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Foreword & Acknowledgements 
Last year, back when this project started, I only had a very sketchy impression of an acoustical consulting 
process. I had seen some presentations and heard and read some things about it, but that was about it. 
Having done mostly projects and exercises of a research type during my study, I feit a need for doing a project 
like this, mainly for gaining experience. I have also noticed over the years that my way of thinking was likely 
more suited for projects of a research type and Jess for those of a the consulting type, which would make this 
project a (hopefully nice) challenge. And achallengeit was. I had never done any acoustical simulations and only 
knew that software like Odeon existed. Nor had I tried befare to gel a grip on a design of this size and 
complexity. Slowly getting into the project I got some ideas for small additional researches, like varying detail 
levels of the simulation models, but running the simulations needed for the project itself, without these additional 
ideas, tumed out to be much more time consuming than expected. 
Wanting to be absolutely sure the averages for the various parameters I got as simulation output were indeed 
representative for the whole stage or auditorium and nol just the most or least favourable situations, I decided to 
use multiple souree positions and a relatively fine receiver grid . This led to many simulations and long simulation 
times. Simulation times became even Jonger when , for achieving smooth decay curves fora decay of at least 45 
dB, some input parameters were set higher. It was, in some respects, too much. For example, the amount of 
souree positions decreased over the projeet ' s course and might have been able to decrease even further. In the 
end , the amount of time put into the simulations was much more than feasible for a real consulting project, but 
this led to, what I think, very valuable experience in using simulation software, which I should benefit from the 
next time I'd have to do sarnething similar. 
Looking back, do I think I picked the right project? I do . I really leamed a lot from this project and overall I 
really enjoyed it. If I had the choice, would I ever do a similar project again? Yes, I would. Probably not 
immediately, I would like to do sarnething else first , needing some variety. When I do a similar project, would 
my approach be different? The overall approach would be the same, probably. Due to all the gained experience, 
the preparation and optimization of the simulation rnadeis would consume much less time, though. But this is 
true for every aspect of the project. The next time, the same process should take maybe half the time, maybe even 
less. After the analyses I started with the room acoustical calculations and kind of planned to focus on this part of 
the project first. Because of some computer problems during that period, I had to switch my attention from the 
room acoustical calculations to the sound insulation part. Looking back, this mixing of bath parts was probably 
the right approach, since one part influences the other. lt also meant a bit of, sametimes welcome, variation . The 
only part ofthe process, other than those issues caused by a Jack ofexperience (the models' optimization taking 
too long, Jess efficient ways of collecting and analysing the data, bit of trial and error at times) that I would 
change, is when to work on the report. I started fairly early with some parts, but I still at times waited too long, 
forgetting things because of it. 

Overall, the whole project was a very valuable experience, though frustrating at times. Jt was at times hard to 
accept uncertainties or campromises and especially those endless simulations at times feit like the whole project 
was going nowhere, nol progressing at all. Luckily there were always people to offer help and support when 
needed. I would like to thank first of all the members of my graduation committee, prof. ir. L.C.J . van 
Luxemburg, ir. C.C.J .M. Hak, R.H.C. Wenrnaekers MSc and C. Blanche!, Arch. of O.M .A, as well as the others 
at the Acoustics Laboratory, Eindhoven University ofTechnology, ir. N.H.A.M.van Hout, dr.ir. H.l. Martin and 
Raymond Jöris for their help and support . I would also like to thank fellow students, who were aften working on 
their projects at the Acoustics Lab. Their support is really appreciated as well. And finally I would like to thank 
my family and friends , basically everyone that kepi me going. 

M. Kivits 21-12-2010 
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Summary 
Everyone will agree acoustics are important. People need to be able to hear and understand what is happening in 
their surroundings. Overexposure to noise can lead to all kinds of health problems like hearing impairments, 
stress and sleeplessness. The inability to understand what someone or sarnething (for example a waming signal) 
is saying can lead to misinterpretations and annoyance. The ability to understand what is happening is of course 
extra important for activities that heavily or even completely rely on sound, like many performing arts. Quite 
regularly a concert, opera or theatre review not just judges the performers themselves, but men ti ons as well, how 
the acoustics were perceived by the reviewer. The acoustical qualities of the space the performance takes place 
in have to be good. Creating an acoustical design is a very complex process, which increases in complexity, 
when a hall or room has to be suitable for multiple types of performances. 
This project had several goals. The main goal was the creation, evaluation and selection of acoustical applications 
for the CasArts design, which was Office for Metropolitan Architecture (O.M.A.)'s entry for a design 
competition for a new centre for performing arts in Casablanca, Morocco. After analysing bath the design and 
required theory, a hypothesis for acoustical solutions was given and acoustical simulations were performed, using 
Odeon room acoustics simulation software. All (major) rooms were checked for noise related issues as well. The 
underlying goal was experiencing the acoustic consulting process. 
The second goal, derived from the main goal, was getting an impression of the influence of the 
realism/complexity level implemenled into the simulation model. This basically meant translating the halls' 
designs into simulation rnadeis and optimizing those models, in order to generate results as realistic as possible. 
The contiguration assumed to generale the most realistic results was used for achieving the main goal. 
CasArts's location is Casablanca, Morocco, near the Place Mohammed V. Other buildings surrounding the square 
are mainly administrative buildings. Size and overall shape wise the design shows similarities to the surrounding 
building blocks. The outer facades are quite introvert, while those facing the patio are the opposite. The 
exceptions in the outer façade are two very large windows, which are actually at the si des of the stage. Th is leads 
toa view from the patio to the building's surroundings over the entire width of the stage. Bath the patio and the 
building's public areas should be useable for all kinds of performances. Separations between them are preferred 
to be as small as possible. The CasArts design contains many different spaces, each with their own 
characteristics. Amongst these are two halls for all kinds of performances, the most important being drama, 
concerts and operas; event rooms, rehearsal rooms, a restaurant, a small cinema and a Black Box for all kinds of 
performances. Activities in these spaces and the building's direct surroundings can cause noise related problems 
for either the surroundings or one or more spaces in the building. Also, in some spaces, like the theatre, it is 
extremely important to make sure, that, whatever kind of performance is taking place, will sound right for bath 
the performing artists and the audience. 
Each of these performance types has its own characteristics and needs. A concert hall aften has a much smaller 
stage and a larger auditorium than a theatre. This larger auditorium volume results in a langer reverberation time. 
Rules for the dimensions ofthe balconies' overhang are function-specific as well. Another issue is that for music, 
for which envelopment is preferred, reflections from the sides are required, while for speech, reflections via the 
ceiling are preferred for better localisation. For researching and improving the acoustical qualities of the two 
halls, Odeon room acoustics software was used. Recommended values for various acoustical parameters, of 
which Odeon is a bie to genera te data, we re determined using available literature. 30 rnadeis (of a starting 
situation) for bath halls, for the performance type requiring the longest reverberation time, were made and 
imported into Odeon, in which materia\s, sourees and receivers were added. But befare these simulations could 
take place, the models' input parameter settings first had to be optimized. Same of the settings had to be adjusted 
in order to genera te realistic results. For example, the decay curves should be smooth for a decay of at least 45 dB 
for reverberation times to be reliable. To achieve this, the amount ofrays and/or the late reileetion density had to 
be raised. After analysis of the simtdation results adjustments to the rnadeis were made, until simulation results 
met the recommended values for the various parameters. Next, based on the final situation for the chosen 
performance type, the halls have been adjusted for the other performance types as wel I. 
For the sound insulation part minimal sound insulation values for walls and floors had to be determined. First, the 
maximum allowed sound pressure level (SPL) in the receiving space was subtracted from the SPL produced in 
the sending space, resulting in the difference in SPL (DnT). Th is DnT was then translated into insulation (Rw +Ci) 
values. Several possible (wall, floor, window) constructions were picked for each R value. The Impact Sound 
Levels (Ln) of all used floor constructions have been checked as well. Finally two detailed case studies, taking 
flanking sound into account as well were done. 
Trying to optimize the halls for each type of performance indeed proved the creation of an acoustical designfora 
multipurpose hall being very complex. 
Based on the simulation results, the theatre hall, as proposed, should acoustically perfarm well for bath opera 
and drama performances, as the values of most parameters are within the recommended range; the others are 
only just outside the recommended range. The multipurpose hall should, for similar reasons, perfarm well for 
symphonic music and acceptable for opera. If the G from sourees on-stage would be increased to 1,5 - 2 dB 
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higher than the G from sourees in the orchestra pit, which might be achievable by fine-tuning the reflector, the 
hall would perform wel! for opera too. For drama it would perform acceptable, probably after the 
recommendations have been taken care of. 
Based on the simulation results, it can be concluded that the CasArts design for the multipurpose hall should be 
able to perform as well acoustically as a more conventional wedge shaped design. 
Some small issues, like determining the exact specifics ofthe reflectors, are recommended for further research. 
Determining the influence of detail levels of for example structural beams are issues for further research as welt. 

M. Kivits lil 21-12-2010 



CasArts: Acoustics Report Graduation Project 

Index 

Introduetion 

2 Architectural design 

3 

2.1 

2.2 

2.3 

Background 

O.M.A. 's Concept 

Programme 

Acoustics 

3.1 Types of halls related to their use 

3.2 

3.3 

Room acoustica! parameters 

Sound insu/ation 

4 Approach 

4.1 

4.2 

Room acoustical calculations 

Sound insu/ation calculations: 

5 Simulation results and calculations 1: room acoustics 

5.1 

5.2 

5.3 

5.4 

Multipurpose hall 

Theatre hall 

The shape ofthe multipurpose hall: a comparison 

Room acoustics: conclusions 

6 Simulation results and calculations 11: Sound insulation 

7 

8 

6.1 

6.2 

6.3 

6.4 

Global dimensioning of wal! and jloor constntctions, basedon R., and L"., va lues 

Case 1: dressing room in the southwest corner, first jloor 

Case 2: rehearsal room (smaller one), first-second jloor 

Sound insu!ation: conclusions 

Conclusions 

Discussion and recommendations (for further research) 

8.1 Discussion 

8.2 Recommendations 

9 Bibliography 

M. Kivits IV 

3 

3 

5 

8 

11 

11 

13 

18 

25 

25 

32 

35 

35 

43 

52 

55 

57 

57 

71 

73 

77 

79 

80 

80 

80 

81 

21-12-2010 



CasArts: Acoustics 

Appendix 

A Additional information about the halls 

B Plans and sections 

C Programme list 

D Plans with maximum SPLs 

E Plans with maximum allowed background SPLs 

F Plans and sections with D"r values 

G Souree positions room acoustical calculations 

H Graphs simu/ation resltlts multipurpose hall 

I Graphs simu/ation results theatre hall 

J Plans, modified 

K Plans with D"r values, modijied 

L R va lues per actave band, chosen wal! constructions sections 6.2 and 6.3 

M. Kivits V 

Report Graduation Project 

I 

11 

x 

XXII 

XXV 

XXVIJJ 

XXXVI 

XLI 

XLIV 

XLVII 

LIJ 

LVII 

21-12-2010 



CasArts: Acoustics Report Graduation Project 

M. Kivits VI 21-12-2010 



CasArts: Acoustics Report Graduation Project 

1 Introduetion 
Everyone wil\ agree acoustics are important. People need to be able to hear and understand, what is happening in 
their surroundings. Overexposure to noise can lead to all kinds of health problems, like hearing impairments, 
stress and sleeplessness. The inability to understand, what someone or sarnething (for example a waming signa!) 
is saying, can lead to misinterpretations and annoyances. The ability to understand, what is happening, is of 
course extra important for activities, relying heavily or even completely on sound, like many performing arts. 
Quite regularly a concert, opera or theatre review not just judges the performers themselves, but mentions as 
wel!, how the reviewer perceived the acoustics. The acoustical qualities of the space, the performance takes place 
in, have to be good. 
Creating a good environment for a performance is quite a challenge. Sound propagation is a complex process; 
phenomena like reflection, diffusion and absorption have to be taken into account. Additional complexities are 
psychoacoustics and the fact, that everything is frequency dependent Of course those factors are just related to a 
performance's aura! aspects. Other aspects, for example visual perception and thermal comfort have to be taken 
into account as well. Although notpart of an acoustical project, these cannot be ignored, because they all meet in 
the samebuilding layers. 
All these factors imply, that designing a space for a specific type of performance is hard, but the complexity 
level increases, when a space has to be usabie for multiple types of performances. A theatre performance's needs 
significantly differ from those of a symphonic concert. In order to ereale a good acoustical design, the building's 
architectmal design, programme and literature related to spaces and functions listed in its programme need to be 
analysed. Based on these analyses the design has to be checked, which leads to proposals for improvements and 
more checks until the acoustically adapted design meets the set requirements. 
This research studies possible acoustical applications needed for CasArts, a building containing multipurpose 
halls, to satisfy acoustically. CasArts is a design proposed by the Office for Metropolitan Architecture (O.M.A.) 
in a competition for a centre for performing arts, organized by the city of Casablanca in Morocco. The design 
contains, amongst others, two halls for a broad spectrum of performance types: Salie des Spectacles for theatre, 
opera, dance and symphonic music; and Salie du Theatre for theatre, dance and opera. Both halls needed to have 
variabie acoustics. Other than the two halls, the building contains amongst others rehearsal rooms, a black box, a 
restaurant and a small cinema. 
This research had several goals. The main goal was the creation, evaluation and selection of acoustical 
applications for the CasArts design. After an analysis of both the design and required theory, a hypothesis for 
acoustical solutions was given and 3D models of the theatre hall and the multipurpose hall were created for 
performing acoustical simulations using Odeon room acoustics simulation software. All (major) rooms were 
checked for noise related issues as wel!. Several noise reduction options were investigated. The underlying goal 
was experiencing the acoustic consulting process. 
The second goal, derived from the main goal, was getting an impression of the influence of the 
realism/complexity level implemenled into the simulation model. Since neither model can be validaled with 
measurement data, the results, acquired using the model built as advised by the software's creators, were 
assumed to be realistic and differences with all other results were possible errors. Of course these advices are 
quite general and rarely cover every aspect of translating a specific design into a simulation model. Although 
basically seeking out and reviewing trends, some minor changes intheinput can lead to different results even at 
this scale. Decisions in adjusting input parameters are made, based on camparing the results, like averages and 
deviations, to expectations based on literature, quick estimates and experience, and results with input parameters 
set differently. The configuration assumed to generale the most realistic results is used for achieving the main 
goal. 
After this introduction, this report starts with analyses of the design and the required theory, foliowed by 
descriptions of the used methods. Next the calculation results are interpreled and possible useful applications are 
evaluated. For the following conclusions and recommendations the project('s process) is evaluated. 

M. Kivits 21-12-2010 
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2 Architectural design 
The first part of the analysis, which is treated in this chapter, concerns the architectural design. 
The projeet's background is discussed, foliowed by O.M.A. 's concept and finally the building's programme is 
treated. For this analysis the design has been studied. For achieving better understanding of the building's 
programme and the size and shape of spaces, the plans and sections have been redrawn and a 30 model of the 
entire building has been created. 

2.1 Background 
Needing a new centre for performing arts, the city of Casablanca, Morocco, decided to organize a design 
competition. Casablanca is Morocco's largest city and port as wellas its economical capita!. 

Figure 2.1.1: Satellite image of Morocco, Casablanca marked 
(source satellite image: Google) 

Figure 2.1.2: SatciJite Image ofthe city ofCasablanca (source 
satellite image: Google) 

This building 's location would beat the Place Mohammed V, which was to be renovated as well. This square, 
built in 1920, is Jocated in the New Town part of the city, which was designed and developed by the French 
during the first half of the 20'h century. The style of the square itself is seen as a harmonious combination of 
modem and traditional intluences. 

Near the square are administrative buildings like the Moroccan Post, the Bank of Morocco, the Court of Justice 
and the French Consulate. Other consulates, like the U.S. and Spanish, the Sacre Coeur cathedra! and a large 
public park, Pare de Ja Ligue Arabe, are nearby by as well. 

M. Kivits 3 21-12-2010 
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Figure 2.1.4: Satellite image ofthe Place Mohammed V, showing bath car park and fountain (source sa1ellite image: Googlel 

On the square itself, on the west side of the major road crossing it, Avenue Hassan 11, is a large fountain. The 
whole square needed to be renovated and this fountain , built in 1976, is within this area. Next to this fountain is a 
large car park, which is within the area to be renovated as well. Both the car park and the fountain can be seen in 
tigure 2.1.4 and just the fountain in tigure 2.1.5. 

Figure 2.1.6: Aerial view (!Tom the southwestj of the 
building parcel and its surroundings (source: 
O.M.A.) 

For the design, the city of Casablanca organized a competition, six architects, chosen in advance, participating. 
One of the competition entries was Office for Metropolitan Architecture (O.M.A.)'s CasArts. In the end this 
design did notwin the competition, meaning it was never tinalised, but got shelved instead. 

M. Kivits 4 21-12-2010 
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2.2 O.M.A.'s Concept 
In the CasArts design, the building parcel is basically divided into three parts: the western part consists of an 
open, kind of park-like area containing an outdoor theatre; the eastem part, across the Avenue Hassan IJ is 
another open space and in between these spaces, or, maybe more precise, between the Rue Abderrahman 
Sahraoui and the Avenue Hassan IJ, the building itselfwas pla!U1ed. The car park is replaced by an underground 
parking undemeath the building. 

Size and shape wise the building design is intended, to some extent, to blend into its surroundings, having, as 
tigure 2.2.2 indicates, roughly the same shape and size as the surrounding building blocks . This overall shape of 
the buildingblockis contrasted by the large hall's shape with one corner sticking out and a Y-shaped roof. 

Figure 2.2.2: Relations (source: O.M.A.) Figure 2.2.3: Conneetion (source: O.M.A.) 

Figure 2.2 .3 shows the des i re fora conneetion between the two non-building areas of the pare el. Th is co!U1ection 
is realised by adding large glass surfaces, creating sort of a tunnel through the building. The centre of the 
building block consists of a patio, which can be entered using a pair of 'tu!U1els' through the building's Jonger 
sides . Both the large glass surfaces and one of the tunnels can be seen in tigure 2.2.4, which a lso shows these 
being the only major openings in the outer façades. This view through the building crosses the stages of both 
large event halls planned for the building. 

M. Kivits 5 21-12-2010 



CasArts: Acoustics Report Graduation Project 

Figure 2.2.4: 30 model showmg open!closed surfaces (source: O.M.A.) 

The façades facing the patio, on the other hand, are mostly open, creating a very introvert building. Figure 2.2.5 
shows a view from the patio through one of the large windows across the stage of one of the stages. By ha ving 
such open façades facing the patio, especially with some of them (of the narth-east and soulh-west parts of the 
building) capable of being opened, events inside, in the small event space and café, can be experienced in the 
patio and vice versa. This openness is seen in tigure 2.2.6. 

Most public spaces inside the building are, as seen in tigure 2.2.7 spacious and open as well, leading to activities 
in one space being very accessible from other spaces. 

Figure 2.2.1: 3D render, large open space; (source: O.M.A .) Figure 2.2.8: 30 render large hall with glass façade (source: O.M.A.) 

M. Kivits 6 21-12-2010 
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The larger of the two planned halls, suitable fora braad range of different kinds of performances for an audience 
of up to 1800 people, is preferred to be as open as possible towards the patio and foyer as well , as shown in 
tigure 2.2.8. ldeally the glass parts between this hall and the foyer would be completely absent, making it 
possible for people toenter the hall at any time, as depicted by the arrows in figures 2.2.9 and 2.2.1 0. 

Figure 2.2.9: 30 sketch auditorium multipurpose hall, glass between 
auditorium and foyer/staircase (source: M. Kivits) 

Figure 2.2.10: Plan 2"" floor auditorium multipurpose hall, 
glass between auditorium and 
foyer/staircase (source: M . Kivit s) 

Another aspect of the concept is displayed in figures 2.2.9 and 2.2.1 0: the large mul ti purpose hall has an unusual 
shape. A more common shape for an auditorium is the fan-shape . This design incorporates that shape, but 
removes a slice in the middle, which leads to the creation of two bakonies split by a wedge, as shown in tigure 
2.2. 11 . This shape enables part of the balcony to be closed off from the rest of the auditorium and it, if noise 
levels allow it, even creates the possibility of multiple events happening in up to three parts of the auditorium, as 
shown in tigure 2.2.12. 

Figure 2.2.11 : Plan auditorium multipurpose hall, shape with 
'removed ' wedge in red (source: M. Ki vits) 

M. Kivits 7 21-12-2010 
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2.3 Programme 
The CasArts building's programme contains many different functions. The building itself is, including one tloor 
underground, 6 tloors tall. The main spaces are two large halls for multiple types of performances, at least parts 
ofboth spanning all floors. The halls border the north-western and south-eastern sides of the patio. 
The theatre hall, the smaller of the two halls, is primarily used for drama, but it should be usabie for opera and 
dance performances as well. This means this hall has a large stage, including a fly-tower. The first six rows of 
seats are removable and the tloor area they cover can be lowered to become the orchestra pit. 

