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GELENEK VE MODERNITE CATISMASINDA CAMILERIN MiMARIi
UNSURLARI (KUBBELER)

ARCHITECTURAL ELEMENTS OF MOSQUES IN THE CONFLICT OF TRADITION AND
MODERNITY (THE DOMES)
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Dicle Universitesi, Fen Bilimleri Enstitiisii, Mimarlik Anabilim Dal1
Dicle Universitesi, Mimarlik Fakiiltesi, Sehircilik Anabilim Dali
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Ozet

Tarihsel siire¢ i¢inde Miisliimanlar i¢in en 6nemli mimari yapilardan olan camilerin gelistirilmesine, iglevine
uygun hale getirilmesine ve gevredeki diger yapilardan estetik olarak ayirt edilmesine biiyiilk 6nem verilmistir.
Ik camiler mevcut ingaat malzemeleriyle insa edilirken ve basit unsurlar icerirken, zamanla yap: malzemeleri ve
teknolojisinin gelismesiyle yeni unsurlar eklenmistir. Bununla birlikte, ¢ogu cami geleneksel seklini, 6zellikle
kubbe veya bir grup kubbenin varligini korumustur. Bu baglamda ¢aligmada, cami kubbelerinin formlarinin
gelisimi, manevi Onemi, islevsel ve yapisal rolii ele alinmakta, kubbenin mimari bir unsur olarak
benimsenmesinin tarihi anlatilmaktadir. Ardindan modern donemde inga yontemlerinin ve malzemelerinin
gelismesine bagli olarak camilerdeki kubbe formlarinin gelisimi incelenecektir.

Modernlik ve gelenek arasindaki kubbenin sekli konusundaki catisma sadece estetik kompozisyona bagli
olmayip, islevsel Ozelliklere de dayanmaktadir. Genel olarak mimarlarin geleneksel mimari formlardan
uzaklagmasi, tasarimda daha fazla 6zgiirliik ve esnekligin oniinii agmakta, boylece ¢agdas malzeme ya da insaat
tekniklerinin en iyi sekilde kullanilmasina ve modern teknolojinin binalara dahil edilmesine olanak tanimaktadir.
Dolayisiyla geleneksel kubbenin 6nceki donemlerde sagladigi islevler, ¢agin olanaklarina daha uygun yeni form
ve teknolojilerle telafi edilebilmektedir.

Anahtar Kelimeler: Kubbe, Camiler, Geleneksel Mimari, Modern Mimari,
Abstract

The development of mosque construction, both functionally and aesthetically, has received great attention from
Muslims throughout history. While the first mosques were built with existing construction materials and
contained simple elements, new elements were added with the development of building materials and technology
over time. However, most mosques have preserved their traditional form, especially the presence of a dome or a
group of domes. In this context, the study addresses the development of mosque dome forms, their spiritual
significance, functional and structural roles, and the history of the dome's adoption as an architectural element.
Then, the development of dome forms in mosques will be examined about the advancements in construction
methods and materials in the modern era.

The conflict over the shape of the dome between modernity and tradition is based on aesthetic composition and
functional characteristics. Generally, architects' departure from traditional architectural forms opens the way for
greater freedom and flexibility in design, thereby allowing for the best use of contemporary materials or
construction techniques and the incorporation of modern technology into buildings. Therefore, the functions that
the traditional dome provided in earlier periods can be compensated for with new forms and technologies that are
more suitable for the possibilities of the modern era.

Keywords: Dome, Mosques, Traditional Architecture, Modern Architecture.
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1. GIRIS

Islam tarihinde Miisliimanlar i¢in en ©nemli mimari yapilardan olan camilerin
gelistirilmesine, islevine uygun hale getirilmesine ve ¢evredeki diger yapilardan estetik olarak
ayirt edilmesine biiyiik 6zen gosterilmistir. ilk camiler mevcut insaat malzemeleriyle (hurma
yapraklari- tugla- saman) insa edilmis ve basit unsurlar (kapali alan- avlu- kible ve mihrap)
icermistir, daha sonra bu camilere islevsel nedenlerle minber, sadirvan ve maksure
eklenmistir.

Islamiyet'in Emevi devletiyle ii¢ kitaya yayilmasindan sonra camiler genisleyerek daha fazla
sayida ibadet edeni barindiracak sekilde biiylimiis, tas ve ahsap gibi daha saglam ve dayanikhi
malzemeler kullanilmistir. Yeni malzemelere ve gerekli genislemeye uygun kubbe, minare,
kemer gibi yeni unsurlar eklenmis, bu 6zellikler camileri diger yapilardan ayiran bi¢imsel bir
avantaj saglamstir.

20. yiizyilin baglarinda yap1 malzemeleri ve teknolojisinin gelismesi, yeni yap1 formlarinin
ortaya ¢ikmasina neden olmus, tas ve ahsap yapi ile iliskilendirilen formlar yavas yavas terk
edilmistir. Ancak cogu cami geleneksel formlarini ve unsurlarini korumus ve yapi
malzemeleri ve tekniklerindeki gelismeleri takip etmemistir. Camilerin dis1 ve igi ile ilgilenen,
asagida belirtilen cesitli mimari egilimler ortaya ¢ikmistir:

*  Geleneksel seklin siirdiiriilmesi: Geleneksel dogal veya modern malzemeler ile ingaat
teknikleri kullanilarak caminin geleneksel formundaki tim detay ve sekillere bagl
kalinmaktadir.

*  Geleneksel formun modernlesmesi: Caminin temel geleneksel orantilarini degistirmek,
bazi detaylardan vazgegerek yeni unsurlar eklemek gibi c¢agdas bir bakis agisi
sunmaktadir.

*  Geleneksel seklin terk edilmesi ve yeni bigimler formiile edilmesi: Modern malzemeler
ve teknolojilerle uyumlu, daha islevsel, bolgenin kiiltiirinii yansitan yeni formlarin
olusturulmasi tercih edilmektedir.

Kubbe, camilerin cephesindeki belirgin sekli olusturmasinin yani sira islevsel, sembolik veya
yapisal gerekgce olmaksizin camilerin Ortiilmesi gibi amagclarla kullanilmasi nedeniyle en
onemli unsurlardan biri olarak kabul edilmektedir. Calisma, camiler ile kubbelerin formlarini,
olusumlarint ve tarihgelerini inceleyen bir¢ok arastirmadan farklilasan bir yaklasimla,
kubbenin cami ile iligskisinin nedenlerini, kokenini ve bu formun kullanim amacin, 6zellikle
yapisal ve islevsel ihtiya¢lara odaklanarak incelemeyi amaglamaktadir. Kubbe seklini camileri
ortmek i¢in dogal bir ¢oziim haline getiren ana nedenleri bulmayi ve diger yapilarin
mimarisinde meydana gelen koklii degisikliklere ragmen kubbe ile cami arasindaki iligkinin
giiniimiize kadar devam etme nedenlerinin ortaya konmasi amaglanmaktadir. Arastirmada,
son yillarda yapt malzemeleri ve teknolojisindeki gelismelerin 1518inda, cami mimarisini
giiniimiizdeki eski geleneksel bi¢cimi takip etmeye iten temel nedenler ve gelisimini
engelleyen kosullar ortaya konmaktadir. Bu kapsamda, asagidaki sorulara cevap
aranmaktadir:

*  Kubbenin sekli camilerde ayrilmaz bir unsur olarak kabul edilir mi?

* Kubbenin camilerin catisinda ana Ortii olarak kullanilmasina neden olan islevsel
ihtiyaglar, yapisal zorunluluklar ve kosullar nelerdir?

*  Gecmiste kubbe kullanimina yol acan sartlar ve zorunluluklar giiniimiizde devam ediyor
mu?

*  Yap1 malzemelerindeki degisim nedeniyle geleneksel kubbe seklinin karsilastig1 zorluklar
nelerdir?
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Arastirma kapsaminda, cami mimarisinin tarih boyunca gelisimi ile kubbe seklinin Islamiyet
oncesi ve sonrasindaki mimari gelisimini konu alan literatiir incelenmistir. Modern ¢agdaki
cami kubbelerine yonelik yapisal ve islevsel uygulamalar karsilastirilmis, cami c¢atilarina
yonelik yenilik¢i ¢oziimler belirlenmistir.

2. KUBBE KAVRAMI VE GELISiMi

Arapga kokenli kelime olan “kubbe”nin esas anlami i¢i bos istii yarim kiiredir. Farkli
anlamlar1 bulunan kubbe, geometrik olarak, merkezinin etrafina sarilmis tekrar eden bir yay
anlaminda kullanilmaktadir. Mimari ve yapisal anlamda kubbe, ¢at1 kaplama i¢in mimari bir
unsurdur ve farkli sekillere sahiptir. Genellikle siitunlar, payandalar veya tasiyic1 duvarlar
iizerinde desteklenen yuvarlak, altigen, sekizgen veya kare tabanli i¢i bos bir kiirenin kesik
boliimiinden olusmaktadir. Kiiciik halkalarin kademeli olarak daha biiyiik halkalar {izerine
oturtulmasiyla iiretilmektedir. Genellikle agir yiikleri tasimakta ve genis alan kaplamaktadir.

Calismanin bu boliimiinde kubbelerin gelisimi “ilk antik kubbeler, Pers, Roma ve Bizans
kubbeleri” bagliklar altinda degerlendirilmektedir.

2.1. ilk Antik Kubbeler

Insan, tarih dncesi ¢aglarda mevcut olan hammaddelerden (ahsap, agac kiitiikleri, kerpic,
saman, kiiciik taslar, kar tuglalar1 (iglo) vb) kubbeli konutlar insa etmistir. Kubbelerin insasina
tam olarak nerede ve ne zaman baslandig1 bilinmemekle birlikte, bir bolgeden digerine yapim
yontemleri ve malzemelerinin farklilik gostermesi nedeniyle kubbeli sigimaklarin ingasinin
farkli bolge ve zamanlarda baslamis olmasi kuvvetle muhtemeldir. Ancak kesfedilen kubbeli
en eski kubbeli yapilar, 1965'te Ukrayna'nin Mzyrekh kdyiinde bulunan, tarihi MO 19.280 ile
11.700 yillarina dayanan disler ve mamut kemiklerinden yapilmis dort kiiciik konuttur (Sekil

1) [1].

i
s?’-, ] . 4
Sekil 1 Tlkel kubbe 6rnekleri [1]

Kubbeler, hemen hemen tiim uygarliklarda (Firavunlar ve Cin hari¢) onceleri kiigiik konut
barmaklarini, ardindan tahil ambarlar1 ve mezarlar1 kaplarken daha sonra dini ve kamu
binalarin1 kapsayacak sekilde doniismiistiir. Mezopotamya bolgesinde Tell Halaf, Al-Abed ve
Ur yerlesimlerinde tarih Oncesi caglardan kalma ¢ok sayida kiigiik ve orta biiyiikliikte
kubbeler kesfedilmis [2], Orta Dogu, Bat1 Avrupa ve Akdeniz bolgelerinde bindirme taslarla
insa edilmis kubbelere rastlanmistir [3].

Kubbelerin eski ¢aglarda kullanilmasi, ¢ogunlukla yapim kolayli§i, malzemelerin
bulunabilirligi ve karmasik tekniklere ihtiya¢c duyulmamasinin bir sonucu olmustur. Ayrica
kubbe, altinda kullanim i¢in iyi bir alan saglamakta ve ylizeylerinin kivrimlart onu riizgar
basincindan korumaktadir. Kar ve yagmurun bosaltmasini kolaylastirmakta, sel ve heyelan
durumlarinda toprak basincini azaltmaktadir.
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2.2. Pers, Roma ve Bizans Kubbeleri

Ulkelerin gelismesi ve biiyiik imparatorluklara doniismesi ile birlikte tapmak, meclis, kamu
binalar1 ve saray olarak kullanilacak genis alanlara sahip yapilara ihtiya¢ dogmustur. Bu
nedenle tastan yapilmis kubbeler ya da daha kiigiik alanlar1 6rtmek icin ahsap kubbeler
kullantlmistir.

Pers Kubbeleri: Pers Imparatorlugunun Islamiyeti kabul etmesinden sonra, Zerdiist
tapinaklar1 camiye c¢evrilmistir. Bu nedenle, 20. ylizyilin baslarina, arkeoloji ve arkeolojik
kazi tekniklerinin gelisimine kadar Pers kubbelerinin orijinal seklini bilmek zor olmustur. [4].
Pers kubbeleri, dort kemer ve dort siitunla desteklenen kare kubbelerdi ve bunlari ifade etmek
icin Cartaq (dort kemer) terimi kullanilmaktadir. Islam &ncesi dini ve siyasi amaglarla
kullanilan yapinin orta kanadini kubbeler 6rtmekteydi (Sekil 2) [4] [5].

Sekil 2. Baze Hoor ates tapinagi (solda), Kheirabad'dan Cartaqi (ortada) ve Atesgah ates tapinagi (sagda)’nda
kubbe kullanimi [6]

Pers kubbeleri, mukarnas egrileri, kemerler arasindaki bosluklar ve payandalardan kubbenin
dairesel kaidesine gegisi saglayan kemerler gibi cesitli sekilleri (yar1 dairesel, sivri basli,
eliptik ve oval) ile ayirt edilmistir [7]. Pers kubbeleri, taban caplarmin genisligi ve
yiikseklikleriyle karakterize edilmistir. Pers kubbelerinin mimarisi taklit edilerek ve
gelistirilerek sonraki donemlerde cami ve saraylarda kullanilmis, bdylece Islam mimarisinin
onemli bir parcasi haline gelmistir (Sekil 3).

