is a weighting factor.

To differentiate the signal in terms of psychoacoustic measures, investigations of music tsisevsiga focused on specific
fluctuation strength as was suggested, e.g., in [25, 44]. This is in accordance with investigationsxgandear acousticomfort
by Jeon et al. [45].

As a distinction criterion, the envelopetbk specific fluctuation strength was chasenFig. 11, the chsen music-type sil
and the broadband noise signal are shawrere the specific fluctuation strengthtb& respective signal is shown beforeefiitg.

The unprocessed Eminem signal has a specific fluctuation strength of 0.36 vacil, and pink noise ha¥ ap@ioemately @11
vacil. From the comparison, it can be seen that the envelopleeafpecific fluctuation strength of pink noise falls off with
increasing frequency, and for the signal “Eminem”, the envelope first falls off and rises again with increasing frequency.
calculated values of the investigated unprocessed signals are listed in Table 1.

For the weighting, it is assumed that two psychoacoustic pamantate be applied, namely etlspecific fluctuation strength,
Fls’ (vacil), and the specific roughnes¥, (asper), because they are related to the temporal structure of the sounds. The calculal
was performed using software ArtemiS V11. For roughness, ArtemiS calculates the pagtinessufrom the modulation depths of
partial signal bands and adds them up to determine the total roughness. The calculation method of the fluctuation ctréimgth is,
other hand, similar to the algorithm for the calculation of the roughness in the way that the maximum of the fluctuatiensstreng
obtained at 4 Hz instead of 70 Hz [46]. In Table 2, the results taken from [25] are shown, whergsom®pf calculated resi
are presented for different damping values, i.e., receiving leygll¢udnessN), specific fluctuation strength-Is’), and specific
roughnessR’). It can be seen that the calculated specific roughness yields zero for damping values of 50 dB and 60 dB. There
roughness is not believed to be an appropriate measure because of the fact it provides a zero value foruhd highlabn
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value using white noise. This agrees with findings in [47, w8jch show that the examined unmodulated white noise has no or
only negligible roughness. Furthermore, Daniel and Weber demonstrated [47] for small frequency bsnithwickindom envelope
fluctuation is approximately 6 Hz, yielding a calculated roughness of approxirfadsiyer. For that, Zwicker and Fastl st4&8]

that subjects will have difficulties in differentiating between toggs and fluctuation strength. This means that in théapypéng

area of smaller modulation depth, fluctuation strength is a prime measure. Therefore, it is assumeduthtadrfl strengthsi an
appropriate magnitude to describe the signal in terms of psychoacoustic quantity.
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Assume that for the levih,p, o specified in Eq. (4), the spédici fluctuation strength i&ls’ ;o and for the levely,, m specified
in Eq. (5), the specific fluctuation strengthAls’ ¢ and the unknown weighting for third-octave band values may be written as
follows:

Wi = FlS(lf).m (8)
Fls(n.o



R.O. Neubauer, J. Kang/Applied Acoustics 85 (2014) 34-45

1.20
5
— 115 1
o
£
¢ 110 1
2
=
% 1.05 -
>
3 ¥ BB BRBRRRB g B BB X
@ 1.00 1
w
o B
£ R
§ 0.95 - ®
-]
2
=  0.90 A
£
5 O Pink Noise > Eminem
= 0.85 1
080 +—F—+—+—+—+—+—+—+—+—+—+—+—+—+—
(=] (=1 [=1 (=1 [=1 wn [=1 o (=1 (=3 (=] o (=] f=1 (=1 f=1 (=]
w o w [=] w - o o omn (=] [=] un o o o uwn (=]
— - ~ o~ m - wn o oo o ~ o o [7s] - o
— — —~ o~ o~ m =
Frequency (Hz)

Fig. 9. Normalised loudness level difference ovenfrency according to Eq. (6) for two typafstest signals. Investigated airbos@und insulation with a weighted
apparent sound insulation valRg, = 40 dB with a dip of 6 dB at a frequency of 1 kHz.
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Fig. 10. Sound pressure level difference over fregyefor two types of test signals. Intigated airborne sound insulation with aigiged apparent sound
insulation valueR’,, = 40 dB with a dip of 6 dB at a frequency of 1 kHz.

It is noted that Eq. (8), as well as.K§), are normalised using the level diflece characterised by the weighted appaemhd
reduction indexR’y) without a dipin the airborne sound insulation curve. The pated weighting coefficients as a function of
frequency are shown in Fig. 12. There, two types of test signals are exemplarily investigated with a weightat sppat
insulation value oR’,, = 40 dB having a dip of 6 dB at a frequency of 1 kHz.

