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ABSTRACT

ACOUSTICAL IMPROVEMENT OF TYPICAL SPORT HALLS
FOR MULTI -PURPOSE USE

Ul usoy, G°%k-e
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Supervisor: Do-. Dr. Ayke Tavuk:
Co-Supervisor: Prof. DIMe hmet ¢al ékkan

September 2014155pages

In recent yearsin addition to the education and sport activitiespbdrt halls they

began to be commonly used for several musical and speech activities, since those
structures are available to serve laogewds of people. Most sport halls in Turkey

are built as typical projects without considering timotential of use and activity

relatedacoustical features.

The study was conducted on sport halls, the typical projects designed for the
Ministry of Education(Code: MEB 2004.63)with the audience capacity of 70

people. Their acoustical performances are examined by the us® afoBputer
model |l ing and acoustical s iODEOQNaconmbioed met h
8 . STheexaminationsverebased orthe Global Reverberation TIM{&RT) at low
(125-250Hz), mid (500L000Hz) and high frequency (20d000Hz) rangeandyrid

responses analyseshe acoustical parameters used for ghiel responsenalyses

wereEDT, STI, SPL(A), T30 and C8@dth an emphasis orthe values at mid

frequency band (50@000Hz)and their cumulative distribution



The results have shown that acoustical features of the project are inadequate for
education andgport activitiesand multipurpose us@dmong the ceiling treatmest
propo®d baffle suspended ceiling proposale observed to bihe most efficient
interventionin terms of acoustical improvement of the hall and material economy.
The permanent interventions recommendeditre:use obaffle panelled suspended
ceilingdmade of10-cmrthick rock wool panels with 60cm intervadsd fithe use of

sound absorbing perforated metal sbheetvering the parapgbetween thelayfield

and the tribuné&or the multi purpose use of the sport hall, it is recommended to use
sound absorbing cuitan modul es i n front of tri buneds
walls and at the openings between the service and sportsTAehsidget needed for

a satisfactory remedial work was estimated to vary in the range of 4.5% and 6.9% of
the overall constructiorcost The resultsalso poinéd out thekey concerns othe

acoustical desigrarticular tahesporthalls

Keywords: typical sport hall project (MEB 2004.63)multi-purpose use, 3D

acoustical modelling and simulation, room acoustics, sport hall acoustics
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¢ OK AMACLI KULLK®KNLSRER SALONLARININ
AKUSRKNKTELKKLERKNENTKRKLMESK

Ul usoy, G° k- e
Y¢ksek Lisans, Yapé Bilgisi Anabilin
Tez Y%°neticisi: Do-. Dr. Ayke Ta
Ortak Tez YODmet Mehwmiet Rab®xkkan

Ey |l ¢ 1, 158daytad

Son yeéellarda]jspemoyvalohkli at &kl erinin yane
bayram ve/veya festival etkinlikleri, e]
m¢ zi kal ve koinukma det kyianylgiéknl eorl ar ak kul | @
t¢r yapeéelar, -ok kikinin bir araya gel eb
kull aném i -1in tercih edi |l mektedirler. (

salonlarée tip projevkeel axnd akakl am&m pdtid

etkinli Rkaeséei kahi el i kleri g°z ardeée edil

Bu -al ékmada, Mi || i Ejitim Bakanl éjé t a
hazérl atéelan 70 kiki seyirci kapebetnml kKt |
(Kod: MEB 2004.63) . Mekanl arén akustik p
¢- boyutlu modell eme ve akustik benzetim

FODEON combyazal8eém® kull anél mégt €kve &It da
yé¢ksek fr ekaorst aammdaal kéij eéonrdtaakl daenjae (GR®véi a ma s
erken s°n¢ihlE®ME, sseassin anl akeajaébrillékrlla s
d¢gzeyl eri (SPL(A)), -énl ama s¢resi (T30)

Vii



(]
(o]
3

(]
o

orta frekan®&001000Hz) &drilenmndarkti a md a k i daj

al énarak analiz edil micktir.

Sonu-1ar, mevcut pr oj eenjiint isp etkgetikierkhem i t el i k1l er
de - ok ama-1 e kull anéml ar | ¥ rerilen tgvant er si z ol
m¢dahal el er i I -1 nde, d¢key ekran as ma t av
niteliklerinin ityilexktiril mesi ve mal zeme ek
gor ¢l megkt or . ¥neril en kal écée m¢dahal el er : 1
60cmar al ekl arl a yerlexktirildif]Ji fnd¢key ekran
seyirci trib¢gneg arasénda bulunan parapet Y ¢
met al l evha kullanéméeo ol arak belirlenmicktd.i
tribi¢asgmMuank énda, °n ve yan duvarlarda ve s

bul unan kapée bokluklaréenda ses yutucu perdel

I yil exkmeyi sajl ayacaj é déekenegl en °ner i -
mal i yetine5%6.ahénenl &d4énda ol acajé °ng°°r¢lm
sonu-1| ar e, ayreca, spor sal onl arénén akust |
-%z¢e¢mloer i ortaya koymaktader.

Anaht ar sspar salphul tip projeg@VEB 2004.63) - ok ama-1 & kul | ar
bilgisayar des e k | i akusti k modell eme ve benzetim,

akustiji
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CHAPTER 1

INTRODUCTION

Due to the largaudiencecapacity of sport halls and economical reasons, there is a
tendency to use the large spaces designed for sportive activities, such as olympic
stadiums, arenas, and sport halls, for muliposes including musical and speech
activities. Each function loaded to such sport halls requires particular acoustical
specifications. Thismplies that, weltdesigned acoustical environments should be
provided for the sport halls to overcome the acoustical needsulti-purpose uses.
However, acoustical features of many sport halls are not satisfactory to support
multi-purpose needs, even far away being enough forssaativities. The study is,
therefore, conducted on the adequacy assessment and improvement of acoustical

features for sportdils.

