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ABSTRACT

A PILOT STUDY ON THE DEVELOPMENT OF A NEW SUSTAINABE
SOUND ABSORBING MATERIAL

Avgin, Seda
M.Sc. in Building Science, Department of Architeetu
Supervisor: Prof. Dr. Mehmet Cglitan

January 2014, 108 pages

Awareness of the nature has a limited capacitythadconsideration that the future
generations are in danger due to the rapid wagtethe development of technology
in the last century, is leading to sustainabilitg @reen building design concept. The
hazardous effects of the industrial materials aming out, thus, healthier, natural
materials and production methods are being diseovér design healthier interior

environments.

Architectural acoustics requirements are one ovita topics to provide healthy and
comfortable environments. The materials that amsemed in Turkey to provide
acoustical comfort  requirements in terms of roanmd building acoustics are
commonly synthetic fibers, such as glass wool aa#t wool or perforated materials
consisting of those fibers. The preference by &ects is mostly smooth, unperforated
and plain sound absorbers because of aesthetiasbrie. This kind of materials
frequently imported from other countries with higbsts and yet, that are supported
with synthetic fibers. Rock wool and glass wool d@&zardous for respiration;
furthermore physical touch may induce itching. Muwer, synthetic fibers, such as
glass wool and rock wool are produced with highrgmelemands in addition to

transportation costs which result in high carbootgonts. The investigation of



ecological and natural materials is indispensablprovide acoustical requirements
considering the health and energy efficiency.

This study is focused on the development of a scalgbrptive material having
smooth surface and ecological features. The maitsrimade of pumice which has
large reserves in Turkey and reed, which growsehaveas such as rivers and lakes.
The binding agent for the pumice is lime, whicl sore ecological binder compared
with cement and gypsum products in terms of enefiiciency and acoustical
performance. The selected materials are found Ye heeat potential for improved
acoustical performances in addition to being ecaoom@nd ecological. The
measurements of the composite acoustical perforenare realized with Impedance
Tube.

Key words: Natural Sound Absorber, Pumice, Reedneli Sound Absorption
Coefficient, Acoustical Material.
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Oz

EKOLOJK VE SES YUTUCU HR MALZEME GELISTIRILMESI UZERINE
ONCU BIR CALISMA

Avgin, Seda
Yuksek Lisans, Yapi Bilgisi Anabilim Dali, MimarlB6lIGmu
Tez Yoneticisi: Prof. Dr. Mehmet Cglkan

Ocak 2014, 108 sayfa

Doganin rezervlerinin sinirli oldiw ve son yizyilda teknolojinin gefhesiyle birlikte
kaynaklarin hizla tiuketilmesinin insagin gelecgi icin tehlike olwturdusu bilinci
surddrdlebilirlik ve ysil bina kavramini ortaya cikargtir. Endustriyel yapi
malzemelerinin g&iga zararlari ortaya ¢cikmakta ve dahglsdi, dogal malzemeler
kesfedilerek ve daha gakl tretim teknikleri gelgtirilerek i¢ hava kalitesinin daha iyi

oldugu mekanlar tasarlanmasi amaglanmaktadir.

Mimari akustik gereklilikler de gdukli ve konforlu ygamsartlarinin sglanmasi icin
on plana cikan konulardan biridir. Hacim akgistie yapi akusfii konfor sartlarini
sglamak amaciyla tlkemizde yaygin olarak kullanilaalzeameler tgylini ve cam
yuniu gibi sentetik lifler veya bu tir malzemeledesteklenen delikli trinlerden
olusmaktadir. Mimarlarin genel olarak tercih gttlliz ylzeyli ses yutucu malzemeler
ise daha cok yurt gindan ithal edilen yiksek maliyetli ve yine serkelifli
malzemeler ile desteklenen Urlnlerdir. Cam we yianl gibi malzemeler tozuma
sebebiyle solunum yollarinda rahatsizliklara setdapilirken fiziksel olarak temas
edildiginde cilt problemlerine de yol acabilmektedirlerigBr yandan bu tir
malzemeler, dretiminde kullanilan yiksek miktardakierji ve taima maliyeti

sebebiyle karbon ayak izi de yuksek olan drinlefgglikli yasam kaullari ve enerji

Vi



tasarrufunun On plana alinarak daha ekolojik vgatlairinlerin argtirilmasi ve

gelistiriimesi kaginilmazdir.

Bu tez cakmasinda gedtirilen dogal ve yerel Urlnlerle ekolojik, diz yuzeyli ve
deliksiz ses yutucu malzeme, tlkemizde bol miktaedzervi bulunan pomzastave

ulkemizde su kenarlarinda oldukga fazla uretilenbigik miktart ABD’ye ihrag

edilen saz bitkisinden ojmaktadir. Pomza ganin balayicisi kireg ise yuksek
miktarda enerji kullanilarak dretilen ve yayginralakullanilan ¢cimentoya alternatif
olarak secilmitir. Secilen malzemeler sektorde yaygin olarakadulan malzemelere
gore daha ekonomik ve ekolojik olmakla birlikte atikh performanslar da olduk¢a
yuksek olan malzemelerdir. Secilen malzemelerlestotulan Griinin akustik
performansi Kundt Tuaplerinde 0lgulerek kompozit peahenin ses yutuculuk

Ozellikleri ve yapisi agguriimistir.

Anahtar kelimeler: Dgal Ses Yutucu Malzeme, Ekolojik Yap! Malzemesi, Ram
Saz Bitkisi, Kire¢, Kundt Tupu
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CHAPTER 1

INTRODUCTION

The increase of population and technological depreknt has induced various
implications in the 20th century. There are manglleimges that were elusive one
century before. One of the critical challengesasse pollution. In history, the
population in cities was less, the natural envirentmhad not been disturbed and
technological devices weren’'t widespread as todiag. most significant spaces to be
acoustically controlled were religious buildingdaheatres. However, reverberation
and noise evokes as a critical concern in todagés dtandards. The increase of
technology has provided significant machine andfi¢ranoise mainly in crowded
cities. Thus, acoustics and noise control is a wapprtant issue from houses to office
spaces, shopping malls to metro stations as weltagstically sensitive spaces such
as religious buildings, concert houses, opera lgusmference halls and theatres at

the present time.

Acoustical control issues were being handled wsthestos-based materials which are
hazardous for human health 40-50 years before mbe health foundations directed
sector to mineral wool based fibers like rock waontl glass wool since then (Arenas
& Crocker, 2010). Although these materials are Ipasmful for human health,

synthetic chemicals used in production of theseerreds are hazardous that their
fibers may cause skin and eye irritation in shennt period, have lung cancer risk in
long term period (Unionsafe, 2002) and their carlfoatprint caution is quite

significant (Arenas & Crocker, 2010). Neverthelesmst of the sound absorptive
materials in construction industry are synthetlwefs or supported with synthetic

fibers such as perforated wood and gypsum panelupts. Some precautions are



being handled to avoid wool dusts with fiberglasssron the products, but at least,
they cannot be considered as healthy, ecologiccandomic solutions for acoustical

issues.

Ecological and healthy material solutions are bed®yeloped and natural raw
materials are being discovered for sound absormmh isolation, recently. Hemp,
jute, straw and coconut fibers are some examplaatiaral fibers. Most of them have
very significant sound absorption and insulatiorfggenances compared to rock wool
and glass wool (Glet al.2011), (Oldhanet al,2011), (Saadatniet al.,2008), (Mohd

et al., 2004). They all are environmental friendly, heigthand produced with
renewable energy. If harvesting is done caref@igulating the balance of the nature
and environmental issues, their production and egggron is beneficial for natural
environment. Besides, low energy building mater&aks being selected to give less
harm to the environment. For example, fiber reicéor concretes such as hemp
concrete (Gleet al. 2011) are being worked on to develop materialseneaological,

durable and have high isolation characteristics.

The most effective factor that directs the consiomcindustry to ecological materials
is undoubtedly, sustainable design certificatiostays which obtain to increase the
prestige of the buildings and conversant as wekrargy efficient, ecological and
sustainable. Green building design procedures aschEED and BREEAM which
control the design, construction and utilizatioragds of buildings completely, also
encourage natural and healthy construction maseiiapecially for indoor air quality
and energy efficiency; healthy and natural materiate in advance. Acoustical
comfort is one of the essential issues for indaogaality. Since these certification
systems are quiet new as revealed in 1990s, thetrostion industry recently
captivates the details. Natural lightening, natwetilation and sustainability gain
prominence in design periods. These issues neatesddrge glass surfaces for
lightening, air flow between volumes, outdoor andradble flat surfaces for
sustainability. All of these issues, if applied aedjess of acoustical issues, cause
sound isolation and reverberation problems. Fdamse, natural ventilation issues, if
not handled carefully, cause environmental noisegéb into working spaces.

Especially in office buildings, it causes lack pkech privacy and noise at working



spaces. Furthermore, large glass surfaces, solld arad ceiling surfaces cause high
reverberation times which disturb the working peagtd lead health problems. Thus,
most of the recent constructed sustainable andygertificated buildings have worse

acoustical performances than traditional buildifigsehleisen, 2010).

Acoustical issues and sustainable design requirtsmesimould be handled
simultaneously. Adverse to common sound absorteiass and rock wool based
materials, relevant sound absorptive materials tlmahot decrease the indoor air
quality should be discovered. The healthiest andtnenergy efficient alternative
sound absorptive materials are natural organicimordanic materials. Accordingly,
the purpose of this thesis is to develop an altermaecologic sound absorptive
material that is based on appropriate, local, m&torganic and inorganic materials in

Turkey.

1.1 MOTIVATION

Modern architectural spaces interior finishing mate are flat rough surfaces in
public buildings which reflect the sound and caligg reverberation times in those
spaces. High reverberation time may cause heaitiiggns among people. Acoustical
precautions should be handled to provide acoustioethfort requirements in,

especially, large public spaces.

Sound absorptive materials, used for acousticalireaents are mostly perforated
panels with mineral wool based backing fibers whaoh not preferred by most of the
architects since they affect the architectural végwificantly due to the perforation.
The ceiling surfaces like rock wool suspended gdi and painted mineral wool
panels pose suture in application. Most of the amdsurface materials are fine
finishing simple flat white surfaces especiallyamiling surfaces, for all that, the most
effective and simple acoustic precautions can kentan ceiling surfaces as they are
most confident surfaces for common areas. Therefemne of the material
manufacturers have produced sound absorptive pdasith mineral wool backing.
Yet, most of these materials are imported from otoeintries and very high in price

or native ones are of poor quality. Furthermoreytbontain mineral wool. Mineral



wool is a synthetic fiber which can be producedlass wool and rock wool. Both of
the fibers are produced with high energy intake @@y cause allergenic problems
because of the dust. Subsequently, they are notmeended materials for design of

energy efficient and green buildings.

Natural materials are produced by renewable enarglythey do not cause health
problems in contrast to synthetic fibers. They dbaontain toxic gases, they are not
hazardous for environment and they are recycl&d&ural fibers can be used as sound
absorptive materials in construction industry. En@re many researches about natural
materials to be used as an alternative to mine@lsvfor sound absorption as
described in the following chapters of this theMest of these materials have good
absorption properties at high frequencies nevastiselmedium and low frequencies
are more essential as human ear is sensitive aumedequencies for speech. In
addition, most of these materials are measuregdand absorption but there exist
little research on how they can be integrated tstaction materials and produced as

sound absorptive materials for use in buildings.

1.2 AIM AND OBJECTIVES

The aim of this thesis is to develop an ecologsraboth, sound absorptive material
made of natural and local materials which are gneefficient, healthy and

aesthetically preferred.

The objectives of the thesis are to construct @natconfiguration made of reed and
pumice stone which are natural and appropriat& tiokey, to make investigations on
various experimental samples according to acougiarameters that are effective on
sound absorption and discover the variables tree#ective to improve the sound
absorptive properties of the configuration. The starctability of the composition,

chemical properties of the plaster, fire resisyiand durability issues are out of the

scope of this thesis work.



1.3 PROCEDURE

The study primarily covers a general literatureveyron green building design and
ecologic materials, architectural acoustics aneégration between green building
design criteria and acoustical requirements. Sulesdty, the investigations on
ecologic building materials sound absorption progsrare given. Next, literature
information about the materials that are used i $tudy is described. Thereafter, a
general discussion about the literature surveythadietails about the inspiration of

the study are given.

The stages of the experimental study are giveraternal and methodology. This stage
of the thesis study is based on an experimentdysinaeries constructed according
the previous experiment results. There are fouckegperiments that cover the related
experiments with same material contents. Theremsia hypothesis covering the aim
of the thesis research and 9 sub- hypotheses thanweestigated on the ideas of
parameters to increase the sound absorption pefaenaccording to acoustical
parameters that are expected to be effective osdbed absorption. The acoustical
parameters that are investigated in the experimardgseffect of pumice plaster
thickness, granule sizes of pumice, percentageneftontent in pumice plaster, time,

variations of diameters of reeds and porosity efgbmice plasters.

The results and discussion about on the experimaausrding to the measurement
results to the related hypotheses are given ifatleving stage. Last, a brief summary
of the research and analyses of the effects gpain@meters on the sound absorption
performance of the configuration are described #edfuture studies that may be

executed to develop the study are discussed.



1.4 DISPOSITION

There are 4 chapters following the introductoryptba Chapter 2 covers introduction
to green building design, introduction to architeat acoustics issues, sound
absorption and measurement methods, relation betgreen building design criteria
and acoustics, case studies on ecologic sound @hsomaterials made of natural
resources and the literature information abounthgerials that are used in this thesis
study. The chapter is concluded with the genesludision about the literature survey

and the inspiration of the study with the lightloé literature information.

Chapter 3 covers the digest material propertied uséhe experiments and detailed
information about the formation of the configurati®@ubsequently, the chapter covers
the method of production and application of theariats to the configuration and
measurement process to predict sound absorptidhiceets of the composite. The
main and sub hypotheses for the relating experisnarg given in the methodology,

as well.

Chapter 4 covers the experimental measurementsemull discussion of the results
with related hypothesizes. The analyses of the ymed experimental samples

according to various parameters are assessed.

Chapter 5 covers the concluding remarks of theesyrthe effects of the investigated

acoustical parameters on the results and the i$sutsther research.



CHAPTER 2

LITERATURE REVIEW

In this chapter, the topics related to this thesisearch, green building design,
architectural acoustics and the relationship betwie two topics are described.
Besides, ecologic sound absorbers in literature amalyzed and the related
information materials that are used in this stugydisclosed. Last, a brief evaluation

of the literature survey is realized.

