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A5-0

Intention

The FESI Document A5 "Acoustics in rooms" is one of a series of five papers on acoustical problems that
present themselves to the builder together with their solutions.
The terminology used have been taken from CEN in close co-operation with the acoustical technical
committee TC 126.
The total block of acoustical documents will comprise the following titles:
•
•
•
•
•

A2
A3
A4
A5
A6

"Basics of acoustics" May 2000
"Product characteristics – Acoustic insulation, absorption, attenuation" September 2002
"Acoustics in buildings"
"Acoustics in rooms"
nd
"Industrial acoustics" 2 revised edition, January 2006

With the edition of the remaining document A4 "Acoustics in buildings" the total series of documents will
be completed by 2006.
A5-1

Introduction

The rooms under consideration could be very different, with very different desired acoustic characteristics
dependent upon the nature of the activities foreseen and the size of the location.
One could distinguish between two great categories of rooms:

-

those that need to be treated without it being necessary to obtain very precise acoustic performances,
such as offices, classrooms, meeting rooms ...

-

those that need to be treated in a very precise fashion because the satisfaction of users will depend
on the quality of sound production and the possibility to listen. This concerns rooms for demonstrations, auditoriums, theatres, operas, but also recording studios and even rooms for acoustical tests,
dead rooms or reverberation rooms.

The study and the realisation of acoustical treatment of rooms of the first category could be made by a
specialised company having personnel of a basic knowledge in acoustics available. In this document, we
give the principles of treatment and the necessary tools for their determination.
Regarding the rooms of the second category, it is prudent to address a specialist. And in this document
we address the decision criteria to be used with a view that specialised companies may be able to understand what is demanded of them.
The acoustic in rooms is not an exact science. If one considers that a room will be appreciated by an
individual who is using it, one realises that one immediately enters into an area of subjectivity. There are
certain criteria to be known and to be studied, relative developments to be respected, but the values to be
obtained by these criteria are always of an indicative nature.
To realise the acoustic quality of a room, regardless of its nature, one uses the characteristics of absorption, reflection and diffusion of the materials. However, these characteristics are not very well known: for
example, the absorption coefficient of a product is measured in a reverberation room by using a formula
which need not be applicable for the configuration measured. Nevertheless, in the majority of questions
under consideration the values given by laboratories are sufficient, considering the desired precision of
the results. On the other hand, in case of need for precise results, it is useful to foresee an initial treatment, a measurement of the results and an adaptation by a treatment using the results of that measurement.
Finally, this document does not treat electronic systems (loudspeakers, chain electro-acoustics etc.).

A5-2

Acoustic performance in different rooms

A5-2.1

General

The characteristic of the acoustic field inside an enclosure or room is intimately related to the dimensions
of that room. The surrounding surfaces play an important role in the processes of radiation and reception
of the sound. The theoretical studies of the acoustic field are based on the theories that are described
below.
Besides, it is also necessary to keep in mind the psycho-acoustic theories, that consider the subjective
sensation instead of the theoretical acoustical performance of a room.
Statistical theory
It considers the sounds (speech and music) produced inside the room, as well as the phases of the
waves radiated by the sources of sound, as random and irregular signals. This method does not discover
the intrinsic physical details of the phenomenon, although with some empirical and simple math, permits
to obtain objective conclusions. The fundamental concepts used by this theory are: reverberation time
and acoustical energy density.
Geometric theory
The sound field is considered a combination of rays, based on the laws of optical geometry. This theory
applies when the interior surfaces are covered with materials of different absorption characteristics. The
acoustic field is studied by means of the acoustic energy obtained in any point from the rays that after
being reflected, pass through that point. At low frequencies, this theory renders results of limited accuracy
only.
Wave theory
This theory is based on the fact that the empty space inside a room behaves as a vibratory system, that is
excited by the signal from the sound source. It utilises the theory of waves and modes.
In this FESI document, that intends to be practical and descriptive, concepts and parameters of all the
previous theories will be used, but without focusing on any of them in particular.
A5-2.2

Reverberation

A5-2.2.1

General

Reverberation time has traditionally been considered the most important parameter in order to characterise the acoustic quality of a room. In fact, it was the only parameter used until the 60 – 70’s of the twentieth century.
Although there are a number of acoustic parameters resulting from the advances performed in fields such
as room acoustics and psycho-acoustics, and specially in rooms with high acoustic performance (auditoria), reverberation time is still a parameter of primary importance.
Reverberation time (T) allows us to assess the acceptability of a room, in particular auditoria and halls for
music or lectures; and also the intelligibility of a speech in a given room.
The physical concept of reverberation time is first discussed and then we will approach its calculation and
measurement
Let us consider a room where a noise is produced and reaches a receiver. Paths of different length can
be considered from the source to the receiver. Noise will reach the receiver directly (at time t after it has
been emitted), but also indirectly after reflections at walls, floor and ceiling (at times t + ∆t1, t +
∆t2…depending on the distance travelled by the reflected noise before reaching the receiver). This means
that sound will arrive step by step at the receiver's location until the total stationary sound level is attained.
Also, when noise emission ends once the source is turned off, direct noise will vanish first, followed by the
reflected noise.

Actually, the final sound arrives (and ends) continuously since there are many paths from the source to
the receiver. The following figure shows in a realistic way how a noise level is reached by turning on a
stationary source (“On”) and ends when the source is shut off (“Off”) in a room.
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F
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Figure 1: Sound pressure level (SPL) variation with the time, when a sound source starts (ON) or
stops (OFF)
A5-2.2.2

Nature of reverberation

Once a stationary sound field is formed, sound picked up by a microphone consists of both direct an indirect sound. The direct sound is the same as would exist in the open or in an anechoic chamber. The indirect sound is the sound that results from all the various non-free field effects characteristic for an enclosed space. These effects are unique to a particular room, and may be called “room response”.
There are three kinds of indirect sound, or factors involved:
a) The indirect sound that arrives after the direct sound has arrived, as a set of reflections from room
surfaces. These are spread out in time because of the different path lengths travelled.
b) Room resonances. They predominantly occur in the low frequency region, when the wavelengths of
the sound are comparable to the room dimensions. The ray concept works for higher frequencies and
their shorter wavelengths. Around 300 – 500 Hz is a transition zone.
c) Materials of construction (doors, windows, walls, floors). They are set into vibration by the sound from
the source, and this sound produced by these vibrations decays at its own particular rate when excitation is removed.
As reverberation is the composite of all three types of indirect sound – albeit c above being clearly the
weakest and least important – , measuring reverberation time does not reveal the individual components.
Herein lies the weakness of reverberation time as indicator of a room quality. This is why it is said that
reverberation time is an indicator of a room's acoustical condition, but not the only one (even if it is the
most important in many cases).
A5-2.2.3

Reverberation time

Reverberation time (T) is defined as the time required for the sound in a room to decay 60 dB (a change
in sound power of 1 million, and in sound pressure of 1000) from the moment the source is stopped. In
terms of hearing sensation, it shows the time required for a sound that is very loud to decay to inaudibility.
The following left figure shows the theoretical determination of reverberation time.
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Figure 2: Determination and process of a reverberation time
In practice, the real situation is mostly the one shown in the right figure. It is necessary to extrapolate the
straight portion of the decay to evaluate the T.
A5-2.2.4

Measuring reverberation time (T)

It is possible to calculate T according to various formulae and information on absorption materials. Anyway, the measurement of T, even if not very easy to make, is more accurate than calculation, due to the
uncertainty in the absorption coefficients of the materials and the complexity of the reverberation process.
Despite the continued use of reverberation to characterise the acoustics of rooms, few studies have examined its dependence on a particular method of measurements, and a lot of investigation still needs to
be done. For instance, some studies have detected differences of up to 20% in reverberation time measured, depending on the microphones used. This shows that even measurements are burdened with uncertainties.
To measure the reverberation time, it is necessary to excite the room. Then, the sound source must have
enough energy throughout the frequency spectrum considered, to assure decays sufficiently above the
background noise. For large spaces, all kinds of impulse sources have been used, very commonly used
is a pistol firing blank ammunition. For small rooms, it is possible to obtain the T with a steady-state exciter: a noise source giving random noise (white or pink). Then, two methods of exciting rooms are available: broad-band or impulse response.
In the traditional method a broad-band noise source is used, and after the source has been switched off,
the decay curve can be recorded. However, this curve can have strong fluctuations due to the stochastic
character of the excitation noise, and several decay curves should be evaluated in each position.
Another traditional method is the use of a pistol shot as an excitation signal. By this method the impulse
response of the room is measured. One major quality of this method is that there will be no stochastic
fluctuations, so one excitation in each position will be sufficient to get a decay curve.
There are other special methods, occasionally used, outside the scope of this document.
In practice, it is rarely possible to realise the entire 60 dB decay, it is more usual to get 45 – 50 dB decays, or even lower ones.
In order to make a good measurement of T, all the modes of the room should be excited. In some cases
this is possible (for instance, in a regular rectangular room), but in most situations, for the usual calculations, this is not a realistic approach.
As there are important variations of reverberation time dependent on the position of the microphones, it is
necessary to take measurements at several positions, and to use the average of those measurements.
Measuring the T, the greatest fluctuations are in the lower bands (63, 125 Hz); and the least in the highest one (4 – 8 kHz), due to the fact that in the high bands there is a statistical smoothing of the great
number of normal modes included.

It is important for measuring reverberation time, to know how the equipment and the software used work.
There is one ISO standard regarding the T measurement: ISO 3382 (the update of this standard is expected during 2006).
Below, some ideas based on that standard are given. This can help to measure T in practical cases. For
difficult and complex situations (auditoria, special rooms (anechoic)..., the job has to be done by specialists.
The norm provides reverberation time T measurements as well as recommendations for noise control in
enclosed spaces and music/ speech auditoria. However, these do not apply to laboratories or reverberant
chambers.
Reverberation time T determined by the slope of the best linear fit of the real curve measured between 5
dB and 35 dB below the maximum level (in some documents and bibliography, 25 dB instead of 35 dB
are given).
Furthermore, the number of occupants of the hall has to be known, together with features like the presence of curtains and if the orchestra pit is opened or closed. The existence of a reflecting shell must also
be considered.
In order to take into account environmental absorption, temperature and relative humidity need to be
measured with a precision of +-1ºC and +-5% respectively.
In the standard, specifications about acoustic sources and suggested microphones and filters can be
found in agreement with the usual norms and depending on different aspects.
Enough measurement positions must be selected to cover the whole room and to avoid the influence of
direct sound with a minimum distance between source and microphone given in meters by the expression:

dmin = 2 ⋅

V
cT

[1]

3

where: V is the volume of the room in m
c is the speed of sound in m/sec.
T is the reverberation time in s

For small rooms where the previous requirement is not satisfied, an acoustic barrier with negligible absorption can be introduced between source and microphone
In considering the excitation of a room, two methods are established: the interrupted noise method and
the impulse response method, equivalent to the two methods (with sound source/ with impulse source)
mentioned earlier.
The Norm suggests to measure frequencies in octaves between 63 Hz and 4 kHz in concert halls/ speech
auditoria; and in third-octaves between 100 Hz and 5 kHz in rooms for other purposes. Modern equipment allows for a measurement in octaves in every case, which is easier.
Measurement of short reverberation times, below 0,3 seconds
For some rooms, (listening and recording studios, video-conferencing rooms, radio and TV control
rooms), reverberation time is too short to be measured in one-third octave bands by usual methods. Even
if some useful information is given in the standard for reverberation rooms ISO 354, the measurement of
short reverberation times is outside the field of that standard. Consequently, the measurement procedures must be defined utilising experience from other practical measurements, and the possibilities offered by modern instrumentation. This is a very complicated area to be dealt with only by specialists.

A5-2.2.5

Calculation and prediction of reverberation time

There are many formulae more or less suitable for the prediction of the reverberation time in a room, depending on the individual room characteristics. Mainly, two sets of theories can be mentioned, the "classic
theory" and the "directional theory".
Classic theory
The first theory developed was Sabine's formula (1902) and it is the basis of the so-called "classic theory". Also, the Eyring and Norris (1930-32) and Millington and Sette (1932-1933) or the Kutturff formulae
are included in this theory. We present the two most popular formulae: Sabine and Eyring.
All these formulae assume that the acoustic field in the room is diffuse.
Reverberation time defined by Sabine is inversely proportional to the averaged absorption coefficient,
which is obtained as the arithmetic mean of all absorption coefficients for all surfaces in the room. This
equation is valid for rooms with long reverberation times and diffuse acoustic fields.

V

TSab = 0,16 ⋅

−

= 0,16

S ⋅ α Sab
where:

V
A

[2]

TSab is the reverberation time, calculated with the Sabine Formula
0,16 ≈ 60 / (1,086 ⋅ c ) , for 20 °C
3
V is the volume of the room, m
2
S is the area of all surfaces, m
2
A is the equivalent sound absorption area of the room, m
−

αSab is the absorption coefficient measured in a laboratory
−

S ⋅ α Sab =

¦S ⋅α
i

iSab

=A

[3]

Eyring and Norris used the same prediction formula introducing a logarithmic dependence to Sabine's
reflection coefficient.

0,16 ⋅ V
[4]
−
·
§
¸
¨
− S ⋅ ln¨1 − α Sab ¸
¹
©
αSab must be distinguished from α , measured or calculated in-situ. This theoretical Sabine’s absorption
coefficient can reach a value greater than 1, as found sometimes in literature and suppliers’ information. If
so, a value of 1 or even maximum 0,9 should be generally applied. Yet, when smaller absorber panels
are used as single elements, which means that they are mounted with mutual distance, absorption coefficients greater than 1 are allowable.
TEyr =

The Sabine and Eyring formulae are slightly different. For high total sound absorption, the Sabine formula
gives longer reverberation times than the Eyring formula, but the differences become smaller as the total
amount of sound absorption decreases. Generally, it can be said that, when α Sab > 0,2 , the error according to Sabina’s formula is greater than 10%. In this case, the Eyring formula is recommended.
In most cases, a mention of T means TSab.
Directional theory
It is generally known that Sabine's or Eyring's formulae are seriously in error if the sound absorption of
the room is unevenly distributed. Then, in order to predict the reverberation time in rooms with nonhomogeneous absorption distribution, other formulae must be used.
Some formulae, introducing correction to the classical theory, have been developed: Fitzroy (1959), Arau
(1988), Tohyhama (1995), Neubauer (2000), Nilsson (EN 12354-6).
Unfortunately, even if the actual problem is very common (for instance: classrooms with absorption only
in the ceiling, offices with absorption in ceiling and floor) it is difficult to recommend one of those formulae
for a general purpose. Some researches show very different results depending on the formula used. But
these researches are made for different rooms and situations, and it is not easy to compare the results in
order to give a recommendation.

It is important to understand that the equations used in acoustical design are as important as the absorption values required in the formulae. The absorption coefficient values are obtained from measurements
in a test chamber using non-appropriate equations, because standard specifications for absorption coefficients measurements in reverberation chamber use Sabine’s formula in non – uniform sound field situations. This fact introduces an error in predicting reverberation time independent of the chosen theory because initial values may be wrong.
For these reasons, computer predictions of reverberation time in commercially available programs are not
more accurate than the best analytical prediction.
For information, below, different results of calculations and measurements of T in a classroom of a university are given to illustrate the problem of predictability.
Frequency
125
500
1000
2000

Table 1:

Measured
0,89
0,58
0,50
0,74

Sabine
1,06
0,66
0,54
0,63

Fitzroy
0,95
0,97
1,2
1,69

Eyring
0,98
0,57
0,46
0,55

Milling
0,97
0,54
0,42
0,50

Kuttruf
1,02
0,62
0,50
0,59

Arau
0,92
0,67
0,62
0,79

Neubauer
0,94
0,53
0,42
0,50

Measurements of T compared to calculation results in a university classroom: Occupancy: 50%

According to some investigations, an engineering-type accuracy of reverberation time predictions in practical applications is ± 10% (this means the difference between theoretical prediction and practical measurement).
Therefore, there is no formula, applicable in every case. The Sabine formula is the simplest and gives a
sufficient evaluation in most cases. However, where a better accuracy is needed, we can use provisional
calculations software, more complicated, and it becomes a specialist concern.
We can notice that the standard for the measurement of the absorption coefficient of a material in a reverberant room uses the Sabine formula. But, when the absorbing material to measure is introduced in
the room, the absorption in the room is not uniformly distributed anymore and at least one of the Sabine’s
formula validity conditions is not met.
A5-2.3

Speech intelligibility

A5-2.3.1

General

One of the essential parameters to determine the acoustic behaviour of any place is the intelligibility of
speech, understood to be the comprehensibility of spoken words.
In fact, the precise way in which the ear-brain mechanism decodes speech remains something of a mystery. Such factors as loudness, duration and spectral content certainly affect speech perception, but how
they may interact is not fully understood.
Diminished intelligibility is associated with a loss of information that is coded in a number of highly interactive elements, and many factors influence it.
The most common obstacle for a high-quality intelligibility is the intrusion of unwanted sounds that interfere with the speech signal. The effect is called "masking", a general term that covers a very wide variety
of situations. One relationship between the strength of the speech signal and the masking sound is called
the signal-to-noise ratio expressed in decibels.
Many other factors influence intelligibility, not only objective (measurable) phenomena, but also subjective
perception: context of conversation, lecture of lips, tone or mind of speaker or listener, etc. However, in
this chapter we focus on those aspects which allow for measurement, evaluation and are thereby suitable
for a comparison of the intelligibility of speech in rooms.
As initial theoretical information, it is interesting to know that consonants determine the comprehension of
an oral message. In case of a normal conversation, the maximum contribution at the level of voice is provided in the medium frequencies. The table below shows some information.

Approximate frequency range
(Hz)
200 – 6000
500 – 4000

Speech range
Speech intelligibility /frequencies most necessary)
Speech privacy range (containing speech sounds which
intrude most objectionably into adjacent areas)
Male voice (peak frequency of energy output)
Female voice (peak frequency of energy output)

Table 2:

250 – 2500
280 – 350
500 – 700

Significant frequency ranges for speech communication

Figure 3: Hearing area and areas for music and speech emission
In the table below, the spectra of men's and women’s voices (normal level) at 1 meter (man) and at 0,25
m (woman) distance are given, according to the standard ISO 9921:2003 (which refers to CEI 60268-16).
In the table, the women’s voice spectrum at 1 meter was calculated according to the formula [5]
Octave
Man, 1 m
Woman, 0,25 m
Woman, 1 m (calculated)

Table 3:

125
62,9
61,6
49,6

250
62,9
71,3
59,3

500
59,2
64,1
52,1

1000
53,2
56,9
44,9

2000
47,2
50,2
38,2

4000
41,2
49,3
37,3

8000
35,2
48
36

dB
67
73
61

dBA
60
66
54

Spectra of men's and women's voices

The voice level at a distance r (listener position) from the speaker, is calculated according to the following
formula in dB for each octave band or in dB(A):

§r ·
L r,L = L S,1 − 20 ⋅ log10 ¨¨ ¸¸
© r0 ¹

[5]

where: Lr,L = Speaker’s voice level at the listener position
LS,1 = Speaker’s voice level at the reference distance (r0 = 1 meter) according to Table 3
r = Distance (meters) speaker - listener
According to ISO 9921:2003, this formula is always valid for r < 2 m. When T < 2 s, for 500 Hz, it is valid
for r < 8 m.
In rooms with a long reverberation time, the intelligibility is very low. This is due to the fact that the energetic decline of vowels in such a room is perceptibly slower than would be the case in the open. This is
caused by a temporary overlap of vowels and consonants, masking the consonants.
In a normal conversation between two people, the sound level one meter away from the speaker usually
reaches between 50 – 65 dBA, when the background noise is below 50 dBA. As the background noise
level increases, the voice level must also be increased. For example, if the background noise reaches
60 dBA, the voice level will be increased by 3 to 6 dBA. When a lot of people is talking (for example in a
meeting room, or a restaurant), the total background noise is the combination of the original background

noise and the "noise" of many parallel conversations. In this situation, as each person increases its voice
level, the total background noise also increases, resulting in a requirement to further increase the volume
of ones conversation, and so on… This is known as “cocktail effect” (see A5-3.7.2.1).
A5-2.3.2

Indices for the determination of speech intelligibility

There are many indices and parameters determining the intelligibility of speech. This chapter deals with
some of the most useful. Some useful methods and information regarding intelligibility are given in the
ISO 9921:2003 “Assessment of speech communication”. The information given in this chapter comes
from that ISO, but also from different documentation and recommendations from the actual acoustic calculations in Europe. For example, the ISO 9921 mention the Speech Intelligibility Index (SII), widely used
in USA (according to ANSI S3.5:1997) but not in Europe.
The intelligibility can be measured by “subjective measures” or by “objective (machine) measures ". The
first one uses human beings, rather than electronic test instruments to assess speech communication
systems.
The first theories about intelligibility were based on reverberation time and sound pressure levels at the
listener's position (signal-to-noise ratio, SNR). During the last century, a lot of investigations were developed in order to obtain a good parameter able to give an objective value of intelligibility, based on reverberation time and SNR. For a high-quality acoustic design, different parameters are used, for instance:

-

For reverberation analysis: %ALCons, Direct-to-reverberant ratio, Useful-to-detrimental sound ratios,
Early-to-late sound energy ratio.