3. Resultsand discussion

In this section, theoretical and experimental results are amdpThe differences of sound pressure level and loudness leve
and the influence of the weighting coefficient are discussed.

3.1 Airborne sound insulation

3.1.1 Measurement

The concept for the evaluation of airborne sound insulation as defined in ISO 7hiti jsmthe single-number rating method,
uses a standard reference curve to deterthia weighted value of airborne sounskiiation and introdees the spectrum adafiten
termsC andC;.. The spectrum adaptation ter@sandC;, are evaluated in order to take into account different source spectra. Th
spectrum adaptation ter@icorresponds to afvweighted pink noise spectrum, whilig corresponds to af+weighted urban traffic
noise spectrum.
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Fig. 11. Specific fluctuation strength of the unpresed test signal “Eminem” and “pink noise”.

Tablel
Acoustic factors of the unprocessed sigiiil, & 0 dB): sound pressure lev&RL), loudness levell(), sharpnessg, specific roughness(), tonality (Ton) and
specific fluctuation strength-(s’).

Sound sample SPL[dB] Ly [phon] S[acum] R’ [asper] Ton[tu] Fls’ [vacil]

Pink noise 85.0 99.0 2.15 3.95 0.018 0.0107

Eminem 85.0 90.3 1.32 3.27 0.361 0.3560
Table2

Comparison of calculated results, receiving letg), loudnessN), specific fluctuation strengthrls’), and specific roughnesR’}, respectively. Results taken from
Ref. [25].

Filter R’y (dB) 0 20 30 40 50 60

Pink noise., = 85.0 72.1 62.1 52.1 42.1 32.1 8BL
N= 60.5 18.20 9.24 4.27 1.59 0.323 s@i2
Fls’ = 0.0223 0.0146 0.0109 0.00819 0.00614 0.00461 vacil
R = 3.94 2.06 1.45 0.816 0.138 0.0185 asper
White noisel, = 85.0 62.3 52.3 42.3 32.3 22.3 SBL
N= 57.6 15.50 7.79 3.54 1.25 0.205 s@i2
Fls’ = 0.0166 0.0120 0.00903 0.00677 0.00508 0.00381 vacil
R = 3.59 1.83 1.29 0.614 0.0 0.0 asper
EminemL; = 85.0 73.8 63.8 53.8 43.8 33.8 erL
N= 38.5 12.30 6.07 2.74 1.01 0.238 saie
Fls’ = 0.356 0.217 0.163 0.122 0.0917 0.0688 vacil

R = 3.26 1.49 0.897 0.349 0.0850 0.0202 asper
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Fig. 12. Function of the weighting coefficientyf over frequency for two types of tesignals. Shown is the music typgrsal “Eminem” and the broadband noise
type signal “pink noise” for a weightl apparent sound insulation vakig = 40 dB with a dip of 6 dB at a frequency of 1 kHz.

The measurements results are shown in Fig. 6. It can be seen that the results using the survey meilsta d9ER yield
only small deviations except at higher frequencies. There, a maximum deviation between ggn&ndorap music (Eminem) is
approximately 5 dB at a frequency of 1.25 kHz. Overall, the difference of the abtimgde number rating is 1 dB. The single
value obtained using pink noise wR%, = 60 dB, and using rap music (Emine),, = 59 dB. Applying the standard procedure
according to ISO 140-4 using pimbise yield a single value &,(C; C,) = 60 (-1; -5) dB. That is, both methods using pink noise
yield same a single value of the airborne sound insulation of 60 dB. A deviation was observed usicgypmaignal as a soce
signal to measure the airborne sound insulation. The obsdexddtion was 1 dB. Overall, the measured results reveal good
agreement between the applied two standard methods using pink noise as a source signal.
3.1.2 Prediction of airborne sound insulation according to the standard

The calculated airborne sound insulation using the method of the European standard EN 12354-1 for the investigated col
wall of thickness d = 220 mm R',(C; Cy) = 60 (-1; -6) dB. In Fig. 6, the predicted airborne sound insulation over frequency ic
depicted as a solid line. No significant deviation is observed in that frequency-dependent airborne sound insulation ci
Considering, however, the spectrum adaptation te&mesndC,, the impression is created thhtre is a less sound protection
quality present than the single valRg, might imply. That is, for the considered sound spectra (living noise or A-weighted pink
noise and traffic noise spectrum), the sound insulation is actiRi}ly€) or (R'w+Cy) and hence, the airborne sound insulation
is less if these particular spectra are applied.