2.1. INTRODUCTION TO GREEN BUILDING DESIGN

Industrialization caused a vast amount of natueakriction due to unconscious use
of sources in the last century. Nations realized tive nature will not be able to handle
the demand of people if the energy and source copson continue in the same
intensity. The Nations World Commission on Enviremh and Development
published a report in 1987 which is quoted as:

“Sustainable development meets the needs of thseprewithout
compromising the ability of future generations teattheir own needs.”

Sustainability cannot be defined under a singlil fi¢he term covers all levels of
human activities from global to regional includidgehavior of individuals to
organizations. The basic concerns of sustainalmhty be described as environment,
social and economics. Social issues cover publatineeducation, peace, security,
social justice, poverty, people relations with mafwccupational and customer safety
etc. Environmental issues cover natural source esergy use, climate change,

pollution of land, sea and air, protection of bigsity, natural habitats etc. Economic



issues cover employment, business formation, inc@o@nomic opportunity, nature
as an economic externality etc. These three casd¢®gve to be considered in all fields
that sustainability is subjected. Sustainabilitgamstruction industry is also related to
social, environmental and economic issues. Deskisat al. (2009) describes the
sustainable construction as an attempt to harmoeim@ronment, economy and
society by providing a healthy built environmentséd on resource efficient and

ecological principles.

Nationalities have developed energy efficiency ifteation systems to encourage
construction industry to design and construct huogd that are healthy, comfortable
and have less energy consumption. Acoustical pedace criterion is included but
not deeply examined in the sustainable design ipesc(Field, 2008). Whereas, the
precautions for green building design consideratibapplied without regarding the
acoustical requirements cause to design of woraeespthan non-green buildings in
terms of acoustical comfort (Field, 2008 and Muisiaie, 2010).

According to Cotana and Goretti (2008), the primalyective of energy efficiency

certifications comprises:

I.  Reducing dangerous effects of building materials
II.  Designing and constructing buildings that are hammas with natural
environment
lll.  Improving integrity in building industry
IV.  Encouraging industry and community sensitivity oolegic and sustainable

materials

Ecological material criteria describe the requirataef a material to be considered as
“Green Material”. Environmental Assessment and 8igations of Green Building
Design (Froeschle, 1999) forms a matrix of envirental material assessment that

provides to compare similar products to each otltech is given in Table 2.1.



Table 2.1 Environmental material assessment mé&raeschle, 1999)

Environmental Criteria

Low Toxicity

Minimal Emissions
Low-VOC Assembly
Recycled Content
Resource Efficient
Recyclable Materials
Reusable Components
Sustainable Sources
Durable Materials
Moisture Resistant
Energy Efficient
Improved IAQ

Water Conserving
Healthful Maintenance
Local Product
Affordable Material

Environmental Score

The table helps to realize what to consider wreleting green building materials. It
IS not compulsory for material to provide all theeommendations, however; these
terms should be taken into account during selectiorproduction period of an

ecological material.

2.2. BRIEF INTRODUCTION TO ACOUSTICAL CONCEPTS

Acoustics is defined as a science that deals Wwétptoduction, control, transmission,
reception, and effects of sound. Acoustics is diyeelated with one of the human

sense organ, the ear, and also has physiologicdl psychological secondary



relationships with human perception. Sound isséresation caused by small pressure

perturbations in elastic media.

Sound is a mechanical wave, an oscillation of fares transmitted through
a solid, liquid, or gas, composed of frequenciéhiw the range of hearing. Two
principle parameters are to be considered whenngealith acoustical concerns;
frequency(f) and wavelengi(1). Frequency is the number of occurrences of a
duplication event per unit time. Acousticians dssgound pressure levels in terms of
frequency that is how human ear interpret sound Thit of frequency is Hertz
corresponding to 1 cycle per second and abbrevaéa(Hz). The human ear can detect
sounds ranged from approximately 20 to 20,Hz0but most sensitive in frequency
range 50CHz to 8000Hz. This upper limit tends to decrease with increasgd.
Wavelength is the distance traveled by a harmosour{d) wave in one period.
Frequency and wavelength obtain to express therenatipressure variation in a
medium that are experienced as sound in the bfagguency and wavelength have
an inverse relation related to velocity of soundaolths defined as direction and time
of sound travel to reach listeners. The correlatietween wavelength and frequency
Is given in Equation (2.1). As the frequency inse=athe wavelength decreases. The
general equation of frequency and wavelength fslasvs (Long, 2006, p.38):

A=¢/s (2.1)

where A = wavelength (m)
¢ = velocity of wave propagation (m /s)

f =frequency (Hz)

Noise can be simply defined as undesired soundseéNoan arise from the people
speaking in next room, clatter in a shopping malraffic on the road. Noise should
be avoided to provide acoustically comfortable sgad\Noise can be reduced by
engineering methods according to origin of the @&oiEhese are noise control at the
source, noise control in the path and noise coatrtiie receiver.

If the noise origin is high reverberation times aetioes in the space, noise absorption

is applied with sound absorptive materials. Revetien is the persistence of sound
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in a particular space after the original soundradpced. If the Reverberation Time
(RT) is longer than needed, it becomes a nuisdbdao is repetition of the original

sound caused by distinct reflections of long defyund absorption treatment is an
effective noise control solution for echo and réesation in spaces, where the

intelligibility is important (Long, 2006).

2.2.1. REFLECTION, TRANSMISSION AND ABSORPTION OF SOUND

When the sound wave encounters with the matehalehergy incident in the sound
wave is reflected, transmitted through the matexrad absorbed within the material
(Long, 2006). Basically, the dynamics of reflectimmd transmission depend on the

boundary conditions and the incidence angle ofrtbeming acoustic wave.

Sound absorption is energy dissipation at the barynar within the fluid or
conversion of acoustical energy into thermal energiyhe absorption in fluids,
typically air varies with the temperature, moistaral frequency. For room acoustics,
the sound energy is reduced by the interior susfasewell as during the propagation
in the air (Kuttruf, 2000, p.147). The interactiohsound waves with a surface is
given in Figure 2.1. The relation between incidensflected, absorbed and

transmitted sound is given in Equation (2.2)
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Figure 2.1 Interaction of Sound Waves with a Sigfé_ong, 2006).
E; = E,+E, +E, (2.2)

Sound absorption coefficieritr) is the proportion of intensity/power of the sound
wave that is absorbed by the material to intersityer of the incident sound wave.

The equation is given in (2.3).

a=E,/E (2.3)

For a two layered section, the system works as showigure 2.2:
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Figure 2.2 Sound absorption of porous materiahwitasonry wall behind (Everest
& Pohlmann, 2009, p. 201).

For a two layered system it can be easily seen ttempicture that sound wave is
imposed by multiple reflections, absorption anchsgraission. Thus, layered systems
have more complex absorption algorithm. In thissc&sand K are heat loss in the air,
F, 1, J and G are heat loss in the materials, lefiaction of the sound and A, B and C

are reflection of sound energy to the room medie(ést & Pohimann, 2009, p. 201).

If a material is placed with an air cavity nextdowall surface, the cavity has a
significant effect on the sound absorption propertof the material. The peak
frequencies at which the sound absorption takesatsmum value are affected by the
depth of the cavity (h) behind the material surfalleese peak frequencies can be

calculated as (Cagkan, 2004)

fmax =025+« (2n—1) xc/h (2.4)

where n is an integer.
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The molecular structure as well as the thicknegb@iaterial affects the reflection,
absorption and transmission of a sound on the mhteurface. Commonly, hard

surfaces like gypsum, metal and wood are descriseceflective surfaces, porous
media generally absorb the sound and perforatddrosurfaces transmit the sound to
other volumes. Transmission of sound to other velsins generally undesired for
building acoustics. The thickness of the matersalvall as density of the material is

influential on sound absorption and transmissicaratteristics of the material.

2.2.2. SOUND ABSORPTIVE MATERIALS

Sound absorbers are materials that absorb the smandy and transform into various
types of energy, especially thermal energy. Alihef materials have sound absorption
characteristics from stone to even human himse¥axtheless, if the material has low
sound absorption coefficients it is named as &céfle material rather than absorptive
material. The sound absorption characteristics atenels are classified according to
the level of absorption capacity. Sound absorptapacity of materials ranges

between 0-1 in frequency base.

Sound absorption class according to BS EN 116§#4en in Figure 2.3. Class A has
the best ability to absorb sound, whereas ClasgHeilowest. The installation method
together with material properties has a great impacdhe result.

American Society for Testing Materials (ASTM) hadopted Noise Reduction
Coefficient (NRC), for comparing sound absorbersiclv is the arithmetic average of
sound absorption coefficients in octave bands cedtat 250Hz, 500Hz, 1000Hz
and 200 z.
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Figure 2.3 Sound Absorption Class according tad5ISO 11654 (Paroc, 2013).

Acoustic absorbers are commonly used in room amsugd control the acoustic
comfort requirements according to acoustic critérlae basic criterion that affects the
room acoustics requirements is reverberation tifie RT control provides other
acoustical criteria to be controlled easily. Foamyple, $'1 (Sound Transmission
Index) which indicates the intelligibility increaseavith the decrease &T. Other
criteria such a¥ DT (Early Decay Time)( (Clarity) andLF (Lateral Fraction) are
mostly controlled with changing sound absorptionl @cattering properties of the
materials. Thus, sound absorption properties ohtaterials that are used in interior
surfaces of a volume and their location are thetrs@mificant criteria for room
acoustics.

Sound absorptive materials can be grouped in fain wategories; porous materials,
Helmholtz resonators (absorbers), membrane (respmdnsorbers and perforated
absorbers.

2.2.2.1. Porous Sound Absorptive Materials

Porous sound absorptive materials are networkstefdonnected pores within which

viscous losses occur by converting acoustic energyheat (Kinsler et al., 2000, p.
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340). Materials that have high sound absorptiorfficoents are usually porous. The
thickness of the porous material affects the ldnezgfuencies seriously as the thickness
is comparable with the wavelength of the soundveaxklength of the low frequencies
are extremely long (Everest.& Pohlmann, 2009, fd)2@orous sound absorptive
materials can be classified in three main groumdlular, granular and fibrous
according to their microscopic configurations whake shown in Figure 2.4. (Arenas
& Crocker, 2010).

Cubiccellswith ~ Parallelfiberbundies  Stacked idenical sperhes
connecling pores

Figure 2.4 Three main types of porous sound absa@pbaterials (Arenas &
Crocker, 2010).

Main illustrations of cellular porous materials g@yurethane and foams. Granular
porous materials are porous concrete, sands, gradesome kinds of asphalt. Fibrous
sound absorptive materials are synthetic fibers siscglass wool and rock wool and
natural fibers like jute, cotton, kenaf and hemp.
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Commonly used fibrous materials are synthetic naniers such as rock wool and
glass wool which are given in Figure 2.5. Synthékiers are formulated by polymers
and minerals and they have significant carbon fdtpin addition to high demand of
production energy. Glass wool is produced with 22080 °C heat and rock wool is
produced with 1350-1400 °C. Besides, they contaimophemicals and synthetics
which are hazardous for human health.

Figure 2.5 Mineral wool sound absorbers: 1. GlassoW(left picture)

2. Rock wool (right picture).

Conversely, natural fibers are produced by renesvabérgy, do not disturb nature, do
not contain chemicals and are more economical sty for human being.

Furthermore natural fibers conduce to£a0sorption, have no polluting risks, match
health issues for indoor air quality and they aeyclable. On the other hand, their
resistivity to fungal attracts, dampness risk aedtments for solving those problems

are critical (Desarnaulds, 2005). Examples of ratiilvers are given in Figure 2.6.
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Figure 2.6Natural sound absorptive panels: 1. Wood Wool Atotanel (left
picture) 2. Jute Fiber Acoustic Panel (right pictyr

2.2.2.2. Helmholtz Resonators

Helmholtz resonator is an enclosed volume thatahamall neck and opening at one
end, which is a special type of air-spring osadta_ong, 2006, p. 203). Helmholtz

resonators are generally effective at a singleukeeqy, particularly at low frequency

sound absorption. Typically, blow across a moutla diottle resonates at its natural
frequency. The air in the cavity of the bottle witie edges of the bottle forms a
resonating system (Everest & Pohlmann, 2009, p).209

2.2.2.3. Resonant (Membrane) Absorbers

Non-porous thin materials, mounted away from adsbkcking, vibrate under the
influence of incident sound and dissipative mecsasi of the panel convert some of
the incident sound energy to thermal energy (Kmstel., 2000, p. 340). The panels
mounted away from the wall vibrate in their natufedquency and the sound
absorption of the material is highest at the resbfrequency of the material. This
kind of materials can be thin panels like gypsuigwpod and sheetrock mounted

away from solid wall. Examples of resonant absa@laee given in Figure 2.7. Porous
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sound absorbers applied in the cavity behind thiemahincreases the low frequency
sound absorption (Everest & Pohlmann, 2009, p..201)

Figure 2.7.Resonant panel absorbers.

2.2.2.4. Perforated Absorbers

Perforated absorbers are generally made of gypsood and metal; each hole on the
perforated panel works as a neck of Helmholtz rasonthus perforated panels can
be seen as a host of coupled resonators (Evereshénann, 2009, p. 212). Examples

of various perforated panel illustrations are girefrigure 2.8.

Figure 2.8 Various Perforated panel illustrations.
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Generally, as the cavity increases behind the ghadbw frequency sound absorption
increases, besides, porous and/or non-woven fabhimd the panel increases the mid
frequency sound absorption. Commonly used soundrptdge panels in Turkey are

perforated panels with mineral wool based backiadgenmals.

Architects mostly do not prefer perforation on ride surfaces because of aesthetical
reasons. Furthermore, rock wool or glass wool lkhiese materials is produced by
very high energy demands and their fibers may callsegenic symptoms and

decrease indoor air quality.

2.2.3. FACTORS INFLUENCING SOUND ABSORPTION OF MATERIALS

Sound absorptive materials convert the mechanicdlom of the sound wave into
heat. The performance of the absorption changesmytwith physical and chemical
properties of the materials but also with the mowgndecisions when applied in
volumes. Factors influencing sound absorption arergbelow:

Fiber Size:Increase itiber diameter causes in decrease in sound absor{bizomi
et al. (2002) in Seddeq, 2009). The need of moeefibers to reach the same volume
of material results in more airflow resistive aodtilous media which is more sound

absorptive according to Seddeq (2009).