-

Signal-to-noise methods: Al, STI, RASTI.

In this chapter, we are going to give some information regarding the most useful parameters that can help
practical engineering or designer work. These parameters are:

-

Sound pressure level in dB(A),
Articulation Index (AI),
Sound Interference Level (SIL),
Percent Articulation Loss of Consonants (%ALCons)
Speech Transmission Index or Rapid Speech transmission Index (STI / RASTI).

In the following table, the limitations of each of them are exposed.

SPL (dB(A))
SIL
AI
%ALCons –
STI/RASTI

Table 4:

Spectrum of the
background noise is
not plane
not valid

Differences in the
sound level with the
time > 10 dB
not valid
not valid

Very reverberant ambiance (TR > 2 sec.)
not valid
not valid

Distorted speech
not valid
not valid
not valid
slightly trustworthy

Limitation of the validity of indices

According to the ISO 9921, the STI and SII have an accuracy 1 – 2 dB, and the SIL accuracy is 2 – 3 dB.
Anyway, the standard gives this data only “as information”.
Early attempts to predict intelligibility led to the development of the articulation index (AI). A fundamental
principle of this AI is that intelligibility of speech depends on a weighted average of the signal-to-noise
ratios (SNRs) in frequency bands spanning the speech spectrum. It varies in value from 0 (completely
unintelligible) to 1 (perfect intelligibility). An AI of 0,3 or below is considered unsatisfactory, 0,3 to 0,5 satisfactory, 0,5 to 0,7 good, and greater than 0,7 very good.
The speech transmission index (STI) (according to standard CEI 60268, part 16) can predict the effects of
reverberation as well as additive noise on the intelligibility. STI values vary from 0 (completely unintelligible) to 1 (perfect intelligibility).

The RASTI (Rapid Speech Transmission Index) was developed as a simpler alternative to the STI. The
RASTI considers that the early reflections arriving at the listener during the first 60 to 80 ms, are good for
the intelligibility, while the later ones have a bad influence. In contrast to STI, RASTI measures only in two
octave bands centred at 500 Hz and 2 kHz, respectively. It is widely used in European countries.
The %ALCons (Percentage Articulation Loss of Consonants) method is widely used by acoustical consultants (particularly in the United States), but it has significant drawbacks. First, it is based on measure1
ments in a single
octave band centred on 2 kHz, all other frequencies are ignored. Moreover, the
3
method does not account for many factors that can affect intelligibility: SNR, background noise spectrum,
distortion, late reflections or echoes, etc.
However, it can be more accurate than RASTI, when reverberation, or strong, late arriving reflections are
the primary problems.
The determination of the SIL and the AI is made (or can be made) taking measurements with a sound
level meter. In the case of the RASTI, special commercial equipment is needed. The %ALCons is also
measured by a machine. Anyway, we include a chart which relates %ALCons to reverberation time and
sound pressure level. With this chart it is possible to obtain the %ALCons and, with the given table, the
relationship between this parameter and the STI / RASTI can be obtained.
Some studies allow for the calculation (instead of the measurement) of STI or RASTI, but in a difficult
way. Furthermore, this is valid only for some particular cases already investigated.
As the intelligibility has a strong relation to reverberation – even if reverberation time is not considered in
some equations for intelligibility –, it is crucial to take account of the degree of occupancy in a room when
measuring or calculating the intelligibility of speech. Reverberation, and thereby obviously the intelligibility
of speech, is strongly influenced by the presence of an audience. The establishment of a degree of intelligibility is required for decisions regarding the necessity of electronic reinforcements of the room acoustic.
A5-2.3.2.1

Calculation of SIL (Speech Interference Level)

Some different standards have been used to determine the SIL. Today, the standard ISO 9921:2003 “Assessment of speech communication” specifies the requirements for the performance of speech communication for verbal alert and danger signals, information messages and speech communication in general.
Methods to predict and to assess the performance in practical applications are described and examples
are given , not only for SIL calculation but also to calculate other parameters, as explained above.
The standard determines the intelligibility according to the difference “SIL – Voice Level”, at the listening
position. The SIL is calculated according to the formula given below [6], and the “voice level” at the listener position according to the formula (A). If this result is greater than 10, then the conversation is satisfactory.
Before the last version of the ISO standard appeared, the SIL was used in another way, as continues to
be used according to the ANSI S3.14 (1977). Below, this useful alternative is explained.
The SIL is determined according to the “normalised method of four octave bands” ( there is a reduced
version with three bands). For this, the sound pressure level (LS) is measured in the octaves 500 – 4000
Hz (with “slow” time weighting), obtaining the SIL as the arithmetic average of the levels measured.

SIL =

L S500 + L S1000 + L S2000 + L S 4000
4

[6]

Then, the obtained value is carried in the following graphic, showing the distance between the speaker
and the listener for a reliable communication (Take care that in the bottom line of the figure, the dBA values are introduced to predict the intelligibility when measuring the level in dB(A)).

Figure 4: Use of SIL
A5-2.3.2.2

Calculation of %ALCons (Percent Articulation Loss of Consonants)

This parameter is in relation with the percentage of the loss of information during a conversation, and for
this reason, the higher the value, the lesser the intelligibility.

% ALCons

T (s)

The value of the %ALCons in a point is determined taking into account the reverberation time T and the
difference among the sound pressure levels of the direct field LD and the reverberation field LR at that
point. This last difference is obtained from characteristic parameters of the room, according to equation
[7].

Figure 5: Determination of the Percent Articulation Loss of Consonants (%ALCons)
The value of %Alcons is obtained in the above chart, introducing in abscissas LD – LR, and in the right
vertical axis the reverberation time T(s).
For the calculation of LD – LR, the following formula is employed:

§ QR ·
LD − LR = 10 ⋅ log ¨ 2 ¸ − 17 (dB)
© r ¹

[7]

where: Q is the factor of directivity of the sound source in the direction considered (Q = 2 for human
voice and frontal direction to the speaker)
2
R is the constant of the room (m )

R=

A
1− A / S

[8]

(see equation [2] for definitions)

r is the distance of the point considered to the sound source in m.
The calculation is made for the band of 2 kHz because it is considered that at this frequency the maximum contribution to the intelligibility of the word is obtained.
The above graph shows:

-

The nearer the listener to the source, the better the intelligibility.
The lower the reverberation time, the better the intelligibility.
The intelligibility gets worse when the listener increases his distance from the source, until a distance
is reached (equivalent to LD – LR = < -10 dB) where the intelligibility remains constant.

A5-2.3.2.3

Relationship between STI (Speech Transmission Index), RASTI (Rapid Speech Transmission Index) and %ALCons

Below is a chart, showing the relation of %Alcons with STI / RASTI, and a board, showing the subjective
value of the intelligibility's grade.

Figure 6: Relation between intelligibility indices and subjective impression
%AlCons
1,4 – 0
4,9 – 1,6
11,4 – 5,3
24,2 – 12
46,5 – 27

Table 5:

STI/RASTI
0,88 – 1
0,66 – 0,86
0,5 – 0,64
0,36 – 0,49
0,24 – 0,34

Subjective valuation
excellent
good
acceptable (fair)
poor
bad

Recommendations
Conference and teaching rooms, theatres
Sport rooms

Correlation between the measured values of speech transmission indices and the
subjective impression

All this information is valid for most European languages.
Note on psycho-acoustics
The study of the ability of the human hearing system to receive information is the aim of psychoacoustics. In some cases, this science can be useful in planning and realising acoustical projects (room
acoustics, musical acoustics, broadcasting and communication systems...).
This kind of studies is outside the scope of this document.

A5-2.4

Sound propagation in rooms

A5-2.4.1

General

Let us consider a point source placed inside a box-shaped room. In any position of the room, the sound
pressure field is the sum total of sounds coming directly from the source and sounds reflected from the
limiting surfaces (walls, ceiling and floor):

[ (

)

(

)]

LP (indoor ) = 10 log 10 ∧ LP (direct ) / 10 + 10 ∧ LP(reflected ) / 10 dB

[9]

The definition of direct sound is that the sound wave has not yet hit any obstacle. This means that the
propagation occurs exactly as in an outdoor free field.
Lp,(direct) = LW + 10 log(Q/4πr²)

[10]

Consequently, the sound pressure of direct sound is calculated using the same formulae, namely the
equations [2], [3] and [4] (spherical, semi-spherical, quarter-spherical propagation) given in document A6.
Lp = LW – 20 log (r) – 11 dB
Lp = LW – 20 log (r) – 8 dB
Lp = LW – 20 log (r) – 5 dB
A5-2.4.2

[11]
[12]
[13]

Sound propagation in cubical rooms (diffuse field conditions)

Provided that the three dimensions of the room do not differ too much, the sound energy is distributed
uniformly through a number of reflections. It means that the sound pressure of the reflected sound is
practically constant

LP (reflected ) = L W − 10 log (R / 4 ) dB

[14]

R is frequently confounded with A. The relation between the two is explained below equation [8].
By inserting equations [10] and [14 ] in equation [9 ], the below expression for sound distribution is obtained:
§ Q
4·
LP (indoor ) = L W + 10 log ¨¨
+ ¸¸ dB
[15]
2
R¹
© 4π r
with

Q = 1 for spherical propagation (source in centre of room)
Q = 2 for hemispherical propagation (high room with source near floor)
Q = 4 for quarter-spherical propagation (high room with source in room corner)

Applying equation [15], the sound distribution for different room conditions leads to the following figure:

Figure 7: Typical distance sound level decrease curves for a room with diffuse field conditions,
with and without different surface treatments
A5-2.4.3

Sound propagation in flat rooms

For details, see ISO 11690 and VDI 3760; these documents also give details for the sound propagation in
rooms of other shapes.
Many industrial halls and large office rooms may be considered to be flat. This means that they have
heights relatively small compared to length and width. In such a room geometry, the diffuse field conditions are not fulfilled. The consequence is that the sound pressure of the reflected sound field decreases
with increasing distance from the source.
For a flat room without dispersing bodies or reflecting walls (indefinitely large hall or hall with highly absorbing walls), the following applies:

LP ≈ L W − 10 lg Q + 10 lg

º
e −D ⋅ d ª
1,6 ⋅ (1 − α * )
2
1+
» 1m
2 «
d ¬ (0,77α * +H / d)(1 + H / d) ¼

[16]

where: D = 0,1 α*/h + αL
α* = αc (+ αf) = sound absorption coefficient of ceiling (and possibly floor)
LP is the airborne sound level in dB
αL is the attenuation coefficient of airborne sound absorption per meter
Q is the factor of directivity of the sound source in the direction considered
H is the room height in m
d is the distance source – receiver in m
h is the height of absorber above ground (in case of absorbing ceilings, h = H) in m
e is 2,71828
Using equation [16], the following sound propagation results at 500 Hz in graphical display for a room of 4
m height. For reasons of comparisons, the sound level difference curves (sdc) at 500 Hz are given for the
same room situation according to the mirror sound source procedure (see also ISO 11690 and VDI 3760).

sdc at 500 Hz

Sound level difference - (Lw Lp)

0,0

-10,0

-20,0

-30,0

-40,0

-50,0
1

10

100

Distance from source, m
open field
according equation [ ] ceiling and floor 0,05, w alls absorbing
according VDI 3730 alpha ceiling and floor 0,05, w alls absorbing
according equation [ ] absorbing ceiling w ith alpha 0,8, w alls absorbing
according VDI 3730 alpha ceiling 0,8 and floor 0,05, w alls absorbing
according VDI 3730 alpha ceiling 0,8 and floor 0,05, w alls sound-reflecting

Figure 8: Comparison of sound decrease curves (sdc) following a simple calculation with a calculation according VDI 3760
With most flat rooms existing in reality, the walls reflect the sound and there are also dispersing bodies.
This leads to a lower decrease of sound levels (roughly 5 to 10 dB – see chapter A5-2.4.5 Complex situations).
Similar results can be obtained using a calculation with Excel software. The input data are the reflection
coefficients (r = 1 - α) of the ceiling and of the floor (rc and rf), the height h over the floor of the source and
the receiving point, the height H of the room, and the distance d between the source and the receiving
point. The calculation determines the square distance between the receiving point and the images of the
source by the floor and ceiling plans. A table gives in one direction the distance source-receiving point
and in the other direction the range of the reflections. Each case of the table is the result of calculation of
the term given between brackets below.

º
ª
2rf rc
rf
rc
B=«
+
+
»
2 2
2
2
2
2
2
4(nH + h) + d
4[(n + 1)H − h] + d ¼»
¬« 4(n + 1) H + d

[17]

So, it is easy to calculate for each distance „source- receiver“ the result of the following equation :
Lp − L W = 10 ⋅ log(

1 1
⋅® +
4 ⋅ π ¯ d2

n

½

¦ B¾¿
0

This approach is available when the walls of the flat room are absorbing.

[18]

A5-2.4.4

Sound propagation in long rooms

Many corridors and tunnels can be viewed as long rooms. This means that one dimension is very large
compared to the others. With sound-reflecting walls, the sound level decrease with increasing distance
from the source only occurs through sound absorption by the air. This means it is very low. With absorbing walls and open respectively highly absorbing ends, the sound pressure level decrease is as in the
open, roughly 6 dB per doubling of the distance if the distance is large compared to the dimensions of the
cross-section.

sdc at 500 Hz
0,0
Sound level difference - (Lw - Lp)

-5,0
-10,0
-15,0
-20,0
-25,0
-30,0
-35,0
-40,0
-45,0
-50,0
-55,0
1

10

100

1000

Distance from source, m
open field
according VDI 3760 ceiling, floor and walls alpha 0,5, ends open
according VDI 3760 ceiling, floor and walls sound-reflecting, ends open

Figure 9: Spatial sound decrease curves for a long room at 500 Hz for rooms without furniture (4
m x 4 m) without ends according VDI 3760
A5-2.4.5

Complex situations

As the reverberation time varies with frequency, the above calculations should be carried out at a number
of frequency bands (most frequently, the octave bands 500, 1000 and 2000 Hz are chosen and sometimes extended with 125, 250 and 4000 Hz dependent upon the intended use of the room).
Most practical situations are more complex than described above. Obstacles like machines and furniture
may reflect or screen the sound and thereby complicate the sound propagation. Inspired from the outdoor
sound propagation "thumb-rule" that the sound pressure diminishes by 6 dB per doubling of distance from
the source, ISO 11690 uses a descriptor DL2 which is defined as the decrease of sound pressure per
doubling of distance from the sound source. In the following table (from ISO 11690), it must be considered that the acoustical quality of a room is good if DL2 is high.
With small / intermediate volume (V < 10.000 m3 and h < 5 m)
without absorbing ceiling, empty
With large volume (V > 10.000 m3 and h > 5 m)
without absorbing ceiling, with fittings
All rooms with absorbing ceiling, with fittings

Table 6:

α
< 0,2

DL2
1 to 3

< 0,2

2,5 to 4

> 0,3

3,5 to 5

Typical values for the average sound absorption coefficient (α
α) and sound propagation descriptor DL2 in the middle region

Further description of these phenomena is outside the scope of this document. Further information can be
traced from the references (ISO 11690, part 1 – 3, ISO 14257 and VDI 3760).
Furthermore, a number of sound sources may be present in the same room. In that case, the total sound
pressure level in a given position is calculated by summation of the sound pressure levels from each
source.
A5-2.4.6

Natural modes or natural frequencies in rooms

By theory of vibrations it is known that when an element is separated of its balance situation, and it remains free, it vibrates in a certain form, which is named a "natural mode" or "natural vibration mode". This
happens, for example, with a diapason that vibrates at a certain frequency. The rooms or enclosures, that
act as channel of transmission of the acoustic field, also have natural vibration modes, which, when excited, have associated the audible "natural frequencies". These frequencies (so called "room resonances", "permissible frequencies", "modes" or even "eigentones" – in very specialised literature) depend
on the geometry, dimensions and material of the room. According to the theory of wave mechanics, these
natural frequencies correspond to standing waves: those which after travelling around the room, return to
the origin. There are three types of natural modes: axial, tangential and oblique.
These natural modes and frequencies can cause serious problems in small rooms, for low frequencies.
Generally, at low frequencies, the acoustic field is not diffuse.
Due to these reasons, some advice about dimensions of rooms is given in the respective "Requirements
and recommendations" – chapters of this document and in the literature.
The calculation of the natural frequencies is out of the scope of this document and must be made according to the literature given in the bibliography. To have a first approach, the following rule is valid: There is
a frequency, depending on the volume and time of reverberation of a room, below which some problems
with the standing waves and resonance can be expected. This frequency can be calculated according to
the following formula:
3

1/2

f = (c T/8,8πV) ,
where
c is the sound speed in m/s,
3
V is the room volume in m and
T is the reverberation time in s.
A5-2.4.7

Sound diffusion

The diffusion of the sound consists of the dispersion, in a uniform way and in multiple directions, of the
sound energy. The sound field is diffuse when at any position, energy is incident from all directions with
equal intensities.
Diffusion has its origin in sound refraction, which is a theoretical concept of wave mechanics. When the
wavelength of the sound is similar to the surface roughness, the resultant scattering is complex wave
interference. The simplest model is that every point on the surface acts as a point source and radiates
sound back into the room. The resultant pressure distribution depends on the relative phase and magnitude of all the waves received.
In a more practical dimension, diffusion is in relation with the reverberation, and sometimes the “reverberated field” is called “diffuse field”. In many cases, “reverberation” and “difussion” do express the same
concept.
For room acoustics, “diffusion” can be regarded as an acoustical way to improve the room response, it
means, a method to optimise it. It is the “third tool”, with the “reflection” and “absorption” to obtain the
desired acoustical performance of the room. The aim of the diffusion – in that way – is to avoid “empty”
spaces of sound, as well as spaces excessively overloaded with noise.
In the figure, the difference between an absorbent material and a diffuser is shown. In case of the absorbent material, only a small part of the energy hitting it is reflected (small errors) and only in one direction.
The rest is absorbed.

In the case of the diffuser, the energy is distributed uniformly and spread in all directions of reflection.

Absorption

Diffusion

Figure 10: Comparison between the sound absorption and the sound diffusion process
Sound diffusion is important and applied specially for concert halls. but the diffusers can also be useful in
recording studios, and, occasionally, in other rooms. Actually, the diffusion allows for the reverberated
sound to reach the ear of the spectator in a similar way from all directions, increasing the subjective impression of the acoustic quality of the enclosure.
The development of modern diffusers (sometimes called “diffusors”) began in the 1970s, with the Schroeder works. Other diffusers based on other geometries, such as curved and fractal diffusers have also
been produced. Nowadays, even “active diffusers” have been developed.
For a determined diffuser, the optimal diffusion occurs for a frequency band limited, that depends on the
dimensions of such diffuser.
There are a lot of commercial diffusers that can be included in the following types:

-

Irregular surfaces: like statues and adornments of classic concert halls.
Cylindrical diffusers: usually made of wood. They consist of a set of smooth surfaces of convex form,
with a radius of curvature of 5 meters, approximately.
Schroeder diffusers, also made of wood, usually placed before the walls or ceilings of rooms.

In the following pictures, two diffusers are shown:

Figure 11: Examples of commercial diffusers
As mentioned before, the theory on diffusers began in the 70s. The subject is not as yet exhaustively
developed, and knowledge is still limited. Even to characterise the materials, there is only a very recent
ISO standard (17497-1:2004), dealing with the sound-scattering properties of surfaces. The second part
of this standard, dealing with the “diffusion coefficient”, a measure of the diffuser quality, is being developed.
In fact, the diffusor design requires a lot of mathematical background. For this reason, recommendations
and information must be required from commercial companies, wherever it is contemplated to make use
of diffusion phenomena to improve room acoustics.

A5-2.4.8

Echoes

A5-2.4.8.1

Simple echoes

In case short and similar sound sensations, such as bangs or impulses, come in short succession, the
human ear does not register them independently of each other because of its adjustment delay. Only if
the intervals are larger than roughly 50 ms, these sensations can be registered individually.
The bang is therefore registered as an echo if it is reflected at a wall with a minimum distance of 8,5 m
from the source and the listener. The propagation path of 17 m is completed in standard air inside 50 ms
by the sound.
A5-2.4.8.2

Flutter echoes

An echo which is reflected several times between parallel walls is called a flutter echo.
With rectangular floor dimensions, the danger of flutter echoes is large. According to the figure below,
flutter echoes must be avoided through oblique positioning of one of the wall surfaces facing each other
by at least 5°, through respective compartmentalisa tion, or through sound-absorption covering of at least
substantial part areas of the walls facing each other.
a.

Possible flutter echoes without any counter measures

b.

Avoiding flutter echoes by oblique positioning of walls (angle roughly 5°)

c.