In this chapter the argument and objectives of the studyare presented. A brief
overview of procedure is followed by the section describing the disposition of the

chapters remained.

1.1. ARGUMENT

In Turkey, after the legislation of eight yeasmpulsory education, as a method of
rapid building production convenient to the new education program, elementary
schools were being constructed with respect to typical or standardized projects
( K° s e,.Indr@et @ )minimize mistakes during the plamgnof schools and
provide economy in construction, applications of the typical projects are still on the



agenda (Terziojl u, 2005) . Necessities of typ
authorities as (i) speed up the construction, (ii) easing me@sssumptions, (iii)

giving the possibility for standardization, (iv) utilization of present resources all

across the country equally, (v) providing maximum project service with limited
technical t eam (S8hpol buddingd are commonly &ifi&ed

with respect to the typical projects due to these reasons. However, convenience of

those typical projects is questionable.Major issues in the design of these schools are

they need to be designed in order to achieve creative, competitive andtieduc
educational enviroment ( K°®se, 2010) . But ,

ambiencewithin these halls prevents achieving such environment.

Due to the developments in construction technology and changes in the needs of
these buildings and soeaconomichlife, the government of Turkey decided upon a
general revision in typical project from the years 12990. These projects were
designed mostly by means of architectural competitions and the remaining, by means
of private offices or within the municipaliy ( K° s eGonsiédirig @h)s situation,

due to commonly existing tendancy, instead of designing new project, revision of
already existing project with respect to the needs and requirements was thought to be
more feasi bl e s ol uthiscontert, kn°the gear 2008, 1ypigal Wit hin
sport hall projects were designed by the Ministry of Education to be constructed in
small towns in Turkey.ypical small type sport hall project with 70 people capacity
(Code: MEB 2004:63) is mostly constructed in @tate schools of those small
towns. According to the project investment distribution report of Ministry of
Education for 2012015 years, out of 69 sport halls, 66 halls constructed/to be
constructed to the schools are the small type sport hall pr@jdiatistry of
Education, 2013) Although nost of these schoolsinclude sports hallballs for
musical activities or congresses are rarely included in these school buildings. Due to
limited resources, such uses are planned to take place within these already
constructed sports halldowever, their functional and technological featunesdo

be improved. Those structures, therefore, need to-bealeated in order to satisfy
functional requirements for their complex uses. Ydekigned acoustical ambience

is esential for the recreational uses of those large spaces in order to establish clear,



comfortable conversation for speech activites and satisfactory musical
performances. However, the acousticatiees of those sport halls are taken into
consideration ding neither design nor construction periods. Large volume of these
halls and sound reflective character of the materials with hard and smooth surfaces
such as concrete, glass, steel increase the reverberation and affect the acoustical
ambience negativelyggarding the activities taking place in these (éb®, 2001
Bognjakovic & Tomic, 2007)

Excessive reverberation results in high sound pressure levels and leads to decrease in
clarity and intelligibility of speech. For instance, the results of aesuconducted

with 3000 thousand students points out that sport halls are the most difficult place for
hearing (Conetta, Shield, Cox, Mydlarz, & Dockrell, 2012). These mean that the
physical education classes are taking place in a noisy environment witlsdugd
pressure levels which degrade speech intelligibility and obligates the teachers to
communicate loudly with the students. Because of this obligation, health problems
such as vocal fatigue and dryness in the throat are observed in physical education
teachers due to prolonged use during the lectures (Jonsdottir, 2003). Besides,
acoustical inefficiency of these halls makes it difficult for the students to hear the
teacher which causes the halls to be inefficient core learning spaces. Furthermore,
duringthe sportive activities in these halls, communication in the playfield between
the players or the referees is poor because of low intelligibility of sound.In addition
to these problems, although such halls are commonly preferred for several musical
and speech activitiessuch as graduation ceremonies, student concerts, educational
conferences, national festival activities, etthey cannot beutilized effectively
because ofhe acoustical inefficiencyherefore, special attention is required for the
acousical improvement of those sports hdllsspite application of wekstablished
regulations and standards defining the acoustical ambience in the sport halls
(Department of Education and Skills, 2004here are not any regulations or

standards applied a@ntly in Turkey.



1.2 OBJECTIVES

The mainaim of this study is to develop proposals to improve acoustical conditions
of existing sports halls for speech and musical performances. Here, sports halls are
examined in terms of their existing acoustical feadutheir improvement to satisfy
acoustical requirements expected for their-I&Suse and mukpurpose uses and
development of acoustical elements/components for those improvemen@med

to point out design principles in order to satisfy Heoustical needs for several

functions which might be performed in the sport halls selected.
The specific objectives of the study are:

1. to evaluate the existing situation of the sport halls whether the acoustical
requirements are satisfactory or not forith&S-1S use, i.ephysical education
(PE) classes and sports games, with the help of the acoustical simulation
software,Odeon 8.5

2. to decide on applications and improvements needed for proper/satisfactory
acoustical environment for the AS use of the &lls.

3. to decide on the possible seating layout for rputipose uses of halls.

4. to decide on applications and improvements needed for proper/satisfactory
speech and musical performances.

5. to make the acoustical analyses of each proposal by the useouosical
simulation program@deon 8.5

6. to decide the optimum solution in terms of efficiency for the acoustical
improvement and the use of material and application cost for feasibility.