Air Flow Resistance:The friction quantity expressed by resistance efrttaterial to
airflow is named as airflow resistance. Flow resise per unit thickness is inversely
proportional to the square of the fiber diametarddibrous material with a given

porosity(Ingard (1994) in Seddeq, 2009).

According to ASTM D-1564-1971, flow resistanReis determined using Equation
(2.5):

R=P/ (2.5)
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where;

P is measured static pressure differential of faties of the sample, inlyn/cm?
(1071 Pa) unit.
v is air velocity, incm/s unit.

Lis thickness of sample, inm unit.

Porosity: The porosity of a porous material is the ratidh#f volume of the voids in

the material to its total volume (Allard et al. 8% in Seddeq, 2009) Increase in
porosity provides higher sound absorption. FollayiBquation (2.6) gives the

definition for porosity:

Porosity(H) = Va/V (2.6)
m

where:

V7, is volume of the air in the voids.
1}, is total volume of the sample of the acousticalemal being tested.

Tortuosity: Tortuosity is a measure of “non-straightness” ef passage way through
the pores. Tortuosity mainly affects the quartexs¥angth of the peaks, whereas
porosity and flow resistance affect the height audth of the peaks (Horoshenkev

al. (2001) in Seddeq, 2009). Value of the tortuodip @etermines the high frequency

behavior of the porous material.

Thickness: Thickness influences basically low frequency souabsorption.
Experiments show that increase in thickness raémeesound absorption of the material
at low frequencies, while thickness has an insigaift effect at high frequencies.
(ibrahimet al.(1978) in Seddeq, 2009).

Density: Sound absorption of a material increases withénglensity at middle and

high frequencies, while less dense and more opaotste is more absorptive at low
frequencies (Koizomet al (2002) in Seddeq, 2009).
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CompressionCompression of fibrous materials decreases thedsalisorption of the
material. Compression results in increase in teityoand airflow resistivity and
decrease in porosity and thermal characteristigttene., shape factor, but the major
reason of decrement in sound absorption with theptession is sample thickness
(Castagnedet al.(2000) in Seddeq, 2009).

Surface ImpedanceSurface impedance increases with higher resigtiviich results

in more reflection and lower sound absorption (2e¢d@009).

Placement and Position of Sound AbsorbelPosition of sound absorbers affects the
sound absorption. Sound absorbers placed nearrs@né along edges in rectangular
rooms are more effective. Furthermore, lower s@gaaf high walls in large volumes

are more effective for sound absorption (Evere3d92.

Placement of the sound absorber in the room sagmifly affects the room’s acoustical
condition. For instance, sound absorptive matea¢s placed to the back wall in
conference rooms especially to absorb the diragtdeoming from the sound source
in the stage and avoid the echoes. Placing the aagaeof sound absorber to another

place in the room would not be as efficient as ptecement.

Performance of Sound Absorberd?roperties of sound absorptive material have
significant effects on sound absorption certaifilile characteristics of absorption
coefficient, reflection coefficient, acoustic im@egte, propagation constant, normal
reduction coefficient and transmission loss of makedefines the acoustical
performance of the material (Seddeq, 2009). Thiaswbility of the material’s sound
absorption performance is also a significant pdainting the absorptive surfaces for
example decreases the performance of the mateégpécially fabric covered mineral
wool based absorbers’ acoustical performances ikety Ito decrease with time

because of the dust and dirt if not cleaned.
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2.2.4. MEASUREMENT METHODS FOR SOUND ABSORPTION
COEFFICIENT

Standardized measurement methods for absorptiofficteets of materials are
Reverberation Chamber Method (ISO-354-2003), Impee€aTube Measurement
Method Using Standing Wave Ratio (ISO-10534-1:20@by Impedance Tube
Measurement Method Using Transfer Function (ISO3#0%:2001). Besides, there
are unstandardized measurement methods such asmsudtl measurement (Jaatinen,
2011) and the reflection method using periodic pgeeandom sequences of
maximum length in situ (Garai, 1993). In this @®h standardized methods;
reverberant room method and the impedance tubeochedhe expressed and the
research measurements are made with Impedance metleod using transfer

function.

2.2.4.1. Reverberation Chamber Method

Reverberation chamber method is a sound absomiefficient measurement method
that provides to measure the acoustic performahaaraterial sample which has the
simulation of the application conditions in realityhe standard 1SO 354-2003
specifies the room volume at least ¥#B®and not greater than 5@¢°. the temperature

should be at least 15 °C and the relative humghiyuld be in the range of 30% and
90% range according to standard. The area of therialasample should be between
10m? and 12m? and if the room volume is greater than 28®the area should be

determined with the Equation (2.7):

AT = (V/200m3)?/3 (2.7)

AT: The area of test specimen

Reverberation room reflectors with microphones smehd source are given in Figure
2.9.
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Figure 2.9 Reverberation room reflectors, micropésand sound source (Kirha
2013).

Advantages of this method is its being done inudéf field, which is more realistic

than one dimensional wave in contrast to impeddnioe, to get the most accurate
results of the materials sound absorption perfoomasnd being able to measure
almost any type of material in various types of ming . The disadvantages of this
method are edge diffraction of the material whielads inaccurate results and
necessitate of large samples to be tested. (Kit#009, p. 284-285)

2.2.4.2. Impedance Tube Measurement Methods

Impedance tube method is a sound absorption peafttexmeasurement method that
is based on a framework that plane waves travellinggid tube (Kuttruff, 2009,
p.280). The tube has a rigid surrounding in circolarectangular shape and there is a
loudspeaker at the end of the tube acting as adssource. The signal travels along
the tube until it reaches to material sample aedetlare one or two microphones that
receive the sound that is faced with the mateFia¢ material sample absorbs more or
less the sound, reflects the residual sound enangythe microphones in the tube
collect the sound wave’s maximum and minimum sopressure. The result of the
decrease in the sound wave pressure level givesotiral absorption of the material.
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For the standing wave ratio measurement method,stlumd source produces a
standing wave inside the tube and the impedantieeahaterial is defined as the ratio
between sound pressure and the particle velocityly @ne frequency sound

absorption coefficient is measured in one measunemée figure of standing wave

tube is given in Figure 2.10.
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Figure 2.10 Standing wave method (Adopted from18&84-1).

Using the definition of the standing wave ratg:

s = |Pmax! 28)

[Pminl

the reflection factorr) can be easily defined as:

s—1
Irl =— .

yielding the sound absorption coefficien) for plane waves:

a=1-|r|? (2.10)
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Pmax and  ppimm © measured maximum and minimum pressure ampBtude
respectively.

(Suhanelet. al, 2008)

For the Transfer Function Method, the same prestggiare used but in this method,
more complex transfer functions between two micom@s are measured as distinct
from previous method. This measurement method gesvimeasuring the sound
absorption coefficient of the material in the whiskquency spectrum unlike standing
wave measurement method which measures only oreveodrequency sound
absorption performance of the material. The twaraghone transfer function method
measures the full frequency band sound absorptitintwo different dimensions of

tubes according to the wavelength of the frequencie

Dimension of the wider side 0.541 ,,,;, for rectangular tubes

Diameter< 0.5864 ,,,;,, for circulartubes

According to the formula, sound absorption coeéints for 50Hz to 1200Hz are
measured in 100mm diameter for circular impedanbe aind for 8067z to 6300H z
in 28mm diameter. The transfer function method gigmo microphones is given in
Figure 2.11.

: ff

) \_ JJ|

Figure 2.11 The transfer function method using tmworophones

(Adopted from ISO 10534-2).

26



The normal incidence reflection factar)(can be calculated using the formula:

. H _H .
r = e]ﬂr — ks VALY § 1 ezjkoxl (2)11
HRr—Hjz

where:
x, is the distance between the sample and the farifeeophone location;

@, is the phase angle of the normal incidence réfledactor;
H,, is the transfer function from microphone one to,tdefined by the complex ratio

b2 _ S .
/pl - 12/521'
Hyg andH, are the real and imaginary partsibf, respectively;

The sound absorption coefficient) (can be calculated as:
a=1—|r]? =1- 12 -1 2.12)

(ISO 10534-2)

Figure 2.12 Circular Impedance Tube.
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The impedance tube, two microphone transfer functinethod measurement
standards are described in ISO 10534-2 and ASTM&B8 international standards.
There are rectangular and circular types of Impeddmbes. In this research Circular

Impedance Tube is used given in Figure 2.12.

The advantage of the Impedance tube method isasiasetup is more practical due to
its small dimensions, so that the needed samplesetsure. Besides, it measures
surface impedance as well as absorption coeffigjer@vertheless, the disadvantages
are that only sound at normal incidence is measanedhere are uncertainties when
measuring heterogeneous materials like samples tedk@ different regions of a large
sample (Oldham et al. 2011).

2.3. GREEN BUILDING DESIGN AND ACOUSTICS

Acoustics is one of the significant criteria to ideshealthy and comfortable living
spaces. There are investigations about the content of daalscriteria in green
building design certification system$§an et al. (2011) explores the acoustical
performance criteria in energy efficiency certifioa systems worldwide such as
BREEAM, LEED, CASBEE, GREEN STAR, DGNB and SBTod\coustical
performance is included under “indoor air qualigs@ssment” part in most of the
certification systems. The acoustical criteria frgm schools to hospitals, offices
to residents, industrial buildings to prisons imts of purpose of buildings, including
existing buildings, new constructions and renovai@®an et al., 2011). Although
acoustical performance is an important issue, ingkided only for limited building
types in some cases. In certification systems, Nasdn (2010) points out that
acoustical comfort is still poor, even worse inggréuildings compared to non-green

buildings shown in Figure 2.13, and 2.14.
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Acoustic Complaints
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Figure 2.13 Acoustical Complaints, CBE (The Cefdeithe Built Environment)’s
POE (Post Occupancy Evolution) (Muehleisen, 2010).
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Figure 2.14 Environmental Satisfaction Results fr@BE’s POE Results
(Muehleisen, 2010).

The major acoustical problems in green buildingd srasons are stated as follows
(Field, 2008) and (Muehleisen, 2010):

I.  Excessive noise (background noise): Amplified ulsglass surfaces for natural
lightening and natural ventilation gaps cause ttuce sound insulation from
outside the building and also, reduce the soundatien from neighboring rooms
if there are interior glass partitions.

Il.  Lack of speech privacy: The increment of usagelasggand reflecting surfaces
leads to high reverberation times and natural iain gaps between rooms lead
to unintended eavesdropping.

lll.  Lack of speech clarity: The increment of usage lag surfaces, reduction of
usage of acoustical ceilings due to natural vetrditeof fabric surfaces due to air
quality and sustainability of surfaces and opem piffice configurations for
natural ventilation leads to increased reverbendiimes and poor speech clarity

in buildings.

Field (2008) recommends being aware of these cigdie exposed by green building

design strategies, therefore, practical solutiamdntrol acoustical requirements
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should be applied to designs. Muehleisen (2010yestg that these problems caused
by green building design decisions should be regghethd optimizations in terms of
glass and solid wall surfaces should be develofgelsides, solutions for problems
caused by natural ventilation and use of soundrabige surfaces will provide better
green buildings with better acoustical conditioMidsen (2010) suggest full height
wall partitions for natural ventilated office volas and suggests green, sustainable,
acoustically efficient products in addition to teessibstances. The authors also suggest
baffles with acoustic louvers for naturally veriidd offices.Sanet al. (2011) claim
that the problem should be defined clearly, thetrmosnomical and efficient solutions
should be discovered and applied according to ncasgrol principles in terms of

acoustical criteria.

2.3.1. NATURAL FIBROUS SOUND ABSORBERS

Sound absorbing materials are generally produaed gynthetic fibers such as glass
wool, rock wool, foam plastics etc. and are widebgd in European countries due to
their good acoustic performance and low cost (Astliy 2006). On the other hand,
their fibers may cause skin irritation as well lasyt affect the lung alveoli. In addition
their resistivity to water, oil and chemicals areryw weak according to Astrubali
(2006). In contrast, the author explains the athgas of natural fibers, providing the
thermal and acoustical requirements together,w&gdgicity, being healthy, cheaper,
lighter, recycled or raw materials that have lowpaut on environment and using
renewable or low energy in production phase. Theaumentions that natural fibers
are less resistive to fungal attracts and fire camegh to mineral wool based products.

Energy consumption of some sound absorbing mades@al be seen in Figure 2.15.
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Figure 2.15 Estimation of primary energy consumptid some sound insulating
materials’ life cycles ((Secchi, 2005) in Astrub2006).

Mineral wool products have low energy impact comepaio expanded polystyrene,
polyethylene and polyurethane according to Figui8.2Conversely, most of natural
fibers have half or less energy consumption thanemal wools, besides they are

healthy and have low impact to the environment.

Mahzanet al. (2009), illustrate natural fibers more advantagaousynthetic fibers in
terms of nominal cost, weight and density, spediffoperties, recyclability and

biodegradability.

2.3.2. GREEN SOUND ABSORPTIVE MATERIALS IN LITERATU RE

According to Arenas & Crocker (2010), the produstod specialized sound absorbing
materials has increased rapidly for the last 4€ades. They state that asbestos-based
materials, commonly used for sound absorption gpéaced with synthetic fibers by
public health concerns in 1970’s. Although thes¢emals are healthier then asbestos-
based products; the contribution of greenhouseegastions (methane and nitrous
oxide) in production and transfer phase of thesienads cause high carbon footprints.
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In addition, they claim that guidance and awarenégseen building materials prompt
the consumers to natural, recycled and renewabledsabsorptive materials.

Mahzaret al.(2009) assesses the acoustic properties of riskieinforced composite
using polyurethane as a binder with impedance mbasurement method. They
explorea (sound absorption coefficient) value of cleaned dried rice husk mixed
with polyurethane foam in different percentagesdamples in 2nm thicknesses.
They prove thex values of rice husk are mostly increased espgaralow frequencies
and the optimum percentage of husk-rice is 25 %Hisr composite. The results are
given in Figure 2.16.

Percentage of Rice Huzk

= : s — 5%

T e 5%

=5 :.“JH‘*-H_ 20%

=3 = i 26%

7 = | —30%
a1 LI PN

Frequency [(Hz)

Figure 2.16 Sound absorption coefficient relategh¢ocentage ofce-husk (Mahzan et
al., 2009)

Saadatni&t al.(2008) discusses the sound absorption performari@sgpen particles
with variable proportions of wheat and barley stasing impedance tube method.