Avoiding flutter echoes by the installation of absorbing surfaces

Figure 12: Avoiding flutter echoes with parallel walls
A5-2.4.9

Acoustical consequences of the room geometry

From the acoustical point of view, few optimum room dimensions can be given. There are of course, dependent upon the intended use, better or worse, indeed there are unsuitable room dimensions. Nevertheless, an ideal dimensioning cannot be given. Each shape has acoustic advantages and disadvantages
which depend on the intended function and which must be considered when deciding on the design of an
audience room. However, a multitude of options exists for influencing the shape of the room, to cater for
different architectural conceptions. As for the choice of the volume, strict attention must be paid when
designing the room, that the room acoustical requirements are given appropriate attention at the earliest
possible point in time. By secondary measures, fundamental mistakes in the shape can be offset only
with difficulty or not at all.
For verbal events on the one side and for musical events on the other, the requirements regarding the
shape of the audience rooms are partially identical, partially different. In both cases, the direct sound
propagation shall reach the listener unhampered and shall be supported by strong initial reflections. Both
speaker and orchestra must therefore be surrounded by reflecting surfaces. Additionally, ceilings and
walls near the source of the sound must serve to aim the reflections into the middle and the back of the
audience area, to offset the sound pressure level decrease by distance.
To improve the spatial sound sensation, it is important for rooms for musical presentations that the lateral
reflections suffice. Additionally, in a concert audience a powerful reverberation field should be able to
form. That means that diffuse multiple reflections should be possible to a high extent. The sole adjust-

ment of all room-limiting surfaces to obtain reflections in the direction of the audience, which is the principal task in rooms for oral presentations, would be a mistake for concert halls, since the sound radiation
hitting the audience is absorbed and therefore lost for the development of a reverberation field.
For oral presentations, especially in large audiences, wide forms are to be preferred, since they allow for
a shorter middle distance between speaker and audience. The sound direction in the distant parts of the
audience is then principally achieved by an appropriately designed, relatively low ceiling.
For concert halls on the contrary, the distance between orchestra and audience is not so important since
the sound pressure level available is bigger. Regarding the important lateral wall reflections, therefore,
narrower forms of the hall are better suited. In advance of ceiling reflections, lateral wall reflections should
reach the listener, so that they are not masked by the ceiling reflections. With an appropriately high ceiling, the large room volume per seat is obtainable.
Rectangular floor dimensions are suited for concert halls therefore, if the orchestra podium is placed at
one short side of the room.
The larger the proportion height to width is in these halls, the better is deemed their room acoustic quality.
When positioning the podium in front of a long side of the room, a rectangular floor dimension for concert
halls is unsuitable due to the missing powerful lateral reflections, but suitable for verbal presentations.
With rectangular floor dimensions, the danger of the occurrence of flutter echoes is specifically large.
According to Figure 12, flutter echoes must be avoided by oblique positioning of walls facing each other
by at least 5°, through respective compartmentalisa tion or through sound-absorption covering of at least a
major part of the surfaces of one of the walls facing each other.
For rooms with square floor dimensions, the different podium positions given in the figure below are in
use. Whilst for smaller halls (up to roughly 500 listeners) all possible podium positions are suitable for
both, verbal and musical presentations, for larger rooms in the possibilities c and d, the lateral reflections
for the back area of the hall are missing. On the other hand, the support of the sound radiation from the
podium through short-time reflections is specifically good with these two possibilities, so that they are of
advantage for a sound source with small spatial dimensions, if great clarity or transparency are required
(speaker, singer, instrumental solists).

Figure 13: Different positions of the podium in rooms of square dimensions
For rooms with polygonal floor dimensions, similar possibilities for utilisation exist as for square forms.
However, attention must be paid that no rotary reflections occur along the walls (whispering gallery effect).
These rotary reflections threaten to occur specifically with floor dimensions with bent limitation surfaces.
Through secondary measures, these undesired effects must be offset (e. g. masking glass walls vertical
to room walls).

Additionally, concave surfaces lead to undesired sound concentrations which also require secondary
measurements to be taken (structuring, compartmentalisation, dissolving into partial surfaces).
A5-2.5

Background noise

A5-2.5.1

General

The use of a space for a particular purpose may impose a requirement for the specification of a maximum
tolerable background noise. For example, a church should be quieter than a classroom.
There are many recommendations regarding the maximum tolerable background noise. Normally, these
are given in the form of curves with the maximum level for each octave band, depending on the acoustical
requirements of the room or space considered.
Below, some comments on these curves are given.
The simplest recommendation for maximum acceptable background noise is to specify the maximum
acceptable A-weighted noise pressure level (dB(A)). Such specification is often sufficient, but more accurate are the recommendations below.
NC (noise criterion) curves were defined in 1957. Later, they were replaced by the PNC (preferred noise
criterion), but finally they were restored. The NCB (balanced noise criterion, ANSI S12.2-1995) curves are
the only ones in use nowadays when it comes to the determination of the best noise ambiance. To determine the intelligibility of speech in a room, the NC is also valid.
The RC (room criterion) curves are used in the USA, according to the American national standard S12.21995, but they have no practical application in Europe.
The NR (noise rating) was recommended by ISO in the first version of the ISO1996 standard (1971). In
the revisions of that standard, it has not been included. In the original version, NR was given as alternative to the dBA-method in order to establish some recommendation for the limitation of noise annoyance.
But each user (i.e: Administrations…) could give its own specific criteria. They were not, in themselves, a
recommendation (as they are used nowadays!).
Today, even if the new ISO 1996 does not include it, many other ISO standards give recommendations
according to NR-curves, and they are widely used in Europe.
A5-2.5.2

Balanced noise criterion (NCB) curves

These criterion curves must be chosen when writing specifications or judging the acceptability of the level
of background noise in a room. In fact, these curves are the revised versions of noise criterion (NC)
curves, applicable to occupied rooms with HVAC (Heating, Ventilating, Air Conditioning) systems in operation.
Note:

Levels in region A or above indicate high probability of clearly noticeable vibrations in gypsum
board structures. Region B indicates low probability.

Figure 14: NCB curves
In the table below, a number of acceptable NCB curve values with the associated background noise
pressure level in dB(A) is shown for different applications. The lower end of the range should be selected
to guarantee a good speech communication or listening to music.
Type of Space
Broadcast and recording studios (distant microphone pickup used)
Concert halls, opera houses, recital halls
Large auditoriums, drama theatres and churches
Broadcast, television, recording studios (close microphone pickup used)
Small auditoriums, small theatres, small churches, large meeting and conference rooms,
executive offices and conference rooms for 50 people
For sleeping, resting, relaxing
Private offices, small conference rooms, classrooms, libraries
Living rooms
Large offices, reception areas, restaurants
Laboratory work spaces, engineering and drafting rooms
Light maintenance shops, industrial plan control rooms, office and computer equipment
rooms

Table 7:

NCB curve
10
10 – 15
< 20
< 25

Approximate dB(A)
18
18 – 23
28
33

< 30

38

25 – 40
30 – 40
30 – 40
35 – 45
40 – 50

38 – 48
38 – 48
38 – 48
43 – 53
48 – 58

45 – 55

53 – 63

Maximum background noise acceptable for different purposes (NCB)

Use of NCB curves
The octave-band spectrum of the noise is usually measured before occupancy with all mechanical systems operating. If the space is a private office or conference room, this measured spectrum may be used
directly for the rating. If the space is a general office or drafting room where there is appreciable activity
noise, the noise of the expected activities must be added.
For the determination of acceptability for speech communication, the SIL (sound interference level) is
determined by averaging the noise levels in the 500 to 4.000 Hz frequency bands. If the rounded integral
number so determined is equal or less than the NCB-XX value specified, the speech communication requirement has been satisfied.
These curves are also valid to determine whether "rumble" or "hiss" exist (this is specifially useful in
rooms with VAC systems).

1. Add 3 dB to the SIL determined before, to obtain an NCB-YY value. The curve (from the Figure 14)
interpolated to the nearest decibel is plotted with the measured noise spectrum. If the level in any octave band with a mid-frequency below 1.000 Hz lies above the NCB-YY curve, the noise has rumble.
In this case, the room is satisfactory for speech communications, but the levels that are over NCB-YY
must be lowered.
2. If the SIL and rumble tests are satisfactory, the NCB-ZZ curve that yields the best fit to the three
bands from 125 to 500 Hz must be determined, interpolating to the nearest decibel,. If the levels in
any of the bands with frequencies of 1.000 Hz or greater lie above the NCB-ZZ curve, the spectrum is
judged hissy and the levels should be reduced by the amounts indicated.
A5-2.5.3

Noise rating (NR) curves

As explained before, the NR curves at the origin, were not intended to be used as “limit values”, even if
today they are used in that way (A5-2.5.1).
The “right” use of the curves requires measurements of octave band noise in dB, and, if possible, of continuous noise. In other cases, some corrections should be made, according to the original ISO 1996
(1971) – but not according to the last ISO 1996 -.In the real job, the measurements are taken “more or
less” continuous (that means equivalent level or similar), in octave band, and no corrections are being
made in many cases. In case of fluctuations of the noise, or in case of high tonal components, such corrections are necessary.
The use of the curves, after measuring the noise spectrum (in octave) is very easy: It is only necessary to
plot the values (dB) for each octave in the graphic below, and then take the NR-Curve just over all the
points.

dB

NR
value

Hz

63

Octave bands (Hz)
125 250 500 1000 2000

4000 8000

NR 0

35,5 22,0 12,0 4,8

0,0

NR 5

39,4 26,3 16,6 9,7

5,0

NR 10

43,4 30,7 21,3 14,5

10,0

6,6

4,2

2,3

NR 15

47,3 35,0 25,9 19,4

15,0

11,7

9,3

7,4

NR 20

51,3 39,4 30,6 24,3

20,0

16,8

14,4

12,6

NR 25

55,2 43,7 35,2 29,2

25,0

21,9

19,5

17,7

NR 30

59,2 48,1 39,9 34,0

30,0

26,9

24,7

22,9

NR 35

63,1 52,4 44,5 38,9

35,0

32,0

29,8

28,0

NR 40

67,1 56,8 49,2 43,8

40,0

37,1

34,9

33,2

NR 45

71,0 61,1 53,6 48,6

45,0

42,2

40,0

38,3

NR 50

75,0 65,5 58,5 53,5

50,0

47,2

45,2

43,5

NR 55

78,9 69,8 63,1 58,4

55,0

52,3

50,3

48,6

NR 60

82,9 74,2 67,8 63,2

60,0

57,4

55,4

53,8

NR 65

86,8 78,5 72,4 68,1

65,0

62,5

60,5

58,9

NR 70

90,8 82,9 77,1 73,0

70,0

67,5

65,7

64,1

NR 75

94,7 87,2 81,7 77,9

75,0

72,6

70,8

69,2

NR 80

98,7 91,6 86,4 82,7

80,0

77,7

75,9

74,4

NR 85

102,6 95,9 91,0 87,6

85,0

82,8

81,0

79,5

NR 90

106,6 100,3 95,7 92,5

90,0

87,8

86,2

84,7

NR 95

110,5 104,6 100,3 97,3

95,0

92,9

91,3

89,8

NR 100 114,5 109,0 105,0 102,2 100,0

98,0

96,4

95,0

NR 105 118,4 113,3 109,6 107,1 105,0

103,1

101,5 100,1

NR 110 122,4 117,7 114,3 111,9 110,0

108,1

106,7 105,3

NR 115 126,3 122,0 118,9 116,8 115,0

113,2

111,8 110,4

NR 120 130,3 126,4 123,6 121,7 120,0

118,3

116,9 115,6

1,6

Figure 15: Noise Rating Curves
The interpretation of the validity of the noise for an intended purpose is made according to some tables
with recommendations.
Below is one such table. As explained above, the NR curves are given as basis of such recommendations, but are not in themselves a recommendation. Different tables with different recommendations may
be found. One of the recommendations is shown in Table 8. This kind of recommendation must be handled with care (see also Tables 7 and 16).
Of course, the NR values, for the same activity will be very similar, but not always the same.
Because of all the limitations explained above, the use of such curves presents a lot of problems. Perhaps it should be interesting to try and use other curves (NCB – better than the NC, better known but
older – or even RC).

Type of space
Workshop
Offices with mechanisms
Swimming pool, sport rooms
Restaurants, bar
Executive offices, libraries,
Cinema, hospitals, churchs, small conference rooms
Classrooms, TV studio, big conference rooms
Concert hall, Theatres
Rooms for audiometry

Table 8:

NR curve
60-70
50-55
40-50
35-45
30-40
25-35
20-30
20-25
10-20

Recommended NR values for background noise in rooms, in relation with activity

A5-2.6

Other acoustic parameters

A5-2.6.1

General

In the field of subjective room acoustics, intense research activity in the sixties and seventies has resulted
in a high degree of consensus regarding:

-

what aspects are important in the listeners' perception of room acoustic quality,
how these aspects can be measured objectively by means of room acoustic parameters.

A set of new objective parameters has been developed, which are subjectively relevant besides the classical reverberation time. However, their main advantage is their good correlation to the subjective judgement of the acoustic quality of a room.
These new parameters are very difficult to predict, unless expensive scale or computer models are applied.
The main reason for their difficult predictability is that they are more sensitive to changes in the early reflection sequence in terms of energy, and thus are highly dependent on the choice of measurement position and on the room geometry.
The commonly used practice of looking at delay times of single reflections is not sufficient for estimating
these new measures and for guiding architects on the choice of room shape. We need to know how – and
how much – the design may or should be changed before significant changes in the objective parameters
appear.
Obviously, this knowledge is essential for the choice of a geometry for a new hall.
On the other hand, we can collect more than 15 parameters influencing a room's acoustical quality.
The questions are:

-

What is the minimum number of criteria needed to represent the global acoustical quality of a room?
What are these criteria, and how can we weight them to correlate with the hearing pleasure?

Five well known authors tried to answer these questions and their studies were based on the examination
of rooms, judged very good by all of them. In Table 9 below, we note the number of times the considered
criterion was mentioned. We must note that four authors mentioned also the reverberation time as an
important criterion.
All the parameters used to qualify a room, other than reverberation and intelligibility, can be put into three
categories:

-

clarity criteria
spaciousness (room impression) criteria
harmony and homogeneity criteria.

The table below gives a classification of these criteria, in relation to a subjective impression.

Class of subjective factor
Clarity

Spaciousness

Harmony and homogeneity

Table 9:

Name
Distinctness (for speech)
Clarity (for music)
Initial time period
Lateral efficiency
Lateral energy fraction
Interaural cross-correlation coefficient
Bass ratio
Early decay time
Level (strength)

Symbol
C50
C80
ti
LE
LEF or LF
IACC
BR
EDT or EDT'
L

Number of mentions by 5 authors
2
2
1
1
2
1
3
4

Relation between room acoustic criteria and subjective impression

In the following paragraphs, we will make a short presentation of the criteria mentioned in the table. All
these factors are to be used by specialists, but the contractors working in room acoustics must know the
terminology and the meaning of terms used in these studies.
In the equations given below, the expression Ett 2 represents the energy within the limits of time t1 to t2
1

counted in ms from time of arrival of the direct sound. For example, E 50
0 corresponds to the energy from
time 0 ms to time 50 ms.
A5-2.6.2

Clarity criteria

A5-2.6.2.1

Distinctness C50

It corresponds to the energy ratio between the direct field, completed by the first reflections (from 0 – 50
ms), and the total field:

(

∞
C50 = 10 log E50
0 / E0

)

The value 50 ms seems to be the useful limit for a good intelligibility of speech.
A high absolute value means that most of the reflected energy arrives early – whereby it adds to the clarity of the sound –, while a low absolute value means that it arrives long after the direct sound – and so
provides reverberation impression.
A5-2.6.2.2

Clarity C80

For music, it is considered that the ratio (useful field)/(diffuse field) is more interesting. The clarity factor is
the ratio, expressed in decibels, of the energy in the first 80 ms of an impulse sound arriving at a listener's
position divided by the energy in the sound after 80 ms. The divisor is approximately the total energy of
the reverberant sound. The symbol indicates the average of the C80 values in the 500, 1.000 and 2.000
Hz octave bands. C80 is given by equation:

(

∞
C80 = 10 log E80
0 / E80

)

A high value of C80 means much early energy and high subjective clarity, while a low value indicates an
unclear or muddy sound. In seats near the platform, C80 is normally higher than the value averaged over
all positions. In areas with low ceiling height over the chairs (on and below balconies), C80 is generally
higher because of a low level of late arriving sound reflections at such seats.
A5-2.6.2.3

Initial Time Delay Gap ti

It is the difference between the time at which the direct sound arrives at the listener's position and the
time at which the first reflection from walls arrives. This factor is more correlated with speech intelligibility,
but it was mentioned several times by the specialists who judged the acoustical quality of well known
concert halls.

A5-2.6.3

Spaciousness criteria

A5-2.6.3.1

Lateral Efficiency LE and Lateral Energy Fraction LEF

These parameters are in relation with the spatial perception. They use the ratio (lateral energy)/(total energy).
Lateral Efficiency LE:

LE =

E80
25 ∞
E80
0

To measure this factor, we use an 8-figure directional microphone (symbol is ∞) and a random microphone.
The Lateral Energy Fraction is the ratio of the lateral early reflection measured with the 8-figure directional microphone from 25 to 80 ms, and the direct energy with the early reflections arriving from all directions, measured with the random microphone from 0 to 80 ms.
High values indicate that we are "enveloped" by the sound.
A5-2.6.3.2

Interaural Cross-Correlation Coefficient IACC

The basic of IACC is the measure of the difference in the sounds arriving at the two ears of a listener
facing the performing entity in a hall.
The use of IACC is more accurate when it is considered in octave bands. The IACC (E) is the interaural
cross-correlation coefficient determined for a time period of 0 to 80 ms, where 0 ms is the time at which
the direct impulse sound from the omni-directional source reaches the tiny microphones. It is the average
of the values measured in the three octave bands at mid-frequencies of 500, 1.000 and 2.000 Hz. This
parameter is fairly highly correlated with the subjective ratings of acoustical quality as expressed by qualified judges seated in the audience. A particularly favourable feature of IACC (E) is that its measured values are only 8 to 10% lower in fully occupied halls than its values measured in unoccupied halls.
A5-2.6.4

Harmony and homogeneity criteria

A5-2.6.4.1

Bass Ratio BR

The BR is determined by the average reverberation time at 125 and 250 Hz and the average reverberation time at 500 and 1.000 Hz octave bands. In concert halls considered to be excellent, the BR is near
1,25.
A5-2.6.4.2

Early Decay Time EDT

EDT is a relatively new measure of reverberation time T, taking into account the subjective importance of
the early part of the reverberation process by only looking at the slope of the T curve during the first 10
dB interval of the decay.
A high EDT value indicates much reverberance / low clarity and vice versa. The seat-to-seat variation of
EDT is somewhat larger than the reverberation time T. EDT values near the platform are generally lower
than the seat average. The averaged value in the audience area is generally within ± 0.2 s from T.
EDT is measured in the same way as T, except that it is the time it takes for a signal to decay from 0 to
10 dB relative to its steady-state value.
A5-2.6.4.3

Level (strength), L

L is defined as the difference between the sound pressure level at a seat position when the source is
placed on the stage, and the level at 10 m distance when the source is placed under free field conditions.
Thus, L can be used for measurement of the sound distribution in a hall.

§ E0∞ ·
¸
L = 10 log¨
¨ E (10m) ¸
© 0
¹
L describes the influence of the hall on the perceived level.
Concerning the variation within the hall, L decreases monotonically with distance from the source, which
is an indication of a non-diffuse sound field in the concert hall.
The simplified value, expected when the sound field is diffuse, is given by:

L exp = 10 ⋅ log(T / V ) + 45 dB
3

where T is given in seconds and volume V in m .
A5-2.6.5

Criteria for the stage

In a concert hall, the acoustical comfort of the audience is a prime consideration, but to give musicians
good conditions for music production, is also important.
The sense of reverberance for musicians is correlated with the EDT measured on the stage, called
EDTpod, or with the clarity factor C80 measured on the stage at one meter from the source, called CS.
The possibility for musicians to hear each other is qualified by the ratio Stearly (or ST1) of the energy of
late reflections to the energy of the direct impact and the early reflections.
A5-3

Key parameters for different rooms

A5-3.1

General

This chapter discusses the types of rooms indicated in Table 10 below and the consequences of the parameters shown in Table 3 for the respective value of these rooms for their intended purposes. These
consequences for the different room types will be discussed in more detail in the chapter indicated in the
left-hand column of Table 10.
Chapter

Type of room

A5-3.2

Office
Classroom /
Kindergarten
Workshop
Meeting room
Sport room /
gym
Large office
Restaurant
Large auditorium
Multi-purpose
room
TV / recording
studio
Cinemas
Reverberant
Anechoic
Clean room

A5-3.3
A5-3.4
A5-3.5
A5-3.6
A5-3.7.1
A5-3.7.2
A5-3.8
A5-3.9
A5-3.10

X
(X)
XX

A5-3.11
A5-3.12.1
A5-3.12.2
A5-3.13
applicable
applicable in special cases
extremely important

Table 10:

Reverberation
time
X

Speech Intelligibility

Noise level
requirement
X

Special treatment

Difficulty of
study

X

X

X

X
X

(X)
(X)

X
X

X

X

(X)

(X)

X

(X)
(X)

X

X
(X)

X

X

X

X

XX

X

X

X

X

X

X

X

XX

X

X
X

X

X
XX
XX
X

X
X
XX

Key parameters suggested for different types of rooms

A5-3.2

Offices

In offices, the acoustic expectations differ dependent on the designation of the room and its predominant
use. For example, conversation in a meeting room does not cause similar requirements as telephone
communication in an open space. Office buildings are frequently designed and built when their final purpose and the acoustical requirements are not yet known. The contractor must obtain a basic acoustic
quality and the user will later need to change certain characteristics and do some adaptation work related
to the intended use of the room.
An example of this necessary adaptation is an office building with many large hall offices. Either these
large halls will be used as "open spaces", or they will be separated with partition walls into several offices
of different size.
In open spaces, it is very important that the noise produced on a workplace, generally conversations,
does not trouble the neighbouring workplaces. For this, there are two solutions:

-

Diminish the noise level coming from the source using absorbing materials. The effects of such
measurements are shown in the § A5-2.4.3 „sound propagation in flat rooms“.

