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Abstract
Absorbent materials are frequently used in acoustic solutions to improve people's feeling of comfort and
well-being. The ISO 354:2003 standard provide a standardised procedure for the characterisation of their
absorbing properties in a reverberation chamber. The formula used in ISO 354:2003 for the calculation of
reverberation time is known as the Sabine formula, but it provides values of the absorption coefficient that in
some cases are higher than 1. Other alternative formula such as that of Millintong-Sette is proposed in the
scientific literature. Considering different samples of natural virgin cork with reduced industrial exploitation,
a study was conducted to analyse the differences in the sound absorption coefficients determined with Sabine
and Millington-Sette equations, finding variations of up to 28%.
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Introduction

Acoustic comfort in dwellings is an issue studied in the scientific literature because of its relationship with
the residents' feeling of well-being [1,2]. But it is also an aspect to be taken into account in the satisfaction of
users in libraries, music halls, conference rooms, as well as customers in restaurants, coffee shops, stores and
other types of venues for public use [3,4,5]. Therefore, a design phase of acoustic solutions for sound
insulation and acoustic conditioning in the original construction project of building would be beneficial in
this regard [6,7].
The search for materials applicable in solutions that contribute to the improvement of the acoustic insulation
of buildings with respect to the environmental noise [8,9,10] and noise transmitted between indoor
enclosures [11,12], as well as acoustic conditioning [13,14,15], is a line of work addressed in the scientific
literature. Martellota et al. [16] studied the behaviour of sound absorbers obtained from olive pruning wastes
and chitosan binder under normal incidence conditions in an impedance tube. Khan et al. [17] tested some
samples of sound absorbers made from recycled granulates using the small impedance tube according to ISO
10534-2 [18]. Berardi and Iannace [19] carried out experimental tests in a tube for the acoustic
characterization of natural fibers for sound absorption applications. In this context, the ISO 354:2003 [20]
and ISO 11654:1997 [21] standards are often considered for the determination of sound absorption
coefficient (α s ) as well as the practical (α p ) and weighted (α w ) sound absorption coefficients in a
reverberation chamber [22,23].
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The ISO 354:2003 standard [20] proposes the use of the Sabine equation to calculate the equivalent sound
absorption area (A T ), a parameter from which the absorption coefficient can be calculated. The comparison
of materials using the Sabine equation according to ISO 354:2003 standard [20] is perfectly possible and
accepted in the scientific literature [22,23]. However, values of this coefficient higher than 1 may result in
some special cases with the Sabine equation [24,25,26,27]. If the absorption coefficient of a material is
understood as the ratio between the absorbed and incident energy, this fact raises an interesting question
from a physical point of view and discussed by researchers concerning the specific case of concert hall
audience and chair absorption [27,28,29]. Based on the results of experimental tests, Eyring, C [30] indicated
that the failure of Sabine's formula occurs when the average absorption coefficient of a room is quite high
(above 0.5). More recently, Beranek, L. [27] pointed out that Sabine absorption coefficients must be able to
take all values from zero to infinity and that the concept that a Sabine coefficient of 1.0 is equivalent to
complete sound absorption by a surface is false. This study also showed some differences between the values
for the absorption coefficient calculated from the Sabine and Eyring equations in different halls. The values
derived from the Sabine equation were higher and the difference between them was greater as the value of
the absorption coefficient increased.
Taking into consideration this scientific discussion of the Sabine equation and given that it is used in the ISO
354:2003 standard [20], its application in engineering consultancy may become a problem in some cases. In
this context, it seems interesting to compare the results of alternative formulas for the calculation of the
absorption coefficient. This manuscript presents a comparison between the results obtained using the Sabine
equation and that proposed by Millington-Sette [29,31,32] in the calculation of the sound absorption
coefficient (α s ), the practical (α p ) and weighted (α w ) sound absorption coefficients with random sound
incidence in a standardised reverberation chamber for some samples of natural virgin cork.
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Methodology

