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Introduction

To design a room acoustically compliant to DIN 18041 [1], the planner will generally require prior details of the acoustical behaviour and response of the
materials that are to be used. Thus, the frequency-dependent absorption coefficients of acoustical ceilings, wall absorbers, floor coverings, furnishings and
similar items are required. These details are usually measured by the respective manufacturer in a standardised reverberation room in accordance with
EN ISO 354 [3]. Usually, such products are evaluated according to EN ISO 11654 [2] and thus assigned a single value quantity in the form of an evaluated
sound absorption coefficient and a corresponding absorber class.
If a standard classroom is assumed, the planner is faced with the challenge of setting the reverberation times in such a way that not only the normal
requirements according to DIN 18041 are met, but also that those for inclusion are met. The investor usually demands a written proof confirming compliance to
the standard.
Usually this proof is calculated exemplarily for one room or even for all rooms to be equipped. This is usually undertaken using Sabine’s [5] or Eyring’s [6]
formula. Calculations according to Fitzroy [7], Aarau-Puchades [8], EN 12354-6 [4] or even simulation with CATT-AcousticTM or ODEON Room Acoustics
software, to name but a few, are very exceptional cases for classrooms.
In case of renovations, it is generally easily possible to determine the real reverberation time in the room. In the course of new construction measures, the
acoustician must be able to rely on the assumptions and calculations for the room under construction. In most cases, the forecast for the reverberation time
assumes that a diffused sound field exists and the calculation according to Sabine is carried out. This may be the case in empty rooms with acoustically hard
(sound reflecting) surfaces. But as soon as a highly absorbing acoustical ceiling is installed this assumption may no longer apply.
As the following investigations suggest, it can also not be assumed that even with the placement of furniture and/or installation of wall absorbers that the
equivalent absorption surface in the room is approximately evenly distributed or that the sound field in the room is sufficiently diffuse to justify prognoses as
they would apply in the ideally diffuse sound field.
In a large-scale project from Knauf in cooperation with Fraunhofer IBP Stuttgart, the consequences of prognoses based on the assumption of an ideally diffuse
sound field compared to the real existing sound field were investigated using the example of a classroom. Measurements were performed in a model room
specially constructed for the purpose with acoustical ceilings of absorber classes A and C (αw = 1.00 and 0.70), with and without wall absorbers as well as with
and without furnishings. The measurements were compared using diverse calculation methods.

Motivation – Why is it important to plan together with an acoustician

The situation on the market clearly indicates the number of building projects undertaken requiring acoustical planning, if it is even considered, without the
services of a specialist. If acoustic products are used, they are often only chosen and specified as a single value quantity. Our experience has shown time
and again that the product with the highest single value quantity is rarely the most suitable acoustical solution. The use of many equivalent sound absorption
areas does not necessarily equate automatically to good acoustics. At least of equal importance is the diffusivity of the sound field and the distribution of the
absorption surface.

Classroom acoustics project

The examination of the different absorber variants was undertaken in a model classroom of dimensions 10.0 m x 6.9 m x 3.1 m (L x W x H) (cf. Figure 1). The
concrete ceiling of the building has gypsum boards suspended from between the spars. Three walls consist of double-layer clad gypsum board stud partitions
and the façade consists of an insulated lightweight metal construction complete with windows. The floor is made of concrete. The 625 mm module ceiling has
been suspended 25 cm from the basic ceiling, resulting in a room height of 2.85 m and a volume of approx. 200 m³.
Figure 1:

left: Empty classroom with module ceiling, view of the rear wall

right: Measured reverberation time in empty rooms as shown on the left
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Materials, measurement engineering technology, measurement locations

A product made of 40 mm mineral fibre (αw = 1.0), and a perforated gypsum board cassette (LFA 10.5 %) with 50 mm mineral wool backing (as a combination
αw = 0.7) were used as acoustic cassette ceilings. Simulation of built-ins such as luminaries was undertaken using ordinary non-perforated gypsum boards
in 12 ceiling fields. The wall absorbers (length 0.45 m x width 2.4 m x height 55 mm) also consisted of perforated gypsum board backed by 30 mm of mineral
wool (αw = 1.0 in the reverberation room in the room edges). The frequency-dependent absorption value of the acoustical ceilings in the reverberation room
according to EN ISO 354 is shown in Figure 2. The wall absorbers are installed on the rear wall (4 units), on the side wall (6 units) and on the blackboard wall
(4 units) respectively.