-

Increase the background noise in order to mask the noise coming from the source. Not preferred!
Installation of sound barrier furnitures or absorbent walls between the different sectors. It could be
partly glass wall to assure the visual contact.

These two solutions have limited effects and only a combination of the two is really effective.
The following table shows the noise levels in dB(A) obtained at several distances from the source when
the ceiling and the floor of an open space are very absorbing (α near 0.8) and when a conversation produces a noise level near 55 dB(A) at 1 meter distance. These noise levels are very near the levels obtained in a free field.
Distance source – receiver (m)

1

3

4

5

6.3

Free Field

55

45

43

41

39

Floor with α = 0.5 and ceiling with α = 0.8

55

46

44

42

41

Table 11:

Variation of the sound pressure level in relation with distance to the source in an open
space

If the background noise is 35 dB(A), often well accepted in a little office, the level difference between the
conversation noise and the background noise will be sufficient to make the conversation understood even
at 6 metres from the source. If the background noise is increased to 45 dB(A), it will be difficult to understand the conversation at 4 metres or more.
So, an open space needs a relatively high background noise level to mask conversations between several persons or telephone communication at neighbouring workstations. It is also necessary to cover the
ceiling and the floor with well-absorbing materials in order to obtain the best possible sound level decrease in relation to the distance from the source (see chapter A5-3.7).
On the other hand, a high background noise level is unacceptable in closed individual offices and a "deaf"
environment (anechoic) is not considered comfortable.
If a large hall office is partitioned into small working cubicles, additional measures are needed to reduce
the background noise level substantially. Since the background noise level is frequently due to sound
emissions from ventilating and air-conditioning systems, the initial assessment of the required modifications should foresee certain adjustments in those. We can discern three principal types of office:

-

individual offices for one person
collective offices (medium-size for two to five persons)
open spaces (large hall offices).

In the chapter below, we will examine the first two office types. Large hall offices will be treated in chapter
A5-3.7, meeting rooms will be dealt with in chapter A5-3.5.

A5-3.2.1

Closed individual or collective offices – General

The acoustic criteria for a closed office form a set of conditions where each element is closely linked to
the others. In particular, it is essential to control the overall noise level in the room. This overall noise level
is a combination of the noises from outside, from the room equipment and from adjacent rooms.

-

The noise coming from outside depends on cars, trains or air traffic or noise caused by other activities
in the neighbourhood and is dependent upon the acoustic quality of the building facade. This acoustic
insulation is characterised by the standardised level difference DnTA,tr (or DnTw + Ctr) given by the facade. The methods of choice to obtain an acoustical sound insulation against external noise are described in document A4, chapter 2 – Acoustic in buildings – Airborne sound insulation between
rooms.

-

The noise coming from outside could be characterised by the dB(A) level prevailing more than 50% of
the time L50, measured in the room between 9.00 and 18.00 h, whilst the building equipment does not
work. However, one cannot guarantee that the limit value of this dB level, intended in the design of
the building, will not be exceeded when the offices are in use. External noises are frequently very
fluctuating. A basic value must therefore be determined, which is derived from simulations or from
measurements on the site prior to the commencement of the construction work. This basic value is
used later to determine the sound insulation that must be obtained and this is the sound insulation the
builder is able to guarantee (sound insulation does not depend on the actually existing noise level).

-

Noise caused by the working building equipment: Some elements are in operation more than 50% of
the time the office is in use. Equipment noises must be taken into consideration when the appliances
are working in an established nominal speed. For example, if a ventilation system has three possible
different speeds, and the office occupant has the choice between those, the noise level caused by the
middle speed is considered.

-

Equipment noise can be measured in dB(A), or preferably in octave bands in order to use NR levels
(used in several countries) or in NBC levels (see A4-2.4.2).

-

Noise due to equipment, which only works occasionally, such as sanitary plumbing, could be characterised by their maximum noise level Lmax.

-

Noise from adjacent rooms: This noise level depends on the level emitted in the neighbouring room
and on the sound insulation between that room and the office considered. The sound insulation criteria can either be the normalised or standardised level difference or the apparent weighted sound reduction index R'W. In order to determine the suitable value of level difference, it is necessary to fix a
qualitative target. For example, normal conversation in a neighbouring room, at the sound level of
normal talk, should not be intelligible (we can hear that somebody talks, but we cannot understand
what he says without a special eaves dropping effort), or the aim would be confidentiality (the speech
is incomprehensible even if we make a special eaves dropping effort). The sound level difference to
obtain is a consequence of this qualitative target and of the overall sound level in the room in which
we stay. The means needed to obtain a level difference target will be described in chapter A5-1 –
Acoustics in buildings – Airborne sound insulation between rooms.

As for internal acoustic characteristics, they have to allow for telephone conversation as well as for conversations between two or three people. A consequence of this target is the need of a reverberation time
under a limit, which is often fixed at 0,6 or 0,7 seconds.
A5-3.2.2

Requirements and recommendations

In European countries, not many regulations exist for the acoustical quality of offices. Where they exist,
they are principally concerned with overall sound levels and the sound level difference between offices
which need to be obtained.
Currently, in France, a working group of the French normalisation association (AFNOR) prepare a standard containing recommendations for designers and users of office buildings. It is a reference guide concerning the acoustic environment in tertiary spaces (offices) and contains quality targets for the working
environment. The purpose of this document is to facilitate the tasks of the different professions involved in
the construction or renovation of office buildings.
For each type of room, this document will define and classify the acoustic environment in three levels:

-

Basic level A: minimum performances required

-

Outstanding level B
High performance level C: the aim is to perceive the sounds needed for the work and not to perceive
the sounds not associated with the work at hand.

In all cases, the performance envisaged corresponds to fully furnitured, but not occupied rooms, with
building equipment in normal operation, but without any office equipment noise.
As an example, Table 12 below gives sound levels and reverberation time performances for individual
and collective offices.
Type of office
Individual
Collective

Table 12:

Criteria
global sound level
reverberation time
global sound level
reverberation time

Quality level A

Tr < 0,6 s

Quality level B
35 < L50 < 40 dB(A)
Tr < 0,7 s
35 < L50 < 40 dB(A)
Tr < 0,6 s

Quality level C
30 < L50 < 35 dB(A)
Tr < 0,5 s
30 < L50 < 35 dB(A)
Tr < 0,5 s

Recommendations for individual or collective offices

Tr is the average value of reverberation time in the 500 Hz, 1000 Hz and 2000 Hz octave bands.
A5-3.2.3

Calculation

A5-3.2.3.1

Reverberation time

In spite of its imperfections or more or less the conditions for its utilisation, the SABINE formula is sufficient to obtain the reverberation time of the room. It renders results which will be inside ± 10% of the actual (measured) values. This uncertainty does not mean a sound level difference which will have any effect on the audible acoustical quality.
3

SABINE formula: T = 0,16 V/A, where V is the room volume in m and A the equivalent absorption area of
the room.
As a workable approximation, the use of abacus in chapter A5-3.3.2 is sufficient if the room is parallelepipedic (box-shaped).
st

1 example: An individual office with 5 m length, 3 m width and 2,7 m height under the ceiling, meaning a
3
volume of 40,5 m . It is foreseen to cover the floor with a carpet and to equip the ceiling with an absorbing
material of compressed fibres and a torn surface. The other walls are the facade with windows and light
partition walls.
Predicting the room performance with the help of the SABINE formula (see Table 13 below).
Ceiling
15 m2

α

Floor
15 m2

α

Partitions
35 m2

α

Facade
8 m2

α

A = S⋅α
A = S⋅α
A = S⋅α
A = S⋅α

Total
A (m2)
Tr = 0,16 V/A (s)
mean Tr (s)

Table 13:

125
0,48
7,2
0,12
1,8
0,15
5,2
0,18
1,4
15,6
0,41

250
0,57
8,6
0,20
3
0,13
4,6
0,06
0,5
16,7
0,39

500
0,62
9,3
0,25
3,9
0,10
3,5
0,04
0,3
17
0,38

1000
0,79
11,9
0,45
6,8
0,09
3,1
0,03
0,2
22
0,29
0,31

2000
0,99
14,9
0,50
7,5
0,08
2,8
0,02
0,15
25,4
0,26

4000
0,99
14,9
0,55
8,2
0,07
2,5
0,02
0,15
25,8
0,25

st

Calculation for 1 example, with an absorbent material on the ceiling

The calculated value is clearly smaller than the more demanding target value of Table 1 of A5-3.2.2.
If we replace the very well absorbing ceiling material by a product of lesser performance, such as a material with compressed fibres and a smooth surface, then the target for a quality level B is reached, as is
shown in Table 14 below.

α

Ceiling
15 m2

A
A
A
A

Floor
Partitions

= S⋅α
= S⋅α
= S⋅α
= S⋅α

Facade
Total
A (m2)
Tr = 0,16 V/A (s)
mean Tr (s)

Table 14:

125
0,23
3,5

250
0,17
2,6

500
0,12
1,8

1000
0,16
2,4

2000
0,16
2,4

4000
0,15
2,3

1,8
5,2

3

3,9

6,8

7,5

8,2

4,6

3,5

3,1

2,8

1,4
11,7
0,55

2,5

0,5
10,7
0,61

0,3
9,6
0,68

0,2
12,5
0,52
0,57

0,15
12,9
0,50

0,15
13,2
0,49

st

Calculation of 1 example, with a lower absorption on the ceiling

In this last case, the average absorbing coefficient in the octaves 500 Hz, 1.000 Hz and 2.000 Hz is 0,13,
the one of the floor is 0,4. This corresponds to an accumulated absorbing coefficient for an equivalent
material covering an area the size of the ceiling of 0,53. In this case, the abacus of chapter A5-3.3.2 gives
a reverberation time of 0,58 seconds, practically equal to the result of the calculation above.
Note:

If the office examined has been constructed by partitioning a large hall office with the performance of an open space, it is likely that the better absorbing ceiling described above will be used.

nd

2 example: Collective office with 5 m length, 10 m width and 2,7 m height under the ceiling. For this
office, we will consider the higher performing absorbing material for the ceiling. The room volume is
3
135 m .
3

With the same coverings on the walls, the average reverberation time in the collective office (135 m ) is
3
very close to the one obtained in the individual office (40 m ).
A5-3.2.3.2

Intelligibility of speech

In both examples given in the previous chapter, the RASTI index is frequently over 80%; a value considered as an indication of an excellent intelligibility. For the calculation of these intelligibility indices, it is
advisable to use different software.
In both cases, the individual office and the collective office, in which the limits of the overall sound levels
are not exceeded and in which the reverberation time is relatively low, according to the aim, there is no
problem of intelligibility of speech when two or three persons are talking.
Also, in the collective office, in which we can have more than five working places, the excellent intelligibility in all places of the room can be of disadvantage: A conversation at one workstation must not perturb
the concentration of the other people staying (perhaps working) in the room. A superficial solution would
be the light increase (say 5 dB(A) for example, of the overall sound level in comparison with the target
previously given) and an attention given to not raising the voice.
On the other hand, situations will occur when all the people in a room talk at the same time. For example
in telephone exchanges, all operators talk with their clients simultaneously. In most cases operators use
headphones which attenuate noises coming from other workstations and which allow for their concentration on what their individual client says. But on the other hand, the client can perhaps hear the room's
sound environment. This inconvenience can be avoided by using directional microphones and by a complementary acoustical room treatment with screens, generally integrated into the furniture at the workstations.
A5-3.3

Classrooms / Kindergarten

A5-3.3.1

General

Proper understanding, not just in the sense of comprehension, but also in the meaning of audibility of the
message, is of prime importance in classrooms. The message must correctly arrive at the ear of the person supposed to understand it. The acoustic parameters of the room are the main factors for a good reception quality. It is difficult to be well understood in a reverberant room without absorbing materials on
walls and ceiling: sounds stay a long time in the enclosure because they are not absorbed, but instead
reflected by the walls and the ceiling. The reverberant "repetition" overlaps the "original signal". The result
is an incomprehensible mixture.

But it is also difficult to communicate in an anechoic room where absorbing materials on walls and ceilings totally absorb impacting noise waves, preventing any increase of the direct transmission from the
speaker to the listener by reflected sounds. For having a good hearing in distant places, the speaker
would need to increase his voice volume and soon be tired.
For a good acoustical environment, the proper balance must be found between absorbing and reflecting
surfaces in the room. For different purposes very different balances of these two qualities must be struck
and a proper choice for their area of application must be made.
Another aspect of the acoustical quality of a room is the pertinent background noise. This is the noise
level noted when nobody speaks. Background noise can mask part of the aural communication.
Main sources of background noise are:

-

externally generated noise, such as traffic or machinery outside the room in question,
noise generated in adjacent rooms, corridors, technical installations,
noise generated by equipment in the room itself, ventilation noise, humming electrical installations.

The first two noise generators create fluctuating noises with great variations of the sound level over time.
The third noise generator creates fluctuating noises (plumbing) or constant noises (ventilation).
The background noise masks the sound needed for communication between speaker and listener. The
effort needed to get the message across increases, with increasing background noise levels.
The background noise level can be lowered by the use of insulation against external noise as well as
against the noise from adjacent rooms. It is also necessary to control the background noise generated by
equipment in the room in question.
For the assessment of internal room acoustic conditions, most national regulations consider limitation to
reverberation time. For classrooms normally a range for acceptable reverberation time (e. g. between 0,4
and 0,8 sec) should be given, because too short reverberation times – nearly deaf rooms – also give bad
classroom communication conditions.
A5-3.3.2

Requirements and recommendations

In several countries there are national requirements. Below, some examples of requirements in the
French regulation for schools are given.
In the field of room acoustics, there are tree kinds of requirements:

-

Reverberation time required : for example, the arithmetical mean of reverberation times in octave
bands centred on 500, 1000 and 2000 Hz must be between 0.4 and 0.8 seconds in a teaching room
3
not occupied but with normal set, when the volume of this room is under 250 m .

-

Acoustic study to perform by a specialized office : for example, a multipurpose room with a volume
3
over 250 m must have a mean reverberation time between 0.6 and 1.2 seconds and a special study
must establish the acoustic treatment needed to give a good intelligibility at every point of the room.

-

Equivalent absorption area to introduce in a room: The equivalent absorption area of absorbing mate3
rials introduced in a corridor, a hall under 250 m volume or a covered court yard must be at least
equal to the half of the floor surface of the space considered.

A5-3.3.3

Calculation

A5-3.3.3.1

Reverberation time

The calculation of the surface area of absorbing material needed in a room does not require a complicated study. The required area depends on the dimensions of the room in which the reverberation time
shall be controlled. The first measurement should be taken in the unoccupied, fully furnished room. When
the room is empty and when it has the normal parallelepipedic (box-shaped) dimensions, with only the
ceiling covered with sound-absorbing material, it is impossible to measure correctly the real reverberation
time because the sound energy is reflected around the room by walls and partitions before reaching the
absorbing surface at the ceiling. When this room is furnished, tables and chairs create diffraction effects
and correct measurements can be obtained. However, it is difficult in this case to take into account the

sound absorption of the furniture surfaces. The number of students allowed to be in a classroom depends
on the surface of the room, as does the amount of furniture. An evaluation of a large number of measurements taken in furnished classrooms with parallelepipedic dimensions, without any absorbing material
on walls or ceiling, shows that the mean equivalent sound absorption area of a classroom is about
0,25 ⋅ S , where S is the surface of the floor. Thus, a relation exists between the absorption coefficient αS
of the material to introduce into the room on a surface S, the reverberation time Tr of this room and the
height of the ceiling h.
Before the introduction of the absorbing material, the equivalent area of the room could be written by the
following formula : A0 = 0.25 .k0 . S.
The equivalent absorption area A0 is constituted by the tables and chairs, the number of which depends
on the surface of the room floor S, and by the little absorption which corresponds to the low absorbing
surfaces of the walls, the floor and the ceiling. The ratio of the total inner surface of the room and the floor
surface depends on the dimensions of the room. The factor k0 depends on these dimensions: k0 is between 1 (for large floor surfaces and low ceilings) and 1,5 (for small floor surfaces and high ceilings).
When the absorbing material with a surface S, is introduced in the room, A0 becomes A:

A = 0,25 ⋅ k 0 ⋅ S + α S ⋅ S = (0,25 ⋅ k 0 + α S ) ⋅ S
Sabine formula: T =
where V is the room volume in m

[19]

0,16 ⋅ V
A

[2]

3

0,16 ⋅ S ⋅ h
0,16 ⋅ h
=
(0,25 ⋅ k 0 + αS ) ⋅ S 0,25 ⋅ k 0 + αS

T=

[20]

The next graph and table illustrate this formula.
Mean reverberation time (500, 1000, 2000 Hz)
1,2
α = 0,3

1,1

seconds

1

α = 0,4

0,9
α = 0,5
0,8
α = 0,6
0,7
0,6
0,5
0,4
0,3
0,2
2,5

2,75

3

3,25

3,5

3,75

4

Height of the ceiling h in m

Figure 16: Relation between the reverberation time Tr, the height of the ceiling and the absorption
coefficient α of an absorbing material covering a surface S, equivalent to the floor surface of the room. The results are given with a precision of ± 10%.
For a floor surface S, a height of the ceiling h and a desired reverberation time Tr, the graph gives the
required absorption coefficient αS if the available surface is equivalent to S.

Floor surface S = 7,2 m ⋅ 10,8 m = 78 m2
Height under ceiling: h = 3,25 m
Desired reverberation time (mean in octaves 500, 1.000 and 2.000 Hz): Tr = 0,8 s
Mean absorption coefficient to introduce on a surface S: αS = 0,4

Example:

If an absorbing material with an absorption coefficient 0,6 is preferred, than the required surface area can
2
be 0,4 / 0,6 ⋅ S = 0,66 ⋅ S . In this example it corresponds to 52 m . In other words, if the entire ceiling is not
available for the employment of absorbing material (sky lights), the absorption coefficient αS must be increased.
2

The same result can be determined using Table 15, where S is the floor surface in m of a parallelepipedic room. This table gives the surface of absorbing material which is to introduce in the room.

α (mean 500,
1.000, 2.000
Hz)

α
0,30
0,35
0,40
0,45
0,50
0,55
0,60

2,5
0,95 S
0,80 S
0,70 S
0,60 S
0,55 S
0,50 S
0,45 S

2,75
1,10 S
0,90 S
0,80 S
0,70 S
0,65 S
0,60 S
0,55 S

Room height h in meters
3
3,25
3,5
1,20 S
1,35 S
1,50 S
1,05 S
1,15 S
1,30 S
1,00 S
0,90 S
1,15 S
0,80 S
0,90 S
1,00 S
0,75 S
0,80 S
0,90 S
0,65 S
0,75 S
0,85 S
0,70 S
0,60 S
0,75 S

3,75
1,65 S
1,40 S
1,25 S
1,10 S
1,00 S
0,90 S
0,85 S

4
1,80 S
1,50 S
1,35 S
1,20 S
1,05 S
1,00 S
0,90 S

Table15:

Surface to cover with an absorbing material when Tr = 0.8 s is to reach

Example:

Surface of the room floor S = 7,2 m ⋅ 10,8 m = 78 m2
Height under ceiling: h = 3,25 m
Desired reverberation time (mean in octaves 500, 1.000 and 2.000 Hz): Tr = 0,8 s
Mean absorption coefficient to introduce on a surface S: αS = 0,4

If an absorbing material with an absorption coefficient 0,6 is preferred, than the surface covered can be
2
0,4 / 0,6 ⋅ S = 0,70 ⋅ S . In this example it corresponds to 54,6 m . In Table 4, values are rounded off 0,05.
With the graphic or the table we can easily determine the required area to be covered by the chosen absorbing material.
The ceilings of the rooms are often considered the preferred surface for coverage with an absorbing material. But, if we want to obtain the best intelligibility of speech in the room, the following example shows
that the ceiling is not the best area to treat.

A5-3.3.3.2

Intelligibility of speech

In this example, the first case corresponds to a room without absorption treatment in which the background noise is near 35 dB(A). Intelligibility, estimated by the RASTI index (Rapid Speech Transmission
Index) is bad, except for the two first ranges, near to the speaker.
The second case corresponds to the same room with 70% of the ceiling area covered with an absorbing
material of an absorption coefficient 0,6. An agreeable reverberation time is obtained, but the intelligibility
of speech is poor.
The third case corresponds to the same room, with the same quantity of absorption as in the previous
case, but employed on the ceiling and on the wall behind the last range of students. It is not useful to
cover this wall under 1,20 m height, because under this limit students will mask the absorbing material.
The intelligibility is quite good at all students' places.
The fourth case corresponds to the same room, with the same quantity of absorbing material as in the
two last configurations, but only employed on walls, without any absorbing material on the ceiling. Than
the intelligibility is excellent near the speaker and very good on other places. This treatment is to be used
in a "language room" in which intelligibility is most important.