In this paper, experimental investigations with different samples of virgin natural cork were performed in a
normalised reverberation chamber to determine their sound absorption coefficient (α s ) as well as the practical
(α p ) and weighted (α w ) sound absorption coefficients with random sound incidence according to the
guidelines of ISO 354:2003 [20] and ISO 11654:1997 [21]. Figure 1 shows two small pieces of natural virgin
cork with the outer bark facing upwards (Fig. 1a) and downwards (Fig. 1b) from which the samples studied
were made.
(a)

(b)
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Figure 1 – Small pieces of virgin cork where outer bark faces: (a) upwards; (b) downwards
Since the analysis presented in this paper is based on the results obtained from a previous publication [23], in
which all the details of the methodology such as the cork sample collection and treatment, the testing
methodology, the samples analysed and the calculation method are described, a brief description of the
methodology is included.
For the reverberation time (RT) measurements, the interrupted noise signal method with pink noise was
employed and 12 source-microphone combinations were considered. The reverberation time was obtained in
the third octave bands between 100 Hz and 5 kHz.
Three samples of natural virgin cork were designed for the tests and placed on the floor of the reverberation
chamber according to the indications of the type A mounting of annex B of the ISO 354:2003 standard [20].
Table 1 describes the main characteristics of samples S1, S2 and S3. In the case of samples S1 and S2, they
had an area of 10.2 m2 and an average thickness of 6 cm. In sample S1, the outer bark of the cork was facing
upwards, while in S2 it faced downwards. Sample S3 was a decorative absorbent panel proposed as a final
product. While the edges of S1 and S2 were covered with an acoustically reflective frame following the
indications of the ISO 354 standard, in S3 they were not covered because the standard indicates that this
should be the case for those samples that are commonly exposed in a real application.
Table 1. Characteristics of the virgin cork samples S1, S2 and S3
Sample

Description

Area (m2)

Average thickness (cm)

S1

Outer bark facing upwards

10.2

6

S2

Outer bark facing downwards

10.2

6

S3

Decorative absorbent panel
made of S1 and S2

10.1

4

Concerning the calculation method for the absorption coefficients, the sound absorption coefficient (α s ) was
first determined for each of the three samples of natural virgin cork by means of Equation 1, where A T is the
equivalent sound absorption area and S is the area of the test sample. The specifications of ISO 354:2003
[20] standard were followed to this end. The practical (α p ) and weighted (α w ) sound absorption coefficients
of each sample was then calculated in accordance with the procedure of ISO 11654 [21].
αs = AT / S

(1)

The formula used in ISO 354:2003 [20] for the calculation of reverberation time is known as the Sabine
formula (Equation 2). Although the use of this equation is widely accepted for comparing materials, given
the discrepancies about the values obtained for the absorption coefficient in some cases [24,25,26,27], a wide
discussion was raised in the scientific literature [27,28,29,30] and other alternative formula for the
calculation of reverberation time such as that of Millintong-Sette (Equation 3) was proposed [29,31,32].
or

(2)

(3)
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Results and discussion

In this section, a comparison is made between the results obtained using the Sabine equation (Equation 2)
indicated in ISO 354:2003 and that proposed by Millington-Sette (Equation 3) in the calculation of the sound
absorption coefficient (α s ), together with the practical (α p ) and weighted (α w ) sound absorption coefficients
with random sound incidence in a standardised reverberation chamber for samples S1, S2 and S3 of natural
virgin cork. Figure 2 shows the values of the difference between the coefficients α s (Figure 2a) and α p
(Figure 2b) calculated using the Sabine (Equation 2) and Millintong-Sette (Equation 3) equations. If the
values of the absorption coefficients of the three samples are observed in [23] (they were not greater than 1
in any case), a relationship between the magnitude of Δα s and Δα p and the value of the corresponding
absorption coefficient can be found. That is, the difference between the absorption coefficients calculated
with the Sabine (Equation 2) and Millington-Sette (Equation 3) equations increases as the value of the
absorption coefficient increases. The maximum Δα s value obtained for samples S1, S2 and S3 is 0.19 for an
α s SABINE value of 0.68, which represents a variation of up to 28% with respect to the calculated α s SABINE
value. Similar results were found for α p . These values of Δα s and Δα p implied a slight variation of 0.05 in the
α w coefficient of the tested samples, which did not translate into a variation in the sound absorption
classification in accordance with the ISO 11654:1997 standard (Table 2).
(a)
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(b)

