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Abstract: This paper investigates the influence of roofing systems based on structural skins such as an ETFE cushion systems, textile
membranes, micro-perforated foils and polycarbonate sheets, on the room acoustic quality of large halls. In situ acoustic meas-
urements in three large atria covered by ETFE were performed and compared in terms of their reverberation time, overall sound
absorption and sound pressure level due to indoor noise. Several alternatives based on different roofing systems are suggested in
the three atria and simulated by a ray-based algorithm, in order to assess the influence of the ceiling surface on the acoustic quality

in large halls.
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1. INTRODUCTION

Architectural design of atria requires integration of many
aspects that relate not only to structural stability [1], energy
performance [2], monument protection [3] or sustainability
[4], but also to several comfort issues such as thermal [6], day-
-light [7, 8], ventilation, air quality and acoustics. Unless acous-
tic treatment is implemented, covering of atria by transparent
roof structures made of a hard material such as glass leads
to a long sound reverberation and an uncomfortable indoor
soundscape. In order to improve the acoustic quality, reduc-
tion of the reverberation time is often achieved by sound ab-
sorbing elements mounted under the ceiling.

Sound absorption structures under the ceiling can however
change the daylight comfort and architectural view. The choi-
ce of a convenient structural membrane integrated in the ro-
ofing system and/or placement of transparent absorptive foils
on carefully chosen positions in the hall can avoid many pro-
blems and discussions [9 - 14].

Typically, high background noise levels in atria are either
caused by external noise entering via natural ventilation sys-
tems or by noise produced by interior sound sources, which
are amplified due to multiple reflections by hard surfaces. In
large halls, different resonances and sound effects occur. Al-
though these are often out of assessed frequency range of

1.0vOoD

Architektonicky navrh atrii vyZaduje integraciu mnohych
aspektov, ktoré sa nespdjaju iba so statickym ndvrhom [1],
energetickou naro¢nostou [2], ochranou pamiatok [3] a udr-
zatelnym rozvojom [4], ale tiez s parametrami zohladnuju-
cimi komfort v priestore ako su tepelnd pohoda [6], denné
osvetlenie [7, 8], vetranie, kvalita vzduchu a v neposlednom
rade akustickd pohoda. Napriek navrhu akustickych opatre-
ni v priestore, zastreSenim atrii transparentnou konstrukciou
z tvrdych materidlov ako je sklo atd. docielime predizeniu ¢asu
dozvuku ¢o vedie k znizeniu komfortu tzv. interiérovej zvuko-
sféry. Tento problém sa casto riesi dalsimi dodato¢nymi akus-
tickymi opatreniami ako je zavesenie pohltivych prvkov pod
zastreSenim.

Zvukovo pohltivé prvky viak mézu zmenit pozadovany
komfort z hladiska denného osvetlenia (neziadlce tienenie)
ako aj celkovy architektonicky vzhlad. Vyberom vhodného
integrovaného membranového konstrukéného systému v za-
streSeni a/ alebo navrhom zvukovo pohltivych félii v spravne
zvolenych miestach priestoru dokazeme predist mnohym dis-
kutovanym problémom [9 - 14].

Zvycajne vysoka hladina hluku pozadia v atriach je sposo-
bené zvukom Siriacim sa z exteriéru vetracimi prvkami v pri-
pade prirodzeného vetrania a hlukom generovanym zdrojmi
v interiéri, ktory je umocneny zvycajne nasobnymi odrazmi
od tvrdych povrchov. V priestoroch s velkym objemom do-
chadza k r6znym zvukovym efektom a rezonanciam. Aj ked'
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actual norms and standards, they do cause discomfort, indica-
ting the requirement for revision of standards.

The aim of this work was to get further insight in the influence
of roof materials on room acoustic parameters, by comparing
the numerically simulated acoustic performance of three atria
with different roof cladding systems.

2. CASE STUDIES

Three halls covered by ETFE were chosen for this article: (1) the
Atrium at Berufsbildende Schule (BBS) in Oldenburg, (2) the
Atrium of Kapuzinergraben in Aachen and (3) the Atrium of
DomAquaree in Berlin. These atria are covered by ETFE based
roof cladding systems.

ich vyskyt je va¢sinou mimo Standardne posudzovaného frek-
venéného spektra uvddzaného v technickych normach, mézu
spbsobovat akusticki nepohodu ¢o vedie k diskusii o revizii
niektorych noriem.

Cielom tejto prace bolo sledovat vplyvu réznych transpa-
rentnych materidlov zastre$enia na vlastnosti priestorovej
akustiky troch atrii za pouzitia numerickych simulacii.