Figure 17: Intelligibility of speech in a classroom
Absorbing material on walls is often exposed to various shocks and it is prudent to use mineral wool covered by a perforated metal sheet or a perforated plaster board.
A5-3.4

Workshops

A5-3.4.1

General

Caused through sound-emitting machinery, tools, equipment, etc. in work areas (workshop, building site,
office), noise has become the dominating irritation factor at the professional workplace in industrialised
countries.
The large numbers of employees exposed to noise and the disadvantageous effects of noise exposure
both for the exposed individual and the society as a whole have led to noise protection becoming an independent issue within the framework of industrial safety. A complex legislation has emerged, defining
aims, responsibilities and steps to the avoidance or limitation of noise exposure.
This legislation embraces governmental laws (Directive 2003/10/EU of 6 February 2003) and regulations
as well as guidance given by professional health insurance companies in the form of health-hazard prevention directives (UVV) and numerous standards and guidance papers.
National noise protection requirements have become part of EU legislation. The EU legislation predominantly takes place in the form of umbrella and special guidance papers regarding the

-

design and placing on the market of machinery, tools, installations and common user goods as well
as

-

the improvement of the workplace surroundings aiming at work safety and health protection for employees.

Both EU and national noise protection requirements are organised according to the following concept:
The avoidance and the minimisation of health hazards down to the respective possible noise minimum
according to the state of the art take precedence over the avoidance of noise hazards through personal
protection and demands on individual behaviour.

A5-3.4.2

Requirements and recommendations

Regarding the design and the placing on the market of machinery, installations, etc. the following information regarding noise is required as part of the legislation mentioned above (for details, see directive
98/37/EC):

-

Equivalent continuous A-weighted sound pressure level at workstations, where this exceeds
70 dB(A); where this level does not exceed 70 dB(A) this fact must be indicated.

-

Peak C-weighted instantaneous sound pressure value at workstations, where this exceeds 63 Pa
(130 dB in relation to 20 µPa).

-

Sound power level emitted by the machinery where the equivalent continuous weighted sound pressure level at workstations exceeds 85 dB(A).

In the case of very large machinery, instead of the sound power level, the equivalent continuous sound
pressure levels at specified positions around the machinery may be indicated.
Additionally, information is required about:

-

The operating and installation conditions that are associated with these manufacturer declared emission values.

-

The measuring rules used for the measurements on which this information is based.

Regarding the improvement of the professional environment, legislation demands that the noise level in
work areas shall be kept as low as possible.
For an assessment of the hazards to health and safety, especially any dangers for the hearing of employees, the physical parameters used are defined as follows (see 2003/10/EC for more details):

-

sound pressure level Ppeak: corresponding to the maximum value of C-frequency-weighted instantaneous sound pressure level,

-

daily noise exposure level (LEx,8h dB(A) re 20µPa),
weekly noise exposure level (LEx,8h dB(A) re 20µPa), both according to ISO 1999:1990.

The exposure "limit" levels and "action values" are:
Exposure limit values: LEx, 8h = 87 dB(A), Ppeak = 200 Pa (140 dB(C) re 20 µPa)
Upper exposure action values: LEx, 8h = 85 dB(A), Ppeak = 140 Pa (137 dB(C) re 20 µPa)
Lower exposure action values: LEx, 8h = 80 dB(A), Ppeak = 112 Pa (135 dB(C) re 20 µPa)
Limit exposition values mentioned above shall not be exceeded. For the determination of the effective
exposition of an employee, the attenuating effect of personal noise protection is taken into account regarding the limit values of exposition. For the determination of threshold values, the effect of such personal noise protectors is not taken into consideration.
A noise exposure of an employee in the range of the minimum threshold value and above makes it mandatory for employers to inform the employee about the risks and consequences of noise exposure. When
transgressing the maximum threshold value, the employee is entitled to medical support with the aim to
avoid hearing loss caused by noise exposure and a degradation of the functioning of his hearing capacity.
Additionally, national and European directives recommend that the noise rating levels (seeA2-5.4) at
workstations in work areas – including noise coming in from the outside – shall not exceed:

-

for predominantly mental work 55 dB(A);
for simple and predominantly mechanical or similar labour 70 dB(A);
in rest, standby, recreation and medical rooms the evaluation level, caused by noise of installations
inside the room and through noise coming in from outside, shall at a maximum be 55 dB(A).

The most important standard to be met regarding the requirements laid down in the legislation is EN
11690, describing amongst other things the aims, principles of design and execution steps for the noise
protective layout of new and existing workstations (Part 1) as well as noise reduction measures (Part 2).

As principal aims –an equivalent to the maximum acceptable values mentioned before – the following
immission / exposure values have been given:
In industrial workstations less than 75 dB(A) to 80 dB(A)
For common office work less than 45 dB(A) to 55 dB(A)
For work requiring special concentration less than 35 dB(A) to 45 dB(A)
Especially regarding workplaces, EN 11690, Part 1 also contains desirable reference values for the distance-related sound pressure level decrease as well as for the background noise level in different sorts of
rooms (e. g. large offices, industrial workstations, etc.) for the planning and the evaluation of the acoustical quality.
Sort of room
Conference room
Classroom
Individual office
Large office
Industrial laboratories
Control and steering rooms in industry
Industrial workstations

LAeq
dB(A)
30 to 35
30 to 40
30 to 40
35 to 45
35 to 50
35 to 55
65 to 70

Table 16:

Recommended maximum values for background noise levels

Note:

The background noise stems from installed technical equipment (e. g. air-condition systems)
or are radiated in from the environment.
Room volume

Reverberation time

m3
smaller than 200
between 200 and 1000
larger than 1000

s
less than 0,5 to 0,8
between 0,8 and 1,3
-

Sound pressure level decrease per doubling of the distance
DL2
dB
larger than 3 to 4

Table 17:

Recommended acoustical qualities of workrooms

Note:

These recommendations are e. g. kept where the average absorption degree of the room
exceeds 0,3 or the equivalent absorption area is larger than 0,6 to 0,9-times the floor surface. In flat rooms (non-diffuse field conditions), the equivalent absorption area or the sound
pressure level decrease are the preferred criteria.

In other guidelines, the rooms / areas are defined as noise areas where the local evaluation level reaches
or exceeds 85 dB(A) or where the maximum of the non-weighted sound pressure peak level Lpeak
reaches or exceeds 140 dB.
Attention must be paid to the fact that noise areas can change their locations, e. g. in case of mobile machinery or portable equipment. If for example portable noise emitters are used for work outside local noise
areas, the personal evaluation level must be used instead of the local evaluation level.
Noise areas shall be determined and marked professionally.
For noise areas that need to be marked, a programme of technical measurements (noise reduction programme) according to the state of the art has to be established and executed.
A5-3.4.3

Dealing with noise reduction (noise control)

1. The pre-calculation of sound in work areas is a tool for decisions on noise reduction measures. It
provides the possibility to calculate the sound pressure level at any point and to determine the values
governing the propagation of sound. Thus, these values can be compared with required respectively
limit values and different solutions for possible measures can be compared (for requirements see A53.4.2 – Requirements and recommendations).

2. Basis for the pre-calculation of sound in workplaces is the determination of the distribution of sound
pressure levels of a point source simultaneously radiating in all directions. This distribution is influenced by
form and volume of the room
absorption at its wall surfaces and
the furniture.
EN ISO 11690, Part 3 recommends the pre-calculation of sound in work areas in the five steps described below:

1 Targets – values to be obtained

Empty room
Geometry, structure and
absorption of wall surfaces

2 Determination of initial data
Equipment
Sources
Density, absorption

Place, size, sound pressure
level, emission sound power
level, direction effect, service
conditions, etc.

Related data
Propagation of sound, noise
charts, reverberation time,
etc.

3 Selection of pre-calculation method
Diffuse field models
Geometric models
Has the situation been described sufficiently?
No
Yes
4 Pre-calculation
Calculation of initial data for the data to be used and defined noise reduction measures
Initial data: sound pressure level, reference values of sound propagation curves, reverberation time, etc.
Can the targets be obtained?
No
Yes
5 Results and conclusions
Assessment of possible solutions regarding the sound pressure level, emission, exposition, reference values of
sound propagation curves, operational conditions, etc.

Table 18:

The five steps for the determination of the noise decrease solutions

Step 1: Targets – target values
3. At the start of a pre-calculation of noise, the parties concerned must select the acoustical reference
values, taking into account the different fringe conditions caused by the project, and define their target
values. Possible reference values may be: sound pressure level at the workplaces, emission and/or
exposition data, reverberation times, etc.
Step 2: Definition of initial data
The initial data regarding the character of the empty room, the room equipment and the sound sources
must be described. The situation as well as character and extensiveness of the description result in socalled description intensities, which lead to the selection of the calculation method.
Description of the empty room
4. The empty room is the volume defined by the limiting areas of the room and the large internal surfaces. Such surfaces are e. g. the surfaces limiting the workroom (walls, ceiling, floor) and large interior surfaces in the room (umbrellas, separating walls, capsules, cabins, etc.). For the pre-calculation
these reference values of the surfaces limiting the room, e. g. geometry (position, dimensions, form,
etc.) and the absorption and reflection properties must be known.

Degree of description
1
2
3
4

Table 19:

Absorption and geometry of the room
The room is defined through its volume and the average degree of sound absorption of its limiting surfaces
Cubic geometry. Each individual surface is defined by a common degree of sound absorption
Cubic geometry. Distinction of limiting surfaces in elements with differing degrees of sound absorption
Actual geometry of the room. Distribution of differently absorbing and reflecting surfaces

Absorption and geometry of the room

Description of the room equipment
5. The equipment is formed by all items in the room which have an effect on sound propagation. Equipment items are machines, stockpiles, sound screens, cabins, etc. They may be considered as a total
in the pre-calculation model or differentiated regarding their individual acoustical properties.
Note:
The equipment can be described as the average density of diffusers q:
-1
q = S / (4 ⋅ V ) in m
2
with S, the total surface of the equipment in m
and V, the volume of the room or of the area where the equipment items are located.
Degree of description
1
2
3
4
Note:

Table 20:

Description of room equipment
Equipment items are disregarded
The entire equipment of the room is described in one value for its average density and another value
for its average absorption
The room equipment is described for different parts of the room through the respective average density
and average absorption
Actual form and installation of the equipment items are taken into account. Screening and reflection by
each individual of these obstacles are being considered.
The intensities of description 2, 3 and 4 in Table 2 do not exclude each other

Room equipment

Description of sound sources
6. Machinery, tools or noise-intensive work processes are regarded as sound sources. The sound emission can be defined by the following parameters:
• sound pressure level, A-weighted, or in octave or third-octave bands
• emission sound power level at the workplace, A-weighted, in octave or third-octave bands
• development of emissions over time, maximum value, etc.
• direction characteristic or sound pressure level distribution on a measuring area
• distribution of sound sources on the body of the machinery
• dimensions of sound source
Degree of description
1
2
3

Table 21:

Description of sound source
Omni-directional point source
Point source with a direction characteristic
Complex sound sources

Sound sources

Step 3: Selection of the pre-calculation method
Category
1
2a
2b
2c

Table 22:

Pre-calculation method
Diffuse field
Rooms that can be described approximately through an average absorption per wall and through an
geometrically
average density of the equipment items
Rooms that can be described approximately through the average absorption per room limiting surgeometrically
face and through an average density of equipment items in each partial area of the room
Rooms where the respective distribution of degrees of absorption and of equipment items must be
geometrically
taken into account

Categories of pre-calculation methods

Category of pre-calculation
method
(see Table 22)
1
2a
2b
2c

Table 23:

Degree of description of initial parameters
Absorption and geometry of
Room equipment
Description of the sound
room
(see Table 20)
source
(see Table 19)
(see Table 21)
1
1
1 to 3
1; 2
1; 2
1 to 3
1 to 3
1 to 3
1 to 3
1 to 4
1 to 4
1 to 3

Recommended areas of initial parameters for each category of pre-calculation methods

The tables above render guidance for room situations, required respectively sensible calculation methods
and the associated required intensities of the description of the initial parameters.
Simple calculations of category 1 – diffuse field – can be executed with the method described in A5-2.4
Sound propagation in rooms. Already, the geometric method of category 2a (VDI 3760) is relatively complicated and can hardly be executed without computer and associated software.
The geometrical methods 2 b and 2 c are neither standardised nor is an associated software available.
These methods are used by experts individually and constitute a considerable effort.
Step 4: Pre-calculation
With the initial data mentioned above and the method chosen in step 4, the appropriate calculation shall
be executed. A final test regarding the fulfilment of the targets defined in step 1 may lead to a repetition of
the procedure or to an evaluation of the result with conclusions (step 5).
Step 5: Results and conclusions
Apart from the re-design of work areas and building conditions, the method described above serves the
design and the dimensioning of sound-protective measures. To achieve this, the recommendations in
document A3 "Product characteristics – Acoustic insulation, absorption, attenuation" and chapter A6-3
"Noise protection" of document A6 "Industrial acoustics" and in the literature quoted shall be followed.
A5-3.5

Meeting rooms

A5-3.5.1

General

A meeting room is a closed space which allows for the conversation between several persons. In most
cases, individuals are sitting around a table. The main purpose of this design is that occupants may talk
or listen in acceptable comfort for a relatively long time.
One must discern between meeting rooms and conference rooms. A conference room may be foreseen
for several hundred people, generally distributed on seat ranges situated in front of a platform on which
speakers appear. Screens can be produced or more general audio-visual productions. The screen must
be visible from all places, which is a decisive requirement for the room dimensions. As for its acoustical
qualities, these are similar to those of a multi-purpose room, treated in chapter A5-3.9.
A meeting room can be considered as a very noisy room, especially in the case of an animated discussion or in case of audiovisual demonstrations. This is why the quiet adjacent rooms must be protected
and a reinforced acoustic insulation between the meeting room and the adjacent rooms must be foreseen.
A5-3.5.2

Requirements and recommendations

We will distinguish between small meeting rooms, where a maximum of twelve people may convene, and
big meeting rooms, which can accommodate up to 50 persons.
For the small rooms, there is no specific problem as long as the reverberation time is equal or below 0,6
seconds and the overall sound level not above 35 dB(A). In this case, intelligibility of speech is generally
good in all positions and can be excellent.
For big meeting rooms, furnitured, but not occupied, the average reverberation time in octave bands cen1/ 3

tred on 500 Hz, 1.000 Hz and 2.000 Hz must be lower than 0,1⋅ (V ) , where V is the room volume in m .
Additionally, it must be verified that the intelligibility of speech, when people talk at normal voice level, is
3

good at every position (RASTI equal or over 60%), when the background noise level is relatively high,
near 45 dB(A). This background noise level is caused by noises produced by continuously working building equipment (ventilation, air-conditioning), but also caused by noises produced by the occupants. These
are rarely disciplined enough to listen to the speaker in perfect silence. There is always individual talk with
a more or less lowered voice that contributes to the increase of the background noise level.
A5.3.5.3

Calculations

A5-3.5.3.1

Reverberation time

The calculation of reverberation time, using the SABINE formula, is sufficient for both small as well as big
meeting rooms. The calculation method is similar as that used in A5-3.2.3.1 for classrooms.
Independent of the absorbing coefficients of floor, ceiling or wall surfaces, which are listed in the performance tables in the manufacturers' literature, it is necessary to take into account the sound absorption by
tables and chairs. The Tables 5 and 6 below give several values for different kinds of chairs.
In case of a surface occupied by the audience, the characteristic to take into account is the absorption
coefficient of this occupied surface. In the case of simple seats, the basic characteristic is the equivalent
absorption area of the seat.

Table 24:

Hz
Kind of furniture
Wooden seats
Cloth covered seats
Stuffed seats

125

250

500

1000

2000

4000

0,10
0,35
0,45

0,10
0,45
0,55

0,10
0,50
0,65

0,15
0,50
0,70

0,15
0,50
0,75

0,15
0,50
0,70

Table (1,2 ⋅ 0,6 m)

0,20

0,30

0,25

0,20

0,20

0,25

Audience (pm)

0,60

0,70

0,80

0,90

0,90

0,85

Absorption coefficients for a surface occupied by furniture
Hz
Kind of furniture
Wooden seats
Cloth covered seats
Stuffed seats
Table (1,2 ⋅ 0,6 m)

Table 25:

125

250

500

1000

2000

4000

0,05
0,20
0,20
0,15

0,05
0,20
0,25
0,20

0,05
0,25
0,30
0,20

0,10
0,25
0,35
0,15

0,10
0,25
0,40
0,15

0,05
0,25
0,35
0,20

Equivalent absorption area for one piece of furniture (m

2
Sab)

For the absorption performance of different elements see Annex 1. For the absorption performance of
different materials and systems see manufacturers' documentation and FESI Document A3.
A5-3.5.3.2

Intelligibility of speech

In a meeting room it is important that good intelligibility of speech prevails at all positions. If the intelligibility is only moderate, it is necessary to make a special listening effort which is incompatible with the meetings' frequently occurring long duration. A RASTI index of over or equal to 60% is considered a sign of a
good intelligibility. The more the room is narrow and long, the more is it necessary to consider the intelligibility at places far from the speaker. Below, two examples will be given for rooms where about 40 people sit around an O-shaped table and need to communicate. The same wall treatment was considered for
both examples.
12 m length, 9 m width and 3 m height
Room 1:
One of the long walls is glazed and equipped with a light net curtain. The other partitions are light and
covered with perforated wood plates in front of mineral wool. In case of this study, the ceiling is covered
with soft tissue or by a suspended ceiling with a high absorption coefficient and the floor is covered by
wall-to-wall carpets or by a wooden parquet. As the length of the room is important (over 10 m), it is important to cover these long walls with absorbing materials to avoid pure echoes.
The background noise level is near 45 dB(A) (see chapter A5-3.5.2).

In Table 26 below, the development of the average reverberation time is shown in octave bands 500 Hz,
1.000 Hz and 2.000 Hz, in an occupied room and the development of the intelligibility of speech in relation
to the kind of treatment. Only floor and ceiling coverings vary. The position of the source is indicated by
"A".
Glass wall

A

B

C

Figure 18: Plan of meeting room 1
Kind of treatment
Floor: carpet
Absorbent ceiling
Floor: parquet
Absorbent ceiling
Floor: carpet
Smooth stuff on ceiling
Floor: parquet
Smooth stuff on ceiling

Table 26:

Intelligibility for the whole audience
(RASTI)

Intelligibility
at B

Intelligibility
at C

Average T
(s)

50 to 100%

60%

54%

0,2 s

50 to 100%

62%

55%

0,25 s

60 to 98%

67%

62%

0,3 s

60 to 99%

67%

63%

0,4 s

Intelligibility and reverberation time in meeting room 1

The grey area in Tables 26 and 27 shows results in accordance with one or more objectives.
The results show that in this meeting room a reflection of acoustic energy from the ceiling is required.
16 m length, 6 m width and 3 m height
Room 2:
The treatments considered are the same as in the example of room 1.
Considering the length of the room, at least one of the short walls must be treated to avoid echoes. Since
the room is also narrow, at least one of the two long walls must also be treated to avoid flutter echoes.
In Table 27 below, the development of the average reverberation time is shown in octave bands 500 Hz,
1.000 Hz and 2.000 Hz and the development of the intelligibility of speech is shown in the occupied room,
in relation with the kind of treatment. Only floor and ceiling surfaces vary. The position of the source is
indicated with an "A".

A

B

C

Figure 19: Meeting room 2
Kind of treatment
Floor: carpet
Absorbent ceiling
Floor: parquet
Absorbent ceiling
Floor: carpet
Smooth stuff on
ceiling
Floor: parquet
Smooth stuff on
ceiling

Table 27:

Intelligibility for the whole audience
(RASTI)

Intelligibility
at B

Intelligibility
at C

Average T
(s)

45 to 99%

64%

45%

0,2 s

46 to 99%

64%

47%

0,2 s

56 to 87%

70%

57%

0,3 s

58 to 96%

70%

59%

0,35 s

Intelligibility and reverberation time in meeting room 2

For this room, the only just acceptable configuration is the one with reflective floor and ceiling. If the
speaker is used to talk in meeting rooms, he will realise that people sitting in the back of the room have
difficulties to follow his talk and he will raise his voice and ask other speakers to do the same. Another
solution is the use of microphones and loudspeakers.
Because of the proximity of the lateral walls, the intelligibility of speech in this narrow room is better than
in the previous example only for the area near the speaker. On the other hand, for points far away from
the speaker the intelligibility of speech is not anywhere near as good as in the previous case.
If this meeting room has been derived from partitioning a large hall office, that used to represent an "open
space", i. e. fitted with floor-to-floor carpet and a very absorbing ceiling, the erection of partition walls is
not sufficient. Additionally, it is necessary to cover the partitions with absorbing material, to modify the
floor and the ceiling.

A5-3.6

Sport rooms and gym halls

A5-3.6.1

General

The acoustical treatment of sport rooms, gym halls, swimming halls, ice-skating halls ... is indispensable
because of four reasons:

-

To avoid security problems: In an acoustically untreated bath, the level of ambient noise resulting
from shouting could mask emergency signals by somebody who is in difficulties.

-

Diminish the ambient noise caused by the activities where this exceeds 80 dB(A) or 90 dB(A). Take
note that this is the acoustic level which is suffered by the personnel during the entire day and it is not
in conformity with the regulations applying to working environments.