Sports hall typical project design by the Ministry of Educati@ode: MEB
2004.63) which are constructed in small towns of Turkey, are selected to be studied

based on these objectives.



1.3. PROCEDURE

This study is conducted in three phases. First study consists of literature survey
conducted on acoustical requirements $port halls, musical performances and

several speech activities.

In the second study, sports hall typical project design by the Ministry of Education
(Code: MEB 2004.63yvhich is constructed in small towns in Turkey is selected to
be studied. A design puiple suggested to be applied for those sport halls is

proposed for achieving acoustically proper environment for theitfSAsses.

In the third study, with respect to the acoustical requirements of the foreseen
additional activities taking place in thoballs, a design principle suggested to be
applied for those sport halls is proposed in order to establish proper acoustical

environment for their mukpurpose usesportive,speech and musical activities).

After the design principles are determined #mel materials to be used are selected
with the help of the acoustical computer simulations, the study is finalitdhe

selection of most feasible proposal

1.4. DISPOSITION

The study is presented in five chapters. In the first chapteintasduction to

acoustics of sport halls and the extent and objectives of this study is explained.

In the second chapter, a literature survey about the developments and studies made
for the improvement of acoustics of sport halls, which are used for atheities as

well is reviewed.

The third chapter comprises the methods and their usage in deciding the design
principles and materials suggested to be applied for the selected sport halls in order
to fulfil different acoustical requirements for sport egenspeech activities and

musical performances within the same room.



The fourth chapter is presenting the acoustical analyses of the hall selected and
results of acoustical simulations. The values of essential acoustical parameters i.e.
globalreverberatia time GRT), early decay time (EDT), speech transmission index
(STI), A-weighted sound pressure level (SR], C80and T30 are submitteoh

tables The data obtained from the acoustical simulations of théSA&hd Improved

cases are given with figuresappendices.

In the fifth chapter, discussion of the resulgmiiding remarks for the acoustical

treatment or desigand conclusiomreexplained



CHAPTER 2

LITERATURE REVIEW

In this chapter, literature survey about sport hall acoustics, directipdirectly

concerning the study, is presented.

2.1. SPORT HALL DESIGN AND ACOUSTICS IN SPORT HALLS

Typical project design is a concept discussetheworld of architectureonsidered

as a kind of fAplagiari smo bmasstptodguctianbyc hi t e
the users. Typical projects are applied in Turkey as well as in the whole world while

t hat application is argued andikFErjaacdtnmeed
Fizi ksel KaiEk & KAProoj ¢ #ihysi cal Contribut
Project),supported by the Ministry of Education in Turkey, typical project of
educational structureswere designed in the years -200M® 4 (K°se, 201
accordance with the requirement program, elementary schools with 240 to 1200
students capacity were desegl. In addition to the school building, the requirement
program inclueded dormitory, cafeteria, mygtirpose hall, sport hall, kindergarden

and supplementary classroom when necessal

Kese (2012) menti ons t he fudtientokadecation, of ¥
which is considered to be the most significant element of development, is to enable

the selfdevelopment of people according to their personalsséild, consequently,

increasing the creativitpower and efficiency of the societgccording to the main

principle of Ministry of Education regarding the compulsory eigdrs education,



school buildings need to be planned in order to provide social and personal

I mpr ovement of the students (K°sdahe 2012). T
existing schools in order to increase their capacities were not satisfactory for such

i mprovement (K°se, 2012) . Kese (2012) refer
solve this problem, supplementary spaces such as laboratories, library or sport halls

were turned into classrooms. Moreover, sport halls are rented to the teams out of

school during vacations to provide income f ¢
guidebook for elementary schools prepared by the Ministry of Education in 1998, the

priorities of the spaces in schools was-amanged for the design of school

buildingsin the future. Among those spaces, the priority of sporth halls was raised
from3t02% egree (K°se, 2012).

Below are mentioned the architectural requirements followed byatwoeistical

requirementsfor sport halls.

2.1.1Architectur al Requirements for Sport Halls

Regulations are broght to the sport halls by federatioterms oplayfield sizes and
material spesification&ccording to the requirements given by Turkish Volldiba
Federations (2014), the playfield should be shaped in a rectangule with 18mx9m
sizes surrounded by the 3m figeld in minimum and with a clear height of 7m in
minimum. According to the regulations defined by the Turkish Basketball Federation
(2014), he playfield size should be shaped in 28mx15m surrounded by 3m free field

in minimum and with a clear height of 7m.

2.1.2 Acoustical Requirements for Sport Halls

During the design of sport halls, environmental design requirements including
natural ventilabn, sufficient daylighting and adequate acoustical environment
should be considered (K°se, 2012) . K°se (20
ker ef hanio adtition to the dubjective parameters like personal skills and
qualifications of the teachemand students, intelligibility of speech in these halls are



to have strong relation with room geometry, acoustical characteristics of the finishing

materials and furnishing.