Figure 2.3.1: 30 render ofthe theatre hall (source: M. Kivits) 

I 
i 

___ _j _____ t-t-J-

i 

Figure 2.3.3: Plan theatre hall, ground tloor (source: M. Kivits) 

Figure 2.3.5: Theatre hall, theatre setting (source: O.M.A.) 

M. Kivits 

Figure 2.3.2: Section ofthe theatre hall (source: M. Kivits) 

I 

Figure 2.3.4: Plan theatre hall, balcony (source: M. Kivits) 

Figure 2.3.6: Theatre hall, opera setting (source: O.M.A.) 

8 21-12-2010 
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The larger hall is a multipurpose hall, which should be usabie for a broad range of different types of 
performances, including symphonic concerts, opera and theatre. This means, this hall has a large stage and a fly
tower as well . In this hall the first five rows can be removed and the floor underneath lowered to become the 
archestra pit for opera performances. The stage also contains an archestra shell for symphonic concerts, which 
wil I be slored during other kinds of performances. 

Figure 2.3 .7: 30 render ofthe multipurpose hall (source: M. Figure 2.3.8: Section ofthe multipurpose hall (source: M. Kivits) 
Kivits) 

Figure 2.3.9: Plan multipurpose hall, ground floor (source: M. Figure 2.3.10: Plan multipurpose hall, hol.o nn"n' 

Kivits) 

Figure 2.3.11: Multifunctional hall , theatre 
setting (source: O.M.A.) 

M. Kivits 

Kivits) 

Figure 2.3.12: Multifunctional hall, 
symphonic concert setting 
(source: O.M.A.) 

9 

Figure 2.3.13: Multifunctional hall , opera 
setting (source: O.M .A.) 

21-12-2010 
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Other programmed spaces include foyers for each large hall ; a restaurant, event rooms, shops, rehearsal rooms, 
atelier spaces, a small cinema, a Black Box, V.I.P. spaces, offices and technica! spaces. The patio and the two 
hallsdivide the public spaces from the less public spaces, as shown in tigure 2.3.14 . 

• More public apaces 
• Less publlc spaces 

Figure 2.3.14: More and less public pan s (source: M. Kivits) 

Rehearsal rooms, studios, atelier spaces, office spaces and dressing rooms are situated in the south-westem part 
of the building, while foyers , event rooms, the large roof terrace, shops, the restaurant and café are situated 
across the patio in the north-eastem part of the building. Technica! and logistic spaces are located on the 
basement floor and the south-westem part of the other floors. Regular V.I.P. spaces are located in the north
eastem part while the green rooms are in the less public south-westem part. 
The black box is situated on top of the theatre hall's auditorium and the cinema is located on top of one of the 
multipurpose hall's side stages. 
A programme list, plans and sections are included in the appendix. 
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3 Acoustics 
In this chapter, the second part of the analysis, the acoustical part, is treated. First, several types of halls and their 
specifics, based on their use, are discussed, foliowed by explanations and recommended values of several 
acoustical parameters, used for defining and cantrolling acoustical quality. The parameters lisled in this section 
are the ones used for checking and improving the acoustical quality of the theatre hall and the multifunctional 
hall . The final part of this chapter deals with issues conceming sound insulation, like sound pressure levels and 
sound transmission and insulation. 

3. 1 Types of halls related to their u se 
The acoustical quality of a space depends on its (intended) use. For example an even! sounding good in a concert 
hall will most likely sound terrible in an office space. A space's shape, dimensions, and materialisation are major 
contributors to that space's acoustical quality for specific types of events in that space. In the following 
subsections some specifics for four different kinds of halls for performances are presented, the first three being 
halls designed for one specific purpose, the last one a multipurpose hall. 

3.1.1 Theatre 
Good speech intelligibility is vita! for drama. To achieve this, the reverberation time (RT) has to be relatively 
short, between 0,7 and I ,0 s, as can be seen in table 3.1.2. This aften leads to a relatively small (auditorium) 
volume. The auditorium should not be too deep either. At a too far a distance from the stage the speech 
intelligibility gets too low and it will a lso be hard to see what is happening on stage. A recommended volume per 
seat for the auditorium is 3,7-5,2 m3 lfthe auditorium contains a balcony, it 's overhang is recommended to be 
smaller than 2,5 times the balcony's height, as shown in the table below. 

T bi 31 I R a e ... d d b I d h ecommen e max1mum a cony epi 

Dimensions Balcon~ 

-?' Symphonic music D < H 
Opera D < 2H 

H D Theatre D < 2,5H 

r -...,...--

On the other hand, the stage has to be large enough to accommodate actars and décor pieces. Above the stage is 
in most cases a large fly-tower. For speech strong early reflections are preferred coming from the ceiling. 

3.1.2 Symphonic music 
Syrnphonic music requires very different acoustical conditions. As shown in table 3 .1.2, the RT has to be a bout a 
second langer than the advised RT for drama (about 1,8- 2,2 s). In order to accomplish this, a concert hall ' s 
volume is aften larger than a theatre's. Unlike for drama, recommended values for many more parameters have 
been determined for symphonic music. The Clarity (C80), a parameter describing to what extent parameters are 
distinguishable, has a recommended range of -3 - 2 dB. The Sound Strength (G), describing the loudness, ideally 
has a value of 5± 1 dB and is recommended to beat least greater than 0 dB. The recommended volume per seat 
for a concert hall's auditorium is : 11 - I 3 m3 The recommended maximum overhang of the balcony is much 
smaller than a theatre hall 's: smaller than the balcony' s height (table 3.1.1 ). For symphonic music reflections are 
preferred to come from the sidewalls instead ofthe ceiling in order to create a feeling of envelopment. 
On the other hand, the stage has to be much smaller. A too wide or deep stage will lead to an archestra layout 
with too much space between the musicians, which has a negative effect on their intelligibility. A lso, onstage the 
sound field has to be reverberant (diffuse), a too large stage most likely will not be diffuse. Barron ( 1993) and 
Be ra nek ( 1996) advise a floor area of a bout 186 m2 with a depth between 9 and 12 m and an average width 
halfway that depthof 15-18 m. Gade(l989) stated that if the maximum di stance between musicians exceeds 8 m, 
the delay in direct sound can have a negative effect on ensemble playing. As can be deduced from the 
recommended dimensions, most of the time the maximum distance wil I exceed 8 m, thus objects like overhead 
reflectors are aften necessary in order to imprave ensemble playing. The ceiling height bas to be limited for good 
onstage intelligibility as well. Based on an advised maximum volume of 2000 m3 (Barron 1993) the 
recommended height is between I 0 and 14 m. 
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3.1.3 Opera 
An opera house's design has characteristics of both a theatre and a concert hall . For opera the stage has to be 
large in order to accommodate all the performers and décor pieces. Additionally, most opera halls have an 
orchestra pit in front of and below the stage. This pit is necessary, because the stage itself is occupied by one or 
more singers and, as for drama performances, actors and stage props. This means it is impractical or even 
impossible for the stage, without en larging it, to contain an orchestra as wel I. By adding a pit part in front, part 
underneath the stage, the orchestra is kept close to the stage and singers, without the hall requiring (much) 
additional volume. Another purpose of this pit is creating balance between singers and orchestra . Of course this 
pit has to be large enough to accommodate an orchestra of the required size and composition. In large auditoria 
an open pit with minimal stage overhang works best, but in small auditoria partial covering by the stage is 
recommended in order to limit the loudness. 
The recommended volume per seat for an opera hall's auditorium is: 7 - 8 m3

. As shown in table 3.1.2 the 
recommended RT is I ,3- I ,8 s, somewhat in between the recommended RTs for theatres and concert halls. For 
opera a good view of the stage is important as wel I. Just as fora theatre, the auditorium should not be too deep. 
Reflections are preferred to come from the sidewalls (orchestra) and ceiling (singers). 
A major issue is the balance between singers and orchestra. In order to hear the s ingers good enough, the G in 
the auditorium from sourees on-stage has to be higher than the G from sourees in the pit. A difference in sound 
pressure level of at least 2 dB in favour of the sourees on-stage is advisable (Barron 1993 ). 

3.1.4 Multifunctional halls 
The difficult part of multifunctional halls is the fact, that all those different design considerations for all those 
different functions have to be implemenled in some way in one single hall. Both the auditorium and the stage are 
very different, almost each other' s opposites for, for example, drama and symphonic music. In order to 
accommodate all required functions, both the stage area and the auditorium have to be adaptable to these 
different functions. Since it is impossible to design a stage the right size for symphonic music and then make it 
larger for theatre or opera, the stage has to be large to start with. For the same reasons a fly-tower and orchestra 
pit have to be part of the design. The auditorium size is based on the function requiring the largest auditorium as 
well, which is symphonic music. All these spaces have to be modified one way or the other for optimisation for 
other functions . When the hall is used for a performance other than opera, the orchestra pit has to be covered. 
Ideally this space is then used as an extra sealing area. For symphonic music the stage area has to be smaller. 
This is probably easiest achieved by using an orchestra shell. For performances other than symphonic music the 
auditorium ' s acoustical volume has to be made smaller. Basically two approaches for achieving this exist: 

• Reducing the auditorium volume itself. 
• Adding absorption. 

For drama performances it is preferred to make the sidewalls more absorbing, causing most early reflections 
reaching the audience to arrive via the ceiling. Often all of these different design aspects, often dashing with 
each other, put logether obviously lead to compromises, which often means for each function the multifunctional 
hall cannot compete with purpose built halls. 
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3.2 Room acoustica/ parameters 
In this section the acoustical parameters in this project, used for checking and improving the acoustical quality, 
are described and for each parameter recommended values for the main functions of the theatre hall and 
multipurpose hall are listed. Much research in the recommended values has been done for auditoria, which 
means that these values can be obtained from many sources. For values on-stage and in archestra pits, except for 
the Support parameters, which are created for on-stage use, little is known for the used parameters. The 
measured ranges listed in "Podiuma koestiek: Een onderzoek naar de relatie tussen objectieve metingen en 
subjectieve belevingen" (Heijnen, Kivits, 2009) are used as recommended values. Recommended values in the 
archestra pit are assumed the same as on-stage. 

3.2.1 Reverberation Time and Early Decay Time 
The most common parameter is the Reverberation Time (RT or just T). The RT is the time needed for a Sound 
Pressure Level (SPL) reduction of 60 dB after switching off the sound source. This needed time depends on the 
enclosed space's size and the amount of absorption. A 60 dB SPL reduction being hard to realise, often a 20 or 
30 dB SPL reduction is measured and extrapolated to 60 dB. A RT measured this way is denoted by T30. The RT 
measurement starts when a decrease of 5 dB has been reached, for example the T30 is measured over the interval 
[-5 dB: -35 dB). The recommended RT depends on a space's use, as shown in table 3.2.1. 

Table 3 2 J· Recommended reverberation time related to space's use (source: Ban-on 1993) ... 
Space's Use T3o Is] 
Organ music >2,5 
Romantic classica] music I ,8-2,2 
Early Classica! music 1,6-1 ,8 
Opera I ,3-1 ,8 
Chamber music 1,4-1 ,7 
Drama/speech 0,7-1 ,0 

The T30 can be used for determining the bass and treble ratiosas well . These ratios describe, respectively, a hall 's 
warmthand brilliance. The Bass Ratio (BR) is the ratio between the T30 at 125 and 250Hz and the T30 at 500 and 
I 000 Hz, as shown in formula 3.2.1. Ideally for halls, that have an average T30 of I ,8 s or less, the BR is between 
I, I and I ,45. For halls with a higher T30 the maximum BR is preferred to be lower. 

BR = ~2s +T2so [-] 
Tsoo + ~ooo 

( 3.2.1) 

The Treble Ratio (TR) is the ratio between the T 30 at 2000 and 4000 Hz and the T 30 at 500 and I 000 Hz, as 
shown in formula 3.2.2 and ideally has a value between 0,8 and I. 

TR = T2ooo + T4ooo [ _] 
Tsoo + ~ooo 

( 3.2.2) 

Another parameter for descrihing a SPL's decay is the Early Decay time (EDT). This parameter describes the 
time needed for an SPL reduction of 10 dB, multiplied by 6. This first part of decay is especially important for 
mus ie that is played fast. Because of the importance of this early sound, the EDT's measurement interval starts at 
0 dB. The EDT is useful for descrihing subjeelive experiences of a room. If the EDT increases, distinguishing 
separate tones wiJl become harder. For symphonic music the recommended EDT in the auditorium is I ,0 - 3,0 s. 
On-stage the EDT is preferred to be low, since a lower EDT increases the musicians ' ability to distinguish 
separate tones. Preferably the EDT is slightly higher in the auditorium. This relation has led to the Inversion 
Index (l.I.), ofwhich the formula (3 .2.3) is shown below. The EDT in the auditorium being higher than the EDT 
on-stage, as recommended, leads to an l.I. larger than I . 

1.1 ED Tauditorium = 
EDTstage 

M. Kivits 
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For the two halls in this project this leads to the recommended values listed in table 3.2.2. The EDT values on
stage/ in the pit are chosen for the l.I. being sufficient (> I) 

Table 3 2 2· Recommended T10 and EDT in both halls related to hall's use ... 
Halland its use T3o [s] EDT [s] 

Hall U se Auditorium Stage/pit Auditorium Stage/pit 

Multipurpose Symphonic music 1,9(±0,1) 1,9 (±0,1) 1,9 (±0,2) < 1,9 
Opera I ,5 (±0, I) 1,5 (±0,1) 1,5 (±0,2) < 1,5 
Drama I ,I (±0,1) - 1,1 (±0,2) -

Theatre Opera 1,5 (±0,1) 1,5 (±0,1) 1,5 (±0,2) < 1,5 
Drama 1,0(±0,1) - 1,0 (±0,2) -

3.2.2 Clarity and Definition 
A parameter, descrihing to what extent instruments are distinguishable, is the Early-to-Jate index (C,). As shown 
in formula 3.2.4 the C, is the ratio ofthe acoustical energy present in the first t milliseconds to the energy present 
after ' t' milliseconds . Commonly the value of 't' is 80 milliseconds. In this case this parameter is called Clarity 
(C80). In an auditorium, for symphonic music, the C80 has a typical range of -5- +5 dB and an ideal range of -3 -
+2 dB. 

1,. 

I p 2 (t)dt 

C,, = !Olg 0 

"' I p 2
(t)dt 

'· 
with: 
p = sound pre ss ure [Pa] 
t =time [s] 

[dB] ( 3.2.4) 

A relationship exists between the C80 and the T30: more indirect sound will mask details , which means the C80 

will decrease if the T30 increases . This too can be deducted rrom formula 3.2.4. If the T30 increases, the indirect 
sound (mostly the sound after ' t' milliseconds) will contain more energy, while the energy in the interval before 
' t' milliseconds will not increase (as much). Thus the C, will decrease. Assuming diffuse field conditions, 
formula 3.2.5 can be used for getting an indication of the C, based on the T30. Since recommendations for good 
T30 's for opera exist, these values and formula 3.2.5 can be used for getting an indication of recommended C80 

values for opera performances. 

[ 

[ 
!,104 ) 

C = 10 lg e r -I 
cxp [dB] 

with: 
Cexp = Early-to-late index in a diffuse sound field with exponential decay [Pa] 
T = reverberation time [s] 

( 3.2.5) 

Preferabie on-stage values for the C, are still unknown; averages lisled in "Podiumakoestiek" (Heijnen, Kivits, 
2009) are used as recommended values. 
The C, is primarily used for music . For speech the Definition or Deutlichkeit (D50) is more commonly used as 
descriptor for the ability to distinguish multiple sounds. A major difference between the C, and the D50 is that the 
D50 is the ratio of the acoustical energy present in the first 50 milliseconds to the total amount of energy in a 
signa I, instead of only the energy after 50 milliseconds (as in the C50). Another large difference is that the D50 

does nol use a logarithmic scale and is unitless . Formula 3.2.6 showshow the D50 is defined. 

0,050 s 

fp 2 (t)dt 
0 

ro [-] ( 3.2.6) 

J p 2 
(t)dt 

0 
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Since the amount of early energy can never be larger than the total amount of energy, the D50 has a value 
between 0 and I and is comparable to a percentage. lts typical range is 0,3 - 0,7 and for speech the 
recommended value has a range of 0,2- 0,5. For opera an indication can be given using the relation between D50 

and C50, assuming changes in C50 are comparable to changes in C80, based on changes in T30 in a diffuse sound 
field (formula 3.2.5). This relation is shown in formula 3.2.7. 

Cso = lO Jg( D so J [dB] 
l- Dso 

For the two halls in this project, this leads to the recommended values listed in table 3.2.3. 

Table 3 2 3· Recommended C30 and 0 50 in both halls related to hall's use .. . 
Halland its use Cso [dB] Dso [-] 

Hall U se Auditorium Stage/pit Auditorium 

Multipurpose Symphonic music 0 (±3) 4,5 (±1,5) -
Opera I (±3) 5,5 (±1,5) 0,35 (±0, 15) 
Drama - - 0,5 _(±0, 15) 

Theatre Opera I (±3) 5,5 (±I ,5) 0,35 (±0, 15) 
Drama - - 0,5 (±0,15) 

3.2.3 Sound strength 

( 3.2.7) 

The Sound Strength (G) is a descriptor for the loudness of a signa!. It is defined by comparing the energy at a 
receiver position to the energy at a I Om distance from the source, in free field conditions. The G is the ratio of 
these energies, which can beseen in the formula below: 

G = !Olg 
"' 

[dB] ( 3.2.8) 

J Pta 2 (t)dt 
0 

with: 
p 10 = free field SPL, at a I 0 m distance from the souree [Pa] 

This formula can be rewritten as: 

G = L - L p, pos. 1 p .ff ,iOm [dB] ( 3.2.9) 

with: 
Lp.pos.i = SPL at position i [dB] 
Lp,ff, IOm = free field SPL, at a 10 m distance from the souree [dB] 

The G ' s typical range is -2- 10 dB. For auditoria in larger concert halls the ideal value fortheG is 5±1 dB 
(Beranek 1996). In smaller halls, assuming diffuse field conditions, an estimation, based on the hall's volume 
and the T30, can be given using formula 3.2.10 below. Surveys of British halls (Barron, 1988; Barron and Lee, 
I 988; both mentioned in Barron, M. (1993), Auditorium Acoustics and Architectural Design) indicated an 
acceptable G would begreater than 0 dB. 

T 
G = I 0 lg- + 45 dB [dB] 

V 
(3.2.10) 

Preferabie on-stage values for the G are still unknown, but, again, these are estimated, based on averages listed 
in "Podiumakoestiek" (Heijnen, Kivits, 2009). 
lf the used souree is an omni-directional souree and the sound power level (Lw) of that souree is known, the G 
can also be calculated by subtracting this value from the SPL and adding 31 dB, as depicted in formula 3.2 .1!. 

G = Lp.posJ- L.., + 31 dB [dB] ( 3.2.11) 
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Table 3.2.4 lists the recommended values for the two halls. 

Table 3 2 4· Recommended Gin both halls related to hall's use ... 
Hall and its use G [dB] 

Hall U se Auditorium Stage/pit 

Multipurpose Symphonic music 5 (±I) 11 (± 1) 
Opera 4 (± I) 11_{±1) 
Drama 3 (± !) -

Theatre Opera 6 (± I) IJ (± !) 
Drama 5 (±!) -

3.2.4 Early Lateral Energy Fraction and Late Lateral Sound Level 
Spaciousness is especially important for symphonic music, for which it enriches the audience 's listening 
experience. Two aspects related to spaciousness are the apparent souree width (ASW) and the listener 
envelopment (LEV). 
The (Early) Lateral Energy Fraction (LF or LEF), a parameter developed to describe the ASW, is the ratio of the 
early lateral energy to the total amount of early energy in (roughly, si nee the interval for the lateral energy starts 
at 5 ms in order to eliminale the energy from the direct sound) the same interval (commonly 0- 80 ms) and it 
can be determined using formula 3.2 .12. 

O,OSOs 

J p/(t)dt 
LF: = 0,005s [-] 

80 0.080s 

J p 2 
(t)dt 

Os 

F or symphonic mus ie the LF is preferred to be 0, I - 0,35. 
Table 3.2.5 shows the recommended values for both halls. 

Table 3 2 5· Recommended LF30 in both halls related to hall's use ... 
Hall and its use LFso [-] 

Hall U se Auditorium 

Multipurpose Symphonic music 0,25 (±0, 15) 
Opera 0,25 (±0, 15) 
Drama -

Theatre Opera 0,25 (±0, 15) 
Drama -

( 3.2.12) 

The Late Lateral Sound Level (LG) is a parameter developed to describe the LEV and can be determined using 
formula 3.2.13. 

00 

J p/(t)dt 

LG80 =lOl [dB] ( 3.2.13) 
0,080s 

00 

J p 10
2 
(t)dt 

Os 

The LG is, as formula 3 .2.13 shows, the ratio of the late lateral energy to the total amount of energy at a I Om 
distance from the source, in free field conditions. The Odeon simulation software only gives the averaged value 
for the LG. For the LG no recommended range is known yet. 