Sekil 3. Samani Tiirbesi (solda), Ibn Tulun Camii (ortada), Aga Bozorg Camii (sagda) [8]

Roma ve Bizans Kubbeleri: Ticaret ve denizcilik faaliyetleri yoluyla ulagilan Firavun
mimarisini siklikla taklit etmesinden dolayr Antik Yunan mimarisi baslangigta kubbe
icermemistir [9]. Daha sonra kubbeler, tonoz ve kemerler M.O. 1. yiizyildan itibaren, Roma
Imparatorlugu araciligiyla Avrupa mimarisine girmistir [10]. Romalilar siitun, duvar veya
herhangi bir ¢at1 tasiyict yapisindan yoksun genis mekanlara ihtiya¢ duyduklari i¢in kubbeyi
kullanmaya baslamiglar [11]. Romalilar, baslangigta volkanik kiil ile kirecin karistirilmasiyla
iiretilen antik betonu kubbe yapiminda kullanmuglardir [12]. Ornegin; Roma’da Merkiir
Tapinagi ve Pantheon Tapinagi (Sekil 4-5).
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Sekil 5. Pantheon tapmagi [13]

Yapiminda kullanilan pahali ahsap kaliplar nedeniyle beton kubbelerin maliyeti yiiksekti [14].
Bu nedenle, Romalilar yigma kubbeler insa etmek icin tugla ve taslara bagvurmuslardir. Bu
durum, merkezi iist pencerenin terk edilmesine ve kubbenin altindaki pencerelerin agilmasina
olanak tanimistir. Ayrica catinin agirligini azaltip, kolonlar ve kemerler {izerinde tagimaya
calismuslardir [15].

Bizans Imparatorlugu déneminde, 6zellikle tugla ile insa edilen Roma kubbeleri gelistirilmis
ve betonarme yapim teknikleri zamanla ihmal edilmistir. Bunun nedeni, bolgede volkanik kiil
bulunmamast ve beton kubbelerin maliyetinin yiiksek olmasidir. Bizanslilar kubbeleri
ozellikle dini yapilarda kullanmiglar ve nadir durumlar disinda diger yapilarda
kullanmamiglardir. Bu gelisme, Bizans mimarisinin ¢ekirdegi ve tarihteki ilk tamamen asili
kubbe olarak kabul edilen Konstantinopolis'te (simdiki Istanbul) Ayasofya Kilisesi'nin
ingastyla doruga ulasmistir. Bizans doneminde kubbelerin sekli ve yapim yonteminde ¢esitli
gelismeler yaganmis, Roma donemindeki basit yarim kiire seklindeki kubbe MS 11. yiizyilda
sekizgen silindir iizerine oturan bir kubbeye doniismiistiir [16]. Ornegin; Nea Moni Manastir1.

Sekil 6. Ayasofya'nin digtan ve i¢ten kubbesi (solda ve ortada) ve Nea Moni Manastir1 (sagda) [13]

Osmanli'nin Bizans boélgelerini fethinden sonra birgok kilise minare gibi bazi mimari unsurlar
eklenerek camiye cevrilmistir. Osmanlilar, Bizans mimarisinin tekniklerini ve bi¢imlerini
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gelistirmis, bunlar1 Selguklu mimarisinin baz1 unsurlariyla birlestirerek Osmanli mimarisini
olusturmustur.

2.3. islami Donemlerde Kubbeler

Arap Yarimadasi sakinleri, kubbe mimarisini Islam'dan &nce biliyorlardi, ancak bugiine kadar
kubbelerin varligia dair somut bir kanit ortaya ¢ikmamistir. Miisliimanlar ilk camileri inga
ederken kubbe kullanmamislardir. Bunun sebeplerinin savas, fetihler ve i¢ gerilim durumu
oldugu diistiniilmektedir. Boylece camiler, askerlerin ibadetleri i¢in gegici binalar seklinde
kalmis, bolgedeki diger dinlere ait mekanlar gibi heybete ve azamete dikkat edilmemistir.

Halife Abdiilmelik ibn Mervan donemindeki istikrardan sonra, genis imparatorluga yakisir
camiler insa edilmesine karar verilmis, Miisliimanlarin ¢ogalmasiyla birlikte daha genis
ibadethane ihtiyaci ortaya ¢ikmis, bunun iizerine bazi kilise ve mabetler camiye ¢evrilmis ya
da bolgede var olan mimari yontemler ve sekiller kullanilarak yeni camiler insa edilmistir.
Roma ve Pers yapilarinda vazgegilmez bir unsur olan kubbeler camilere eklenmistir. Islam
kubbelerinin evrimi, farkli zamanlardaki tinlii kubbelerin incelenmesiyle Tablo 1’deki gibi
aciklanabilmektedir:

Tablo 1. islami dénemlerdeki kubbe drnekleri

Aciklama
Miisliimanlar tarafindan inga edilen ilk kubbe olarak kabul edilen bu
kubbe, MS 692 yilinda Halife Abdiilmelik ibn Mervan tarafindan,
Isra ve Mirag olaylarinda Resulullah'm goge yiikseldigi kayanin
iizerine insa edilmistir. Islam mimarisinin kalan en eski binas1 olarak
kabul edilmektedir [17] [18]. Kaya Kubbesi, distan sekizgen bir
yapidadir, ortada dairesel bir yap1 olup, ahgaptan yapilmis yarim kiire
seklinde bir kubbe ile ortiilmiistiir. Sekizgen kenarin distan uzunlugu
20,59 m, tavandan onceki dis duvarm yiksekligi ise 9,5 m olup,
tasarimi Levant bolgesi ve yakininda yer alan sekizgen Roma
kiliselerinden (Gazze'deki Marinion Kilisesi ve Kudiis'teki Kutsal
Kabir Kilisesi gibi) esinlenilmistir [19].
Halife El Velid bin Abdiilmelik, Aziz Yuhanna Kilisesini camiye
donistiirmiis ve Biiyiik Emevi Camii adini vermistir. Mescidin kuzey
girigini mihrabdan ayiran ve mescide aracilik eden kartal kubbesi
Emevi Camii'nin en biiyiik kubbesidir. Kubbe, her iki yaninda ikiser
kemerli pencere bulunan sekizgen bir yap1 iizerine oturmaktadir [21].
Kubbenin yiiksekligi 45 m, ¢ap1 ise 16 m’dir. Kubbenin kartalin basi,
giriginin de g6gsii olmasi nedeniyle kartala benzetilmekte, saginda ve
solunda mescidin duvarlar1 da kartalin kanatlarini olusturmaktadir.
Kartal Kubbesi 475 yilinda Meliksah'in Selguklu veziri Nizamiilmiilk
doneminde yenilenmis, 575 yilinda Selahaddin Eyyubi doneminde,
1893 yilinda Sultan II. Abdiilhamid déneminde yasanan biiyiik
yangindan sonra tamamen restore edilmistir. Emevi Camii kubbesinin
ve diger Emevi kubbelerinin temel fonksiyonu, {iizerine 1s1k
yansitarak ibadet edenleri kibleye yoneltmektir.
Abbasi halifeleri ve onlardan sonra Fatimiler, tiirbelerinin iizerine
kubbeler insa etmeye baglamistir. Bu tiirbelerin bir kism1 daha sonra
camiye ¢evrilmis olup, en énemlilerinden biri Imam Safii Camii'dir.
1176 yilinda Selahaddin Eyyubi, imam Safii'nin tiirbesi iizerine siislii
ahsap bir lahit ve tiirbenin yanina bir okul insa etmistir [22] 1211
yilinda El-Melik el-Kamil bin El-Adil'in annesi vefat edince Safii'nin
tiirbesinin yanina defnedilmistir. Ardindan oglu El-Kamil tiirbeyi
ortecek bir kubbe yaptirmistir. Bugiinkii ahsap kubbe, mukarnas ve
mermer siisleme ise MS 1480 yilinda Memluk Sultan1 Kayitbay (MS
1468-1496 doneminde hiikiim siirdii) tarafindan yaptirilmisti. MS
1772'de Osmanli1 valisi Ali Bey El-Kabir, tiirbenin ahsap kubbesini

Kudiis)

Kubbetii's-Sahre (Filistin,

(Suriyve, Sam)

Emevi Camii'ndeki Kubbesi

(Misir, Kahire)

imam Safii'nin kubbesi



Bursa Ulu Camii Yesil Kubbe (Medine)

Yavuz Sultan Selim Camii (istanbul/

(Turkiye)

Tirkiye)
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yenilemis ve dekoratif kitabeler eklemistir [23]. Imam Safii'nin
tiirbesi Misir'in en biiylik tiirbesi olarak kabul edilmektedir. Kubbe
yiiksekligi 27 m olup, boyutlar1 15x15 m olan bir kare iizerine insa
edilmistir [24]. Tiirbelerin iizerine kubbe insa edilmesi Islam
diinyasina yayilmis olup Tac Mabhal tiirbesi bunlarin en giizeli olarak
kabul edilmektedir.

Medine'de Mescid-i Nebevinin i¢inde yer alan Peygamber Odasi
iizerine insa edilmis Miisliimanlar i¢in kutsal kubbedir. Yesil kubbe,
H. 678 yilinda Kral Kalavun el-Salihi doneminde insa edilmis olup,
alt kismi kare, iist kism1 sekizgen seklindedir. Ahsaptan yapilmis ve
tagla desteklenmis, kursun levhalarla kaplanmis ve {lizerine branda
ortiilmiisttr [25]. H. 886 yilinda Sultan Kayitbay doneminde camide
yangin ¢ikinca caminin ahsap kubbesi de dahil olmak iizere
yenilenmesi emrini vermistir. Mescid-i Nebevi'nin bulundugu arazide
bunun i¢in biyiik temeller atilmig ve yaklagik 9 m yiiksekliginde
tuglalarla insa edilmis, istiine de onu desteklemek igin bagka bir
kubbe inga edilmistir, Sultan Gazi Mahmud déneminde yenilenmistir.
Sultan II. Abdiilhamid, doéneminde kubbenin ¢atlamasi iizerine
istlerinin yikilip daha saglam bir sekilde yenilenmesi emrini vermis,
ardindan kubbenin mavi yerine yesile boyanmasi emretmis ve onu
yesile boyayan ilk kisi olmustur [25].

MS 14. yiizyilin sonlarinda Osmanli Padisah1 1. Bayezid tarafindan
Bursa'da yaptirilmigtir [27]. Sultan 1. Bayezid'in vasiyetine gore 20
kubbeli olan cami, yapildig1 doénemde Islam diinyasmin en 6nemli
bes camisinden biridir [28]. Ulu Cami, her sirada bes kubbe olmak
tizere dort sira halinde diizenlenmis 20 kubbeyle karakterize
edilmektedir. Bu kubbeler 12 siitunla desteklenmekte ve kubbeler
caminin ortasina yaklastikca yiikselmektedir. Ulu Camii'ndeki
kubbelerin yap1 modeli diger camilerde ¢ok az tekrarlansa da
Selguklu mimarisinde veya erken Osmanli mimarisinde bir doniim
noktasi olarak kabul edilmektedir ve daha sonraki yillarda camilerde
kubbe ¢oklugunun 6niinii agmistir.

Yavuz Sultan Selim Camii'nin kubbesi, Istanbul'un fethinden sonra
Osmanli'nin en 6nemli kubbelerinden biri olarak kabul edilir ve
Bizans mimarisinden biiyiik Ol¢lide etkilenmistir. Siitun ve
desteklerden uzak, genis bir ibadet mekani saglayan tek kubbeli
camilerden biri olarak kabul edilmektedir.

Istanbul'un fethinden sonra geliserek yaygmlasan tek kubbeli
camilerin en giizel 6rnekleri arasinda Mimar Sinan'in ilk eserlerinden
biri kabul edilen Istanbul'daki Yavuz Sultan Selim Camii yer
almaktadir [30]. Istanbul'un en eski ikinci Osmanli camisi olarak
kabul edilen cami, Sultan Siileyman tarafindan 1520 yilinda vefat
eden babast Yavuz Sultan Selim'in anisina yaptirtlmig, 1527 yilinda
tamamlanmigtir [31]. Caminin i¢ plan1 kenar uzunlugu 24,5 m olan
kare bir odadan olugsmakta olup, bu oda 32,5 metre yiiksekliginde bir
kubbe ile ortiilmistiir [32]. Kubbe, yarim kiire seklinde degil, daha
diiz (ceyrek top) olmasi ve camideki tiim mescidi kaplamasi
nedeniyle Ayasofya Camii'nin kubbesine benzemektedir.




Sultan Ahmed Camii (istanbul/ Tiirkiye)
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Istanbul'u fethinden sonra Osmanli Imparatorlugu’nun mimarlari,
camiye doniistiiriilen Ayasofya Kilisesi'nden etkilenmiglerdir.
Osmanli mimarlari, kubbenin agirligint yan kivrimlara dagitarak
askili kubbe tarzindan yararlanmislar ve buna Selguklu mimarisinin
baz1 formlarmi ekleyerek Ayasofya'ya benzer yeni Osmanli cami
tarzin1 olusturmuslardir. Ornegin: Istanbul’da II. Bayezid Camii,
Siileymaniye Camii ve Edirne'de Selimiye Camii.

Ayrica Mimar Sinan, kubbenin altina havalandirma igin kiigiik
acikliklar ekleyerek, aydinlatmayi1 artirarak ve agirhigi azaltarak
kubbenin seklini gelistirmis, kubbe altinda ses dengesi ve yankilanma
dagilimina dikkat etmistir [33]. Osmanli mimarlar1 sonraki yillarda
kubbeyi iki yerine dort kavisle desteklenecek sekilde gelistirmeye
¢aligmiglardir. Sultan Ahmed Camii'nin ingaati1 1609 yilinda Sultan I.
Ahmed'in talimatiyla baslamis, 1614 yilinda Sedefkar Mehmet
Aganm tasarimiyla tamamlanmisti. Caminin iginde mavi Iznik
mozaikleri kullanildig1 ig¢in cami “Blue Mosque” ya da Sultanahmet
Camii olarak bilinmektedir [34]. 64 x 72 m’lik bir alan1 kaplayan
ibadethanenin merkezinde 43 m yiiksekliginde 23,5 metre ¢apinda
kubbe bulunmaktadir. Kubbe, her biri iiger kiigiik yarim kubbeyle
gevrili dort yarim kubbeden olusmaktadir. Dort kiiglik kubbe,
ibadethanenin koselerini kaplamaktadir [35].

