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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)
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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.
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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

28


http://www.odeon.dk/loudspeakers

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 bymarced concrete loadearing 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.
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Figure 31 Ground floor plan of the sport ha{Polarkon Co. Ltd., 2012)
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Figure 32 Sport hall sectio®A. (Polarkon Co. Ltd., 2012)

I NN

Figure 33 Sport hall section BB(Polarkon Co. Ltd., 2012)

3.2. PROPOSALS INTRODUCED TO THE STRUCTURE FOR
ACOUSTICAL IMPROVEMENT

In order to provide a better acoustical environment within the hall, i.e. more
intelligible, free from acoustical defects like flutter echoes, etc, a convenient solution
was searched.Since thesport hallader study heralreadybeenconstructed, the
soluion was needed to be adaptable to the existing structles.the acoustical
improvement of the sport halls, main design principle in this study was respecting the
original architectural project and not removing/changing any architectural element
within the hall. Within this content, mountable systems and materials were taken into
consideration and designeBurthermoe, with the system design proposals and

material selections, special care was given to economy, durability, convenience for
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repairing, mairgnance and cleaning, which are the basic principles need to be
considered in the design of schools (Karabey, 2003).

In the light of these design principles and the intended uses of the hall, the systems
proposed for the design were classified as permar@mponents and temporary
components. The permanent components are the suspended ceiling systems and wall
cladding with metal sheets. The temporary components are the suspended curtain

modules.

These systems are described in the following sections:

3.2.1.Suspended Ceiling Systems

During the study, one of the primary decisions was clarifying the location and
properties of the permanent components. The prelimiaemwasto decrease the
global reverberation time® the acceptable values low (125250 Hz) middle
(500-1000 Hz) and high (2060000 Hz) frequency ranges.

It was determined that the ceiling is the most appropriate component for permanently
mounted systems due to its large amount of surface area that gives the possibility to
add large amounts &found absorbing materials and convenience of its position in

terms of damage risk.

In order to achieve required GRT valuekgsigns with variations o8 different
suspendd ceiling systems were analyzed. During the study, optimum solution within
these warationswas searched which were selected as samples.

Flat panelled suspended ceiling systemwas the ifst treatment proposed in the
study. Acoustical simulationswere conductedafter addingpanelled suspended
ceiling systemcomposed ofrock wool sound absbing panels covered with
acoustically transparent fabrichich were mounted flatly to thteussesat the ceiling
above the playfieldto 6.80 m level (Figure 3.4Puring the simulationdirst, 5 cm
thick rock wool; second10 cm thickrock wool was setcted athe material
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Figure 34 Sport hall section AAvith paneledsuspended ceiling, flatly mounted
(Polarkon Co. Ltd., 2012)

Baffle suspended ceiling systerwas the second treatment proposed in the study.
Acoustical simulationsvere conductedfter adding variationsf baffle suspended
ceiling systemsmounted to the trussesbove the playfieldRectangular sound
absorbing modules composeti6Ocm wide / 120cm long roakool panelscovered

with acousticallytransparent fabrigvith 3cm thick wooden frame (Figure 3.&gre
selected to be mounted to the ceiling with the help of steel box prdfheswooden
frame was offered to provide stiffness for the rock wool panels, protect the rock wool
from possible ba&limpacts during sport games and enable the modules to be

suspended to the steel frames attached to the steel trusses on the ceiling.

wooden frame

rock wool covered with
acoustically transparent fabric

Figure 35 3-Dimensional drawing of 1 baffle module.
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Acoustical simulationsvere conductedvith several layouts of this systerfirst,
baffles were mounted between the trusdesthe 7.40mlevel. The modules we
insertedin the middle of the trusses in order to form grates with the size of 60cmx
360cm. During the simulations, firstly 5cm thickmaral woolwas selectedor the
material Secondly, 10 cm thick mineral wowebs selected. The same procedwas
followed with the baffle system forming grates with 30cm x 360cm sikksn
baffleswere mounted between the trusses at ®.8&vel The maluleswere inserted

in the middle of the trusses in order to form grates with the size of 90cm x 360cm.
During the simulations, firstly 5cm thick mineral wosbs selected as the material.
Secondly, 10 cm thick mineral wonslasselected. The same procedurasfollowed

with the baffle system forming grates with 60cm x 360cm sikEegife 3.6 Figure

3.7, Figure 3.3 During the simulations, the sound absorption caused by the wooden

frame was neglected.
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Figure 36 Ceiling plan ceiling configuratiorof baffles with 60cmx366m intervak
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Figure 37 Partial ceiling plan above the playfidlicteiling configuratiorof baffles
with 60cmx360cmintervals 10 cm thick rock wool as material

Figure 38 Baffles suspended between steel trussesior 3D drawing

Transversesuspended ceiling systewas the third treatment proposed in the study.
Acoustical simulationsvere conductedfter addingsuspended ceiling syshabove

the playfield where the selected materials were suspendetverselyfrom the
trusses(Figure3.9, Figure3.10, Figure 3.1). During the simulations, firstly double
layered sound absorbing curtairas selected as the material. Secondly, 10cm thick
mineral wool was selected. Thirdly, 5cm thick mineral wowlas selected as

materials.
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L transversLly suspended
ceiling materials
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Figure 39 Sport hall section AAvith suspended ceiling, transversely mounted

Figure 310 Transversely suspendethterials to the ceilingetween steel trusses
above the playfieldinterior 3D drawing

=N

Figure 311 Transversely suspendathterialsbetween steel trusses above the
playfieldi 3-D Elevation

38



According to he simulation results for estimated global RT (GR30) values,the

most appropriatd 30 valuesj.e. closest values to those describedthe standards,

were obtainedwith three proposals (i) baffles suspended below the trusses with
60cm x 360cm grids(ii) baffles suspended above the trusses with 60cm x 360cm
grids, (iii) panels mounted transversely to the trusses and when 10 cm thick mineral
wool was used ashe material. The amount of the nterials used in the suspended

ceiling proposal are given in Figure F.1.

3.2.2. Suspended Curtain Modules for Vertical Surfaces

After selection of the most appropriate ceiling system as the permanent
implementation, convenient proposal for the temporapiementation was searched

in order to achieve variable acoustical environment within the hall and to be used
during different activities when necessary. For the temporarily used materials,
vertical surfaces of the playfield, i.e. walls, windows, openiaggs, were considered

to be the most appropriate location due to its surface area amount and giving
possibility to easy access to the materials mounted.

Since the studied halls belong to schools, the procedure for removing when
unnecessary / implementinghen necessary is going to be conducted by the school
janitor, not by specialized operators. Hence, the system proposed needed to be easily
operable; requiring as few assisting materials as possible. Additionally, it needed to
be economical and easily moahte at the first place. In the light of these principles,
instead of automatic system implementation, mechanical system was preferred.
Within this content, roller blind curtains were found to be appropriate for the
temporary implementation. Doublayered satin curtains with roller blind
mechanisms were mounted 15cm from the wall in frot &fe t r i buneds b
with the height of 5.80min front of the side walls and front walls in the playfield

with the height of 5.30m and in front of the windows wiitle height of 2.50mThe

amount of the materials used in the wall surfaces are given in Figure F.2.
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Simulation results of the proposal revealed the fact that the service area was
behaving as a coupled room after the addition of temporary materials.dntord
prevent this, namely preventing the late reflections and decrease th&3020
difference, the same system was mounted also to the open entrances between the

service area and playfield (Figure 3.1).

The studywas continued with theacoustical analyse$ the selected suspended
ceiling system proposals and the joint use of suspended curtain modules when
necessary for each activitieslated scenario which are explained in tfes&ction of

this chapter. The acoustical analyses were (i) ray tracingntb dstimated GRT
values in low, mid and high frequency ranges, and, (ii) grid response analyses to find
the EDT and T30 values at micequencies and\SPL(A) values for all of the
activities, STI values for speech activities, C80 values atfraglienciesor musical

activities.

3.2.3. Wall Cladding with Sound Absorbing PerforatedMetal Sheets

For the improvement of the selected proposals, in order to prevent focusing of the
sound in front of the parapet between the playfield and the tribune, sound alpsorbin
material was searched to be mounted permanently to the parapet. The selection
criteria were convenience for the implementation to the existing hall,stiffness to the
impacts and higilsound absorbing capacity. In the light of these principles,
perforated matal sheet on 5cihick rock wool was mounted to the parapet.The

amount of the materials used on the parapet surfaces are given in Figure F.2.
3.2.4. Abbreviations for Proposals

Each proposal was coded according to thetype suspended ceiling system gshatknes
the materials,spacing between the materi@gervals) and placementof the

suspended curtain moduliesvertical
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The abbreviations used in the codes are listed below:

B: Baffle Suspended Ceiling

FP:Panelled Suspended Ceiliigdat

TP: PanelledSuspended Ceilinrgransvers

FT: FabricTension Ceiling (suspendéabric on ceiling)
C: Suspende@urtain on vertical surfaces

MS: Wall Cladding withM etal Sheets

w: wallsi Cw =curtain onwalls

r: rearwall T Cr =curtain onrear walls

s:sidewallsi Cs =curtain onside walls

0: openingsi Co =curtain onopenings

g: glass surfaces (i.e. windows)Cg =curtain on windows, in front ajlasses

a: all vertical surfaces (i.e. rear wall, side walls, windows)

Thenomenclature of the treatm®&=it0@60(at)+MS+Ca+Cisgivenbelow.

Bl10@6at)+MS+Ca+Co

Baffle suspended ceilin

10cmthick rock woolpanel

Spacing(axial distancebetweertwo
neighbouringooardss 60cné é é .

Sound absorbing boards position&bve
Truss level

Cladding withperforated M etal Sheet(on parapet)

Curtain modulesmountedn front of All vertical surfaces

(walls side wallsrear wallswindowg

Curtain modulesthat closeghe Openingsplacedbetweenrservice

andsport area
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According to thismomenclaturgthe treatment is composed of 10dinck rock wool

boards fixed at 60cm intervals, sound absorbing perforated metal sheet covering the
surfaces of parapet located between the tribune and playfield, curtain modules
mounted in front of walls, windows and at thetrances/openings between the

service area and sport area.

Thenomenclature of the treatmdf®5+Cris given below

FP5+Cr

Flat pandled suspended ceiling

/////

Curtain modulesmounted n f r ont of tribuneds rear wal

According to this nomenclaturg the treatment is composed of flat panelled
suspended ceiling made B¢m-thick rockwoolboards(mountedh lateral to produce
aflatsuspendedeiling)land the curtain modulesounted n f r ont of the tri

wall.

Thenomenclature of the treatmeRT+Cgisgiven below

FT+Cg

Fabric Tensionsuspended ceilirg .. ‘

Curtain modules mountedn front of the windows

According to this nomenclature, the treatment is composed sdund
absobingcurtains/abrics stretched crosswise between the trussed the curtain

modulesmountedn front of the windows.
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3.3. ACTIVITIES -RELATED SCENARIOS

In order to examin¢he halls in terms of their acoustical featuresveral scenarios
with respect to the activities takifiigat might take place in the halls were decided.
The analysewerebased on five different scenariahich are:

Scenario 1: Rysical education class@3EC)

Scenario 2: Bortgamesactivities wherghe sound source is the playd&Gp)

Scenario 3: fortgamesactivities wherghe sound source is the audien&>-a)
Scenario 4: Milti-purpose use for speech activit{dP-S)

Scenario 5: Milti-purpose use for performance activit{&#-P)

The abbreviations for the sceits usedin this study are listed inable 3.1 andhiese

scenarios are describedthe following sections

Table 31 List of abbreviations for scenarios

Scenario Abbreviation

Scenario 1Physical Education Class PEC

Scenario 2Sport Games.: players as the soursturce SGp

Scenario 3Sport Gameg£: audience as the sound sou SGa

Scenario 4Multi-Purpose Speech Activities MP-S

Scenario 5Multi-Purpose Performance Activities MP-P

3.3.1.Scenario 1:Physical EducationClass ActivitiePEC)

Physicaleducation (PE) class is one of the major aims of designing and constructing
a sports hall for a school building. The hall is a deaning space during this

activity. Hence, intelligibility of speech within the hall is important.

According to the activit taking place in this scenario, sound source was the teacher
(Table3.2) and receiver was the students.Since there is no audience apart from the
students during this activity, the seating on the tribune is unoccupied. During the

activitiesin this scenan, in order to achieve the requir€RT values within the
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hal, apart from the permanently mounted systems, i.e. suspended ceiling and metal
sheet on parapet, suspended curtain modulesnhdfdhe rear wall (Figure 3.12r

in front of the windows weralso used. Selection criteria for the location of the
curtain modules used was thedamage risk. The simulations were conducted with

combinations of the selected curtain modules.

Figure 312 Suspended curtain modules in frafthe rear wall

3.3.2. Scenario 2/3:Sport Games Activitiesi Sound Source: Player(SG-p) /
Audience (SGa)

Apart from physical education classes, another major aim of use of the sport halls in
schools is the sport games played by the students schuol or teams of the town,
since such halls are rented in summer
Scenario 2, where the sound source was the player located in the middle of the
playfield,was simulated in order to check communication intelligybilvithin the

playfield between the players.

For the simulations, the seats at the tribune were modelled as occupied seats with 70
audience capacity. dhsidering the possible damages timaght be caused bthe

spectators, players, etdt was not possib to use the curtain modules during this
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activity. For this reason, only permanent implications were proposed during the
simulations.

Considering the purpose of the sport games activity, sensation of the audience during
the sport gamesis another importamatse. For this reason, the simulations were
conducted in order to analyse and improve the acoustical conditions within hall from
the audience perspectiveto provide sufficient acoustical environment, i.e. suitable
aural atmosphere to reflect the enthusiaduming the games. Different from the

scenario 2, audience was the sound source during this scenario.

3.33.Scenario 4:Multi -Purpose Use: Speech ActivitieMP-S)

Another use of the hall is speech activities such as graduation ceremonies,
educational cdierences where a large performance stage area is not required but a
platform for the speakers is enough. So, an additional seating area Wige&dle
audience capacity and a vaias provided to be used as the stage on the playfield. A

platform to the sige area is not proposdeiqure3.13.
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Figure 313 Audience seating layout during mufturpose use for speech activities.

For the multipurpose use of the hall, in order to provide an adjustable acoustical

environment, robr blind curtairmodules in front ofthesidewalls of the playfielthe
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tribune rear wall and windowwere usedFigure 3.14, Figure 3.15In order to
prevent/decrease late reflections from the service area which cause coupling effect,
removable curtainsvere added to the openings separating service area from the

sports areaHigure3.14). It was assumedhat sound reinforcement systems were

going to be used during the activities in this scenario.

Figure 314 Sport hallinternal view during multpurpose use for speech activities.

3.34. Scenario 5:Multi -Purpose Use: Performance ActivitiegMP-P)

Another foreseen use of the hall is for speech and musical activities at the same time
such as student concerts, nationalives ceremonies where a large performance area
is necessary. For the acoustical treatment, same configuration with thepurplbse

use of the hall for speech activitiess proposedRigure3.15.
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Figure 315 Sport hall iternal view during multpurpose use fgoerformance

activities.