2. PRIPADOVE STUDIE

Pre Ucel tejto publikdcie boli vybrané tri atrid zastreSené ETFE
vankusovym systémom. Vybrané atria boli: (1) Atrium odbor-
nej $koly (BBS) v Oldenburgu, (2) Atrium Kapuzinergraben
v Aachen a (3) Atrium DomAquaree v Berline.

Fig. 1: (a) Oldenburg atrium, (b) Aachen atrium, (c) Berlin atrium

Atrium Oldenburg

The BBS atrium in Oldenburg is covered by a Texlon® ETFE
cushion system (Fig.1a). The volume of embedded space is
approximately 8900 m? (with ceiling height of about 16,5 m).
The total interior surface area is 4570 m?, which is mainly con-
sisting of ETFE, glass, absorptive walls, ceilings and rigid walls
with brick based linings.

Atrium Aachen

The atrium investigated in Aachen has a trapezoidal shape
with niches in two corners (Fig.1b). The volume is ca 7030 m3
and the area of the interior surfaces is about 3500 m? Like
in the case of the BBS in Oldenburg, the space is covered by
a Texlon® ETFE cushion system. The dominant materials used
on the atrium interior surfaces are the ETFE roofing, grouting
brick walls, a stone floor, and glazing in the atrium space. The
ceiling heightis ca 15.5m.

Atrium Berlin

The dominant building material used in the rather high (27m)
atrium investigated in Berlin, is glass (Fig. 1¢). It is used for the
wall claddings, as well as for interior structures, such as eleva-
tor walls, as well as interior walls. The atrium has a volume of
30 500 m3 and the interior surfaces are 10 300 m2.

Obr. 1: (a) Atrium v Oldenburgu, (b) Atrium v Aachen, (c) Atrium
v Berline

Atrium v Oldenburgu

BBS atrium v Oldenburgu je zastre$ené Texlon® ETFE vankuso-
vym systémom (Obr.1a). Celkovy objem priestoru je cca 8900
m3 (so zastreSenim vo vyske cca 16,5 m) a celkova plocha inte-
riéru je 4570 m2 Interiérové povrchy su prevazne tvorené ETFE
féliou, sklom, pohltivymi stenami a podhfadmi a stenami s ke-
ramickym obkladom.

Atrium v Aachen

Analyzované atrium v Aachen je trapézového pédorysného
tvaru s vyklenkami vo dvoch rohoch (Obr. 1b). Objem je cca
7030 m? a celkova povrchova plocha interiéru je cca 3500 m?2,
Priestor je taktiez zastreSeny vankudsovym systémom Texlon®,
ako v pripade atria v Oldenburgu. Dominantnym materidlom
pouzitym v interiéri je ETFE zastredenie, steny so Skarovanou
tehlou, kamenna podlaha a zasklenie priestorov presvetlova-
nych cez atrium. Svetla vyska zastresenia je cca 15,5m.

Atrium v Berline

Dominantny pouzity stavebny material v posudzovanom at-
riu v Berline svetlej vySky 27 m je sklo (Obr. 1c). Na baze skla
su tvorené vsetky povrchy ako obklady stien, interiérové kon-
strukcie, vytahy atd. Podlaha je kamenna a zastreSenie ETFE.
Objem atria je 30 500 m® a celkovy povrch interiéru atria je
10300 m2.
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3. MEASUREMENTS AND SIMULATIONS

Standardized room impulse response measurements were
performed according to ISO 3382-1 and ISO 18233.

Next, simulations were performed in CATT Acoustic v. 9. The
models were calibrated, based on the measured average re-
verberation time. Several alternatives have been simulated ba-
sed on variations of roofing material (ETFE, glass, polycarbona-
te, textile membrane and micro-perforated foil). A summary of
the sound absorbing materials and their properties, as used in
the simulations, are given in the Tab.1.

The surface area of ceiling is different in each atrium.
The fraction of ceiling surface with respect to the total surface
was 8.8%, 12.6% and 13.7% in the Oldenburg, Aachen and Ber-
lin atrium respectively.

3. MERANIA A SIMULACIE

Merania vlastnosti priestorovej akustiky posudzovanych
priestorov pouzitim metédy integrovanej impulzovej odo-
zvy boli vykonané v sulade s platnymi technickymi normami
ISO 3382-1 a SO 18233.

Nasledné simuladcie boli vykonané pouzZitim programu
CATT Acoustic v. 9. Simula¢né modely boli kalibrované na za-
klade zmeraného priemerného ¢asu dozvuku v jednotlivych
atridch. V modeloch bolo pozitych niekolko alternativ zastre-
Senia (ETFE-kalibracia, sklo, polykarbonat, textilna membrana
a mikroperforovana félia). Prehlad pohltivych materidlov pou-
zitych v simuldciach je vTab. 1.