3.2.5 Stage Support 
The Support is a parameter specifically developed for stage acoustics. In the ISO 3382-1 standard two Supports 
are defined: Early and Late. The Early Support (ST carJy) is a rating for the musicians' ability to hear themselves 
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and each other. For determining the ST carly the ratio of the acoustical energy in first I 0 milliseconds to the energy 
over the period between 20 and I 00 milliseconds calculated (formula 3 .2.14). 

O,lOOs 

f p 2 (t)dt 

STEarly = I 0 J [dB] ( 3.2.14) 
0,020s 

O,OlOs 

f p 2 (t)dt 
Os 

For symphonic music a STearly of -12 (±I) dB is perceived as ideal. For other types of performances, or in spaces 
of very different dimensions, values can, like for the G, be estimated using the hall's volume and reverberation 
time. 

j T [ o.n6 t,3s]J 
STEarty = IOI~V I 0 r -10 r + 25 dB [dB] (3.2.15) 

The late Support (ST1.,c) is a general rating of the acoustical quality and the support from the auditorium. The 
ST1.,c is detennined by calculating the ratio of the acoustical energy in the first I 0 milliseconds to the energy 
over the period between I 00 and I 000 milliseconds, shown in fonnula 3.2.16. 

l ,OOOs 

f p 2 (t)dt 
ST I 0 J O,IOOs 

Late = g 7o ,7ot~Os __ _ [dB] (3.2.16) 

f p 2
(t)dt 

Os 

For symphonic music a ST1a<c of -12 (± I) dB is perceived as ideal. For other types of performances similar 
differences as for the STcarty are assumed. As can be deducted from fonnulas 3.2.14 and 3.2. 16, the larger the 
presence of acoustical energy in the early sound, the lower the Support value will be. Narnes and time intervals 
are as defined in the ISO 3382-1 standard. 

Table 3 2 6· Recommended ST , and ST,, in both halls related to hall 's use .. . car · "" 
Hall and its use ST carly [dB] ST,.,c [dB] 

Hall U se 

Multipurpose Symphonic music -12 (±I) -12(±1) 
Opera -13(±1) -13 (±I) 

Theatre Opera -10(±1) -10 (±I) 

3.2.6 Speech Transmission Index 
Described in the ISO 3382-3 standard as the "physical quantity representing the transmission quality of speech 
with respect to intelligibility", the Speech Transmission Index (STI) depends on the size and shape of the room, 
the background noise level and the type of souree used. Of course for speech the souree used must be 
representative fora human speaker. Subjeelive ratings for STI values are presenled in table 3.2.7. 

Poor Fair Good Excellent 
0,30-0,45 0,45-0,60 0,60-0,75 0,75- 1,00 

For the theatre and opera settings in both halls, a minimum STI value of0,6 is recommended, assuming a trained 
speaker as the source. 
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3.3 Sound insu/ation 
As stated, the other large part of this project treats the aspects related to sound insulation. Basically each space 
contains one or more sound sources. Basedon the (dominant) sources' characteristics an average sound pressure 
level (SPL) fora space can be assumed. Too high sound pressure levelscan have a negative effect on people and 
the tasks they are performing. A sound pressure level being too high often depends on the task. For example, the 
level of concentration required duringa performance, like a concert, is much higher than duringa casual 
conversation. Basedon this maximum allowed background levelscan be determined. Having bothof these sets of 
levels, the difference can be determined between the SPL in the sound producing space and the maximum 
allowed background SPL in the adjacent space. Next, this difference can be translated into a sound insulation 
value for the construction between both these spaces. In this section the theories behind the building acoustical 
part of the project are treated , basically from expected sound pressure levels in each space to how to derive sound 
insulation values for each wal! and floor from those. 

3.3.1 Sound pressure level 
Since sound pressures, expressed, like other pressures, in Pascal (Pa) have a broad range (the auditory threshold 
is determined at 2 · I o-5 Pa, while I oud sounds have a sound pressure more than a million times higher.) 
commonly the sound pressure level (SPL) is used instead . The SPL, using the decibel scale, is a ratio of a sound 
pressure to the sound pressure of the auditory threshold, as shown in formula 3.3.1. 

L, = 101{;,', ) [dB] 

with: 
LP= sound pressure level [dB] 
p =sound pressure [Pa] 

( 3.3.1) 

p0 = reference value for the sound pressure, equal to the sound pressure ofthe hearing threshold, 2-10-5 Pa 

SPLs, commonly expressed per third of an octave, octave band or as a single averaged value, of equal va lues are 
not perceived the same at different frequencies. At some frequencies human hearing is more sensitive than at 
others. Based on this sensitivity several weighings have been introduced, the most commonly used one being the 
A-weighing. The A-weighing values, per octave band, are displayed in table 3.3.1. 

Table 3.3.1: A-correclions per oeiave band (source: Martin, dr. ir. H.J. , dB-exercilies) 

I f(Hzl I 63 125 25o I 500 1000 2ooo I 4ooo I 8000 
Iw; I -26,2 -16,1 -8,6 I -3,2 0 I I 1,1 I -I 

The single averaged values are often A-corrected and thus depicted as LA. For calculating the LA from Lp values 
per (third ofan) octave band formula 3.3.2 is used. 

( 3.3.2) 

Insome ofthe building ' s spaces, for example the two halls, sound pressure levelscan get quite high. Table 3.3.2, 
(source Gilford, C: Acoustics in radio and Ielevision studios), showing sound power levels for several sources, 
indicates how high these can get. 
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Table 3.3.2; lndication of sound power levels for several sourees (re 10·'· W) 

Lw (dB] LA 

Souree 63 125 250 500 1000 2000 4000 8000 [dB] 

Male speech, raised 66 73 78 80 77 71 65 65 84 
String quartet 80 84 88 90 90 88 86 80 96 
Symphony Orchestra 96 100 104 109 106 104 102 98 113 
Pop group, amplified 110 125 125 125 120 115 110 100 130 

For the CasArts design the SPLs (from sound sourees inside a space) assumed for the different spaces, basedon 
the programme and Iiterature, are Iisted in table 3.3 .3 . 

Table 3.3.3; 

Space 

3.3.2 Background noise level 
The maximum amount of intruding noise from other spaces has to be lower than the background SPL. This 
background SPL is mainly deterrnined by the noise production of healing, cooling and air conditioning systems 
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and the SPLs of other sound sourees inside the space. For expressing this maximum SPL, loudness curvescan be 
used. One set of aften used curves are the No i se Rating (NR) curves. The curves have a designation of NR-xx 
with xx being the SPL value of said curve at 1000Hz. In order to comply with a criterion of maximum NR-xx, 
the measured or calculated SPLs are nat allowed to exceed that curve at any frequency band . These NR values 
can be Iranslaled into LA values by actding 5 dB. The only spaces in the CasArts programme using loudness 
curves for descrihing the maximum allowed SPLs are the two halls ; all other spaces have an LA value listed in 
the program. 

An issue with LA values is, that they contain no speetral information. For example, for some sounds the SPL at 
lower frequencies is higher than for others while the LA might be equal for both . Since it is preferred to check if 
the space meets the set requirements using SPLs per actave band, these LA's have to be converled into va lues per 
actave band, without A-weighing. For this reference spectra have been created for several types of sound 
sources, some ofwhich are listed in table 3.3.5 . 

Table 3.3.5: Reference spectra per octave band for several sound sourees (source: Martin , dr. ir. H.J., dB-exercities) 

Spectra C; (A-weighing included) 
f(Hzl 

Souree 63 125 250 500 1000 2000 4000 

Outdoor sound -14 -10 -6 -5 -7 

Indoor sound -21 -14 -7 -4 -6 

(pop) music -27 -14 -9 -6 -5 -6 -JO 

Using these spectra the single A-weighed SPL values can be converled into A-weighed values per actave band. 
If then an A-correction W; (table 3.3 .1) is subtracted from those va lues the SPL per actave band remains. 
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3.3.3 Sound insulation 
In order to prevent noise related problems, the sound transmission between spaces has to be controlled. Sound 
transmission between two spaces is not limited to the separating construction. Flanking sound transmission and 
secondary sound transmission paths, for example via connecting air duels or corridors, must be taken into 
account as well. First, the (standardised) difference in SPL (Dnr) is determined by subtracting the SPL in room 2 
(L2) (minus the SPL from other sources) from the SPL in room I (L1). Like the SPLit is expressed in dB , aften in 
a weighed single averaged value. Dnrvalues, expected in the CasArts design, are displayed in table 3.3.6. This 
tab Ie shows all possible combinations, not just those present in the building design. 

Next, the separating construction's sound insulation (R) is determined from the Dnrvalue. The sound insulation 
(R) value of an object describes the amount of energy lost in transmission through that object. The R value is a 
building materialor product's quality, which means it is independent of the space the materialor product is used 
in . The Dnr , on the other hand, is dependent of the space the construction is part of. In order to derive the R value 
from the Dnr, the space's characteristics have to be taken into account . Formula 3.3.3 shows this relation 
between R and DnT· 

R'w'2Dnr -lû)j ~J [dB] 
5l6ToS 

with: 
R'w =Sound insulation [dB] 
Dnr = (standardised) difference in SPL [dB] 
V= Volume ofthe receiverspace [m3

] 

T0 = Ref.erenee reverberation time 
S = Surface area between sending and receiving space [m2

] 

( 3.3.3) 

Formula 3.3.3 shows that the difference between R and Dnr of a construction between space 1 and 2 depends on 
space 2 ' s volume (V) and reverberation time (T) and the surface area (S) between bath spaces . Often the R 
value, not taking flanking sound transmission into account, is nearly identical to the 0 0 r , in larger spaces it is, as 
formula 3.3.3 indicates, smaller. A correction of 5 dB is added, though, taking the flanking sound transmission 
into account. 
For a better overview, the values for maximum SPL and maximum allowed background SPL, taken from the 
building' s programme, have been colour coded and presenled in the floor plans. Next, the required Dnr values 
for the walls are co Jour coded and presenled in floor plans as wel!. An example of this is shown in tigure 3.3 .1 
below. 
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Figure 3.3.1: Determining the minimum D,rvalue base<l on maximum SPLs from adjacent spaces minus maximum allowed SPLs 

The image above is an example; larger images of all floors are in appendix D- F. Camparing these figures with 
table 3.3.6 shows that notall combinations from table 3.3.6 are present in the building. The figures do show that 
insome cases the required Dnrvalues are that high, smal I design changes are probably necessary. 
All of the above is related to air-bome sound. For structure bome sound the maximum allowed A-weighed 
Impact Sound Level (Ln;A) of 59 dB( A). (Ln;A =39 dB( A) for floors over the rehearsal rooms, the floor between 
the multipurpose halland the cinema and the floor between the theatre halland the black box.) 

3.3.3. 1 Single averaged R va/ues 
R values can be presented per actave band, but as with SPLs, it is often preferred to present them as single 
averaged values. For deterrnining these single averaged values several methods have been developed. 
The used methad is according to IS0-717/ 1, which is an international standard. 
For this methad R values per actave or third octave band are compared to a reference curve. This curve is 
moved, in 1 dB steps, towards the curve of the calculated or measured R values. For each step from each R value 
a reference value is subtracted and of just the negative differences the absolute va lues are added up. This sum 
has to be as large as possible, up to a maximum of 32 dB for third actave va lues or I 0 dB for octave va lues. The 
Rw value is equal to the moved 500 Hz reference value. In order to get R va lues related to speci fic types of sound 
sources, this methad uses reference spectra similar to those lisled earlier. It incorporates spectra for two different 
categories: one based on pink noise, this one is used for most types of everyday sounds; and one for traffic noise. 
Standard these spectra cover the I 00- 3150 Hz frequency bands . For music sourees it is recommended to use a 
traffic spectrum for the bands 50- 5000 Hz. These reference spectra are, per octave band, lisled in tab ie 3.3 . 7. 

Table 3.3.7: Reference spectra ISO- 71 7 I 

Spectra fiHz] 
63 125 250 500 1000 2000 4000 

CIOo-31 5o -21 -14 -8 -5 -4 

Ctr·I00-31 50 -14 -10 -7 -4 -6 

Cr;50-5000 -18 -14 -10 -7 -4 -6 -11 

The resulting R values mention what spectrum and frequency range are used, for the three spectra listed in table 
3.3.7 this results in respectively RA;I00-3150, RAtr;I00-3150, RAtr;50-5000· 
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A camman way for listing the Rw with its correction C;, aften used m building materials and products' 
documentation, is as Rw + C; or Rw (C;;C.,;;). 

3.3.3.2 Sound transmission towards the building's surroundings 
For the R value of the outer walls and tloors sound transmiss ion, of course, happens in both ways as wel I. The 
doeurneuts contain SPLs caused by traffic around CasArts ' s location. But, since the design contains somespaces 
producing high SPLs, in sorne cases noise from the outside is not the main concern. Although a maximum 
allowed SPL outside is known, this is prescribed for either the nearest building façade or at a distance of 50 m 
from the building. This, and the difficulty of choosing a volume and absorption value for this outside area makes 
the earlier described methad of deterrnining a R value using the DnT unusable. Instead, for determining the 
required R value of the façades forrnula 3.3.4 is used. Other factors, as the composition of the ground surface, 
possible obstructions, angle with the surface on which that 50 dB is allowed are intluential as we! I. 

R > L - L + L - C + 10 ·log(S ) +Dl - D - "D area - p ,in p ,r p ;pen d area <1> geo .i...J i 

with: 
Rarca = R value for the building envelope(façade/roof) [dB] 
Lp;in = SPL indoars [dB] 
Lp;r =maximum SPL outside, at the nearest building's façade,= 50 dB(A) 
Lp;pcn =penalty for music, = 10 dB(A) 
Cd= diffusivity correction, 3 dB for absorbent surfaces in a diffusive field 
Sarca = surface area of the structure hordering the outside [ m2

] 

DI"'= directional index, for transmission perpendicular to the wall : 3 dB 
Dgco = distance reduction factor [dB] 
LD; = correction for retlective surfaces, = -3 dB 

(3.3.4) 

Dgco depends on the sound emitting surface's dimensions and its distance to the nearest building and is 
deterrnined using forrnula 3.3.5 . 

Dgeo=10·1og 
Jr. s area 

arctan ( L) · arctan ( ;r J 
with: 
I = length of the structure hordering the outside [ m] 
b = width of the structure hordering the outside [ m] 
r = distance between structure hordering the outside and the nearest building [m] 

(3.3.5) 

For each outer wall and tloor construction these R values for transmission from inside to outside have to be 
determined and compared to the R values for transmission from outside to inside in order to delermine which 
required R value is the highest 

3.3.3.3 Wa/Is composed of multiple elements 
The methad above results in R values for entire walls. This will nat lead to any problems if a wall is 
homogeneous. lfthe wall's structure is not homogenous, for example it contains a window or a door, the R value 
of the wall depends on the R va lues of each part. The total R value of a wall consisting of parts with known R 
va lues or the recommended R value of each part can be calculated using formula 3.3.6 . 

. [ 1 [ -~ _'!.1_ _ R. Jj 
R surface =-10·1og ---SI ·10 10 +Sz ·10 10 + ... +Sn ·10 10 

s surface 

with: 
Rsurfacc =sound insulation ofthe total wall surface [dB] 
R. =sound insulation of one ofthe componentsof this wall, for example a door or window [dB] 
Ssurfocc = total surface area ofthe wall [m2

] 

Sn= surface area ofthe component with R value Rn [m2
] 
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3.3.3.4 Flanking sound transmission 
A more accurate and more complex method is taking sound flanking in account. 
When sound is transmitted from a sending space A to a receiving space B, it is not transmitted exclusively 
through the wall or floor between A and B. Other walls and floors of space A absorb sound energy as well; part 
of it being transmitted toB via joints and other constructions surrounding B, as shown in figure 3.3 .2. 

• Flanking transmission path 

Figure 3.3.2: Sound transmission paths, direct and flanking 

For each flanking transmission path an R value, Rij is calculated, using formula 3.3.7. 

R = 1 1 +M +M +K +lû · log _ s R +R (S J 
1f 2 1 J u !. . 

u 
with: 
R; =sound insulation ofthe surface on thesending side [dB] 
Rj =sound insulation of the surface on the receiving si de [dB] 

(3.3.7) 

óR; = difference in sound insulation caused by additional constructions on thesending side [dB] 
óRj = difference in sound insulation caused by additional constructions on the receiving side [dB] 
K;j = vibration transmission index [dB] 
S, = area of the separating structure [m2

] 

lij= coupling length between structures i and j [m] 

K;j, depending on the type of junction and the material of the structures, can be determined using either graphs or 
formulas listed in "Geluidoverdracht in gebouwen" (Gerretsen, 2006), a different set of formulas and graphs 
used for each type of junction. After determining an R value for each transmission path, the total R value is 
determined, using formula 3.3.8. 

(3.3.8) 

For structure bome sound the methad is similar, using formulas 3.3.9 and 3.3.10. 

L .. =L .. -M .+0,5·(R-R .)-M -K -lO·Ig(SsJ 
n ;l} n;u n;1 1 J J IJ / .. 

ij 

(3.3.9) 

L,'= 10 log[IO ';,' + 2;10 ';·; l (3.3.10) 

with: 
óLn:i = difference in impact sound level caused by the addition of a floating floor on the sending si de [dB] 
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4 Approach 
For being able to create a good acoustical design, it is important to comprehend both the design and its purpose 
and to obtain the knowledge needed for creating the right acoustical design. 
In chapter 2 the design as it is has been analysed by studying the supplied documents. These contain multiple 
floor plans and sections, 30 impressions, background information and the building's programme. 20 drawings 
and 30 models have been made for achieving better comprehension of the architectural concept, especially the 
building's layout. Chapter 3 treated the acoustical analyses, methods and parameters. By studying several books 
and papers, knowledge about room acoustics in genera!, acoustics in multipurpose halls and acoustical 
simulation tools has been achieved. 
Next, a possible room acoustic solution was proposed and checked by performing simulations, using the 30 
models created for the analysis. Specific information related to these simulations is supplied in the "Room 
acoustical calculations" section of this chapter. These simulations were used for investigating possible acoustical 
applications. Depending on the results, the design was adjusted and new simulations were performed, until an 
optima] variant was found. A proposal was composed, based on the simulation results of this variant. 
For determining the minimum required sound insulation values, the figures, giving DnT values for each 
construction, have been studied and constructions meeting the set requirements were selected. Specific 
information about this processis supplied in the "Sound insulation calculations" section ofthis chapter. 

4.1 Room acoustical ca/culations 
For the room acoustical study, simulations were performed using Odeon I 0.1 room acoustics software. A 
starting situation (situation 0) had been created for each simulated space. For each ha ll, a 30 model created in 
Sketchup, was loaded into Odeon in which all surfaces got materia Is assigned to them. 
In this situation 0 a set of materia Is was chosen for each hall. Some of these materials are chosen, because of the 
type of surfaces (like the orchestra or audience materials) . Others were chosen, because it was expected these 
would contribute to a good acoustical elimate in the halls. Table 4.1 .1 shows the material list for situation 0 of 
the multipurpose halland the materiallist for the theatre hall's situation 0 is shown in table 4.1.2. 

d Table 4.1.1 : Simulations siruation 0 muit i purpose hall, stan ard material set, absorption factors listed in appendix 

Multipurpose hall: Material description 

Setting Surface description 

All Stage floor Hollow wooden podium 
Auditorium floor Wood parquet in asphalt on concrete 
Auditorium walls Gypsum board 2 layers, 30 mm total 
Auditorium ceiling Gypsum board 2 layers, 30 mm total 
Auditorium doors Solid wooden door 
Auditoriumwindows Double glazing, 4-6 mm glass, 12 mm gap 
Audience Audience, heavily upholstered seats 
Cladding window frames G_}'])_sum board 2 lay_ers, 30 mm total 
Balcony railing Gypsum board 2 layers, 30 mm total 
Walls tech. spaces Gypsum board 2 layers, 30 mm total 

Symphonic Shell Gypsum board 2 layers, 30 mm total 
music Orchestra Orchestra with instruments on podium 
Opera Pit wal Is Gypsum board 2 lay_ers, 30 mm tota l 

Pit floor Wood parquet in asphalt on concrete 
Pit ceiling Gypsum board 2 layers, 30 mm total 
Orchestra Orchestra with instruments on podium 
Stage 'curtains' Absorbent 60% 

Theatre Stage 'curtains' Absorbent 60% 
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a e .. : T bi 4 I 2 S 1mu at1ons SinJation , t eatre a 0 h h 11 d d , stan ar matena set, a sorpt1on actors . I b 1ste 1n appen IX 

Theatre hall: Material description 

Setting Surface description 

All Stage tloor Hollow waoden podium 
Auditorium tloor Wood parquet in asphalt on concrete 
Auditorium walls Gypsum board 2 layers, 30 mm total 
Auditorium ceiling Gypsum board 2 layers, 30 mm total 
Auditorium doors Solid waoden door 
Auditorium windows Double glazing, 4-6 mm glass, 12 mm gap 
Audience Audience, heavily upholstered seats 
Balcony railing Gypsum board 2 layers, 30 mm total 
Stage ' curtains' Absorbent 60% 

Opera Pit walls Gypsum board 2 layers , 30 mm total 
Pit floor Wood parquet in asphalt on concrete 
Pit ceiling Gypsum board 2 layers, 30 mm total 
Orchestra Orchestra with insuuments on podium 

For bath halls, the auditorium's suspended ceiling, consisting of a fine metal mesh , was ignored because its 
structure is that open it was assumed to be close to I 00% acoustically transparen I. The doeurnenis show a roof 
construction of composite beams in the area above the metal mesh. Since these consist of relatively thin metal 
beams with large openings between them, they were ignored as wel!. 
In order to perfarm a realistic simulation, the auditorium should contain an audience. Adding an audience by 
realistically rnadelling and inserting seated persons would be too time-consuming, during rnadelling as wel! as 
simulating, without any guarantees, that it would lead to good results. This led to the common practice of adding 
a single mass to represent an audience (cluster in case the au dienee is divided by pathways into several clusters). 
This mass's height is an estimation. If the height of a seated person, roughly 1,2 m, is used, it would be an 
overestimation, si nee the height of a large portion of a seated person (his/her lap) is much Je ss than 1,2 m. It was 
estimated a height of 0,5 m would generale accurate results . Another simplification was rnadelling the raked 
sealing areas and the stairs besides and between them as slopes . 
Another issue was what to do with the large stage area and the fly-tower. For the symphonic music setting an 
archestra shell was used, thus making the addition of the rest of the stage and the fly-tower unnecessary. An 
image of the wireframe model for such a situation is shown in tigure 4 .1.1. 