Baslangicta kubbenin gorevi, altinda belirli bir yeri (mihrap, tlirbe veya kutsal yer) isaret
etmek ve o yerin camideki diger yerlerden ayirt edilmesi i¢in gerekli aydinlatmay1 saglamakti.
Islam'n yayilmas1 ve Miisliimanlarin sayisinin artmasindan sonra mimarlar, siitunsuz genis
kapali alan, caminin havalandirilmasi, aydinlatilmasi ve sesleri yonlendirmesi gibi ihtiyaclar1
karsilamak i¢in kubbenin seklini ve boyutunu gelistirmiglerdir. Camilerde kubbelerin
kullanim amaci farklilasmakla beraber, genel olarak “yapisal, ¢evresel ve islevsel” nedenleri
bulunmaktadir.

Yapisal

Tablo 2. Camilerde kubbe kullaniminin nedenleri

Aciklama

Islam cografyasindaki kubbeler, genellikle 20. yiizyilin baslarina
kadar ahsap, tas ve tugla malzemelerle insa edilmistir. Genel
olarak ahsapla kubbe insa etmek, ahsaba sekil vermenin esnekligi
ve kolayliginin bir sonucu olarak ortaya ¢ikmistir. Ahsap genelde
tas ve tugladan daha hafiftir ancak dogal etkenlere karst dayanikli
degildir. Romalilar ve Bizanslilar ilk basta ahsabi kullanmiglar
ancak daha sonra onu daha saglam ve dayanikli malzemelerle
degistirmiglerdir [16]. Ahsap kubbe, Kaya Kubbesi ve Yesil
Kubbe gibi genellikle ¢ift olup dis kubbesi dogal etkenlerden
korumak i¢in genellikle kursun, tugla veya farkli malzemelerle
kaplanmaktadir.

Tas ve tugladan yapilan kubbeler genellikle daha saglam ve

dayaniklidir. Bu tiir kubbeler, ortasinda payandalar veya siitunlara ]

ihtiya¢ duymadan genis alanlar1 kaplayabilmektedir. Bu kubbeler
birbirinin iizerine oturan dairesel siralardan olusur ve yukariya
dogru ¢ikildik¢a ¢aplart kiigiiliir. Genellikle bu amag icin 6zel
olarak kesilmis biiyiik bir tag parcasi olan kubbenin kilidi adi
verilen bolimle sonlandirilmaktadir. Dolayisiyla kubbenin sekli
ile tag veya tugla malzemesi arasindaki iliski, siitunlardan yoksun
genis alanlar olusturmak icin yer ¢ekiminden yararlanan fiziksel
bir iliskidir.

Gorsel

W Le

T

Tas veya tugladan kubbenin insast
[36]
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Camilerde kubbenin “hava sirkiilasyonu, iklimlendirme ve dogal
aydmlatma” olmak {izere {i¢ ¢cevresel rolii bulunmaktadir. Kubbe
daha fazla i¢ alan saglar, sicak hava istte toplanmak {izere
itilirken orta sicakliktaki hava mekanin alt kisminda kalir.
Giinesli tarafa bakan pencerelerden sicak hava g¢ikarken, golgeli
taraftaki pencereler serin ve nemli havanin igeri girmesini
saglamaktadir.

Istanbul'daki ~ Siileymaniye Camii'nde Mimar Sinan, ic¢
aydinlatmada kullanilan kandillerden ¢ikan dumanin yukariya
dogru akmasini saglamak i¢in kubbenin altinda farkli yonlerde
kii¢iik agikliklar olusturmustur [37]; [38].

Yapilarm biiyiik c¢ogunlugu dogal 1518 igeri girmesi igin
duvarlardaki pencerelere bagimlidir ancak genis alanli camilerde,
ozellikle caminin ortasinda duvar pencerelerinin aydinlatmasi
yetersiz kalmaktadir. Ayrica yukaridan gelen 151k, ilahi 15181 ifade
eden sembolik ve estetik bir durumu temsil etmektedir.

Kubbeler aynmi zamanda iklim agisindan Onemlidir. Giines
1siniminin tim yiizey boyunca diizensiz dagilimi nedeniyle diiz
catilara gore % 30 daha az 1s1 emerler, boylece kubbenin bir
kismu kalic1 olarak golgede kalmaktadir [39].

Kubbenin islevsel amaci boyutuna, konumuna ve yiiksekligine
gore farklilik gosterse de dis cephedeki goriiniimiiniin caminin
varligma bir isaret oldugu konusunda genellikle goriis birligi
bulunmaktadir. Tavan alanma gore kiigiik kubbelerin amaci,
altinda mihrap, tiirbe veya bir kutsal mekan gibi belirgin bir yeri
belirtmek ve oranin diger mekanlara gore daha fazla 151k almasini

Cevresel

saglamaktadir.
Biiyiik kubbeler ise yapisal rollerinin yani sira imamin sesini
mihraptan caminin her yerine dagitarak yankidan faydalanarak

Mihrabmn Ustiindeki Kurtuba Camii
Kubbesi, Kalavun Tiirbesi Kubbesi ve
Kaya Kubbesi (soldan saga)

katkida bulunmaktadir. Yanki frekansi kubbenin sekline,
boyutuna ve yiiksekligine gore degismekte olup, kubbenin boyutu -
ve yiiksekligi arttikca artmaktadhr. = )

Islevsel

Farkli kubbelerde yank: hareketi [41]

2.4. 20. ve 21. Yiizyilda Kubbeler

18. yiizyilin ortalarinda, betonarme ve demir gibi yeni yap1 malzemeleri ve yapim teknikleri
ortaya ¢ikmis, bu durum yeni ¢ati kaplama bi¢imlerinin ortaya ¢ikmasina neden olmustur.
Bazi mimari trendler, yap1 ve kaplamalarda geleneksel formlara bagl kalarak, eski formlarin
ingasinda modern malzemeleri kullanmistir [42].

20. yiizy1lin baslarindan itibaren modern yap1 malzemelerinin yayginlasmasiyla birlikte Islam
diinyasinda “geleneksel seklin siirdiiriilmesi, geleneksel formun modernlesmesi, geleneksel
seklin terk edilmesi” olmak iizere ii¢ mimari akim ortaya ¢ikmistir. Calismanin bu béliimiinde
iic akim dogrultusunda 6rnekler incelenmektedir.

2.4.1. Geleneksel seklin siirdiiriilmesi

Tasarimda modern yap1 malzemeleri ve teknikler kullanilirken, caminin dis ve i¢ gdriiniimii
acisindan geleneksel unsurlara bagli kalinmaktadir. Kubbelerin geleneksel sekilleri
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korunmakta, cogunlukla modern malzemelerle insa edilmekte ve daha sonra iizerine
geleneksel malzemelerle kaplama yapilmaktadir.

Sultan Omer Ali Seyfeddin Camii

Jumeirah Camii (Dubai)

Camlica Camii

(Brunei)

(Tiirkiye)

Tablo 3. Geleneksel seklin siirdiiriildiigii 6rnekler

Aciklama

Sultan Omer Ali Seyfeddin IIlin &n ¢izimine
dayanarak Italyan sanat¢1 ve mimar Rodolfo Nolli
tarafindan 1954°te tasarlanmuis, 1958'de
tamamlanmustir [43]. Caminin kubbesi saf altinla
kapli olup, ii¢ milyondan fazla Venedik cam
parcasindan olusan bir mozaikle siislenmistir. 52 m
(171 ft) yiiksekligindeki kubbe, sehrin hemen her
yerinden  goriilebilmektedir [44]. Kubbe, Italyan
mermerinden yapilmis duvarlar ve siitunlarla
desteklenmektedir [45]. Kubbenin tasarimi, geleneksel
Babiir islam mimarisi ile italyan mimarisini, modern
malzeme ve tekniklerle birlestirerek, Gilineydogu
Asya'daki Islam mimarisinin saheserlerinden biri
haline gelmistir.

Jumeirah Camii'nin insasima 1975 yilinda baslanmig
ve 1979 yilinda ibadete acilmistir. Caminin Kubbesi
tas ve yigma malzemeler kullanilarak insa edilmistir.
Kubbe, Fatimi ve Memlikk gibi Islam mimari
tarzlarmin  karakteristik 6zelligi olan geometrik
desenler, i¢ ice gecmis cicek motifleri ve yiizeylerine
ince detaylar katan derin kabartma oymalarla
siislenmistir. Caminin kubbesi de dahil olmak {izere
genel tasarimi, giizelligini ve dayanmikliligini artiran
pembemsi sar1 kumtasiyla kaplidir. Kubbenin ig
kisminda bej, sar;, somon pembesi ve mavi
renklerinin birlesiminden olusan bir dekorasyon
hakim olup, tavandan sarkan Fas tarzi avizeler bu
dekorasyonu tamamlamaktadir [46]. Kubbe, caminin
dis cephesinin odak noktasini olusturmasiin yani
sira, Ozenli i¢ tasarimiyla da manevi atmosferi
artirmaktadir.

Istanbul'un Asya yakasinda yer alan caminin insasina 2013
yilinda baglanmis ve 2016’da tamamlanmistir. Osmanlt
iislubuna gore tasarlanmis olup Sultan Ahmed Camii'nin
tasarimina oldukga benzemektedir. Tiirkiye
Cumbhuriyetinin en biiylik kubbesi kabul edilen 72 m
yiiksekliginde ve 34 m ¢apindaki [48] kubbenin yapiminda
yitksek kaliteli betonarme kullanilmigtir [49]. Kubbe,
kursun levhalarla kaplanmis [50], 1s1, yanki, ses yalitim1 ve
aydmlatmada geleneksel yontemler kullanilmistir. [49].

10

Gorsel
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Caminin insaatina 1998 yilinda baglanmis ve 2008 yilinda
tamamlanmistir. Caminin ana kubbesi 83 m yiiksekligi ve
32,8 m i¢ capiyla diinyanin en biyiikk kubbesi kabul
edilmistir. Yazili siislemelerin kullanimina ek olarak, al¢i
elyaf takviyeli bitkisel bezemelerle dekore edilmistir.
Diger kubbelerin sayis1 85 olup, dig galerileri, ana ve yan
girisleri kapatacak sekilde farkli boyutlardadir [51].
Kubbenin tasariminda Babiir Hint Islam kubbelerinden
ozellikle Lahor'daki Padisahi Camii'nin kubbesinden
esinlenilmistir. Kubbe oOnceden kaliplanmig  beton
pargalarindan insa edilmis ve yiiksek kaliteli beyaz
mermerle kaplanmistir. Kubbenin alt tarafinda dogal 151k
girmesini saglayan pencereler bulunmaktadir. Kubbenin i¢
kismi1 cam takviyeli algt (GRG) kullanilarak geleneksel
Fas tarzinda tasarlanmig olup, kubbenin alt kismi yine
(GRG) teknigiyle yazilmig altin kaplama ayetlerle
kaplanmustir [52].

Seyh Zayid Camii (BAE)

Geleneksel kubbelerin sekillerinin daha hizli ve daha biiyiik 6l¢eklerde yeniden iiretilebilmesi
icin basta betonarme olmak {lizere modern malzeme ve teknikleri kullanilmakta ya da temel
cagdas yap1 malzemeleri geleneksel tas malzemelerle gizlenmektedir. Ornegin; Yemen'deki
Al-Salih Camii, Tokyo Camii, Misir'daki Al-Fattah Al-Aleem Camii, Dagistan'daki Cuma
Camii ve Sarja Camii gibi dini yapilar geleneksel goriiniime sahip modern camilerdir.

Sekil 7. Soldan saga Al-Saleh Camii, Tokyo Camii ve Al-Fattah Al-Aleem Camii [29]

2.4.2. Geleneksel formun modernlesmesi

Bu trendin takipeileri geleneksel formlar, malzemeler ve modern teknikler arasinda bir
uzlasmaya varmaya calismakta, ¢ogu durumda kubbe dahil caminin ana unsurlar
korunmaktadir. Kubbeler kiiresel bir sekilde olusturulmustur, ancak temel yap: malzemelerine
saygi gosterilerek, geleneksel kaplama malzemelerinin arkasina saklanmaya gerek kalmadan,
geleneksel kubbe desenlerinden farkli ¢cagdas sekiller olusturmanin yolu agilmistir.

11
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Tablo 4. Geleneksel formu modernlestirme 6rnekleri

Kul Serif Camii Istiklal Camii (Cakarta)

Cezayir Ulu Camii

(Kazan, Rusya)

Aciklama Gorsel

1978 yilinda Cakarta'da hizmete acilan cami, 120.000 kisiyi
agirlama kapasitesiyle Giineydogu Asya'nin en biiyilk camisi
olarak kabul edilmektedir [53]. Cap1 45 m olan kubben, 12 biiyiik
siitun ve 86 ton agirliginda paslanmaz ¢elikten yapilmis giiclii bir
cergeve tarafindan desteklenmektedir. Bu tasarim genis bir i
mekana olanak tanimaktadir [54]. Tasarim hava akigin1 desteklese
de kubbe yapisindaki sinirhi agikliklar nedeniyle yeterli dogal
aydinlatmadan yoksundur. Ayrica, seramik kaplama ve genis
mermer malzemelerin kullanimi, geleneksel yapt malzemelerine
kiyasla daha yiiksek bakim gereksinimlerine yol acabilmektedir.