The comparison of the calculated airborne sound insulation using EN 12354-1 and the measured airborne sound insu
using ISO 140-4 reveals that the prediction is very close to the in-situ measured airborne sound insuafreguancy ofl25
Hz, the measured value, however, shows a peak compared with the predicted value, where the deviation is approximately
No difference in the single number rating was observed, but there were differences in the spaaprtanion termg, andC,,,
which is for both terms is 1 dB. Overall, the comparison of measured results using pink noise as a source signal an
calculated results reveal good agreement except at a frequeh2y bz, where in this case, a deviation of 5 dB was observed.

3.2 Sound pressure level and loudness level

A comparison of calculated level after transmission for different sound insulation values is sHeiggn7inThe investigated
frequency-dependent sound insulation contains no dip (see Haft panel). It is seen, as expected, that the sound prdssete
after transmission falls off with increasing frequency. This is seen independent of the tyigeabfasd of theR',-values.
Comparing the loudness level of the same signal, however, tlositgopattern is observed where with increasing frequency, the
loudness level tends to rise. It is interesting to note tifadwedh the sound pressure level falls off with increasing freguand
increasing airborne sound insulation, the loudness level rises, which was not expected.

Computing the level difference accordingEq. (2) using sound pressure level { L,) and loudness level (; - Lyy) yield the
results depicted in Fig. 8. As seen, the smallest difference is observed for airborne sound insulation at mid frequeneassThis
that at mid frequencies, the airborne sound insulation expressed as a sound pressure level differeacairanchéhsound
insulation expressed as a loudness level difference is small. It is notable that for high frequency artabhighsaund indation
(R'w = 60 dB), the level difference spreads as the frequency rises. For small and medium levels of airborne sownd thsulati
opposite pattern is observed, i.e., at low frequency the difference between bothavalgesater, and for higher frequencit®
differences become smaller. This is indegent of the type of signal. In addition it is seen from Fig. 8 that at 100 Hgfosbund
insulation (Ry = 60 dB) the loudness level difference is lower than thagpuessure level differencEhis is because the loudness
function becomes much steeper at low levels [38] than that at mid and high levels. At high airbailnasdations the loudyss
level becomes smaller and hence the loudness level difference becomes greater than that for low amdanselstion.
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If a dip in the frequency depending airborne sound insulation is introduced, the normalised loexitledsférence (o)
according to Eq. (6) provides achire of this event. As an example, in F8j.the normalised loudness level difference for a
airborne sound insulation &', = 40 dB, having a frequency dip of 6 dB at 1 kHz using “pink noise” and “Eminem” as test signals
is shown. The graph displays a strong peak at the frequency where the dip was introduced in the airborne latiand Ansu
frequencies below and above this dip, the normalised loudness level difference is closethiatdstBignals reveal similagsults
at 1 kHz. The event of the dip is independent of the typggofal. In both cases, the avezagalue (i.e. arithmetic mean) tfe
normalised loudness level difference is 1.01 with a standard deviation for pink nBi62 ahd 0.03 for Eminem. In the vittinof
the frequency dip (800 Hz - 1.25 kHz) the average value of both signals is 0.9Z. That means that tlie ambit of the dip of 6
dB the normalised loudness level difference drops in average about 4%.

It is interesting to compare the level difference using the sprassure level. This was performed for the forgoing exarapke,
the results are presented in Fig. 10, where it can be seahdlsmtund pressure level difference provides a picture oévbist, i.e.,
the frequency dip of 6 dB at 1 kHz is clearly seen.

3.3 Specific fluctuation strength as a weighting function

The designed weightingvj as described in Eg. (8) is shown in Fig. 12 for an example of an airborne soundonsfigfj, =
40 dB having a frequency dip of 6 dB at 1 kHz using “pink noise” and “Eminem” as test signals. It can be seen that thg weigt
function indicates an introduced dip in the airborne sound insulation. For the transient signal, the peak of the funaton is 1
formed than for the broadband noise signal. It is noted, however, that the signal “Eminem” conifathd broadband signal
“pink noise” displays a higher peak value. Furthermore, it is noted that the sighal lmfoadband noise displays slightlgter
values than the transient signal outside the circle of influence of the dip. That is, the weighticgenbeffihe broadband noise is
closer to 1 than that of the transient signal. This is inviitie the basic theory of fluctuation strength which statesuhatodulated
broadband noise does not have high fluctuation strength.