However, due to need for larger stage atba, seating was planned in order to
providewider performance area to be used as the stage on the plagieltional
audienceseating capacity is 314 people. A platform to the stage areas not
proposedKigure3.16). It wasassumedhat sound reinforcement systems were going

to be used during the activities in this scenario.
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Figure 316 Audience seating layout during mufturpose use fgoerformance

activities.

3.4. 3D MODELLING & ACOUSTICAL SIMULATIONS
In the study, the acoustical features of the sport hall for the:

(i) AS-IS case in other words, the conditions representing the present situation
without any intervention, and

(i) IMPROVED cases, in other words, the case representing the interior ceiling
and/or wall surfaces were treated with the sound absorbing suspended ceiling and

curtain systems were analysed.

Each scenario was examined by the estimated Global Reverberation Time (GRT) and
Grid Response analyses. The 3D computer models of the hall were produced for all
the scenariasThe acoustical performance of the -KSsituation ofthe hall for its
current uses (PEC, S SGa) and its IMPROVED situation considering each
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treatment suggested in the study for mplirpose uses (PEC, §% SGa, MRS,

MP-P) were analysed by using these models and acoustical simulation methods. The

examinations were done by means of:

— Estimated Global Reverberation Time (GRT) analyses for the frequency range
between the 125Hz and 4000Hz in 1/1 octave band;

— Grid Response analyses in terms of acoustical parameters Early Decay Time,
(EDT), T30, Aweighted Sound pressure level differencaSPL(A)) for all
activities. The Speech Transmission Index (STl)was used in the evaluations for
the speech activities and the clarity (C80)was used in the evaluations for musical
activities (Table 3.5).Among these paramgt&DT, T30 and C80 values at the
mid frequency range (500 and 1000Hz) and STI value were analysed by using
their X(50) data presenting the value for the 50% cumulative distribution. The
ASPL(A) value was obtained by taking the difference between the) 9%

X(5) values of cumulative distribution.The acoustical parameters used to
examine the acoustical features for eschnario are listed in Table 3The even
distribution of sound was also the other acoustical evaluation criterion for the hall

in terrrs of those acoustical parameters.

Table 32 Acoustical parameters used for the examinations for each scenario

_ acousticaparameter
scenario
GRT EDT STI | SPL(A) | T30 C80
PEC + + + + + -
SGp + + + + + -
SGa + + + + + -
MP-S + + + + + -
MP-P + + - + + +
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The acoustical features were determined for thel&8ase, and then the acoustical
performance of each configuration suggested as improvements were analysed by
using the software AUTOCAD v.2007, Sketch Up v.7.0 and ODEON v.8.5. The
analyses of improved sas were conducted for the individual use of suspended
ceiling systems and the joint use of suspended ceiling and curtain module systems. In
order to eliminate the sound focusing problem observed in the playfield after the
treatments, the use of sound aipsioe perforated metal sheets on parapets was
suggested as the second permanent treatment, in addition to the suspended ceiling
system.

Among the suspended ceiling configurations proposed in the study, the ones that
provided the ideal or acceptable estted GRT values for sportive activities were
selected to analyse the scenarios representing the physical edetaggactivities

and multipurpose use of the sport hall for speech and musical activities. Those
treatments are nameliyat panelled suspeed ceiling baffle suspended ceiling
crosswise(transversesuspended ceilingSome of lhosetreatmerg were supported

with the additional use of curtain modules with roller blind mechanism covering the
wall surfaces in order to achieve the ideal or atd#p acoustical environment for

the physical education class and nmugtirpose activities. ¢t physical education
class activity, treatments with additional c
wall were proposed. For the mufturpose activitiestreatments with additional
curtain only in front of walls and later in front of walls and at the openings were
proposed. The grid response analyses were conducted with the selected
configurations for each scenario which are given in the chapter 4. Theuap
configurations/treatments providing appropriate/efficient acoustical environment in
the sport hall for each scenario were defined in terms of relevant acoustical design
requirementgsee Section 2.1.2 for the requirements)

Among the simulated progals, 3 ceiling treatments, namely B10@60 above and
below truss level and TP10, were found suitable to be applied to the hall in addition
to the metal sheet in front of the parapet. Using curtain modules in front of the
tri buneds r ear icavedlchtiondclass activgy andhnefronp df thesall
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wall surfaces and at the entrances during Amultpose activities were found to be

the most sufficient solutions.

The variations of the@roposals for each scenatitat he acoustical analyses of the

hall were based onthe resultfrom the acousticalsimulations andhe adequacy of

the estimated Glob&aRewerberation Times (GRT30) in 1254000 Hz frequency
rangein 1/1 octave bandgrid responses of EDTT30 and C80at 500 and1000Hz,

STl andASPL(A) vdues obtained from simulation result§ the proposals for the
activities related scenarios are givehapter4.

The acoustical model representing the-I&Ssituation of the hall was made with
respect to the project drawings and material information provided by Polarkon Co.
Ltd. During the simulations, scattering coefficient was given to the seats, both while
occupiel and unoccupied, and to the steel trusses on the ceiling owitlgeito
diffusive character The absorption caused by the students during the physical
education classes, by the players during the games and by the speakers and the
performers during the mitiHpurpose activities was neglected because of the large
volume of the hall, lack of sound absorption from the surfaces within the hall in the
AS-IS case and little amount of sound absorption in the improved cases. During the
simulations, background noisevel was taken as 35dB, overall gain within hall was
taken as 89dB. The sound source locations decided for the physical education
classes, sport games and mplirpose activities and their diremtis are indicated on
Figure 3.17 Their numerical coordinas in metres (x,y) and the height in metres (z)

in the 3D acoustial model are given iable3.3.

Table 33 Sound source coordinates of the activitielsited scenarios

. o Sound Source Locatiot
Scenario Abbreviation
x(m) | y(m) | z(m)
Physical Education Class PEC 15 10 1.5
Sport Gamed SGp 14 17 1.5
Sport Gameg SGa 16 7 1.5
Multi-PurposdJse Speech MP-S 14.5 23 15
Multi-PurposePerformance MP-P 14 19 15
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Figure 317 Sound source locatiorad directions according to activities

The surface materials of the AS casedescriptions of the materials and their sound
absorption coefficients in 125H¥000Hz frequency range in 1/1 octave baada
given in Table 3.4room finish schedules for theSAS case are given in Table 3.5
Descriptions of thematerials used in the treatment proposafsl their sound
absorption coefficientsy 1254000 Hz frequency range in 1/1 octave barelgiven

in Table 3.6
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Table 34 Sound aborption coefficients of thi#éoor, wall and ceilingnaterialsand
doors and windowased in theAS-IS case of the ha#lt 1254000 Hz frequency

range in 1/1 octave bafdMe z z o St ¢dyo Co.
Material Description AS-IS Sound AbsorptiOTCOEfﬁCientS
Case 125Hz| 250Hz| 500Hz| 1kHz | 2kHz | 4kHz
1-Plastics, - Vinyl tlle ol 45| o3 | g3 | 03] 0.3 |0.02
linoleum on concrete
2-Ceramics&Stones,
Ceramic tiles with smoot| 0.01 | 0.01 | 0.01 | 0.02| 0.02 | 0.02
§ surface
= |3-Audience&Seats,Empty | , o7 | 7 | 0.14 | 0.14| 0.14] 0.14
plastic or metathairs
4-Children, seated in plast
or metal chairs (per child) | 0.28 | 0.31 | 0.33 | 0.35| 0.37 | 0.37
m2 units
_ | >Concrete, SMoot 401 | 0.01 | 0.01 | 0.02]0.02|0.02
= conqrete, palnteq or glazed
= |&Brick, Bricksmooth) o1 | 05 | 0.02 | 0.03] 0.04] 0.05
plasterfinish
o | 7-Metals, Steel trapez profif 0.3 | 025 | 0.2 | 0.1 | 0.1 | 0.15
£ [8Concrete  on ceiling
8 | (poured, rough finish 0.01 | 0.02 | 0.04 | 0.06| 0.08| 0.1
unpainted)
D Doors&Windows, — Ste€ 0,05 | 0.05 | 0.05 | 0.06 | 0.04| 0.02
(2] " .
g | L0Doors&Windows,  Solic 44 | o1 | 006 | 0.08| 0.1 | 0.1
iz timber door
'S | 11-Doors&Windows, Double
% | glazing, 23mm glass, 10mn 0.15 | 0.05 | 0.03 | 0.03 | 0.02| 0.02
§ air gap
S | 12-Doors&Windows, Doublg
Glazing, 23 mm glass, 1{ 0.1 | 0.07 | 0.05 | 0.03| 0.02| 0.02
mm gap

53

Lt

d.

~



Table 35 Room finish materials of the untreated hall on floor, wall and ceiling

surfaces of each room and doors&windows used in each room. (Polarkon Co. Ltd.,
2012)

Table 36 Descriptions of the materialsed in the treatmeptoposalsand their

floor wall

ceiling

doors & windows
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GO01 -
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GO03 3

G04 | -
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Go7 | - | - | - |-

G08 | - - 3 3

GO09 -
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sound absorption coefficients at 32800Hz frequency range in 1/1 octave band
St ¢dyo Co.

(Mezzo

Lt d. ,

Sound Absorption Coefficients

Material Descriptionr Proposals

125Hz| 250Hz| 500Hz| 1kHz | 2kHz | 4kHz
Mineral Wool, fibreglass or rockwool
=3 Thickness [cm]=48 kg/m3, 50 mm thick 030 | 080 | 1.00 | 1.00| 1.00| 1.00
= |Mineral Wool, fibreglass or rockwoag
8 | Thickness [cm]=48 kg/m3, 100 mm thic 065 1.00 | 1.00 | 1.00 | 1.00| 1.00
Curtains, 0.194psf DbLayer Nomex@3( 0.3 | 0.57 | 0.82 | 1.00 | 1.00 | 1.00
_ [Metals, Performated metal (13% op{ (55 | (64 | 0.99 | 0.97| 0.88] 0.92
= |over 50mm(2") fiberglass)
i 1 I
= |Curtains, AV20 double layer satin 5| 017 | 045 | 076 | 089! 0.91| 0.88
g/m2 15 cm from wall
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3.5. ECHO CONTROL ANALYSES

For the echo analysesithin the hall arrival time difference between thigrst
reflected sound and direct sound was foubuting the analyses, reflections from the
untreated ceiling and reflections from the untreated wall surfaces were controlled for
the ASIS case. Lengthifference between the paths travelled by the reflected sound
and direct sound was calculated to find out whether echo occurs or not.

For the echo analysis &cenario 1: Physical Education Class (PE©®und source

and location werexplained in section.3.1 The receiverare the studenteho were
assumed to balignedin front of the teachem the middle of the playfieldThe
analyses wereonductedi) in terms of the sound reflections from the ceiling; (ii) in
terms ofthe soundreflections from thdront wall that the sound sourceamely the
teacher, is facing. Three receiver positions were selected: (i) in the middle, (ii) at the
right edge (iii) at the I edge of the line (Figure 3.1.8

sound source
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Figure 318 Echo analyss d PEC senariofrom ceiling and wall surfaces
(r: reflected sound, d: direct sound)
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For the echo analysis &cenario 2: Sport Gamé&Xs-p where the sound source is
the playerssound source and location wengplained in section 3.3.Zhe receivers

are tlke audience on the tribune.The analyses weneluctedi) in terms of the sound
reflections from the ceiling; (ii) in terms dfie soundreflections from theside walll

that the sound sourcaeamely the player, is facing. Selected receiver positions were
audience (i) in the middiaght, (ii) at the right edge, (iii) at the left edge, (ia)the
middle-left sides of the tribun@rigure 3.19.
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Figure 319 Echo analyss of SG-p scenariofrom ceiling and wall surfaces

(r: reflected sound, d: direct sound)
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For the echo analysis &tcenario 3: Sport Gamé&G-awhere the sound source is the
audience (spectatorgound sourcandlocationwereexplained in section 3.3 Phe
receivers are the players on the playfield.The analys¥econductedi) in terms of
the sound reflections from the ceiling; (ii) in termstloé soundreflections from the
front wall that the sound sourceamely the audience (spators), is facing (Figure
3.20.
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Figure 320 Echo analyss of SG-a senariofrom ceiling and wall surfaces
(r: reflected sound, d: direct sound)

For the IMPROVED cases of sportive activities (PEC-[5&Ga scenarios), the
analyses were not repeated since the procedure is the same with-t8ec@s®.For
the IMPROVED cases ahulti-purpose scenarios (M8, MRP)he analyses were

not necessary siecceiling and wall surfaces were treated with sound absorbing

materials.
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CHAPTER 4

RESULTS

In this chapter, data obtained from the acoustical simulation analyses are summarized
to determine the A$S acoustical features of the typical small sguall. Acoustical
performances of different types of suspended ceiling systems suggested as
improvements, and acoustical features of the typical sport hall for thevetgpcases
based on activitieselated scenariomre assessedResults arepresentedunde

respective headings.

4.1. ACOUSTICAL FEATURES OF THE TYPICAL SMALLSPORT HALL
FOR THE AS-IS CASE: BASED ON ACTIVITIES -RELATED SCENARIOS

The simulation data obtained for the A% case of the hall based on physical

education class and sport games acésitire presented in the following sections.

4.1.1. Estimated Global Reverberation Time Values (GRGlobal T30)

The estimated GRT values within the sport hall for thesases of the hall, i.e. PE
classes and sportive activitiesw@redictedto lie in between 3.06s and 3.47s at low
frequencies (125 Hz, 250 Hz), 3.46s and 5.08s at mid frequencies (500 Hz, 1000 Hz),
and 2.34s and 4.25s at high frequencies (2000 Hz, H@pQ@Table 4.1, Figure A.1,
Figure B.1, Figure C.1). These values obtained from thelation highlyexceedhe
recommendedeverberation time limitfor those activitiegDepartment of Education

and Skills, 2004Beranek, Acoustics, 1993)
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Table 41 The estimated [Bbal ReverberatioMime (GRT Global T30) values
obtainedfor the AS-IS Case:for the scenarioREC, SGp, SGa

Estimated Global T30 values with respect to frequencie
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
PEC 3.47 | 3.26 | 3.65 5.08 4.25 2.45
SGp 3.35 | 3.08 | 3.49 4.66 3.92 2.34
SGa 3.29 | 3.06 | 3.46 4.64 3.92 2.34

Scenatrid

Considering the distribution dhe estimate@&RT values within the overall space of

the hall, the differences more than 1s, reaching to 2.5s, were determined in GRT
values at low, mid and high frequencies. The heterogeneous distribution of GRT
valuesat different frequency rangesresults in tonal iamua, in other words, risk of
masking of sounds at certain frequency ranges. The noticeable decrease was also
determined in estimated GR/&luesat 4000Hz thatan be attributedto the sound
absorptionby air in spaces with large volumes (Table 4.1, FigArg, Figure B.1,

Figure C.1).