Practical absorption coefficient alpha_p

Figure 2:

Measured practical absorption coefficients of the applied acoustical ceilings in the reverberation room according to EN ISO 354.
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The impulse stimulus responses were measured with the measurement and analysis software Dirac, as well as the STI with Echo Speech Source 4720 from
Bruel&Kjaer. The loudspeaker used was a dodecahedron (Nor276) with passive amplifier (Nor280) from Norsonic.
As shown in greater detail in Figure 3, measurements from 21 different loudspeaker-microphone combinations were considered to determine the reverberation
time. The reverberation times T30 were evaluated.
Figure 3:
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B: Microphone positions
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C: Transmitter - receiver positions for determination of the STI
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D: ODEON model, the crosses mark the positions of non-perforated inlaid boards

D

The room was fitted with 16 tables and 30 chairs. The different combinations of furnishings and acoustical measures are shown as an example in Figure 4.
The variants tested included the following which will be examined more closely (internal measurement numbers in brackets):
■ Empty room without furnishings (02)
■ Mineral fibre acoustical ceiling (MF acoustical ceiling) without furnishings (05)
■ Mineral fibre acoustical ceiling with furnishings (06)
■ Mineral fibre acoustical ceiling with wall absorbers, without furnishings (07)
■ Mineral fibre acoustical ceiling with wall absorbers, with furnishings (08)
■ Mineral fibre acoustical ceiling with wall absorbers at “ear level”, with furnishings (18)
■ Perforated gypsum board + 50 mm mineral wool (acoustical board ceiling) without furnishings (13)
■ Perforated gypsum board + 50 mm mineral wool with furnishings (14)
■ Perforated gypsum board + 50 mm mineral wool with wall absorbers, without furnishing (15)
■ Perforated gypsum board + 50 mm mineral wool with wall absorbers, with furnishing (16)
■ Perforated gypsum board + 50 mm mineral wool with wall absorbers at “ear level”, with furnishings (17)
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Figure 4:

A to D room scenario examples

A Room with acoustical ceiling without furnishings, without wall absorber

A

C Room with acoustical ceiling without furnishings, without wall absorbers

C

B Room with acoustical ceiling with furnishings, without wall absorbers

B

D Room with acoustical ceiling with furnishings, with wall absorbers at “ear
level” (corresponding to the height of the microphone within the upper and
lower edge range of the wall absorbers)

D

Absorption, sound scattering and diffusivity

The terms sound absorption coefficient, sound scattering or scatter coefficient and diffusivity or diffusivity coefficient are defined as follows:
Sound absorption coefficient
Quotient of non-reflected to contacting acoustic energy [5]
Scattering coefficient
Ratio of the specularly reflected acoustic energy to the total reflected acoustic energy of the surface. It is used for characterizing the scattering of the surface
and is used, for example, in room acoustic simulation programs.
It can have values between 0 and 1, where 0 means 100% geometric scatter and 1 means 100% non-geometric scatter [9].
Diffusivity coefficient
It describes the uniformity of the reflected sound energy. It is used for the design of diffusors and enables their comparison in terms of acoustical quality with
use in rooms for the improvement of the acoustical situation [10].
Diffused sound field
“A sound field in a room is diffused when the sound spreads uniformly in all directions without any preferred direction (isotropic). The consequence of an ideally
isotropic diffuse sound field is its homogeneity, i.e. consonance of the sound energy density in the room” [11].
In reality the sound field of almost no room is as diffused as it is in a reverberation room. On the contrary, the more absorption introduced to a surface in a
room, the less diffused it becomes. It poses the question just how diffused the room to be acoustically conditioned is, or how it will be after the introduction of
the acoustic measures; and to what extent products actually provide the acoustic absorption measured in the reverberation room in a not ideally diffuse sound
field.
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The solid lines in the following graphics (Figure 5 to Figure 8) depict the octave-band averaged, measured reverberation times. The dashed lines are
calculations based on the measurement. This in effect means that the measured empty rooms (compare to Figure 1) had the respective acoustical measures
acc. to Sabine added on. Calculation was performed without additional occupancy. In almost all diagrams, the tolerance limits are plotted for rooms of modes
of operation A3 and A4 (classroom with inclusion) acc. to DIN 18041:2016-03.
The following four Figures (Figure 5 to Figure 8) systematically indicate the influence of furnishings and wall absorbers, dependent on the respective acoustical
ceiling in the room.
School desks and benches only marginally increase the share of equivalent sound absorption area in the room, however they scatter sound and make the
sound field more diffused. Thus, the measured reverberation times are shorter and more closely approach the calculated results. That is not particularly
surprising. But just how diffused will the sound field be in the room?
Figure 5:
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Figure 6:

Room with MF and GK acoustical ceilings, without wall absorbers, with furnishings (as in Figure 4-B)
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Figure 7:

Room with MF and GK acoustical ceilings, with wall absorbers, without furnishings (as in Figure 4-C)
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Figure 8:

Room with MF and GK acoustical ceilings, with wall absorbers, with furnishings (as in Figure 4-D)
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If we examine Figure 2, the impression can be created that an acoustic product with high absorption values, in terms of assessed absorption coefficient αw,
leads to a correspondingly shorter reverberation time in each room, when compared to a product with lower absorption properties.
However, it is evident in all diagrams that the A-absorber measured as "better" in the reverberation room (αw = 1.0) that in the model room equipped with
it, there is practically no difference from the C-absorber measured as "worse" in the reverberation room (αw = 0.70). What is evident, however, is the clear
difference between calculation and measurement results. The Sabine calculation with the A-absorber on the ceiling and without the wall absorber (cf. Figure 6)
that the tolerance limits for inclusion (mode of operation A4) are within the limits. In practice the calculation and measurement are significantly different.
The introduction of wall absorbers improves the acoustical situation by the addition of the sound scattering properties just as well as the additional equivalent
sound absorption area (cf. Figure 8). The C-absorber approximates its prognosis values even more. The reverberation time in the room with A-absorbers
improves, but is still significantly short of the prognosis according to Sabine.
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Positioning of the wall absorbers

The influence of the positioning of the absorbers is clearly evident in the graphics in Figures 9 and 10. Even without the installation of further absorber surfaces
in the room, the measured reverberation time is reduced significantly when the wall absorbers are installed at “ear level” (corresponding to the height of the
microphone). Almost all reverberation time prognoses are achieved when C-absorbers are installed. In case of A-absorbers there is still an obvious difference
between the measurement and calculation results.
The solid and dotted lines in Figures 9 and 10 represent the measured results and the dashed lines represent the calculated results for the reverberation times
in accordance to Sabine. The only difference between the solid and dotted line is the height at which the wall absorbers are installed (cf. Figure 4, C and D)
Figure 9:

Room with GK acoustical ceiling (αw=0.7); with wall absorbers under the ceiling and at “ear level”, with furnishings
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Figure 10: Room with GK acoustical ceiling (αw=1.0); with wall absorbers under the ceiling and at “ear level”, with furnishings
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There is evidence that the suspension height of the acoustical ceiling as well as other built-ins such as cabinets have an influence on the peaks in the
reverberation time characteristic at 500 Hz (400 Hz in the one-third octave band). In other cases, it was possible to influence the sound field by sound
scattering elements specially tuned to this wavelength so that it was possible to compensate for the reverberation time characteristic.
Even though the speech transmission index (STI) is dependent on the background noise level and thus on the acoustical environment, it is frequently used
for comparative assessments. In our model room, Figure 11 makes it clear that a good acoustically conditioned room significantly improves the intelligibility of
voices over a room without any acoustical measures. This was to be expected. Whether an acoustical ceiling with an αw = 1.0 or 0.7 is installed in the room
does not lead to a significant difference in this single figure value. However, the difference between the STI at one of the front and one of the rear positions is
obvious and independent of the acoustical ceiling (e.g. comparison of S1E1 at approx. 1.5 m distance between transmitter and receiver to S1E2 approx. 8 m
distance between transmitter and receiver).
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Figure 11: Speech transmission index (STI), all measurements with furnishings, empty room without wall absorbers,
		 Room with and without acoustical ceilings (MF/GK) with wall absorbers at “ear level”
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Further calculations