For the design of rooms for speech activities, the ability of the listenersléostiand
speech is very important (Long, 2006). The fundamental acoustical requirements
according to Doelle (1972) are mentioned by Long as folldwag, 2006)

e adequate loudness

uniform sound level

e appropriate reverberation

e Dbackground noise levels low @mgh not to interfere with the listening
environment

e defectfree acoustical environment that eliminate long delayed reflections,

flutter echoes, focusing and resonance

Several standards based on the RT in relation to the volume of the space are defined
for the acoustical design of the sport hgBepartment of Education and Skills,
2004 Wattez, 201p According to the acoustical standards defined in Building
Bulletin 93 (BB93) prepared by the Department of Educattomgland in 2004,the
reverberation timés required to be below 1.5s at rfréquency range in unoccupied

sport halls of the schools (Department of Education and Skills, 2004). The Dutch
questionnaires in midized facilities, such as in a volume of 5060evealed that

the reverberation timehsuld not exceed 1.5s, and that condition could be achieved
by the average absorption coefficien), o f 0.28 at mi ni mum (F
k a h e Yoprde&, 2004)The global reverberation time required in classrooms with
respect to volume, with or withbsound reinforcement systems, was described by
Beranek (1993) with the equation 2.1 below:

RT = 0.33logV — 0.15  (2.1)
where:
RT is the global reverberation time in seconds

V is the volume of the hall in cubic meters



The other parameters, such, @dse location of these halls in the building, the
background noise levels and the features of the mechanical equipment should be
considered during the acoustical design of sport halls. Noise control should be
provided as much as possible by keepingatkground noisedvel below 44B(A)
according to the Dutch standards (Wattez, 2012) and 55dB(A) according to the

Turkish standards, in the sport halls (Ministry of Environment and Forestry, 2010).

During the multipurpose use of these sport halls, soundfoecement systems
containing microphones, loudspeakers, etc. are also used in order to provide more
variability of reverberation time when compared with the passive control elements
such as sound absorptive materials. It is stated tieabéstated hak using sound
reinforcement systems provided the frequeimciependenteverberationtimes the

range of0.6s to 1.2s for haBl in the range 01000nBand5000 n? while the worst

rated hallgprovidedsignificantlylong reverberation timesspeciallyin the 63Hz and

125Hz frequency bands (Adelmaarsen, Thompson, &ade, 2010).

2.2. ARCHITECTURAL FEATURES AFFECTING THE ACOUSTICAL
DESIGN OF HALLS

Every building acoustics consideration can be thought of as a system of sources,
paths and recievers of sound. The building design is influential on transmission paths
of the sound since it determines the sound source and reciever locations and the paths
that the sound will travel (Cavanaugh, Tocci, & Wilkes, 2010). Moreover, the
materials and construction elements that shape the finished spaces determine how
sounds will be percieved in that space (Cavanaugh, Tocci, & Wilkes, 2010). The
architectural elemds influentialon the acoustical design of halls and design of
rooms formulti-purpose use in order to provide variable acoustical environment are

explained below.
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2.2.1. Architectural Elements in the Acoustical Design of Halls

The architectural componentd the halls namely size, shape, surface orientation
and materials influence intelligibility of speech (Long, 2006). Basic architectural
factors to be considered in the design of hallsgiven asshape, audience absorption and
type of chairs, materials for Ws, ceiling and stage by Beranek are explained below
(Beranek, 2004):

Shape (Geometry)Hall geometry is an important parameter affecting the acoustics
of a space. Below mentioned are the most commonly preferred gezahgirmsof

the hallsand their inflence on acoustics of the spaces.

e Shoebox:Determined by th@nterviewsof Beranek andjuestionnaire survey
byHaan/ Fri cket ofthemplbbhalst bl eht bdsoare 0
shaped. Certainly, the shoebox shape, provided the hall is not deg isia
safe acoustical design. Parallel sidewalls assure early lateral reflections to the
audience on the main floor, essential to the desired acoustical attribute
Aspaci ousnesso. But as demonstrated i
also be aieved by one of three means: §ome combination of suspended
or sidewallsplayed panels and by takintegs to preserve bass energy) (ii
shaping of the sidewalls near the proscenium and the sides of the performing
space so as to direct the sound moréoumly to the audience areas, or)iii
i nterspersing seating areas with dwal
reflections as ar e f o uBostbn Symphanghak r a | i
(Figure 2.1), which has shdmx form in plan, is mentioned by Baek
(2004) as one of the five highest ranked halls in the world.

11



Figure 21 Boston Symphony Halinterior view (University of Cambridge, 2013).

¢ Fan-shape: According to the study of Beranelarishaped halls have not
beenas successful acoustically, although the overall design of the Lenox,
Massachusetts, Tanglewood Music Sliedjure 2.2)has pleased audiences,

musicians, and music critics as a place for summer concerts.

Figure 22 TanglewoodVusic Shed interior view(Kwaree, 2013).

12



Vineyard:In the same study, the author goes on to say tmatnost

successful nomectangular hall, seating 2325, is the Berlin Philharmonie

(Figure 2.3) The orchestra is seated near the centre of the hallthend
audience is situated on 14 Atrayso, €
configuration. The acoustical consultant believed it to be important that early
reflections come from overhead, so that the ceiling is tent shaped. There are
some exposed Wa between the trays that reflect early lateral sound to some

parts of the audience. An array of panels hangs high above the stage. The
musi cal guality wvaries from one Atr a
because of the directivity f instruments. Tdrehitect of the hall said that his

goal was to bring the audience into closer relation to the performers than is
possible in a shoebox hall. And this
number of terraced, surround halls have been built, though mave been as

acclaimed as the Berlin Philharmonie.

Figure 23 Berlin Philharmonieinterior view(Mulyadi, 2013).
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Simple plan schemes of the sHoex, fanshape and vineyard forms are given in

Figure2.4.

stage

t

shoe-box fan-shape  vineyard

Figure 24 Simple plarschems forshoebox, farshape and vineyard forms.

2.2.2.Audience Absorption and Type & Chairs

In the design of halls audience density, chairs, audience absorption due to the type of

chairs and materials for wallsgiling and stageare described as the architectural

elementsaffecting the acoustical environment in a hall (Beranek, 2004).