They use 1 to 4 cm wheat and barley straw samplai$ferent percentages¥§ 1%,
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20%, and 3@%), urea-formaldehyde resin as a binder a6d< 25 x 105 cm aspen
particles in different densities (0g2/cm3, 0.4gr/cm3, 0.6gr /cm3). They suggest
that wheat and barley straw have similar effectsxroralues but negligible and the
percentage of the fibers do not make significaminges on sound absorption, on the
other hand, the effect of density arof aspen particles vary according to frequencies
and the optimuna values are ensured at density of @4cm3. The results are given

in Figure 2.17 and Figure 2.18.

0.9 —— wheat
—=— barely

0.8 4
0.7 4
0.6

0.5

NRC%:

0.4 4

0.3 4

0.2 4

0.1 4 v

250 500 1000 2000 4000

frequences

Figure 2.17 Effect of two kinds of straw (Wheat &adely straws) on NRC %. All

points are in the same groups (Saadatnia et aD820

34



ot
08"
o1
0s "

NRC% 0.5

30 300 1000 2000 4000
frequencey

Figure 2.18 At low frequency, density of g4/cm?3 was superior but for frequency
upper than 1000 Hz, density of G2/cm? had the highest NR% (Saadatnia et
al., 2008).

D’Alessandro & Pispola (2005) analyze sound absamgierformances of sustainable
fibrous materials, kenaf and recycled polyestengiseverberation chamber method
and compare the results wighof glass wool and mineral wool. Results show that
sound absorption performances of kenaf fiber angcted polyester fiber are similar,
but polyester fiber is a number of higherdrnvalue and both materiatsvalues are
very close to glass and mineral woel values which makes them alternative
sustainable materials to these synthetic fibere. fibture of kenaf and its fibers are
given in Figure 2.19. The characteristics of tist smamples are given in Table 2.2 and

the measurement results are given in Figure 2.20.
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Figure 2.19 Kenaf: a) rows; b) bast fibres (leftydacore fibres (right)
(D’Alessandro & Pispola, 2005).

Table 2.2 Characteristics of the tested samplealgsandro & Pispola, 2005)

Parameter Unit Kenaf Layers Pet Layers

Structure - Thermo bonded panels Thermo bonded panels with
with no added adhesives no added adhesives

Raw material - Natural hemp fibres, Recycled polyester fibres

polyester backing fibres

Thickness mm 50 50

Density Kg 30 30
/m?
Surface Area of m? 7.56 7.56

the test specimen
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Figure 2.20 Third-octave band sound absorption ftcieht a,; of kenaf and recycled
polyester fibrous blankets in comparison with ttexfial fibrous absorbers
(D’Alessandro & Pispola, 2005).

Nor et al. (2004) probe the sound absorption properties otilay¢red coconut coir

fibers in different configuration with and withoatrspace and micro perforated
aluminum panels using Win FLAG computer simulatgnogram. The picture of

coconut coir fiber is given in Figure 2.21.

Figure 2.21 Raw coconut coir fiber (Nor et al., 200
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Figure 2.22 Comparison of the diffused incidenagnslbabsorption coefficients of 20
mm thick coconut coir fiber sample of densitykigl/m3 without airspace and

backed with airspace (Nor et al., 2004).
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Figure 2.23 Diffused incidence sound absorptionfiicients of 20 mm thick coconut
coir fiber sample of density 7dg/m3 backed with airspaces and without micro

perforated aluminum plate facing.
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Figure 2.24 Diffused incidence sound absorptionfiocents of 20 mm thick coconut
coir fiber sample of density 74y /m3backed with airspaces and with micro

perforated aluminum plate facing

The simulations are made regardingr2f: thick coconut coir fiber with 7&g/m3

density. The results are given in Figure 2.22, 223 2.24.

The results of the study (Net al, 2004) show that:

» Airspace behind the material decreases the pegludrey ofa,
* Micro perforated panel decreases ¢hevalues in high frequencies,
e Layered systems with airspaces increasesthealues at low frequencies

* Micro perforated panel, yet, decreasesdahalues in previous configuration.

As a progression of Naat al's study, Zulfikli et al. (2008) measure the material in
reverberation chamber and different from simulatiesults,a; values decrease both
with and without micro perforated panel configura8. The simulation and

measurement results which are compatible in lowraadium frequencies show that
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the coconut coir fiber can be an alternative soahdorptive natural material to
synthetic based fibers according to authors.

In another study, Zulfiklet al. (2009) examine the comparisoncQf values between
coir fiber and palm fiber using reverberation roarethod. They confirm that both
materials have good values and attitude in frequency base from low ighh
frequencies, yet, coconut coir fiber has a numlfdrigh a values compared to oll
palm frond fiber. They also clarify thatvalues depend on thickness, fiber diameter,
bulk density and other sound absorption factorsfand future work they would work

on standardized thickness and densities.

Ismailet al.(2010) discuss the acoustical properties of ar@inysata natural fiber for
different thicknesses (1um, 20 mm, 30mm and 40mm) using impedance tube
measurement method. They demonstratedthalues of arrenga pinnata escalate with
the increase of thickness. The results are giverigare 2.25 and 2.26. The material

can be an alternative raw sound absorptive mairiaigh frequencies.

Sound absorption vs frequency
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Figure 2.25 Sound absorption of Arenga pinnatarfigsmail et al., 2010)
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Sound absorption of materials vs Frequency
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Figure 2.26 Sound absorption coefficient versuguencies of pal, coir and Arenga
pinnata fiber {smail et al., 2010).

Sihabut & Laemsak (2012) also investigates the dabsorption properties of oil
palm fiberboard using impedance tube method. Theug@ of material samples are
given in Figure 2.27. The material is cut into gigcdried in sunlight, soaked in water
for 24 hours, cooked at 162°C for different durations (16, 19 and 21 minutesgn
cut to different thicknesses (0.5, 0.6 and#ni) and soaked in aluminum sulfate for
30 minutes. Although the measured results show similar values, the oil palm
fiberboard cooked for 21 minutes with Gvbn thickness show the optimumvalues
with NRC 0.43. The results are given in Figure 2.28

Figure 2.27 A set of specimens with various fimghrough surface (left), screen

surface (middle) and perforated surface (righth¢diut & Laemsak, 2012)
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Figure 2.28 Percentage of sound absorption of alhpfrond fiberboard with
different finishing (Sihabut & Laemsak, 2012).

Oldhamet al. (2011) examine the sustainable acoustic absofbmrs the biomass.
They analyze the of fibrous materials; raw cotton, flax fiber, ramraw wool, jute
carded fiber, wool batts, jute raw fiber, hemp $aihd sisal fiber using impedance
tube method and compare the measurements withcpicedresults explored by other
authors in literature. They expose that cottonrfililax fiber and ramie fiber have
comparablex values with mineral wool based products, on tieohand, wool fiber,
jute (raw and carded) fiber and wool batt and héxagh mediume values and sisal
fibre has lowx values. They observe that the experimental reatdtgsompatible with
prediction results. They secondly measure the fwots unmodified reed and straw
using combination of impedance tube and reverlmrathamber method. They review
that normal incidence values of end-on and aligned reed and straw aréasi They
prove that the peak frequency of the end-on arghetl reed decreases with the
thickness increment both impedance tube and rekedrbe chamber method. Last,
they explore composite absorbers made of a laysrgtém of hemp and reed, binding
them with mechanical systems, using reverberabomrmethod which demonstrates

promising results from low to high frequencies

Sakamoteet al.2011) explore the sound absorption propertiegcefstraw, rice husk

and buckwheat husk in many configurations. For fitet step they discover the
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relationship betweea, length of the rice straw and direction of padscto the sound.

They come to realize that, tlreof the 200 mm straw, parallel to incident soundgio
not change with the chopping or cutting unlesstoi@ thickness changes. However,
the direction of the particles change thehat parallel to incident direction is more

absorptive and also peak frequency is decreasedreBults are given in Figure 2.29.
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Figure 2.29 Absorption coefficient of rice stranof@parison between parallel and

lateral direction) (Sakamoto et al., 2011).

For a second step they explore the effect of tleskn(25mm to 100mm) of the rice
straw and they realize that as the particle lengtteases, the peak @fslides to lower

frequencies. The comparison results of differeitkiinesses of rice straw are given in
Figure 2.30.

43



N =, e s
—

=
]
T

Normal absorption coefficient

L PR L L L | -
5 1000 5000 6400

Figure 2.30 Absorption coefficient of rice strawof@parison between various
thicknesses) (Sakamoto et al. 2011).

As a third step Sakamotd. al.(2011) work on the effect of the diameter and teng

(p2.5mm to 8.0 mm) of rice straw orwg with artificial tubes. They realize that

increases with the decrease of diameter and chautiggnlengths 2%m to 100mm

affect the number of peak frequencies. The resil@bsorption coefficients of 50

mmplastic straws and 10@m straws with various diameters are given in FiguBd

and 2.32.
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Figure 2.31 Absorption coefficient of plastic str@ihickness 5enm) (Sakamoto et

al. 2011).
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Figure 2.32 Absorption coefficient of plastic str@ihickness 10ehm)(Sakamoto et
al. 2011).

For forth step Sakamotet. al. (2011) use round tubes, honeycomb tubes and
concentric tubes to understand the attitude ofeslafiphe tubes. They realize that the
airspace between tubes effects dhpositively and the concentric tube configuration

Is more suitable in terms of sound absorption.

In fifth step Sakamotet. al. (2011) measure the absorption coefficients of higek
and buckwheat husk. Both of the materials exposd gooustic behavior and the peak

frequency decreases with the increment of thickoé#ise materials.

For the last step Sakamatt al. (2011) explore the effect of airspace behind these
materials and they prove that the absorption perdoices are increase, however; the
number of peak frequencies increase because ofitepace behind. They also
calculate the sound absorptions of the materiadsthe experiment and estimations

are compatible. The results are given in Figug82.
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Figure 2.33 Comparison between estimation and exyat (Single layer 80 )
(Sakamoto et al. 2011).

Ersoyet al.aim to develop a reinforced composite material@r@decycled materials,
multi-axial knitted fabrics, hazelnuts shell anérhoset polyester resin. They work
on both hazelnuts broken piece shell and hazelmutlpr as ingredients in composites
with two layer of fabric and make measurementsundt tube for low frequencies.
The picture of the materials is given in Figure42.Bhe results are given in Figure
2.35. The results show thatis around 0.12 for both composites in low frequesc

in other words, they reflect sound at low frequeaciAlso Ersoy and Kucuk (2009)
try tea leaf fibre (TLF) and poly-propylene basedh+woven fibre (PNF) for 1w,
20mm and 30mm sample thicknesses with and without woven cottothqWCC)

in high frequencies. The results reveal #aahcreases with the thickness and WCC
backing increases the values seriously for higtfeacies, but the results indicate that
the a is around 0.3 for medium frequencies which meéesntaterials are not very

sufficient for speech frequencies.

46



Figure 2.34 (a) Picture of pieced Hazelnut shdil; Picture of powered Hazelnut

shell; (c) Centrifuge machine (Ersoy et al.)

—— Sample B
—— Sample A

Figure 2.35 Acoustic absorption graphic sampless(Bret al.)

Gleet al. (2011) introduce hemp concrete made of varyingigdarcharacteristics of
hemp with different binders. They measure threesstf hemp with two lime based
and one cement based binders. The measuremerts @sugjiven under Lime heading.
The hemp concrete show better absorption perforenavith lime binders one of
which is mixture of hydraulic lime, aerated limedgyuzzolanic lime and one of which
is just hydraulic lime. The sizes of hemp do nokena serious change fat but the
content ratio of hemp seriously affect ttagsuch as around 0.3 for &@Ohemp and

around 0.8 for 9% hemp at medium frequencies. Consequently, lima more
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effective material as a binder compared to cenaset) though increase in binder ratio
in hemp concrete results in decreaser.irAll in all, hemp concrete can be well

alternative sound absorptive natural and ecologitenal for medium frequencies.

Bastoset al.(2012), examine sound absorption properties oftogit, renewable, low
cost and appropriate natural materials for Braadal, palm, coconut and acai fiber.
The panel respective samples are given in FiguBé. Zhe fibers are washed with
industrial neutral detergent and dried to avoidghlngrowth and then pressed
integrated with acrylate and water as a bindersargected to temperatures#2C
and then 23+Z. Thea results are measured with reverberation chamb#radeind

to comparer measurements of these materials with traditionedd sound absorptive
materials (Sonec Roc and Sonec Flexonic). The casgraresults are given in Figure
2.37. The results show that fibers as unifibersehboww  but multifibers with
palm/sisal and acai/coconut have compatiblalues and at high frequencies superior

values with traditional sound absorptive materials.

Figure 2.36 Panels and their respective samplest@aet al., 2012).
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Figure 2.37 Comparison between unifiber panels emaventional acoustic

materials sound absorption coefficients (Bastoal e22012).

2.4. RESEARCH ON THE MATERIALS USED IN THIS THESI S WORK

2.4.1. PUMICE

Erection of gases in the magma during sudden apdiirms the pumice, which is a
volcanic, glassy, porous structure. Pumice contamgo 8@6 air void, which are
parallel cells to each other and sometimes interected {lter, 2010). According to
TS 3234 pumice is defined as:

- Volcanic origin natural lightweight aggregate

- Contains up to 80% air voids

- Voids disconnected with each other

- Sponge looking

- Silicate essential

- Unit weight usually less than 1gr/ém

- Specific gravity generally more than 2.1gr/cm3
- Mohs hardness scale is around 5.5-6.0
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- Glassy texture
(ilter, 2010)

Formation mechanisms of volcanic activity genetatetypes of pumice, basaltic and
acidic pumice which are chemically differing frorach other. Both of the pumice
structures have very porous media, yet, the aardigma is lower than basic magma.
Density of acidic pumice is 500 — 1000 kd/amd basaltic pumice is 1000 — 2000
kg/m?, which means acidic pumice have more porous meuia basaltic pumice
(ilter, 2010). Smaller sizes of pumice means higlessiy, so, particle sizes should
be higher to get a more porous media. The spapificity of pumice stone is generally
more than 2.1 gr/ctn The chemical content of acidic and basaltic wenis given in
Table 2.3.

Table 2.3 Chemical content of acidic and basaltimjce in generalilter, 2010).

Chemical Acidic Basaltic
Composition Pumice Pumice
SiO; 70% 45%
Al203 14% 21%
Fe0s3 2.50% 7%
CaO 0.90% 11%
MgO 0.60% 7%
NaO + K0 9.00% 8%

SiO; provides abrasiveness antb®@4 ensures heat and fire resistivity to pumice. As
can be seen from the Table 2.6, Sl@s a higher percentage in acidic pumice
compared to basic pumice, which makes the acidimigal have higher puzzolanic

reaction, thus, more useful for constructifite¢, 2010).
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Another source (Sagik & Sarisik, 2012) gives the chemical and physical propsrtie
of acidic pumice in Negehir Region in Table 2.4.