After discussing the prognosis accuracy of the calculation method according to Sabine, relating to constraints of a diffuse field or equally distributed equivalent
absorption surface in real rooms, the accuracy of further calculation models must be considered. For this purpose, the models from Eyring, Fitzroy, Arau-Puchades and the calculation were implemented in an ODEON model.
Figure 12: Reverberation time in an empty room without furnishings, measured and using different prognosis methods.
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Figure 13: Reverberation time in a room with acoustical ceiling αw = 1.0; with furnishings, without wall absorbers, measured and using different prognosis methods
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Figure 14: Reverberation time in a room with acoustical ceiling αw = 1.0; with furnishings, with wall absorbers, measured and using different prognosis methods
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Figure 12 illustrates that the empty model room without furnishings is obviously diffused enough to fulfil the constraints of all the models listed. The situation
will be different if a highly absorptive acoustic ceiling were installed. Irrespective of the furnishings, none of the methods specified depict the real reverberation
time characteristic (cf. Figure 13). The ODEON model is an exception here.
Just as with the proposal from the EN 12354-6 Appendix D "Calculation for irregular room shapes and/or absorption distributions", the prognosis is highly
dependent on scattering coefficients that the user must assign to the surfaces.
This is difficult insofar as there are hardly any or no databases in existence for scatter coefficients. The basis for information consists simply as estimates and
empirical data. This point must continue to remain unresolved and will continue to be the subject of discussion and examination as regards a realistic prognosis
method. In this case, the model could be compared with the real measurements and accordingly a realistic scatter coefficient determined.
The prognosis model from Fitzroy still comes closest to the real measurements, as can be seen with the additional installation of wall absorbers (cf. Figure 14).
The well-used Sabine and Eyring models clearly underestimate the measured reverberation time. As a result, tolerance limits, such as those set down in the
DIN 18041 for inclusion (A4), are only adhered to in planning if calculations are acc. to Sabine.
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Factor 3 acc. to DIN 18041
In Appendix A, DIN 18041:2016-03 stipulates the condition of an approximately diffuse sound field for the calculation according to Sabine. This can apply to
rooms with uniformly distributed absorption. It states: "...the sound-absorbing surfaces should be distributed over all three room dimensions, i.e. the average
sound absorption coefficient for the surfaces in the three room dimensions should not deviate by more than a factor of 3, especially if no sound-scattering
objects or surfaces are present". Factor 3 means that the ratio should not be greater than 3 or less than 0.33. In the present model room, this means for the
cases under investigation, when reference is made to the absorption in the z-direction:
Table 1: 	 Factor calculation acc. to DIN 18041:2016-03 Appendix A for this model classroom (4+6+4 wall absorbers)
Acoustic ceiling

Wall absorber

Factor Az

Factor Ax

Factor Ay

αw = 1.0

no

1

0.19 (< 0.33)

0.13 (< 0.33)

αw = 1.0

yes

1

0.47

0.81

αw = 0.7

no

1

0.23 (< 0.33)

0.16 (< 0.33)

αw = 0.7

yes

1

0.61

1.01

Table 1 illustrates that with the introduction of an acoustical ceiling, irrespective of whether it is αw = 1.0 or 0.7, it is absolutely necessary to install a sufficient
number of wall absorbers in the room. As the measurements with the absorbers at "ear level" have shown, it is necessary to discuss whether wall absorbers
directly under the ceiling should be attributed to the wall when calculating the factor, as they are much less useful than at head level. Furthermore, the factor
calculation shows that with an acoustical ceiling with an αw = 0.7 a more uniform and favourable distribution of the equivalent absorption area is possible.
In addition, too little attention is paid to the calculation of the reverberation time acc. to EN 12354-6 2004-04 Appendix D for a non-diffuse sound field. The
problem of the necessary scattering coefficients may be the reason for this.

Occupied state

According to DIN 18041:2016-03, the occupied state of the room should be taken into consideration (80%). In this study, we did not adhere to this in our
calculations because we believe that a room should always function acoustically regardless of variable factors such as season (absorption by clothing), class
size or people on sick leave (absorption and sound scattering by the number of people) and pupil size (sound scattering).

Mineral fibre versus perforated gypsum board ceiling

Although perforated gypsum boards, due to their periodicity, have additional sound diffusing properties compared to mineral fibre ceilings [12], which have a
positive effect on the sound field and thus on the spatial acoustics, it can be assumed that the present result would also be achieved in this or a similar way
with a mineral fibre ceiling with an αw = 0.7 instead of the perforated gypsum board ceiling with mineral wool layer [15].