Cami 1996-2006 yillar1 arasinda insa edilmistir. Kubbenin
tasariminda  geleneksel Islam motifleri ile modern insaat
teknikleri kullanilmistir. Kubbe caminin merkezinden 36 m (118
ft) yiiksekte olup, ¢evresi 17 m’dir [55]. Kubbenin sekli “Kazan”
sapkasindan (Tatar hanlarinin giiciiniin tarihi simgesi) esinlenerek
tasarlanmigtir. Kubbenin yiizeyinde Tatar kiiltiirinde Ronesans ve
refah1 simgeleyen lale bigimli pencereler yer almaktadir [56].
Kubbe, birbirini kesen sekiz adet betonarme kemerin tizerine
oturarak egsiz bir yapi olusturmaktadir [57]. Ural Daglari'ndan
getirilen beyaz mermerle kapli kubbenin tepesi, minarelerle uyum
i¢cinde turkuaz rengine boyanmistir. Cephede Arapga hat sanatiyla
yazilmig bronz yazilar yer almaktadir.

Suudi Arabistan Kralligi'min Mekke'deki Mescit-i Haram ve
Medine'deki Mescid-i Nebevi'den sonra diinyanin {iglincii biiyiik
camisi olarak kabul edilmektedir [58] ve diinyanin en yiiksek
minaresine (265 m) sahiptir [59]. ibadethanenin bulundugu ana
binaya bakan biiyiik kubbenin ¢ap1 50 m, yiiksekligi ise 70 m’dir
[53] ve bu nedenle diinyanin en biiyiik kubbelerinden biri olarak
kabul edilmektedir. Kaplamasi, altin renkli aliiminyum paneller
tizerine tagla siislenmis bir yapidan yapilmistir [60].

Kubbe, geleneksel ve modernligin bir karisimi olan mukarnas
seklinde iceriden kaplanmis olup, giin 15181nin gizli agikliklardan
igeri girmesine izin vermektedir, Geceleri ibadethanenin i¢inden
gelen 15181 dis cepheye yansitan aydinlik bir kubbeye
doniismektedir. Kubbe yarim kiire seklinde tasarlanmis, beton ve
demirden yapilmus, Islami bitki siislemeleriyle kaplanmistir. Bu
tasarimla kubbe daha iyi ve yenilik¢i bir sekilde aydimlatma
amach kullanilmistir.
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Seyh Halife Camii (Al Ain-
BAE)
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Caminin sekli, geleneksel Osmanli camisi ile beyaz lale ¢igegi
karigimini akla getirmektedir. Kubbe, sadece tavana yerlestirilen
bir kiitle degil, duvarlarim devamini olusturdugu i¢in caminin
kiitlesinde de o©nemli bir rol oynamaktadir. Kubbe 35 m
yiiksekliginde olup, her biri 55 m yiiksekliginde iki minareyle
cevrilidir [62], Caminin cephesi dort kavisli duvarla (her tarafta
iki) cevrelenen merkezi bir beton kubbeden olugmaktadir. Bu
duvarlar cam cephelerle ayrilmistir. Cam cephelerin ortadaki
merkezi kubbeyi ayirmasiyla caminin giindiizleri 1sikla dolu,
geceleri ise 151l 151l olmast saglanmaktadir. Tasarimda gelenek ve
modernligi birlestiren c¢agdas bir goriiniim sunulmus, ibadet
edenlerin ve ziyaretgilerin dig goriiniisiin anlami konusunda farkli
fikirler olusturmasmi (Osmanlt kubbesi, agilan bir ¢igek
tomurcugu ve dua i¢in agik eller) saglamistir. Ayni zamanda
caminin iglevsel ve ¢evresel ihtiyaglarini da karsilayabilmistir.

Abu Dabi Emirligi'nin Al Ain sehrinde insaatina 2013 [63] yilinda
baslanmis ve 2021 yilinda agilmistir. Ibadet salonunun tamamini
kaplayan kubbe, caminin ana unsurudur. Kubbenin yiiksekligi 29
m, dis ¢ap1 86 m, i¢ ¢ap1 ise 75 m’dir [64]. Distan dort ¢ift ana
siitunla desteklenen kubbe, igte siitunsuz olarak kutsal alani
ortmektedir. Tasarimida Cezayir Tlemcen'deki Ulu Cami gibi
Emevi Endiiliis tarzi benimsenmistir. Kubbenin ayirt edici
Ozelligi, Arap siilis hattindan (Kabe kisve yazisi) belirgin
harflerle dokunmus iist iiste bindirilmis Kur'an ayetlerine
dayanmasi nedeniyle, detay ve isleme agisindan geleneksel cami
kubbelerinden farkli olmasidir. Kubbe, yaklasik 5.200 ibadetgiyi
agirlayabilecek 15.684 m?lik alani kaplamaktadir [65]. Kubbe
tavaninin Uist kisminda aydinlatma icin pencereler acarak taklitten
uzak, yeni bir form olusturulmustur.

(58]

Mimarlarin geleneksel mimariden kismen uzaklagsmalar1 kubbelerin 6zellikle aydinlatma ve
kapal1 alanin arttirilmasi gibi temel iglevleri destekleyecek sekilde gelistirilmelerine olanak
saglamistir. Ancak bazi durumlarda kubbenin seklinin asil amaci ithmal edilmis, islevsel rolii
hesaba katilmadan soyut ve sanatsal sekillere ya da bloklara odaklanilmistir. Kazakistan'daki
Meshur Yusuf Camii ve Malezya'daki Sandakan Ilgesi Camii &rneklerinde oldugu gibi
kubbenin yiiksekligi artirilmis ya da Yesil Vadi Camisi ve Hirvistandaki Riyeka Camisi’nde

uygulandig1 gibi kubbe birkag¢ pargaya boliiniip yeniden birlestirilmistir.

Sekil 8 Soldan saga Meshur Yusuf Camii, Sandakan lgesi Camii, Riyeka Camisi, Yesil Vadi Camisi [29]
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2.4. 3. Geleneksel seklin terk edilmesi (modernizm)

Bu tiir tasarimlarda, cami mimarisinin geleneksel unsurlarn terk edilerek dis goriiniis, i¢
tasarim ve geleneksel siislemelere dnem verilmeyip sadece ¢agdas ihtiyac ve gereksinimlere
odaklanilmaktir. Gelismis yap1 malzemeleri ve teknolojilerinden yararlanilmaktadir. Bu
boliimde, kubbenin kiiresel seklinin, tasarimcilarinin daha etkili ve giizel oldugunu diistindiigi
farkl1 sekil ve bloklarla degistirildigi baz1 6rnekler degerlendirilmektedir.

Tablo 5. Cagdas formlarin 6rnekleri

Aciklama Gorsel
Cogu caminin aksine, Betiil Mukarram Camii'nin ana ibadet
mekaninin iizerinde kubbe bulunmamaktadir. Caminin
kuzey ve giiney taraflarinda merkezi kubbenin yoklugunu
telafi etmek i¢cin diiz bir cati1 ve iki sig kubbeli revak
bulunmaktadir. Cami, Kabe'nin planindan esinlenerek
tasarlanmig [66] ve bu sayede modern ve geleneksel mimari
harmanlanmistir.  Ibadet  yerinin  dogal 11k ve
havalandirmasinin saglanmasi i¢in tasarima iki acgik avlu
dahil edilmistir [67]. Caminin diiz ¢at1 tasarimi, karmasik
siislemelerden ve sekillerden uzak genis bir ibadethaneye
katkida bulunmustur. Bu tasarim ayrica caminin gevresel ve
islevsel gereksinimlerini ihmal etmeden binanin genel
maliyetini de diistirmiistiir.

Betiil Mukarram Camii
(Banglades)

[29]

Pakistan'n bagkenti Islamabad'da bulunan Kral Faysal Cami,
dinyanin 5., Giiney Asya'nin ise en biiyiik camisidir. Tiirk
mithendis Vedat Dalokay tarafindan tasarlanmigtir [68]. Cami,
sekiz tarafi beton kabuktan olusan ¢agdas bir tasarima sahip ve
tipik bir Bedevi ¢adirinin tasarimindan ilham almmuistir. Cami ilk ;
tasarlandiginda geleneksel bir kubbenin olmayisi, ¢adir benzeri [ AN [N |
sekli ve dort minarenin tasarimi Kabe’yi ima eden goriinmez bir oy ",‘5}'1.‘""!;""5;". "
kiip olusturmast nedeniyle geleneksel toplum tarafindan
elestirilmistir [69]. Kapali ibadet yeri yaklasik 10.000 kisiyi
agirlamakta ve beton levhalart ayiran bosluklar sayesinde dogal
aydinlatma saglanmaktadir. Cami, sadece etkileyici boyutu ve dis
cephesiyle tnlii degil, ayn1 zamanda zarif i¢ tasarimi ile de
bilinmektedir [70].

Kral Faysal Camii (Pakistan)

Caminin ingaatina 1986 yilinda baslanmig ve 1989 yilinda
tamamlanmisti. Cami kompleksinin biyik bir kismi alanin
yamacinda gizlenmekte, bir kismi ise ¢evredeki peyzajin lizerinde
yiikselmektedir. Kubbenin yerini alana dogru ¢ikinti yapan
basamakli bir piramit almigtir [72]. Dereceli piramit sekli mescit
alanina yukaridan hakimdir. Kubbenin yerlestirildigi piramidin
orta kismi, ¢atinin geri kalan bilesenlerinden daha yiiksek bir
seviyededir. Bu orta boliimiin koseleri soyut mukarnas olarak
tanimlanabilecek kisimlarla ayrilmistir. Kible duvari boyunca
uzanan biiyiik pencerelerle dogrudan aydinlatma saglanmaktadir.
Dolayli aydinlatma, ibadet salonuna, onu orten piramidin
basamaklar1 i¢indeki agikliklardan girmektedir. Camideki form,
mekan, 151k ve peyzaj ile bina arasindaki iliskiler modern yollarla
ele alinmakta, kubbe ve minare gibi geleneksel unsurlarin yerine
kullanilabilecek yeni formlar olugturmaktadir.

TBMM Camii (Tiirkiye)
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=

2020 yilinda hizmete agilan caminin toplam alam 7.100 m?
kapasitesi 3.450 kisidir. Her biri 50 m yiiksekliginde iki minaresi
bulunmaktadir. Catis;, 5887 m? alana sahip betonlu kubbe
seklinde olup, mozaik ve camla kaplidir [73]. Caminin en belirgin
Ozelligi slitunsuz biiyiik kubbesidir. Caminin kubbesinde giines
is1ginin ve dogal 15181in igeri girmesi igin cam agikliklar
bulunmaktadir. I¢i aliiminyum ve cam panellerle kaplanmis olan
kubbe farkli ve modern bir tarzda tasarlanmistir. Ayrica merkezi
klima sistemi ve gelismis ses sistemi ile desteklenmistir [74].

Tebiik Universitesi Camisi
(Suudi Arabistan)

Suudi Arabistan Kralligi'nin Riyad kentindeki Kral Abdullah
Finans Merkezi'nde bulunan cami, 2017 yilinda insa edilmis ve
Mimar Henning Larsen kristal ¢ol giiliinden ilham almistir [75].
Binanin belirli geometrik sekilleri geleneksel Islami desenlere
dayanmakta ve golgeleme saglamaktadir. Tas ve cam kaplama,
binay1 sicak ortamdan korurken ¢6l manzarast fikrini de
giiclendirmektedir [76] Caminin genis i¢ mekani siitunlardan
arindirtlmig olup, yiikler dis kabuk araciligiyla aktarilmaktadir.
Bati tarafi, iicgen ve soyut sarkitlari temsil eden vitrayli bir
mihrap ile ayirt edilmektedir. Mukarnaslardan ilham alan {iggen
tavan panelleri ilave aydinlatma ve akustik 1iyilestirme
saglamaktadir. Zemin katta, Kur'an-1 Kerim'den ayetleri tasvir
eden ¢ok katmanli soyut Arapga kaligrafi ile kii¢iikk pencereler
tasarlanmigtir [76].

Camii (Suudi Arabistan)

Kral Abdullah Finans Merkezi

Kalout Mimarhik Stiidyosu tarafindan tasarlanan Imam Riza
Kiilliyesi Iran'm Taheran sehrinde bulunmaktadir. 2012 yilinda
insa edilmistir [77]. Caminin kubbesi, yeni neslin katilimini tegvik
etmek amaciyla birlik ve toplumsal biitinligiin sembolii olarak
birbirine geg¢mis iki eli referans alarak ¢agdas bir sekilde
tasarlanmigtir ~ [78].  Tavan  yiiksekliklerindeki  farktan
yararlanilarak dolayli aydinlatma saglanmigtir.

(iran)

Imam Riza Kiilliyesi Camii

Geleneksel kubbe formundan uzaklasilarak, ¢agdas malzeme ve tekniklerle uyum iginde,
modern islevsel ihtiyaglar1 karsilayan yenilik¢i cati tasarimlart miimkiin hale gelmistir. Bu
tasarimlarda simgesel ¢agrisimlara dikkat edilmis, islevsel ve ¢evresel 6zellikleri artirilmistir.

3. TARTISMA VE SONUC

Kubbe, Emeviler donemine kadar olan siirecte camilerin orijinal unsurlarindan biri degildir.
Camilerin alanlar1 ve yapit malzemelerinin mukavemeti arttikga tavanlari yiikseltilmistir.
Zamanla bu camilerin aydinlatilmasi ve yapisinin daha fazla ibadet¢iyi barindiracak sekilde
yukseltilmesi ihtiyaci ortaya c¢ikmistir. Kubbenin, uzun siire camilerle iliskilendirilmesi
nedeniyle islevsel bir ihtiyactan sembolik bir ihtiyaca doniigmiistiir. Bu nedenle,
Miisliimanlarin biiyiik bir kism1 geleneksel kubbe seklini korumayi tercih etmekte, geleneksel
formlar1 gelistiren veya tamamen terk eden mimari trendleri endiseyle izlemektedirler.
Incelenen drnekler asagidakileri gostermektedir:
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* Geleneksel mimari lslubu taklit eden camiler, yapt malzemelerinin gelismesine baglh
olarak kubbe Olcegini bilylitmek, dis ve i¢ bigimini ge¢miste oldugu gibi korumak ve yap1
malzemesini geleneksel sekle benzeyecek sekilde uyarlamakla ilgilenmektedir. Genel
olarak fonksiyonel yoniine dikkat edilmemektedir. Cesitli durumlarda geleneksel bicime
ulasmak icin kubbelerin bazi1 6zellikleri terk edilmektedir.