4.1.2. Grid Response Analyses

According to the gridesponse analyses, EDT values were predicted to be evenly
distributed in the hall at 500Hzand 1000Hz, individually (Figure A.2, Figure B.2,
Figure C.2) while 1.5s differeecin EDT values were noticed between 500Hz and
1000Hz, similar to the results of estimated T30 and GRT values (Table 4.2). The T30
values were predicted to be 4.7s average at mid frequency range (Figure A.3, Figure
B.3, Figure C.3). The EDT values of 3&s500Hz and 5s at 1000Hz were consistent
with the estimated T30 and GRT values. That meant that sound decay occurs
uniformly in the whole space. The simulated STI values were predicted to be around
0.35 (Table 4.2) with an even distribution within thel l{gigure A.4, Figure B.4,
Figure C.4). That value fell into the poor range of intelligibility. Maximum SPL(A)
difference is below 4dB (Table 4.2, Figure A.5, Figure B.5, Figure C.5).
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Table 42 The results of gd response anadgsfor the ASIS case in terms &DT,
T30and STI values (the data X(50) that is the threshold value showibg%hef
cumulative distributiofy SPL(A) (the data X(95X(5), that is the difference between
the SPL values at 95%and 5% of cumulative distidn.

Parameter
Scenario EDT(s) ASPL(A)95% T30(s)
STI | 5% difference
500 Hz |1000 Hz ° ((IjB) 500 Hz | 1000 Hz
PEC 3.74 5.18 0.36 2.6 3.62 5.07
SGp 3.5 4,76 0.39 3.6 3.49 4.67
SGa 3.59 4.75 0.39 3.7 341 4.64

4.1.3. Echo Control Analyse®f the ASIS Case

For the echo analyses, the path differences between the reflected sound and direct
sound reaching to the receivers were calculated. Since the speed of sound is 340m/s,
the sound travels 17m in 0.05s. If the difference is equal below 17m, it means

echo does not occur (Rossing (Ed.), 2007). The distances travelled by the reflected

and direct sound from the ceiling and wall surfaces are given below for the scenarios

PEC, SGp and SGa.

For thd?EC scenarigthe sound source and regsi positionsunder consideration

are given in Figure 3.22. The distances travelled by each sound are given below:

Ceilingr =7.09m, ro6=7.86m,==4. 95 m-d=60m

Wall:r1=14.75n,r1 6 = ™,di3=%45n = r 1 +-d139615m
r2=14.06n, 2 6 = ™,d56.5In = r 2 +-d2216.12m
r3=15.22n, 13 6 = 8n,d&101.0"M = r 3 +-d3318.35m

For theSG-p scenariq the sound source and analyzed receiver positions are given in

Figure 3.23. The distances travelled by each sound are given below:

Ceiling:r=856m,r6 =7 . 32mm d= 7 =72 r +-d=8.16m
Wall:r1=13.65n, i2148n=d1=9.09m = r 1 +-dl1%¥16.99m
r2=15.07m, r 280mr 4. 38 m, d 2r=21+2d226(b6m
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r3=125.07m, r36=4.38m, d3r=31+2d33BB6m
r4=13.65m,  02448n7d4=9.09m = r 4 +-d4416.99m

For theSG-a scenariq the sound source and analyzed receiver positions are given in

Figure 3.24. Thelistances travelled by each sound are given below:

Ceilingr =7.32m, r6=8.56m,=>d=7. 7 2~u=8.16m
Wal:r 1=17. 32m, r16=8. 0tm, dl=s12-dl%a.a3m

r 2=16. &846m, d2=21dm = r 2 +-d2214.73m
r3=16. 08 m, r 36=7. 49 m, d 3r=30+-dB3dn73m
r4=17. 32m, r46=8. 0% m, d 4r=41+2d4418068m

The path difference between reflected and direct sound from the ceiling and wall
surfaces are below 17m for the PEC,-f@nd SGa scenariosAccording b these
results, echo does not occur in the hall at the determined sound source and receiver
positionsin the untreated hall for these activities and in the treated hall for all

activities.

4.2. ESTIMATED GRT VALUES OF TYPICAL SPORT HALLS WHEN
TREATED WITH DIFFERENT TYPES OF SUSPENDED CEILING
SYSTEMS

Considering the PEC scenaribetestimated GRT valuebtained foithe halltreated
with flat panelled, baffle and transverseispended ceiling systemsageven in
relevant tables below. The estimated GRT data achieved was summarized below:
¢ In the application of flat panelled suspended ceiling mounted imbegdizelow
the truss level, the estimated GRT values at mid frequencies (500Hz and 1000Hz)
werepredictedio be
— 1.82s with the use of 5cithick panels (FP5)
— 1.79s with the use of 10cthick panels (FP10) (Table 4.3).
The estimated GRT values at frequescabove 250Hz presented a gradual decrease
with the increase in frequency. The GRT values at 125Hz were the longest with
2.63s for the ceiling FP5 and 2.29s for the ceiling FP10.

62



Table 43 TheEstimated Global Reverberation Tiff@RT-Global T30) values
obtained fronthe configurationswith flat paneledsuspended ceiling for PEC

scenario.

Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
FP5 263 | 223 | 193 1.71 1.58 1.26
FP10 229 | 187 | 1.85 1.73 1.58 1.28

configuration

¢ In the application baffle suspended ceiling mounted 60cm above the truss level,
theestimatedSRT values at mid frequencies waredictedto be
— 1.75s with 10crthick panels fixed at 60cm intervals (B10@60),
— 1.72swith 10cnithick panels fixed at 30cm intervals (B10@,30)
— 1.70s with 5crrthickpanels fixed at 30cm intervals (B5@30) flea4 4).

Similar to the flat panelled suspended ceiling, the baffle system presented the longest
GRT values at 125Hz with the valu299s, 2.05 and 2.32s, respectively.

Table 44 The Estimated 6bal Reverberatiormime (GRT-Global T30) values
obtained for theonfigurationswith baffle suspended ceilingbove trussevel for
Scenario PEC

Global T30 values (s)

configuration - T50 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
B10@60 200 | 184 | 1.82 | 169 | 155 | 1.22
B10@30 205 | 182 | 1.78 | 1.66 | 1.49 | 1.19
B5@30 232 | 1.87 | 1.76 | 164 | 1.49 | 1.19

¢ In the application of baffle suspended ceiling mounted immediately below the
truss level, the GRT values at mid frequencies were predicted to be:
— 1.74s with the 10crhick panels fixed at 90cm intervals (B10@90),
— 1.64s with 10crthick panels fixed at 60cm intervals (B10@60),
— 1.66s with the 5crthick panelsfixedat 60cm intervals (@%50).
The longest GRT was observed at 125Hz for the ceiling B5@60 while a certain

decrease seemed fme achieved at the other proposals, namely B10@90 and
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B10@60, where 10c#thick panelswere used and suspended below the truss level
(Table 4.5).

Table 45 The Estimated (&8bal Reverberatiomime (GRT-Global T30) values
obtained for the anfigurations with baffle suspended ceilibglow trusdevel for
ScenarioPEC

Global T30 values (s) with respect to frequency

configuration

125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
B5@60 238 | 1.84 | 1.73 1.60 1.46 1.19
B10@60 198 | 1.71 | 1.69 1.60 1.46 1.17
B10@90 1.93 1.8 1.78 1.71 1.57 1.24

e In the application oftransversesuspended ceiling, the GRT values at mid
frequencies werpredictedto be
— 1.75s with 10cmrthick panels suspended crosswise between the trusses
(Transverse suspended ceilngP10),
— 1.73s with 5crrthick panels suspended crosswise between the trusses (TP5)
— 1.82s with sound absorptive fabric stretched crosswise between the trusses
(Stretched Fabrisuspended ceilingFT).
Similar to the others, the longest GRT values were observed at 125Hz with the

values of 2.14s, 2.84s and 2.29s respectively (Table 4.6)

Table 46 The Estimated Global Reverberation Time (G&IDbbal T30) values

obtained from the configurations with transverse suspended ceiling for PEC scenario

Global T30values (s) with respect to frequency

configuration

125Hz | 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
TP5 2.84 | 1.93 1.80 1.67 1.57 1.24
TP10 214 | 1.84 | 1.82 1.69 1.57 1.24
FT 229 | 212 1.93 1.71 1.57 1.26
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Estimated GRT values within the sport hall for the improved cases regarding sportive
activities where the player located in the middle of the playfield is the smurde
are given in Tabld.7,Table4.8,Table4.9and Tablet.10.

Considering the S se@nario, he estimated GRT valuesbtained forthe hall
treated with flat panelled, baffle and transverseispended ceiling systemsare
summarized in relevant tables below. The estimated GRT data was summarized
below:
e In the application of flat panelleslispended ceiling mounted immediately below

the truss level, the estimated GRT values at mid frequencies (50@H080Hz)

were predicted to be:

— 1.85bythe use b5cmthick panels (FP5)

— 1.86s by the use of 10chthick panels (FP10) (Table?d.
While theGRT values at frequencies above 250Hz presented a gradual decrease with
the increase in frequency, the GRT values at 125Hz were the longest with 3.62s for
the ceiling FP5 and 2.72s for the ceiling FP10.

Table 47 The Estimated (&bal Reverberatiomime (GRT-Global T30) values
obtained from theanfigurations with flapaneledsuspended ceiling for S@

scenario

Global T30 (s) values with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
FP5 3.62 | 230 | 191 1.80 1.66 1.33
FP10 272 | 189 | 191 1.82 1.67 1.33

configuration

¢ In the applicationof baffle suspended ceiling mounted 60cm above the truss
level, the GRT values at midefquencies were predicted to be:
— 1.71s with 10cmthick panels fixecit 60cm interval$B10@60),
— 1.6/ with 10cnmthick panels fixed at 30cm intervals (B10@30)
— 1.67s with 5crrthickpanels fixed at 30cm intervals (B5@30) (Table 4.8,
Figure B.1).
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Similar to the flat panelled suspended ceiling, the baffle system presented the longest
GRT valuesat 125Hz with the values 1.91s, 1.89 and 2.07s, respectively.

Table 48 The Estimated Global Reverberation Time (G&lobal T30) values
obtained from theonfigurations witthaffle suspended ceilingbove trus$evel for

SG-p sceaario

Global T30 values (s) with respect to frequency

configuration - o= 1,150 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 HZ
B10@60 191 | 1.78 | 1.76 | 1.67 | 153 | 1.22
B10@30 189 | 1.76 | 1.73s| 1.62 | 1.48 | 1.19
B5@30 207 | 1.76 | 1.73s| 1.62 | 1.48 | 1.19

¢ In the application obaffle suspended ceiling mounted immediately below the
truss level, the GRT values at migduencies were predicted to be:
— 1.70s with the 10crthick panels fixecit 90cm intervals (B10@90),
— 1.62 with 10cmthick panels fixed at 60cm intervals (B10@60).
The GRT values were the longest at 125Hz for these cases as well, with 1.87s for the
ceiling B10@90 and 1.82s for the ceiling B10@60 (Table 4.9, Figure B.1).

Table 49 The Estimated Global Reverberation Time (G&Ibbal T30) vales
obtained from theonfigurations with Baffle suspended ceilitoglow trusdevel for

SG-p scenario

Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
B10@90 1.87 1.75 1.73 1.67 1.55 1.24
B10@60 1.82 1.69 1.67 1.57 1.46 1.17

configuration

e In the application of crosswise suspended ceiling, the GRT values at mid
frequencies were predicted to be:
— 1.70s with 10cmthick panels suspended crosswise between the trusses
(Transversesuspended ceilingTP10),
— 1.71swith 5cmthick panels suspended crosswistween the trusses (TP5),
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— 1.7 with sound absorptive fabric stretched crosswise between the trusses
(Fabric Tension suspended ceilingT).
Similar to the others, the longe&RT values were observed at 125Hzhwthe
values of 2.09s, 2.75s and 2.27s respectively (Table 4.10, Figure B.1).

Table 410 The Estimated Global Reverberation Time (G&Ibbal T30) values
obtained from theonfigurations with Transveesuspended ceiling for SG

scenario

Global T30 values (s) with respect to frequency

configuration - - e 11250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 HZ
TP5 275 | 189 | 1.76 | 167 | 153 | 1.24
TP10 209 | 1.76 | 1.75 | 166 | 153 | 1.24
FT 227 | 209 | 189 | 166 | 153 | 1.24

Considering the S@ scenariothe estimated GRT valuesbtained forthe hall
treated with flat panelled baffle and transversaispended ceiling systemsare
summarized in Table 4.11, Table 4.12, Table 4.13 and Table 4.14. The estimated
GRT data was summarized below:
¢ In the application bflat panelled suspended ceiling mounted immediately below

the truss level, the estimated GRT values at mid frequencies (500H080Hz)

were predicted to be:

— 1.9 with the usefdbcmthick panels (FP5),

— 1.8% with the use of 10u-thick panels (FP1Q)Table 4.1).
While the GRT values at frequencies above 250Hz presented a gradual decrease with
the increase in frequency, the GRT values at 125Hz were the longest with 3.65s for
the ceiling FP5 and 2.74s for the ceiling FP10.
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Table 411 The Estimated Global Reverberation Time (G&Ibbal T30) values
obtained from theonfigurations with flapaneledsuspended ceiling for S&

scenario

Global T30 (s) values with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
FP5 3.65 | 2.36 | 1.98 1.87 1.69 1.35
FP10 274 | 193 | 194 1.84 1.69 1.35

configuration

¢ In the application baffle suspended ceiling mounted 60cm above the truss level,
the GRT values at migddquencies were predicted to be:
— 1.77 with 10cmthick panels fixedt 60cm intervals (B10@60),
— 1.73 with 10cmthick panels fixed a@0cm intervals (B10@30),
— 1.75s with 5crrthickpanels fixed at 30cm intervals (B5@30) (Table 4.12,
Figure C.1).
The baffle system presented the longest GRT galti@25Hz with the values 2.00s,
1.94s and 2.16s, respectively.

Table 412 The Estimated Global Reverberation Time (G&Ibbal T30) values
obtained from theonfigurations with baffle suspended ceilirdpove trusgevel for

SG-ascenario

Global T30 (s) values with respect to frequency

configuration

125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
B10@60 200 | 1.87 | 1.84 1.71 1.57 1.24
B10@30 194 | 1.84 | 1.80 1.66 151 1.22
B5@30 216 | 1.84 | 1.82 1.69 1.53 1.22

e In the application obaffle suspended ceiling mounted immediately below the
truss level, the GRT values at migduencies were predicted to be:
— 1.74s with the 10crthick panels fixecit 90cm intervals (B10@90),
— 1.67% with 10cmthick panels fixed at 60cm intervals (B1O@60).
The GRT values at 125Hz were the longest with 1.94s for the ceiling B10@90 and
1.89s for the ceiling B10@60 (Table 4.13, Figure C.1).
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Table 413 The Estimated ®bal Reverberatiormime (GRT-Global T30) values
obtained from theonfigurationswith baffle suspended ceiliridgpelow trusdevel for

SG-a scenario

Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
B10@90 1.94 1.80 1.78 1.71 1.55 1.26
B10@60 1.89 | 1.76 | 1.73 1.62 1.49 1.21

configuration

In the application of crosswise suspended ceiling, the GRT values ategigthcies

were predicted to be:

— 1.76s with 10cmrthick panels suspended crosswise between the trusses
(Transverse suspended ceilngP10),

— 1.76s with 5crrthick panelsuspended crosswise between the trusses (TP5),

— 1.82s with sound absorptive fabric stretched crosswise between the trusses
(Stretched Fabric suspended ceilirfgr).

Likewise the other treatmenthe longesGRT values were observed at 125Hz with

the valus of 2.12s, 2.79s and 2.27s respectively (Table 4.14, Figure C.1).