In practice - Planning assistance

Figure 15 exemplifies two cases where rooms with different reverberation times acc. to DIN 18041 for mode of operation A4 (inclusion) should be acoustically
conditioned. In case A, the initial situation of the room with a reverberation time of more than 2 s is very poor. This can be the case, for example, with new
building measures as well as for our empty model room. In case B, the reverberation time of the room is approx.1 s. Reverberation times of this magnitude are
often measured in rooms already fitted but which have not been acoustically treated [13][14].
Figure 15: Comparison of reverberation time prognoses with different initial acoustical situations of two rooms
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Reverberation time T [s] log scale
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In both cases, the acoustical ceilings were calculated in acc. to Sabine in the respective acoustically unconditioned room.
In case A, the calculation with an acoustical ceiling αw = 1.0 is within the tolerance limits for inclusion while with the calculation with αw= 0.7 for the ceiling it is
not. This generally leads to the exclusion of the αw= 0.7 ceiling from the tender specification.
In case B, the calculated reverberation time with αw= 1.0 ceiling slips partly under the tolerance limit for inclusion. The αw= 0.7 ceiling is within the limits.
In this example, it appears that good acoustics are only possible by the selection of an acoustical ceiling with a determined αw. However, the tests have shown
that the installation and even distribution of absorption surfaces on the walls are an important factor for good acoustics and should be an integral part of any
room concept. Newly built rooms in which only an acoustical ceiling with high absorption is planned, but without any additional wall absorbers, may therefore
prove to be acoustically unfavourable in practice.
In existing rooms the sound field is often sufficiently diffused by cabinets, sideboards, wallpapers or similar. However, you should not rely on this factor and
also plan wall absorbers, as furnishings are movable and it cannot be guaranteed that they will always remain in the room.
Furthermore, practice shows that there are usually no complaints as long as a room is perceived as acoustically pleasant, according to which absorption
surfaces are favourably distributed and the sound field is sufficiently diffuse. This may also be the case for hearing impaired people and foreign language
speakers if the reverberation times in the room are not within the tolerance limits for inclusion acc. to the DIN 18041.
Factor 3 calculation acc. to DIN 18041 should be an integral part of every room acoustic planning in classrooms, since the uniform and useful distribution of
the equivalent absorption surface across all three room dimensions leads to a more diffuse sound field. The smaller the ratio of the factors to one another, the
more pleasant the perception of the acoustic situation.
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Reverberation Room Measurements
What do reverberation room measurements say about the room acoustics?
Summary

The message is: Reverberation room measurements provide information about how surface absorbers with a total size of 10 – 14 m² behave in an almost
diffuse sound field within a circumferential frame in the middle of the floor. However, the degrees of absorption determined in this way cannot be transferred
universally to the real situation in a non-fully diffuse sound field.
For good acoustics in a normal classroom with face-to-face teaching you must: Fit the ceiling partially or completely with a sound-absorbing ceiling, as well as
partially covering the walls with absorbers, if possible equally distributed in both room directions and installed at "ear level". You will find examples of this in the
DIN 18041. As has been shown, it is less important whether an acoustical ceiling with an αw = 1.00 or 0.7 is used. The factor 3 rule from the DIN 18041 should
be applied to the distribution of the equivalent absorption surfaces over the three room dimensions. It is simply not enough to install an absorber; it must also
be ensured by using additional wall absorbers and/or diffusely scattering built-ins that it is as effective as the prognoses in the calculation.
People with hearing impairments need particular attention from an acoustical point of view. It is important to place them in the direct sound field of the speaker,
i.e. at the front in schoolrooms. Furthermore, the face of the person speaking should be easy to see. For this purpose, it may be necessary to provide
additional lighting to make it easier to recognize facial expressions and to look away from the lips.
It is essential that that classrooms receive suitable acoustic measures that adjust the reverberation time over the frequency range of 125 Hz - 4000 Hz to a
good level of approx. 0.5 s - 0.6 s. However, it is important to appreciate that sound scattering, diffusion, absorber distribution and the sensible use of acoustic
measures are more important than using a component with a high sound absorption coefficient than to prove the reverberation time by calculation for given
tolerance limits.
Whether even lower reverberation times such as those as proposed for inclusion in the DIN 18041 actually represent an improvement for people with hearing
impairments or foreign language speakers must be scientifically investigated. For teachers, extremely short reverberation times in the room must also be
questioned because of the aditional energy required for speaking.
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