Audience density: An audience area that is divided into a number of small
seating blocks absorbs more sound than if it is compasgda few blocks.

To preserve loudness, the total seating area must not become too large,
because to a first approximation, the power available to each person (i.e. per
unit area) is equal to the total power radiated by the performing group divided
by thetotal audience area.

Chairs: Widely spaced seats are more luxurious, but they come at the
expense of acoustical quality and high building costs in halls with a large
seating capacity. If the seats in a large hall are too generously spaced, the
architect s likely to design a wide hall in order to obtain the necessary floor
area. This causes the backv listeners to be very far from the stage, thus

diminishing the strength of the direct and early sound.

14



e Audience Absorption due to Type of Chairs: People sdad in heavily
upholstered chairs absorb more sound than those seated in a medium, lightly
or nonupholstered chair. The difference is particularly noticeable at bass
frequencies. A common cause of bass deficiency in concert halls is overly
sound absorberthairs. It is strongly recommended that a chair be made of
molded material, such as plywood, and that the upholstering on the top of the
seat bottom be no thicker tham2(=5cm), and, on the seat back, no thicker
than In. (=2.5cm) and, if comfortablecover only twethirds of the seat
back. Also, the armrest and the rear of the seat back of a chair should not be
upholstered. These requirements rule out thick seat bottoms containing
springs.

e Materials for Walls, Ceiling and Stage: When the audience sitsver the
raised floor, their weight suppress some of the vibration and the loss of bass
is not excessive. In most modern halls where the bass response is good the
floors are concrete, covered with either wooden parquet or some synthetic
material that is emented to the concrete, and the walls and ceiling are
constructed with materials that have a large weight per square foot.Thin wood
paneling strongly absorbsda ener gy, whaenr@25mjdii no m
less. For a hall that is lined with wood, it sittb be as near 2in=bcm)in
thickness as possible. For the sidewalls of many halls, wood veneer
(Awal |l papero) on solid (plaster) back
traditional appearance.

2.2.3. Design of Rooms for MultiPurpose Use

Variable RTis considered to be the most valuable feature for a-desligned
auditoria since it may accommadate several types of musical & speech performances
and flexible acoustical environmemisoustic character is more a question of gross
shape than small detaithich means for variable acoustics, major changes are
required. Variable acoustical elements, within this content, are mainly (i) variable

auditorium volume, (ii) variable acoustic absorption within the hall (Barron, 1998).

15



I. Variable Auditorium Volume: There are basically two methods of providing

variable volume: by a movable panel/ partition or by a movable shutter system
(Barron, 1998).

The movable panels are to vary the floor ane@ the seating capacity with it in
case ued as vertical partitions oms nonrvertical surfaces to provide extra
volumes with little absorbent materials in them. Suspended ceilings constructed
of many independent panels that can be raised or lowered are used as an
alternative solution as well.

The shutter system in which aspended ceiling can be opened or closed is
considered to be another feasible option. For this system to be effective, in the
open condition, an open area of 40% is required and the void above the
suspended ceiling must be reverberant and behave acoystgalvoid. In case

the existence of significant acoustically absorbent or diffusing surfaces n the
void, the extra volume might not make a worthwhile contribution to the

reverberation time.

In addition to the variable volume in hallspupled roomsare also preferred for

variable acoustics (Mehta, JohnsonR&cafort, 1999)Coupled roomsre basically

two spaces linked to each other through an opening between them. In coupled rooms,

sound energy is exchanged between the rooms through the opeiieig.thé sound

source is turned off, the sound in both rooms decays at their own individual decay

rates and in case the reverberation times of the rooms are not equal, an energy

surplus in one room to the other during the decay process which leads to a

modification in the reverberation characteristics of rooms (Figure 2.5) (Mehta,
Johnson, &Rocafort, 1999).

16



Figure 25 Sound decay in coupled rooms. (a) The sound source is in the room 1, (b)

The source is in room 2 (Egan, 1988).

ii. Variable Acoustic Absorption: When thereverberation time must be varied to
satisfy requirements of different activities in a room;$band absorbing treatment
can be designed to be adjustable (Egan, 1988). Such treatment can be in terms of:

e Retrachable sounehbsorbing curtains that can be stored in a recess to expose a

soundreflecting backup surface (Figure2.6)

Figure 26 Schematic drawings of retractable sowat$orbing curtains (Egan, 1988).
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¢ Sliding facingscomposed of two panels of perforated material to vary absorption
by sliding one panel in front of the other (Figure2.7)

Figure 27 Schematidrawings of sliding faces between the surfaces with different

sound absorption chacteristic§¥Egan, 1988)

e Hinged panels with sound absorbing material installed on back of sound
reflecting panel that can be swung into position to vary conditions from hard to
soft (Figure2.8)

Figure 28 Schematic Drawmgs of Hinged Panels witBound Absorbing Material
(Egan 1988).
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¢ Rotatable elements with 3 different sides of reflecting, absorbing and diffusing

surfaces (Figure2.9).

i

FoSEEL

nd-apsorbing side \—-Saund-reﬂecting and
n deep volume behind) sound-diffusing sides

Figure 29 Schematic Drawings of RotatabléeEentswith Different Acoustical
Charateristics of Different Surfacgg&gan, 1988)

2.3. ACOUSTICAL PARAMETERS

Objective acoustical parameters are used to designate the acoustical properties of the
halls. These are mainly reverberation time {R'LO, T20, T30),early decay time
(EDT), sound transmission index (STI);weighted sound pressure level (SPL(A)).