Table 414 The Estimated &bal ReverberationTime (GRT-Global T30) values
obtained from theonfigurations with transveesuspended ceiling for S& scenario

configuration Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
TP5 279 | 193 | 1.82 1.71 1.58 1.28
TP10 212 | 1.84 | 1.82 1.71 1.58 1.28
FT 2.27 2.11 1.93 1.71 1.58 1.28

Eachceiling treatmenproposed in the study provideemarkable decreaseé GRT
valuesat high mid and lowfrequenciesAmongall the proposals,GRT values in the
treatments B10@6G baffles suspended above truss level, B10@60affles
suspended below truss level and TR&é&re found to be sufficientfor sportive

activitiesin all frequency ranges with respect to $ipecified criterion 1.5slimit
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(Department of Education and Skills, 200#pwever, for physical education class
activity, obtained GRTvalues aestimated to bebove thecriterion 1.02slimit
(Beranek, 1993) and there was the necessity of additional treatment in order to
decrease the estimated GRT values to acceptable values duriracfEg (Figure

4.1).
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Figure 41 Estimated GRT values for the AS and IMPROVED cases with ceiling
treatments in comparison with the required GRT value for sportive activities:
(a) PEC, (b) S&, (c) SGa.
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Grid response analyses$ the hall were conducted for the $Gand SGa scenaos
with the selected ceiling treatments: baffle (B10@60 above and below truss level)
and transversely suspended ceiling (TP&@tems The data X(50), that is the
threshold value showing tf#% of cumulative distributiorfor the parameters EDT
and T30 &500Hz and 1000Hz, STI amdiSPL(A),the data X(95X(5) that is the
difference betweerthe SPL values at 95%and 5% of cumulative distribution,
obtained for the hall are given in Table 4.15 and in relevant figures in Appendix B
and Appendix C. The grid respse analyses were summaribetow:
¢ In the application of baffle suspended ceiling mounted 60cm above the truss level
with 10cmthick panels fixed at 60cm intervals (B10@60), the EDT valua®
predicted to bé..29s at 500Hz and 1.28s at 100@d1zhe SGp scenarip1.38s
at 500Hz andl.31s at 1000H#or the SGa scenario (Figure B.2, Figure C.2).
These valuew/ere below the estimated GRT values whiadicatethat the sound
is intelligible. This is also supportdyy the STI valus of 0.59for SGp scenan
(Figure B.4) and 0.58 for S& scenario (Figure C.4yhich signals that in the
50% of the hall, the speech intelligibility is in good range. The estimated T30
values of 1.61s at 500Hz and 1.55s at 100faHEGp scenario (Figure B.3) and
1.88s at 500Hzand 179 at 1000HAor SGa scenario (Figure C.2)e close to
the estimated GRTvaluesnd c¢cl ose to the requipred ra
and SGa scenarios Maximum SPL(A) difference were 6.4 dB for SGp
scenario (Figure B.5) and®@Bfor SG-a scenario (Figure C.5which is below
the required limitof 10dB According to the grid response analyses results, in
both of the scenarios, for all thearameterschecked, the sound isvenly
distributed within the area with acceptable differences (AppeBd Appendix
C).
¢ In the application of baffle suspended ceiling mounted immediately below the
truss level with 10cnthick panels fixed at 60cm intervals (B10@6e EDT
valueswere predicted to be 1.822at 500Hz and.25% at 1000Hzfor the S@
scenario (Figure B.2), 1.28sat 500Hz andl1.28& at 1000Hzfor the SGa
scenario(Figure C.2). Similar to the treatment B10@60 above truss level, these

valueswere below the estimated GRT values whioeanthat the sound is
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intelligible. This is also supported withe STI valus of 0.60 for SGp scenario

(Figure B.4) and 0.57 for S& scenario (Figure C.4yhich signals that in the

50% of the hall, the speech intelligibilitg in good range. The estimated T30

values of 1.53s at 500Hz and 1.41s at 1000Hz fopS@nario (Figure B.3) and

1.79s at 500Hz and 1.73s at 1000Hz for-&&cenario (Figure C.3) are close to

the estimated GRT values armpdccenamo amdequi red r
close to it for SG scenario. Maximum SPL(A) differences were 6.4dB for5G

scenario (Figure B.5) and 9.2dB for &Gscenario (Figure C.5), whiéh below

the required limitof 10dB According to the grid response analyses results, in

both of the scenarios, for all thearameterschecked, the sound isvenly

distributed within he areawith acceptable differencégpgendix B, Appendix

C).

e In the application of transversely suspended ceiling with ibgok panels

suspended crosswise between the trusses (Transverse suspended egding

the EDT values were predicted to bel.365G0Hz and 1.28s at 1000Hz for the

SGp scenario (Figure B.2), 1.50s at 500Hz and 1.46s at 1000Hz for ttee SG

scenario (Figure C.2). Similar to the treatment BLO@60 above truss level, these

values were below the estimated GRT values, but above the \witssed in

the treatments with baffles. The STI values were predicted to be 0.62 fpr SG

scenario (Figure B.4) and 0.59 for &Gscenario (Figure C.4) which signals that

in the 50% of the hall, the speech intelligibility is in good range. The estimated

T30 values of 1.59s at 500Hz and 1.51s at 1000Hz fep SGenario are below

the estimated GRT values and close the req!
estimated T30 values of 1.99s at 500Hz and 1.82s at 1000Hz fars8énario

(Figure C.3) were ahve the estimated GRT values and exceed the specified
criterion O1.5s. Maxi mum SPLgénariadi f f er ence
(Figure B.5) and 9.8dB for S&@ scenario (Figure C.5), which is below the

required limit of 10dB. However, unlike the resultshie treatments with baffles,

in both of the scenarios, for the parameters EDT at 500Hz and 1000Hz and T30

at 500Hz the sound is not evenly distributed within the hall at different receiver

72



points and significant differences are observed (see relevantdigufgpendix
B and Appendix C).

Table 415 The results of gd response analysesfor tbeiling treatments B10@60at,
B10@60bt, TP10 durinthesport gamesctivities EDT, T30, STl values (the X(50)
data which is the threshol@dhe showing th&0% of cumulative distributiopy and
ASPL(A)values (the X(95X(5) data which is the difference between the SPL

values at 95%and 5% of cumulative distribution).

Parameter
Scenario|  C€iing EDT(s) ASPL(A)95% T30(s)
treatment STI 5% difference

500 Hz 1 kHz (dB) 500 Hz 1 kHz
SGp B10@60at 1.29 1.28 0.59 6.4 1.61 1.55
SGa B10@60bt 1.38 1.31 0.58 9.2 1.88 1.79
SGp B10@60bt 1.22 1.25 0.6 6.5 1.53 1.41
SGa B10@60at 1.28 1.28 0.57 9.0 1.79 1.73
SGp TP10 1.35 1.28 0.62 7.3 1.59 1.51
SGa TP10 1.50 1.46 0.59 9.8 1.99 1.82

4.3 ACOUSTICAL FEATURES OF THE TYPICAL SPORT HALL FOR THE

IMP ROVED CASES: BASED ON ACTIVITIES -RELATED SCENARIOS

For the improvement of the hall, in addition to the suspended ceiling treatment,
curtain modulesare attached on the wallsto be temporarily used during physical
education class and mufiurpose activities. After the GRT analyses for these
activities, simulations are continued with the grid response analyses forall five

scenarios individually.

4.3.1. Estimated GRT ValuesBased on Physical Education Class and Mulki

Purpose Activities

Considering the PEC scenaribetestimated GRT valuebtained forthe halltreated
with flat panelled, baffle and transversaespended ceiling systemsth additional
cut ain modules in front of t haegiveninbuneods

respective tables. The GRT data achieved was summarized below:
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In the applicatiorof flat panelled suspended ceilimgounted immediately below

the truss levelnd curtain moduleswith the use of 5crthick panels (FP5Xhe

estimated GRT values at mid frequencies (500Hz and 1000Hz)pnedetedto

be

— 1.56swith the addition of doubkayered satin curtain modules in front of the

windows,

— 1.48s with addition of doublyeredsatin curtain modules in front of the

tribuneods
With the use of 10crthick panels (FP10Q)the estimated GRT values at mid

rear

wa l

frequencies (500Hz and 1000Hz) weredictedto be

— 157swith addition of the curtain modules in front of the windows,

- 148s with

(Table 416).

addi

ti on

of

t he

curt ai

n

modul es

While the GRT values at frequencies above 250Hz presented a gradual decrease with

the increase in frequency, the GRT values at 125Hz were the longest with 2.70s for

the ceiling FP5 and with curtain in front of the windows and 2.21s for the ceiling

FP10with curtain irfront of the windows (Table 4.)6

Table 416 The estimated [Bbal Reverberatiomime (GRT Global T30) values
obtainedfor the configurations with flapaneledsuspended ceiling for PEC scenario

configuration Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
FP5+Cg 270 | 184 | 164 1.48 1.35 1.10
FP5+Cr 2.65 1.80 1.57 1.40 1.28 1.06
FP10+Cg 2.21 1.73 1.66 1.49 1.35 1.10
FP10+Cr 2.14 | 166 | 157 1.40 1.28 1.06

In the applicationof baffle suspended ceiling mounted 60cm above the truss
levelwith 10cmthick panels fixed at 60cm intervals (B10@&0J curtain
modules the estimated GRT values at mid frequencies (500Hz and 1000Hz)

werepredictedo be

— 155swith addition of the curtain modules in front of the windows,
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- 1. 49swi th

(Figure A.1).

addi ti on

of

t he

curt ai

For the teatmentith 10cmthick panels iked at 30cm intervals (B10@3@)e
estimated GRT values at mid frequencies (500Hz and 1000Hz)pnedetedto

be

— 1.48swith addition of the curtain modules in front of the windows,

— 1.44swith addition of the curtain motlue s i n
For the treatmenwith 5cmthickpanels fixed at 30cm intervals (B5@30) the
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Similar to the flat panelled suspended ceiling, treatment with the baffle system
presented the longest GRT values at 125Hz withvidiees 2.03s, 1.93s and 2.23s
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respectively with the joint use of curtainsin front of the windows and 1.98s, 1.94s
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Table 417 The estimated [Bbal Reverberatiomime (GRT Global T30) values
obtainedfor the configurations with baffle suspended ceilimpove truss for

scenario PEC

configuration Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
Bl10@6Qat+Cg | 2.03 | 1.69 | 1.62 1.49 1.37 1.12
Blo@6qat+Cr | 1.98 | 1.64 | 1.57 1.42 1.30 1.04
B10@3@at+Cg | 1.93 | 1.62 | 1.55 1.42 1.31 1.08
B10@3@at+Cr | 1.94 | 1.64 | 1.53 1.35 1.22 0.99
B5@3QattCg | 2.23 | 1.75 | 1.60 1.46 1.31 1.08
B5@3QatHCr | 2.20 | 1.66 | 1.51 1.33 1.21 0.99
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¢ In the applicationof baffle suspended ceiling mounted immediately below the
truss levelwiththe 10cmthick panels fixed at 60cm intervals (B10@6@and
curtain modulesthe estimatedGRT values at mid frequencies wegnesdictedto
be
— 1.52swith addition of doubldayered satin curtain in front of the windows,
— 1.44s with addition of doubleayer ed satin curtain in fro
rear wall (Figure A.1).
The longest GRT values were presented at 125Hz with the values 1.98s with the joint
use of curtainsin front of the windows and 1.89s with the joint use of curtainsin front

ofthet ri buneds rear wall (Table 4.18

Table 418 The estimated [Bbal Reverberatiormime (GRT Global T30) values
obtainedfor theconfigurations with baffle suspended ceilibglow trusdevel for

scenario PEC

Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
B10@6Qbt)+Cg | 1.98 | 1.67 | 1.58 | 1.46 1.33 1.08
B10@6@bt)+Cr 1.89 | 158 | 151 1.37 1.24 1.03

configuration

e In the applicationof crosswise suspended ceilingith 10cmthick panels
suspended crosswise between the trusses (Transverse suspended -ceiling
TP10)theestimatedsRT values at mid frequenciesre predicted to be:

— 1.51swith addition of doubldayered satin curtain in front of the windows,

- 1. 45swith addition of the curtain modul e:
(Figure A.1).

In the treatmentvith 5cmthick panels suspended crosswise between the trusses

(TP5),theestimatedSRT values at mid frequenciagre predicted to be:

— 1.5 with addition of doubldayered satin curtain in front of the windows

— 1.47s with addition of the curtain modules in frontofi e t mearbwalin e 6 s

In the treatment FTthe estimatedGRT values at mid frequenciegere predicted

to be:
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— 1.56swith addition of doubldayered satin curtain in front of the windows,

— 1.49s with addition of the curtain modules in front

t he

rdarwialb u n e 6 s

Just like theothertreatments, the longest GRTlwes were observed at 125Hz and

presented 2.03s, 2.70s and 2.29s respectivelywith the joint use of curtainsin front of

the windows and 2.00s, 2.65s and 2.16s with the joint use of curtainsin front of the

t ri Isrearwal (Table 4.29

Table 419 The estimated [Bbal ReverberatiorTime (GRT Global T30) values

obtainedfor the configurations withtransvere suspended ceiling for PEC scenario

configuration Global T30 values (s) with respect to frequency
125 Hz| 250 Hz| 500 Hz| 1000 Hz| 2000 Hz| 4000 Hz
TP5+Cg 2.70 1.75 1.62 1.48 1.35 1.10
TP5+Cr 265 | 1.69 | 155 1.39 1.28 1.03
TP10+Cg 203 | 1.67 | 158 1.44 1.31 1.10
TP10+Cr 200 | 1.62 | 153 1.37 1.26 1.03
FT+Cg 2.20 1.94 1.67 1.46 1.33 1.12
FT+Cr 2.16 | 1.85 | 1.60 1.39 1.28 1.03

Considering the muHlpurpose use of the hall for speech and performance activities,
the estimated GRT valuextained forthe halltreatedwith the selected baffle and

transversesuspended ceiling systemsgth additional curtain modules in front of the

wall surfaces and on the open entranassgiven in relevant tables. The GRT data

achieved was summarized below:

In the applicationof baffle suspended ceiling mounted 60cm above the truss
levelwith 10cmthick panels fixedat 60cm intervals (B10@60) and tain

modules in front of the wall surfaces the estimated GRT values at mid

frequencies were predicted to be 0.82s for-8MBcenario (Figure D.1) and 0.89s

for MP-P scenario (Figure E.1); with additional curtain modules in front of the

wall surfaces and othe openings at the entrances, the estimated GRT values at

mid frequencies were predicted to be 0.60s for8MBcenario (Figure D.2) and
0.67s for MPP scenatrio (Figure E.2) (Table @2
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Table 420 The estimated [Bbal Reverberatiormime (GRT Global T30) values
obtainedfor the configurationscomposed oBaffle suspended ceiliiigbove truss

level and sound curtain modulies MP-S and MRP activities

Global T30 values with respect to frequency (s)
125 Hz | 250 Hz | 500 Hz | 1000 Hz| 2000 Hz| 4000 Hz