* Geleneksel sekli gelistiren akim, uzlasici bir ¢oziime ulagmaya c¢alismis, geleneksel
bigimden sapmamis ve temel modern yapit malzemelerini gizlemeden kubbenin kiiresel
seklini korumustur. Bu mimari akimin takipgileri, kubbenin islevsel ve c¢evresel
niteliklerini artirmak i¢in yap1 malzemeleri ve tekniklerindeki gelismelerden
yararlanmiglardir.

* Geleneksel mimari formlardan uzaklagmak, kubbe i¢cin mevcut islevsel gereksinimlere
duyarli, cagdas yap1 malzemeleri ve teknikleriyle uyumlu yeni formlar olusturmak igin
daha fazla alan a¢gmustir. Ayrica bu tasarimlar sembolizmden uzaklagmamis, islevsel
ihtiyaclara cevap vermesi binanin giizelligine engel olmamigtir. Tam tersine bu kubbelerin
her biri, caminin ingasinin ardindaki bir simgeyi veya amaci (¢adir, ¢ol giili, ellerin
kenetlenmesi) ifade eden bir yap1 haline gelmistir.

Modernlik ve gelenek arasindaki kubbenin sekli konusundaki catisma sadece estetik
kompozisyona bagli olmayip, islevsel 6zelliklere de dayanmaktadir. Dolayisiyla kubbelerin
geleneksel formunun korunmasi, gelistirilmesi veya kaldirilmasi, sagladigi islevsel
gereksinimlere bagli olmalidir. Genel olarak mimarlarin geleneksel mimari formlardan
uzaklagmasi, tasarimda daha fazla 6zgiirliik ve esnekligin Oniinii agmakta, boylece cagdas
malzeme ya da insaat tekniklerinin en iyi sekilde kullanilmasina ve modern teknolojinin
binalara dahil edilmesine olanak tanimaktadir. Dolayisiyla geleneksel kubbenin onceki
donemlerde sagladigi islevler, ¢agin olanaklarina daha uygun yeni form ve teknolojilerle telafi
edilebilmektedir.
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ABSTRACT: The increasing depletion of fossil fuels and their contribution to environmental issues
have prompted energy managers and planners to shift their focus toward renewable energy sources to
meet energy demands. Biogas produced through anaerobic digestion or fermentation of organic
materials, stands out as a key energy source for converting agricultural, animal, industrial, and municipal
waste into usable energy. This renewable energy is applied across various domains, including heating,
transportation, and electricity generation. Biogas plants are crucial in efficiently processing agricultural,
industrial, and urban waste. Therefore, optimizing the location and capacity of biogas plants during their
installation is essential to maximize their efficiency and potential. In this study, to determine the biogas
plant installation with the most suitable location and capacity according to the 2021 data of the Eastern
Anatolia Region, firstly, the number of cattle, sheep, and poultry raised in the provinces and districts of
the region, the amount of biogas produced accordingly, and the latitude and longitude values of the
relevant settlement were achieved. The collected data were evaluated with the K-means clustering
method, and the most suitable location for the biogas plant installation was found together with the
production capacity. The results obtained from this study are anticipated to guide researchers operating
in the relevant field and pave the way for similar studies.

Keywords: Biogas Production, Plant Installation, K-means Clustering
1. INTRODUCTION

In recent years, significant investments have been made in renewable energy sources in Tiirkiye
to reduce the increasing demand for energy imports and to meet the energy supply without
harming the environment in line with sustainability policies. The gradual depletion of non-
renewable resources has provided an impetus for the development of renewable energy
alternatives. For this purpose, the potential for biogas production from animal waste throughout
Tiirkiye was evaluated and a feasibility analysis was conducted for biogas facilities that could
be established in each province. In addition, the economic viability of biogas facilities and
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carbon dioxide savings were analyzed [1]. In another study, the spatial distribution of hydraulic,
wind, geothermal, solar and biomass energy potential in Tiirkiye was evaluated and data were
presented for the effective planning and use of renewable energy sources [2]. In another
publication, the biogas potential in Diizce province was assessed and the most suitable location
for the biogas plant was determined using the K-means clustering algorithm. In the relevant
study, the optimum plant location was determined to minimize transportation costs, considering
the locations of chicken farms and biogas production potentials [3]. In another biogas study,
the biogas production potential that can be obtained from cattle, sheep and poultry manure in
Mugla province was spatially analyzed and the electricity, heat and coal equivalents of the
obtained biogas were calculated [4]. In a similar study, seventeen compost facility clusters were
determined for Corum province utilizing the K-means clustering method and the facilities were
positioned by showing the cluster centers on the map [5]. In another study conducted in Konya
Closed Basin, optimum areas for biogas plant installation in related region were determined
employing Multi-Criteria Decision Making (MDCM) methods and Geographic Information
Systems (GIS) [6].

Recently, various studies have been conducted to examine the role and energy potential of
animal waste in biogas production in Eastern Anatolia Region. In the first of these studies, the
amount of dry biomass in the region and the calorific value of this biomass were computed and
suggestions were made on how to utilize the biomass potential effectively and widely [7]. In
another study on the Eastern Anatolia Region, the effectiveness of microalgae production
opportunities for increasing biogas production was revealed along with evaluating livestock
and plant production potential [8]. In another publication, the amount of waste originating from
cattle and sheep in 14 provinces in the Eastern Anatolia Region was calculated, and then the
biogas energy that could be produced from these wastes and the number of people who could

benefit from this energy were determined [9].

In studies close to present day, it is seen that studies on biogas production and biogas plant
installation have been carried out intensively. In the first of these studies, a new hybrid
modeling and optimization approach was developed to determine the most suitable installation
location for a biogas plant in Manisa province. As a result of the analyses conducted using
different optimization methods, it was determined that the establishment of a biogas plant in
Golmarmara, Salihli and Ahmetli regions would provide an annual electricity production of 68

GWh [10]. In another study, the biogas potential that can be obtained from agricultural waste
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in Hubei Province of China was estimated and the reasons for the low utilization rate were
investigated by analyzing the difference with the current biogas production. The results
revealed that the current production reached only 3.17% of this potential [11]. In another study
conducted in the Haryana state of India, the biomass potential that can be obtained from animal
manure was estimated and its effects on reducing greenhouse gas emissions were evaluated
[12]. In another study implemented in Denizli, Tiirkiye, an innovative method was applied for
biomass supply chain network design using artificial intelligence, Geographic Information
Systems (GIS), Multi-Criteria Decision Making (MCDM) and mathematical modeling. The
results showed that nine biogas plants with a capacity of 2000 kWh could be established, 83.2%
of the net income would come from electricity sales and the rest from fertilizer sales, and it was
determined that the biggest financial factor was the fertilizer sales price [13]. Another study
computed the potential of converting agricultural and forestry waste into biomass energy in
China and analyzed the energy production capacity and carbon emission reduction effect for
2020. According to the results, the use of biomass energy can replace 256 million tons of
standard coal and reduce approximately 520 million tons of carbon dioxide emissions, which

has an impact of 4-6% on the carbon peak [14].

Clustering is a process that involves automatically grouping similar objects into distinct
clusters. This method of extracting data is one of the most widely used techniques in data
analysis to uncover patterns and insights within a dataset. In essence, clustering seeks to
discover subgroups in the data such that points within the same cluster are highly similar,
whereas points in different clusters are notably distinct. This technique has been particularly
effective for analyzing high-dimensional datasets, which are often challenging to visualize [15].
K-means clustering is a straightforward, efficient, and easy-to-implement technique for
addressing various data analysis challenges. As an unsupervised machine learning algorithm, it
aims to divide a dataset into k distinct clusters based on predefined criteria. It groups data points
based on their proximity to the centroid of each cluster. The algorithm operates iteratively by
associating each data point with the nearest cluster and recomputing the cluster centroids.
Consequently, data points within the same cluster exhibit greater similarity while the distinction
between clusters is optimized. It has been stated that K-means clustering is suitable for many
analysis applications and is a useful tool for large data sets [16]. Another study showed that K-
means clustering can achieve successful results even in high-dimensional data sets [17].
Recently, K-means clustering was employed to compute biogas yield and determine the best

location for the biogas production facility [18,19].
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The Eastern Anatolia Region is one of the most important regions of Tiirkiye in terms of biogas
production from animal waste due to its large pasture areas and intensive animal husbandry
activities. Previously in literature, the biogas potential in the Eastern Anatolia Region was
previously obtained by taking into account basic approaches. However, in these studies,
physical parameters such as age, weight, etc. of animal species were not taken into account
[20,21]. Determining suitable biogas production plant locations in this region will help meet
the energy needs in agricultural and rural areas and also support environmental sustainability
by improving waste management. In economic terms, electricity and heat energy can be
acquired through biogas production, contributing to the local economy. In addition, organic
fertilizer production that can be utilized in agricultural production can be increased and
dependence on fossil fuels can be reduced. A study to find the most suitable biogas production
plant location in the region can accelerate regional development, increase energy supply

security and provide environmental benefits by reducing carbon emissions.

This study aimed to assess the biogas potential derived from cattle, sheep, and poultry manure
in the Eastern Anatolia Region and its districts (these potential values were calculated using the
calculation technique of references [22,23]) and to identify the most optimal plant location
using the K-means clustering method. For this purpose, the biogas potential and the ideal plant
location were specified based on livestock data, including the number of cattle, sheep, and
poultry obtained from TUIK for the Eastern Anatolia Region in 2021.

2. FUNDAMENTALS OF K-MEANS CLUSTERING METHOD

The k-means algorithm is one of the most straightforward unsupervised learning methods to
address clustering tasks [24]. K-means, a popular partitioning-based clustering technique, is
extensively utilized in scientific research and industrial applications as one of the most common
clustering algorithms [25]. The core idea behind the K-means algorithm is to partition a dataset
of n data points into k clusters, as determined by the provided input parameters. The objective
is to enhance the similarity of data points within each cluster while reducing the similarity
between points in different clusters. Cluster similarity is determined by calculating the average
distance between the cluster's centroid, which is the center of gravity, and the other data points
within the same cluster [26]. In the K-means method, clustering is generally done based on

Euclidean distance:
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K-Means algorithm begins by randomly selecting k initial centroids, where k refers to the
number of clusters. Each data point in the dataset is then assigned to the cluster whose centroid
is nearest to it. The cluster center value is determined by computing the average of the points
within the cluster. This process continues until the center values remain constant. [27]. The
steps of the K-means method are carried out in the following sequence:
Step 1: k objects are randomly chosen and designated as the initial cluster centers. M1, My, ...,
Mk The midpoints are computed as follows [28]:
1 N
M, ==>"%, )
Ny i

Step2: Intra-cluster changes are computed with the Squared Error Formula [29]:
ei2 :Z(Xik _Mk)2 (3)
i=1

For the space of all sets containing set K, the squared error is the sum of the variations within

the set. Therefore, the squared error value is computed as follows:
Ek2 = Zekz (4)

Step 3: Each data point is allocated to the cluster that is most proximate to it.
Step 4: Once all the data points have been assigned to their nearest clusters, the centroids are
recalculated for each k cluster.

Step 5: Steps 2 and 3 are repeated until the Cluster Centers remain same [30].

3.MATERIAL AND METHOD

This study used data on the number of cattle, sheep, and poultry produced and the amount of
biogas produced from TUIK in 2021 from 14 provinces and 125 districts of the Eastern Anatolia
Region. According to TUIK, cattle are categorized into domestic, buffalo, culture, and hybrid
breeds. Similarly, sheep are classified as merino, domestic sheep, hair goat, and Angora goat.
Lastly, in the poultry category, egg and meat chickens, ducks, turkeys, and geese are included
[31]. Due to TUIK's data 2021, the total number of cattle, sheep, and poultry in the Eastern
Anatolia Region on a provincial basis and the corresponding total biogas values produced are

given in Table 1.

23



Onur inan, Yalva¢ Akademi Dergisi, 10-1 (2025) 19-32

In this study, biogas potential was computed by evaluating each animal species individually
within its respective category, with calculations based on the quantity of manure produced, as
informed by relevant publications [22,23]. To approximate manure production, live mass values
of each animal according to its species, breed and age group were taken into account. The daily
fresh manure output was determined using a percentage of live weight. These values were
assigned as 6% for cattle, 5% for small ruminants and 4% for poultry. These percentages were
applied to calculate daily manure amounts for each province, accounting for differences in age,
breed, and species. Separate calculations were performed for cattle, small ruminants, and
poultry, and the total manure volume was subsequently derived. It is important to note that
manure production can fluctuate depending on factors such as climate, nutrition, and breeding
practices. Accordingly, species-specific usability coefficients were applied. These coefficients
were determined as 50% for cattle, 13% for small ruminants and 99% for poultry. In summary,
the relevant parameters for each animal species expressed in Table 2 were calculated by the

following formula [23], taking into account the reference [22]:
BP =TM.SR.AC.EB (5)

Here, BP represents the annual gas potential (m®), SR denotes for the fertilizer solid ratio (%),
AC expresses the usability coefficient (%) and EB symbolizes the estimated biogas value of
total solid fertilizer (m3/kg).