Figure 4.1.1: Wireframe model , multipurpose hall , symphonic mus ie Figure 4. 1.2: Wirefra me mode l, theatre hall , opera 

For the opera and drama settings only a small part ofthe stage (width and height equal the proscenium opening's 
width and height, depth is 2 m from the proscenium opening) was modelled . This part was large enough for an 
on-stage sound source, which requires some stage surface underneath it for stage floor retlections, necessary for 
creating a realistic situation. This small stage area was separated from the nol modelled part of the stage by 
surfaces repcesenting curtains, absorbing for 60%. For this option is chosen because for these types of 
performances stage and fly-tower situations and thus their absorption are heavi!y dependant on each specific 
opera or play. The amount of absorption added is an estimated representation of the total amount of absorption 
present on-stage and in the tly-tower, for example from curtains closing off the si de stages or décor pieces stared 
up in the fly-tower. Another issue is the stage and fly-tower and the auditorium being coupled spaces. Closing 
off the stage made sure the auditorium acoustics can be studied separately. In real-life measurements the curtains 
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in the proscenium opening are aften closed and the fire screen is lowered for the same reason. So, although this 
might have seemed to be an awkward rnadelling decision, it actually mimicked real life measurements. An 
image of a wireframe model for such a situation is shown in figure 4.1.2. 
After a first simulation the results were evaluated and changes to the model were made. A new simulation was 
performed and the results were again evaluated. This process was repeated until the results were satisfying, 
meaning the chosen adaptations should lead to good acoustics in the hall for a chosen type of use. This whole 
process was repeated for every configuration of the hall. 
In all cases an omni-directional souree with a ga in of+ 31,0 dB was placed at, seen from the auditorium, the 
centre of the stage, 2 m from the edge, at a height of I ,50 m. Th is ga in of+ 31,0 dB was used, si nee this enabled 
deriving the G from the simulation results: based formula 3.2.11 , in this case the SPL in the simulation results 
equals the G. For STI calculations different sourees were used: inslead of an omni-directional souree two 
different male speakers, speaking towards the audience (aimed towards the audience, perpendicular to the stage 
opening), were chosen, one untrained and one trained in speaking for an audience. Odeon automatically picks the 
right properties , like spectrum and sound power. For the ST! calculations the background noise had to be entered 
in the room setup as well. The used SPLs per actave band were based on the maximum allowed background 
noise level, here given by the NR-20 curve. 
A single receiver was placed between the souree and the auditorium at a distance of I m from the souree (exactly 
between the souree and the stage's edge) at a height of I ,2 m. This receiver was basically only used for checking 
the model for errors, like leaks. For the camparisans a series of omni-directional sources, determined by a grid of 
3x3 m2

, were used. Using these, two series of calculations were performed, one using a grid in the auditorium 
and one using single microphones, two for each souree at a distance of I m from the souree (one in front of, one 
to the side). The grid was projeeled at ear level of a seated person, which corresponds roughly with a height of 
I ,2 m above the floor's surface. Si nee in the auditorium ma ss was added to represent the audience, the rnadelling 
surface in this case did nol equal the tloor's surface. Th is led to a grid height of (I ,2 m - [height of the audience 
(0,5 m)]=) 0,7 m. The di stance between the gridlines was set to 0,9 m for the theatre hall and I ,8 m for the 
multipurpose hall , each node being a receiver position. The grid used for the multipurpose hall is coarser, 
because the auditorium ' s size and geometry require a higher amount of rays and a higher late reileetion density, 
leading to Jonger simulation times per receiver. Using a 0,9x0,9 m2 grid in this hall would mean 11 00+ receivers, 
opposed to the 270 receivers in a 1,8xl,8 m2 grid. The 0,9x0,9 m2 grid in the theatre hall contains roughly 370 
receivers. The grids are shown in figures 4. 1.3 and 4.1.4. The microphones on stage are set to a height of I ,2 m 
above the stage surface as well. 

Figure 4.1.3: Receiver grid , auditorium, theatre hall Figure 4.1.4: Receiver grid , auditorium, multipurpose hall 
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Figure 4.1.5: Global estimate calculation window in Odeon 
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Figure 4.1.6: Decay curves in Odeon 

Before the actual simulations, a global estimation for the T30 was perforrned in Odeon. Figure 4.1.5 shows an 
example of this. This calculation has to be run until the reverberation curve looks smooth. This will result in 
linear decay curves, as shown in figure 4.1.6. The Odeon manual advises that, in order to achieve good results, 
the amount of rays to be used for the simulations equal the amount used for good results in this global estimate 
divided by 10. This amount is sametimes higher by about a factor 5 than the amount recomrnended in Odeon's 
room setup window. Though it might seem like using more rays is better, it turned out this is not the case. Some 
experimenting with amounts of rays showed that in some cases the decay curve's quality deteriorated when 
using too many rays. A good way to check the model's quality is to perfarm one or more single receiver 
simulations in which the receiver is placed in a position for which the acoustical conditions are the most difficult 
(but within the audience area), for example far from the souree near a corner. After perforrning the simulation 
this impulse response's decay curves have to be smooth (as in without clear plateaus or 5+ dB drops) for at least 
a 45 dB decay. Ifthis is not the case, the results for the T30 are unreliable and depending on the time in the decay 
curve the disturbance happens, it might effect other parameters as weiJ. For example, if a disturbance happens 
within the first second of the decay, it influences the Supports, since the amount of energy in the first second is 
relevantforthese parameters. 
The following figures (4.1.7 and 4.1.8) show decay curves for the same model, souree and receiver, the only 
difference being the amount of rays used. Tables 4.1.3 and 4.1.4 show the simulation results corresponding with 
the decay curves in figures 4.1.7 and 4.1.8. 
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Figure 4.1.7: Decay curves without smooth decays 
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Table 4.1.3: Simulation results for the simtdation with decay curves in figure 4.1.7 

63 125 250 500 1000 2000 4000 8000 
EDT 2,51 2,85 2,23 2,14 2,14 1,82 1,15 0,13 

T3o 2,84 2,97 2,16 1,87 1,87 1,75 1,5 1,13 

Cso 2,9 2,3 3,8 3,8 3,5 3,8 5,1 9 

Dso 0,57 0,53 0,62 0,63 0,6 0,62 0,67 0,8 

LFso 0,25 0,25 0,25 0,28 0,29 0,29 0,29 0,28 

Rays used: 
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0,62 

0,27 
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Figure 4.1.8: Decay curves with smooth decays 
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63 125 250 500 1000 2000 4000 8000 
EDT 1,97 2,25 1,67 1,74 1,79 1,54 1,09 0,63 

T3o 2,89 3,19 2,3 1,99 1,95 1,79 1,42 0,8 

Cso 3,1 2,5 3,8 3,9 3,6 4 5,1 8,8 

Dso 0,58 0,54 0,61 0,62 0,6 0,62 0,66 0,79 

LFso 0,21 0,22 0,22 0,24 0,25 0,26 0,26 0,26 

Rays used: 
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average 

1,77 

1,97 

3,75 

0,61 

0,23 

130186 

Figure 4.1.8 shows much smoother decay curves than tigure 4.1. 7, in which near t = 0,6 s sudden drops in decay 
are visible. Tables 4.1.3 and 4.1.4 show different results. 
Another issue, that tumed out to be of importance, is the late reflection density. Odeon needs enough reflections 
per ms to be able to calculate the various parameters. Sametimes this density becomes too low later in the decay 
curve, which can lead to calculation errors. This problem affects the T30 the most, since for determining this 
parameter this later part of the decay curve is important. For most of the other parameters, this part aften is 
outside the interval, required for calculating them. In the room setup menu a desired late reflection density has to 
be entered. A minimum density of approximately 50 rays per ms is required for Odeon to perfarm accurate 
calculations. In complex rnadeis the required late reflection density as specitied in the room setup can be much 
higher in order to get enough rays at the harder to reach parts of the space. The standard value for single- and 
multisource simulations, as well as advised in the man u al is I 00 /ms. For simulations using a grid a value of 20 
/ms is advised though, the given reason being decreasing the simulation time. Camparisans between results for 
the sa me receiver position in a grid simulation, 20 rays/ms, and for a single souree simulation, I 00 rays/ms, 
showed a difference for the T30 large enough to seriously doubt the quality of the grid simulation's results. A grid 
simulation with the late reflection density set at 100 /ms, equalling the single/multisource simulation's late 
reflection density showed results almast identical to those from single souree simulations. These camparisans 
are shown in table 4.1.5. Figures 4.1.9 and 4.1.1 0 present a graphical comparison for the T30 for both late 
reflection density settings. The red area, representing a high T30, visible in tigure 4.1.9 is clearly absent in tigure 
4.1.1 0. In this example the difference in T30 between the reddest spot in tigure 4.1.9 and the same grid position in 
tigure 4.1.1 0 is I ,3 s. 

f1 d Table 4.1.5: Comparison grid simulations with different late re eetJon ensities 

Parameter Point 1 Point 2 Point 3 
20 /ms 100 100 20 /ms 100 100 20 /ms 100 100 

/ms /ms SP /ms /ms SP /ms /ms SP 

EDT [s] 1,57 1,54 1,53 1,38 1,32 1,32 1,22 1,18 1,18 
T3o [s] 2,97 1,87 1,87 3,09 2,90 2,90 2,79 1,63 1,63 
SPL [dB] 6,3 6,2 6,2 5,6 5,4 5,4 3,3 3,2 3,2 
Cso [dB] 1,9 2,3 2,3 -0,4 0 0 0,1 0 0 
Dso [-] 0,47 0,48 0,48 0,23 0,32 0,32 0,27 0,29 0,29 
T. [ms] 89 87 87 110 108 108 111 109 109 
LFso [dB] 0,369 0,380 0,381 0,185 0,213 0,213 0,218 0,220 0,220 
SPL(A) [dB] 12,5 12,4 12,4 11,6 11,4 11,4 9,2 9,2 9,2 
LGso [dB] -1,3 -I, I -I, I -0,5 -0,7 -0,7 -3,3 -3,1 -3, I 

M. Kivits 29 21-12-2010 



CasArts: Acoustics Report Graduation Project 

UI 

too 

uo 

... 

01/ 

Figure 4.1.9: T30 grid results, late reileetion density of 20 /ms Figure 4.1.10: T30 grid results, late reileetion density of 100 /ms 

The transition order tumed out to be worth thinking about as well. Odeon uses two different calculation methods. 
The transition order delermines when Odeon switches from one method to the other. For retlections up to the 
transition order the rays sent out by the souree are retlected specular, for retlections above the transition order a 
different method is used, taking the diffusivity of the surface into account. Two is this parameter' s default value 
in the room setup. In this case the rays are reflected specular for first the two reflections. For large fan shaped 
halls the Odeon manual advises a transition order of 5 or 6, lF there is little diffusion . If the fan shaped hall has 
quite some diffusion, using this higher transition order led, for some parameters, especially the EDT, to very 
different results , which do not correspond with expectations of the EDT being about the same as the T30, while 
results from simulations with a transition order of 2 do correspond, as tigure 4 .1.11 shows. 

EDT and T30 for different transition orders 
4 

3,5 

3 

2,5 

~ 2 
1-

1,5 -

0,5 1----

0 +----.-----------r----~---------------~ 
63 125 250 500 1000 2000 4000 8000 

f [Hz] 

Figure 4.1.11: EDT and T30 for transition orders 2 and 6 

- EDT 
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factor= 2 

--EDT 
transition 
factor= 6 
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transition 
order= 2 

- - ·T30 
transition 
order= 6 

Th is shows, that for fan shaped halls with diffusion the transition order should be the default setting of 2. 
For each series of simulations specific parameters were checked, using the recommended values listed in chapter 
3. Table 4.1.6 lists which parameters are checked for which simulation. The parameter choices are based on the 
availability of recommended values for each function. While no recommended values exist yet, the LG80 is 
included, so it would be possible to check when recommended values are determined . 
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Table 4 I 6· Paramerers !o check for various series of simula!ions ... 

TJo I EDT I Cso t Dso I G 
I Sup- I 

ports STI I LFso I LGu 
Symphonic music 

- auditorium I I I I I I I I 
-stage I I 1 I I I I I 
Opera 

- auditorium I I I I I I I I 
-stage Not relevant 
-pit I I I I I I I I 

I Theatre 

- auditorium I I I I I I I I 
-stage 11 Not relevant 

Each parameter was checked per oeiave band (when relevant) and for a value, averaged according to NEN-ISO 
3382-1 (table 4.1. 7). For each souree averages per octave band and single va lues averaged according to table 
4.1.7 were determined. For the single averaged values the 90% reliability interval has been determined as well 
and the values at these edges were taken as minimum and maximum. The results for all sourees were averaged 
for an average value for all sources. The minimum and maximum values, for all sources, are the lowest and 
highest values ofthe 90% reliability intervals of all sources. 

Table 4.1.7: Single number fr equency averaging according !oN N-1 33 2-1 E SO 8 

TJo EDT Cso Dso G Supports LFso LGso I Octave 
bands 

500-1000 500-1000 500-1000 500-1000 500-1000 250-2000 125-1000 125-1000 

Summarizing this paragraph: 
The models for both halls contained some simplifications, like replacing the raked floor by a sloped floor, using 
0,5 m high masses for the audience areas and ignoring the mesh ceiling and composite beams. Materials for 
situation 0 were selected basedon either their function (e.g. audience) ortheir expected impact on the acoustics. 
Except for sourees used forST! calculations, all sourees were omni-directional sourees with an intemal gain of 
31 dB, placed at a height of I ,5 m. The sourees used forST! calculations, placed at the same height, were 
representative for trained and untrained male speakers without an internat gain. For the STI calculations the 
background noise level corresponded to the NR-20 curve. 
In both halls a receiver grid was used, I ,2 m above the floor's surface; the distance between the gridlines was 0,9 
m in the theatre hall and I ,8 m in the multipurpose hall. 
For setting the amount of rays and late reflection density the decay curves fora single receiver (position: far away 
from the source, within 2 m from a corner) simulation weare studied and these two input variables were ad jusled 
until the decay curves were relatively smooth fora decay of 45 dB. The late reileetion density in the grid setup 
menu was set to the same value as it was intheroom setup menu. For both halls the transition order was set to 2. 
For analysis of the simulation results the parameters lisled in table 4.1.6 were used, when needed averaged 
according to NEN-ISO 3382-1 (table 4.1.7) 
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4.2 Sound insu/ation calculations: 
Calculations have been used for sound insulation related analyses and modifications. As stated in chapter 3, the 
simplest and often sufficient enough approach for deterrnining a minimum required sound insulation value (R) is 
first determining the required DnT of a wall by subtracting the maximum allowed SPL in the receiverspace from 
the maximum produced SPL in the adjacent sending space. As explained in chapter 3, adding a 5 dB correction 
to this DnT value led to a minimum required R value. This R value equals Rw + C;, with C; depending on the type 
of sound source. Using BASlab and Insul calculation software and product information, wall and floor 
constructions have been sought for these Rw + C; combinations. 
As a check, some additional calculations, using R va lues per octave band instead of single averaged values and 
taking flanking sound transmission into account, have been performed. Since the construction, size and use of 
spaces were (almost) similar in largepartsof the building, instead of checking every space in the building a few 
cases have been researched. These cases consisted of for the building typical situations or situations with a high 
probability of problems when not modified. The cases are described in the following subsections. For each case 
the SPLs in the adjacent spaces have been checked and possible transfer paths, both direct and flanking have 
been investigated using the formulas listed in chapter 3. 

4.2.1 Case 1: dressing room in the southwest corner, first floor 
The first case, that has been investigated, is a dressing room on the first floor, in the southwest corner of the 
building. As shown in tigure 4.2.1, it has a façade on two sides, another dressing room on another si de and part 
of the fourth si de is adjacenttoa technica! space. Above it, on the second floor are office spaces and below it, on 
the ground floor, is a loading area. A maximum SPL of35 dB is allowed in this room. 

6000 

Figure 4.2.1: Plan and section of case I 
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4.2.2 Case 2: rehearsal room (smaller one), first floor 
The second case, that has been investigated, is the smallest of the two rehearsal room on the first floor. As shown 
in tigure 4.2.2, it has a façade on one side, a corridor on the opposite side, another rehearsal room on one side 
and elevators are adjacent to the room on the last side. Bath rehearsal rooms span two floors. Above them, on the 
third tloor are studios and below it, on the ground tloor, is are ateliers. A maximum SPL of25 dB is allowed in 
the rehearsal room. 
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Figure 4.2.2: Plan and section of case 2 
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5 Simuiatien results and calculations 1: room acoustics 
The first section of this chapter covers the design's room acoustics related aspects, concentrating on the two 
large performance halls. As explained in chapter 3, Odeon room acoustics software has been used for analysing, 
rating and improving the room acoustics in bath halls . First the multipurpose hall is treated, foliowed by the 
theatre hall. 

5.1 Multipurpose hall 
First, a model has been created for the symphonic music setting, according to the design, using a standard set of 
materials. Th is model has, after analysis, been updated until the room acoustical performance of the hall seemed 
optima!. Next, this process has first been repeated for the opera setting and later for the drama setting. 

5.1.1 Situation 0 
On-stage, an archestra shell was required. For the situation 0 variant the shell's properties are shown in tigure 
5.1.1. 

Figure 5.1.1 : Orchestra shell shape and dimensions for multipurpose hall, situation 0 

The dimensions and shape were basedon recommendations listed in chapter 3. The cladding of the shell's wal Is 
was, as specified in table 4.1.1, gypsum board. 
The values for various parameters on-stage are presenled in table 5.1.1. 

Table 5.1.1: Averages per parameter on-stage. si tt1ation 0 

Stage averae:es 

f[Hz] 63 125 250 500 1000 2000 4000 8000 average 

EDT [s] 2,94 3,21 2,23 2,00 1,94 1,68 1, 19 0,42 1,97 

TJo [sl 2,90 3,12 2,30 2,05 2,05 1,90 1,55 0,92 2,05 

G [dB] 10,2 10,3 9,7 9,1 8,5 8,3 7,8 6,2 8,8 

Cso [dB[ 3,9 3,4 4,8 4,9 5,3 5,6 6,9 11,4 5,1 
STearly [dB] -17,6 -17,6 -17,6 -17,4 -17,5 -17,2 -17 ,3 -18,5 -17,4 

STiate [dB] -17,0 -16,7 -18,0 -18,2 -18,8 -19,3 -21 , 1 -27,7 -18,6 
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The T30, 2,05 s, was slightly higher than the recommended range of 1,9±0,ls. Both Supports, especially the Late 
Support were too low, -17,4 dB and -18,6 dB when -12 {±I) dB was recommended. The C80 was within the 
recommended range (4,5±1,5 dB). The G was about 2 dB lower than the recommended range (I I± I dB). 
These results, especially those for the Early Support, indicated that a large amount of sound energy was lost on
stage into the auditorium, most likely via the shell walls and ceiling. The low Late Support value indicated that 
the amount of energy retuming to the stage from the auditorium was low as wel I. Based on this the shell 's shape 
had to be altered 

The average va lues of several parameters in the auditorium, using a grid of receivers with a I ,8 m di stance 
between each receiver, are lisled in table 5.1.2. 

a e .. : Averages per parameier or T bi 512 f 6 sources, 272 h d rece1vers 10 I e au Jlonum 

Auditorium averages Avg, reftable 4.1.7 
f[Hz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT [sj 2,96 3,20 2,34 2,10 2,09 1,91 1,49 0,77 2,10 1,71 2,47 

TJo [si 2,88 3,12 2,32 2, 14 2,15 1,98 1,59 0,92 2,15 2,02 2,35 

G ldBI 6,1 6,6 4,7 3,7 3,3 2,6 1,3 -2,7 3,5 1,2 5,6 

Cso 1-1 -1 ,6 -2,0 -0, I 0,4 0,5 0,9 2,1 5,9 0,4 -3,2 4,9 

LFso [-] 0,17 0,17 0,17 0,19 0,19 0,19 0,19 0,17 0,18 0,05 0,32 

LGso [dB] -4,4 -4,8 -0,5 

On average the EDT, 2,10 s, wasjust within the recommended interval of 1,9±0,2 s. 
On average the T30 {2,15 s) was, compared to the recommended value, 1,9±0,1 s, too high. The BRand TR were 
I ,27 and 0,83 respectively, both within the recommended ranges (BR: I, I - I ,45; TR: > 0,8). With 3,5 dB the G 
was too Jow (advised: 5±1 dB). 
On the other hand, the average C80 (0,4 dB) was, like the EDT and T30, within the advised interval (-3- +2 dB). 
The LF (0, 18) was within the advised interval as well (0, I - 0,35). 
Besides the averages, the minimum and maximum values, 90% reliability, were determined as well, as explained 
in chapter 4 . Table 5.1.2 shows the averages for the 5-95% interval of the values, omitting the incidental values. 
Some extremes exist; especially the C80 showed extremes in both minimum and maximum values. These 
extremes happen especially near corners, as shown in tigure 5.1 .2, which is representative for each souree 
position. As expected, in most cases the T 30 was the highest, and too high, in the regions the C80 is lowest. The 
lower values for the T30 turn out to be really incidental. This is shown in tigure 5.1.3 below. Another cause for 
some extremes, especially for the C80 and the G, were the souree positions. The two sourees nearest the shell and 
the edge of the stage are closer to the audience than the others, which led to higher va lues in the rows near these 
sources. The balcony was partly shielded from sourees on the (facing the auditorium) the part of the stage 
furthest to the right. 