2.3.1. Reverberation Time (RT)

In an enclosed environment sound can continue to reflect for a period of time after a
source has stopped emitting sound. Tlgsolongation of sound is called
reverberation. Reverberation time (RT60) is defined as the time required, in seconds,
for the average sound in a room to decrease by 60 decibels after a source stops
generating sound. Reverberation time (RT), introducebilace Clement Sabine,

is considered to be the most significant objective paramdteiis directly
proportional to the volume of the hall and inversely proportional to the total

absorption in the hall.

19



0.161V
Global Reverberation Time RT = A (2.1)

where:

V is thevolume of thehall.
2A is totalabsorption in the hall.

JA = [S1al + S2a2 + S3a3 + S4a4 + -] + mV (2.2)

where:

S1is the surface area of the material

alis the sound absorption coefficient with respedtéquency
mV is air absorption

At high frequencies above 1088, the reverberation time inevitably decreases due
to air absorption. At low frequencies, the situation can be controlled by the designer.
For speech there is good reason to keep the revedrechtaracteristic constant with
frequency; a rise in the bass undermines intelligibility. But for music a bass rise in
reverberation time is considered by most people as desir@Bbron,

1998)Optimum reverberation time ietvals are given ifigure2.10.

According to the analyses conducted on eleven concert halls in Europe, from
reverberation time, volume and sowsamlrce distance, four out of the five listener
aspects Level, Reverberance, Clarity and Listener Envelopment can be predicted
( Sk - 12@10)i k

Although reverberation time is described as the most important acoustical parameter,
further investigations display the fact of existence of other signifiparameters
(Beranek, 2004).
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2.3.2. Early Decay Time (EDT)

Figure 2.10ptimumRT values with respect to functions (Bgad988)

The earlier studies of sound decay assumed that the entire 60dB decay of sound is

smooth and uniform. Measurements in actual have revealed that the 60dB decay may

not be uniform (Mehta, Johnson, Rocafort, 1999). Exgrimental investigations

have revealed that mainly the initial decay of sound is subjectively significant. The

time associated with the early part of the decay process is called the Early Decay

Time (EDT). Itis described as the time passed during théaimiate of decay of

10dB of the reverberant sound multiplied by six. Early decay time includes more

explanatory information than the reverberation tiffilee multiplication is included

to establish a comparison with the global reverberation time {BRTA shorter

EDT

& Rocafort, 1999).High EDT value indicates that the sound is not intelligible

provi des

enough but the environment is reverberant.
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2.3.3. Speech Transmission Index (STI)

The speech intelligibility of a transmission system, e.g. a telephone line or a room, is
usually measured by means of a list of words (or sentences) where the percentage of
correctly understood words gives the intelligibility score. The intelligibility ddpen

on the word material (sentences, single words, numbers, etc.), the speaker, the
listener, the scoring method and the quality of the transmission syd&mmbsen,
Poulsen, Rindel, Gade, &hlrich, 2011) The components of speech intelligibility
involve only some of several important acoustical qualities of rooms for listening.
The concept that early sound reflections are useful and increase the loudness of
sounds, thus increasing intelligibility and that sounds fromdatiging reflections,
reverberattn and background noise in the room decrease intelligibility (Cavanaugh,
Tocci, & Wilkes, 2010). Speech transmission index (STI) is determined to be an
important acoustical measurement that relates the levels of direct sound and early
reflections to the neerberant sounds and background noise for a simulated speech
signal. It is thought to account for the relative degradation of speech by the
combination of background noise, reverberation and distance in a specific acoustic
environment (Cavanaugh, Tocci, Wilkes, 2010). STI values range from 1.0 (ideal)

that refers to the highest to 0.0 refers to the worst (Cavanaugh, Tocci, & Wilkes,
2010) Figure2.11).

Rapid Speech Transmission Index, RASTThe RASTI is a simplified version of
the STl and it is used faoom acoustics and direct communication situations. It is
calculated using only the 500Hz and 2000Hz frequency bands (&aHongisto,
2005). The result is an index which is used in the same way as iJa¢bbsen,
Poulsen, Rindel, Gade, @hlrich, 2011)
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STI (RASTI) Description
0.75=1.0 Excellent
0.60-0.75 Good
0.45-0.60 Fair
0.30-0.45 Poor

Figure2.11STI (RASTI) Value Evaluation Table

2.3.4. AWeighted Sound Pressure Level (SPL (A)):

Sound pressure levésPL) orsound levels alogarithmic measuref the effective
sound pressure of a sound relative to a reference value. It is measured in
decibels(dB) ebove a standard reference leveR6fO P which is usually considered
thethreshold of human hearifgt 1000 Hz) (Wikipedia, 2014) The SPL is
expressed as tHegarithm of the ratio in order to not to deal with a large range of
numbers (Mehta, Johnson,Rocafort, 1999).

SPL dB =10[0g$ (2.3)

where:
I= sound intensity level of the sound
lrei= 102 W/m?

The most common weighting thiatused in noise measuremenfidVeighting. Like

the human ear, this effectively cuts off the lower and higher frequencies that the
average person cannot hear.-wlighted measurements are expressed
asdBA or dB(A) (Noise Meters Inc., 2014)deal sound pessure level difference in

a hall at different seats should not exceed 10 dB{AgidealSPL(A) difference is 6
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dB(A) showing the existence of adequate loudness in the overall hall.Typical sound

pressure levels are givenTiable2.1.