Figure 2 – Differences between Sabine and Millington-Sette sound absorption coefficients for samples S1,
S2 and S3: (a) α s ; (b) α p
Table 2. Sabine and Millington-Sette weighted sound absorption coefficients and sound absorption
classification for samples S1, S2 and S3.
Sample

α w SABINE

α w MILL.

S1
S2
S3

0.35
0.35
0.40

0.30
0.30
0.35

Sound absorption
classification ( SABINE - MILL. )
D-D
D-D
D-D

Since a proportional relationship was found for Δα s and Δα p with respect to the value of α s SABINE for the
samples of virgin cork studied in the reverberation chamber, higher values of Δα s and Δα p could be found in
materials with higher α s SABINE , as is the case of sheep wool and PET [13,22]. Some researchers compared
Sabine's absorption coefficient with others such as Eyring's proposal [30]. Beranek, L. [27] found a ratio of
Eyring to Sabine coefficients of about 0.85 in concert halls and lower than 0.5 in rooms with short
reverberation times. This indicates that the characteristics of the room may influence the results. It would
therefore seem interesting to extend research in this direction to find out whether this is transferable to
5

experimental tests in different standardised reverberation chambers. But Beranek, L. also found that the
values for the absorption coefficient from the Sabine equation were greater than those from Eyring equation
and the difference between them increased as the value of the absorption coefficient rose. Therefore, taking
into account the difference in the results of the sound absorption coefficient with the Sabine and alternative
equations, it might be interesting to consider the possibility of using these other equations in engineering
consultancy applications.
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Conclusions

This paper presents a comparison between the results obtained using the Sabine and Millington-Sette
equation in the calculation of the sound absorption coefficient (α s ), the practical (α p ) and weighted (α w )
sound absorption coefficients with random sound incidence in a standardised reverberation chamber for
some samples of natural virgin cork.
A variation of up to 28% in the coefficient αs was found in the calculation with the Sabine and MillingtonSette equations, with similar values for α p . These variations (Δα s and Δα p ) showed a relationship with the
value of the corresponding absorption coefficient. That means that the difference between the absorption
coefficients calculated with the Sabine and Millington-Sette equations increases as the value of the
absorption coefficient increases. Only a slight variation of 0.05 in the α w coefficient of the samples was
found, which did not translate into a variation in the sound absorption classification indicated in the ISO
11654 standard.
Considering the difference in the results derived from the Sabine and alternative equations, an interesting
discussion could be raised on the question of using these other equations in engineering consultancy
applications.

Acknowledgements
This project was co-financed by European Regional Development Fund (ERDF) and Consejería de
Economía, Ciencia y Agenda Digital of Junta de Extremadura (GR18107 and IB18050). This work was also
supported by Consejería de Economía, Ciencia y Agenda Digital of Junta de Extremadura, European Union
and European Social Fund (ESF) through grants for the strengthening of R&D&I through the mobility of
postdoctoral researchers (PO17014) and by Consejería de Economía, Ciencia y Agenda Digital of Junta de
Extremadura through grants for attracting and returning research talent to R&D&I centres belonging to the
Extremadura Science, Technology and Innovation System (TA18019), where University of Extremadura was
the beneficiary entity in both cases.
Fondo Social
Europeo
Una manera de
hacer Europa

Fondo Europeo de
Desarrollo Regional
Una manera de hacer
Europa

References
[1]