Bl0@6{atHCa 1.33 1.01 0.88 0.76 0.68 0.59
B10@6{at+Ca+Co| 1.15 0.79 0.61 0.59 0.58 0.52
B10@6atHCa 1.39 1.06 0.95 0.83 0.76 0.63
B10@6@atrCa+Co| 1.19 0.83 0.67 0.68 0.65 0.58

scenarig configuration

MP-S

MP-P

e In the applicationof baffle suspended ceiling mounted 60&m@low the truss
levelwith 10cmthick panelsfixed at 60cm intervals (B10@60) and curtain
modules in front of the wall surfaces the estimated GRT values at mid
frequencies were predicted to be &78r MRS scenario (Figure D.1) and 0.87s
for MP-P scenario (Figure E.1); with additional curtain modules in front of the
wall surfaces and on the openings at the entrances, the estimated GRT values at
mid frequencies were predicted to be 0.58s for$MRenario (Figure D.2) and
0.66s for MPP senario (Figure E.2) (Table 4.21

Table 421 The estimated Bbal ReverberatiormTime (GRT Global T30) values
obtainedfor the configurationscomposed obaffle suspended ceiliiigelow tuss

level and sound curtain modulies MP-S and MRP activities

Global T30 values with respect to frequency (s)
125 Hz |250 Hz |500 Hz | 1000 Hz| 2000 Hz| 4000 Hz

B10@6@bt)+Ca |1.28 |0.95 |0.85 |0.74 |0.67 |0.58
B10@6@bt)+Ca+Co/1.10 |0.76 |059 |0.58 |0.56  |0.50
B10@6Qbt)*Ca |1.33 |1.03 [094 |0.81 |0.74 |0.63
B10@6Qbt)+Ca+Co/ 1.13 |0.77 |0.65 |0.67 |0.65 |0.58

scenarig configuration

MP-S

MP-P
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e In the application of crosswise suspended ceiling with 0gok panels
suspended crosswise between the trug3eansversely suspended ceiling
TP10) and curtain modules in front of the wall surfaces the estimated GRT values
at mid frequencies were predicted to be 0.76s forSvdeenario (Figure D.1) and
0.80s for MPP scenario (Figure E.1); with additional cuntanodules in front of
the wall surfaces and on the openings at the entrances, the estimated GRT values
at mid frequencies were predicted to be 0.50s forSvdeenario (Figure D.2) and
0.51s for MPP scenario (Figure E) (Table 4.22

Table 422 The estimated [Bbal ReverberatiorTime (GRT Global T30) values
obtainedfor the configurationscomposed ofransvers suspended ceilingnd sound

curtain module$or MP-S and MPP activities

Global T30 values withespect to frequency (s)
125 Hz | 250 Hz |500 Hz | 1000 Hz| 2000 Hz| 4000 Hz

scenario| configuration

MP-S TP10+Ca 1.46 0.94 0.83 0.70 0.61 0.52
TP10+Ca+Co |1.22 0.72 0.52 0.49 0.47 0.43
MP-P TP10+Ca 153 0.99 0.88 0.72 0.63 0.54

TP10+Ca+Co |1.30 0.74 0.54 0.49 0.47 0.43

With the joint uses of curtain modules on the wall surfaces and the selected
suspended ceiling systems, B10@60at, BL0@60bt and TP10, for thepunptise
activities where sound reinforcement systems are used, estimated GRT time values
were decreased to the tepd interval of 0.6:4.2s. However, according to the F20

T30 difference on the estimated GRT bar graph, coupling effect phenomenon was
observed in all the treatments with curtain modules only in front of the walls (Figure
D.1, Figure E.1). According tthe estimated GRT bar graphs for all the treatments
with curtain modules in front of the walls and at the entrances, coupling effect

phenomenon was no longer observed (Figure D.2, Figure E.2).
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4.3.2. Grid Response AnalysesBased on Physical Education Classl Multi-

Purpose Activities

Grid response analyses of the hall were done for the PEC sceiithribie joint use
of curtain modules on tribuneds rear wall a
(B10@60 above and below truss level) and transverseesdsd ceiling (TP10)
systemsThe results for the parameters EDT and T30 at 500Hz and 1000Hz, STI and
SPL(A) obtained fothe hall areanalyzed. The data X(50), that is the threshold value
showing thes0% of cumulative distributiorior the parameters EDT_30 and C80 at
500Hz and 1000Hz, STI andSPL(A),the data X(95X(5) that is the difference
between the SPL values at 95%and 5% of cumulative distribution, obtaintgtefor
hall aregiven in Table4.23 Table4.24and Table4.25and with respective figusain
appendices. The grid response analyses data achieved were summarized below:
¢ In the application of baffle suspended ceiling mounted 60cm above the truss level
with 10cmthick panels fixed at 60cm intervals (B10@®&@)h curtain modules
in front of tribu N e 6 s  r ED& valuev\aerel predicted to be 142t 500Hz
and1.15% at 1000HZFigure A.2).These values were below the estimated GRT
valuewhich indicatesthat the sound is intelligible. This is also suppotigdhe
STI value of 0.59vhich signals tht in the 50% of the hall, the speech
intelligibility is in good ranggFigure A.4)The estimated T30alues of 1.47s at
500Hz and 1.29 at 1000Hzarebelowthe estimated GRT valuelut still above
the required r angeMaximim SPLIA differencewithin gur e A. 3)
the hall is 7.3dB which isbelowthe required limitof 10dB (Table4.23 Figure
A.5). According to the grid responses analyses results, for alpain@meters
checked, the sound isvenly distributed within the area at differamiceiver
points with acceptable differenceseé relevant figures in Appendiy.A
e In the application of baffle suspended ceiling mounted 66etow the truss
level with 10cmthick panels fixed at 60cm intervals (B1O@G6ARith curtain
modules in frontoftb un e 6 s ERTavaluswaré predicted to bel Hat
500Hz andL.03 at 1000HZFigure A.2). These values were below the estimated
GRT valuewhich indicatesthat the sound is intelligible. This is also supported
with the STI value 00.6lwhich signalghat inmore tharthe 50% of the hall, the
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speech intelligibility is in good rang@igure A.4)The estimated T30alues of
1.73s at 500Hz and 1.6&t 1000Hzarebovethe estimated GRT valuesd the
required ranges o f Max®rium OSPISA) différénceusr e A.
7.5dBwhich is below the specified limit of 10dB (Figure A.5, @ble 4.24).

According to the grid responses analyses results, for apjaremetershecked,

[

the sound isvenly distributed within the area at different receiver points with
aceptable differencesée relevant figures in Appendiy.A

In the application oftransverselysuspended ceiling with 10cthick panels
suspended crosswise between the trusses (Transverse suspended TEiliYy

with curtain modulearswaliEDT Vvialueowerte predfctedt r i b u |
to be 0.88 at 500Hz an@.86s at 1000HZFigure A.2). These values were below

the estimated GRT valueghich indicatethat the sound is intelligible. This is

also supportethy the STI value 0D.63wvhich signals that imore tharthe 50%

of the hall, the speech intelligibility is in good ran@gégure A.4)The estimated

T30 values of 1.29s at 500Hz and 1s2at 1000Hzar@boveto the estimated
GRTvaluesasnd the requi r éMaximura S8RL@)sdiffevencesO1 . 02 s
8.1dBwhich is below the required limitof 10dB (Figure A.3, TRble 4.25).

However, unlikely the results in the treatments with baffles, similar to the grid
response analyses for sport games activities, fopéinameter€DT at 500Hz

and 1000Hz and T30 at 500Hz the sound isevenly distributedwithin théall
atthereceiverarea(Figure A2, Figure AR

Grid response analyses of the hall were done fomihlé-purpose use of the hall for

speech and performance actiegiwith the jont use of curtain modules in front of

the walls and at the entrancesd the selected ceiling treatments, baffle (B10@60

above and below truss level) and transverse suspended ceiling (TP10) systems. The
results for the parameter®E and T30at 500Hz and 1000Hand SPL(A) obtained

for the hall are analyzefbr both of the scenario§TI for MP-S scenario, C80 at
500Hz and 1000Hz for MIP scenarioThe data X(50), that is the threshold value
showing the50% of cumulative distributiorfor the m@rameter&£DT, T30and C® at

500Hz and 1000H3TI and ASPL(A), the data X(95X(5) that is the difference

between the SPL values at 95% and 5% of cumulative distribution, obtain for
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hall are given in Table 23, Table 4.24 Table 4.25 and with releant figures in

appendicesThe grid response analyses data achieved were summarized below:

¢ In the application of baffle suspended ceiling mounted 60cm above the truss level
with 10cmthick panels fixed at 60cm intervals (B10@®&@)h curtain modules
in front of the walls and at the entrancEf)T values were predicted to be 0414
at 500Hz and.43 at 1000HZor MP-S scenario (Figure D.3), 0.54$ 500Hz
and 1000Hzfor MP-P scenario (Figure E.3). These values indicdhgegood
intelligibility of the sound ér both scenariosThis is also supported with the STI
value of0.75 for MRS scenariavhich signals that imore thar60% of the hall,
the speech intelligibilitfor MP-S scenarias in excellentrange(Figure D.5)The
estimated T3Walues of 0.57s at 56z and1000Hzfor MP-S scenario (Figure
D.4) and 0.56s at 500Hz and 0.534@D0Hzfor MP-P scenario (Figure E.4Ye
close to theestimated GRT valuesind almost in the required range of 6B.2s.
Maximum SPL(A) differencas 10.21B for MP-S scenariovhich is acceptable
consideringhe required limiof 10dB and 6.1dB (Figure D.6) for MIP scenario
which is almost at the ideal limit of 6dB &lble4.23). The C80 values for VP
scenario are 8.6dB at 500Hz and 1000Hz (Figure E.5). These values are above
the required interval which means this treated hall is suitable for rock, pop or
similar music genre where intelligibility of the sound is important; however, not
suitable for orchestral music where clarity is required to be in the rangel®f
and +4dB(Noack, 2014)According to the grid responses analyses results, for all
the parameterschecked, the sound isvenly distributed at different receiver
points with acceptable differenceSppendix D, Appendix E

e In the application of baffle suspended cegjlimounted 60cnbelow the truss
level with 10cmthick panels fixed at 60cm intervals (B1O@G6ARith curtain
modules in front of the walls and at the entran&#3T values were predicted to
be 0.53 at 500Hz an@®.48& at 1000HZor MP-S scenario (Figure D.3).56sat
500Hz and).55s1000Hzfor MP-P scenario (Figure E.3). Similar to the previous
treatment, these values indicéite intelligiblity of the sound for both scenarios
and he STI value 00.74 for MRS scenaricignals that irthe 50% of the hall,
the speech intelligibilityis irexcellentrange (Figure D.5) The estimated T30
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values of 0.66s at 500Hz and 0.67s1@00Hzfor MP-S scenario (Figure D.4)

and 0.59s at 500Hz and 0.614.@00Hzfor MP-P scenario (Figure E.4yeclose

to theestimated GRalues and in the required range of 04.2s.Maximum
SPL(A) differenceis 10.5B for MP-S scenario that can be acceptable
consideringhe required limibf 10dB (Figure D.6) and 6.7dB for MP scenario
which is almost at the ideal limit of 6dB (FiguresETable4.24). The C80 values

for MP-P scenario are 8.4dB at 500Hz and 8.6dB at 1000Hz (Figure E.5). Similar
to the values in the treatment above truss level, these values are above the
required interval and shows that this treated hall is suitableofdk, pop or
similar music genre where intelligibility of the sound is important and not
suitable for orchestral music due to the required rangeladB and +4dB for
clarity (Noack, 2014)According to the grid responses analyses results, for all the
paraméers checked, the sound &venly distributed at different receiver points
with acceptable differencefor multi-purpose uses of the haltee relevant
figures in Appendix D and Appendix E).

In the application of transversaispended ceiling (TP10) witlurtain modules in

front of the walls and at the entrances, EDT values were predicted to be 0.39s at
500Hz and 0.35s at 1000Hz for Mg’scenario (Figure D.3), 0.35s at 500Hz and
0.30s at 1000Hz for MHP scenario (Figure E.3). The STI value of 0.77 for-$1P
scenario signals that in more than 50% of the hall, the speech intelligibility is in
excellent range (Figure D.5). The estimated T30 values of 0.49s at 500Hz and
0.42s 1000Hz for MFS scenario (Figure D.4) and 0.44s at 500Hz and 0.37s at
1000Hz for MRP <enario (Figure E.4) are below the estimated GRT values, and
the required range of 061s2s. Maximum SPL(A) difference is 10.6dB for NP
scenario which can be acceptable considering the required limit of 10dB (Figure
D.6) and 8dB for MFP scenario whicls below the required limit (Figure E.6,
Table 4.%). The C80 values for MIP scenario are 13dB at 500Hz and 14.2dB at
1000Hz (Figure E.5). These values are highly above the required interddBof

and +4dB for clarity for orchestral mugibloack, 2014)According to the grid

responses analyses results, the sound isewenly distributedwithin the hall
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which means this treatment is not sufficiéot multi-purpose uses of the hall
(see relevant figures in Appendix D and Appendix E

Table 423 The results of gd response analysésr all the scenarios with ¢
proposed configurations withaffle suspended ceiliiigbove trussevel in terms of
EDT, T30, STl and C80 values (the data X(50) that is the threshold value showing

the50%of cumulative distributiopy SPL(A) (the data X(95X(5), that is the

difference between the SPL values at 95% and 5% of cumulative distribution.

Parameter

Scenarid  Configuration EDT - éipld_igfpg?eﬁfe T30 C80

500Hz| 1kHz (dB) 500Hz| 1kHz | 500Hz| 1kHz
PEC |Blo@6Qaty+Cr 112 | 1.15]059] 7.3 147 | 129 - | -
SGp |Blo@6Qat) 129 | 1.28]0.59 6.4 161 | 155 | - -
SGa | Blo@6Gat) 128 | 1.28(057| 9.0 179 | 1.73| - | -
MP-S B10@6(at+Ca+Co| 0.44 | 0.43|0.75 10.2 0.57 | 0.57 - -
MP-P B10@6(ati+Ca+Co| 0.54 | 0.54| - 6.1 0.56 | 0.53 | 8.60 | 8.60

Table 424 The results of gd response analysésr all the scenarios with ¢h
proposed configurations withaffle suspended ceiliiigpelowtrusslevel in terms of
EDT, T30, STI and C80 values (the data X(50) that is the threshold value showing
the 50% of cumulative distributiofy SPL(A) (the data X(95X(5), that is the

difference between the SPL values at 95% and 5% of cumulative distribution.

Parameter
Scenari o EDT ASPL(A) T30 C80
o Configuration STI 95%5%
500Hz | 1kHz difference| 500Hz | 1kHz|500Hz| 1kHz
(dB)
PEC | B10@6Qb)+Cr 1.04 | 1.03|061] 75 173 | 163| - | -
SGp | B10@6ab) 122 | 1.25|0.60| 65 153 | 141 - | -
SGa | B10@6Gbi) 138 | 131|058 9.2 188 | 179 - | -
BI0O@6W)+CatC | 155 | 0ag|074| 105 | 066 |067| - | -
MP-S 0
wpp | or0@OBNCAC o 56 | 055| - | 67 059 | 0.61| 8.40 | 8.60
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Table 425 The results of gd response analyséx all the scenarios with ¢h
proposed configurations withansvere suspended ceiling in terms©DT, T30,
STl and C80 values (the data X(50) that is the threshold value showisQothef
cumulative distributiofy SPL(A) (the data X(95X(5), that is the difference between

the SR values at 95% and 5% of cumulative distribution.