The circle of influence of the dip at 1 kHz is in the range of 630 Hz to 1.6 kHz. The pink noiseisiginavn to be up to
approximately 2% above the value of the siant signal “Eminem”. At the ambit of ¢hdip at 1 kHz, the transient signal is
approximately 9% higher than the broadband noise signal. This makes it clear that thiysggatiects the weighting coefignt.

It is interesting to see that the signal “Eminem” reacheapgmoximately 15% higher maximuat the dip event than the signal
“pink noise”. To summarise the results for this point, it iderstood that the weighting dbeient reflects the frequencyegpendent
event in the frequency-dependent airborne sound insulation, and it differs for diffpesbfysignals.

3.4 Weighted normalisddudness level difference

Introducing Eq. (8) into Eq. (7) yields the weighted normalised loudness level diffetgpGg. (A calculation example for an
airborne sound insulation of 40 dB with a dip at 1 kHz is presented in Fig. 1tidduced dip at a frequency of 1 kHz isasly
seen, and for the transient sigrthle peak is more formed than for the broadband noise signal. Both signals on the otlyezlthand
similar results outside the ambit of the dip at 1 kHz, i.e., at frequencies below and above that.dfclose to 1. In fact, the pink
noise signal is up to less than 3% above the value of the transient signal “Eminem”. That is, naaduhfeartice is obseed in
the frequencies of at least one-third octave band off the introduced dip compared to thaf theefitequency dip. The circlef
influence of the dip at 1 kHz is again betw&30 Hz and 1.6 kHz. It is clearly seen that \, is constant and close to 1 except at
frequencies around the ambit of the introduced dip. In the case of Fig. 13, thiprisimately 1 kHz with a spread of
approximately one-third octave bands. The music type signal reveals again a higher pe&lavaheliroadband noise sigrnigie
signal “Eminem” reaches approximately 15% higher maximum value at the dip event than &hépéignnoise”. The average
value ofLne for the Eminem signal is 1.01 with a standard deviation of 0.10, and for @s&the average is 1.00 with a standard
deviation of 0.04. From Figs. 9 and 10, it is clear that simple level differences display nadéfeetween the results.i$lproves
that describing airborne sound insulation in terms of sound pressure level difference is not sufficient to demoresjtaeya f
dependent event in the airborne sound insulation property. This is in accordpreéduos investigations reported, e.g.[4h This
holds also for the loudness level difference.

The results illustrate in detail that the calculation scheme of a weighted normalised loudnesdféreelcdiallows the
revelation of a single frequency event and distinguishes betihieestimuli, i.e., source signal. The fact that both measuees,
the loudness level and the specific fluctuation strength, nekd tmnsidered becomes clear, for example, when comparing the
results in Figs. 9 and 13.

Because this calculation scheme is linked by psychoacoustisures described in terms of loudness level and fluctuation
strength, it is supposed that the airborne sound insulatiengsh, as a method to describe the quality of a certain sound
protection in terms of an airborne sound insulation, is mdedexk to the real impression of an experienced airborne sound
insulation in-situ.

3.5 Comparison between meastitand calculated level

From the measurements, as presented dgn &, the transmitted sound pressure letg) (vas obtained and according to
Eqg. (3) converted into a loudness levaljj. For the measured sound pressure leyethe related psychoacoustic measures were
calculated, and the results are listed in Tabl&l® calculated normalised loudness level differehgg)(of the measured and
calculated airborne sound insulation is shown in Fig. 14. The comparison shows good agreement between the calct
normalised loudness level differences over frequency for both types of signal investigated. Applying the waightiogrding
to Eq. (7) yields the weighted normalised loudness level differéngeX
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Fig. 13. Function of the weighted nortiged loudness level differenckeng:) over frequency according to Eq. (7). Shaathe music type signal “Eminem” and the
broadband noise type signal “pink noise” foweighted apparent sound insulation vaig= 40 dB with a dip of 6 dB at a frequency of 1 kHz.

The results are shown in Fig. 15. The results reveal a coryptétierent picture as might be assumed, comparing results
shown in Fig. 14, where it is seen that the normalised loudeeskdifference yields close results. No significant diffeeeisc
observed for the results shown in Fig. 14. For both, the steady state signal (pink noise) and the transient sigmsit:(rap n
Eminem), the mean of the normalised loudness level difference is 1.00 with a standard deviation of 0.03. If tkd weig
normalised loudness level differende4.) as depicted in Fig. 15 is compared, the pink noise shows a mean of 0.96 with
standard deviation of 0.29, whereas using music (Eminem) assigeal, a mean of 1.01 with a standard deviation of 0.14 was
obtained.