Table 2.4 Chemical and physical properties of acqimice in Nexehir Region
(Sarisik & Sarisik, 2012).

Chemical Unit Values
and Physical Properties of Acidic Pumice

SiO; % 70.06
Al;03 % 12.74
Fe:Os % 1.30
CaO % 0.85
MgO % 0.34
Na.O % 3.20
K20 % 4.06
Color - White
Mohs hardness - 6

pH - 5.5-6.0
Specific gravity kg/m? 2,260.0
Dry bulk density kg/m? 423.0
Water absorption % 34.0
Compactness ration % 18.5
Real porosity % 69.0
Visible porosity % 81.5
Thermal conductivity W/mK 0.132
Plaster holding - Very good
Specific heat capacity kcal/kg°C 0.255
Sound conductivity coefficient - 0.20

Dry unit weight of pumice with respect to partisiee is given in Table 2.5. Percentage

of real porosity of pumice with respect to partisiees is given in Table 2.6.
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Table 2.5 Dry Unit Weight of Pumice with respecParticle Sizef{ter, 2010).

Range of Particle Dry Unit Weight

Size (mm) (kg/m3)

>32 319+5%
16-32 408+5%
8-16 502+5%
4-8 594+5%
2-4 688+£5%
1-2 780+£5%
0.5-1 873+£5%
0.25-0.5 966+5%

Table 2.6 Percentage of Real Porosity of Pumich véspect to Particle Sizestér,
2010).

Range of Particle Size Real Porosity (%)

(mm)

>32 86.29+3%
16-32 82.47+3%
8-16 78.43+3%
4-8 74.47+3%
2-4 70.43+3%
1-2 66.48+3%
0.5-1 62.48+3%
0.25-0.5 58.49+3%

The tables indicate that as the range of partide mcreases, the dry unit weight

increases, conversely, real porosity decreases.

Pumice reduces heat of hydration damage 10-40%glthe first 100 hours and helps

to a cooler more controlled set. Furthermore, pemiacreases the long term
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compressive strength of lime according to labosatests made with 4 pumice-lime
aggregate day by day. Besides, pumice does noaicoctystalline silica and other
harmful materials which make it healthy and safemke is naturally calcined by

nature and has a minimal contribution to the carfiootprint (Thomas, 2012).

Pumice reserves in Turkey are very significantk&yrhas the second largest pumice
reserve proportion with 2.8 billion tons of 18.0libn world reserves after USA
(Elmasta, 2012). In Turkey approximately 50% of the punieserves exist in Bitlis-
Tatvan and a high percentage (35%) of exist ardaeri and Nesehir region. In
recent years, Turkey has passed ltalia in termpuafice export and became the
leading export country in the world (EImasta012). If usage in production with new
developments and export of this mine can be immtanel urkey, it can also provide

an economic opportunity for Central and Easterntdliren Region.

2.4.2. LIME

The binder is a very important ingredient for arsbabsorptive material that affects
the porosity (Gleet al, 2011). Cotana & Goretti (2008) define the limehawve low

energy consumption, optimum biological qualities] availability. They add that
water (hydraulic) lime can be used instead of cetecrdue to obtain greater
transpiration, absorption, insulation, thermo-hygetric regulation properties as a

result balanced indoor microclimatic conditions.

In construction industry, commonly used bindingragdor acoustic plasters include
basically cement. Nevertheless, during productiement demands considerable
energy as limestone, sand and other metal ordeeated to 1500 °C with coal to form
clinker (Spencer, 2012). The objective is to createcological low carbon foot-print
material so decreasing the manufacturing energyatfor low energy consumption.
Lime is a more acceptable binder than cement imgenf both energy issues and
acoustical properties. Production of lime requiess energy than cement and lime
takes back the given G@uring its life time in building. Although the carbation of

lime that helps to take the GBack is a positive feature in terms of indoor aialgy,
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as the porosity of the material is being decretge may affect the sound absorption

capacity negatively.

The work of Gleet al. (2011) on hemp concrete, previously mentionedunhes

measurement and comparison of three types of ®nder

A. 75 % aerated lime, 15% hydraulicdiand 10% puzzolanic lime,
B. Hydraulic lime

C. Quick natural cement

The sound absorption coefficient measurement iesfilhemp concrete according to
the binders are given in Figure 2.38. The restitsiwsthat the composites produced
with lime binders have higher sound absorption qrembinces compared to the

composite with cement binder.
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Figure 2.38 Sound absorption of hemp concrete atingrto the binder. (Gle et. al.,
2011).
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2.4.3. PUMICE AND LIME AS A PLASTER

Pumice and lime extends to Roman architecture mstcoction industry as a plaster
such as Pantheon and Coliseum still standing tqdapmas, 2012). In ancient
Roman, hydrated lime with pumice puzzola@i$,H (Calcium Silicate Hydrate) is
produced which is a densified and durable plastdr mo additional destructive by
product such a6H (Calcium Hidroxide). Grasser & Minke (1990) assuthat the
first building brick made of pumice and milk of levas a slow hardening binder dates
back to 1845 in Germany.

Grasser & Minke (1990) indicate that panels, piasbe blocks made of pumice should
be dried before use. They also indicate that puicacebe mixed with lime instead of
cement to make building materials. The authors waahthe characteristic of the lime
is significant and hydraulic or better eminentlydhgulic lime should be preferred.
Besides, lime should contain as little salt as fpbsparticularly in the form of sulfuric

acid because of its destructive effect on mechasicength. The authors recommend;

-250 kg lime with water for 1 fpumice (approximately 250 kg lime/450-500 kg
pumice)

-250 kg lime and 150 kg Portland cement with wédeB n? pumice.

Nozahicet al.(2012) explore pumice and lime as binder for lireenp concrete. They
work on an ecologic fiber reinforced concrete mafieemp and lime. As the idea is
to create an environmentally friendly material ytlwy to generate an energy efficient
composite and use pumice and lime as a binderrrdtae cement. They assume that
pumice and lime mixture with water create a lighth¢ smooth and plaster-like
binder as Romans had used centuries before. Th®rauexplain that they use a
hydrated calcic lime rather than hydraulic lime d&s®e of the ability of generating
only puzzolanic and carbonation reactions, beskgter durability. The chemical
properties of the pumice and lime that are useatierresearch are given in Table 2.7

and pumice sand granulometric curve is given iufag.39.
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Table 2.7 Chemical composition and densities addximaw materials (Nozahic et
al., 2012)
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Figure 2.39. Pumice sand granulometric curve (Nozahal., 2012).

The binder including pumice and lime are conductederal mechanical tests by
Nozahic et al. (2012) shows that the content o&lem 10% and pumice of 90% by
weight has the optimum compressive strength. Tfessilt show that pumice lime

mixture has 8.3MPa compressive strength at 28 days for &Ba compaction.
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Besides, increasing the lime content from 10% t% 2bes not make a significant

improvement on compaction. The test results arergin Figure 2.40 and Figure 2.41.
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Figure 2.40. Pumice—lime binders compressive stteagolution with lime mass

content and time (Nozabhic et al., 2012).

Figure 2.41 shows that compression strength gbtimeice-lime binder increases with
time, and the lime content effects the strengththef plaster positively. Yet, the

experimental results show that the compressiongtinds stabilized after 100 days of

curing
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Figure 2.41. Compressive strength evolution dudngng and comparison between
linear hyperbolic and exponential models (a), mexdta behavior at 280 days

compressive test (b) for the pumice—lime binderMFa (Nozabhic et al., 2012).

Nozahic et. al. (2012) discuss that the experimshtsv that raw sand pumice and
lime mixture is a promising binder. They discusattpumice/lime ratio of 9:1 in

weight obtains a compressive strength larger th¥P8 after 28 days.

2.4.4. REED

Reed is a perennial grass of the Gramineae (Poafaaiy growing in humid and
both moderate and hot climates. Some of similad feenily names are phragmites
australis and scirpus lacustris. It's height ranffem 1.5 to 4n and up to Zm
thickness having many closed pores with densityoafjhly 160kg/m3. It includes
42.5-45% cellulose, 22-24% lignin, 24-27% pentodah;6% wax, fat and resin and
4.7-5.6% minerals. Its thermal conductivAiys 0.055w/m.K in Central Europe. It
has been used in construction industry for cerdudtiee to its mechanical and tensile
strength, water resistance and durability. Reenl@s be combined with plaster, lime
or clay (Diazet al, 2012).

Reed grows in wet areas like lake and river sideBurkey. The local communities

make baskets and ornaments with reed and useflibars and ceilings for local
buildings such as sheds. Vast majority of the rsedxported to USA and other
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countries (Taparet al, 2008). Turkey has very significant wetland areag to
geographic location. On the other hand, Turkeydstdhalf of the wetlands (1.200.000
ha) because of drying, filling and various water adesturbances. Turkey has signed
International Convention for the Protection of Vdetls in 1994 (Ramsar). 12 wet
areas have been protected as Ramsar Area sinceAbeording to this contract,
Wetlands Protection Regulations in Turkey has soestrictions and rules about
cutting and collection of reeds. The significariesuabout the reed are that cutting is
forbidden during breeding period of animals livimgthat habitat and only 30 % of

reeds can be cut in that season (Orsam, 2011).

Espadeet al. (2007) describe the properties of reed as orgahieap, good thermal

and structural behavior and low impact on environin€hey add that hollow tubes

with knots are good for sound absorption. Theirkvgron measurement of sound
absorption properties of reed with reverberaticencber method. As for reverberation
chambers the edges of the materials may affecethdts, they measure both with and
without covered edges. They usecia thick layers of reed in 1, 2 and 3 layered
configurations and the results are promising, £idaged absorption coefficients are
the best in medium frequencies, on the other hla@d tncreases while the thickness
increases for low frequencies and the thickness doeaffect the higher frequencies.
The results are given both with covered edges awduered edges in Figures 2.42
and 2.43. Also they simulate reverberation tima odom with two walls covered with

5 cm reed and the RT decreases 2 seconds to bedase€@nds which means reed is

a good absorptive material for room acoustics.
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Figure 2.42. “Effect of the reed thickness in soahdorption coefficient. Covered
edges” (Espada et al.,2007).
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Figure 2.43 “Effect of the reed thickness in soabhgorption coefficient. Not
covered edges” (Espada et al.,2007).

Diazet al.(2012), measured the sound absorption coefficamsed in perpendicular

configuration in a 6m3 reverberation chamber. They measured the 5, 10 5ath
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samples, similar with Espaééal.(2007).‘s work and results are similar, as welleyh
also made measurements of the reed panel as andespeeiling application

simulation with 2@&m airspace behind. The results are shown in Figuieband 2.45.

Figure 2.44 Effect of panel thickness on the salygbrption coefficient (Diaz et al.,
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Figure 2.45 Sound absorption coefficients for readels simulating a suspended

ceiling (Diaz et al., 2012).
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The Figure 2.45 shows that the 260n air space behind bm thick reed panel
increases the low frequency sound absorption awodiges a sound absorption

performance that is similar to 'm thick reed panel.

Chilekwaet al. (2006), introduces the sound absorption charaetion of reed in
different configurations with impedance tube methBdsides they make predictions
on configurations and compare the results. Thdteeare shown in Figures 2.46, 2.47,

2.48.
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Figure 2.46 Acoustic performance of the paralledeonfiguration. (a) reeds in
sample holder (b)comparison of experimental data predictions (Chilekwa et al.,
2006).
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Figure 2.47 Acoustic performance of the perpendictged configuration. (a) reeds
in sample holder (b)comparison of experimental date predictions (Chilekwa et
al., 2006).
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Figure 2.48 Acoustic performance of the cross remufiguration. (a) reeds in
sample holder (b)comparison of experimental data predictions (Chilekwa et al.,
2006).
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As seen in the figures the prediction and expertaleasults are different but the slope
characteristics are similar. It can be derived thatparallel reed configuration, has a
stable increase from low to high frequencies, cosslg, sound absorption

characteristics are increasing in perpendiculafigorations for low frequencies.

The work of Oldhanet al.(2011) as previously described in previous chaptslyses
the reed configurations and compares the resulte wiraw sound absorption
coefficients. The picture of the samples is giveRigure 2.49. Besides, they examine
a composite made of reed and hemp. The resultg\a® in Figures 2.50 to 2.51.

Figure 2.49 (a) End-on reeds in large sample halde) Transverse reeds in large

sample holder. (c) Magnified view of end-on redusisng pitch in reed tubes and

gaps between reeds. (d) Magnified view of trangvezeds showing gaps between
aligned reeds (Oldham et al., 2011)
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Figure 2.50 Normal incidence absorption coefficiehstraw and reeds in end-on
configuration measured using small and large impeaatubes (left figure).
Absorption coefficient of transverse straw and seg@digned perpendicular to the
incident sound) measured using large impedance(tigine figure) (Oldham et al.,

2011)
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Figure 2.51 Normal incidence absorption coefficiehend-on reeds of different
lengths measured using large impedance tub. (tgftd). Absorption coefficient of
aligned reeds of different thickness measuredwentgeration room (right figure)

(Oldham et al., 2011)

The Figure 2.50 shows that reed with parallel tddent sound configuration has weak
sound absorption performance both at low and higguencies. On the other hand,

perpendicular to incident sound configuration hgsiBcantly better sound absorption
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performance for both low and high frequencies. &esi the thickness of the reed
results in better sound absorption for both comfigjans.
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Figure 2.52 Absorption coefficient of end-on reetlaominal length 14 cm
measured in reverberation room (Oldham et al., 2011
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Figure 2.53 Absorption coefficient of compositeaeayscomposed of 10 cm thick reed
underlay, 7 cm hemp batt and thin double reed serfaeasured in reverberation
room (Oldham et al., 2011).
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Figures 2.52 and 2.53 show that larger thicknesseefl, results in better sound
absorption, even for low frequencies. On the otteard, addition of hemp and extra

reed layers do not result to a significant chamggound absorption.

Figure 2.53 shows that decrease in reed thicknesseled and hemp layered
configuration, results in reduction at low frequgsound absorption.
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Figure 2.54 Absorption coefficient of broadbananpmsite sound absorber
consisting of reed underlay with hemp batt on t@asarred in reverberation room
(Oldham et al., 2011).