Parameter
Scenarig Configuration EDT ASPL(A) T30 c80
STI 95%-5%

500Hz| 1kHz difference (dB)| 500HZ| 1kHz | 500Hz| 1kHz
PEC |TP10+Cr 0.88 | 0.86 | 0.63 8.1 129 | 1.22 | - -
SGp |TP10 1.35 | 1.28 | 0.62 7.3 159 | 151 | - -
SGa |TP10 1.50 | 1.46 | 0.59 0.8 1.99 | 1.82 | - -
MP-S | TP10+Ca+Co 0.39 | 0.35 | 0.77 10.6 0.49 | 042 - -
MP-P | TP10+Ca+Co 0.35 | 0.30 - 8.0 0.44 | 0.37 13 | 14.2

4.3.3. Estimated GRT Values and Grid Response Analyses with Additional

Treatment on ParapetSurfaces Based on ActivitiedRelated Scenarios

In order to remove local T3bhcreass on the receiver areduring the physical
education class and sp@amesactivities, parapet surface between the tribune and
playfield is covered with sound absorbing fpesited metal sheeEstimated GRT
values forthe joint uses of thenetal sheetgceiling treatmentB10@60above truss
level andrespectivecurtain treatmentre given in Table 26 and gid response
analyses resultfor each scenarioare given in Takle27 and in relevant figures
below and in appendices. According to the simulation results, the focusing of the
sound disappeared with noamarkable changes in the values of the parameters and
a sufficient variable acoustical environment was provided for diffeseenarios
(Figure 4.2).
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Table 426 The estimate@RT valuesobtainedfor the selected configurations with

Baffle suspended ceilifigbove trusgevelfor all scenarios

Global T30 values with respectfi@quency (s)
scenario Configuration 1000
125 Hz | 250 Hz | 500 Hz Hy 2000 Hz| 4000 Hz
PEC B10@60+MS+Cr 1.94 1.62 1.53 1.37 1.24 1.01
SGp B10@60+MS 1.89 1.73 1.67 1.58 1.46 1.19
SGa B10@60+MS 1.94 1.78 1.73 1.62 1.49 1.21
MP-S B10@60+MS+Ca+Cd 113 0.77 0.59 0.59 0.58 0.50
MP-P B10@60+MS+Ca+Cq  1.19 0.81 0.65 | 0.67 | 0.65 0.58
2
w \‘\
E18 G
516 ‘ﬁ A -¢-B10@60+MS+GIEC
g i A
g 1.4 I 0 B10@60+MSGp
§1.2 | | \\,0\\\ A
[ S -A-B10@60+MSGa
c o1 »
§ 0.8 | % B10@60+MS+Ca+®4P-S
906 X L4 X
2 ¥ = B10@60+MS+Ca+iP-P
T 0.4 -
E
502
0
125Hz 250Hz 500Hz 1000 Hz 2000 Hz 4000 Hz
Frequency (Hz

Figure 4.2Variable GRT provided in the treated hall for all scenarios.
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Table 427 The results of gd response analysés all scenarios with th proposed
configurations wittBaffle suspended ceiliiigbove trusgevel in terms oEDT,
T30, STl and C80 values (the data X(50) that is the threshold value showb@the
of cumulative distributiojy SPL(A) (the data X(95)X(5), that is the difference
between the SPL values at 95% and 5% of cumulative distribution.

Parameter
, _ , EDT ASPL(A) T30 C80

Scenarig Configuration STl 95%5%

500Hz| 1kHz dlff(zrg)nce 500Hz | 1kHz |500Hz| 1kHz
PEC B10@60+MS+Cr 1.02 | 1.03 | 0.61 7.3 1.51 1.32
SGp B10@60+MS 1.19 | 1.19 0.6 6.6 1.62 1.55
SGa B10@60+MS 1.07 | 1.11 | 0.59 8.9 1.65 1.6
MP-S B10@60+MS+Ca+Co| 0.43 | 042 | 0.75 10.3 0.54 0.55 - -
MP-P B10@60+MS+Ca+Co| 0.53 | 0.51 - 6.2 0.53 0.48 8.9 | 9.3

In the study, cost analyses was also conducted: thenaii@rial and construction

cost of the proposal with B10@60(at) and MS as the permanent intervention and
Ca+Co as the temporary intervention (Figure G.1). Regarding the analyses, the
construction cost of the proposal brings 4.70%40% increase to the cstnuction

cost of the sport hall.
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CHAPTER 5

DISCUSSION

In this chapter, the joint interpretation of the data obtained from the simulation
anal yses are done fAto assess the acoust
(Code:MEB2004.63)in AS1 S caseo0, Aito evaluate the
achieved by the addition of acoustical t
evaluations is also summarized as fdAgui di
of a typical sport hall for itsnult-p ur pose useso. The discus

respective subheadings.

5.1 ACOUSTICAL PERFORMANCE ASSESSMENT OF TYPICAL SPORT
HALLS FOR THE AS -ISCASE

The estimated data which represented thel8Sase ofthe typical sport haland
their interpretabn according to thacousticarequirements defirtkin the standrds

have shown the insufficient acoustical performance of the hall and their causes.

Forthe ASIS casethe simulated GRT datheing in the range of 3.46s and 5.08s at
mid-frequency rangewere determined to bkighly above the required valued

1.02s for PEC and 1.5s for sportivetiaities(Department of Education and Skills,
2004 Ellison & Schwenke, 2010 Excessive reverberation causes high sound
pressure levels and decrease in theritglaand intellgibility of speech. The
significant differences were also observed in estimated GRT values at different
frequencies. That signalled the presence of tonal imbalance in the space which may

cause masking of sounds at certain frequencies irggutt disturbing, noisy and
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unintelligible acoustical environmer®n the other hand, the long GRT values due to

the sound reflective envelope seemed to be decreased to some extent by the sound
absorption of air irthe largevolume of the hall, especiallat 4000Hz and 8000Hz

(Table 4.1 Figure A.1, Figure B.1, Figure C.1).

The data obtained from thgrid response analyses also supported the GRT values.
For instancethe STI values 00.36 and B9 for the ASIS case, were determined to

be in the poor range and exhibited grwor intelligibility of speech in the hall (Table

4.2, Figure A.4, Figure B.4, Figure C.4)hedataexhibitedthe presence dinoisy
environment with high sound pressure lévihat degrades speech intelligibility
during the physical education classesThat is the reason why teachers
necessitatecommunicating loudly with the studeStsch atroublesome acoustical
environment of the hall results in an unintelligible core leaynspace for the
students angoor communication in the playfield between the teachers and students
during PE classes as well as among the players or the referees during sport games.

The results also proved that the A& features of the sport hall are ragipropriate

and sufficient for its multpurpose use. MuHpurpose activities require the
involvement of sound reinforcement systems. Specifically, when the sound
reinforcement systems are used, the GRT values are required to be in the range of
0.6s and Ps for speech and musical activitiéddelmanLarsen, Thompson, &
Gade, 2010nnd STI values are required to be equal to or above 0.56 for speech
activities(DIN 18041 200405, 2004) Due to the GRT values reaching to 5.08s and
STI values below 0.4, thecaustical features of the AIS case are not appropriate

for adapting sound reinforcement systems.
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5.2 ACOUSTICAL PERFORMACE ASSESSMENT OF SUSPENDED
CEILINGS MADE OF ROCK WOOL PANELS

Here,acoustical performance tiie suspended ceilingroposals madef rock wool
panels were compared with each other in
Athe | ayout of sound absorbing unitso in
The comparisons were done among:
(1) the different suspended ceiling treatments gsaimost the same volume of
rock wool
(i) the same type of suspended ceiling treatments using the same surface area
while the thickness of the boards were 5 or 10cm
(i)  thebaffle panelled suspended ceiling treatments with different interval sizes;

(iv)  thebaffle and transverse panelled ceilings

The amount of rock wool used in each ceiling treatment are given in Fabkor
the suspended ceiling treatments FP10, B10@60(bt), B10@60(at),B5@30(at),
almost the same volume (amount) of rock wool material is used tivithtotal
volume of approximately 38fwhile a total volume of approximately 43is used
for the treatment TP10. Among them, the treatments B10@60(bt), B10@60(at) and
TP10 provided GRT values almost equal to each other while more sound absorbing
material vas used the treatment TP10 (Figure 5.1). The estimated GRT values of the
treatment FP10were above the values obtained from the baffle suspended ceiling

tfreatments.

For the suspended ceiling treatments FP5, B5@60(bt) and TP5, almost the same
amount of rockwool panels are used, such as the total volumappfoximately

20n? for the first two treatments andpproximately 22 7mfor the last one,
respectively. Although the same amount of rock wool material is used for the flat and
baffle suspended ceiling treaénts, the baffle suspended ceiling treatment
B5@60(bt) provided the lowest GRT values (Figure 5.2). In addition, although more
sound absorbing material was used in the proposal TP5, the performance of the
treatment B5@60(bt) was found to be better in seoh decreasing the estimated
GRT values.
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Despite the use of same amount of material in flat and baffle panelled suspended
ceilings,the sound waves hit one side of the panelstipénelled system while; both
sides of the baffle modules were interacting with the sound waves. The increase
sound absorbing surface area seemed to provide more absorption of théSmmind

groups in circles in Figure 5.3a)

The performance of baffle qusnded ceiling systems (B10@60, B5@60) were better
than the transverse suspended ceiling systems (TP10, TP5) despite the use of fewer
amount of rock wool. This shows that in order to reduce the reverberation time,
excessive amount of material is not thdyosolution, but the configuration of the
material and system of the application is effective as well. Moreover, according to
the grid response analyses results of the parameters EDT, T30 and C80 at mid
frequencies, STI andSPL(A), See relevant figures1iAppendix A, Appendix B,

and Appendix C), for evenly distribution of the sound witthie hall, due to their
diffusive character, proposals B10@60(at) and \{f#)e found to be better solutions

than the proposal TP10.

Role of thickness for the rock wooloards on the acoustical performance of
suspended ceilings is also analysed. According to the comparison of treatments with
the same surface area, namely FP5, B5@60(at), TP5 with FP10, B10@60(at), TP10,
for PEC, SGp and SGa scenarios, treatments with tkec material provided more
decrease in estimated GRT value especially at 125Hz.Moreover, In the treatments
B10@60(at) and B5@30(at) for the scenarios PECp3@d SGa, same amount of

rock wool was used. According the simulation results, estimated GR&svat mid

and high frequencies were almost equal to each other in both proposals. However, at
125Hz, estimated GRT was longer in the proposal B5@30(at) (Table 4.4, Table 4.8,
Table 4.12and Figure 54 . This was because of sound abs
difference between 5cm and 10cm thick rock wool at 125Hz (Table 3.4). These
results mean that in addition to the amount of the material used, sound absorption
characteristics of the material in all frequency ranges (related with the thickness of

boards) $ also important.
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In the treatment proposal B10@30(at), the amount of rock woolwasdwice the
amount used in B10@60(at) for the scenarios PECp $@d SGa. However, the
decrease in the estimated GRT values in all frequency ranges was not remarkable
(around 0.03s) which means doubling the amount of material did not provide a
remarkdly efficient solution in these cases (Table 4.4, Table 4.8, Table 4.12). The
performance comparison of ceiling treatments B10@30(at) and B10@60(at) is given

in Figure 5.5.
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This situation taken into consideration, with the aim of decreasing the material cost,
the simulation was repeated with the proposal B10@90(bt) for the PEQ, £5G

SGa scenarios. In these cases, on the other hand, the estimated GRT values at mid
frequencies were around 0.1s above the values derived with the application of the
proposal B10@60(bt) (Table 4.5, Table 4.9able 4.13). The performance
comparison of ceiihg treatments B10@60(bt)and B10@90(bt) is given Figure 5.6.
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Figure 56 Comparison of treatment proposals B10@60(bt) and B10@90(bt) in terms
of estimated GRT values for the PEC,-8@nd SGa scenarios.

In addition, according to the simulation results, in the proposal B10@90(bt), T20
T30 difference at low and mid frequencies is more than the difference in the proposal
B10@60(bt) (Figure5.7). This showed that the reflections from the interior surfaces
of the roof above the suspended ceiling become more effective and after a point, the
volume between the ceiling of the hall and suspended ceiling acts as a eoaphed

As observed from the performance comparisonsthef proposals B10@8&x)
B10@6@at) and B10@60(bt)B10@90in terms of reducing the estimated GRT
values in the hallrather than additional excessive amount of material, there is an

optimum solution for treatmeijee groups in circles in Figure 5.3b).
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(below)
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Among the types of baffle panelled suspended ceiling systems, the ceiling
B10@60(at) is suggested for the acoustical improvement of the hall for its multi
purpose use due to theasons of (i) its performance for reducing the GRT value of
the hall, (ii) feasible use of materials and (iii) level of its application. Although
treatment B10@60(bt) satisfies the first and second reasons mentioned above, the
applications below the trudevel reduce the overall volume of the hall with a
decrease in the overall height about 60imat results in the height of the hall to be
below the minimum height requirement given by Turkish Volleylkadbteration
(2014) and Turkish Basketball Federatiof2014) A special care should be given
while selecting those ceiling treatments since bdlmss treatments may limit the
height of the hall for some sportive activities and it is not suitable to be applied to the
studied hall.

5.3 ACOUSTICAL IMPROVEMEN TS WITH TH E PROPOSEDSUSPENDED
CEILING SYSTEMS: PERMANENT INTERVENTIONS

Al l suspended ceiling treatments proposed

"baffl e panel |l edo, Atransverse panel |l edo

systemso a anent intemventions esuggested for the main acoustical
improvement of the sport hall. Those interventions were determined to decrease the
GRT values in the hall noticeably. In other words, all these suspended ceiling
systems that were suggested in the studyided considerable improvement in the
acoustical features of the hall, especially for sportive activities including physical

education class and sport games (Figure 4.1).

According to the simulation analyses, among four suspended ceiling propogals (fla

panelled, baffle, transverse panelled and fabric tension), the application of baffle

panelled suspended ceiling is determined to be the most effective treatment (Figure
5.8) due to the:

- lowest GRT values provided in the hall,

- gradual decrease of GRT prded with increase in frequen@and
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- even distribution of sound in the hall determined by the grid response analyses.

Among the types of baffle panelled suspended systems, the ceilingsB10@30(at),
B10@60(at) and B10@60(bt) decreased the GRT to the Idexeds, in the range
0f1.67s1.73s, 1.714..77s and 1.62%.67s, respectively, for sport activities (Table
4.4, Table 4.5).The transversanelledsuspended ceiling with 10cthick rock wool
panels fixed between trusses (TP10) provided the similar pefam@nwith those
baffle panelled ones with the GRT values in the range of AL7®@s. Following the
baffle suspended ceiling treatments and the TP10 treatntenpahelled suspended
ceiling with 10 cmthick rock wool panels (FP10) provided the next appropriate GRT
values in the range of 1.74s89s at midrequencies. The least decrease in GRT
values was observed for the treatment of fabric tension suspended ceiling (FT) with

the values in the ra@e of 1.77s1.82s at midrequencies (Figure 5.8).
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The simulation analyses have shown that both baffle and transverse suspended
ceilings are still above the required GRT value of 1.02s at mid frequencies for the
PEC scenario. This meant that there is the necessity for thefuadditional
treatments to the walls, such as use of sound absorptive curtains on wall surfaces in
order to decrease the estimated GRT values to the acceptable ranges. The baffle and
transverse panelled ceilings, on the other hand, are accepted taugh emestablish
appropriate acoustical environment for the sport games due to their estimated GRT
values close to the required values of 1.5s at mid frequencies. In short, in terms of
GRT values, the baffle and transverse panelled suspended ceilingdetemained

to be the most effective proposal for sport games activities while additional
interventions seemed to be needed for PEC and -pwitiose activities, such as

sound absorptive curtains on wall surfaces.