Table 1. Total number of animals and the corresponding total biogas values produced in the provinces of Eastern

Anatolia Region

Province Cattle Sheep/Goat | Poultry VSL%Q?;S)
Ardahan 331468 118527 295053 | 172994417
Agn 413012 1427144 236455 85782794
Bingol 132307 696131 808614 | 36275883
Bitlis 88991 795230 95534 25244037
Elazig 187326 1089120 | 6844851 | 103849194
Erzincan 128289 550077 1354928 | 34089619
Erzurum 860404 900623 213061 | 184190375
Hakkari 37923 676719 59673 14425098
Igdir 100400 1402380 132059 | 31842530
Kars 620723 604755 893192 | 129277243
Malatya 174986 367606 6085786 | 61701154
Mus 335798 1250000 467007 | 81853187
Tunceli 25749 354337 81810 8821344
Van 166401 3384220 462032 | 58450998
Total 3603777 13616869 | 18030055 | 1028797881
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Table 2. Biogas production and manure properties across different animal breeds [22]

Age -
' Range by ' Manure Amount Solid Availability Efficiency
Animal Live Mass (AC) .
Category Manure (SM) ) of biogas
Type . Amount o Duration of
(in % mass  kg/day (%) stav in barn (I’kg)
Months) y
x<12 Dairy 65
Cattle 12<x<24 200-900 5-6 10-20 5-25 y 200-350
Beef 25
X>24
X<6
Small 6<x<12
ruminant | 12<x<24 20-100 4-5 2 30 13 100-310
X>24
10-35 310-620
Poultry 2-10 3-5 0.08-0.1 50-90 99 550-650

In this study, the Elbow method determined the most appropriate number of clusters. The Elbow method
is used to determine the most appropriate number of clusters (k) in the K-means algorithm. This method
is based on computing the sum of the squared distances of each data point to the cluster center it belongs
to for different k values and analyzing how this value changes depending on k. The aim is to determine
the optimal number of clusters by detecting the point where the total variance decreases rapidly [32].
The Elbow method algorithm is implemented briefly as follows:

Step 1: For different k values, the K-means algorithm is applied, and clustering is performed.
Step2: Within-Cluster Sum of Squares (WCSS), that is, the sum of the squares of the distances
of the points in each cluster to the cluster center (centroid), is computed as follows:

k
WSS =33 -

i=1 xeC; (6)

Here, k is the number of clusters; Ci represents the ith cluster. In addition, x is a data point in
the cluster, and ui exemplifies the center of the ith cluster (centroid). In the equation above,
WCSS is calculated by taking the square of the Euclidean distance between the data point x and
the cluster center u;.

Step 3: The point where the rate of decline of WCSS slows significantly (elbow point) is found.
This point is accepted as the k optimum value.

Based on 2021 TUIK data, the optimum number of clusters was determined using the elbow
method, as shown in Figure 1. The point k=4 in the graph was selected as the most appropriate

value.
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Figure 1. Implementation of the EIbow method to determine the optimum number of clusters

4. DETERMINING MOST APPROPRIATE PLANT LOCATIONS BY K-MEANS
CLUSTERING

The biogas production potential of 14 provinces and 125 districts in the Eastern Anatolia Region
was achieved as in Figure 2, depending on the latitude and longitude values, when the cluster
number value was taken as 4 in the K-Means clustering method.
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Figure 2. Eastern Anatolia Region biogas production potential K-Means clustering results

26



Onur inan, Yalva¢ Akademi Dergisi, 10-1 (2025) 19-32

Depending on this distribution, Table 2 shows the number of data points, average latitude,

average longitude, total biogas production, and average biogas production values of the 4

clusters attained depending on K-Means clustering, respectively.

Table 2. Latitude, longitude, and biogas production values obtained by K-Means clustering

Number of . . Total . AVg .
Cluster Data Points Avg Latitude | Avg Longitude Biogas Production Biogas ?nl;%ductlon
Cluster 1 37 39.774097 42.007117 539131945.6950 14571133.6674
Cluster 2 1 41.110481 42.702171 123105834.2977 123105834.2977
Cluster 3 86 39.059853 41.167441 294401750.7379 3423276.1713
Cluster 4 1 38.680969 39.226398 72158350.4887 72158350.4887

In addition, a heat map was generated, as in Figure 3, to specify the correlation of the amount
of biogas produced with the number of cattle, sheep, and poultry. Based on the heat map
achieved, the following conclusions were reached:

» The correlation between the number of livestock and biogas production was 0.67. Based
on this, it can be concluded that there is a medium-high level positive relationship
between the amount of biogas and the number of cattle.

» The correlation between the number of small cattle and biogas production was
determined as 0.20. Based on this, it can be stated that there is a weak relationship
between the amount of biogas and the number of small cattle.

» The correlation between the number of poultry and biogas production was found to be
0.44. This result indicates a moderate positive relationship between the quantity of

biogas produced and the poultry count.

Cattle

Sheep/Goat

0.20

Poultry -
-0.5
0.16
-0.4
Biogas
-0.3
0.67
-0.2

Cattle Sheep/Goat Poultry

Biogas

Figure 3. Correlation between biogas and livestock numbers
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As can be seen in the heat map, the species with the highest correlation with biogas production
among animal species is cattle. This is because the calculation of biogas potential based on
manure amount includes a wide range of factors such as age, weight and the duration of stay of
each animal in the place where it is housed. Similar results were obtained in previous biogas

potential studies conducted throughout Tiirkiye [33,34].

Finally, the nearest cities and districts were determined by looking at latitude and longitude
values, and the most suitable biogas power plant location was found. The province/district
location with the finest biogas production potential for each cluster, latitude-longitude values ,
and estimated biogas production amounts are displayed in Table 3. As can be seen from Table
3, Cluster 2 and Cluster 4 have extremely large values in terms of biogas production. Since K-
Means uses average values when determining cluster centers, the centers are concentrated in a
single point due to these large values. Therefore, these points with very high biogas production

form a single cluster.

Table 3. Locations having the best biogas production potentials with their respective production amounts

Cluster Province/l_)istrict Latitude/Longitude Plrzg(tjm?itgg E:ﬁgii t
Location Values (md)

Cluster 1 | Erzurum/Karayazi 39.70/42.14 19.2 million

Cluster 2 Ardahan/Center 41.11/42.70 123.1 million

Cluster 3 Bingdl/Solhan 38.96/41.05 4.25 million

Cluster 4 Elazig/Center 38.68/39.23 72.1 million

According to Table 3, Ardahan Central district has the highest potential for biogas production.
A biogas power plant established here will achieve the highest efficiency in the Eastern Anatolia

Region.

5. CONCLUSION

Biogas technology has gained significance in generating renewable energy by converting and
disposing of wastes that contribute to environmental issues, thereby transforming them into
valuable energy resources. Despite Tiirkiye having substantial potential for utilizing organic
waste, this resource remains underutilized. Additionally, investments in energy projects
centered on organic waste have not seen sufficient demand in Tiirkiye. In this context, a study
was carried out on the most suitable biogas production location and potential for the Eastern

Anatolia region, where animal husbandry is among the main sources of income.
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According to TUIK 2021 data in the Eastern Anatolia Region, there are 3603777 Cattle,
13616869 Sheep/Goats, and 18030055 Poultry. These numbers indicate that the region has
significant potential for biogas production. Hence, it is crucial to identify the most suitable
location data to optimize energy production for a potential biogas plant in the Eastern Anatolia

Region.

For this reason, the most suitable number of clusters for implementing the K-Means algorithm
was determined first. Subsequently, the K-Means clustering algorithm was employed to
determine the optimal location for a plant that would meet the highest biogas production. As a
result of applying the clustering algorithm, four settlements were identified with their excessive
biogas production potential. Among these, it was concluded that the central district of Ardahan
province is the most suitable settlement for establishing a biogas power plant with million
production capacity 123.1 million. Furthermore, the relationship between the quantity of biogas

produced and the numbers of cattle, sheep, and poultry was mentioned.

As a result of the K-means clustering algorithm, Ardahan (Center) district was found to be the
settlement with the highest biogas potential. Therefore, since it has the highest animal waste
source, continuous and efficient biogas production can be provided. Accordingly, large-scale
facilities can be established. In addition, Ardahan (Center) district is a settlement with
completed double roads, so it has the advantage of transporting raw materials to the biogas
facility with ease. The produced biogas can be distributed more easily to the city center and
industrial zones. If electricity production is to be made, connection to the grid can be achieved
at a lower cost. On the other hand, due to the harsh winter conditions of Ardahan (Center)
district, its location on a high altitude and rugged terrain, and the difficulties of storage and
waste management, additional facility or infrastructure investments may be required in addition

to the biogas facility installation.

In this study, K-Means clustering method was used to determine the spatial distribution of
biogas production potential and the obtained results were presented with a data-driven analysis
approach. Since the aim of the study was to determine the most suitable facility locations for
biogas production in the Eastern Anatolia Region, alternative analysis methods such as
methodological comparison or multi-criteria decision making (MCDM) were excluded from
the scope. In terms of spatial visualization, clustering results were expressed numerically and

considering the data-driven approach of the study, additional mapping studies were not
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considered a necessity. In future studies, more comprehensive analyses with different

methodologies will be evaluated based on this study.

The findings of this study provide an important decision mechanism in terms of evaluating the
biogas production potential in the Eastern Anatolia Region and determining the most suitable
power plant locations. The results obtained can contribute to strategic planning for biogas plants
in the region and to direct energy policies. When the applicability of the study is evaluated in
terms of animal waste management and renewable energy investments, it can be expanded by
integrating with logistics and infrastructure conditions. For future studies, it is planned to
further detail the spatial analyses, to conduct comparative analyses with multi-criteria decision
making (MCDM) methods, and to evaluate the effects of infrastructure and logistics factors on
biogas power plant location selection. In addition, modeling studies are considered to increase
the economic and environmental sustainability of biogas production processes.

This study is thought to contribute to increasing the amount of biogas production from animal
waste in the Eastern Anatolia Region, increasing the efficiency of regional livestock enterprises,

and inspiring studies on similar renewable energy studies.
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OZET

Isparta’nin Merkez ilgesinden sonra en biiyiik ilgesi olan Yalvag, gegmisten giiniimiize dnemli bir yerlesim alani
olmugtur. Tarihsel siirecte madencilik faaliyetleri de ilcede ekonomik bir faaliyet alani olmustur. Gegmis
donemlerde kil, linyit, boksit, mermer, barit, kalker (micir) gibi bircok madende madencilik faaliyetleri
gerceklestirilmistir. Son yillarda ise boksit, mermer ve kalker (micir) madenciligine yonelik faaliyetler
stirdiiriilmektedir. Bu ¢calisma kapsaminda Yalvag’a kayitli maden ruhsat sayilar1 ve bu ruhsatlara iligkin istatistiki
bilgiler verilmistir. Ayrica, Yalvag ilgesinde rezervi ortaya ¢ikarilmig madenler ve bu madenlerde yapilmis veya
yapilmaya devam eden madencilik faaliyetleri genel bir anlamda ortaya konulmustur. Sonug olarak, bu ¢alismada,
bolgedeki madencilik faaliyetlerinin, madenlerin 6zellikleri ile maden ruhsat sayilari, ruhsat bedelleri ve Devlet
haklar1 yoniiyle degerlendirilmesi amaglanmistir.

Anahtar kelimeler: Isparta, Yalvag, maden, madencilik.
ABSTRACT

Yalvag, which is the largest district of Isparta after the central district, has been an important settlement area from
the past to the present. In the historical period, mining activities have also been an area of economic activity in the
district. In the past periods, mining activities were carried out in many mines such as clay, lignite, bauxite, marble,
barite, limestone (aggregate). In recent years, bauxite, marble and limestone (aggregate) mining activities have
been carried out. Within the scope of this study, the number of mining licenses registered in Yalvag and statistical
information about these licenses are given. In addition, the mines whose reserves have been revealed in Yalvag
district and the mining activities that have been or are being carried out in these mines have been presented in a
general sense. In summary, this study aims to evaluate the mining activities in the region in terms of the
characteristics of the mines, the number of mining licences, licence fees and state rights.

Keywords: Isparta, Yalvag, mine, mining.

1. GIRiS

Isparta ilinin 6nemli il¢elerinden biri olan Yalvag, Isparta’ya 105 km uzakliktadir. Isparta ilinin,
Merkez ilgesi de dahil olmak iizere on ii¢ ilgesi arasinda Merkez ilgesinden sonra en biiyiik
ilgesi Yalvag’tir. Yalvag, Sultan Daglari’nin giiney eteklerinde yer almaktadir ve 1.415 km?’lik
bir alan {izerine kurulmustur. Denizden ortalama ytiksekligi 1.100 metre olan Yalvag¢’in tek golii
Hoyran Goli’diir [1]. Egirdir Golii’niin kuzey yarisina verilen isim olan Hoyran Goli, ilgenin
yaklagik olarak 25 km. batisinda yer almaktadir. Tasevi ve Tirtar kdylerinin Hoyran Golii’ndeki
kiyilart sundugu dogal giizellikler acisindan 6nemlidir [1,2,3].

1071 yilindan sonra, Yalvag ve g¢evresinde Tiirkler goriilmeye baglamistir. Sultan II. Kilig
Arslan ile Bizans Imparatoru Manuel Kommenos arasinda 1176 yilinda yapilan Miryokefalon
Savasi ile Yalvag kesin olarak Tiirk egemenligi altina gecmistir. Malazgirt Savagindan sonra
Tiirklerin Anadolu cografyasina yayilmalar1 sirasinda, Oguz boylarindan Emir Boyu, Yalvag
Bey onderliginde Antiokheia’ya yerlesmistir. Boylece, kent Yalvag adin1 almistir. Tiirk Beyinin
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adm1 alan Yalvag, 1243 yilinda ilhanlilar’in kontroliine girmis ve 1280°li yillarda kurulan
Hamitogullar1 Beyligi sinirlar i¢inde kalmistir. 1374 yilinda Osmanli Devleti egemenligine
giren Yalvag, 1840 yilinda ise bir kaza olarak Konya’ya baglanmistir. Belediye teskilati 1864
yilinda kurulan Yalvag, Cumhuriyetin ilanindan sonra ise Isparta’ya baglanmistir [4].