2.5. EVALUATION OF LITERATURE
The survey of literature of this thesis researclbased on green building design,

architectural acoustics, the relationship betwees two topics, ecologic sound

absorbers in literature and the survey on the nadgarsed in this study.
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It is obvious that emphasized acoustical requirdmiengreen building design criteria
are very limited as mentioned in literature (Muedda, 2010Sanet. al.2011, Field,
2008) and should be improved according to sustdityaparameters. Especially, the
relationship between natural lightening, air coiodiihg and acoustical requirements
should be analyzed carefully. The material select®oa very important issue for
indoor air quality and sustainability, neverthelagshe acoustical requirements are
not considered, these subjects can cause worsestmabuconditions in green

buildings.

Acoustical comfort requirements are very imporfanthealthy indoor environments.
However, the materials used for acoustical preoastare not healthy materials at all.
Most of the sound absorptive materials are mineaal based materials or perforated
materials supported with mineral wools. This iansignificant problem for healthy
environments, as these wools have bad effects althhé&urthermore, these synthetic
fibers are not energy efficient as described byukstli (2006). Whereas, variety of
natural fibers exist that are more ecologic andhendc in nature as illustrated by
Mahzanet. al.(2009). The materials used for acoustical preoastboth for building
acoustics and room acoustics should be commeniatiedims of health and energy
efficiency and new materials should be discoverad promoted to be used in

construction industry.

In the literature there are varieties of naturatenals that are worked on in terms of
sound absorptiofGle et al. 2011), (Oldharet al,2011) , (Saadatniat al., 2008),
(Mohd et al., 2004), Bastoset. al. (2012). Most of these materials have very good
acoustical performances. Barely, only one herle,igitommercialized in construction
industry as a natural sound absorber with fineskini Also reed panels are
commercialized not because of its sound absorggacity but as a ceiling material.
These materials that are in research base shouldlebeloped in terms of
constructability requirements and natural and hgasound absorptive materials in

construction industry should be diversified.
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The architects’ choice is another significant paintthe selection of interior surfaces.
Most of the architects do not prefer perforatetshies because of aesthetical deficits.
They prefer fine seamless finishing. Besides, patéal surfaces are not desired on
wall surfaces because of the location which peoptereach and damage. However,
most of the sound absorptive materials are peddratth mineral wool backing and
the ones that are unperforated are import and exgesound absorbers.

In this thesis research, a sustainable sound atusisrimtended to be developed which
Is also local and economic. The inspirations ofitleas, covering the information in
literature, that are the occasions to construdt suoonfiguration with three layers are

given in this section.

The inspiration of the idea of fine finishing swéafor the desired sound absorber in
this study is the preference of the architects. tMisthe commercialized sound
absorbers in construction industry with fine finrgh are layered systems made of
glass particles and cement plasters with glassakrwool backings. The basic of idea
to design a fine plaster finish sound absorber igardition with fibrous backing
material is this kind of materials’ being importa@xpensive.

In Turkey, generally gypsum and cement products umed as plaster surfaces,
whereas, pumice is a natural porous stone thated as a plaster for centuries which
is also a good sound absorber having a largeveseiTurkey. Also, lime, which is
used as a binding agents for pumice plaster hasat guzzolanic activity together
with pumice (Nozahiet al.,2012). Besides, Thomas (2012) work on pumice and li
expresses the conformity of pumice and lime in erof strength and health.
Furthermore, Cotana&Goretti (2008) describe theelias energy efficient and
optimum in terms of biologic qualities and availdipi Although lower energy is
consumed in production of lime as described by S@e(2012) and better sound
absorption performance is examined in the work & & al. (2011) compared to
cement, the lime content is intended to be usddtla@sas possible since the binding

agent may cause to lower sound absorption perfazean
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The two layered system for the plaster is desioaget a more porous plaster media at
the bare coat and a fine finishing surface whicimtended to be smooth as much as
possible and thin to transfer the sound to the bag¢ easily. In addition, the two
layered plaster surfaces are more durable and dlélae rough and fine plaster is
illustrated. In this study granular pumice partsce desired for bare coat as a more
porous media as given in Table 2.6 and likewiseipemowder is selected to get a

fine plaster coat.

The plaster surface which is desired to be a ponoedia as a plaster needs porous
backing to have a higher sound absorption perfocmaaspecially in medium
frequencies. One objective of this thesis study develop an ecologic sound absorber
with natural materials. The survey on natural soabhdorbers gives very useful
information about natural sound absorbers. Reedhaik natural herb that is rapidly
renewable is a perfect selection in terms of soatality, durability and acoustical
performance if the works of Espadtal. (2007), Diazet al. (2012), Chilekwaet al.
(2006) and Oldharet al. (2011). This herb also is used as a constructiatenal for
centuries in the world. Turkey has a large wetlareh where the reed finds essential
habitat to grow spontaneously. In fact, the cuttroes and times of the reed is
described in the Wetland Protection RegulationBurkey as mentioned in the work
of Orsam (2011). The breathing structure of linmeaddition to porous media of
pumice can help the reed to get dry and resistafurtgal attracts and water vapor.
The breathing media of pumice and lime plaster tcamsmit the sound to the reed
layer and the reed can absorb the transmitted siouitsl structure and convert it to

heat energy.

In the light of the wide information of both theptos of the thesis and the materials
that are intended to be used in this thesis staidlyree layered configuration made of
local and ecologic materials, pumice, lime and ree@&xamined. The experiments
according to parameters that affect the acougticglerties are conducted to improve
the sound absorption properties of the configuratvbich are reported in detail in the
following chapters.
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CHAPTER 3

MATERIAL AND METHOD

3.1. MATERIAL

The scope of this work is to develop a sustainahtklocal sound absorptive material
with a smooth surface finish. The materials arecel according to such properties;
ecological, economical, appropriate to Turkey'sun@tresources with good acoustical

properties.

The basic materials that are used for this compasé pumice, stone and reed. Lime,
which is more energy efficient that have bettemgbabsorptive properties compared
to cement and gypsum products is used as a biradjegt for the layers of pumice

plaster.

Pumice is a significant raw material that has lag®unt of reserves in Turkey. The
material is a volcanic lightweight aggregate thas$ porous structure and have good
acoustical properties as describedltier (2010) and Sawik&Sariisik (2012). Asidic
pumice is selected for the experiments in the lighibe information that acidic pumice
has higher puzzolanic reaction which makes it nuseful for construction and more
porous media compared to basaltic pumitieer(2010).Besides, pumice has a large
use area in construction that has good fire regiignd water resistance. The pumice
content of acidic type is acquired from Nekir Region which has the 35% of the
pumice reserves in Turkey. The chemical and phligioaperties of pumice from
Newehir region are given in Table 2.4 in the previsestion. The dry unit weight and
real porosity of the pumice according to partidienteter are given in Table 2.5 and

Table 2.6, respectively.
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Reed is a natural material that grows spontanearshhe shores of rivers and lakes
in Turkey. This natural herb is in tubular configtion which is a significant property
in terms of acoustics as mentioned in the work sgdelaet al. (2007). Besides, reed
has been used in traditional buildings as welluaalrareas and holiday villages as a
ceiling material. The resistance of fungal attagkd water makes the reed a natural
material that is appropriate for construction irtdusThe direction of the reed layer
that is perpendicular to incident sound is seleatdtie light of Espadat al. (2007),
Diazet al.(2012), Chilekwaet al.(2006) and Oldharat al.(2011) ‘s works mentioned
in literature. In these studies that are realizsti beverberation chamber measurement
method and Impedance tube method show that thedsalsorption performance of
the reed is better for low and medium frequendiesthermore, application of reed is
easier as a panel in construction industry. Therlay reed in varying diameters in
configurations is obtained from METU Campus. Thedsefor the measurements are
collected in between October to November whenlggsal to harvest them according

to Regulations on Wetland Areas in Turkey.

Lime is a binding agent that has been widely usecbinstruction for centuries. The
popular production of cement with higher strengthstructural elements has reduced
the usage of lime in construction sector. On tleiohand, lime binder with pumice
aggregate has well compressive strength accordiiNptzahicat al. (2012), besides,
energy efficiency and breathing properties of limsignificant for indoor air quality.
Using lime as a binding agent for pumice helpsdegkthe pumice structure porous
and efficient for sound absorption. Besides, thenloay of lime and pumice is very
well that are used for centuries since ancient simg described in Nozahét al.
(2012)’s work. Besides, the structure of lime isrenefficient in terms of sound
absorption (Gleet al, 2011) and with the breathing activity lets thed&eep dry and
helpful to use it as a construction material. Timelcontent that is used in this research

is a local product.

The configuration of the materials are given inufeg3.1.
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(F) Fine Coat
(pumice powder & lime plaster)

—— (B) Bare Coat
(Granular pumice particles & lime plaster)

Plaster mesh

(R) Reed layer

20 mm thick backing surface made of wood

Figure 3.1 Configuration of layers.

The pumice plaster that is used as the fine cott kivhe binder (F) is powder of
pumice with a width varying between 0 to 0.5mm. Tnanular pumice plaster (B)
with granular pumice particles with biding ageméi is used as a bare coat. For the
15 Experiment, 3 to 7mm wide raw pumice and for &t of the research, 0.5 to 2mm
wide pumice is used for undercoat. For the firgiegiment hydraulic lime (CaO) is
used. Nevertheless, as the slaking of lime isdiffito control, thus, hydrated lime
(lime putty (CaOH)) is used for the all subsequent experiments. rEled layer is
aligned perpendicular to incident sound with thekihess of 40 mm. The reed layer
treats as a cavity behind the pumice plaster amka®d peak frequencies are

calculated according to Equation 2.4.

The selection of thickness for the reed layer Edadly the effective sound absorbers
in construction industry for medium frequenciesigen the range of 50 mm thickness
in total. This approximate thickness is also desii@ easier application for sound
absorbers. Most of the perforated absorbers witheral wool backing such as
perforated metal, gypsum and wood products, bedidedinish sound absorbers with
mineral wool backings in construction industry arestly in the thickness of

approximately 50 mm.
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The plaster mesh to provide connection betweenaadgpumice aggregates is added

to configuration after the first experiment to p/a connection media between reed

layers and plaster.

The investigations are performed with four basipezimental configurations in four

phases. The material properties are given below.

3.1.1. Experiment |

For the Experiment |, the material configuratioattthe measurements are performed

is given in Table 3.1.

Table 3.1 Material configuration for Research Qumstl.

F1B1R1
Code | Layer Thickness  Content
F1 Fine Coat 2mm 0-0.5 mm wide pumice (pumice poydéme
(Pumice:Lime:2:1 by mass) and water
Bl Bare Coat 10 mm 3-7 mm wide raw pumice stoneg [[Rumice: Lime:
2:1 by mass) and water.
R1 Reed 40 mm 40 mm thick Reede( 2 toz:5 mm tubes)

3.1.2. Experiment Il

For the Experiment I, the material configuratibattthe measurements are performed

is given in Table 3.2.
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Table 3.2 Material configuration for Research Quast3

F2B2R2
Code | Layer Thickness  Content
F2 Fine Coat 2mm 0-0.5 mm wide pumice (pumice pajydiene putty
(Pumice:Lime:2:1 by mass)
B2 Bare Coat 5 mm 0.5-2 mm wide pumice, lime puByrfice:Lime:2:1
by mass)
R2 Reed 40 mm 40 mm thick Reedsf 4 mm toz: 7 mm tubes)

3.1.3. Experiment llI

For the Experiment lll, the material configuratiotisat the measurements are

performed are given in Table 3.3.

Table 3.3 Material configurations F3B3R3, F3B3R3BBR5

F3B3R3
Code | Layer Thickness Content
F3 Fine Coat 3 mm 0-0.5 mm wide pumice (pumice powder), limetyut

(Pumice:Lime:3:1 by mass)

B3 Bare Coat 7 mm 0.5-2 mm wide pumice, lime putty ((Pumice:Lith# by
mass)
R3 Reed 40 mm 40 mm thick Reede( 3 mm toz: 4 mm tubes)
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Table 3.3 continued...

F3B3R4
Code | Layer Thickness Content
F3 Fine Coat 3 mm 0-0.5 mm wide pumice (pumice powder), limetyut

(Pumice:Lime:3:1 by mass)

B3 Bare Coat 7 mm 0.5-2 mm wide pumice, lime putty ((Pumice:Lith# by
mass)
R4 Reed 40 mm 40 mm thick Reedd 5 mm toz: 6 mm tubes)
F3B3R5
Code | Layer Thickness Content
F3 Fine Coat 3 mm 0-0.5 mm wide pumice (pumice powder), limetyut

(Pumice:Lime:3:1 by mass)

B3 Bare Coat 7 mm 0.5-2 mm wide pumice, lime putty ((Pumice:Lith# by
mass)
R4 Reed 40 mm 40 mm thick Reeda 8 mm toz: 10 mm tubes)

3.1.4. Experiment IV

For the Experiment lll, the material configuratiotisat the measurements are

performed are given in Table 3.4.
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Table 3.4 Material configurations F4B4R4

F4B4R4
Code | Layer Thickness  Content
F4 Fine Coat 2mm 0-0.5 mm wide pumice (pumice powder), limetyut

(Pumice:Lime:7:3 by mass)

B4 Bare Coat 5mm 0.5-2 mm wide pumice, lime putty ((Pumice:Lih8
by mass)

R4 Reed 40 mm 40 mm thick Reeds 5 mm toz: 6 mm tubes).

3.2. METHOD

In this thesis research, sound absorption perfocesaf the configurations mentioned

in previous chapter are investigated.

The main hypothesis of the research:

“A three layered configuration made of a fine cedh pumice powder plus lime, bare
coat made of granular pumice particles plus lime @aporous backing layer made of

reed works well as a sound absorber.”

is investigated.. Variations of configurations aclog to various parameters that
affect the sound absorption, referring the litematinformation given in 2.1.3 are
investigated to improve the configuration. The Bstigated parameters are

summarized below:

Granular sizes of pumice particles
Thicknesses of pumice plaster layers
Percentage of binder content (lime)

Diameters of reed

® 2 0 T ®

Porosity
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The first experiment is performed to understand libbavior of the materials and
forecast if the hypothesis can be verified or ratcording to first experiment results,
sub-hypothesizes are constructed and experimeatpaaformed to understand the
effects of variables and achieve better resultsir Basic sample configurations are

investigated as given in the material section.

The experimental analysis of the sound absorptiopgsties of the configurations is
performed with the Impedance Tube Method that sxdeed in literature survey. The
experimental setup of this impedance tube measuresystem is shown in Figure
3.2.

PC

FFT Analyzer

:
Power Amplifier & Kundt'sTube

Noise Generator Sound Source
(Loudspeaker)

Test Specimen

Figure 3.2 The experimental setup of impedance tabasurement system.