Vardaxis, N.-G., Bard, D., Persson Waye, K. Review of acoustic comfort evaluation in dwellings—
part I: Associations of acoustic field data to subjective responses from building surveys. Building
Acoustics 25, 2018, 151–170. https://doi.org/10.1177/1351010X18762687

6

[2]

Vardaxis, N.-G., Bard, D. Review of acoustic comfort evaluation in dwellings: part II—impact sound
data associated with subjective responses in laboratory tests. Building Acoustics 25, 2018, 171–192.
https://doi.org/10.1177/1351010X18772026

[3]

Gómez Escobar, V., Barrigón Morillas, J.M. Analysis of intelligibility and reverberation time
recommendations
in
educational
rooms.
Applied
Acoustics
96,
2015,
1–10.
https://doi.org/10.1016/j.apacoust.2015.03.001

[4]

Luzzi, S., Busa, L., Bartalucci, C., Pulella, P. The design of acoustic and global comfort in restaurants:
The case study of fratelli briganti´s restaurant. Akustika 39, 2021, 121–125.
https://doi.org/10.36336/akustika202139119

[5]

D’Orazio, D., Montoschi, F., Garai, M. Acoustic comfort in highly attended museums: A dynamical
model. Building and Environment 183, 2020, 107176. https://doi.org/10.1016/j.buildenv.2020.107176

[6]

Laurìa A, Secchi S, Vessella L. Acoustic Comfort as a Salutogenic Resource in Learning
Environments—A Proposal for the Design of a System to Improve the Acoustic Quality of
Classrooms. Sustainability 12(22), 2020, 9733. https://doi.org/10.3390/su12229733

[7]

Tsirigoti D, Giarma C, Tsikaloudaki K. Indoor Acoustic Comfort Provided by an Innovative
Preconstructed Wall Module: Sound Insulation Performance Analysis. Sustainability, 12(20), 2020,
8666. https://doi.org/10.3390/su12208666

[8]

Montes González, D., Barrigón Morillas, J.M., Rey Gozalo, G., Godinho, L. Effect of parking lanes on
assessing the impact of road traffic noise on building façades. Environmental Research 184, 2020,
109299. https://doi.org/10.1016/j.envres.2020.109299

[9]

Montes González, D., Barrigón Morillas, J.M., Rey Gozalo, G., Godinho, L. Evaluation of exposure to
road traffic noise: Effects of microphone height and urban configuration. Environmental Research
191, 2020, 110055. https://doi.org/10.1016/j.envres.2020.110055

[10] Montes González, D., Barrigón Morillas, J.M., Rey Gozalo, G., Atanasio Moraga, P. Microphone
position and noise exposure assessment of building façades. Applied Acoustics 160, 2020, 107157.
https://doi.org/10.1016/j.apacoust.2019.107157
[11] Schiavi, A. Improvement of impact sound insulation: A constitutive model for floating floors. Applied
Acoustics 129, 2018, 64–71. https://doi.org/10.1016/j.apacoust.2017.07.013
[12] Alonso, A., Patricio, J., Suárez, R., Escandón, R. Acoustical retrofit of existing residential buildings:
Requirements and recommendations for sound insulation between dwellings in Europe and other
countries
worldwide.
Building
and
Environment
174,
2020,
106771.
https://doi.org/10.1016/j.buildenv.2020.106771
[13] Del Rey R, Uris A, Alba J, Candelas P. Characterization of Sheep Wool as a Sustainable Material for
Acoustic Applications. Materials 10(11), 2017, 1277. https://doi.org/10.3390/ma10111277
[14] Morillas, J.M.B., Maderuelo-Sanz, R., Atanasio-Moraga, P., Escobar, V.G., Vílchez-Gómez, R.,
Gozalo, G.R., González, D.M. Virgin cork, a possible environmentally friendly by-product of the cork
with acoustic properties for its use inside dwellings? Wood Research 65, 2021, 1025–1030.
https://doi.org/10.37763/WR.1336-4561/65.6.10251030
[15] Gómez Escobar V, Rey Gozalo G, Pérez CJ. Variability and Performance Study of the Sound
Absorption
of
Used
Cigarette
Butts.
Materials
12(16),
2019,
2584.
https://doi.org/10.3390/ma12162584
[16] Martellotta, F., Cannavale, A., Matteis, V.D., Ayr, U. Sustainable sound absorbers obtained from olive
pruning
wastes
and
chitosan
binder.
Applied
Acoustics
141,
2018,
71–78.
https://doi.org/10.1016/j.apacoust.2018.06.022