-

Create conditions so that the instructions by the personnel can be correctly understood so that they
can be followed effectively.

-

Create conditions so that the users of these sport environments like to visit them. People will not go to
too reverberant environments, which are therefore little used which is the opposite of their purpose.

Regardless of their height, gym halls without rows of seats for visitors are frequently parallel epipedic
rooms. If one is content with treating the ceiling, the result could be misleading: Whichever the value of
the reverberation time calculated with the Sabine formula, the measured reverberation time will be higher
(occasionally twice the calculated value). This proves the fact that a part of the energy "circulates in the
room" because it is reflected from the vertical walls which are non-absorbent before it reaches the absorbent surface of the ceiling. In these parallel epipedic locations, it is necessary to also treat a part of the
vertical walls. In certain countries, it is a requirement that at least 20% of the required absorbent areas
should be placed on the walls. In other countries, it is required to give the place a reverberation time so
diminished that it is impossible to reach that value with only absorbent areas on the ceiling.
The acoustic treatment of sport rooms is relatively difficult since it must answer a combination of numerous conditions. In sport halls, the absorbent treatment must be shock-resistant, which leads to the tendency to place it on the ceiling, especially if the hall is very high. In a swimming hall, the absorbent surfaces must resist moisture attack, and since these materials are frequently porous and thermallyinsulating, it is required to master the possibilities of condensation.
To withstand shocks, one could use mineral wool protected by perforated sheet metal (the perforation
ratio being 20% or higher – see FESI Document A3-5.4.1). To avoid condensation problems in the water
vapour in the absorbing material in swimming halls, one could enclose the mineral wool in a thin and tight
plastic foil.
A5-3.6.2

Requirements and recommendations

Currently, we only have recommendations. We are giving two examples.

-

In Denmark, the recommended reverberation times are relatively weak.
= In order to be suitable for application, sport and gym halls should have a certain amount of
3
3
sound-absorbing surfaces. In smaller halls with a total volume of 3.000 m to 4.000 m , it is recommended that the reverberation time in the frequency band between 125 Hz and 4.000 Hz
should not exceed 0,6 seconds. In larger halls, the so-called equivalent absorption area should
be ≥ 0,9 times the floor area.
= Due to the rather big room volumes, reverberation time should preferably be predicted as TSab
according to equation [2] in chapter A5-2.2.5.
= As regards larger rooms, the equivalent absorption area A is calculated in accordance with the
definition given in chapter A5-2.2.5.
= In larger sport halls, especially the spectators comfort should be taken into consideration. Loudspeaker information must not be distorted by reflections and echoes. On the other hand, experiences show that reflecting walls behind the audience and not too far from the sport field will form
a dynamic feedback to the athletes and thereby create a desirable hectic atmosphere.

-

In France, a future regulation is being developed. The borders, especially the volume which we are
giving below are still under discussion.
= For rooms with sportive activities, which are not permanently occupied by spectators, the duration
of the average reverberation in the octave bands between 125 Hz and 4.000 Hz should be below
a value Tmax which is dependent upon the volume V of the room:
3
1/3
For volumes above 500 m , Tmax = 0,1 V .
3
For volumes below 500 m , Tmax = 0,8 s.

-

The required absorbing materials should finally be placed on the ceiling and at at least one of the
vertical walls.

A5-3.7

Large-scale rooms / public spaces

A5-3.7.1

Large offices – open spaces

A5-3.7.1.1

General

A large-scale room is designed to receive a great number of people and has no divisions between working places. In a large-scale office, activities can be varied: telephone exchange (call centre, administration, studies).
For this kind of hall, the main objective is to achieve a limitation of the inconvenience between neighbouring working places, whilst simultaneously providing a good conversation comfort at short distances.
A5-3.7.1.2

Requirements and recommendations

The draft of the French standard quoted in chapter A5-3.2.2, regarding small offices, gives recommendations for three quality levels of which we will consider only the last two. In fact, a large hall / open space is
a particular case which needs a careful treatment if user complaints are to be avoided.

-

Outstanding level B: short conversations in a low voice are no source of inconvenience for other users of the room.

-

High-performance level C: it is not necessary to raise the voice too much for a short conversation with
the neighbouring working place. The privacy between more distant working places is quite good.

For both quality levels, noises from building equipment and external noises are perceptible, but do not
cause inconvenience or fatigue.
Table 9 below gives the acoustic performances associated with the two quality levels.
Criteria
Background noise
Equipment noise level
Reverberation time: V < 250 m3
V > 250 m3
Minimum distance from a working
place to another
Space decrease
Privacy index (see A5-3.7.1.3.2)

Quality level B
40 < L50 < 45 dB(A)
≤ NR 40
0,6 s < T < 0,8 s
not significant
3m
4 dB per doubling distance
70% < PI < 80%

Table 28:

Recommendations for an open space

A5-3.7.1.3

Calculation

Quality level C
40 < L50 < 45 dB(A)
between NR 35 and NR 40
T ≤ 0,5 s
not significant
4 m + compulsory study for
arrangement
5 dB per doubling distance
PI > 80%

A5-3.7.1.3.1 Decrease of sound level by doubling the distance from the source
The sound level decrease by doubling the distance from the source can not be calculated with the classi2
cal formula for direct and reverberated fields: Lp = LW + 10 log (Q/4πr + 4/R), where R is the constant of
2
the room in m , Q is the directivity of the source and r is the distance in m from the hearing point to the
source (see also chapter A5-2.4.2).

The Figure 20 shows in bold line the result in an open space not furnitured, 25 ⋅ 25 m for the floor and
3 m under the ceiling and in fine line the expected result when using the equation mentioned above. In
this example, the vertical walls were reflective (one wall lightweight partition and three walls made totally
of glass). The ceiling was very absorbent and the floor was fitted with a thick wall-to-wall carpet.
Lp - Lw in dB(A)
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Figure 20: Example of decrease with distance from the noise source
Strong line: real decrease
Fine line: decrease as result of equation "direct field and reverberant field"
In fact, the room is flat, the height under the ceiling being notably smaller than the two other dimensions.
The curve obtained is almost the same as the curves presented in chapter A5-2.4.3.
To calculate the expected level decrease over distance, generally a software based on the rays principle
is used. The simulated situation for the last example shows that in a large hall, the distance decrease of
sound levels depends mainly on the absorption characteristics of the floor and the ceiling. Figure 21
shows the regression lines obtained with the floor covered by wall-to-wall carpet when combined either
with a highly reflective or with a very absorbent ceiling.

Space decrease
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Figure 21: Regression lines when the ceiling is quite reflective (fine lines) and when it is very absorbent (strong lines)
When the ceiling is reflective (upper curves), the distance decrease is 3 dB(A) by doubling of the distance.
When the ceiling is absorbent, this decrease becomes 4.1 dB(A).
These distance decreases were calculated for an emission of pink noise.
It is certain that when the open space is furnitured with its workstations and several screens formed by
the separating units, the level decrease will be increased to reach the quality level C of Table 28, that is 5
dB(A) per doubling of the distance from the source.
A5-3.7.1.3.2 Privacy index
In the case of open space, intelligibility indices do not seem to be the most important consideration. We
need a good intelligibility near the speaker and a bad intelligibility a bit farther away. Figure 22 below,
shows a requirement for an open space, to have a relatively high background sound level. It shows the
variation of the RASTI index, in relation to the distance from the source and the overall background sound
level.

Intelligibility - Evolution of RASTI index with backgroud noise
level
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Figure 22: Intelligibility in relation to the distance from the source and to the background noise
level
These indices are determined for a sound emission with normal voice level. In fact, in a large hall well
treated, the tendency is to speak less loudly when we are understood by a nearby person (interlocutor).
With a lowly emitted noise level, the distance from where we would start to have a lower intelligibility
would be shorter.
This Figure 22 justifies the requirement for a minimum distance between workplaces of 4 m.
The Privacy Index (PI) is a measure of speech privacy in a room. It is derived from the Articulation Index,
AI (see chapter A5-2.3.2 in this document), where:
PI = (1-AI) x 100, in %.
There are four levels of speech privacy, according to the ASTM E1374 Standard “Guide for Open Office
Acoustics and Applicable ASTM Standards” (note that, same as for AI, this parameter has been developed in the USA, but is not generally used in Europe).
1. - Confidential Privacy: PI of 95% or better. Speech can be detected but not understood.
2. - Normal Privacy: PI 85 – 95 %. Effort is required to understand speech
3. - Transitional Privacy: PI 60 – 80%. Speech is mostly understood and can be distracting.
4. - No privacy: PI less than 69%. Speech is clearly understood

A5-3.7.1.3.3 Special studies
If an office hall is foreseen in a new building and the future occupants are not yet known, it is frequently
required to treat the space as if it will be an open space, even if we know that some areas will definitely
be partitioned off. It must therefore be investigated what modifications will need to be made in case the
area is partitioned.
One of the main problems to solve is the compatibility of the background sound level, often caused by
machinery, that is acceptable in an open space, and the background noise level acceptable in a closed
office. The background noise level must frequently be diminished from 45 dB(A) to 35 dB(A). This problem becomes even more intricate as we realise that in large hall offices most of the air insertion and extraction nozzles are frequently in the centre part of the ceiling, far away from vertical walls. When such
large areas are partitioned into several compartments, some of these nozzles will be near these newly
erected partition walls. Thus, noise reflection at the end of the ventilation duct (outlet) and the directivity Q
of these sources will change (see also A4-6 and A6-2.3.5).
So it is necessary to pre-plan in the initial project the modifications required at the "grids" in case of partitioning the large hall into smaller cubicles: change of the air speed, complementary silencers (we must
have room to introduce those), modification of the nozzle position etc..
Another problem is the compatibility of a large hall acoustic treatment with that of a partitioned office in
relation to its purpose. For example, the ceiling of a large hall must be very absorbent and on the contrary, the ceiling of a large meeting room has to be reflective (see above).
A5-3.7.2

Restaurants
3

In this chapter, big-volume restaurants (> 250 m ) will be examined, such as company or school canteens. For smaller restaurants see the chapter on collective offices (A5-3.2.1).

A5-3.7.2.1

General
Untreated restaurant

Restaurant with absorbing ceiling

Restaurant with absorbing ceiling and with
reflective screens

Figure 23: Principles for restaurants' treatment
One could assume that the acoustic treatment needed for large restaurants was the same as the one
needed for a large office: Conversation around a table must be easy, and audible for people sitting at
tables in the neighbourhood only with difficulty.
However, there are some principal differences. The tables, like workstations, are nearer to one another.
There is not only occasional conversation, but on the contrary all people, or almost all, talk at the same
time. This contributes to an elevation of the overall background noise level. Thus, we obtain what we call
the "cocktail effect": The background noise level is high, which leads to the tendency of speaking more
loudly to cover the background noise and to be understood by ones communication partner. But then
every talking person does the same, thereby contributing to just another increase of the background noise
level. Suddenly this noise level is so high that it is impossible to raise ones own voice any more to cover
the background noise level. Being unable to listen or talk to our communication partner, we stop talking.
The background noise level decreases. We may speak up again etc.
In a restaurant, the noise sources are distributed throughout the surface. It is important to absorb the
emitted acoustic energy as close as possible to the source. So it is recommended to install a very absorbent ceiling, combined with a relatively low height under the ceiling. But even were this type of treatment
is realised, the background noise level will be elevated as many people talk at the same time.
Example: Company restaurant with 20 m length, 15 m width and 3,5 m height, in which 150 people can
sit. If the ceiling is very absorbent and the floor covering is reflective (often tiled floors are preferred for
2
the reasons of easy cleaning), the equivalent absorption area can be as big as 350 m . If 75 people talk
at the same time with a normal voice, the noise level in the reverberated field is near 70 dB(A). With such
a level, people are obliged to raise the voice level to be heard.

A solution consists in increasing absorption by absorbing materials on the walls and in the completion of
the acoustical room treatment by a complementary restaurant arrangement: With reflective screens
placed to separate areas, the direct transmission from one table to others is diminished, and the reflection
from the screen raises the useful noise level for the respective communication partner. So one can talk
lowly and nevertheless be understood by the people around ones table.
The screens frequently seen in restaurants with many holes, however, are only a decorative element and
are without any acoustic effect.
A5-3.7.2.2

Requirements and recommendations

The overall noise level caused by building equipment and external noise can be between 40 dB(A) and
45 dB(A) in the restaurant furnitured, but not occupied.
The suitable mean reverberation time in octave bands centred on 500 Hz, 1.000 Hz and 2.000 Hz is under 0,6 seconds.
The distance decrease must be about 4 dB or 5 dB per doubling of the distance.
A5-3.8

Large auditorium / concert hall / opera

A5-3.8.1

General

Reverberation time is the prime parameter for designing music rooms. But also many other acoustic parameters must be taken into consideration in the design to achieve the excellent acoustic conditions
needed for concert and opera halls. Part of those parameters is rather subjective and a matter of opinion.
In other words, the design of world-class music halls is a speciality beyond the frame of this document.
The optimum reverberation time of music halls varies with the kind of music to be performed. It is for instance well known that church music demands longer reverberation than symphonic music. This is quantified in the figure below, which also indicates that the preferable reverberation time generally improves
with the room volume.
Requirements and recommendations

Reverberation time at 500 Hz in seconds

A5-3.8.2

Figure 24: "Optimum" reverberation time for various sizes of music rooms. The curves shown
are compromises between the recommendations of a number of authors. (Per V.
Brüel: Architectural Acoustics, Brüel & Kjaer, Copenhagen)
The optimum values for the reverberation time in mid frequencies is between 1.4 and 2.8 s, with an early
decay time (EDT) between 1.8 and 2.6 s.
Advantaged situation, of
EDTaud > T (averaged),
EDTaud / EDTpodium < 1

Optimum values
C80 = ± 2 dB,
LEF = 0,2 – 0,3
A5-3.9

Multi-purpose rooms

A5-3.9.1

General

The varying optimum reverberation times tailored to suit the use of a given hall means unfortunately that it
is not possible to optimise the reverberation time of a hall intended for various kinds of cultural activity.
The figure below, which shows a reverberation time at 500 Hz to 1.000 Hz versus room volume, is based
on practical experience. If the reverberation time is outside the sketched areas for a given purpose, the
acoustics of the room will probably be regarded acoustically unsatisfactory.

Figure 25: Orchestra practice, orchestra concert, chorus concert, pop and rock concert, theatre,
chamber music, lecture hall (J. H. Rindel, Technical University Copenhagen)
It is not much overlap between the areas for different use and at larger volumes, one even finds gaps. As
illustrated in the figure, satisfactory acoustics for both opera and theatre are incompatible in the same
hall.
Nevertheless, based on a wish to get a hall applicable for a number of cultural purposes, various halls
have been built. In the worst case, the desire to get a multi-purpose hall may lead to a room not really
suitable for any purpose.
To overcome this problem, so-called "variable acoustics" must be installed, which means that the acoustic properties, especially the reverberation time, are adjustable according to the actual event.
In principle, it is very simple to remove or add absorption areas. Numerous, more or less sophisticated
mechanical systems have been designed in order to achieve "variable acoustics". Predominant solutions
are:

-

Reverberation time may be prolonged by covering absorbent areas with hard surfaced plates. The
practical solutions comprise Venetian blinds and plates to be folded or to be hoisted or pushed away.
Similarly, the absorbing panels could be removed, manually or mechanically.

-

Reverberation time could be diminished by the use of fabric absorbers in the shape of drawing curtains of heavy fabric, depending on frequencies to be absorbed at a distance of 25 to 200 mm from
the hard wall. Another possibility are hangings of fabric, mounted to be rolled up and down. Horizontally installed rolled fabric covers for ceilings are also in use.

A5-3.9.2

Requirements and recommendations

Pop and rock music should be played in halls with very low room reverberation, because reverberation is
part of the music. It is created by the electronic equipment used and room reverberation would only interfere with the direct sound from the loudspeakers and thereby lower the quality of the music.

"Electronic reverberation can also be used in symphonic music halls. Already in the late sixties, an electronic system "assisted resonance" has successfully been installed in the Royal Festival Hall in London.
This system has its greatest advantages at low frequencies. A few years later, the "multi-channel reverberation" system was invented. This system is especially suitable at medium and high frequencies. One
technical limitation is that the electro-acoustical increase in reverberation time should not exceed 50%.
Both these systems make the perception of the music by the audience independent of the reverberation
characteristics of the music hall.
Some people are against that kind of artificial sound. Nevertheless, properly designed, these systems can
broaden the range of utility of multi-purpose halls. Several successful examples exist.
Several years ago, S.N.I., the French contractor’s organization for insulation, gave recommendations for
multipurpose halls. The basic idea was that for one activity in the hall, the optimal reverberation time depends on the volume of the room. But for one determined volume, and for one production, each specialist
wants a reverberation time often different than the value wanted by an other specialist. Thus, for productions without the help of electronic systems, the area corresponding to the recommendations by many
authors for a speech production recovered partially the area for the chamber music. If we recommended
to obtain a reverberation time in the middle of the both areas, we would have a good possibility to obtain
an acceptable multipurpose room. Indeed, this means reverberation time combined with a low variation of
the reverberation with the frequency is also interesting for the productions with electro acoustic systems.
However, if we want to complete the activity of such a hall by the production of symphonic music, we
must study a possibility of variable acoustics. The SNI recommendations can be summarised by the following table.
Volume (m3)
500
1 000
T0 in second in the mid0.85
0.95
frequencies (500 and 1000 Hz)
in the occupied room
T0 in s for the mid-frequencies,
1
1.15
in an unoccupied room
T0 = optimal reverberation time in the mid-frequencies in s

Table 29:

2 000

4 000

8 000

10 000

1.05

1.1

1.2

1.3

1.3

1.35

1.5

2

SNI recommendations for multipurpose rooms

In the low frequencies the reverberation time can be 1.2 to 1,3 ⋅ T0 , in high frequencies it can be 0,9 ⋅ T0
A5-3.10

Television / music recording studios

A5-3.10.1

General

To begin the theoretical approach to this subject, it is necessary to establish the difference between a
large recording studio and a small studio. The octave spread of the audible spectrum is so great that the
acoustical analysis of small rooms is quite different from that of large rooms. Below about 300 Hz, the
average studio or listening room must be considered as a resonant cavity. It is not the studio that resonates, it is the air confined within the studio. As frequency increases above 300 Hz, the wavelengths become smaller and smaller with the result that sound may be considered as rays and specular reflections.
Nowadays, most of the studios require spaces designed for quality listening and quality recording at low
cost. In addition, there are a lot of small recording studios which have limited budgets and limited technical resources. This chapter is aimed primarily at those studios. It is true that even in this case, a deep
knowledge and practice of acoustics is necessary to design a good room, and this chapter only contains
some information regarding this subject. Moreover, the theories and criteria for studio design vary.
The combined studio / listening room should have acoustics suitable for both listening rooms and recording purposes, according to the following figure, even if this is not always the real situation.

Recording room

Listening room

Figure 26: Reflections in studios
The same major acoustical problems are involved in the design of small rooms: listening rooms, audio
workrooms, control rooms and studios.
Professional studios are divided into listening rooms and control rooms.
In the following, we will present some information regarding general listening rooms. After that, some
information for small recording studios and control rooms is given.
Information related to this chapter can be obtained from the bibliography and from the standards and
technical documents available in the EBU (European Broadcasting Union).
A5-3.10.2

Listening area in a professional workroom

This chapter deals with rooms inside a studio or acoustical workroom that are used to listen to music.
However, this information is also valid for recording rooms.
The size of the room is an important parameter. Then, it is interesting to know some useful results of
practical experience:
3

Studios with volumes of less than approximately 40 m are so prone to sound coloration that they are
impractical. In rooms that small, it is possible to have audible distortions.
For certain ratios of room dimension, the table below shows the different recommendations given by different authors.
Author
Sepmeyer
Louden
Volkmann
Boner

Table 30:

Height
1
1
1
1
1
1

Width
1,28
1,6
1,4
1,5
1,5
1,26

Length
1,54
2,33
1,9
2,5
2,5
1,59

Several recommendations for the studios’ dimensions

This table lists the room proportions yielding the most favourable distribution of the room's modes (see
chapter A5-2.4.6). With new constructions, these proportions can be used as a guide, conforming any
dimensions by calculation and close study of the spacing of axial-modes frequencies (refer to literature for
this subject).
Some experiments were conducted for the purpose of finding the room's treatment best suited for evaluating audio products, under the "stereo image" point of view. The following figure shows the summary of
the results. It is significant that no single arrangement was found that gave good results for all five criteria.
(The rooms had parquet wood floors and absorptive ceilings).

Figure 27: Answer to different criteria in relation with kind of treatment
Regarding the room response depending upon frequencies, some practical indications are given below:
a) Low frequencies (< 300 Hz)
The loudspeakers energise the modal resonances prevailing at their locations, and the modes that have
zeros at a loudspeaker location cannot be energised (similar to a string in a guitar: zero where the finger
is on the string, at this point no excitation is possible). Loudspeakers should be located as far away from
reflecting surfaces as practicable.
It is not practical to acoustically treat each mode separately; it is necessary to find a general lowfrequency treatment. It is useful to place low-frequency absorbers in the two corners of the room near the
loudspeakers. These absorbers can be Helmholtz resonators, "bass traps", or diffusers (there are commercial solutions), as shown in the figure.