Calisma alaninda, son yillarda kamu kurum ve kuruluslar ile ger¢ek veya tiizel kisiler
tarafindan gergeklestirilen madencilik faaliyetleri sonucunda 6nemli maden rezervleri ortaya
cikarilmistir. Bu olusumlarin bir kismi ge¢mis yillarda iiretilmesine ragmen giiniimiizde
madencilik faaliyetlerine devam edilmemektedir. Calisma alaninda, 2021, 2022 ve 2023
yillarinda mermer, kalker ve boksit isletmeciligi stireklilik gostermistir.

Bu calismada, Yalvag ilgesinde gerceklestirilen madencilik faaliyetleri degerlendirilerek,
gecmis donemlerde iiretimi yapilan ve halen iiretim faaliyetlerine devam edilen madenlere
yonelik genel bilgiler verilmesi amaglanmistir. Literatiirde, ilce bazinda madencilik verileri ve
bilgilerinin yer aldig1 ¢alisma veya raporlar oldukca sinirlidir. Yalvag il¢esinde rezervi ortaya
¢ikarilmis madenler ve bu madenlerde yapilmis veya yapilmaya devam eden madencilik
faaliyetlerinin 6zellikle maden ruhsat istatistikleri yoniiyle incelendigi giincel c¢aligsmalara
rastlanilmamistir. Bu ¢alisma ile bolgedeki madencilik faaliyetlerinin, madenlerin 6zellikleri ile
maden ruhsat sayilari, ruhsat bedelleri ve Devlet haklar1 yoniiyle degerlendirilmesi
amaglanmustir.

2. MATERYAL VE YONTEM

Bu calisma kapsaminda, Isparta ilinin 6nemli il¢elerinden biri olan Yalvag ilgesinde bulunan
maden rezervleri ve madencilik faaliyetleri agisindan genel bilgiler verilmistir. Oncelikle,
calisma alaninda gegmis donemde {iretimi yapilmis veya son yillarda maden iiretim
faaliyetlerine devam edilen madenler arastirilmistir. Bu kapsamda, maden ruhsatlar1 ve maden
isletme izinleri degerlendirmeye alinmistir. Calisma kapsaminda kullanilan maden ruhsat
sahalarina iligkin veriler i¢in herhangi bir analiz yontemi uygulanmamais, bu veriler genel olarak
yorumlanarak bolge madenciligi hakkinda degerlendirmeler yapilmistir. Caligma kapsaminda,
maden isletme faaliyetlerinin ¢evresel etkileri ve maden igletmeciligi izerine bir degerlendirme
veya gozlem yapilmamuistir.

Calisma alaninda tliretimi ve sonrasinda satis1 yapilan madenlerin ocak basi satis fiyatlar1 ile
arama ve igletme ruhsatlar1 i¢in her y1l tahakkuk eden ruhsat bedelleri ve isletme izinli igletme
ruhsatlari i¢in tahakkuk eden Devlet haklar1 arastirilarak ekonomik agidan degerlendirmeler
yapilmugtir.

Dogal tas sektoriinde jeolojik (ger¢ek) mermer disinda kalan ve dogal tas olarak degerlendirilen
bir¢cok kayag i¢in ticari anlamda mermer terimi kullanilmaktadir. Bu ¢alisma kapsaminda da
mermer terimi ticari anlami ile degerlendirilerek, ¢calisma alaninda blok amagl olarak iiretilen
kirectas1 ve dolomitler i¢in bu terim kullanilmistir.

Calisma alaninda iiretim faaliyetlerinin gergeklestirildigi ve ticari olarak Elegance Grey ismi
verilen mermerin kimyasal, fiziksel ve mekanik Ozelliklerinin agiklanabilmesi amaciyla,
Siileyman Demirel Universitesi, Miihendislik Fakiiltesi, Maden Miihendisligi Boliimii, Dogal
Taglar Teknolojisi Laboratuvari’nda yapilmig analiz sonuglar1 degerlendirmeye alinmigtir.
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3. ARASTIRMA BULGULARI
3.1. Yalvac Ilcesinde Maden Rezervleri ve Madencilik Faaliyetleri

Calisma alaninda, Maden ve Tetkik ve Arama Genel Miidiirliigii (MTA) tarafindan yapilan
jeolojik aragtirma ve calismalar sonucunda onemli miktarlarda maden rezervleri ortaya
cikarilmistir. Bu calismalarda, aliiminyum kaynagi olan boksit madeninin One c¢iktig1
goriilmektedir. Isparta ili genelinde Sarkikaragag sahalar1 diginda, ¢aligsma alanindaki Siiciilld,
Uziimali T., Hac1 Alabazdagi, Basyurt ve Kireli sahalarinda %34-47 Al,Os tendrii araliginda
54.502.000 ton goriiniir, Sarkikaraga¢, Bagkonak ve Yalvag¢ sahalarinda ise 101.558.400 ton
goriinlir+tmuhtemel, Bagkonak (Kozlucay, Sudere) sahalarinda ise %34-37,50 ALLO3 tenorii
araliginda 17.247.000 ton aliiminyum rezervi oldugu ortaya ¢ikarilmistir. Ayrica, ¢alisma alani
acisindan bir 6nemli nokta ise Kagikara bolgesindeki kil olusumlar1 ve Yarikkaya sahasindaki
linyit olusumlarindan bahsedilmesidir [5].

Tugla, calisma alanmi sinirlart igerisinde yer alan Pisidia Antiocheia Antik Kenti’nin daha
baslangic déneminden itibaren yap1 malzemesi olarak kullamlmustir. Tlgede, 1990’11 yillara
kadar tretim faaliyetlerinin devam ettigi tugla-kiremit fabrikalarinin oldugu bilinmektedir.
Ekonomik nedenlerle daha sonra bu fabrikalar kapatilmis olsa da fabrikalar, ¢alisma alaninin
kil olusumlar1 agisindan zengin oldugu ve tugla iiretim geleneginin antik donemden giiniimiize
kadar devam ettigini gostermesi acisindan oldukca dnemlidir [6]. Calisma alaninda, 1970-
1980’11 yillarda ticari hayati dogrudan etkileyen unsur tugla-kiremit fabrikalar1 olmus ve bes
adet tugla-kiremit fabrikasi kurulmustur. Bu fabrikalar Kasasagi ve Abacilar Mahallesi
sinirlarinda konumlandirilmistir [7]. Bu bes fabrikadan ii¢liniin bacasi glinlimiize ulagmistir [7,
8]. Tugla-kiremit fabrikalarina ait olan ve giiniimiize ulasan bu bacalar, il¢cede yasayan
insanlarin kentsel hafizasinda 6nemli rol oynamaktadir [7]. Calisma alaninin Kas Asagi
Mahallesi’nde bulunan tugla-kiremit fabrikalarina ait bacalar, Antalya Kiiltiir ve Tabiat
Varliklarin1t Koruma Kurulu’nun tescil karar1 ile Baca I, Baca II ve Baca III olarak kiiltlir
envanterine kayit edilmistir (Sekil 1). Bu bacalar, eski tugla-kiremit fabrikalarini simgelemesi
ve bolgede bir nirengi noktasi olmasi agisindan olduk¢a 6nemlidir. Bacalar, yukariya dogru
daralan silindirik formda, harman tuglasindan 6riilmiis ve yer yer metal kasnaklarla ¢evrilmistir
[9, 10, 11]. Madenlerin, tesis veya fabrikalarda ug iiriin elde edilmesinde 6nemli hammaddeler
olarak kullanildig1 dikkate alindiginda; bu bacalar, bolgedeki madencilik faaliyetlerinin tarihsel
Oonemini yansitmasi yoniinden oldukca dnemlidir. Maden Kanunu kapsaminda, tugla-kiremit
kili tiretiminin yapilabilmesi i¢in oncelikle I. grup (b) bendi isletme ruhsatina hak saglanmasi,
sonrasinda tugla-kiremit isletme izninin alinmasi gereklidir. Temmuz 2024 tarihi itibariyla,
caligma alaninda yiiriirliikte olan I. grup (b) bendi isletme ruhsati bulunmamaktadir [12].

Sekii 1. Yalvag ilgesinde kiiltiir envanterfne kayithi olan, Kas Asagi Mahallesi’ndeki Baca I (solda) V Baca II
(ortada) ve Abacilar Mahallesi’ndeki Baca III isimli eski tugla-kiremit fabrikasi bacalarindan goriiniim [9,10,11]
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Calisma alaninda, Temmuz 2024 itibariyla on sekizi igletme, {i¢ii arama olmak {izere yirmi bir
adet maden ruhsat1 bulunmaktadir. Arama ruhsatlarinin tamami I'V. grup ruhsatlara yoneliktir.
Calisma alaninda, arama ruhsat asamalar1 bulunan diger ruhsat gruplar1 olan II. grup (b), III. ve
V. grup ruhsatlara yonelik Temmuz 2024 itibartyla maden arama faaliyeti bulunmamaktadir.
[sletme ruhsatlar acisindan isletme izni diizenlenen madenlerden altis1 mermer, iicii boksit, ikisi
mermer-tkalker, ikisi linyit, biri kalker ve biri barittir (isletme izni diizenlenme asamasinda
mermer isminin ticari anlami ile degerlendirildigi anlasilmaktadir) [12]. Maden isletme izinleri
acisindan mermer, boksit ve kalker igletme izinleri daha fazladir. Calisma alaninda 2021, 2022
ve 2023 yillarinda sadece bu madenlere yonelik maden iiretim faaliyetinde bulunulmustur. Barit
ve linyit agisindan da calisma alan1 potansiyel bir madencilik alandir [13]. Isparta’da, barit ve
boksit isletme izinli ruhsat sahalar Yalvag ve Sarkikaraagac, linyit isletme izinli ruhsat sahalar1
ise Yalvac ve Egirdir ilgelerine kayitlidir. 11 genelinde ilge sayisi (on ii¢) dikkate alindiginda
bolgedeki arama ve isletme ruhsat sayilarinin ortalama seviyede (yaklasik %8,5) oldugu
diisiiniilmektedir (Tablo 1). Ayrica, ¢calisma alaninda, maden ruhsat sahalar1 disinda Devlet Su
Isleri Genel Miidiirliigii ve Karayollar1 Genel Miidiirliigii adina diizenlenmis hammadde iiretim
izinli sahalar bulunmaktadir.

Tablo 1. Isparta maden ruhsat sayilari [12]

Bolge Arama Isletme Toplam
Yalvag 3 18 21
Isparta 37 210 247

Barit maden isletmeciligi agisindan son yillarda iiretim faaliyetinde bulunulmasa da daha
onceki dénemlerde Hisarardi, Ozgiiney ve Ozbayat Koyleri gevresinde barit iiretimi
gerceklestirilmistir [14]. Calisma alaninda Yukarikasikara Kasabasi ve Yarikkaya Koyleri
cevresinde linyit yataklar1 yer almaktadir. Hoyran Goli'nlin kuzey kesiminde bulunan
Yukarikagikara linyit yataklari, ilge merkezinin yaklasik 30 km. batisindadir. Yaklasik 30
milyon ton rezerv bulunan Yukarikagikara formasyonunun linyit diizeyleri, Ust Miosen yaslidur.
Formasyonun igerisinde gozlenen linyitin tabaninda siyah, koyu mavimsi bir kil bulunurken tist
dokunaginda beyaz renkli marnlar bulunmaktadir. Ug seviye halinde gézlenen yataklar 14 metre
kalinliga ulagmaktadir. Yarikkaya linyit yataklar1 ise Yalvag, Gelendost ve Sarkikaraagac
ilgeleri arasinda genis bir alanda yayilmaktadir. Linyit, Madenli (Gelendost) ve Yarikkaya
(Yalvag) formasyonlar1 olarak iki ayri stratigrafik diizeyde incelenebilmektedir. Yarikkaya’da
bulunan ekonomik linyit diizeyi Yarikkaya formasyonu igerisindeki kil tasi {iyesinin en {ist
diizeylerinde bulunmaktadir. Komiiriin list seviyesinde ise marnlar yer almaktadir. Bu
formasyonda linyit ortalama 150 cm. kalinhigindadir [15].

Calisma alan1 acgisindan dnemli bir maden olan boksit, literatiire gore sertligi 1-3, yogunlugu
ise 2,5-3,5 gr/cm?® arasinda degisen, aliiminyum oksit ve hidroksitlerin karisimi1 bir olusumdur.
Boksit, igeriginde bulunan demir miktarina bagl olarak rengi sari, kahverengi ve kirmizi
olabilecegi gibi kirli beyazdan griye kadar da degisebilmektedir. Boksit, diyasporit
(A1203.H>0), bohmit [AIO(OH)] ve gibsit [Al(OH)3] minerallerinin bir karisimi olup genellikle
silis, demir oksitler ve TiO> icermektedir. Ozetle, boksitler; minerolojik yapilarina,
olusumlarina ve endiistriyel olarak olmak iizere ili¢ ana grupta smiflandirilir. Minerolojik
yapilarina gore; piiskiiriik kayaclardaki feldspat ve korund minerallerinin diisiik sicakliklarda
degisimi sonucu olusan gibsitik (trihidratik) boksitler, gibsitin dehidratasyonu sirasinda ara bir
iirlin olarak ortaya ¢ikan bohmitik boksitler, yliksek sicakliklarda olustuklar degerlendirilen
diyasporitik boksitler olmak iizere ii¢ baslik altinda siniflandirilir. Olusumlarina gore, silikat ve
karstik boksitler olarak ikiye ayrilirlar. Silikat boksitler, aliiminyumca zengin silikat
kayaglarinin asinmasi ve yikanmasi sonucu, karstik boksitler ise kirectasi ve dolomitlerin
karstik bosluklarinda olusur. Endiistriyel olarak ise boksitin bir¢ok farkli siniflamasi
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yapilmaktadir. Aliiminyum metalinin iiretiminde kullanilan baglica maden olmasi ydniiyle
diinya ticaretinde 6nemli bir yer tutmaktadir. Cimento yapimi, ferrokrom tesisleri sanayi, demir-
celik ve tugla sanayi gibi bircok alanda kullanilmaktadir [16]. Calisma alaninda yer alan
boksitlerin kimyasal bilesimlerinden dolay1 genel olarak ¢imento sanayinde degerlendirildigi
anlasilmaktadir.