Figure 5.1.2: Cs0 al 1000Hz for source4 Figure 5.1.3: T3o al 1000Hz for souree 4 
'" •:.n 

Figure 5.1.4 is the reflectogram for souree 4 and a receiver in the area on the balcony with a high T30. For the 
reflection marked red the reflection path is shown in tigure 5.1.5. Based on this and some of the other later 
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reflections displayed in the reflectogram, it seemed the sidewalls, especially the glass parts, were a cause for 
many of these reflections . The ceiling seemed to play a large part as well, although more reflections via the 
sidewalls are preferred . 

.l:. · . .w~:':l; ,..,,~:t.""' _, . . ... ......._.. 
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Figure 5.1.4: Reflectogram souree 4 
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Figure 5.1.5: 30 reileetion path souree 4 

In general the T30 and the EDT are preferred to be slightly lower. T The distri bution was in most cases too high . 
Especially for the C80 differences between minimum and maximum are guite large. More diffusivity could 
improve this. 
Another issue were the relatively high T30 and EDT values at low freguencies. The BR was not too high, but this 
might become a problem when adding absorption, since many absorbing materials absorb more energy at higher 
freguencies than at lower freguencies, further increasing the BR. 
Proposed changes for variant I were a new, sloped ceiling, diffusing elements on the walls and a redesigned 
acoustical shell on-stage. 

5.1.2 Modifications 
Initially the ceiling has been changed . Near the stage the ceiling has been lowered. A series of slopes raised the 
ceiling to its original height, until near the back wal!, where the ceiling dropped again, as shown in tigure 5.1.6 . 

Ceiling ---+ 
sinlation 0 

.. 

Figure 5.1.6: Section showing the new ceiling shape 

This shape was primarily chosen for achieving earlier reflections from the ceiling, enhancing the Sound Strength 
and more scattering the sound, reflecting from the ceiling. This should create a more diffuse sound field in the 
auditorium, which should enhance the acoustical quality. In results this could for example be indicated by a 
decrease of the EDT. If not given any attention this most likely clashes with the roof construction. As mentioned 
in chapter 4, part of the roof construction, the composite beams, are visible from the auditorium in the design . 
This new ceiling shape woul.d go through these beams located at the same height. This issue combined with the 
needof a lowered ceiling (sound insulation, chapter 6) means detailing is of very high importance. An alternative 
would be putting the ceiling below the beams. Since lowering the auditorium height is not recommended 
(lowering the volume and thus the T30 too much) and forsome parts (at the back) not possible (already limited 
cei ling height) , this would mean the roof has to be raised by 3 m. Th is op ti on would have a visual impact on the 
design , which makes it less favourable than letting the beams go through the ceiling. Of course modifications do 
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nothave to be limited to the overall shape of the ceiling. As mentioned ear\ier, the walls and ceiling are assumed 
not to be smooth and flat. A possibility for more diffuse surfaces has been researched. For this the ceiling was 
composed of rectangular elements, lowered at least 0,3 m according to a grid (tigure 5.1.8). On the walls 
diffusing elementsof approximately I ,2x2,5x0,3 m3 have been added according to a grid of 4,5x4,5 m2

. 

Diffusing elements 
(close up in tigure 5.1.8) 

Window surfaces divided 
into smaller tilted 

Figure 5.1.7: Section showing the new ceiling and wal I surfaces 

Diffusing elements 

The large window surfaces, which were about the only larger surfaces that were assumed as smooth and flat at 
tirst, were divided into smaller tilted elements, for the larger windows about nine per window. This was achieved 
by moving either the top or the bottorn 0,2 m to the outside. Figure 5.1 .9 shows the new window Jayout. 

Figure 5.1.9: Close up of !he large windows in the 
auditorium 

In order to absorb more energy at the Jower frequency bands, for the walls and ceiling the gypsum board material 
was replaced as surface material with material "Thin plywood panelling" (see appendix A for a), which is 
mounted on woodenormetal studs, in front of an air tilled cavity. The inner surfaces of these walls were 2- 3 
layers of 12,5- 15 mm gypsum board , as part of the construction. (More information a bout these constructions is 
available in chapter 6) Replacing these and the layer of mineral wool in the cavity with thin plywood panels in 
front of an empty cavity would reduce the sound insulation of the wall construction. This meant these panels on 
studs need to be added to the ex isting constructions. 
A study into the acoustical shell ' s shape, camparing several options of roughly the same dimensions, but 
different shapes, led to the new shell design displayed in tigure 5.1.1 0. Energy loss to the auditorium was much 
lower for this design, as simulation results for the Early Support show. The simulation results are presenled in 
tables 5.1.3 - 5.1.4. 
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Figure 5.1.10: New erehestra shel l shape and dimensions for multipurpose hall, modification 

fi Table 5.1.3: Averages per parameter on-stage, modi 1ed 

Sta~e avera~es 

f(Hz) 63 125 250 500 1000 2000 4000 8000 avera~e 

EDTfs) 1,21 1,33 1,4S I ,41 1,28 1,23 1,01 0,66 1,3S 

T3o [s] 1,87 2,07 2,00 1,89 1,81 1,68 1,40 0,81 1,8S 

G (dB] 11 ,1 11 ,1 11,1 10,7 10,0 9,8 9,3 7,7 10,4 

Cso (dB) S,2 S,O 4,6 4,4 s,o s,o S,8 9,4 4,7 

STearly (dB] -I 3,0 -13 ,0 -12,9 -12,8 -13, I -13 , I -13,4 -14,9 -13,0 

STiate (dB] -16,S -16,3 -IS 9 -I S,7 -16,7 -16,8 -17,9 -23, 1 -16,3 

With these modifications both the C80 and the G were closer to the recommended values. (C80 : 4,S±I ,S dB dB; 
G: 11±1 dB) . The T30 was 0,2 s lower than in the original situation, but was still within the recommended range 
(I ,9 (±0, I) s). Both Supports increased by 2+ dB, the STearly now being within the recommended range (-12 (±1) 
dB). Although improved, the ST1a1c is stilllower than recommended (-12 (± I) dB) . 

Table 5.1.4: Averages per parameter for 6 sources, 272 receivers in the auditorium 

Auditorium avera~es Avg, reftable 4.1.7 
f[Hz] 63 125 250 500 1000 2000 4000 8000 av~ min90% max90% 

EDT [si 2,01 2 23 2, 17 2,07 1,99 1,86 1 ,SS 0,88 2,03 1,68 2,35 

TJo (s] 1,93 2,13 2,02 1,90 1,83 1,72 1,44 0,89 1,87 1,80 1,94 

G [dB) 3,3 3,9 3,7 3,3 2,7 2,2 0,9 -3,2 3,0 1, 1 S,3 

Cso H 0,0 -0,6 -0,5 -0,5 -0, I 0,2 1,4 S,3 -0,3 -3 ,2 3,8 

LFso H 0, 12 0, 13 0, 15 0, 16 0,17 0,17 0,17 O,IS O,IS 0,03 0,30 

LGso (dBI -4,4 -4,8 -O,S 

The largest difference with the original situation was that for each parameter the differences between octave 
bands were much smaller. For most parameters the averages were slightly lower. Those that were within the 
recommended range first, still were . The BR (I, 11) was, due to the changed surface materia I, lower as well 
which was just within the recommended range. The TR (0,85) got slightly higher. The G was still lower than 
recommended, but si nee it was greater than 0 dB, a G of 3 dB would still be acceptable. The 1.1 is greater than 1, 
which is as recommended. 
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5.1.3 Situation 0 for opera performance 
For this situation the archestra shell on-stage has been removed and has been replaced by an absorbing layer 
(curtain) at a distance of2 m from the proscenium opening. 
The first six rows of seats have been replaced by an archestra pit. These adaptations are shown in tigure 5.1.11. 
A reflector was added above the pit in order to enhance sound propagation from the stage to both the pit and the 
auditorium. The simulation results for this situation are displayed in table 5.1.5. 

Absorbing layer at 2m 
from the proscenium 
opening 

Figure 5.1.11: Situation 0 for the opera setting, multipurpose hall 

T bi 5 I 5 A a e .. : f 10 verages per parameter or h d sourees m t e pil an one on-stage, 255 

Auditorium averages 
f[Hz] 63 125 250 500 1000 2000 4000 

EDTs=oit [s] 1,39 1,63 1,63 1,61 1,55 1,45 1,19 

EDTs=staec [s] 1,55 1,75 1,78 1,75 1,70 1,59 1,32 

TJo·s=oit [s] 1,57 1,75 1,70 1,67 1,63 1,54 1,31 

TJo·s=staoc [s] 1,56 1,75 1,70 1,67 1,63 1,55 1,32 

Gs=oit [dB] 0,5 1,5 2,3 2,6 1,9 1,6 0,5 

Gs=staee [dB] 1,6 2,5 2,6 2,4 2,0 1,5 0,4 

Cso·s=vit [dB] 3,4 2,3 1,8 1,5 1,8 2,1 3,1 

Dso·s=staoc 1-J 0,59 0,53 0,49 0,47 0,49 0,51 0,57 

LFso·s=oit 1-1 0,16 0,17 0,18 0,19 0,19 0,19 0,19 

LFso·s=staec [-] 0,14 0,15 0,17 0,18 0,19 0,18 0,18 

LGso·s=oit [dB] 

LGso·s=staec [dB] 

STis=untraincd [-] 

STis=trained I-] 

Reflector 

Orchestra pit 

h d receivers m t e au 1tonum 

Avg, ref table 4.1.7 
8000 av2 min90% max90% 

0,69 1,58 1,26 1,90 

0,75 1,73 1,46 1,99 

0,82 1,65 1,60 1,69 

0,84 1,65 1,60 I ,71 

-3,0 2,3 -0,5 5,2 

-3,1 2,2 0,7 3,8 

6,6 1,6 -I ,5 5,2 

0,73 0,48 0,36 0,61 

0,18 0,18 0,08 0,29 

0,17 0,17 0,07 0,28 

-1,3 -3,5 1,0 

-1,9 -3,7 -0, I 

0,50 0,41 0,59 

0,54 0,46 0,63 

Looking at the T30 , the absorbing layer's influence is clearly noticeable. Apart from the actdition of the archestra 
pit and the reflector and the reptacement of the archestra shell by this absorbing layer, no further changes were 
made between the final version for symphonic music and this one. As staled in chapter 4, if the en ti re stage and 
fly-tower were to be modelled, a bout the same amount of absorption would be present on-stage or on the walls. 
The T 30 (I ,65 s) was, compared to the recommended value (I ,5 ± 0, I s) a bit high, though close enough to the 
recommended range. The EDT was a bit high as well, but within the recommended range (1,5 ± 0,2 s). The BR 
was a bit low (I ,05) and the TR was high enough (0,86). The G for this setting, a ga in, was lower than the 
recommended range (4 ± I dB), but as for the symphonic setting, it was greater than 0 dB. The values fortheG 
from the pit and from the stage had about the same value, which is not ideal; the G from the stage is preferred to 
be higher. Simulations for the theatre hall have shown that adjusting the reflectors can slightly improve this 
issue. Both the C80 (from sourees in the archestra pit) and the 0 50 (from the on-stage source) were within the 
recommended ranges (I ± 3 dB and 0,35 ± 0, 15). The LF80 was within the reeommeneed range as wel! (0,25 ± 

M. Kivits 40 21-12-2010 



CasArts: Acoustics Report Graduation Project 

0,15). The STI was at 0,54 (using a souree camparabie to a trained voice) fair, but a bit low compared to the 
recommended value of 0,60. 
Based on these si mulation results, this contiguration should be good ( enough) for opera performances and 
further moditications, maybe except forsome adjustments to the reflector, seemed unnecessary. 

5.1.4 Situation 0 for drama performance 
Situation 0 for drama performances was basically the tinal situation for Opera performances with the archestra 
pit removed and the auditorium floor covering the opera situation's pit area, which is shown in tigure 5.1.12. 

Figure 5.1.12: 3D section of drama setting, situation 0, multipurpose hall 

A simulation of this situation led to the results in table 5.1.6. 

d Table 5.1.6: Au itorium averages multipurpose hall, drama scttmg sttuatJOn 0 

Auditorium averages Avg, reftable 4.1.7 
f[Hz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT [s] 1,57 1,81 1,79 1,75 1,69 1,57 1,29 0,70 1,72 1,36 2,08 

T3o [s[ 1,61 1,80 1,70 1,64 1,61 1,52 1,30 0,83 1,63 1,58 1,67 

G [dB] 2,2 3,1 3,1 2,7 2,3 1,8 0,6 -2,7 2,5 0,2 4,9 

Dso [-] 0,6 0,5 0,5 0,5 0,5 0,5 0,6 0,7 0,5 0,34 0,68 

LFso [-] 0,13 0,14 0,16 0,17 0,18 0,18 0,17 0,16 0,16 0,04 0,29 

LG80 [dB] -6,1 -8,3 -3,9 

STis=untraincd [-] 0,47 0,37 0,55 

STis=trained [-[ 0,52 0,43 0,62 

Bath the T30 and the EDT were higher than the recommended va lues {I ,0±0, I s and I ,0±0,2 s). The BR was 
slightly low (I ,08) and the TR was high enough (0,87). 
The G, D50 and LF80 were all within the recommended ranges (G: 3±1 dB; D50: 0,5±0, 15; LF80 : 0,25±0, 15). 
The STI was fair, but lower than preferred (0,60). 
Looking at the T30 and EDT, it was clear, that the acoustical volume had to be reduced. 

5.1.5 Modifications for drama performance 
Same of the auditorium walls consisled mostly of windows. For opera and drama performances these windows 
were preferably blinded. lf curtains were used as blinds, it would be possible to use them as additional 
absorption as wel I. 
In order to determine how absorbing these curtains had to be, it had to be determined which windows would get 
blinded by these curtains and what T30 within the recommended range was aimed at. This is shown in table 5.1.7. 
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r· . Table 5.1.7: Required average absorpllon coe !JCJents tor a sor mg ayers, depending on the T10 and the used amount of windows 

Surfaces S [m2
[ TJo [si al-l 

Only the long sides 314 1,63 0,05 

1,50 0,55 

1,40 0,98 

1,30 1,46 

1,20 2,03 
All glass surfaces 432 1,63 0,05 

1,50 0,42 

1,40 0,72 

1,30 1,08 

1,20 1,49 

Looking at table 5.1.7 covering all glass surfaces would result in a TJa of at least I ,3 to I ,4 s, if using very 
heavily absorbing curtains. Additional curtains could be hung behind the technica! spaces on the balcony. This 
would decrease the volume and add absorption. The curtains should be put into storage, when the hall is used for 
other performances (symphonic music, opera). For the simulation the curtains, which are the absorbing surfaces, 
had the function of blocking sunlight as well and thus their surface has to exceed the total amount of glass 
surface listed in table 5.1.7 . After checking product information, a triple layer velvet curtain (I ,09 kg/m2

) was 
selected, hung 300 mm from the glass surfaces, using the air-gap to enhance absorption. 2 Layers would 
probably be sufficient for absorption in the 500+ Hz octave bands, but for low frequency absorption at least 3 
layers were required. The results for this option are displayed in table 5.1.8 below. 

Table 5.1.8: Auditorium averages multipurpose hall, drama setting si ruation 0 

Auditorium averages Avg, ref table 4.1.7 
f[Hz) 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT [s] 1,49 1,75 1,37 1, 12 1,07 1,0 1 0,84 0,51 1,10 0,68 I ,53 

TJo ls] 1,57 1,77 1,39 1,15 1,12 1,07 0,95 0,68 1, 13 1,08 1,19 

G [dB! 2,1 3,1 2,0 0,9 0,4 0,0 -0,9 -3 ,8 0,7 -2,3 3,5 

Dso H 0,6 0,5 0,6 0,7 0,7 0,7 0,7 0,8 0,7 0,51 0,81 

LFso 1-1 0,13 0,14 0, 14 0,13 0,13 0,13 0,13 0,11 0,13 0,04 0,23 

LGso [dB[ -8,7 -11,7 -5,6 

STI,-untrained l-J 0,49 0,39 0,59 

STI,.:trained 1-J 0,58 0,48 0,68 

The TJa was slight1y higher than the recommended range (I ,0±0, I s), but the difference was too small to hear. 
The EDT was within the recommended range of I ,0±0,2 s. The BR was slightly high (I ,38) but not too high and 
the TR was high enough (0,89). 
The G was too 1ow (recommended: 3±1 dB), though still greater than 0 dB, the D5a was a bit high 
(recommended: 0,5±0, 15) and LF80 was within the recommended range (0,25±0, 15). 
The STI was fair, but slightly lower than preferred (0,60). 
The low G might be a problem. Adjustments to the reflector might result in a higher G; this is highly 
recommended. Another option is the use of loudspeaker arrays . Ifused correctly, this should leadtoa higherG 
and STI. 
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5.2 Theatre hall 
First, a model has been made for the opera setting, according to the design, using a standard set of materials. 
Th is model has, after analysis, been updated until the hall's room acoustical performance seemed optima!. Next, 
this process was repeated for the drama setting. 

5.2.1 Situation 0 for opera performances 
As explained in previous sections, first the simulation for opera performances was done. 
The values for various parameters in the archestra pit are presenled in table 5.2.1. 

T bi 5 21 A a e .. : h verages per parameter m t e ptt 

Pit averages 

f[Hz] 63 125 250 500 1000 2000 4000 8000 

EDT [s] 1,20 1,32 1,08 0,99 0,96 0,93 0,76 0,46 

T3o [s] 1,84 2,03 1,67 1,51 1,49 1,39 1,16 0,71 

G [dB] 14,8 14,9 14,7 14,5 14,3 14,1 13,6 12,2 

Cso [dB] 5,7 5,3 5,9 5,9 5,8 6,0 6,9 10,3 

STearlv [dB] -10,0 -9,9 -9,9 -9,4 -9,3 -9,3 -9,6 -10,8 

STtate [dB] -12,5 -12,0 -12,7 -12,7 -12,7 -13,0 -14,2 -18,7 

average 

0,97 

1,50 

14,4 

5,9 

-9,5 

-12,8 

The T 30 in the pit was, compared to the advised value (I ,5 ± 0, I s ), nicely within the recommended range. The 
STcarly was within the advised range of -10±1 dB and the ST1a1c wasjust below the advised range of -10±1 dB. 
The C80 was within the recommended range of 5,5±1 ,5 dB. The G was about 2 - 3 dB higher than the 
recommended range of 11±1 dB. 
The acoustics inside the pit could be improved by adding a reflector above it. 

For the values of various parameters in the auditorium two different souree positions have been used: the 
archestra pit and the stage. For the C80 only values corresponding with sourees in the pit were used, for the D50 

and ST! only values corresponding with a souree on-stage were used and values for the other parameters, T30, 

EDT, G, LF and LG, were checked for both sources. Table 5.2.2 shows the average results for these souree
parameter combinations. 