Pumice aggregate, mixed with lime as a binding tgensed to obtain plaster layers
in this study. Reed is used as a sound absorptveup media for backing layer.

Samples are prepared in 1@Gn and 28nm diameters to be examined by small and
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large impedance tubes, respectively, for the ranglesv-to mid and high frequencies.
All the experiments are realized at room conditjongpproximately 22 °C and 26

of relative humidity.

The production methods for the configurations nwred in the material section are
given below.

3.2.1. Experiment |

For the first experimental investigation, the lay@f the plasters F1 and Bl are
prepared in separate pieces and dried for 3 ddnspé&rcentage of the lime content is
set according to recommended pumice/lime ratio i@fs€er & Minke (1990). The
reed layer (R1), with diameter ranging frorm2n to Smm aligned perpendicular to
incident wave with 4@nm thicknesses. The samples of materials are givéigiare
3.3.

Figure 3.3 Layers of the configuration: left: re@®ll), center: small diameter
pumice aggregate (F1) and right: wider pumice aggtte (B1).

Firstly, the three layered configuration (F1B1Rdjrieasured. Subsequently, the bare
coat (B1) is subtracted from the configuration #mesub-hypothesis 1:“The sound
absorption performance of the configuration isdryettithout granular pumice plaster
layer.” is investigated.
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3.2.2. Experiment Il

For the second experiment tBab-hypothesis 2: “Decrease of granule sizes of
pumice plaster results in increase of sound abisorperformance of the three-layered
configuration.”

is investigated. The picture of the configuratismiven in Figure 3.4.

Figure 3.4 F2B2R2 Configuration

Reed layer (R2) is formed perpendicular to incidenind as in the first experiment.
The lime (CaO)’s being very difficult to preparajicklime (CaOH) is used for this
configuration and the following investigations. Fagter mesh is inserted on the reed
layer and a bare coat of pumice plaster (B2) idiegpon this mesh. The fine coat of
the pumice plaster (F2) is applied on the configjoraafter about a twelve hour

desiccation.

The first measurement is realized after three ddgsying and the measurements are
repeated in 183 339 and 60" day after the configuration produced to investgie
sub-hypothesis 3: “The sound absorption performance of the thregerkd

configuration increases with time.”
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3.2.3. Experiment Ill

For the third experiment, firstly theub-hypothesis 4:“The sound absorption
performance of the configuration differs with véieas in reed diameters.” is
investigated primarily with B3R3, B3R4 and B3R5 figurations. Subsequently, the
measurements are repeated after the applicatioR30bn the configurations to
investigate thesub-hypothesis 5:“Increase in thickness of pumice plaster layers and
decrease in percentage of lime content resultsridas sound absorption resultss’
investigated. Besides, with the results of the mgasurements with and without F3
the sub-hypothesis 6:“The sound absorption performance of the configona
without fine coat is higher than the three layeredfiguration.” is analyzed. With the
additional samples of B3 and F3B8,b-hypothesis 7: “The sound absorption
performance of granular pumice plaster is highantthe two layered plaster with

granular and fine coat.” is explored.

The third phase experiments are performed witts8rdie configurations with varying
reed diameters. The picture of the configuratiendlustrated in Figures 3.5, 3.6 and
3.7. The fine coat (F3) is applied to the confadioms after the measurements of
B3R3, B3R4 and B3R5 configurations, thus, varioud-Bypotheses could be
analyzed with the same samples.

Figure 3.5 Experiment lll, Reed samples (Left: RRldle: R4, Right: R5)
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Figure 3.6 Experiment Il with plaster mesh (L&8, Center: R4, Right: R5).

Figure 3.7 Experiment 11l complete samples (LeBBBR3, Center: F3B3R4, Right:
F3B3R5).

Reed layers (R3, R4 and R5) are generated perpgadto incident sound as in the
previous experiments. The diameter of the reed&®%is not applicable for 28mm
diameter impedance tube, thus, the configuratidd3R5 could be investigated only
with low frequency measurements. A plaster meshsierted on the reed layer as in
the previous experiment. The bare coats of pumiastgrs (B3) are applied on this
mesh. After three days of drying the plaster, soabdorption measurements are
realized. Because of the proportion of the limeteotis espied insufficient for B3, the
proportion of the lime for F3 is increased from pcen lime 4:1 to 3:1. The fine coats
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of the pumice plasters (F3) are applied after teasarements are realized. The fine
coats of the samples are dried for 3 days and dasurements are executed to get the
answer for research question 5. At the same tinth thle measurements on the

configuration samples, the pumice plaster layespasduced and measured with three

days of drying for each layer of plaster.

3.2.4. Experiment IV

The fourth experiment is performed to investigatesub-hypothesis 8:The sound
absorption performance of the configuration incesasith the decrease of thickness
of the pumice plaster layers.” Additionally, teeb-hypothesis 9:*The porosity of
the pumice layers has a significant effect on thend absorption performance.” is

examined.

Reed layer R4 that is prepared for the previousenxent is used. A plaster mesh is
inserted on the reed layer as in the previous éxget. The bare coat of pumice
plaster (B4) is applied on this mesh. After thregydof drying the plaster, sound
absorption measurements are realized to make coupawith the previous

measurement results. The fine coat of the pumiastg@is (F4) is applied after the
measurements are completed. The fine coat of thglsas dried for 3 days and the

measurement is executed to investigate the subthggpis 8.

For the porosity calculations, separate samplgmofice plasters used for B4 and F4
are prepared and dried for 3 days. The dry voluftbesamples are calculated and
recorded then the samples are smashed into dugshanalume of the samples are
measured with water. Last, the volume of the saspiewater is calculated and
subtracted from the dry volume of the layers. ®gbsntly, porosity calculations are
performed with the calculated results using theaiqn given in Equation (2.5) taken

from the literature survey.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. RESULTS

4.1.1. Experiment |

Measurement results of FIB1R1 and F1R1 configuratare given in Figure 4.1.
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Figure 4.1 Measurement results of FIB1R1 and F1R1

The first measurement results show that the thageréd configuration F1B1R1 is
found to be promising in terms of sound absorptiohhe results of the initial
experiment show that three-layered configuratiorBEFR1 has a good sound
absorption performance between 250 Hz to 500 HzveNeeless, the sound

absorption decreases in the range of medium frege®i500 Hz to 2000 Hz). The
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first peak frequency of the configuration is aroustb Hz and the second peak
frequency of the configuration is around 2500 Hze Tesired characteristic is that the
peak frequency should lie in the range of 500 HZ@060 Hz to get better results in
medium frequencies. This figure is not an insuditi sound absorber; yet, higher

sound absorption at medium frequencies is intended.

The second measurement performed with the confignr&1R1 show that the sound
absorption performance of the configuration incesagithout B1. The configuration’s
sound absorption performance is found to be satmfiabetween 400 Hz to 1000 Hz,
in the range of intended higher sound absorptiorfopaance. The first peak
frequency is around 500 Hz and the second peakérexy is around 3150 Hz which
shows a better sound absorption performance comipgaré-1B1R1 configuration
results. However, the fine coat ‘F1’ has a verg thickness (3mm) which is accepted
as an insufficient thickness for a plaster to bedus construction, in other words, the

plaster is not durable enough for construction.

4.1.2. Experiment Il

Measurement results of F2B2R2 configuration 8n13", 339, and 68 day are given

in Figure 4.2.
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Figure 4.2 Measurement results of F2B2R2
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The results of the second experiment with the goméition F2B2R2 show that

increasing the sound absorption performance ofthihee layered configuration is

possible by changing the bare coat with smallemges of pumice content. The sound
absorption performance of the configuration is welihe range of 300 Hz to 800 Hz
and the first peak frequency of the configurati®miound 500 Hz which is a desired
characteristic. Besides, the second peak frequerarpund 2000 Hz which fits to the
purpose as well. Nevertheless, a sharp decreassuimd absorption performance of
the configuration at 1000 Hz is unfavorable andusthtve prevented. The reason for

this may be attributed to the thickness ratioheflayers.

The comparison on the sound absorption performeresurements on th&' 313",
339 and 60" day after the production date of the configurastiow that the sound
absorption performance of the configuration gemgrahcreases somewhat at
frequency base. Especially higher percentage afease in peak frequencies is
significant. Still, it can be mentioned that thengeal sound absorption performance

of the configuration does not change significamiith time, that is, by ageing.

4.1.3. Experiment Il

Measurement results of B3R3 and B3R4 configuratidos full frequency

performance are given in Figure 4.3.

1
g 4
= 3808
ol 7\
05016 [ \
(%2
25 04 al Le - =
TE ) —o—B3R3
:80,2
3 O - B3R4
n 0
NO0OO0OO0OWMOO0OO0O00O000QQ QO
NDOOMNAIOOmMOOnNaoSnaood
A NN TN O 0 O N OO W -HOoO O
I = NN N
Frequency (Hz)

Figure 4.3 Full frequency measurement results cRBand B3R4
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Measurement results of B3R3, B3R4, B3R5 configaratifor low frequency sound
absorption performance are given in Figure 4.4.
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Figure 4.4 Low frequency measurement results of3BBRR4 and B3R5

The results of the measurements of the configuratzBR3, B3R4 and B3R5 without
fine coat ‘F3’ show that there are differences lestwthree types of configurations
with different diameters of reed. The configurationth R4 has better sound
absorption at medium frequencies and R3 has betiand absorption at high
frequencies. Nevertheless, the differences carmobbsidered as significant. In other

words, the general performances of the configunatia frequency base are similar.

The results of the configurations without fine cod8 show that two layered
configurations B3R3, B3R4 and B3R5 have a good dabsorption performance.
The configurations’ sound absorption performances faund to be satisfactory
between the frequencies 315 Hz to 1000Hz whicmisange of intended sound
absorption performance with respect to the frequérand. The first peak frequency
is around 630 Hz and the second peak frequendg3&3 and B3R4 is around 3150
Hz. The sharp decrease around 1000 Hz is stilleptefiowever the status is better

compared to the previous experiment, especiallyhferconfiguration B3R4.
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Measurement results of F3B3R3 and F3B3R4 configamat full frequency
performance are displayed in Figure 4.5.
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Figure 4.5 Full frequency measurement results @3R3 and F3B3R4

Measurement results of F3B3R3, F3B3R4, and F3B3&%igurations for low
frequency sound absorption performance are givéigare 4.6.
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Figure 4.6 Low frequency measurement results of3R3EB F3B3R4 and F3B3R5
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The results of the measurements performed with RBB&3B3R4 and F3B3R5 show
that the sound absorption performance of the cardigpns decreases sharply with the
increase of the thicknesses of pumice plaster say@ny statement on peak
frequencies is unnecessary because of the valube gsbund absorption coefficients
being very close to each other besides being l@tedRng the measurements without
fine coat F3, it can be expressed that the appicalf fine coat results in a reflective
configuration instead of a sound absorber. Theoredsr this situation may be
speculated to the increase of the thickness ofilieecoat F3, or the total increase of

the pumice plaster layers.

Measurement results of B3 and F3B3 pumice plastend absorption performance

are given in Figure 4.7.
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Figure 4.7 Measurement results of B3 and F3B3

The results of the measurements performed wittptimice plaster samples B3 and
F3B3 show that pumice plasters have quite good ds@bsorption performance
compared to common plasters made of gypsum or depneducts in construction.

Especially the high sound absorption performancthefpumice plaster B3 without
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fine coat F3 is very significant. However, pumidasper layers cannot be considered
as sound absorbers if applied on surfaces withgouad absorber backing material.

4.1.4. Experiment IV

Measurement results of B4AR4 and F4B4R4 configunafir sound absorption

performance are given in Figure 4.8
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Figure 4.8 Measurement results of B4R4 and F4B4R4

The results of the experiment 4 show that despitedecrease of pumice plaster
thickness the results are similar with the previexperiment. In fact, it can be
mentioned that the comparison results of configomaB4 with increased lime content
and decreased thickness have similar sound absorggerformance with the
configuration B3R4. For the configuration F4B4R+¥ sound absorption performance
of the configuration decreases somewhat comparéuetprevious experiment. This
situation is assessed as the idea that the thiskalese has a significant effect on the
sound absorption performance of the configuratisnsrong. The other parameters
(stated in heading 2.1.3) together with the thislsnghould be investigated to make a

more accurate assessment.
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The porosity calculations of F4 and B4 are giveiable 4.1

Table 4.1 Porosity calculations

FAB4AR4

Code | Content Porosity

F4 0-0.5 mm wide pumice (pumice powder), lime pyty.597

(Pumice:Lime:7:3 by mass)

B4 0.5-2 mm wide pumice, lime putty ((Pumice:Lime:By3mass) 0.637

The porosity calculations of the F4 and B4 showilsinvalues. Besides the values in
literature stated in Table 2.7tér, 2010) are similar with the calculated onelisT
shows that lime content does not affect the totabgity of the pumice plaster.
However, the results of the configuration BAR4 BA84R4 show that the application
of B4 has a significant effect on the decreasénefsound absorption performance of
the configuration although the thickness of the enplaster layer F4 is lower than
B4. The reason for this outcome might be attribatetthe different pore structures of
F4 and B4. The pumice plaster B4 is estimated apan pore structure for the pumice
granules’ being large and the integration with limeuld result in an open pore
structure. Conversely, the pumice powder particids4 are available to form a close
pore structure with lime. This estimation should ibheestigated with alternative
methods of porosity measurements as a future study.
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4.1.5. Comparison graph of the results

Comparison graph of the selected measurementsexfidach experiment is given in

Figure 4.9.
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Figure 4.9 Comparison of the better results ofékperiments

The comparison graphic of the measurements fobbekter results of the experiments
show that the configurations have promising soubsbgption performance. Peak
frequencies of the configuration considering a 40 cavity behind the pumice plaster

according to equation (2.4):

0.04m=h, n=1, fmax=2125Hz
0.04m=h, n=2, fmax=6375Hz

The reed layer’s effects on peak frequencies remenal 500 Hz and 3000 Hz, instead
of a cavity behind the pumice plaster. This situatis assessed positive as the
maximum sound absorption performance is intenddektaround 500 Hz and 1000

Hz. The cavity depth can be arranged to lie betwl&hmm to 80 mm to make fmax

to fall in 500 Hz and 1000 Hz octave bands, respelgt The optimum configuration

and sound absorption performance combination i2R2B
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4.2. DISCUSSION

In this section, the results of measurements a®udsed according to the parameters

investigated with the main and sub-hypotheses.