Figure 28: Examples of absorbents for low frequencies
b) Mid to high frequencies
For these frequencies, the ray theory, with specular (mirror) reflection, is available. The first signal to
reach the listener is the direct sound, and the reflections arrive later. These reflections are the early reflections. The reflections from general reverberation arrive much later. The following scheme shows the
direct sound and indirect reflections (both roof / floor and lateral).

Figure 29: Direct and reflected sounds

The figure below summarises some information about reflection level and reflection delay, that are explained in the subsequent table.

Figure 30: Comparison of the levels and delays of the early reflections
The table below shows the path lengths for the reflections F-W that helps to understand the figure, and
allows for the extraction of some general information for the design of listening rooms. This case is based
on the experience for a room with the following dimensions:
Sound paths
Direct
F (Floor)
D (Diff)
C (Ceiling)
W (near wall)
W (far wall)
F (rear)
G (rear)

Table 31:

Path length
(m)
2,44
3,20
3,20
4,88
4,27
6,40
9,33
13,5

Reflection, direct
(m)

Reflection level
(dB)

Delay
(ms)

7,62
7,62
2,44
1,83
3,96
6,89
11,06

-2,4
-2,4
-6,0
-4,9
-8,4
-11,7
-14,9

2,2
2,2
7,1
5,3
11,5
20,0
32,1

Reflections in a room: 3 (height) x 4,87 (width) x 6,5 (length) meters

To reduce the levels of the early reflections, the front portion of the room can be treated. If this treatment
makes the room too dead, it should be necessary to add a minimum of absorbing material only on the
specific surfaces responsible for the reflections. These surfaces can be located with the help of a mirror.
The installation of an absorber on the wall between the loudspeakers should reduce diffraction reflections,
which are more difficult to locate.
A5-3.10.3

Small recording studio

In designing a studio, attention should be given to the room volume, the room proportions, the sound
decay rate (reverberation time), but also to diffusion and isolation from interfering noise.
In the table below, studio dimensions are given for favourable mode distribution.

Height
Width
Length

Table 32:

Ratio (see
A5-3.10.2
1,00
1,28
1,54

Small studio

Medium studio

Large studio

2,44
3,12
3,76

3,66
4,69
5,64

4,88
6,25
7,52

Studio dimension for favourable axial mode distribution

The room proportions selected do not yield perfect distribution of modal frequencies, because other
modes than axial are present. The major diagonal dimension of a room better represents the lowest frequency supported by room resonances because of the oblique modes.
To understand the meaning of the "mode distribution", it can be assumed that the response of the studio
is the sum total of the responses of the individual modes, when excited (supposed the studio is a stringed
instrument).
A studio having a very small volume has fundamental response problems in regard to room resonances;
greater studio volumes yield smoother responses. A cubical room distributes modal frequencies in the
worst possible way; having any two dimensions in multiple relationship results in this type of problem.
Anyway, the perfect room proportions have yet to be found. It is necessary to be well informed on the
subject of room resonances and to be aware of certain consequences in order to guarantee a good studio
design.
It is not very correct to use the reverberation time associated with small spaces in which random sound
fields do not exist. Anyway, in a first approximation of the problem, it is a useful parameter. There are
many informations regarding the reverberation time or the sound decay rate. As a general approximation,
a reverberation time of 0,3 sec + -0,1, weighted for the third-octave 63 Hz to 8000 Hz, can be given.
To evaluate the maximum sound pressure level consistent with the activity of the recording room, some
internationally accepted recommendations can be used. The most widely used are the NC or NCB, from
Beranek. Chapter A5-2.5 of this document deals with this subject.
In order to reach the levels of those recommendations, the rules of the isolation must be applied (see
FESI Documents A3 and A6).
A5-3.10.4

Control room

Despite the proliferation of design techniques, the ultimate emphasis has always been on "does it sound
good?" with "good" often undefined.
A control room should be neutral, it should add as few sonic colorations as possible to the sound generated by the monitor loudspeakers. Because of this reason, the quality of loudspeakers is very important:
poorly designed loudspeakers should exhibit their flaws, and well-designed ones should demonstrate
their assets.
It is necessary to study the frequency response, directivity, polar response and sensitivity of the loudspeaker.
There are different theories regarding the quality of the control room, that have developed over time. At
the beginning, efforts of controlling the audible influence of the control room were primary concerned with
low-frequency room modes and uniform high-frequency sound fields at the preferred listening positions.
In the 80’s , the psycho-acoustic importance of sound fields within the control room has entered into the
design criteria, being the most important the LEDE (live-end-dead-end) rooms. This “LEDE” system consists of a semi-reverberant control room with sound-absorbing surfaces (dead end) around the loudspeakers and sound-reflecting surfaces (life end) behind the control desk (see sketch 2 in the Figure below).
The traditional approach led to highly diffuse, often asymmetrical rooms. Later, the advances in time discriminative measuring systems have given rise to attempts of preserving the direct signal of the monitor
loudspeakers by eliminating short delayed reflections from the front of the control room.
In practice, the design of a successful control room is dependent upon many factors (equipment, isolation…). For all parameters a compromise must be found between user acceptance, cost and theory. The
right design must be made by specialists, but some general advises must be taken into account (note that
some theories or tendencies can vary over time):
1. High-amplitude, discrete reflections should be avoided by optimisation of room geometry and finishes.
These reflections create audible degradation of the signal, regardless of the location of the reflecting
surface.

2. The integrity of the direct sound field must be maintained. This means reduction in the level and
number of early reflections from monitor shelves, mixing consoles, and so on. This effort is enhanced
by keeping the vertical and horizontal displacement of the monitor loudspeakers at a minimum to reduce pinnate time delay and cross-sensory cues that result in imprecise localisation.
3. Some acoustic energy must be reflected to the listening position to ensure users' acoustical comfort.
This almost random acoustical energy should exhibit no spectral peaks greater than 3 dB when
measured over a one-third-octave interval and 6 dB for discrete frequencies, and should average at
least 15 dB lower than the direct signal.
4. Monitor loudspeakers should be located in the vertical plane in a position consistent with typical microphone and instrumental locations.
More information is obtained from the figure below.

Figure 31: Different kinds of control rooms
The quality of music reproduction in the four control rooms from the table above was judged by 90 subjects, in order to determine the influence of the listening conditions of different control rooms.
The results are:

-

The reverberant control room 1 was preferred for chamber music and church organ.
LEDE (room 2) was preferred for drum solo and disco music, followed by the non-reverberant room 3.
This can be probably extended to pop, country, jazz and dance music.

It is concluded that a compromise is necessary in the acoustic design of control rooms when they are to
be used for many types of music. Control rooms for a specific use can follow a particular design.
A5-3.10.5

Requirements, calculations and recommendations

Some useful ideas regarding the studios design have been given in the previous information. In the following, some general values and criteria are given in order to guide the characterisation of such acoustic
rooms. In the following section, some recommendations according to the BBC (British Broadcasting Corporation) and the EBU (European Broadcasting Union) are given.
A5-3.10.5.1 BBC recommendations
The noise limit values of the background noise at normal working conditions (with the climatic units and
other outside disturbing noise effects) are given in Table 33.
1.
2.
3.

Table 33:

Speech recording rooms
Video-sound recording studios, in production rooms and TV studios
Technical rooms

Limit requirements for background noise

Hz
dB
dB
dB

63
36
51
59

125
22
38
48

250
15
29
40

LAeq
15/20
29
35

NR
10/15
20
30

For special purposes, higher sound insulation requirements may be needed to meet the background
noise requirements.
Room acoustic requirements
The preferred reverberation time values are given in the frequency range of 125 – 4000 Hz.
This is the range in which the sound absorption data for different manufacturer products are given and
inside which the design can be calculated to meet certain expected values. In the ranges of 80 – 125 and
4000 – 8000 Hz only estimated values could be given.
Below, the mean reverberation values Tm are given, measured in the 125 – 4000 Hz octave bands (sec.).
The preferred mean reverberation time values under operating conditions (for example with curtains,
equipment, etc.) are in the example below as follows:
3
Studio:
V ≈ 200 m ,
Tm = 0,4 s
Tolerances:
in 250 – 3150 Hz range ± 0,05 s
under 250 Hz 25% increasing
Sound and picture directing and replay rooms: Tm = 0,3 – 0,4 s
Tolerances: in 250 – 3150 Hz range ± 0,05 s
A5.3.10.5.2 EBU (European Broadcasting Union) recommendations
The listening conditions specified here are essentially relevant in the following two situations: Listening
rooms (used for the critical assessment and selection of programme material for inclusion in a sound or
television broadcaster's programme output) and High-quality sound control rooms (used for the critical
assessment of sound quality as a part of the sound or television broadcast production process).
The quality of the listening conditions in a listening room is defined by the properties of the sound field
produced by the monitor loudspeaker in the listening area at the height of the listener ear (about 1,2 m).
In order to improve the acoustical performance of such sound field, the values of some acoustic parameters are given:
Direct sound: Its quality is determined by the relevant loudspeaker parameter, which can be obtained
from the bibliography.
Early reflections: These are defined as reflections from boundary surfaces or other surfaces in the room
which reach the listening area within the first 15 ms after the arrival of the direct sound. The levels of
these reflections should be at least 10 dB below the level of the direct sound for all frequencies in the
range 1 kHz to 8 kHz.
Reverberation time: It should be measured in the listening room with 1/3 octave filtering using the loudspeakers of the sound sources. Reverberation time is frequency-dependent. The value, T, is the average
of the measured reverberation time in the 1/3-octave bands from 200 Hz to 4 kHz. The reverberation
time, T, should lie in the range 0,2 < T < 0,4 s. To ensure that the acoustic environment remains "natural",
the value of T should increase with the size of the room. The following formula is given as a guide:
T = 0,25 (V/V0)

1/3
3

3

where V is the room volume in m and V0 the reference room volume of 100 m .
The application of this equation leads to an "ideal" relation between T and V. Practical design should
come as close as possible to this "ideal" relation.
In the EBU recommendations, some information regarding tolerance and frequency differences of the
reverberation time are given.
Background noise: The sound pressure level (RMS, slow) of the continuous background noise from airconditioning systems or other external or internal sources, measured in the listening area at a height of
about 1,2 m above the floor level, should preferably not exceed NR 10. Under no circumstances should
the background noise exceed NR 15. (See A5-2.5.3, figure 15).

A5-3.10.5.3 Other recommendations
Some recommendations based on American bibliography is given, as a complementary information.
Regarding the reverberation time, the Figure below shows the suggested reverberation times for recording studios. The area between the curves is a compromise region for studios in which both music and
speech are recorded.
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Figure 32: Recommended reverberation time in recording studios
The calculation of reverberation time is made according to the information given in this FESI document,
chapter A5-2.1.3, and following the example given in A5-3.3.2 (in this example, the needed absorption for
a T given is calculated, but the method is the same, to calculate the T depending upon the absorption of
the room).
For the background noise, the NBC –10 (about 10 dB(A)) or NBC < 25 (< 33 dB(A)) can be used. In chapter A5-4.2 it is explained how to calculate it, according to the noise measurements and taking into account
the intelligibility. If the background noise must be predicted, then the isolation of room (walls, windows ...)
and the noise problems of the ventilation system must be considered. The FESI Documents A3 and A6
deal with this subject.
A5-3.10.5.4 Note on decay rate
As explained before, there are some difficulties at applying the concept of reverberation time to small
spaces such as listening rooms or recording studios. The classical reverberation equations have been
derived on the assumption that a random sound field exists, which is not true in small rooms. What is
needed in small rooms is to control reflections and mode effects.
Sometimes, instead of reverberation time, the "decay time" or "decay rate" is used, but it is also related to
the reverberation time.
A5-3.10.6

Difficulty of study

All the information given in this chapter must be considered as general information, useful for some particular cases. As already explained, a high number of studios are made with low budget, and without the
assistance of an acoustic consultant. In this case, in which the experience of the installer must replace
the theoretical background, the information given can help to improve the results.
As a matter of fact, for the correct design of the professional studios the specialist advice is required.

A5-3.11

Cinemas

A5-3.11.1

General

The sound track of movies is recorded with an acoustic condition correlating with the action shown in the
pictures. To provide an excellent movie sound it is required that the acoustic condition of the cinema hall
should not change the impression intended by the sound track. Therefore, in cinema halls the wall and
ceiling coverings should assure a high absorption in the whole frequency range.
Additionally, a high quality of the sound system is of very high importance in cinema halls.
A5-3.11.2

Requirements and recommendations

In cinemas, the NC 30 background noise criteria value is preferred. The sound pressure spectrum values
are given in Table 34.
NC 30

Table 34:

Hz
dB

63
57

125
48

250
41

500
35

1000
31

2000
29

4000
28

LpA
39,8

The preferred background noise limit values in the cinemas
NC 30 – octave band values and dB(A)

The optimal reverberation times Tm in the mid-frequencies 500 – 1.000 Hz in empty cinema halls with
different volumes are given below:
3

V = 400 – 500 m
3
V = 700 – 800 m
3
V = 1000 – 1300 m
3
V = 1500 – 1800 m
3
V = 2500 – 3000 m
3
V = 8000 m

Tm = 0,45 – 0,80 s,
Tm = 0,50 – 0,85 s,
Tm = 0,55 – 0,90 s,
Tm = 0,60 – 0,95 s,
Tm = 0,70 – 1,05 s,
Tm = 0,90 – 1,30 s,

In cinema halls it is important to provide an almost equal reverberation time over the frequency range of
63 – 8.000 Hz in octave bands.
The preferred frequency dependence of the reverberation time T in the octave bands in cinema halls is as
follows:
Hz
T/Tm

63
0,75-1,45

125
0,85-1,30

250
0,85-1,15

500
0,85-1,15

1000
0,85-1,15

Table 35:

Frequency dependence of reverberation time

A5-3.12

Rooms with special acoustic requirements

A5-3.12.1

Reverberation rooms

2000
0,85-1,15

4000
0,85-1,15

8000
0,70-1,15

A5-3.12.1.1 General
The reverberation room is constructed to reflect sound as much as possible, thus it is the acoustic opposite of an anechoic room. For this purpose, all the walls, the floor and the ceiling are made of reflective
material in order to make the sound field as diffuse as possible. Due to the hard, flat and rigid surfaces in
the room, the sound dies away slowly. In the case of an ideal diffuse field (highly reverberant room), the
sound pressure level should be constant.
A reverberation room is suitable for measurements of the properties of sound-absorbing materials (according to ISO 354), for the determination of the sound power levels of noise sources (according to ISO
3741 to 3743) and for the determination of radiated noise from machines.

A5-3.12.1.2 Acoustics specifications for reverberation rooms
The room has to meet the specifications of the standard used. Below, the theoretical requirements of a
reverberation room according to ISO 354 are given. Some measured results of the performance of real
reverberation rooms are also recorded.
3

3

The reverberation room must have a volume of at least 150 m , 200 m being recommended. For the
geometry, the following rule must be respected:
lmax < 1,9 V

1/3

where lmax is the largest segment inscribed in the room.
The surfaces of the room must have different dimensions, as shown in Figure 33 for a real case.

Figure 33: Geometry of an example of a reverberation room
In Figure 34, the minimum Reverberation Time T according to ISO 354 is given, comparing it with the T of
the real reverberation room shown in Figure 35.

Figure 34: Reverberation Time T: Minimum according to ISO 354, compared with a real case (with
points)
A diffuse sound field must be established in the reverberation room by the inclusion of stationary or rotat2
ing diffusers, with a minimum surface density of 5 kg/m . It is recommended to place diffusers of different
dimensions, with a little curvature, at random angles in the room. A photography of the reverberation
room in Figure 35 shows the diffusers.

Figure 35: Spherical diffusers in a reverberation room
The diffuse field is the most important parameter of a reverberation room.
ISO 354 gives a simple method to obtain a good diffuse field; the idea being to add diffusers until the
condition of a diffuse field is reached.
A5-3.12.2

Anechoic rooms

A5-3.12.2.1 General
An anechoic chamber is a room in which free-field conditions for acoustical propagation exist. It means
that the inverse law for the acoustical pressure applies. The walls, the floor and the ceiling are lined with
sound-absorbing material (usually glass-fibre wedges) in order to avoid reflections and to reach the freefield condition.
The room must be isolated from external sound sources using adequate sound isolation for the walls and
doors.
Anechoic chambers are widely used for:

-

measuring the sound pressure level of machinery or other sources of sound in order to determine
their directional sound power level,

-

measuring testing microphones,
performing psycho-acoustics experiments,
measuring the transfer functions of electro-acoustic devices,
measuring sound levels in the automotive industry.

These chambers are often modelled after the wedge-based anechoic chamber model, using typical fibreglass wedges on all walls of the chamber to absorb incoming sound waves (see photo below).

Figure 36: Erection of a typical anechoic room with fibreglass wedges

Another kind of anechoic chamber is made with cube and cylindrical non-homogeneous fibreglass pieces:
The absorbing walls are built up with cubes which are small near the inside of the room and made of special glass fibres with a very low density. They increase in both size and density with increasing distance
from the room centre. At the end, they become cylinders. This system presents a better absorption for
high frequencies, but renders poor results for lower frequencies.
A5-3.12.2.2 Requirements and recommendations
There are two groups of anechoic chambers:

-

Free Field Rooms (Anechoic chambers)
All surfaces are absorbing. It can be a small room (for example, rooms used for testing microphones
or hearing aids) or a larger one (for psycho-acoustic work). These latter have normally a wire-net
floor.

-

Semi-anechoic chambers
The have a sound-reflecting floor. These test rooms are becoming the most common in industries
and at universities. The small rooms are used for testing smaller motors, tool machinery, and the larger ones for testing motorcycles, refrigerators ....
Semi-anechoic rooms with a standardised table are intended for measuring the acoustical performance of items which normally stay on a table, e. g. computers.

Acoustic requirements for anechoic chambers
The requirements for the absorptive treatment of the inside of anechoic chambers are high; the absorption coefficient should be at least 0,99 for all angles of incidence. If the surfaces of a room only had an
average absorption coefficient of 0,9, the sound pressure level of the reflected wave would be 10 dB less
than the incident, and the space would not approximate a free field.
At low frequencies, the absorption coefficient of the wedge may be found from measurements in an impedance duct, at high frequencies, the most practical method is to evaluate the completed room.
In the following we will refer to ISO 3745, as most interesting, due to the fact that a majority of anechoic
chambers in industry are designed according to this standard. Even, for other standards (e. g. ISO 7779
"Airborne noise emitted for information technology and telecommunications equipment") the principles are
similar.
ISO 3745, dealing with sound power measurements, gives information regarding the features of the
chambers, and its limitations:

-

Cut-off frequency: the lowest frequency for which the inverse square law for sound pressure is valid.
It is thus the lowest frequency for the use of anechoic chambers.

-

Deviation of the actual sound pressure level decreases from the theoretical decrease according to the
inverse square law.

-

Maximum background noise: this limits the sound pressure level that can be measured, and the
sources of noise which can be evaluated in the chamber.

Regarding the cut-off frequency, two considerations must be taken into account:

-

There is a limitation of the cut-off frequency related to the dimension of the wedge: the thickness of
the absorption lining (airspace + wedge) > λ/4, where λ is the wavelength of the lower central frequency (third-octave) of interest. Information regarding the absorption of the wedges must be obtained from manufacturers. It is usual that this kind of material (fibreglass wedges) is not shown in the
standard commercial information. it is produced on request. The manufacturer will give information
regarding the total absorption (wedge + airspace).

-

There is also a "geometrical" cut-off, related to the dimensions of the chamber and the dimensions of
the source of noise which needs to be evaluated. These conditions are established to avoid problems
with the "near field" (next to the source) and with the perturbation of the acoustical propagation (next
to the wedges). In ISO 3745, advice is given on how to comply with this second condition.

For the free field conditions, according to ISO 3745, it is necessary to determine the extent to which the
propagation of a spherically radiating wave deviates from the ideal inverse square law.
Table 36 shows the criteria set out in the standard for the acceptable deviations from the inverse square
law. It must be taken into account that this is tailored for sound power measurements and the acceptable
deviations are quite large, especially if these criteria were used to qualify a facility for primary calibrations.
Frequency (Hz)
f ≤ 630
800 < f < 5.000
f > 6.300

Table 36:

Anechoic room
maximum deviation
± 1,5 dB
± 1 dB
± 1,5 dB

Semi-anechoic room
maximum deviation
± 2,5 dB
± 2 dB
± 3 dB

Acceptable deviations from the inverse square law (ISO 3745)

The wire-net floor originates some deviations from the theoretical inverse square law, mainly for high
frequencies (f > 2 kHz). This information comes from some tests made in real chambers.
The maximum background noise must be, at least, lower by 6 dB than the sound pressure level measured. The difference recommended is 12 dB, if possible. In order to guarantee these conditions, the rules
and standards of the acoustic isolation must be applied. There are no differences with respect to other
situations.
A5-3.13

Rooms with hygienic requirements

A5-3.13.1

General

Clean rooms are nowadays frequent in many production areas of the food-producing industry. They are
also frequently required when producing and dealing with susceptible products, in laboratories and research and development branches in the electronic and semi-conductor technology and last but not least
in clinical and pharmaceutical areas. The ratios of failures and defects could be notably reduced through
handling these processes in "clean rooms".
A5-3.13.2

Requirements and recommendations

The main purpose of clean room technology is the avoidance, respectively the minimisation of airborne
pollution (particles or germs). This means that the climatisation and air-conditioning of these rooms take
maximum priority.
It is generally accepted that clean-room installations and systems should

-

be integral part of climatic technology;
allow for continuous monitoring of the amount of particles and/or infective germs, the temperature, the
humidity, the air pressure and the electrical potential differences between the surfaces in the clean
room and the ambient air;
the expulsion of aereal pollutions on the shortest possible way to avoid contamination;
the design and equipment of installations in the clean room following the clean-room technology rules
for the optimisation of air movement and minimisation of abrasion;
the workplace design in accordance with clean-room technology rules.