Table 5.2.2: Averages per parameter or I 0 h sourees m t e ptt an d one on-stage, 314 h d recetvers m 1 e au tlonum 

Auditorium averages Avg, reftable 4.1.7 
f[Hz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT,~pit [s] 1,85 2,03 1,64 1,50 1,49 1,40 1,21 0,80 1,50 I, 11 1,86 

EDTs=staoe [s] 1,72 1,92 1,51 1,36 1,34 1,24 1,05 0,71 1,35 1,01 1,71 

TJo·s=nit [s] 1,91 2,10 1,73 1,63 1,67 1,56 I ,29 0,78 1,65 1,43 I ,86 

T 30·s=staoe [ S] 1,91 2,10 1,73 1,64 1,67 1,56 1,30 0,77 1,65 1,44 1,86 

G,";1 [dB] 6,9 7,5 5,9 5,1 4,8 4,2 3,1 -0,5 4,9 I ,5 8,4 

Gs=staec [dB] 7,3 8,0 6,5 5,6 5,4 4,8 3,9 1,1 5,5 3,7 7,3 

Cso·s;nit [dB] -I ,7 -2,4 -I ,0 -0,7 -0,7 -0,5 0,3 3,2 -0,7 -5,3 3,9 

Dso·s=staoc f-1 0,41 0,37 0,45 0,47 0,47 0,49 0,53 0,67 0,47 0,35 0,60 

LFso·s=nit f-1 0,23 0,24 0,23 0,24 0,26 0,26 0,26 0,25 0,24 0,12 0,38 

LFso·s=staoc [-[ 0,25 0,26 0,25 0,26 0,26 0,26 0,25 0,23 0,26 0,17 0,34 

LGso·s;pit [dB] -I ,3 -3,5 1,0 

LGso·s=sta•c [dB] -1,9 -3,7 -0,1 

STis=untraincd 1-J 0,50 0,41 0,59 

STis=traincd [-] 0,54 0,46 0,63 

The average value for the T30 was, compared to the advised range (I ,5±0, Is) a bit high. The EDT was within the 
advised range (1,5±0,2s). One possible problem for both, though, were high values in the lowest octave bands. In 
both cases these were much higher than the values in the middle frequencies (250, 500 and I 000 Hz). For this 
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situation the BR was still good, I, 16, but, as staled in 5.1, ad ding a bsorpiion for the drama function can result in 
a too high BR. The TR, 0,86, was high enough. The difference between the G from sourees from the pit and 
from those on-stage was about 0,6 dB. Both are within the advised range (5±1 dB). The C80 was within the 
advised range ( 1±3 dB) but a bit low. The 0 50, on the other hand, was within the advised range (0,35±0, 15), but 
a bit high. The LF was within the advised range (0,21±0,35) as wel!. The ST! was fair, though a bit low. Besides 
the averages, the minimum and maximum values, 90% reliability, were determined as well. These too are lisled 
in table 5.2.2. 
This table shows that the differences between the minimum and maximum values for the EDT and T30 for 
sourees in the pit were relatively smal!. For a souree on-stage and for the other parameters the differences were 
considerably larger. Checking distribution graphs, for example for the souree that has the highest T30 (3,44 s for 
the on-stage source, red square in tigure 5.2.1 ), displayed in tigure 5.2.2, the extreme values are incidental, 
outside the 5 - 95 % range. 

, .. 

Figure 5.2.1: T 10 va lues in the auditorium, on-stage souree 
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Figure 5.2.2: Cumuialive disrribution T10 for on-stage souree 

Looking at the ST!, the minimum value (0,41) is classitied as poor, which makes this value too low for a hall in 
which speech intelligibility is very important. 

Figure 5.2.3: ST! values in the auditorium, normal male speaker 
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Figure 5.2.4: Cumuialive distribut ion STI, normal male speaker 

Figure 5.2.3 shows the STI values in the auditorium for a normal male speaker. The distribution is comparable 
for a trained speaker. As expected, the ST! was highest in front, near the souree and lowest in the back. Figure 
5.2.4 shows the cumuialive distribution ofthe ST!, again fora normal male speaker. For 72+% ofthe seats in the 
auditorium the ST! was higher than 0,45, which is the poor-fair threshold. For the simulation using a trained 
speaker as source, the STI was at least 0,45 for every seat. 

When looking at reflectograms and 3D reflection paths for the stage souree and receivers on the ground floor in 
the auditorium, most reflections were via the side wal Is, as shown in tigures 5.2.5, 5.2.6, 5.2.7 and 5.2.8. Figures 
5.2.9 and 5.2.1 0 show, that for receivers on the balcony most reflections were via the ceiling instead. As staled in 
chapter 2, for opera reflections via the sidewalls are preferred. 
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Figure 5.2.5: Reflectogram fora stage source, receiver on the 
right side on the ground floor 
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Figure 5.2.7: Reflectogram fora stage source, receiver in the 
middle on the ground floor 
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Figure 5.2.9 : Reflcctogram fora stage source, receiver in the 
middle on the ba lcony 
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Figure 5.2.6: 30 reileetion path fora stage source, recei ver 
on the right side on the ground lloor 

Figure 5.2.8: 30 refleclion path fora stage souree recei ver 
in !he middle on the ground lloor 

Figure 5.2.10: 30 reileetion path fora stage souree 
receiver in the middle on the balcony 

For sourees in the pit, because of its depth, most reflections, if any, happened via the ceiling, as shown in images 
5.2.11-5 .2. 16. 
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Figure 5.2.11: Reflectogram for pit souree 7, receiver on the right 
side on the ground floor 
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Figure 5.2.13 : Reflectogram for pit souree 7, receiver on the right 
side on the ground floor 
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Figure 5.2.15: Reflectogram for pit souree 7, receiver on the right 
side on the ground floor 
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Figure 5.2.12: 3D reflection path for pit souree 7, receiver 
on the right side on the ground floor 

Figure 5.2. 14: 3D reflection path for pit souree 7, receiver 
on the right side on the ground floor 

Figure 5.2.16: 3D reflection pa!h for pit souree 7, receiver 
on the right si de on the ground floor 
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5.2.2 Modifications for opera performances 
Looking at averages, the performed simulations showed that situation 0 would acoustically be acceptable, but 
some room for improvements still existed. 
Looking at the 63-250 Hz bands, the EDT and T30 were, like for situation 0, symphonic music, of the 
multipurpose hall, a bit high. In order to lower these at those lower frequency bands a different surface material 
for some of the surfaces was recommended. In order to demonsirale this, for the balcony railing the gypsum 
board material was replaced with the same thin plywood panelling, used in the multipurpose hall as well (see 
appendix A fora). For even further impravement a reflector, as shown in tigure 5.2.17, was added. 

Figure 5.2.17: 3D section ofthe opera setting, modified theatre hall including reflector above the archestra pit 

The reflector tested in simulations lengthwise spanned the entire proscenium width and was 2x3 m wide. The 
part ciosest to the stage was suspended horizontally while the part further from the stage was suspended sloped, 
aimed towards the back of the auditorium and the balcony. This setup slightly improved the sound produced on
stage. The material chosen for the reflectors was thin plywood panelling as well. These changes led to the results 
presenled in table 5.2.3. 

Table 5.2.3: Averages per parameter or I 0 sourees m t e ptt an one on-stage, h d 3 h 14 recetvers m t e audttormm 

Auditorium averages Avg, reftable 4.1.7 

f[Hz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT,=vu [s] 1,43 1,61 1,44 1,34 1,27 1,19 1,03 0,72 1,31 0,92 1,66 

EDT,-,, ••• ]s] 1,37 1,55 1,37 1,27 1,20 1,09 0,92 0,61 1,24 0,79 1,72 

T Jo·s=oit Is I 1,55 1,73 1,58 1,56 1,61 I ,50 1,25 0,75 1,58 1,43 1,74 

T JO·s~staec ] S] 1,54 1,72 1,58 1,56 1,60 1,49 1,22 0,74 1,58 1,45 1,72 

Gs=vit [dB] 6,4 7,0 5,8 4,7 2,7 1,1 -0,2 -3,4 3,7 1,5 6,2 

G,~,.l!.l'jdB] 6,3 7,2 6,2 5,6 5,0 4,4 3,5 0,9 5,3 3,2 7,5 

Cso·s=oit [dB] -0,4 -1,3 -0,4 0,0 0,7 1,4 2,2 4,9 0,4 -1,9 3,6 

Dso·s~ taoe [-] 0,49 0,44 0,49 0,51 0,54 0,57 0,61 0,74 0,53 0,40 0,65 

LFso·s~oit [-] 0,24 0,24 0,24 0,25 0,25 0,25 0,25 0,24 0,25 0,14 0,37 

LFso·s~staec [-] 0,25 0,25 0,25 0,25 0,26 0,25 0,25 0,22 0,25 0,16 0,34 

LGso·s~oit [dB] -2,2 -3,9 -0,5 

LGso·s~staec [dB] -2,9 -4,4 -1,4 

STis=untraincd ]-] 0,52 0,43 0,60 

STis=trained [-] 0,57 0,48 0,64 

The biggest change with situation 0 was the G from sourees in the pit, which was lowered by I ,2 dB to 3,7 dB. 
This was slightly lower than recommended (5±1 dB). On the other hand, the difference between the G from 
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stage sourees and sourees in the pit increased from 0,6 dB to I ,6 dB, which was close to the recommended 2 dB 
difference. As expected, the BR slightly decreased to I ,04. 
One remaining souree of concern, though, were the parallel sidewalls. These could cause hindering reflections, 
like flutter echoes. Diffraction by non-flat wal Is, to prevent having parallel surfaces, is strongly recommended. 

5.2.3 Situation 0 for drama performances 
Situation 0 for drama performances is basically the final situation for Opera performances with the orchestra pit 
removed and the auditorium floor covering the opera situation's pit area, which is shown in figure 5.2.18. 

Figure 5.2.18: 30 sec ti on of drama setting, siruation 0, theatre hall 

A simulation ofthis situation led to the results in table 5.2.4. 

T bi 5 2 4 A d h h 11 h a e .. : u llonum averages t eatre a , t eatre settmg struatiOn 0 

Auditorium averages Avg, reftable 4.1.7 

fiHz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT [s[ 1,17 1,36 1,12 1,05 1,06 0,99 0,85 0,55 1,05 0,61 1,51 

TJo [s[ 1,45 1,63 1,45 1,44 1,51 1,41 1,17 0,71 1,48 1,30 1,65 

G [dB] 7,1 8,1 6,9 6,2 5,9 5,4 4,6 2,1 6,1 2,7 9,4 

Dso 1-1 0,6 0,5 0,6 0,6 0,6 0,6 0,7 0,8 0,6 0,42 0,80 

LFso 1-1 0,21 0,22 0,21 0,22 0,22 0,22 0,22 0,20 0,22 0,10 0,33 

LGso [dB] -3,2 -5, I -1,4 

STis=untrained [-] 0,56 0,44 0,67 

STis=1raincd [-] 0,60 0,49 0,71 

The T30 (1,48 s) was, compared to the recommended value (1,0±0,1 s) too high. The BR was a bit low (1,04) 
and the TR was high enough (0,87). The EDT (1,05 s), G (6,1 dB), 0 50 (0,6) and LF80 (0,22) were withintheir 
recommended ranges (EDT: I ,0±0,2 s; G: 5,0± I dB; 0 50: 0,5±0, 15 and LF80 : 0,25±0, 15). The STI was, for 
trained speakers, good. 
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5.2.4 Modifications for drama performance 
Simulations showed that the reverberation time was too high . The recommended T30 is 1,0 (±0, 1) s, while in the 
situation 0 the T30 was I ,48 s. In order to lower the T30 either the auditorium's volume had to bereducedor the 
amount of absorption had to be increased. Reducing the auditorium 's volume being complex and a financial less 
attractive method , increasing the amount of absorption was preferabie and had been researched first. 
When increasing the amount of absorption, it was chosen to limit visual changes as much as possible. 
One possibility was having an acoustically open, perforaled wall surface in front of a cavity. In this cavity an 
absorbing material could be placed, as shown (for the composition chosen further on) in figures 5.2 .19 and 
5.2.20. This absorbing layer should be removable, for example a screen or a curtain, which could be rolled up. 

Figure 5.2.19: Theatre wall Figure 5.2.20: Detail theatre wall bui ld-up 

wall with gypsum 
board cladding 
curta in feit 
perforaled panel 

In order to delermine how absorbing this material had to be, it was detennined which walls totreatand what T30 

within the recommended range was aimed at. This is shown in table 5.2.5. 

2 R ed Table 5 .. 5: <equtr average absorptton coe · tctcnts or a sor mg ayers, ffï . b b depending on the T10 and the used wal I surface 

Walls S [m2
] TJo [s] (1 [-] 

Sidewalls only 585 1,48 0,06 

1,0 0,57 

0,9 0,76 

0,8 1,00 

0,7 1,31 
Sidewalls and back walls 737 1,48 0,06 

1,0 0,47 

0,9 0,62 

0,8 0,81 

0,7 1,05 
All walls 936 1,48 0,06 

1,0 0,38 

0,9 0,50 

0,8 0,65 

0,7 0,84 

Looking at table 5.2.5 covering side- and back walls and aiming for a T30 of 0,8 - 0,9 s seemed the best option . 
This option was checked first. 
As absorbing layer was chosen: a curtain feit screen, hung I 00 mm fi-om the wal! surface. In front of thi s, at 
approximately 50 mm, was the acoustically open wal! material , for example a perforated panel (perforation: 15-
20%), which, being acoustically open, was absent in the simulation model. Figure 5.2.21 has the walls treated 
this way marked. 
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Gypsum board only 

Gypsum board wilh 
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Figure 5.2.21 : Thealre hall wilh wall s consisling of1he conslruclion in ligure 5.2.20 marked 

T bi 5 2 6 A d. h h ll h a e .. : u tlonum averages 1 eatre a 1 ealre seiiJng mo t tcalton 

Auditorium averages Avg, ref table 4.1.7 

f[Hz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT [sl 0,83 1,04 0,79 0,68 0,62 0,57 0,47 0,34 0,65 0,37 0,93 

TJo [s] 1,02 1,22 1,02 0,94 0,92 0,87 0,72 0,51 0,93 0,83 1,04 

G [dB] 5,7 6,8 5,4 4,4 3,8 3,2 2,2 0,3 4, 1 0,2 8,0 

Dso [-] 0,7 0,6 0,7 0,7 0,8 0,8 0,8 0,9 0,75 0,60 0,89 

LFso [-] 0,18 0, 19 0, 18 0,17 0,17 0,16 0,14 0,13 0,18 0,07 0,28 

LGso [dB] -7,0 -9,8 -4,2 

STJs=untraincd 1-1 0,60 0,43 0,81 

STfs=trained [-] 0,68 0,56 0,79 

The T30 (0,93 s) was within the recommended range (1,0±0,1 s). The BR was within the recommended range 
(1,20) and the TR was high enough (0,85). The EDT (0,65 s) was toa low (recommended: 1,0±0,2 s). The G (4 ,1 
dB), 0 50 (0,75) and LF80 (0, 18) were (almost) withintheir recommended ranges (G: 5,0±1 dB ; 0 50: 0,5±0,15 and 
LF80 : 0,25±0, 15). The ST! was good, for trained speakers higher than the recommended minimum value of 0,60. 

Another option was adding most absorption above the grated ceiling. The height from the walkways on the same 
level as the grated ceiling and the floor between the auditorium and the Black Box is about 3,7 m. This was 
possible by adding curtains or elements, of for example I ,5x 1,5 m2

, consisting of a frame with microperforated 
foil over a 120 mm cavity, to the walls, as shown in figure 5.2.22. Judging by the wall surface covered, a 
combination with the other methad mentioned was recommended. 

Figure 5.2.22: Seclion of modification I for the 1hea1re hall, thealre seuing. 
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T bi 5 2 7 A d. h h 11 h a e .. : u ttonum averages t eatre a , t eatre settmg mo 1 teatiOn 2 

Auditorium averages Avg, reftable4.1.7 
f[Hz] 63 125 250 500 1000 2000 4000 8000 avg min90% max90% 

EDT [s] 0,85 1,06 0,77 0,65 0,61 0,57 0,47 0,34 0,63 0,38 0,89 

TJo [s] 1,06 1,25 0,97 0,87 0,85 0,82 0,71 0,51 0,86 0,78 0,95 

G [dB] 5,7 6,9 5,4 4,3 3,7 3,2 2,2 0,3 4,0 0,1 8,0 

Dso [-] 0,7 0,6 0,7 0,7 0,8 0,8 0,8 0,9 0,8 0,61 0,90 

LFso [-] 0,18 0,19 0,18 0,17 0,17 0,16 0,14 0,13 0,18 0,07 0,28 

LGso [dB] -7, I -9,8 -4,3 

STis~untraincd [-] 0,59 0,47 0,74 

STis=traincd [-] 0,68 0,57 0,79 

The BR was within the reeommended range (1,29) and the TR was high enough (0,88). The T30 was slightly 
lower than for the variant with sereens only. For the other parameters any differenees are negligible. 

The variant with sereens only, in the lower part of the auditorium as well as in the top part, is, if the opening and 
closing of the sereens is automated, praetieally the better option. 
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5.3 The shape of the multipurpose hall: a comparison 
The shape of mul ti purpose hall's auditorium is, as stated in se ct ion 2.2, quite unconventional. Th is led to fears 
that this shape might not perform as wel! as a normal wedge shape would. After performing the tinal simulations 
for the symphonic setting, the sa me model was moditied, adding the 'removed' wedge (see tigure 5.3.1 ), in order 
to check how this shape would perform. The added volume contained another auctienee area, si nee if this volume 
would be present in the design, it would most likely be used this way. 

Figure 5.3.1: 30 model muhipurpose hall with 'removed ' wedge Figure 5.3.2: 30 model mullipurpose hall with 'removed ' 
added wedge added, showing extra audience area 

By adding this wedge, an extra auctienee area on the balcony was created, as shown in tigure 5.3.2. The used 
materials, diffusive elements and the archestra shell remained unchanged . This simulation's results are presented 
in table 5.3.1. 

~ 6 Table 5.3.1: Averages per parameter or sources, 3 7 receivers m 1 e audllonum 0 h 

Auditorium averages Avg, reftable 4.1.7 
Min Max 

ffHzl 63 125 250 500 1000 2000 4000 8000 av2 90% 90% 

EDT(s] 1,83 2,10 2,06 2,01 1,92 1,81 I ,52 0,87 1,96 1,69 2,24 

TJo [s] 1,77 2,01 1,91 1,84 1,76 1,66 1,40 0,87 1,80 1,75 1,85 

G [dB] 0,9 2,0 2,9 3,0 2,3 1,9 0,6 -3,5 2,7 0,68 4,70 

Cso 1-1 2,5 1,2 0,2 -0,3 0,1 0,4 I ,5 5,4 -0 , I -2,76 2,52 

LFso 1-1 0,12 0,13 0,14 0,16 0,16 0,16 0,16 0,14 0,14 0,04 0,25 

LGso ]dB] -5,4 -7,28 -3,52 

Camparing these results to those presented insection 5.1.2 (subtracting the va lues in table 5.1.4 from those in 
table 5.3.1), differences between both hall shapes tumed out to be smal!, as displayed in table 5.3.2. 

able .. 2: 1 erences etween ot ha s apes T 53 Df~ b b h ll h 

Differences between tables 5.3.1 and 5.1.4 Avg, ref table 4.1.7 
Min Ma x 

f[Hz] 63 125 250 500 1000 2000 4000 8000 av2 90% 90% 

EDT ]s] -0,18 -0,12 -0,11 -0,06 -0,07 -0,05 -0,03 -0,01 -0,07 0,01 -0,11 

T3o [s] -0,15 -0,12 -0,11 -0,07 -0,07 -0,06 -0,04 -0,02 -0,07 -0,05 -0,09 

G [dB] -2,36 -1,85 -0,77 -0,29 -0,35 -0,24 -0,23 -0,25 -0,32 -0,42 -0,60 

Cso H 2,52 1,72 0,70 0,21 0,27 0,16 0,14 0,10 0,24 0,44 -I ,28 

LFso H -0,01 -0,01 -0,01 -0,01 -0,01 -0,01 -0,01 -0,01 -0,01 0,01 -0,05 

LGso fdB) -1,02 -0,58 -1 ,42 

To check if the differences were noticeable, they we re compared to the ju st noticeable differences (JND), as 
listed in NEN-ISO 3382-1 (table 5.3.3). 
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d Table 5.3.3: Dt erences between both hall shapes, compare to JND 

EDT TJo G Cso LFso 
JND (NEN-ISO 3382-1) 5% 5% 1 dB 1 dB 0,05 

JND 0, 10 s 0,09 s 1 dB 1dB 0,05 

Difference 0,07 s 0,07 s 0,32 dB 0,24 dB 0,01 

Table 5.3 .3 shows that any differences in single averaged values between the hallwithand without the ' removed ' 
wedge were smaller than the JND and thus unnoticeable. 
Next the simulation results for several positions on the balcony, near the 'removed wedge', were compared. 
These positions are shown in figures 5.3 .3 and 5.3 .4. 

Figure 5.3.3: 6 positions on the balcony, CasAns design 

These results are presenled in tables 5.3.4- 5.3.9. Each lists the single averages values in the CasArts design, the 
situation with the ' removed wedge ', the difference between them, the JND basedon the average ofboth and if 
the difference was noticeable . 