Table3
Acoustic factors of the measured sound signal in the receiving room after transniRsgei®Q dB): sound pressure lev8IRL), loudness levellf), sharpnessy,

specific roughnes$R(), tonality (Ton) and specific fluctuation strengtRl§’).

Sound sample SPL[dB] Ly [phon] S[acum] R’ [asper] Ton[tu] Fls’ [vacil]
Pink noise 56.4 54.1 1.91 0.1430 0.110 0.00501
Eminem 54.1 43.7 1.05 0.0932 0.176 0.00939
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Fig. 14. Calculated normalised loudneswséde difference over frequencyhBwn is the music type signal “Eminem” and the broadbancergjse signal “pink
noise”. TheLyo-values refer toR’-values from measurement where reference values arelatattiafter EN 12354-1 (see Fig. 6). Airborne sound insulation
measured according to ISO 140RtL,(C; Cy) = 60 (-1; -5) dB and précted according to EN 12354-R,,(C; C;) = 60 (-1; -6) dB.

It can be seen in Fig. 6 that the measured and predicted airborne sound indRrigtidogs not display a significant change. On
the other hand, when comparing the results in Fig. 15, it can be seen that the transient signal (nsigmatypdfers gratly

from the results obtained using a steady-state signal (broadband nasejtetesting to compare results obtained usieg th
standard procedures of ISO 717-1 and EN 12354-1. The restg(Gf C,) = 60 (-1; -5) dB for the measured value &ig(C;
Cy) = 60 (-1; -6) dB for the predicted value do not describe, taildevhere the airborne sound insulation leads to a rateerlow
value than measured or predicted. The lowest value iRtheG)-value, yielding 55 dB and 54 dB, respectively.
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Fig. 15. Calculated weighted normaéd loudness level differende.{.,) according to Eq. (7). Thie,,rwvalues refer td&r’-values from measurement, the reference
values are calculated after EN 12354-1 (see Fig. 6bofiie sound insulation measured according to ISO 1ROC; C;) = 60 (-1; -5) dB and predicted according
to EN 12354-1R’,(C; C) = 60 (-1; -6) dB.

This means that although an airborne sound insulation was redamnt predicted as 60 dB, it is supposed that for a certain
spectrum, the real airborne sound insulation will be judged differently. The normalised loudness level diffgsgrase (
depicted in Fig. 14 does not distinguish between these two types of signals.

The introduced weightingn) does alter the amplitude of thesé difference. This confirms that a level difference does not
display failures or weak points, respectively, in an airbomend insulation curve. Thereforé, is essential to introduce a
psychoacoustics-related weighting to estimate the airborne sound insulation in a more subjective-related manner.

In particular, the results indicate that the valuation of airbaound insulation using the concept of a reference curve as i
the standard 1SO 717 described hardly allows determinaifodetailed frequency-dependent irregularities. Although the
standard method of ISO 717 does distinguish different spectra using different adaptatio@,tamd<,,, the single number
rating does not reveal the frequency range affected. This becomes clear by comparing results in Fig. 6 and rgsul& in F
where both figures contain the same base information, i.esotlmed pressure level of the soersignal and the sound pressur
level of the processed signal after transmission through the Twadtefore, it is believed that the presented calculatioanseh
describing airborne sound insulation in terms of a weighted nimedaoudness level differencdiavs deeper insight into the
sound protection in-situ and for characterising the sound insulation properties of building elements.

4. Conclusions

In this study, a calculation scheme for the loudness level was introduced and examined, and a comparison of calculate
measured airborne sound insulation linked with a psychoacoustic measure was performed.

The outcomes of the present study justify the assumption that level differences cannot reveal the influenceefothe ty
signal on the airborne sound insulation. It was demonstrated that using the loudness level instead of the sound préssure |
combination with the weighting by introducing the specific fluatrastrength leads to a detailed measure of an airborn& soun
insulation in the frequency domain. The results obtained indicate that the calculation scheme of describing thesainbdrn
insulation in terms of a weighted normalised loudness level difference better relates to the hearing sensation of a transr
sound signal and is very promising. Moreover, it is concludedethext if the sound pressure level lowers with frequency, the
loudness level increases. This is in agreement with the results found in [36, 49, 50]. The use of fluctuation strength &
appropriate measure to describe an auditory judgment is in agreemergswitls published in [45].

Future studies using more controlled stimuli and comparisons with subjects may support the needsychosequstic
factors to describe the airborne sound insulation judgment. Though the present study was not concerned with single nt
ratings, it is important to consider this in further research, in addition to the igatest into the relationships between
subjective and objective measures.
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