Clean room walls and doors must be smooth, without gaps, easily to clean, anti-static, light, easily replaceable, resistant to disinfecting agents, stable, thermally insulating and in most cases also soundabsorbing.
To achieve this, the materials and building components used shall possess fire resistance, a high stability
opposite chemicals, a limited moisture absorption, a friendly behaviour to cleaning measures, optimum
hygienic and microbiological conditions and electrostatic properties.
Regarding acoustical requirements, clean rooms must be seen as workstations. This means that the requirements described in chapter A5-3.4 "Workshops" as well as the related recommendations and procedures for planning and executing of sound reduction measures do also apply.

A5-3.13.3

Dealing with noise reduction

The main problem of noise protection in clean rooms is the selection of suitable materials. The prevailing
requirements demand abrasion-resistant, smooth, closed surfaces which have obviously a very low absorption capacity. Open cellular, well absorbing materials on the other hand contradict the requirements
regarding moisture absorption and regarding microbiological behaviour, etc. Examples for suitable materials are:

-

separating walls made of coated steel sheet or austenitic steel (austenitic steel is well suited in wet
areas, respectively where the employment of disinfecting agents is frequent),

-

plastic materials for wet chemical processes,
absorbing, open cellular foams which, however, possess a skin without holes,
mineral fibre products welded into a foil,
board resonators – foil board resonators

Noise protection in clean rooms frequently leads to compromises with a consequence of the noncompliance with acoustical requirements and the consequence of being regarded noise areas where personal hearing protection is required, etc. – see chapter A5-3.4.2.
A5-4

Improvement of acoustical characteristics of existing rooms; measurements and
modelling

A5-4.1

General

Sometimes, an improvement respectively adaptation of old small auditoria or other types of rooms is required. Frequent examples are antique religious spaces in advanced stages of deterioration, for which the
only way of continued preservation is to dedicate them to a utilisation very different from what they were
originally designed for.
The acoustic conditions of these rooms are most frequently absolutely unsuitable for the new purpose
and therefore in need of adaptation. Example: The acoustical "focusing" effect of historically concave
surfaces at walls and ceilings might be very undesirable in case e. g. an old church is transformed into a
hospital.
In this chapter, we will suggest some ideas in order to make such a job, under a practical approach. Also,
we will give some information regarding measurements and modelling for room acoustics in the general
case (useful not only to improve acoustical features of existing rooms).
A5-4.2

Measurements

A5-4.2.1

Measurements when it is necessary to improve existing rooms

To plan and design the acoustical improvement required under these conditions is not a simple task.
Acoustical expertise and a capacity to measure the still prevailing acoustical conditions in the old environment are needed together with some acoustical experience on the part of the installer of the improvement measures. However, frequently limited budgets define quite strict limitations of what can be done.
Frequently, one cannot do, because of budgetary registrations, what could theoretically be done.
Some ideas on how to strike the compromise required are given below. The decided advantage of acoustical improvement measurements compared to the totally new design of an acoustical environment, is the
possibility to start with a measurement of the acoustic performance of the old room at the outset of the
improvement task.
Then, the improvement measures should follow these steps:
Measurement of
prevailing acoustic
parameters

Model

Solutions

Verification

First, it is necessary to measure the acoustic performance that prevails and constitutes the reason for the
need of improvements. These parameters have then to be set into relation to the desired ones, so that
solutions can be found how the desired performance can best be obtained.
The number of acoustic parameters that need to be measured before the start and after the completion of
the improvement task is dependent on the type of improvement that is intended. Reverberation time is a
parameter that is always needed, regardless whether the future utilisation of the room is for listening to
music or for verbal communication. Reverberation is the fundamental information, since it is an indication
of the acoustic response of the room. Occasionally, e. g. in very large halls or in ancient churches, it is
necessary to measure the reverberation time in different parts of the room, since it may differ from position to position, depending upon the geometry of the place and the materials covering floors, walls and
ceilings in the vicinity of the measuring point. The information obtained on reverberation times in different
places must be completed by a geometric study of occurring reflections. This allows for a judgement as to
where it is necessary to reinforce the sound and where to place the reflectors.
Already these two acoustical parameters – reverberation and sound reflection – allow for satisfactory
acoustic improvement results where a deeper investigation into the overall acoustic conditions of a place
is precluded by budget limitations.
A5-4.2.2

Measurements in case of new rooms

The purpose of room acoustical measurements is to determine the values of acoustical parameters describing the acoustical space (for example to validate or verify the room quality).
As most of the objective acoustical parameters (T, EDT, C80, etc.) can be determined with impulse response measurements, most of the methods seek to determine a simple, non-directional impulse response of the room. Other parameters include also directivity information (LE, LEF, IACC, etc.) and thus
their measurement is more complex: a directional impulse response has to be measured.
There are several techniques to measure impulse response and several ways to group them.
Impulse response can be measured directly, or it can be determined indirectly from the measured transfer
function by means of inverse Fourier-transformation.
We can also distinguish the methods based on the type of the excitation used. The excitation can be narrow-band or wide-band. A narrow-band excitation is typically a sine or a swept-sine, whilst wide-band
excitation can be white/pink noise, or also an impulse (clap, gun shot, etc.).
We can also group the measurements as frequency-domain or time-domain measurements.
One of the most up-to-date and most commonly used techniques is using pseudo-random signals (e. g.
maximum length sequences) as excitation. The impulse response is calculated as a cross-correlation of
the known excitation and the response signal. The disadvantage of this technique is its high sensitivity on
the time-variance of the measured system.
The development of digital signal processing made a significant change in the measurement techniques
as well. There are many commercially available software packages, all offering a wide variety of measurement techniques so the user can select whichever method he wants to use.
A5-4.3

Modelling

In case of existing rooms, the next step is the modelling of the room conditions based on the measured
parameters. In case of high performance acoustic rooms (auditoria ...), the modelling must be done even
if there are no measurements available. In this case, after the first construction and installation tasks, new
measurements and new models are made in order to improve or adjust the results.
The most up-to-date tool for verifying and predicting the expectable acoustic qualities of the designed
hall, room or any space closed or open is the computer-aided modelling and analysis. For this purpose,
several software packages are available commercially. They are based on the principles of geometrical
acoustics.

The basic principles of geometrical acoustics are the same as for optics. The propagation of sound is
described as propagation of rays (or sound beams), rather than waves. The propagating rays are refracted at the interfaces between materials of differing refractive properties. During prediction, the paths
of rays are traced from the sources to the receiver points; as results, directional impulse responses, values of acoustical parameters in points or as distributions over planes are determined.
Besides predicting the room acoustical parameters, these softwares are also able to verify the electroacoustic systems, if the proper source directivity and its other characteristics are known.
The results of the predictions can be used for sound simulation in rooms (auralization) as well.
For the acoustic analyses, the so-called geometrical model of the enclosure or open space has to be
created. The geometrical model is a simplified three-dimensional model of the examined space containing
all the surfaces (walls, floors, sound reflectors, diffusers, chairs, etc.) and their acoustical properties (absorption coefficient, diffusion coefficient).
For selecting the appropriate acoustical properties of the surfaces, either results of measurements or
look-up tables can be used.
There are several open questions regarding the modelling approaches.
Modelling the audience or the orchestra or choir on the stage is not easy since their absorption and diffusion coefficients dependent on their number, clothing, etc.
The other hot topic of geometrical acoustics is the modelling of diffusion and diffraction.
Depending on the available budget, a complicated modelisation with commercial software could be executed, or a simpler one, only based on professional experience.
A5-4.4

Acoustic conditioning

Some practical questions with regard to the design of an acoustical improvement – in case of existing
rooms – are:

-

The room can possess zones with high reverberation and zones with a very weak acoustical signal.
The treatment of these different zones must obviously be very different.

-

Reverberation time is best diminished by increasing absorption. Equations to calculate this do exist.
For aesthetic reasons, for instance in old churches, the absorption may frequently only be positioned
laterally. It must then be applied to all reflecting surfaces, possibly even including doors and windows.
It is a preferred solution to keep the "absorption improvers" out of sight or "hidden" when the place is
not in use as an audience.

-

Other habitual solutions exist in drappping chairs, installing carpets or absorbent suspended ceilings.
An acoustic amplification is more complicated. Sometimes, it is necessary to use electro-acoustic
reinforcement. Where this is not possible, the following considerations should be taken into account:
= The stage floor can be made as a booth of wood. It then acts as a resonant box, which can occasionally cause problems.
= It can be useful to have acoustically impenetrable, strongly reflecting surfaces behind the
speaker, in order to reinforce the voice.
= The installation of "acoustical shelves" or reflectors reinforces the sound, helping its propagation
and diffusion. It can be necessary to cover any hollow spaces (doors, interior arches in case of
churches, etc.): sliding doors and similar devices can be very useful for this. They can be hidden
when the acoustical improvement of concave surfaces is temporarily not required.
= To improve the sound diffusion, it is possible to break the geometry of the roof in case it is plane.
Cubic geometry is not recommended.
= A way to reduce the relation volume / number of listeners is the application of a suspended ceiling bringing the volume down. This condition comes also to hand when parts of the building
equipment, e. g. air ducts and lightning wires, need to be covered.
= Since the noise of air-conditioning can disturb the desired acoustical communication effect, it can
occasionally be advised to condition the room ambience (cool or warm) before the acoustical
utilisation starts.
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Symbols and units
Quantity

Unit

Page

arithmetic mean of all absorption coefficients for all surfaces

8

absorption coefficient measured or calculated in-situ

8

absorption coefficient measured in laboratory

8

αS

absorption coefficient measured in laboratory

8

TEyr

reverberation time defined by Eyring

LS,1

speaker’s voice level at the reference distance (r0 = 1 meter)
speaker’s voice level at the listener position
reference distance 1 m
sound pressure levels of the direct field
sound pressure levels of the reverberation field
factor of directivity of the sound source

dB
dB
m
dB
dB
m²
dB

10
10
10
12, 13
12, 13
13, 14, 15,
44
13, 14, 44
14

dB

14

dB

14

−

αSab
−

α

α

L

r

SAB

L

,

r0

LD
L

R

Q

Lp

(indoor )

constant of the room
sound pressure levels in the room

Lp

(direct )

sound pressure levels of the direct field

R

(reflected ) sound pressure levels reflected from the limiting surfaces
sound absorption coefficient from the surface
k0
factor
sound absorption coefficient
α
wavelength
λ
sound absorption coefficient of ceiling (and possibly floor)
α*
sound absorption coefficient of ceiling
αc
sound absorption coefficient of floor
αf
attenuation coefficient of airborne sound absorption per meter
αL
span
of time
∆t
A
equivalent absorption area
AI
articulation Index
Ao
equivalent absorption area without absorption material
c
speed of sound
C80
ratio in dB between the energy of the impulse response before
80 and the energy of the later part after 80 ms
Cexp
expected C
CS
clarity at one meter
Ctr
spectrums Anpassungswert für A-bewerteter städtischer Straßenverkehrslärm
D
distance of the source – receiving point
DL2
decrease of sound pressure per doubling of distance from the
sound source
dmin
minimum distance
DnTA,tr
weighted standardised sound level difference
DnTw
weighted standardised sound level difference
E(0) 1m
direct energy measurement in one meter distance
E(dir)
direct sound
EDTpod
Early Decay Time in the stage area
f
frequency
h
height of absorber above ground
H
height of the room
h
height of the source
IACC
interaural cross-correlation coefficient determined for a time
period of 0 to 80 ms
Lp

α

s

8

s
m²

32, 33
32
16, 17
62
15
15
15
15
5
8, 13, 30, 32

m²
m/s
dB

32
7, 8
25

dB
dB

25
24
29

m
dB

16
17

S

m

m
dB
dB
Nm ?
Nm
s
Hz
m
m
M

7
29
29
26
27
26, 27
63
15, 32
16
16
24, 25

Symbol
L
L50
LAeq
LEF
Lexp
Lmax
Lmax
LP
LW
NBC
PI
q
r
r
rc
rf
R’w
S
S
SIL
ST
ST1
(STearly)
ST1exp
ST2
St2exp
Stlate
STtotal
T
t
Tm
TO
Tr

Quantity
ratio in dB between the total impulse response energy and the
energy of the direct sound as measured 10 metres
level prevailing more than 50% of the time, measured in the
room between 9.00 and 18.00 h, whilst the building equipment
does not work and the noise comimg from outside
A-weighted equivalent sound pressure level
Lateral Energy Fraction
expected L
maximum noise level
largest segment inscribed in the room
sound pressure level
sound power level
privacy index
average density of diffusers
distance (meters) of the point considered to the sound source
reflection coefficients
reflection coefficients ceiling
reflection coefficients floor
apparent weighted sound reduction index including bypass
transmission
area of all surfaces
surface

Unit
dB
dB(A)
s
dB
dB
dB
dB

m

dB
m²
m²

14, 16, 44
14, 16, 44
59
43
38
10, 13, 14,
44
16
16
16
29

dB
dB
dB

26

expected St1
integration of early reflections of 200 ms
expected St2
level of the late energy
integration of early reflections of to ∞ (one second)
reverberation time

dB
dB
dB
dB
dB
s

27
26
27
27
26
5, 6, 7, 9,
12, 30, 32,
43, 58, 59
25
57, 58
49
60

s
m³

Vo

reference room volume 100 m³

m³

ISO 3741:
ISO 3745:
ISO 354:
ISO 9921:

57
24
26
29

speech Interference Level
ratio between energy sent back to the platform and the energy
of the direct sound
integration of early reflections of 100 ms

TSab
V

ISO 3382-2:

29, 30, 43

8, 13,
30, 31, 32,
33, 38
12
26

time
average values of reverberation time (500 Hz – 1000 Hz)
optimal reverberation time in the mid-frequencies
mean reverberation time of octaves 500 Hz, 1000 Hz and 2000
Hz
reverberation time defined by Sabine
volume of the room
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s
s
s
s

8, 43
7, 8, 26, 27,
30, 38, 39,
43, 57, 58,
59, 60
58
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Acoustics – Measurement of room acoustic parameters – Part 2: Reverberation time
in ordinary rooms
Sound power level: Precision methods for broad band sources in reverberation rooms
Sound power level: Precision methods for anechoic and semi-anechoic rooms
Measurement of sound absorption in a reverberation room
Assessment of speech communication

ISO 14257:

Acoustics – Measurement and parametric description of spatial sound distribution
curves in workrooms for evaluation of their acoustical performance
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Annex

Absorption characteristics of different elements
Absorption coefficients of different elements

Masonry at plasters

Floor coverages

Diverse

Wall papers and curtains

Listener

Seats (between 1,5 and 2 per
m2)

smoothened or painted concrete
rough brick
painted brick
thin plaster on heavy wall
rough building stone
painted plaster
plastic tiles
linoleum on concrete
marble
carpet
floor carpet (7 to 10 mm)
wall-to-wall carpet on an underlayer
glued parquet
parquet on wooden underlayer
mirror before a wall
lacquered wood
marble placed on walls
door evenly lacquered
door flat
boards without books in front of a wall
windows with double glazing
ordinary glass
ply wood of 5 mm to 50 mm on a wall
gypsum layer of 10 mm to 25 mm on a
wall
pressed cork
50 mm audio foam
curtain against a wall
velour curtain
roughed wall paper
cotton curtain with fixed folds
sitting spectator
listener
listener on covered seats
listener on wooden seats
wooden seats
upholstered wooden seats
plastic seats
leather seats
seats with simple upholstering
seats with perforated upholstering
seats upholstered with artificial leather
seats with thin upholstered coverage
2

Equivalent absorption areas (m )

Persons

Seats

Diverse

125
0,01
0,02
0,01
0,02
0,02
0,01
0,02
0,02
0,01
0,02
0,04
0,10
0,04
0,20
0,12
0,05
0,01
0,10
0,30
0,30
0,28
0,35
0,47

250
0,01
0,02
0,01
0,03
0,02
0,01
0,02
0,02
0,01
0,04
0,07
0,20
0,04
0,15
0,10
0,04
0,01
0,08
0,20
0,40
0,20
0,25
0,34

Frequencies (Hz)
500
1.000 2.000
0,01 0,02
0,05
0,03 0,04
0,05
0,02 0,02
0,02
0,03 0,03
0,03
0,03 0,04
0,05
0,02 0,03
0,04
0,03 0,03
0,04
0,03 0,03
0,04
0,01 0,01
0,01
0,06 0,20
0,30
0,12 0,30
0,50
0,50 0,60
0,80
0,07 0,07
0,07
0,12 0,10
0,08
0,05 0,04
0,02
0,03 0,03
0,03
0,02 0,02
0,03
0,06 0,05
0,05
0,20 0,10
0,07
0,40 0,30
0,30
0,10 0,06
0,03
0,18 0,12
0,07
0,30 0,11
0,08

4.000
0,07
0,07
0,02
0,04
0,07
0,05
0,04
0,04
0,01
0,35
0,80
0,80
0,07
0,07
0,02
0,03
0,03
0,05
0,04
0,20
0,02
0,04
0,08

0,27

0,16

0,10

0,08

0,11

0,12

0,15
0,15
0,04
0,10
0,20
0,10
0,60
0,57
0,60
0,23
0,11
0,18
0,37
0,40
0,43
0,50
0,44
0,49

0,26
0,27
0,05
0,30
0,35
0,38
0,74
0,70
0,80
0,40
0,12
0,28
0,44
0,49
0,54
0,63
0,54
0,66

0,22
0,63
0,11
0,50
0,55
0,50
0,88
0,82
0,90
0,80
0,13
0,30
0,52
0,55
0,62
0,77
0,60
0,80

0,22
0,91
0,18
0,80
0,70
0,85
0,96
0,92
0,95
0,90
0,16
0,30
0,50
0,56
0,70
0,87
0,62
0,88

0,20
1,03
0,30
0,75
0,65
0,82
0,93
0,93
0,92
0,90
0,15
0,28
0,48
0,54
0,72
0,85
0,58
0,82

0,20
1,06
0,44
0,65
0,60
0,67
0,85
0,90
0,90
0,87
0,14
0,27
0,45
0,50
0,70
0,78
0,50
0,70

See DIN 18041, Annex B, Table B2

0,5 m2 / sitting person on a wooden chair
1 m2 / sitting person on a wooden chair
6 m2 / sitting person
7 m2 / standing person
wooden folding chair not occupied
chair covered with simple cloth
chair upholstered with simple leather
folding theatre chair
musician with his instrument (1,1 m2/person)
musician with his instrument (2,3 m2/person)
singer in a choir
pupil in a classroom with wooden table (3 m2/person)

125
0,08
0,18
0,12
0,12
0,02
0,15
0,05
0,25
0,16
0,03
0,15
0,14

250
0,16
0,26
0,18
0,19
0,02
0,25
0,15
0,30
0,42
0,13
0,30
0,20

Frequencies (Hz)
500
1.000 2.000
0,25 0,32
0,33
0,55 0,68
0,78
0,35 0,56
0,68
0,42 0,66
0,86
0,02 0,04
0,04
0,30 0,35
0,40
0,20 0,10
0,03
0,30 0,30
0,30
0,87 1,07
1,04
0,43 0,70
0,86
0,40 0,45
0,45
0,32 0,54
0,58

4.000
0,34
0,78
0,74
0,94
0,03
0,40
0,03
0,30
0,94
0,99
0,55
0,70
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The information contained in this document is considered by us to be good practice and
industry guidance (Guidance). The Guidance is provided by a commission of FESI
(www.fesi.eu), and is considered to be correct at the date of publication. Whilst we are
confident the information contained within it is up to date and accurate, it is a reference
document only. It is your responsibility to ensure your knowledge of the matters discussed in
the Guidance is kept up to date.

The Guidance is intended to be used for general purposes only and is not intended to take
precedence over appropriate national and international standards, guidelines or laws (where
applicable). The Guidance is not intended to replace detailed calculations and assessments
of prevailing physical conditions in complicated building assignments.

The Guidance does not constitute professional advice and specific queries should be
referred to qualified professionals. Any reliance placed on the Guidance without seeking
such advice is strictly at your own risk. We make no representations or warranties of any
kind, express or implied, about the completeness, accuracy, reliability or suitability of the
Guidance.

The Guidance in its original form is written in English. We accept no responsibility for any
inaccuracies contained in any translation of the Guidance in languages other than English.

The Guidance is provided free of charge and as such in no event will we be liable for any
loss or damage including, without limitation, indirect or consequential loss or damage, or any
loss or damage whatsoever arising from any reliance placed on the Guidance. None of these
exclusions or limitations, however, are intended to limit any rights which may not be
excluded, nor to exclude or limit liability to you for death or personal injury resulting from our
negligence or for other liability which we cannot exclude or limit by law.