11 h d Table 5.3.4: Differences between both ha s apes, compare to JND, posttton I 

Position 1 EDT [s] TJo [s] G [dB] Cso [dB] LFso [-] 
CasArts 2,04 2,00 2,4 -1,9 0,09 
Removed wedge 1,89 1,77 2,1 -I ,6 0,09 

Difference 0,15 0.23 0,3 -0,3 0.01 
JND (NEN-ISO 3382-1) 5% 5% I dB I dB 0,05 

JND 0,10 0,09 I I 0,05 

Noticeable difference yes yes no no no 

h 11 h Table 5.3.5: Differences between both a s apes, compared to JN D, postti on 2 

Position 2 EDT [s] TJo [s] G [dB] Cso ]dB] LFso [-] 
CasArts 1,92 1,85 1,8 -1 2 0,22 
Removed wedge 1,85 1,78 1,2 -I ,9 0,16 

Difference 0,06 0,07 0,7 0,7 0,06 
JND (NEN-ISO 3382-1) 5% 5% I dB I dB 0,05 

JND 0,09 0,09 I I 0,05 
Noticeable difference no no no no yes 

Table 5.3.6: Differences between both hall shapes, compared to JND, posttion 3 

Position 3 EDT lsl TJo [s] G [dB] Cso [dB] LFso [-) 
CasArts 1,99 1,88 3,2 -I ,6 0,18 
Removed wedge 1,96 1,80 2,2 -2,5 0,09 

Difference 0,04 0,09 1,0 0.9 0.09 
JND (NEN-ISO 3382-1) 5% 5% I dB 1 dB 0 05 

JND 0,10 0,09 I I 0,05 
Noticeable difference no no no no yes 
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T a bie 5.3.7: Ot b erences etween b h h 11 h ed JNO ot a s apes, compar to ,_postt10n 4 

Position 4 EDT [s] TJo [s) G[dB] Cso ]dB) LFso [-] 

CasArts 1,81 1,84 2,4 0,0 0,23 
Removed wedge 1,82 1,81 1,8 0,4 0,20 

Difference -0,02 0,02 0,6 -0,4 0,03 
JND (NEN-ISO 3382-1) 5% 5% 1 dB I dB 0,05 
JND 0,09 0,09 I I 0,05 

Noticeable difference no no no no no 

T bi 5 3 8 0 ff b a e ... 1 erences et\veen b h h 11 h ed JNO . . 5 ot a s apes, compar to , postttOn 

Position 5 EDT [s] TJo [s] GldB] Cso [dB] LFso 1-J 
CasArts 1,72 1,84 1,7 -0,3 0,22 
Removed wedge 1,85 1,81 0,8 -1,0 0,18 

Difference -0, 13 0,04 1,0 0,7 O,Q3 
JND (NEN-ISO 3382-1) 5% 5% I dB I dB 005 
JND 0,09 0,09 I I 0,05 

N oticeable difference yes no no no no 

T bi 5 3 9 0 f~ b a e ... 1 erences etween b h h 11 h d JNO 6 ot a s apes, compare to ,_posttton 

Position 6 EDT [s) TJo [s) G [dB) Cso [dB) LFso 1-1 
CasArts 1,84 I 86 2,5 -1, I 0,15 
Removed wedge 1,86 1,81 2,0 -0,9 0,14 

Difference 0,02 0,05 0,5 -0,3 0,02 
JND (NEN-ISO 3382-1) 5% 5% I dB I dB 0,05 
JND 0,09 0,09 I I 0,05 

N oticeable difference no no no no no 

These results show that most differences were toa small to be noticeable. Those large enough were, except for 
one, never larger than 2 times the JND. The LF80 was slightly higher for the CasArts design closer to the 
'removed wedge's' walls. This could be expected, since the presence ofthose walls generated more lateral 
retlections. Other differences seemed rather random, si nee what happenedon one si de of the wedge did nat 
happen on the other side. 
Since the differences were that small, it seems the acoustic quality ofthe multipurpose hall's design does not 
differ from the quality of a more conventional design. 
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5.4 Room acoustics: conclusions 
Section 5.1 contains proposed materialisation and modifications for the multipurpose hall. 
The largest modifications are: 

• The shape of the ceiling was changed to achieve better sound propagation. lt is recommended to let the 
composite beams, which are part ofthe roofconstruction, go through the ceiling, ifthe detailingafthese 
junelions is done with the utmost care. 

• For the creation of a more diffuse sound field in the auditorium, the window pa nes were sloped and 
diffusing elements were added to the walls and ceiling. 

• For symphonic music, the acoustical elimate on-stage is improved by actding an archestra shell, shaped 
as in tigure 5.1.10. This shell should be removable, stared in parts against the wall up in the fly-tower. 

• For opera and drama performances a reflector, stared vertically above the proscenium opening when not 
in use, is used. For exact size, height and angle(s) additional research is recommended. 

• For drama performances additional absorption is required. For this additional absorption curtains are 
hung in front of the windows. Three or more layers of curtains, hung about 300 mm from the windows, 
is recommended for ha ving enough absorption at the lower frequencies During performances not 
requiring the additional absorption (symphonic music, opera) these curtains have to be put into storage. 
During opera performances sereens or curtains outside the auditorium are necessary for blacking out the 
hall. Research in adjustment ofthe reflector is recommended. The low G might cause the need for 
amplification using speaker arrays. 

• For the walls, plywood is chosen as surface materiaL This plywood, mounted on studs, is added to the 
existing wall construction, so it wiJl not cause a decrease in the wall's sound insulation value. Gypsum 
board is chosen as surface material for the ceiling. Both are primarily chosen fortheir absorption 
coefficients. A different material with similar absorption should generate similar results. All other 
surface(type)s remain unchanged , keeping the materia Is listed in table 4 .1.1. 

Section 5.2 contains proposed materialisation and modifications for the theatre hall. 
The largest modifications are: 

• For opera and drama performances a reflector, stared vertically above the proscenium opening when not 
in use, is used. For exact size, height and angle(s) additional research is recommended. 

• Since the sidewalls are paralleltoeach other, it is recommended that their surfaces are neither flat nor 
smooth. 

• For drama performances additional absorption is required. In order to have additional absorption without 
it being visible, a construction as shown in figures 5.2.19-20 is proposed. Th is construction consists of a 
heavily perforaled cladding, 150 mm from the structural wall, covered by two layers of gypsum board. 
In this cavity a sheet of curtain feit, rolled up when not in use, can be lowered at approximately I 00 mm 
from the structural wal!. Additional research in adjustments to the reflector is recommended. 

• For all ofthe walls and the ceiling gypsum board is chosen as surface materiaL In front ofthe gypsum 
board perforated (for 15-20% and thus acoustically absent) panels are placed. Insome cases (figure 
5.2 .21) curtain feit can be lowered in the cavities. Plywood is chosen as surface material for the balcony 
railing. Again, bath are primarily chosen fortheir absorption coefficients. A different material with 
similar absorption should generale similar results. All other surface(type)s remain unchanged, keeping 
the materials listed in table 4 .1.2. 

Section 5.3 compares the multipurpose hall , with the wedge in the middle of the balcony absent, as designed, toa 
variant of it with that wedge not removed . Apart from the added wedge, this variant was based on the 
muit i purpose hall's final situation for symphonic music . Si mulation results showed that, if an additional auctienee 
area was present in this wedge, differences for auditorium averages and for several positions on the balcony were 
in most cases inaudibly smal!. For the few differences larger than the JND, the va lues (T30, EDT, LF80) were 
slightly higher for the CasArts design and in these cases these highervalues are preferable . 
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6 Simulation results and calculations 11: Sound insuiatien 
As stated in chapter 4, this project' s sound insulation section consists of two parts: 

l. Global dimensioning of wal! and floor constructions, both inner and outer, basedon the single average 
values Rw for air-bome and Ln:A for structure bome sound transmission. 

2. A more detailed study, taking flanking into account for some for the design typical cases. This part is 
meant as a check for the results of the first part. 

6. 1 Global dimensioning of wal/ and floor constructions, based on 
Rw and Lnw values 

Appendix F contains figures showing the required minimum DnT values. These values are translated into RA 
values, as described in sec ti on 3.3 .3. In the following tables these RA values are written as Rw +C;. Based on these 
values suitable wal! and floor constructions had to be picked. First, this has been done for the indoor walls and 
floors, foliowed by the outer constructions. For each RA- value several possibilities have been given. 
The walls surrounding the elevator areas, marked in figure 6.1.1, form a special case. 

Level 
+1 

(8 ' 

Figure 6.1.1: Floor plan with elevator areas marked 

Because of vibrations, these walls are best to be constructed as cavity walls, especially since in some cases the 
adjacent space requires a maximum SPL caused by sound from other spaces of25 dB(A). 
The minimum R value (Rw +C,r:I0(}-3I5o) in this case is 65 dB. Table 6.1.2 does contain at least one cavity wal!, 
included for situations as described in this section. 

6.1.1 Design modifications 
In at least two cases the required Rvalues were that high, changes in the design would be preferred. 
These were the wall between the theatre hall and the black box and the wal! between the two rehearsal rooms. In 
both cases it was recommended to put a corridor between the spaces. This had practical advantages as wel!. For 
the theatre hall this means the western elevator and staircase block would become higher, so it reaches the black 
box as wel! (instead of only going up to the floor below it). The corridor would run from one elevator block to the 
other, as shown in figure 6.1.2. 
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Figure 6.1.2: Reçommended construction change benveen the fl y-tower of I he lhealre halland I he black box 

For the rehearsal rooms this would mean the larger one would become about 2 m less wide (for one ofthe walls 
to remain at the position the wal! is in the current design, which is recommended from a structural point of view). 
The newly created corridor enabled access to the slorage room between the rehearsal rooms from the outside of 
these rooms (figure 6.1.3). 

Figure 6.1.3: Reçommended construction change beween the rehearsal rooms 

As shown insome ofthe floor plans insome cases (the multipurpose hall ' s façade facing the patio, the wall 
between the mul ti purpose hall and the large staircase and the walls of the rehearsal rooms facing the corridor) 
very high Rvalues are required for windows. These highRvalues would require two heavy panes of (laminated) 
glass, separated by a wide dilated cavity. For outer walls this construction is quite feasible, but for indoor 
constructions it is impractical or even impossible. A more practical salution is separating the space requiring a 
low background SPL (the multipurpose hall and the rehearsal rooms) from the noisier spaces (for the 
multipurpose hall this is the foyer; for the rehearsal rooms these are corridors and their adjacent spaces conneeled 
to the corridor outside the rehearsal rooms.) by adding an extra glass structure . Plans and sections containing 
these changes are contained in appendix l+J. 

6.1.2 Indoor walls and floors 
Generally the sound sourees can be divided into three categories: sounds created by people, mainly speech, 
mechanica! sounds and music. The speetral ditTerences have been discussed in chapter 2. 
The different RA - values, the sound type causing them and options for wal! constructions are lisled in table 
6.1.2. The table below contains the legend for the figures in table 6.1.2. 

T bi 6 I I Le d f bi 6 I 2 6 I 7 a e .. ; ~gen or ta es .. 
I I Concrete u Steel U profile 8 Gypsum board 

L~~ : l Lightweight concrete [_ { Mineral wool 
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Table 6.1.2: R values indoor wal! constructions 

30 

35 

45 

47 

47 

52 

55 

M. Kivits 

C;;r Options 
[Hz] 

100-
3150 

100-
3150 

tr;50-
5000 

100-
3150 

tr;63-
5000 

100-
3150 

tr;100 
-3150 

n 
~-
9,5 50 9,5 ,...". ....._,... 

Jl 
2x12,.S 40 20~ 40 2x12,S 

200 
;'--

JHl 
2x12,5 40 20_ 40 2,!112.5 

n 
12.~ 15__. 50 _1 5 . _.12.5 

100 

Report Graduation Project 

70 .,/ 

50 ,. 70 

n 
100 120 

.~ 

,J'------150 

100 50 2x12Ji 

100 

_?x15 50 2x1~ 

19_ 2x12.5 - .,.. 
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55 

60 

62 

65 

70 

M. Kivits 

tr;lOO 
-3150 

tr;IOO 
-3150 

100-
3150 

tr; I 00 
-3150 

tr;50-
5000 

150 50 

150 r -J 
80 c J----

100 70 ' 3l!15 . 

2.00 

70 _1Q.O_ 

_ ] 
200 

tr;50- Constructions having R values this high are either impossible or impractical; 
5000 an alternative is required. 

tr;50- Constructions having R values this high are either impossible or impractical; 
5000 an alternative is uired. 
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Similarly to the wall options, table 6.1.4 has been constructed for different floor constructions. Floor 
constructions have to have an A-weighed Impact Sound Level (Ln;A) of less than 59 dB( A). 

T bi 6 I 3 L d ~ bi 6 I 4 6 I 8 a e ... eg en or ta es . .. 
I Concrete, reinforeed 

[.:_] Concrete, non-
reinforeed 

•%" 

I Concrete, prefab 

Table 6.1.4: Rvalues indoor floor construct i ons 

R"+C Options 
[dB] Ci;fiHzl 

30 

35 

45 

M. Kivits 
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"' .-: 
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Of course not just the walls, but the doors and windows inthem have to comply to the stated maximum Rvalues 
as well. The R values for the doors were determined using formula 3.3.6. The doors were grouped by Dnr value 
of the wall they are placed in. Since, not counting a few exceptions, all doors have standard dimensions (0,9 x 
2,4 m2

), the door in the wal! with the smallest surface area would require the highest R value, since the ratio 
door-wal! is the highest here (and commonly, doors have a lower R value than walls). 
The R values for the doors are lisled in table 6.1 .5 below. 

The doors in wal Is with a Dnr of 57 dB or more, basically all doors between the two halls and adjacent spaces, 
are advised to be designed as a loek: two doors with a space of at least 2 m deep between them. 
Options for the windows and glass doors are listed in table 6.1.6. The thickness of the glass panes (in case of 
laminated glass, the thickness of the individual panes and the foil between them as well) and the air gap (for 
double glazing) are listed. The laminated glass options consist of two panes with either a PVB or an acoustical 
PVB foil. (these can be recognised by the actdition of' A' in front of the foil's thickness .) The large glass doors 
between restaurant, bar, even! spaces, foyers and the staircase and elevator blocks will only be closed when 
necessary. Since the glass panes are quite thick and heavy, for safety reasans these doors need very good door 
closers . 

Options 

30 3.3 .1 

32 100- 4.4 .2 
3150 

40 100- 8.8 .A2 
3150 

47 1 100-
3150 

6.6.A2-24-5.5.A2 

72 100- A loek construction is necessary, one windawfdoor with an Rw+C; of 40 dB and 
3150 one with an · of 32 dB. 
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6.1.3 Outer walls and floors 
Tables 6. I .7 and 6.1.8 show options for the outer wal! and tloor constructions. 
In some cases outdoor noise can be decisive. Forthese the C1,;100.3150 correction is used. For RA values of 55 dB 
and higher, which are required for constructions borden ng the halls, cinema, rehearsal rooms and black box, the 
C~r, 5o-5ooo correction is used. In all other cases the regular correction is used. The legend for table 6. I. 7 is shown 
in table 6. 1.1 . 

Table 6.1.7: Rvalues outer wall construclions 

C;r Op ti ons 
[Hz) 

30 r100 J1 -3 I50 

9,5 50 9,5 - - -. 
32 IOO-

Jl 3I50 n 
12,~ 50 1_2.5 70 50 

35 I 1<;100 Jl -3150 

2x9,5 50 2 9,5 
/' 

n 
50 _ _ 

40 tr;IOO n -3150 n 
9,5 ..1}~~ 50 1_2.~ .9.5 2x12,5 50 ~x12.5 100 

45 

1 100- Jl 3150 

9.5 _12.~ 12,5 9,5 
n n 

100 

47 1 100- n 3150 

2x12 5 50 21112,5 
_ ____,. 120 

~ 

52 100- n 3150 

- . 

12.5_ ) 5_ 50 1.~ .12.5 100 

I 
,- - .--

55 tr;50-
5000 

'- l 
150 50 
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Table 6.1.8: Rvalues outer floor constructions 
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Of course the outer walls contain windows and doors as well . Required R va lues forthese are listed, tagether 
with possible constructions, in table 6.1.9 . 

Table 6.1.9: Rvalues outer windows 

C;r Options 
[Hz] 

32 100- 6-12-4 
3150 

35 tr; I 00- 6-12-6.6.A2 
3150 

40 tr; I 00- I 0-20-6.6.A2 
3150 

45 I tr;50- 8.6.2-48-6.6.A2 
5000 

52 1100- 12.8-260-12 
3150 

62 tr;50- 10.1 O.A2-1500-
5000 IO.IO.A2 

6-15-4 

3.3.2-12-5 .5.2 

12-20-4.4.A2 

12.8-300-12 

Design change: placing a 
corridor or similar type of 
space between both glass 
constructions 

Use removable walls; 
drawback: loss of 
transparency 

The north-westem façade of the multipurpose hall is recommended to have a Rw+Ctr;50.5000 of at least 65 dB. A 
large part of this façade consists of glass surfaces . The best methad to reach such a high value is creating a 
double skinned façade . If the cavity between both skins is large enough, the Rw+Ctr;so.sooo of bath skins can be 
added up and achieving a Rw+Ctr;50.5000 of about 35 dB is quite possible for window surfaces. 

M. Kivits 70 21-12-2010 



CasArts: Acoustics Report Graduation Project 

6.2 Case 1: dressing room in the southwest corner, first floor 
Figure 6.2 .1 shows the situation with the direct sound paths and numbers assigned to all relevant walls and 
floors, the conesponding SPLs in the space the sound is produced and the maximum allowed background SPL in 
the receiving space. 
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Figure 6.2. I : Case I plan and section with wal! numbers and direct paths with corresponding SPLs 
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For this test the constructions in table 6.2.1, chosen from the tables in sec ti on 6.1, are assumed for walls and 
floors . These constructions' Rvalues per actave band are listed in appendix section L. 
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6.2.1 Air-borne sound 
Table 6.2.2 shows the R va lues of each transmission path for each ofthe sources . The Rvalues of all paths are 
summed up, resulting in the total R value, taking flanking into account (R'), which is listed as well. The final 
column lists the minimum required R values , based on the DnT ofthe construction on the direct path. 

Table 6.2.2: Rvalues or eac sou ree, o eac transmiSS IOn pat1 an h h d tota . 

Souree Transmission paths R' Min. 
ldB I (d6) 

A I I 1 1 1 I 1 4 4 5 5 12 12 13 13 
I i 2 3 10 ]] 1 2 1 3 1 10 1 11 

Rw+C; [dB] 54 76 73 76 76 76 57 73 48 76 52 76 52 45 46 

B I i 2 2 2 2 2 4 4 8 8 16 16 17 17 
Ij 1 6 10 11 1 2 2 6 2 JO 2 ]] 

Rw+C; [dB] 52 71 68 60 63 71 55 62 68 65 60 68 62 48 47 

c I i 3 3 3 3 3 19 19 5 5 20 20 

I .i 1 7 JO 11 3 10 1 3 3 11 
Rw+C [dB[ 44 68 46 55 55 55 55 68 48 55 55 38 25 

D 11 6 6 6 6 8 8 9 9 21 21 22 22 
Ij 10 11 2 2 6 6 7 6 10 6 11 

Rw+C1 [dB) 59 55 58 51 56 63 63 51 65 54 68 57 57 45 

E I I 7 7 7 7 7 14 14 15 15 9 9 
Ij 3 6 10 11 7 10 7 11 6 7 

Rw+C; [dB] 44 46 65 55 55 52 55 52 55 65 54 38 24 

F I i 10 10 10 10 JO 14 19 19 21 

IJ 1 2 3 7 7 I 3 I 
Rw+C; [dB] 68 86 75 73 74 61 62 61 62 55 52 

G I I 11 11 11 ll 11 15 15 18 18 20 20 

I J I 2 3 7 7 11 2 11 3 11 
Rw+C1 [dB) 52 78 70 62 62 61 62 74 70 61 62 50 49 

Table 6.2.2 shows, that in most cases the R value is high enough with the picked constructions. For one souree 
(A) the R value is I dB lower than required. This could be solved by thickening the outer walls (3 and 5) . Floor 
11 barely meets the requirements as well. Adding a lowered ceiling woÜld solve this. It would have an impact on 
the results for sourees A-E as wel!, since aften the transmission path via the ceiling seemed to have a relatively 
low R-value. Since for these spaces the adjacent spaces aften have a similar function (either dressing rooms or 
offices), replacing the wall between them (in this case, wall I) is probably not really necessary, since the spaces 
on both si des of this wal I are used the same and at the same time, limiting the chances of activities in one being 
perceived as disturbing in the other, and the difference in R level between required and achieved are tiny (I dB) . 

6.2.2 Structure-borne sound 
A tab Ie, si mi lar to table 6.2 .2, has been made for the impact sound level (L.) of floor 11, taking flanking into 
account. The Ln has been determined for every transmission pathand the total L. of these transmission paths and 
the maximum allowed Ln are listed in the last two columns. This table, displayed below, shows, that the picked 
floor meets the requirements for structure-bome sound. 