According to grid response analysebe taispended ceiling treatments B10@60
below and above truss level and TPp@pviding the acceptable GRT values for
sport game activities, were determined to improve the speech intelligibility within
the hall due to the
- decrease in the estimated EBiid T30valuest mid frequencies with the values

in the range of 1.23%.48sand 1.47<1.90s, respectively;
- estimatecEDT valuesheing lower thathe GRT values;
- estimated T30 values similar with GRT values;
- increase in the STI values in the range o7@3%2avhich fell into theSTI ranges

of Af a@ligro@idaiesd, Table 4.15)
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Figure 59 Estimated EDT and T30 X(50) cumulative distribution values ci@&S
and IMPROVED cases (ceiling treatments B10@60at, BLO@60bt, TP10) for
spative activitiesi SG-p, SGa, PEC scenarios.

In addition,the estimated SPL(A) differences were kept below 10dB (in the range of
6.4dB - 9.8dB (Table 4.15). Itmeant that adequate loudness was provided in the

overall hall (see relevant figures Appendix B and Appendix C).

Among the suspended ceiling treatments the even distribution of sound was achieved
mostly by the B10@60(at) and B10@60(bt) suspended ceiling applications. The grid
response maps of EDT and T30 obtained for the sport gamesiestpresented the

even distribution in the hall while some focusing of sound in the playfield and local
increases in EDT and T30 values at some spot areas, such as at the corners of the
play field and rear side of the tribune, were obse(¥egure B.2, kgure B.3, Figure

C.2, Figure C.3). Thproblem of sound focusing in the playfield needed to be solved
with the use of sound absorptive perforated metal sheets that cover the parapets

between the tribune and playfield. The other local defects observennars and
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edges seemed not to disturb the eglistribution of sound for the receiver positions
(audience and/or the players). Those local defects can be eliminated simply with the
use of sound absorptive or diffusive materials where defectsbaervedBeranek,
2004).Considering all, the B10@60(at) and B10@60(bt) treatments were assessed to
provide sufficient even distribution for PEC and sport games while some additional

interventions were still needed.

The transverse panelled suspended ceiling witbmithick panels(TP10), on the

other hand, was not satisfactory to provide even distribution of sound in the hall for
PEC and sport gamestivities (see relevant figures in Appendix A, Appendix B and
Appendix C). Additional improvementsuch as using sod absorptive and/or
diffusers at wall surfaces were necessary to achieve uniformity of sound in audience
areas and eliminate tmemarkable differencaa EDT and T30 values &00Hz and
1000Hz

54 ACOUSTICAL IMPROVEMENTS WITH THE JOINT USE OF
PROPOSED SUSPENDED CEILING SYSTEMS AND SOUND ABSORBING
CURTAIN MODULES

All permanent treatments with additional use of satin curtain provided a decrease in
the estimated GRT values in the hall for physical education class anepompitise

activities.
The physicaéducation class activity

The configurations composed of both permanent suspended ceiling treatment and
sound absorbing curtain modul evall wast t ac he
observed to decrease GRT values more than the configurations using the curtain
modulesin front of the windowsThe average estimated GRT values at-mid
frequencies were in the range of 1-4888s with the joint use of curtain modules in

front of the windows; 1.42%.50s with the joint use of curtain modules in front of the

tri buneds r e ardcealiaglptoposals flat panelkeg sispended ceiling
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systems (FP5, FP10) (Table 4.16), baffle panelled suspended ceiling systems
(B10@60(at), B10@30(at), BB30(at), BLO@60(bt)) (Table 4.17, Table 4,18
transverse panelled suspended ceiling systems (TPBQ)Ténd fabric tension
suspendecceiling system (FT) (Table 4.19In short, when compared with the
estimated GRT values provided by the permanent suspended ceiling treatments, a
reduction of approximately 0.2s in GRT values was provided by the addition of
curtain modules mounted in front of windows while a reduction of approximately
0.3s was achieved by mounting the curtai
(Figure 5.10).

2,75 ~B-FP5+Cr
w255 —-FP10+Cr
g -8-B10@60(at)+Cr
[= 2,35 ——B10@30(at)+Cr
S ~+-B5@30{at}+Cr
© 215 4 B10@60(bt)+Cr
% 1,95 -o-TP5+Cr
% &/ TP10+Cr
QTCU 1,75 W FT+Cr
L ——FP5+Cg
g 1,55 —+FP10+Cg
% 135 -#-B10@60(at)+Cg
£ —-B10@30(at)+Cg
E 1,15 -B-B5@30(at)+Cg
i -B-B10@60(bt)+Cg
0,95 -=-TP5+(Cg
125 Hz 250Hz 500Hz 1000 Hz 2000 Hz 4000 Hz 8- TP10+Cg
Frequency, Hz —-FT+Cg

Figure 510 For the Scenario PEC, the estiethGRT values determined for the
IMPROVED cases representing the performance of sound absorbing curtain modules
positioned whether in front of windows

with permanent ceiling treatments.
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The average of GRT vads at mid frequencies oltad for the treatments
B10@60(8&+Cr, B10@60(y+Crand TP168C, were found to be below 1.5s, the
required GRT value forpertive activities (able 4.17, Table 4.18, Table 4.19 and
Figure A.1). This means that those treatmentstla@econfigurations sufficient to
decrease GRT values to required ranges. However, all treatments suggested are still
above 1.02s, the required GRT value for lectures.

For the multipurpose activities:

The additional treatments composed of -p@@ple filledseat,263nt double layered

satin curtais on walls, estimated GRT values decreased the average GRT values of
selected ceiling treatments B10@60(bt), B10@60(at) and TB@approximately

2.0s to approximately 1.3s at low frequency range, approximdlélg to
approximately0.8s at midfrequeny range, approximatelyL.5s to approximately

0.6s athigh-frequeny range for the speech and musical activities-MBnd MPP
scenarios. The joint use of curtain modules in front of the windows, side walls and
tribun e 6 s -wall evdtlh the baffle panelled suspended ceiling systems
B10@60(at)+Ca, B10@60(bt)+Ca and TP10+Ca decreased the average GRT values
at midfrequencies to 0.82s, 0.80s, and 0.77s for speech activitieS(stignario);
0.89s, 0.88s, 0.80s for perfornee activities: (MFP scenario) respectively.

After the addition ofoccupiedseatingand the curtain modulesn the walls during
multi-purpose activities, althougBRT valuesdecreased to the required valties
difference between T30 and T20 observed aligd the presence of acoustical
coupling phenomenon after the joint use of ceiling and curtain (Figure D.1, Figure
E.1).

In order to eliminate those late reflections, the sound breaks were provided with the
use ofdoublelayered satin @rtains atthe openentrancedetween the service area
and the playfield After the addition of curtain modules and with the joint use of all
proposed curtain  modules and ceiling treatments B10@60(at)+Ca+Co,
B10@60(bt)+Ca+Co and TP10+Ca+Co, the average GRT values -dteaueéncies

were found to be0.60s, 0.59s, and1@.5or MRS scenarip0.68s, 0.66s, and @5
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for MP-P scenario (Table 4.20, Table 4.21, Table }}.&%pectively (Figure 5.11).
These configurations provided preferable acoustical environment for the- multi
purpose activities by eliminating the coupling effect and keeping the estimated GRT
values in the acceptable ranges (Figure D.2, Figure Bl#jough the estimated
GRT values arén theideal rangesvith or without the sound breaksince acoustical
couplingphenomenon is not preferréal the multipurpose scenaripg is necessary

to close the entrancewith thecurtainmodules duringthose activities.
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Figure 511 Estimated GRT values of the AS case for PEC scenario and
IMPROVED cases with ceiling and wall treatments for MP scenarios.

According to the grid responses analyses resultgHgsical education class activjty

j oi nt use of curtain
ceiling treatment810@60(at), B10@60(bt) and TR46re determined to improve

the speech intelligibility within the hall due to the

modul es heisaospniedo nt of

- decrease in the estimated E@Ad T30valuesat midfrequencies in the range
0f0.87s1.13sand1.25s1.68s respectively
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- estimatecEDT valuesbeing lower tharthe estimatedsRT values;
- estimated T30 values similar with GRT values;
- increase in the STI valuesin the rang®d90.63wvhich fell into theSTI ranges
of NAf d@goodamnki gu4.23 Table&.24, Table4lpe
In addition, theestimated SPL(A) differences were kept below 10dB (in the range of
7.3dB-8.1dB). It meant that adequate loudness was providedin the overallskall

relevant figures in Appendix A)

According to the grid responses analyses resultsdti-purpose useofr speech and

performance activitiegoint use of curtain modules in front of the wall surfaces and

at the openings withhe suspended ceiling treatments B10@60 alaoek below

truss level and TP1(@roviding the acceptablestimatedGRT values for sport game

activities, werealsodetermined to improve the speech intelligibility within the hall

due to the

- decrease in the estimated EBiid T30valuest mid frequencies with the values
in the range 00.32s0.54sand 0.40.66s, respectively;

- estimatecEDT valuesbeing lower thathe GRT values;

- estimated T30 values similar with GRT values;

- high average C80 values at mid frequeaan the range of 8.5dB3.6dB (for
performance activitiesMP-P scenariq)

- increae in the STI values in the range ofG(47 (for speech activitigdVIP-S
scenario)which fel]l into the STI3 range
Table 4.24, Table 4.25
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Figure 512 Estimated EDT and T30 X(50) cumulative distribution values of
IMPROVED case with the ceiling treatments B10@60(at), BL0@60(bt) and TP10

and all curtain modules on wall surfadesMP scenarios.

In addition, the estimated SPL(A) differences were kemivbdl0dB (in the range of
6.1dB-10.5dB). It meant that adequate loudness was provided in the overall hall

(Appendix D, Appendix E)

Similar to the analyses results for sport games activities, according to the estimated

GRT values and grid response analysegs, among the three suspended ceiling

proposals, the baffle panelled ones provided sufficient acoustical improvement

within the hall for the physical education class activity and rmuitpose activities.

Due to height restrictions of the sports fedenadi baffle panelled suspended ceiling

system with baffles located above truss level were selected as the appropriate ceiling
treatment as permanent implementation. As temporary implementation, on the other

hand, during PEC activities, curtain modules inadf n t of the tribuneds
(configuration B10@60(at)+{; during MP activities, use of curtain modules in front

of all proposed wall surfaces and at the openings between the service and sports
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areas (configuration B1l0@60(at)##C,) provided the suf@ient improvement
within the hall. However, according to the grid response analyses results of the
treatment configurations Bl10@@®d)+C for physical education class and
B10@60(at) for sport games activitigfecusing of the sound for the parameter
T30wasobserved on the playfield{gureA.3, Figure B.3, Figure OQ.3This was
thought to be caused by the reflections from the parapet between the playfield and
the tribune which might have become more effective after additional sound
absorption atthe walls anthe ceiling. After the addition of sound absorbing
perforated metal sheet as the second permanent material, the average estimated GRT
values at mid frequencies were found to be 1.45s, 1.62s, 1.67s, 0.59s, 0.66s for PEC,
SGp, SGa, MRS, MRP scenarios reectively which were in the required or
acceptable ranges for each activity (Figure 5.13, Figure A.1, Figure B.1, Figure
C.1,Figure D.2, Figure E.2).
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Figure 513 Estimated GRT values of the permanent treatm@h®@ 60(at)+MS
with the joint use of determined temporary treatment for PEGp S&za scenarios
with required/acceptable limit (a), for MP scenarios with required interval (b).
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For the acoustical improvement, in the design or the treatment of the ajf@rnbt

only additional sound absorption but also homogeneity of the sound absorption
within the hall is important in order to prevent focusing of the sound caused by the
ineffective sound reflecting surfaces that might become dominant. In the stulllied ha
application of sound absorbing perforated metal sheet is necessary since focusing of
the sound was observed in front of the parapet surfaces after the treatments on the
ceiling. After the application of sound absorbing perforated metal sheet, foaifsing

the sound was no longer observed.

According to the grid response analysé®, speech intelligibility within the hadr

all five scenariosvas determined to be improvdde to the

- EDT values of 1.02s, 1.19s, 1.09s, 0.42s and 0.52s at mid
frequenciesrgpectively;

- estimatecEDT valuesbeing lower thathe GRT values;

- estimated T30 values ofl.41s, 1.58s, 1.62s, 0.54s and 0.50s at mid
frequenciesrespectively;

- estimated T30 values similar with GRT values;

- high average C80 value of 9.1dB at mid frequeni@e$P-P activities;

- increase in the STI values of 0.61, 0.60, 0.59, 0.75respectively;

In addition, according the estimated SPL(@jferences of 7.3dB, 6.6dB, 8.9dB,

10.3dB and 6.2dB respectivelgdequate loudness wpasovided in the overall hall

for all the activities (Figure 5.14).
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Figure 514 Estimated EDT and T30 X(50) cumulative distribution values of
IMPROVED case with the treatments B10@60(at)+MS with the joint use of

determined curtain modulésr all scenarios.

Focusingof the soundwvaseliminated and the sound was evenly distributed within
the hall for all the parameters sound absoripedorated metal sheet on the parapet
and the ceilingreatment B1L0@60(at) for S@and SGa scenarios, B10@60(at)+Cr

for PEC sceario, B10@60(at)+Ca+Co for M8 and MPP scenarios (see relevant
figures in Appendix A, Appendix B, Appendix C, Appendix D, Appendix E).
Furthermore, the construction cost of the proposal is found to bring less than 8%
increase to the total constructionst which shows that it is possible to provide

sufficient acoustical improvement with an economical solution (Figure G.1).

The acoustical coupling phenomenon from the service area during-purpibse
activities and focusing of sound for the parameter @8fing physical education
class and sportive activities are observed after additional absorption on the walls and

ceiling. Both these consequencémw that it is important to be careful abdbe

111



reflections from theintreated surfacebat might becomenfluentialwhich werenot
before the treatmesit These situations reveal the fact tihatt not only the amount or
the location ofthe materiab usedbut also evenly distribution of ke materials

within the hall isimportant.