7

[17] Khan, A., Mohamed, M., Halo, N.A., Benkreira, H. Acoustical properties of novel sound absorbers
made
from
recycled
granulates.
Applied
Acoustics
127,
2017,
80–88.
https://doi.org/10.1016/j.apacoust.2017.05.035
[18] ISO 10534-2. Acoustics-Determination of Sound Absorption Coefficient and Impedance in
Impedances Tubes-Part 2: Transfer-Function Method; International Organization for Standardization:
Geneva, Switzerland, 1998
[19] Berardi, U., Iannace, G. Acoustic characterization of natural fibers for sound absorption applications.
Building and Environment 94, 2015, 840–852. https://doi.org/10.1016/j.buildenv.2015.05.029
[20] ISO 354. Acoustics-Measurement of Sound Absorption in a Reverberation Room; International
Organization for Standardization: Geneva, Switzerland, 2003.
[21] ISO 11654. Acoustics-Sound Absorbers for Use in Buildings. Rating of Sound Absorption;
International Organization for Standardization: Geneva, Switzerland, 1997.
[22] Del Rey, R.; Alba, J.; Ramis, J.; Sanchis, V.J. New absorbent acoustic materials from plastic bottle
remnants. Mater. Constr. 61, 2011, 547–558. doi: 10.3989/mc.2011.59610
[23] Barrigón Morillas JM, Montes González D, Vílchez-Gómez R, Gómez Escobar V, Maderuelo-Sanz R,
Rey Gozalo G, Atanasio Moraga P. Virgin Natural Cork Characterization as a Sustainable Material for
Use in Acoustic Solutions. Sustainability 13(9), 2021, 4976. https://doi.org/10.3390/su13094976
[24] Sabine, W.C. Collected Papers on Acoustics 1900–1915. Peninsula, Los Altos, USA.
[25] Bradley, J.S. Predicting Theater Chair Absorption From Reverberation Chamber Measurements.
Journal of the Acoustical Society of America 91, 1992, 1514–1524. https://doi.org/10.1121/1.402483
[26] Bradley, J.S. The sound absorption of occupied auditorium seating. Journal of the Acoustical Society
of America 99, 1996, 990–995. https://doi.org/10.1121/1.414562
[27] Beranek, L.L. Analysis of Sabine and Eyring equations and their application to concert hall audience
and chair absorption. Journal of the Acoustical Society of America 120, 2006, 1399–1410.
https://doi.org/10.1121/1.2221392
[28] Hodgson, M. Experimental evaluation of the accuracy of the Sabine and Eyring theories in the case of
non-low surface absorption. Journal of the Acoustical Society of America 94, 1993, 835–840.
https://doi.org/10.1121/1.408262
[29] Millington, G. A Modified formula for reverberation. Journal of the Acoustical Society of America 4,
1932, 69–82. https://doi.org/10.1121/1.1915588
[30] Eyring, C.F. Reverberation time in ‘Dead’ rooms. Journal of the Acoustical Society of America 1,
1930, 217-241. doi:10.1121/1.1915175
[31] Norris, R.F. A derivation of the reverberation formula. Architectural Acoustics ed. V. O. Knudsen,
Appendix II, John Wiley & Sons, New York (USA), 1932.
[32] Sette, W.J. A new reverberation time formula. Journal of the Acoustical Society of America 4, 1933,
193–210. https://doi.org/10.1121/1.1915600

8