Table 6.2.3: L" va lues or the tl oor bcl\vccn the case I room an d the space above 

Souree Transmission paths Ln Max. 
Total [dB] 
[dB] 

G I 1 11 IJ 11 IJ 11 
I j 1 2 3 7 

L .... +C1 [dB] 58 37 -2 48 47 59 59 
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6.3 Case 2: rehearsal room (smaller one), first-second floor 
Figure 6.3.1 shows the situation with the direct sound paths, the corresponding SPLs in the space the sound is 
produced and the maximum allowed background SPL In the receiving space. In order to check constructions I 
and 3, the SPLs inthespaces between both rehearsal rooms (caused by transmissions A and B in figure 6.3.1) 
have to be determined first. This is done exactly the sa me way as determining the R' for the other constructions. 
(Except in this case the R' is subtracted from the LA ;s to delermine LA;r inslead of LA;r being subtracted from LA;s 

to delermine the minimum required R value .) 
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e 6.3.1: Case 2 plan and sections with wall numbers and direct paths with corresponding SPLs 

For this test the constructions in table 6.2.1, chosen from the tables in section 6.1, are assumed for walls and 
floors. These constructions' Rvalues per octave band are listed in appendix section L. 
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Table 6.3.1: Wall and floor constructions chosen for the walls and floors of case I 
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construction 

6.3.1 Air-borne sound 
First the SPL inthespaces between both rehearsal rooms (LA;r), caused by sound production in the large rehearsal 
room, has been determined. Table 6.3.2 shows both the Rvalues of each transmission pathand the R' va lues. In 
the last column the LA:r in the two spaces is listed . These SPLs are used as the SPLs for sourees C and D (the "?''s 
in tigure 6.3. 1). 

T bi 6 3 2 R I h a e ... va ues or eac source, o eac h h d transmiSSIOn pat an tota . 

Souree Transmission paths R' LA;r 
[dB] [dB(A)I 

A I i 13 13 13 13 13 13 13 14 14 

ll 7 8 12 19 20 31 12 13 
Rw+C1 IdBJ 54 69 81 55 66 64 65 50 56 

A I i 15 15 16 16 21 21 22 22 31 31a 

IJ 7 13 8 13 13 19 13 20 13 31b 
Rw+C,IdBJ 63 63 103 80 54 59 67 69 76 58 42 61 

B I i 15 15a 15 15b 13 13 

IJ 7 30 8 7 15a 
Rw+C,]dBJ 53 59 62 78 59 59 

B I i 16 16 16 21 21 3la 31a 31a 

I i 8 15b 31 15 30 8 13 3lb 
Rw+C;(dB] 84 76 84 55 63 84 54 61 43 57 

Table 6.3.3 shows the Rvalues of each transmission path for each of the other sources. It lists the total R value 
for each ofthe sourees and the minimum required Rvalues as well . 
Table 6.3.4 lists the R values and minimum required R values for the two spaces above and below the rehearsal 
room, with the rehearsal room as sending space. 
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f Table 6.3.3: Rvalues or each source, o each transmiSSIOn path an d total. 

Souree Transmission patbs R' Min. 
[dB) [dB) 

c I i I I I I I I 7 7 8 8 
I i 3 4 I7 I8 3I I 3 I 4 

Rw+C;]dBJ 59 69 82 65 76 61 68 74 84 96 

c I i I2 I2 I9 I9 20 20 3I 3Ia 
I i 1 2 1 17 1 18 1 31b 

Rw+C. (dB] 63 50 72 64 70 74 68 60 I' 46 30 

D I i 3 3a 3b 3 7 7 8 8 30 30 3I 3I 3Ia 
I J I 4 I7 I 3a 3b 4 3 I7 I 4 3Ib 

Rw+CI]dB] 53 66 80 60 66 72 67 75 67 55 66 82 58 44 24 

E I 1 2 2a 2a 2a 2b 2b 2b 11 11 
IJ I I7 I8 5 I7 I8 2b 5 

Rw+CI]dB] 47 73 69 90 63 74 94 61 59 

E I i I2 I2 32 32 32 33 33 33 
I i 1 2a 2a 2b 17 2a 2b 18 

Rw+CI]dBJ 74 71 67 71 58 67 71 77 46 28 

F I i 4 4 4 4 4 4 4 8 8 8 8 
I i I 3 6 I7 I8 3I 3 4a 4b 3I 

Rw+C,]dBJ 76 73 76 60 62 80 66 76 86 96 66 

F IJ 9 9 I6 I6 36 36 37 37 
I i 4 6 I 4 4 I7 4 I8 

R"+C, ]dBJ 90 60 73 92 91 62 90 80 54 31 

G I i 5 5 5 5 5 
I i 2b 6 17 18 

Rw+C1 ]dB] 77 59 56 6I 81 54 52 

H I i 6 6 6 6 6 9 9 IO IO 38 38 39 39 
I J 4 5 I7 I8 4 6 5 6 6 I7 6 I8 

Rw+C1 ]dB] 47 85 54 65 84 85 55 53 55 63 64 63 82 42 23 

I I i 17 17 17 17 17 23 23 25 34 34 36 36 
I J I 2a 3 4 1 I7 I7 2a 17 4 17 

Rw+C.]dB] 79 83 71 82 100 82 72 70 87 76 99 69 64 55 

J I i I8 I8 I8 18 I8 I8 I8 24 24 
I J 1 2a 2b 4 5 6 1 I8 

Rw+C,]dB] 88 103 95 100 117 92 98 91 98 

J I 1 26a 26a 26b 26b 35a 35a 35b 35b 37 37 
l j 5 I8 6 I8 2a I8 2b I8 4 I8 

Rw+C,]dB] 69 93 76 97 84 99 61 95 98 89 I 60 55 

T bi 63 4 R I ~ h f h h d I h a e ... va u es or eac source, o eac transmiSSIOn pat an tota , re earsa room as sen mg space. 

Souree Transmission paths Total Min. 
K I t 17 I I 2a 2a 3 4 4 17 I7 I7 17 

u 17 23 I7 34 I7 I7 36 23 25 34 36 
Rw+C. (dB] 79 105 84 95 70 105 120 97 72 70 76 67 63 64 

L l i I8 I I 2a 2a 4 4 I8 I8 I8 I8 
Jj I8 24 I8 35 I8 37 24 35a 37 40 

Rw+C1 ]dB] 88 103 84 95 72 I 15 101 98 99 92 95 72 65 

Tables 6.3.2-4 show, that using the constructions, specifled in table 6.3.1, the R value of the tloor between a 
rehearsal room and a atelierspace below is the only one being too low. The difference is ju st I dB, which might 
be small enough for it to be of no importance. If this difference is inaccepl.able, the best salution would be 
adding a tloating tloor in the rehearsal rooms (tloors 17, 21 and maybe 30). If these tloors are replaced by the 
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construction used for floors 18 and 22, the R value would increase from 63 to 69 dB. This change would of 
course leadtoa lower Ln as wel!. 

6.3.2 Structure-borne sound 
A table, si mil ar to tables 6.3 .2-4, has been made for the impact sound level (Ln) of floors 17 and 18, taking 
flanking into account. The Ln has been determined for every transmission pathand the total Ln of these 
transmission paths and the maximum allowed Ln are listed inthelast two columns. This table, displayed below, 
shows, that the picked floors meet the requirements for structure-bome sound. Jf floor 17 is changed into a 
construction si mi lar to floor 18, as proposed in sec ti on 6.3.1, the Lnw +Ci for soureeK would decrease to 35 dB. 
Taking the additional energy generaled by instruments touching the floor surface into account, this might be a 
wise change. 

T 6 able .3.5: ~ h fl b h va ues ort e oors etween t e case 2 room an d h b t e spaces a ove an db I eow. 

Souree Transmission paths Total Max. 
J I i 18 18 18 18 

I J I 2a 4 
Lnw+C; ldBI 34 11 17 -7 34 39 

K I I 17 17 17 17 17 
IJ 23 25 34 36 

Lnw+C; (dBI 54 38 41 34 43 55 59 

6.4 Sound insulation: conclusions 
Insection 6.1 some design changes are proposed. These changes are: 

• Placement of a corridor between both rehearsal rooms 
• Placement of a corridor between the black box and the theatre hall's flytower 
• Placement of a glass façade containing glass doors between the multipurpose hall's entrance hall and 

foyer and the corridors containing the staircase. 
• All doors between foyers and the theatre or multipurpose hall, and the entrances to the cinema and the 

black box are constructed as sound locks of at least 2 m deep. 
• The glass façades between the theatre and multipurpose halls and the outside are constructed in a 

si mi lar way. They either contain a dilated I ,5 m wide cavity or are constructed as double façades with a 
corridor between both façades. 

For each required R value, present in the design, at least two options for walls and floors are given. 
Case I shows, that, when taking flanking sound into account, no problems should be expected using these 
options for dressing rooms and offices. Case 2 shows similar results for the rehearsal rooms. 
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7 Conclusions 
This project shows the complexity of mullifunctional halls. Each hall was firsl optimized for one funclion, 
foliowed by the nexl one, based on lhe oplimized design of the former. And sometimes compromises had to be 
reached in order to generale reasonable resulls for all functions. 
Sticking lo the original design somelimes proved to be impossible. High recommended minimum sound 
insulalion somelimes led lo recommended redesigns. 
Based on the simulalion results, the lhealre hall, as proposed, should acouslically perfonn well for both opera 
and drama perfonnances, as lhe values of most parameters are within the recommended range; lhe olhers are 
only jusl oulside lhe recommended range. The multipurpose hall should, for similar reasons, perform well for 
symphonic music and acceptable for opera. lf the G from sourees on-stage would be increased to I ,5 - 2 dB 
higher lhan lhe G from sourees in the orchestra pit, which mighl be achievable by fine-tuning the reflector, the 
hall would perform well for opera too. For drama it would perform acceptable, probably after the 
recommendations have been taken care of. 
Based on the simulalion results, it can be concluded thal the CasArts design for the multipurpose hall should be 
able to perfonn as wel I acoustically as a more conventional wedge shaped design. 
After optimizing the simulation models ' input parameter settings, mainly by checking the decay curves and 
comparing reverberation times to, for example, those expected for halls of similar volume-seats ratios, the halls 
were optimized for each ofthe main settings (symphonic music, opera, drama). 
These optimizations proved to be very important. Most input parameters in Odeon's room setup menu had to be 
changed. Having experience in concert/opera/theatre hall design is absolutely necessary for judging if the 
simulation results are realistic. ldeally a model of a comparable, existing hall is made and is optimized using the 
real hall's measurement data. 
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8 Discussion and recommendations (for further research) 

8. 1 Discussion 
The original plan for the room acoustical calculations was to use a receiver grid of 0,9x0,9 m2 in both halls. This 
grid tumed out to be too fine for the multipurpose hall ; it meant I 000+ receivers and a simulation time of a bout a 
day per grid simulation. Would using this grid have led to more accurate results? Probably not. The only 
advantage would have been the ability to check out the various parameters for each chair, a detail level that's too 
high for such a project. For determining auditorium averages and checking if probiernatie areas (larger than a 
couple of seats) exist a grid of 4x4 m2 might have been good enough. Though this would mean no si mulation 
results would be generated forsmaller areas (of a width less than the 'cell ' width). This problem arose when 
assigning a grid to the theatre hall's modeland made the 0,9x0,9 m2 grid necessary for this model. 
Originally all sourees were to be used for the grid simulations for the multipurpose hall. Since one grid 
simulation took 4+ hours, this would mean at least ( 17x4=) 68 hours for each variant (symphonic music setting). 
This led to the decision to check if averaging the results using 9 and later 6 sourees would be camparabie to 
those generated by averaging results using all I 7 sources. Reducing the amount of sourees even further might be 
possible, but looking at the complexity and asymmetrical design it seemed risky . Additional research would be 
needed for determining the amount of sources, being the right ba la nee between reliability and (simulation) time. 
The simulations took this amount of time because of the high amount of rays and high late reflection density. 
Both of these were needed primarily for generating reliable reverberation times. Time wise it might be a good 
idea to think of another methad to generale reliable values for the reverberation time and then run the 
simulations with a slightly lower amount of rays and lower late reflection density. 
Various simulation results proved the importance of optimizing the model. Slightly different values for input 
parameters could lead to very different results and without the proper knowledge it would be hard or impossible 
being able to discard these as unrealistic or unreliable. 

8.2 Recommendations 
A few issues are recommended to be subjected to further research . 
The largest among these are the height and angle of the reflectors. 
Researching 4 or more layers of curtains, similar to the ones used in the multipurpose hall, is recommended as 
well . Camparing the measurement data of 2 and 3 layers, adding more Jayers is expected to result in more low 
frequency absorption. 
Originally the plan was to research the impact of the composite beams being modelled or not and other detail 
related issues as well. Limited time prevenled this from happening, which makes this another issue for further 
research. 
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Appendix 

A Additional information about the halls 
A.1 Absorption factor of materials used in the simulations 
Table 0 b f h . I .I: A sorpt10n actors o t e matena s use d h b d m t e stmu atiOns, num ere as m Od eon 

Mat. Material description Absorption factor a 1-1 
nr. f[Hz] 

63 125 250 

60 60% absorbent 0,60 0,60 0,60 
3020 16-22 mm wood facing (tongue-and- 0,25 0,25 0,15 

groove or rabbeted) on frame over 50 mm 
cavity filled with mineral wool 

3063 Thin plywood panelling on sruds, closed 0,42 0,42 0,21 
off, empty cavity 

3998 Hollow wooden podium 0,12 0,12 0,08 
3999 Wood parquct in asphalt on concrete 0,02 0,02 0,02 
4999 Gypsum board 2 layers, 30 mm total 0,11 0,11 0,11 
8994 Cunain feit, 100 mm from gypsum board 0,41 0,41 0,46 

( material 4999) 
8995 Cunains, velvet, I ,09 kg/m-, 3 layers, 300 0,29 0,29 0,66 

mm from wal! 
8999 Cunains/cunain feit, no construction 0,30 0,30 0,48 

behind it. 
10007 Solid wooden door 0,14 0,14 0,10 
10999 Double glazing, 4-6 mm glass, 12 mrn 0,10 0,10 0,07 

gap 
11998 Audience, heavily upholstered seats 0,36 0,36 0,59 
11999 Orchestra with instruments on podium 0,27 0,27 0,27 

A.2 Auditorium volumes and numbers of seats 

A.2. 1 Theatre hall 
Volume: 6000 m3 

Seats: 

• 602, ofwhich 202 on the balconies, for drama 

• 458, ofwhich 202 on the balconies, for opera 

A.2.2 Multipurpose hall 
Volume: 18500 m3 

Seats: 

• 1775, of which 713 on the balconies, for drama 

• 1623, ofwhich 713 on the balconies, for opera 

M. Kivits 

500 1000 2000 4000 8000 

0,60 0,60 0,60 0,60 0,60 
0,10 0,09 0,08 O,ü7 0,07 

0,10 0,08 0,06 0,06 0,06 

0,06 0,06 0,06 0,06 0,06 
0.02 0,04 0,04 0,04 0,04 
0,09 0,06 0,06 0,06 0,06 
0,49 0,51 0,53 0,63 0,63 

0,98 1,00 1,00 1,00 1,00 

0,60 0,60 0,63 0,68 0,68 

0,06 0,08 0,10 0,10 0,10 
0,05 0,05 0,05 0,05 0,05 

0,75 0,80 0,85 0,85 0,85 
0,34 0,47 0,44 0,40 0,40 
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~ 

~ 14 -~ 20 
Expected noise of activities 2. 

"' -~ ~ 
"' ;::l 20 M 

0 
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Remarks 
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max. Reverb time 

noise of installations 

Remarks 

Width 

Gross total 

Net/Gross Factor 

Net total 

"' § Net area 
;;; 

room 
c: 
" E 

c: 
.2 
0.. 
·;:: 
~ 

" "0 

E 

Number of rooms 

Remarks: 
Remark I 
Remark 2 
Remark 3 
Remark 4 
Remark 5 
Remark 6 
Remark 7 
Remark 8 

Total volume of auditorium variabie between I 0000- 14000 m' 
Total height of stage tower is 29,5 m under the roof 

M. Kivits 

Left, right and rear 3 galleries at three levels 
Total height, grid included, under roof= 24,5 m 
lncluding toilet and shower 
lncluding 2 showers 
75 m' per toilet or shower 
lncluding all facilities 

XXI 

Report Graduation Project 
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D Plans with maximum SPLs 

A 

Expectl!d no lu ft om octlvlt~ [dB(A)] 

Level 
0 

1o5 as 10 
100 82 62 
92 BO 60 
90 72 40 

j}peclltd noiu Oulllide [dB(A)] 
~70 60 ~45 

Expectl!d nolse ft om octlvitlea [dB(A)] 

1os as 17o 
100 82 62 
92 BO 60 
90 72 40 

~}peclltd nola• Oullllde [dB(A)] 
T;70 60 # 45 

M. Kivits XXII 
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Ex~ctltd nol•• from actlvities [dB(A)] 

+ 

A 

105 85 70 
100 82 62 
92 80 60 
90 72 40 

Expectltd nolse Out&lde [dB(A)] 

» ro 6o » 45 

Exp.,;tltd nola. from actlvitiN [dB(A)] 

105 85 70 
100 82 62 
92 80 60 
90 72 40 

Eapectltd nolae Ou lslde [dB(A)] 

~TO 60 » 45 
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E Plans with maximum allowed background SPLs 
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F Plans and sections with Dnr va/ues 
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G Souree positions room acoustical ca/culations 

G.1 Multipurpose hall 

G.1.1 symphonic setting 
For the symphonic setting 17 omni-directional sourees were positioned on-stage. A 3D view of the souree and 
receiver positions is presenled in figure G.l, while a plan, containing the sourees and distances between sourees 
and stage boundaries, is presenled in figure G.2. For the grid simulations 6ofthese sourees have been used, this 
due to time constraints. For determining the acoustical elimate on-stage, all I 7 sourees have been used. 

Figure G.l: Symphonic music setting: souree and receiver positions on-stage, 30 view in Odeon 
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Figure G.2: Symphonic music setting: plan of the stage with souree positions and distances between sourees 
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G.1.2 opera setting 
For the opera setting I 0 omni-direetional sourees were positioned in the pit and one on-stage. At the sa me 
position on-stage two normal speaker sourees were positioned as wel i, one normal voice and one raised voiee. A 
30 view of the souree and receiver positions is presenled in tigure G.3, while a plan, eontaining the sourees and 
distances between sourees and stage boundaries, is presented in tigure G.4 . For the grid simulations 6 of the 
sourees in the pit, due to time eonstraints, and all of the three on-stage sourees have been used . For determining 
the acoustical elimate inside the archestra pit, all I 0 sourees in the pit have been used . 

Figure G.3: Opera setting: souree and rece iver positions on-stage and m the pil , 30 view in Odeon 
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Figure G.4: Opera setting: plan ofthe pit and stage with souree positions (• = stage sources) and distances between sourees 
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G.1.3 drama setting 
For the drama setting 3 omni-directional sourees were positioned on the front part of the stage. At each of those 
positions two normal speaker sourees were positioned as well, one normal voice and one raised voice. A 3D 
view of the souree and receiver positions is presented in tigure G.S, while a plan, containing the sourees and 
distances between sourees and stage boundaries, is presenled in tigure G.6. 

Figure G.S: Drama setting: souree and receiver positions on-stage, 3D view in Odeon 
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Figure G.6: Drama setting: plan of the stage with souree positions and distances between sourees 
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G.2 Theatre hall 

G.2.1 opera setting 
For the opera setting I 0 omni-directional sourees were positioned in the archestra pit. A 3D view of the souree 
and receiver positions is presented in figure 0.7, while a plan, containing the sourees and distances between 
sourees and stage boundaries, is presenled in figure 0.8. 

Figure G.7: Souree and receiver positions in the pit and on-stage, 3D view in Odeon 
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Figure G.8: Plan of the pit with souree posi tions ( • - stage sources) and distances between sourees 
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G.2.2 drama setting 
For the drama setting 3 omni-directional sourees were positioned on the front part of the stage. At each of those 
positions two normal speaker sourees were positioned as wel1, one normal voice and one raised voice. A 3D 
view of the souree and receiver positions is presenled in tigure 0.9, while a plan, containing the sourees and 
distances between sourees and stage boundaries, is presenled in tigure G .I 0. 

Figure G.9: Souree and receiver pos itions on-stage, 3D view in Odeon 

Figure G.IO: Plan ofthe stage with souree positions and distances between sourees 
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H Graphs simu/ation results multipurpose hall 
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I Graphs simu/ation results theatre hall 
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K Plans with Dnr va/ues, modified 
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L R va lues per actave band, chosen wal/ constructions 
sections 6.2 and 6.3 

L1 Rvalues for 6.2: Case 1 
Construction R (dB) 
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L.2 R values tor 6.3: Case 2 
Construction R 

[dB] 
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