For providing variable acoustl environment, sincéhey are easily mountable and
operable, treatment by means of sound absorbing curtains with roller blind
mechanismis a simple and economical solution in terms of its material and
application costThe disadvantage of these curtain modules is they amdiffutive.
However, this is not obligatony the content of this studsince thecurtainsare used
during the multipurpose activities wher¢he audience covering the playfield
provides the neceasy scatteringas observed from the grid response analyses results

(Appendix D, Appendix E)

55 GUIDING REMARKS FOR ACOUSTICAL IMPROVEMENT OF

TYPICAL SPORT HALLS

The knowledge achieved by the study are summarized here in the form of guiding

remarks forthe renovation processes of typical sport halls, especially for the

designers, engineers and practitioners. Those remarks should be taken into
consideration to provide appropriate acoustical environment in sport halls for its use
as physical education ckes, sport games activities, speech and musical -multi
purpose activities. They are also useful for the preliminary stages of design to obtain
inherently welldesigned acoustical conditions in typical sport halls.

The guiding remarks are summarised below:

e The GRT values at mid frequencies required for ldotures shoulde below
1.02s; for the sportive activitieshouldbe below 1.8n case sound reinforcement
systems are whether used or;rfot multi-purposeactivities shouldbe between
0.6s 1.2s in cassound reinforcement systems are ugeztording to the results
of this study,the acoustical situation in the untreateall s improper for those

activities and need to be improved.
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In order to enable different requirements for different activities, bigria

acoustical environment is needed to be provided within these halls.

Because of their large surface aretig ceiling, walks and floor arethe key

components for the control of sound field in the hall. Therefore, treatments with

the sound absorptive afor diffusive materials on those surfaces, such as
application of a suspended ceiling on the playfield, are dominant interventions
while precise adjustments can be done by local treatments.

For the sports hall, the ceiling is the most appropriate compdoemaking

interventions and for the implementation of sound absorptive materials.

For the major acoustical improvement of the sport hall, mainly four types of

suspended ceiling systems are suggested. These are the flat panelled, baffle

panelled, transrse panelled and fabric tension suspended ceiling systems.

Among these suspended ceiling systems, baffle suspended ceiling proposals,

especially the onecomposed ofl10cmthick rock wool panelswhich are

positioned at60cm intervalsand aligned with the ditom level of trusses

(B10@60(at)) provided the most efficient solutiorThat treatment provided

GRT values in acceptable ranges and more even sound distributithe ihallin

comparison to the flat, transverseand fabric tension suspended ceiling systems

If the budget is limited, instead bhffle panelledsuspended systems, the fabric

tension suspended ceilingaich as the ceiling composed of double laysceohd

absorptive fabric stretched crosswise between the trussas alternative for the
acoustical improvement in the sports hall. However, that proposal seems to be
insufficient for the control of sound especially in low frequencies (125Hz and
250Hz).

The permanent interventionsecommended for the acoustical improvement of

sports hall are:

- the use ofbaffle panelled suspended ceiling with-d-thick rock wool
panels with 60cm intervals where the baffles are suspended 60cm above truss
level (B10@60(at));

- the use ofsound absorbing perforated metal sheet covering the parapet
which are locate between the playfield and the tribuigsl0 @60(atyMS).
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For sport games activities, those permanent interventions mentioned above are
enough.

For the physical education classes, in addition to the permanent interventions
mentioned above, it is adviseduse sound absorbing curtain modules with roller
blind mechanism in front of tribuneds
performance of curtain modules are satisfactory when dédaiézed satin fabric

is used and a cavity of 15 cm is kept between thié suaface and the curtain.
Here, a special care should be given to keep that cavity to achieve the particular
sound absorption required from the curtain application.

For the multi purposes use of the sport hall, in addition to the permanent
interventions, it is recommended to use douldgered satin fabric sound
absorbing curtain modules with roller
wall, side walls, front walls and at the openings between the service and sports
areas. Here, the use of curtairistl@e openings between the service area and
sports hall are essential to eliminate undesirable sound reflections.Again, a
special care should be given to keep the cavity of 15 cm between the wall surface
and the curtain.

Apart from the acoustical concerrtbe suspended ceiling and curtain modules
proposed in the study should bensideredas thearchitectural toolsand have

role to motivate the occupants. Therefore, the relationships especially between
the baffle panels and curtain modules can be builtifigeroving the indoor

aesthetic quality and establishing more pleasant sport hall interiors.
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CHAPTER 6

CONCLUSION

In this study, acousticalnalyses of a typical sport hall project (Code: MEB 268%

were made with the help of the compuwenulations regarding the AIS uses of the

hall, namely physical education classes and sport activities, such as basketball and
volleyball games. In addition to those activitieeguirementsfor the acoustical
environmenduring themulti-purpose use ahe hallwereexplaina. Treatments for

the acoustical improvement and providing variable acoustical environment were
suggested.

Acoustical poblemswithin thetypical sport hall projectveredefined with respect to

the simulation results. According to #eresultsthe acoustical performance of the
AS-IS case is not suitable for the activities taking place in these faksestimated

GRT values were found to be highly above the requirements at low, mid and high
frequencieswhich signiad the insufficiercy of theacousical environmenin these

halls since long reverberation time degrades speech intelligibility and causes high
ambient noise levels resulting in inconvenient environment for verbal
communication

Moreover, the results obtained frongrid response analysealso signalled the
existence of nosandunintelligible environment in the hall§heseproblems leado

tiring communication ambience and cause impromavironments for the
activities/functions Those resultalso showed thain addition to the lectures and
sport activitiesthe acoustical environment in these halls)x@ suitableduring their
multi-purposeusefor several speech and musical activities.

For the acoustical treatment of the halbme types ofoundabsorbing suspended

ceiling systems were proposedll proposed ceiling treatments provided acoustical
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improvementwithin the hallin terms of decreasinghe estimated GRT values
Among all the ceiling treatment proposals (flat, baffle, transydetwic tensio

baffle suspnded ceiling proposals provided the most efficient solution in terms of
acoustical improvement of the hall and material economy. The least efficient
improvement was provided by fabric tension ceiling proposal.

For the optimization of the ceiling treatmeand the selection of the most feasible
proposal, suspended ceiling systems were compared in terms of material use and the
layout of the sound absorbing unitshé&h same amount sbund absorbing units are
used, use othicker material(10cm rock wool parls) was more effectivehan
thinner material (5cm rock wool panel) decreasing the estimated GRT values
especiallyin low frequency ranged he increase in amount of sound absorbing units
resulting in frequenthspaced panels effective to decreas@RT values due to the
increase in sound absorbing surface area, but until a certain intervdhyblo of

sound absorbing units requires@ptimized interval.

Ceiling treatmentsB10@60(at), B10@60(bt) and TP1Provided remarkable
increase in the intelligibty of speech and adequate loudness in the overaliwel
obtained Baffle panelled suspended ceilings provided evenly distributed sound field
in the overall hall, except some spot areas where local increases of the EDT and
T30values at thearners wall-floor intersectionsand focusing of the sound on the
playfield were observetihe sound focusing observed on the playfield in front of the
parapet surfaces was eliminated after covering the parapet surfaces with sound
absorbing perforated metal sheet.eThonfiguration composed baffle panelled
suspended ceiling and parapet cladding with perforated metal sheet was
recommended as permanent treatment for the acoustical improvement of a sport hall,
especially for sport games activities.

Additional sound absption treatment was needed to provide sufficient improvement
for the physical education class and/or mpitrpose activitiesThe attachment of
soundabsorbing curtain modules with rolblind mechanismmounted in front of

the wall surfaces with a 15crravity wassuggestedtor PEC activity, additional
treat ment of using sound absorptive curtair

provided acceptable GRT values. For the muliipose activities, additional seating
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and sound absorbing curtains in frontvedll surfaces provided ideal GRT values.
Excessive sound absorption let late reflections from the service area become
effective. Sound absorbing curtains were mounted at the openings between the
service and sports areas. That treatment eliminated |#tsatie@n.

After these treatments, variable acoustical environment with acceptable/required
values for the parameters checked (GRT, EDT, T30, STI, C8BQ\SRd.(A)) were
provided during the physical education classes, sport games andpumplise
activitieswith evenly distribution of the sound in the overall hall. This implies that
during those activities, a comfortable verbal communication environment free from
echoes, with good/excellent speech intelligibility, with adequate loudness and
without high aml®nt noise levels in the overall hall is achieved.

Total material and application cost of the selected proposals is found to be below8%
of the total construction cost. So, it is possible to provide a sufficient solution to the
obvious problem with a nominabst increase.

To sum up,large volume character of the halls and use of rigid surfaces cause
acoustical problems such @sng reverberation, echoes and high ambient noise
levelsThis situation, which can be experienced in real life, is supported with the
simulation results andt is revealed with this study conducted by the help of
computerbased acousil simulation thatthe acoustical situatiom the hall is
improper for the activities taking place. The simulati@sults provide scientific
evidencemformation to the alreadyerceived condition causing the problems
mentioned above, which has not been verified befloréhe light of the results of

this study it is found that additional sound absorption to these halls is needed. Even
distribution of tle sound absorption is important in order to provide evenly
distributed sound field in the overall hall and prevent focusing of the sound caused
by ineffective surfaces that might become effective after treatments. In addition,
corners andwall-floor intersections are thesurfaces that require attention.While
deciding on the treatments, size requirements of $pderations for sport activities,
spatial needs and requirements for mpltrpose activities and their convenience in
terms of fire regulations nsti be taken into consideration. Due to different

requirements for different activities taking place in these halls, variable acoustical
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conditions must be provided for each activity. It is noticed that the clear height of the
typical sport hal with the alue of 6.80m is below than the required clear height of
7.00m for basketball andolleyball games as defined by the relevant federations.
Any intervention to the ceiling in the form of a suspended ceiling, therefore, is
restricted due to the improp&S-1S height of the sport hall. The typical sports hall

of schools should be designed according to the height requirements given by the
federations. The sports hall designed with a certain height more than the required
levels is recommendetb tolerate any imrvention to the ceiling which may be
introduced during the renovations.

The results of this study are essential in terms of acoustical impravefide sport

halls for their currenand multipurpose uses. The definitiog&ven in the content of

this stidy also include acoustical design criteria in order to provide proper acoustical
environment which enable to offer several system details regarding the sound
absorption characteristics of the materials used on the surfacessefh#ils and

their organiation within the hallSuch criteriavere describeds giiding remarks to

the attention of the architectsngineers and acoustical designémsaddition to the
computer simulation analysesn-situ measurements are essential for the
development of the pposals and for providing better acoustical environment within
the sport halls.Furthermore, this study points out the hints for the acoustical design of
the typical projects that has to be considered for better acoustical performance in

sport halls, in fuire.
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APPENDIX A

SIMULATION DATA FOR THE SCENARIO PEC
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Figure Al EstimatedGRT (T20 and T30) valugat theleft) and T30 noise
reduction curvegat theright) obtained for th&scenaridPEC:
(a) AS-IS case, (breatmenB10@60(at)+Cr, (AreatmenB10@60(bt)+Cr,
(d)TreatmenfTP10+Cr, (e)JreatmenB10@60(at)+MS+Cr.
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Figure A2 The maps showing the distribution of estimated EDT data at 500Hz (at
the left) and 1000Hz (at the right) together with their cumulative distribution
function graphics for the Scenaf&C:
(a) AS-IS case, (b)reatmenB10@60(at)+Cr, (AreatmenB10@60(bt)
+Cr, (d)TreatmenfTP10+Cr, (eJreatmenB10@60(at)+MS+Cr
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Figure A3 The majg showing the stimated T3@ataat 500Hz &t theleft) and
1000Hz &t theright) together with their cumulative distribution function grapHas
theScenario PEC(a)ASIS case, (bYreatmenB10@60(at)+Cr, (cYreatment
B10@60(bt}+Cr, (d) TreatmeniTP10+Cr, (e)lreatmenB10@60(at)+MS+Cr
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Figure A4 The map showing thedistribution of STIdatatogether with their
cumulative distribution function graphiésr the Scenario PEC,
(2)ASIS case, (bYreatmenB10@60(at)+Cr, (cJreatmenB10@60(bt)

+Cr, (d)Treatmeat TP10+Cr, (e)lreatmenB10@60(at)+MS+Cr
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Figure A5 The maps showing the distribution of estima&®l_(A) data together
with their cumulative distribution function graphics for the Scen@EC:
(2)ASIS case, (bYreatmenB10@60(at)+Cr, (cJreatmenB10@60(bt)
+Cr, (d)TreatmenfTP10+Cr, (e)lreatmenB10@60(at)+MS+Cr
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APPENDIX B

SIMULATION DATA FOR THE SCENARIO SG-p

Estimated global reverberation imes (Source 1, 24540 rays used)

Estimated global reverberation imes (Source 1, 24540 rays used)
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Figure Bl Estimated GRT (T20 and T30) valueat (the left) and T30 noise
reduction curvesat theright) obtained for the S scenario:
(a) AS-IS case, (bYreatmenB10@60(at), (chreatmenB10@60(bt), (d)

TreatmenfTP10, (e)TreatmenB10@60(at)+MS
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Figure B2 The maps showing thdistribution ofestimatecEDT dataat 500Hz &t
theleft) and 1000Hz4t theright) togethemwith their cumulative distribution
function graphictr the ScenaridcSGp:
(@)ASIS case, (bYreatmenB10@60(at), (clreatmenB10@60(bt)
(d) TreatmenfTP10, (e)TreatmenB10@60(at)MS
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Figure B3 The maps showing thdistribution ofestimatedl 30 dataat 500Hz &t the
left) and 1000Hz4t theright) togethemwith their cumulative distribution function
graphic$or the ScenaridcSG-p:
(2)ASIS case, (bYreatmenB10@60(at), (c)lreatmenB10@60(bt)
(d) TreatmeniTP10, (e)TreatmenB10@60(at)MS
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Figure B4 The map showing thalistribution of STidatafor the Scenario S&,
togethemwith their cumulative distribution function graphics:
(2)ASIS case, (bYreatmenB10@60(at), (clreatmenB10@60(bt)
(d) TreatmenfTP10, (e)TreatmenB10@60(at)MS
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Figure B5 The maps showing the distribution of estima®#l(A) data together
with their cumulative distribution function graphics for the Scenatep:
(a)ASIS case, (BjreatmenB10@60(at), (ChreatmenB10@60(bt)
(d)TreatmentTP10,(e)TreatmenB10@60(at)MS
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APPENDIX C

SIMULATION DATA FOR THE SCENARIO SG-a

Estimated global reverberation times (Source 3, 20188 rays used) Estimated global reverberation times (Source 3, 20188 rays used)
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Figure C1 The estimatedGRT (T20 and T30) valudat theleft) and T30 noise
reduction curvegat theright) obtained for thé&ScenaricSG-a:
(2)ASIS case, (bYreatmenB10@60(at), (c)lreatmenB10@60(bt),
(d) TreatmenfTP10, (e)TreatmenB10@60(at)+MS.
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Figure C2 The map showing thedistribution of estimatedEDT dataat 500Hz &t
theleft) and 1000Hz4t theright) together with their cumulative distribution
function graphidor theScenario S&, ..
(2)ASIS case, (bYreatmenB10@60(at), (c)lreatmenB10@60(bt)
(d) TreatmenfTP10, (e)TreatmenB10@60(at)MS.
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Figure C3 The maps showing thdistribution ofestimatedi'30 dataat 500Hz &t the
left) and 1000Hz4t theright) togethemwith theircumulative distribution function
graphicsor theScenaricSG-a:
(2)ASIS case, (bYreatmenB10@60(at), (c)ireatmenB10@60(bt)
(d) TreatmenfTP10, (e)TreatmenB10@60(at)MS.
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