190 dBA
180 dBA

170 dBA

160 dBA

150 dBA
130 dBA
120 dBA

115 dBA

110dBA

105 dBA

100 dBA

95 dBA
90 dBA

80 dBA

75 dBA

70 dBA
65 dBA
60 dBA

55 dBA

50 dBA
45 dBA
40 dBA
35 dBA
25 dBA
0dB

Table 21 Typical dBA Levels(Sengpielaudio, 2014)

Heavy weapons, 10 m behind the weapgmeakievel)
Toy pistol fired close to eapéaklevel)

Slap on the ear, fire cracker explodes on shoulder, smallarans
distance of 50 cnmpgaklevel)

Hammer stroke on brass tubing or steel plate at 1 m distaincag
deployment very close at a distance of 30 peaklevel)

Hammer stroke in a smithy at 5 m distangeaklevel)

Loud handclapping at 1 m distancpdaklevel)

Whistle at 1 m distance, test run of a jet at 15 m distance
Threshold of pain, above this fastacting hearing damage in short
action is possible

Takeoff sound of planes at 10 m distance

Siren *) at 10 m distance, frequent sound level in discotheques anc
to loudspeakers at rock concerts, violin close to the ear of an orche
musicians haximumlevel)

Chain saw at 1 m distance, banging car door at 1 m distaraer(um
level),racing car at 40 m distance, possible level with music head pl
Frequent level with music via head phones, jack hammer at 10 m
distance

Loud crying, hand circular saw at 1 m distance

Angle grinder outside dt m distance

Over a duration of 40 hours a week hearing damage is possible
Very loud traffic noise of passing lorries at 7.5 m distance,

high traffic on an expressway at 25 m distance

Passing car at 7.5 m distance;silenced woodhredder at 10 m
distance

Level close to a main road by day, quiet hair dryer at 1 m distance
Bad risk of heart circulation disease at constant impact is possible
Noisy lawn mower at 10 m distance

Low volumeof radio or TV at 1 m distance, noisy vacuum cleaner a
10 m distance

Refrigerator at 1 m distance, bird twitter outside at 15 m distance
Noise of normal living; talking, or radio in the background
Distraction when learning or concentration is possible

Very quiet room fan at low speed at 1 m distance

Sound of breathing at 1 m distance

Auditory threshold
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2.3.5. Reverberation Time (T30)

T30 is he reverberation time for 60 dB of room decay, based straight line curve

fit between the time passes for 5 dB drop of the sound and the time passes for 35 dB
drop of the sound is doubled to be made consistent with the traditional reverberation
time for 60 dB of decay (RT60). The T30 is a measure ofithee r si st enceo o
in the space.The T30 and EDT provide important information about the way that
sound behaves in a room. Both are most applicable when a homogeneous reverberant
field exists (i.e. medium toatge rooms with low absorption). However,
reverberation times are not the same in all parts of a hall and it is necessary to
measure it at different seats for averaging (Beranek, 2004).

2.3.6. Clarity (C80)

The usual physical measurement of clarity is the ratio of the energy in the early
sound to tht in the reverberant sound, a ratio that is expressed in decibels (dB) by
C80. The number AR800 designates the ti me
Clarity decreases with increased reverberationvacelversgBeranek, 2004£80 is

a widely usegarameter for musi(Echenaguci& Sassone, 2013Rarron explains

that there is negative correlation between EDT and C80. A High C80corresponds to a

low EDT and vice versgBarron, 1995).

2.3.7. Echo

An echas the distinct repetition of the original souadd is sufficiently loud to be
clearly heard above the general reverberation and background noise in ¢gEgace
1988)Echo, typically observed for delays beyond 50amd at high reflection levels.

If the delay is veryong, say200 ms, then the echonay even be detected aimuch

lower level(Rossing (Ed.), 2007)n auditoria, soundeflecting flat or concave rear
walls and high or vaulted ceilings are potential echo producers (Egan, 1988). Echoes
interfere with speech intelligibility and cause co¥d perception of music and
therefore, must be avoided (Mehta, Johnsomatafort, 1999). Difference between
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echo and reverberation is echo is a repetition of the original sound that is distinctly
perceptible, whereas reverberation is a prolongation efstdund through multiple
reflections (Long, 2006).

2.4 3DACOUSTICAL MODELLING AND SIMULATION USED FOR THE
ASSESSMENT OF ACOUSTICAL PERFORMANCE

Acoustical modeling techniques have been developed to accurately represent the
sound fields at individual seagjnocations in architectural spaces. Resent research
and design applications have focused on physical acoustical modeling techniques and
computer modeling. Modeling techniques allow basic desigmroappes to be
evaluated in small models that are easy tnipulate during the design process.
Using these techniques, it is possible to quickly study the effects of architectural
design changes on acoustical measures. This research allows architects and
acoustical consul tant s tahrodins asuhbripof theirt h e
design process. The impulsesponse obtained in model studies can be mixed with
sound recordings to provide aural simulations of rooms while they are being
designedCavanaugh, Tocci, & Wilkes, 2010)

Computer models of room agstics start with s thredimensional model of a
proposed room. Many available software includerfiaces s thatcomputeraided

design (CAD) models can be imported into the acoustical program. Sound is
propagated from simulated sources on stage intooth®. The impulseéesponse of

the room can then be estimated at selected locations in the room. Many of the
acoustical measures can also be calculated at specifix locations as well (Cavanaugh,
Tocci, & Wilkes, 2010).