Podiel povrchu zastreSenia v jednotlivych atridch bol r6z-
ny. V percentudlnom vyjadreni v zavislosti k celkovému po-
vrchu interiéru bol 8,8%, 12,6% a 13,7% v Oldenburgu, Aachen
a Berline.

Name 125Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
Textile membrane 0.15 0.40 0.75 0.85 0.65 0.65
Glass 0.15 0.05 0.03 0.03 0.02 0.02
Micro-Perforated foil 0.33 0.29 0.37 0.48 0.57 0.47
Polycarbonate 0.08 0.04 0.03 0.03 0.02 0.02
3 layer ETFE cushion system 0.41 0.21 0.26 0.17 0.08 0.02
Tab. 1: Overview of sound absorption coefficients of the materials
that were varied in the simulations
Nazov 125Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
Textilna membrana 0.15 0.40 0.75 0.85 0.65 0.65
Sklo 0.15 0.05 0.03 0.03 0.02 0.02
Mikroperforovana félia 0.33 0.29 0.37 0.48 0.57 0.47
Polykarbonat 0.08 0.04 0.03 0.03 0.02 0.02
ETFE vankusovy systém 0.41 0.21 0.26 0.17 0.08 0.02

4. RESULTS AND DISCUSSION

The sound absorption of glass and polycarbonate sheet is
much lower than the one of ETFE cushions and of the other
simulated materials (Fig.2-4): the former 2 materials reflect
about 35% more energy back into the room, resulting in sub-
stantial differences between the acoustic performances of
the respective atria with an ETFE cushion system, perforated
foil, textile membrane, polycarbonate sheet and glass roofing
(Fig. 2-4).

Tab. 1: Prehlad (Cinitela zvukovej pohltivosti materidlov zastrese-
nia pouZitych v simuldcidch

4.VYSLEDKY A DISKUSIA

Zvukova pohltivost skla a polyarbonatovych dosiek je vyraz-
ne nizsia v porovnani s ETFE vanki3ovym systémom a dal3imi
membranovymi konstrukciami: spominané 2 materidly odra-
Zaju priblizne o 35% zvukovej energie viac naspat do priestoru
v porovnani s membranami, ¢oho désledkom je vyrazny roz-
diel vyslednych parametrov pohltivosti priestoru s pouzitim
ETFE, perforovanej félie, textilnej membrany a polykarbonato-
vych dosiek resp. zastre3enia sklom (Obr. 2 - 4).
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5. CONCLUSIONS

The results confirm expectations that, by virtue of their higher
acoustic absorption, ETFE systems help to improve the acous-
tic quality in large halls such as atria. In comparison with glass
or polycarbonate, rooms covered by structural skins such as
ETFE have a shorter reverberation time, particularly in low and
middle frequencies. However, the acoustic comfort in large ha-
lIs cannot be fully reached by roofing structure only because
of the surface of the roof only covers a limited fraction of the
overall surface. In order to achieve optimum acoustic comfort,
also the atrium walls need to be treated.

One should also take into account that, although typical mem-
brane structures have higher sound absorbing properties
than hard materials such as glass (the use of materials such
as glass and polycarbonate where ca. 35% more energy is
reflected back to the room, in comparison with foil or textile
membranes), they typically have poorer sound insolation (is
mainly determined by mass). This can result in an increase of
background noise levels in the hall if the building is located in
a noisy outdoor environment.
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5.ZAVERY

Vysledky potvrdili o¢akavania, vdaka vyssej zvukovej pohl-
tivosti, pouzitie ETFE systému dopoméze k vyraznému zlep-
Seniu priestorovej akustiky priestorov velkého objemu ako
su atrid. V porovnani s materidlmi ako sklo a polykarbonat,
priestory zastreené membranovymi konstrukciami ako napr.
ETFE maju kratdi ¢as dozvuku v nizkych a strednych kmitoc-
toch. Aviak zvukovu pohodu v étridch nedosiahneme iba zvo-
lenim spravneho typu zastredenia nakolko povrch stresného
systému tvori vzdy iba cast celkového interiéru.V dévodu do-
cielenia optimalnych akustickych parametrov projektant musi
brat do Uvahy vplyv odrazov od stien atria.

Nesmieme zabudat na to, ze i ked' typické membranové
konstrukcie maju vyssiu zvukovu pohltivost ako tvrdé mate-
ridly ako je napriklad sklo, maju zva¢sa ovela nizsiu zvukovu
izolaciu. To sa vysledne prejavuje ako zvysend hladina hluku
pozadia v atridch situovanych v hlu¢nych lokalitach.
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