Basically, the main hypothesis “A three layeredfpmration made of a fine coat with
pumice powder plus lime, bare coat made of gramuuanice particles plus lime and
a porous backing layer made of reed works wellssuad absorber.” is true. The sub-
hypotheses that are forecasted are assessed witbsilhits of the experiments and the
literature information to make clearer decisionghwine finding.

Sub-hypothesis 1: “The sound absorption performance of the conéigan is better

without granular pumice plaster layer.”

The comparison results of the F1B1R1 and F1R1cordigons show that the sub-
hypothesis 1 is true. The reason for this resiaiscally the total decrease of pumice
plaster. The result of the experiment shows thatedese in thickness results in an
increase at especially medium frequencies. Thdtsealso verify that the hypothesis
of ibrahimet al. (1978) in Seddeq (2009) that the sound absorg@formance in
low frequency range increases with the increasthiokness of the material if the

better sound absorption performance of F1B1R1vaflequencies is interpreted.

Sub-hypothesis 2:“Decrease of granule sizes of pumice plasterdteguincrease of

sound absorption performance of the three-layeoadiguration.”

The results of the second experiment compareddbdkperiment results shows that
the sub-hypothesis 2 is true. The reason for #sslt is basically the harmony of the
smaller pumice granules with lime and fine coat,wadl. The results of sound
absorption properties with respect to frequencyshaimilar behavior with F1B1.
The peak frequencies and the quantitative restdtsianilar although the number of
layers and plaster thicknesses of the configuratisrdifferent. This situation can be

explained with the qualified integration of the dirtoat and bare coat layers of
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F2B2R2. Besides, the production method with shertogl of drying the bare coat
could be effective on this result.

Sub-hypothesis 3: “The sound absorption performance of the thrgeried

configuration increases with time.”

The results of the second experiments conductdd@B2R?2 at different times after
the first measurements show that the sub-hypotl3esidrue especially for the peak
and incidence frequencies. The reason for thesdtsesould be the change in the
porosity of the plaster layers whereas the dryirogg@ss of lime content results in an
increase in pore sizes. If the information in hiteire that the compression strength of
pumice-lime plasters increases with time (Nozahialg 2012) is considered, more

sound absorptive and more durable plaster is addamth time.

Sub-hypothesis 4: “The sound absorption performance of the confijan differs

with the variations of reed diameters.”

The measurement results of B3R3, B3R4 and B3R5 shatthe sub-hypothesis 4 is
false. There is not a significant difference betwedbe third experiment-first
measurement results without F3. The results dolbsérve the hypothesis of Koizomi
et al. (2002) in Seddeq (2009) that the increagben size results in decrease in sound
absorption. The reason for this result might beefifect of the bare coat of the pumice

plaster above the reed layers.

Sub-hypothesis 5: “Increase in thickness of pumice plaster layerd decrease in

percentage of lime content results in similar soalpsbrption results.”

The measurement results of the three layered amafigns experiment 3 compared
to experiment 2 results show that the sub-hypaottes false. The reason for the result
can be explained with the thickness of fine codgsreasing the sound absorption
performance sharply if the results of the configores’ being very well without fine

coat F3 is considered. Besides, the reason farethdt might be the different cellular
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structures of fine coat and bare coat which atfeetporosity, consequently the sound
absorption performance. Besides, different prodacthethods and drying period of

pumice plaster layers may contribute to the result.

Sub-hypothesis 6: “The sound absorption performance of the configan without
fine coat is higher than the three-layered conagaon.”

The measurement result of the configuration B3R3R8 and B3R5 show that the
sub-hypothesis 6 is true. In fact, a decreaseundabsorption is expected because of
the effect of the thickness, nevertheless, thepslikcrease is considered very
problematic and the parameters that cause thidt relsould be investigated. The
reason for this result might be cellular structoféhe plasters affecting the porosity,

in turn the sound absorption.

Sub-hypothesis 7:“The sound absorption performance of granularipamlaster is

higher than the two layered plaster with granutat fine coat.”

The measurement result of the B3 and F3B3 witheetd rshows that the sub-
hypothesis is true for high frequencies. For lowl amedium frequencies, the results
are low and similar for the samples. The reasorthiigrresult is the ragged surface of

bare coat causing an increase in the high frequsoayd absorption.

Sub-hypothesis 8:“The sound absorption performance of the confiian increases

with the decrease of thickness of the pumice pldayers.”

The measurement result of B3R3 and F3B3R3 comparéte results of B4AR4 and
FAB4R4 show that sub-hypothesis 8 is false. Thdigamations have similar sound
absorption performances although the layer thickeesre decreased in experiment
4. The reason for the similar results of B3R3 addRB can be explained with the
percentage of lime content. The reason for the laiityi of three-layered
configurations can be explained with the surfacpedances of the pumice plasters

fine coats being similar.
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Sub-hypothesis 9: “The porosity of the pumice layers has a sigatficeffect on the

sound absorption performance.”

The calculation results of F4 and B4 compared tasueement results of the B4R4
and F4B4R4 show that the sub-hypothesis 9 is faleeever, the result is not clear
enough as the porosity calculations are conductég for total porosity and the

cellular structures of the plasters are not ingaséid. Different pore structures (open

pore or close pore) might be effective on the saalmgbrption performances.

The comparative table of the configurations, meas@nt results and hypothetical

assessments are summarized in Table 5.1.

Table 5.1 Configurations, results and discussions
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Hypotheses

néain Hypothesis: “A three layered configuration made of a fi
coat with pumice powder plus lime, bare coat mafigranular

umice particles plus lime and a porous backingrayade of ree
works well as a sound absorber.”

Sub-hypothesis 1:“The sound absorption performance of the
configuration is better without granular pumicegpéat layer.”

Sub-hypothesis 2:“Decrease of granule sizes of pumice plasts
results in increase of sound absorption performaffitiee three-

layered configuration.”

Sub-hypothesis 3:“The sound absorption performance of the
three layered configuration increases with time.”

Sub-hypothesis 4:“The sound absorption performance of the
configuration differs with the variations of reeidwheters.”

Sub-hypothesis 5:“Increase in thickness of pumice plaster layi
and decrease in percentage of lime content rasuisnilar sound

absorption results.”

Sub-hypothesis 6:“The sound absorption performance of the
configuration without fine coat is higher than thece layered
configuration.”

Result
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Sub-hypothesis 7:“The sound absorption performance of
granular pumice plaster is higher than the tworagelaster with

granular and fine coat.”

Sub-hypothesis 8:“The sound absorption performance of the
configuration increases with the decrease of theéskrof the

pumice plaster layers.”

Code | Layer | Thickness | Content
F1 Fine 2mm 0-0.5 mm wide pumice (pumice powder), li
Coat (Pumice:Lime:2:1 by mass) and water
Bl Bare 10 mm 3-7 mm wide raw pumice, lime (Pumig &
Coat Lime: 2:1 by mass) and water.
R1 Reed 40 mm 40 mm thick Reedz( 2 -5 mm tubes)
F2 Fine 2mm 0-0.5 mm wide pumice (pumice powder),
Coat lime putty (Pumice:Lime:2:1 by mass)
B2 Bare 5mm 0.5-2 mm wide pumice, lime putty
Coat (Pumice:Lime:2:1 by mass)
R2 Reed 40 mm 40 mm thick Reedef 4 -7 mm tubes)
B3 Bare 7 mm 0.5-2 mm wide pumice, lime putty
Coat ((Pumice:Lime:4:1 by mass)
R3.,4, | Reed 40 mm 40 mm thick Reed
5 R3:2: 3 -4 mm tubes
R4:2: 5 - 6 mm tubes
R5:2: 8 - 10 mm tubes
F3 Fine 3 mm 0-0.5 mm wide pumice (pumice powder),
Coat lime putty (Pumice:Lime:3:1 by mass)
B3 Bare 7 mm 0.5-2 mm wide pumice, lime putty
Coat ((Pumice:Lime:4:1 by mass)
R3 Reed 40 mm 40 mm thick Reede{ 3 - 4 mm tubes)
0-0.5 mm wide pumice (pumice powder),
Coat lime putty (Pumice:Lime:3:1 by mass)
B3 Bare 7 mm 0.5-2 mm wide pumice, lime putty
Coat ((Pumice:Lime:4:1 by mass)
0-0.5 mm wide pumice (pumice powder),
Coat lime putty (Pumice:Lime:7:3 by mass)
B4 Bare 5mm 0.5-2 mm wide pumice, lime putty
Coat ((Pumice:Lime:7:3 by mass)
R4 Reed 40 mm 40 mm thick Reedzf 5 mm toz: 6 mm
tubes).

Sub-hypothesis 9: “The porosity of the pumice layers has a
significant effect on the sound absorption perfarom”
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Discussion

True. Yet, it is possible to improve the sound
absorption performance of the configuration.

True: The sound absorption performance of the
configuration is better especially at medium
frequencies.

True. Smaller granule sizes of pumice plaster
results in increase of sound absorption
performance.

True. The sound absorption properties of the
configuration increase especially at peak
frequencies with time.

False. The variation in diameters of reed does| not
have a significant effect on sound absorption.

False. The sound absorption performance of the
configuration decreases dramatically with the
increase of pumice plaster thickness.

True. The sound absorption performance of the
configuration decreases dramatically with the
application of fine coat.

True. The results show that the sound absorption
performance of granular plaster is at high
frequencies is better; however, the low and
medium frequencies are similar.

False. The sound absorption performance of t
configuration is similar despite the decrease i
pumice plaster thicknesses.

False. The calculated porosity for F4 (0.597) and
B4 (0.637) are similar, howeverdramatically
decreases with the F4.
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CHAPTER 5

CONCLUSION

This study intends to develop a new sound absaptiaterial composition that is
economic, ecologic, local and aesthetically prdfleraThe materials that are used to
construct the composition are basically reed andige. Pumice is proposed for its
porous structure which is advantageous for soursbrabion and having a large
reserve in Turkey. Reed is proposed as an altemstiund absorptive fibrous backing
material to mineral wool based materials whichused extensively in Turkey. The
advantage of reed as per mineral wools is basidalligeing more energy efficient,
natural and healthier. Besides, reed has an ertslteind absorption capacity due to
its tube in tube structure. Lime, which is use@ dsnding agent for pumice plaster is
a binder that is more energy efficient than gypsamd cement products and has a
perfect conformity with pumice as a plaster. Besjdene has a breathing structure

that helps to keep the reed behind the plaster.

One of the inspirations of the study is that thehaects prefer seamless, fine finish
surfaces in contrast to common sound absorbersatbatommercialized in Turkey.
Also, energy efficiency issues are very significeetently in contrast to commonly
used unhealthy and high carbon footprint soundréess such as rock wool and glass
wool inclusive sound absorbers. The other basmason of this study is to use local,

natural and economic materials which may contribaiteerritorial economy.

The research firstly tends to discover the poténfia selected configuration in terms

of sound absorption capacity. The sound absorg@formance of reed is measured
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Is various studies in literature Espatal. (2007), Diazet al. (2012), Chilekweet al.
(2006) and Oldharat al.(2011). The direction of the reed is selectedghtlof these
studies and ease in application. The sound absarpttential of the pumice does not
exist in literature, together with the binding agiéme, but the harmony of pumice and
lime is mentioned in Nozahigt al.,(2012)’s study The potential of the pumice in

terms of sound absorption performance is disclasdais study.

This study is conducted with four basic experimectafigurations. The layers of the
configuration subtracted or changed systematicédly some measurements to
understand the effects of parameters affectingthmd absorption performances of
the configurations. A main hypothesis is assertageing the objective of the study
and 9 sub- hypotheses are put forward to analyeetsfof the variables of the sound

absorption performance on the configuration.

The main hypothesis is: “A three layered configisratmade of a fine coat with
pumice powder plus lime, bare coat made of gramuuianice particles plus lime and
a porous backing layer made of reed works well asumd absorber.” The general
assessment according to the various measuremeftisrissthat the main hypothesis
is true. The assessments on the effects of thaders, that are given in material
section, according to proposed sub-hypothesizegtendeasurement results are as

follows:

Granular sizes of pumice particlesThe granule sizes of pumice plaster are found to

have significant effect of sound absorption

Thicknesses of pumice plaster layersthe comparative results of the investigations
show that thickness of the pumice plasters arecwfe on sound absorption

performance of the configurations. Nevertheless, dkperiments are conducted to
analyze effects of various parameters with eachpkzsnthus, the experiments that
focus only on the thickness of a single layer migive clearer response for this

parameter.
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Percentage of binder content (lime)The comparative results of experiment 2 and
experiment 3 show that decrease of lime contenticr@ase of pumice content in
pumice plaster result in similar results. This &ton might be expressed as the

percentage of binder content has an effect on sahsdrption.

Diameters of reed: The comparison of the results of various reed diarsein
experiment 3 shows that with the pumice plastevalibe reed layer, the diameter
variations of reed does not have a significantotfé®m sound absorption performance

of the configuration.

Porosity: The calculation results of porosities of plastemgks in experiment 4
shows that the porosities of the granular and fiimesh plasters are similar.
Nevertheless, there is a dramatic difference betwke configurations in terms of
sound absorption performances with and without ¢io&t. This can be explained that
the porosity does not have a significant effecéound absorption. However, the open
pore-close pore structures of the plaster layees rent investigated and a clear
assumption for this parameter is unavailable fa ithvestigation. For a future study,
the open pore and close pore structures of the qaumlaster layers should be

investigated.

As a brief evaluation, the experiments on variomsfigurations with pumice plaster
and reed show that the proposed composition formeomising sound absorptive
material which is local, natural, economic and egadal. The sound absorption
behavior of the compositions is similar in termscharacteristic in frequency base.
Still, the pumice layers should be improved fortéesound absorption performance
and constructability with further investigation@ising on the pumice thicknesses,
lime content, porosity and production method of thlaster layers. Besides,
technologies to apply reed layers and pumice plasteuld be worked on in- depth.
The fire resistance can be provided by pumice leyech works as a shell on the reed;
still, the effect of thickness on fire resistanckowdd be investigated. The
constructability issues and fire resistivity of tbenfiguration are intentionally kept

out of contents of this thesis.
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Finally, this study is believed to lead new reskascand experiments on ecologic
materials that can be used in construction indusych materials are free from
chemicals and toxic materials that are insanitargddition to being energy efficient
and economic. The nature has a limited capacity lamdan being should create
alternative processes to construct a sustainableglienvironment. New ways to
provide healthier and energy efficient living spaahould be discovered avoiding

damaging nature and living standards of future gaons.
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