Two basic methods are used today impater models to develop the impulse
response of the room: a raacing method and an image method. The mathematical
modeling of ray tracing has undergone rapid development in the last 30 years
through the work of computer graphics programmers (Long,)200&he raytracing
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method, a selected number of sound rays are propagated from the source into the
room. The rays will reflect off surfaces in the room as sound waves would. The
amplitude and arrival time of the sound waves will be recorded at selectgbns

in the model. The room surfaces are assigned absorption coefficients in octave band
frequencies. Many current programs can also approximate the diffusion and
diffraction of sound that is so important in auditorium acoustics. Some programs
provide abbreviated estimation procedures, in which the reverberant energy is
approximated by an envelope derived from the reverberation time of the room. This
means that the multiple higrder reflections that occur in the reverberant field are
not individuallycalculated. The image method, on the other hand, works backwards.
The computer locates all of the surfaces from a given reciever location that can
project reflections to it from the source. Rays are then traced from the reciever to the

surface on stage é@anaugh, Tocci, & Wilkes, 2010).

Computer model studies show the distribution of sound pressure levels in rooms,
create ray diagrams of specific sound paths between the source and reciever, estimate
the impulse response at specific locations and calcuhgtey acoustical design

parameters (Cavanaugh, Tocci, & Wilkes, 2010).

Todayds room acoustical computer model s
scale models. They have become reliable and efficient design tools for the acoustic
consultants, and the rduof a simulation can be presented not only for the eyes but

also for the ears with new techniques for auralisation (Rindel J. H., 2000). It is found
quite obvious that a computer model is much more flexible than a scale model
because of being easy to dify the geometry of a computer model and the surface
materials can easily be changed by changing the absorption coefficients. The
advantage of the computer model is not only it is fast, but also the results can be
visualised and analysed much better tlaascale model because it contains more
information than a set of measurements done in a scale model with small

microphones (Rindel J. H., 2000). It is also stated that the best programs do neither
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require extremely long calculation times nor extremely i®taroom geometries
(Rindel J. H., 2000).

One of the most commonly used acoustical simulation softwa@DEON The
software is developed for simulating the interior acoustics of buildings. Given the
geometry and surfageroperties, the acoustics can peedicted, illustrated and
listened toSound reinforcemems$ claimed to beeasily integrated in the acoustic
predictions. ODEON uses the imagsource method combined with ray tracing
(Odeon A/S, 2014)The gplications of the software include concert and opera halls,
theatres, churches and mosques, open plan offices, foyers, restaurants, music studios,
underground and railway stations, airport terminals, industrial environments, outdoor
areas with comjtated geometiyodeon A/S, 2014)

With a computer model it is straightforward to calculate the response at a large
number of recievers distributed in a grid that covers the audience area. It is stated to
be very useful for the acoustic designer to see@ping of the spatial distribution of
acoustical parameters. Uneven sound distribution and acoustically weak spots can
easily be localised and appropriate countermeasures can be taken (Rindel J. H.,
2000).

Computer techniques for simulation of sound in redmve improved significantly

in recent years (Rindel J. H., 2000). There are several studies on the reliability of
these techniqueéRindel J. H., 2000Rindel & Christensen, 20Q03Shiokawa &
Rindel, 2007) According to a study conducted on the validatdrthe quality of

room acoustic auralization, comparisons between the auralizations from the
computer simulation and dummy head recordings in the same postion in the same
room, the differences are claimed to be hardly audible (Rindel & Christensen, 2003)
In the content of another study conducted in the search for reliability of the
acoustical simulation, comparisons were made between measured room acoustical
parameters and those obtained from computer simulations using the software

ODEON v.31on two conert halls (Shiokawa & Rindel, 2007). Comparisons were
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also made between the results obtained from computer simulations and those from
models on both concert halls. According to the results,measured and calculated

reverberation times in single positions wdound to be in good match (Shiokawa &
Rindel, 2007).
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CHAPTER 3

MATERIAL & METHOD

Here are presented the material and method of the study. The former describes the
architectural features of typicaroject of smallsport halldesignedor the schools.

The latter describesthe proposalsreatments suggestedor the acoustical
improvement of the halAfterwards, the activitieselated scenarios composed of the
AS-IS uses of the hall, namely physical education classes and sport games, and
multi-purpose use of the hall for speech and musical activities are delihed.
methods of & modelling and acoustical simulatiomethodsused for the acoustical

assessment of the hall are also explainediheatetail

3.1. SPORT HALL TYPICAL PROJECT DESIGNED FOR STATE
SCHOOLS (Code: MEB2004.63)

In this research, typical small sport hall project with 70 audience capacity designed

by Ministry of Education as part ofits #
Ejitime Fiziksel oOWasexkminedPr oj e s i (EFKKAP)
Sport hall typical project is designed for physical education (PE) classes and sportive
activities such as basketball, volleyball ganeigfre 3.1). The design is composed

of two parts: first i's the Aservice are.
showers and toilets; second is the fAspor

tribune (Figure 3.1).
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The service area is carried bynfirced concrete loabdearing system whereas the
sports area is carried by the steel truss ceiling on reinforced concrete columns (Figure
3.1,Figure3.2,Figure3.3).

The playfield in the sports area is 27 metresength 15 metresn width (Figure
3.1). Its dear height is 6.80 metres (FiguBe2, Figure 3.3).The total volume of the
structure is approximately 3200°nits roof is clad with aluminium sandwich panels;
the interior finishing system of theall is composed of cement plaster, gypsum
plaster,satin plaster coating and watgsised satin paint layers; concrete floor is clad

with polyurethane coatin@olarkon Co. Ltd., 2012)

The acoustical situation in the AS case of the hall was analysed in the content of
the study in order to determine th@oblems and propose solutions for its

improvement which are mentioned in the section 3.2.

Figure 31 Ground floor plan of the sport ha{Polarkon Co. Ltd., 2012)
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