Ulkemizde en biiyiik boksit rezervleri Seydisehir (Konya) ve Akseki (Antalya) ilgelerinde
bulunmaktadir. Bu ilgelerde gozlenen boksit rezervleri, goriiniir+tmuhtemel+miimkiin rezerv
olarak 36,5 milyon ton, isletilebilir rezerv olarak ise 31 milyon tondur. Bu rezervlerin
belirlendigi ¢aligmalarda, tilkemizin goriiniir+muhtemel+miimkiin boksit rezervi 422 milyon
ton, isletilebilir rezervi ise 63 milyon ton olarak degerlendirilmistir. Yapilan bu eski tarihli
caligmalara gore isletilebilir rezervlerin yarisina yakin kismi Seydisehir ve Akseki ilgelerinde
bulunmaktadir. Calismada, Yalva¢ ilgesi icin 115.600 ton muhtemel+miimkiin rezerv
belirtilmistir. Yalvag i¢in goriiniir veya isletilebilir rezerv belirtilmese de toplam rezerv igindeki
muhtemel+miimkiin rezerv orani 6nemli bir seviyededir [20]. Ancak, son yillarda yapilan
maden rezerv tespitleri ve maden isletmeciligi ile beraber siirdiiriilen maden arama faaliyetleri
ile llkemiz rezerv miktarlarinin daha fazla oldugu disiiniilmektedir. Calisma alaninda
gergeklestirilen maden arama ve isletme faaliyetleri sonucunda goriiniir rezervi ortaya
cikarilmig boksit madenlerinde (Sekil 2), yapilan maden iiretim faaliyetleri dikkate alindiginda
onceki ¢alismalarda Yalvag i¢in muhtemel ve miimkiin olarak belirtilen boksit rezervlerinin
gelistirildigi anlagilmaktadir.

Seydisehir-Akseki boksit olusumlari bohmitik, Yalvag-Sarkikaraga¢ ilgelerindeki boksit
olusumlar1 ise demirli-diyasporitik tiptedir. Ulkemizde ayrica Mugla-Milas-Yatagan,
Tufanbeyli-Saimbeyli, Bolkardagi-Mersin ve Alanya bdlgelerinde diyasporitik, Islahiye-Payas,
bolgesinde demirli-diyasporitik, Zonguldak-Kokaksu bdlgesinde ise bohmitik boksit
olusumlar1 bulunmaktadir. Calisma alaninin da icerisinde yer aldig1 Toros Kusagi 6nemli boksit
olusumlarina sahiptir. Calisma alanindaki diisiik tenorlii demirli-diyasporitik boksitler,
gelecekte Seydisehir Aliminyum Tesisleri i¢in potansiyel olarak degerlendirilmektedir [17].

Sekil 2. Sagirkdy (Yalvag) ¢evresinde iiretim faaliyetinde bulunulmus bir boksit ocagindan goriiniimler
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Calisma alaninda gerceklestirilen mermer madenciligi isletmeciligi ise Akcasar, Tokmacik ve
Bagkonak koyleri ¢evresinde yogunlagmistir. Akcasar ve Tokmacik Kdyleri ¢evresinde bej
renkli kirectas1 seviyelerinden dogal tas iiretimi yapilmaktadir [18]. Dolomit seviyelerinden
dogal tas iiretimi ise Bagkonak Koyii ¢cevresinde yogunlagsmistir (Sekil 3).

Sekil 3. Bagkonak Koyii ¢evresinde (a) iiretim faaliyetinde bulunulan dogal tas ocaginin, (b) ocaktan iiretilen bir
blogun ve (c¢) Elegance Grey plakasinin goriiniimii

Bagkonak koyii ¢evresinde liretilen elegance grey ticari isimli dogal taglara yonelik yapilan 6n
teknolojik incelemelere gore plaka verme durumu ve kenar kdse kesilmesinin iyi oldugu, cila
alma yeteneginin ise ¢ok iyi oldugu, kimyasal analiz sonuglarina gére %14,31 MgO icerdigi
anlagilmaktadir. Fiziksel ve mekanik ozelliklerine gore, ortalama olarak sertliginin 3,5-4
arasinda, 0Ozgil agirhiginin 2,873+0,015; goriiniir yogunlugunun 2,813+0,007; toplam
gozenekliliginin %2,06; doluluk oraninin ise %97,94 oldugu goriilmiistiir (Tablo 2, 3, 4).

Tablo 2. Elegance Grey ticari isimli dogal tasa yonelik 6n teknolojik inceleme

Plaka verme durumu Iyi
Kenar kose kesilmesi Iyi
Cila alma yetenegi Cok iyi
Parlatma performansi (Gloss 60°) 78£5

Tablo 3. Elegance Grey ticari isimli dogal tasin kimyasal analiz (TS EN 15309) sonuglar1 (%)

CaO 39,98
MgO 14,31
Fe 03 0,05
Si0, 0,52
ALO; 0,14
Na,O 0,357
K>,0 0,007
SO; 0,079
Kizdirma Kayb1 (LOI) 43,97

Tablo 4. Elegance Grey ticari isimli dogal tasin fiziksel ve mekanik 6zellikleri
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Ozellik Standart Deney Sayis1 | Enkiigiik | En biiyiik | Ortalama
Sertlik (Mohs) TS 6809 4 - - 3,5-4,0
Ozgﬁl agirlik (g/cm?) TS 1936 8 2,859 2,889 2,873+0,015
Goriiniir yogunluk (g/cm?) TS 1936 8 2,804 2,821 2,813+0,007
Acik gozeneklilik (%) TS 1936 8 0,659 1,562 0,974+0,313
Atmosfer basincinda su emme TS 13755 8 0,234 0,557 0,346+0,112
tayini (%)
Toplam gozeneklilik (%) TS 1936 - - - 2,06
Doluluk orani1 (%) TS 699 - - - 97,94
Asinma dayanimi (Metod- TS 14157 4 7,65 9,07 8,57+0,63
B/Béhme) (cm?/50 cm?)
P-dalga hiz1 (m/s) TS 14579 6 5632 6152 58334224
Basing dayanimi1 (MPa) TS 1926 10 98,6 162,9 134,5+£21,6
Yogun yiik altinda biikiilme TS 12372 8 5,5 11,1 7,6£1,8
dayanimi (MPa)

3.2. Calisma Alanindaki Madenlerin Ocak Basi Satis Fiyatlar1

Calisma alaninda, 2021, 2022 ve 2023 yillarinda iiretim faaliyetlerine devam edilen kalker,
mermer ve boksit madenleri agisindan MAPEG tarafindan belirlenen 2023 yil1 ocak basi satis
fiyatlar1 dikkate alindiginda G6zellikle mermerlerin 6nemli bir ekonomik deger oldugu
goriilmektedir [15]. Calisma alani i¢in dogal tas ocak basi satis fiyatlart mermer genel ismi ve
Victoria bej 6zel ticari isimleri ile belirlenmistir. Birinci kalite fiyatlari ton basina mermer i¢in
4.180 TL, Victoria Bej i¢in 2.835 TL’dir (Tablo 5). Isparta ili genelinde II. grup (a) bendinde
yer alan bazalt ve kalsit disinda kalan madenler (kalker dahil) i¢in ton basina micir fiyat1 125
TL, tiivenan maden degeri 85 TL, dolgu agregasi ise 40 TL olarak belirlenmistir. Micir fiyatinin
dolgu agregasina gore daha yiiksek oldugu goriilmektedir. Tiirkiye geneli icin boksit ocak basi
satis fiyatlar1 ise AIbO3 tenér oranina gore degismektedir (Tablo 6) [19]. MTA ¢alismalarina
gore [5], calisma alaninda bulunan boksitlerin Al,O3 oram1 yaklasik olarak %34-47 arasinda
oldugundan boksitlerin ton basina ocak basi satis fiyatlarinin, 2023 yili itibartyla 350 TL olacag:
anlasilmaktadir.

Tablo 5. Calisma alani i¢in belirlenmig II. grup (b) bendi ruhsatlara ydnelik ocak basi satig fiyatlar: (TL/ton)

Ticari Isim 1.Kalite 2.Kalite 3.Kalite 4.Kalite (moloz)
Mermer 4.180,00 1.350,00 1.290,00 650,00
Victoria Bej 2.835,00 1.975,00 1.390,00 585,00
Tablo 6. Boksit madeni i¢in 2023 yil1 ocak bagi satis fiyatlar
Tendr (Al2O3) Ocak basi satis fiyati
Tenor > 60 1.150,00 TL

60 > Tenor > 55 900,00 TL

55 > Tendr > 50 700,00 TL

50 > Tendr > 40 350,00 TL

Tendr 40°dan kiigiik 300,00 TL

3.3. Ruhsat Bedeli ve Devlet Hakki A¢isindan Degerlendirme

Maden arama ruhsatlari i¢in her y1l arama ruhsat bedeli, isletme ruhsatlari i¢in ise her y1l isletme
ruhsat bedeli alinmaktadir. Calisma alanina kayitli ruhsatlar i¢in tahakkuk eden ruhsat bedelleri
incelendiginde 2021, 2022 ve 2023 yillarinda yaklasik olarak toplam 933 bin TL arama ruhsat
bedeli ve 7,1 milyon TL isletme ruhsat bedelinin tahakkuk ettigi goriilmektedir (Tablo 7).
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Arama ve isletme ruhsat bedelleri her yil bir 6nceki yila gore artis gostermistir. Arama ruhsat
bedellerinde bir 6nceki yila gore 2022 yilinda %10,5; 2023 yilinda ise %34,8 artig gdzlenmistir.
Isletme ruhsat bedellerinde ise bir &nceki yila gore 2022 yilinda %16,4; 2023 yilinda ise
%173,3’liik artis gézlenmistir.

Tablo 7. Calisma alanina kayitli ruhsatlar icin tahakkuk eden ruhsat bedelleri [20]

Ruhsat Bedeli 2021 2022 2023
Arama Ruhsat Bedeli (x bin TL) 259,64 286,85 386,58
Isletme Ruhsat Bedeli (x milyon TL) 1,33 1,55 4,23

Maden Kanunu’nda arama ve isletme ruhsat bedelleri disinda bir bagka mali yiikiimliiliikk olan
Devlet hakki ise, isletme izinli ruhsatlar i¢in her yil en az ruhsat bedeli kadar olacak sekilde
tahakkuk etmektedir. Devlet hakki hesaplanirken, madenler icin belirlenmis oranlar ve ocak
bast satis fiyatlar1 dikkate alinmaktadir. Yalvag il¢esindeki isletme ruhsatlarinda, 2021-2023
yillarinda 2,3-6,2 milyon TL arasinda Devlet hakkinin tahakkuk ettigi, bu miktarin Isparta il

geneline oranla %2-3 seviyelerinde degistigi goriilmektedir (Tablo 8). 11 geneli Devlet hakki
oranlar1 dikkate alindiginda Yalvag ilgesi oraninin oldukga diisiik kaldig1 goriilmektedir.

Tablo 8. Devlet hakki oranlar1 (x milyon TL)

2021 2022 2023
Yalvag 2.3 5.4 6,2
Isparta 96,7 151,4 270,5

4. SONUCLAR

Bu calisma kapsaminda, Isparta’nin 6nemli ilgelerinden birisi olan Yalvag ilgesinde bulunan
maden rezervleri ve madenlerde gergeklestirilen madencilik faaliyetleri arastirilmistir. Calisma
alaninda madencilik faaliyetlerinin ge¢misten giiniimiize 6nemli bir ekonomik faaliyet alani
oldugu anlasilmstir.

Calisma alaninda ge¢mis donemlerde farkli birgok madenin iiretimi yapilmasina ragmen son
yillarda boksit, mermer ve kalker isletmeciliginde yogunlasilmistir. Yiriirliikte bulunan maden
isletme izinleri agisindan degerlendirme yapildiginda, tiretimine devam edilen madenler disinda
linyit ve barit isletme izinleri bulunmaktadir. Linyit ve barit madenlerine yonelik geg¢mis
donemlerde iiretim faaliyetinde bulunulmus olup calisma alant bu madenler yoniiyle de
potansiyel bir alandir. Ayrica, ¢calisma alami1 ve c¢evresinde kil madeni isletmeciliginin yakin
gecmise kadar énemli bir faaliyet alan1 oldugu anlasilmaktadir. Ozellikle, bolgede gegmiste
kurulmus ve bugiin faaliyetlerine devam edilmeyen tugla-kiremit fabrikalart ve bu
fabrikalardan kalan ve bugiin bir kiiltlir envanteri olan bacalar da bu durumu desteklemektedir.

MAPEG tarafindan belirlenen 2023 yili ocak bas1 satis fiyatlar1 dikkate alindiginda bolgede
ozellikle dogal taslarin (ticari anlamda mermer) ekonomik olarak 6nemli bir deger oldugu
anlasilmaktadir. 2021, 2022 ve 2023 yillarinda toplam 933 bin TL’si arama ve 7,1 milyon TL’si
isletme olmak iizere yaklasik 8 milyon TL ruhsat bedeli tahakkuk etmistir.

Calisma alani, Devlet hakki miktarlarinin 2021-2023 yillarinda 2,3-6,2 milyon TL arasinda
oldugu, bu miktarinin il geneli agisindan diisiik seviyede (%2-3) kaldig1 goriilmiistiir. Bélgedeki
madencilik faaliyetlerinin gegmise oranlara daha diisiik kaldig1 degerlendirilmektedir. Bolgede
ozellikle boksit, mermer gibi madenlerin islenmesine yonelik yapilabilecek yatirimlar (tesis,
fabrika gibi) gelecekte bolgenin madenciliginin gelismesine katki saglayabilecektir.
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Abstract: Fuzzy Logic Models are practical solutions to reach a definite conclusion in data sets
with uncertain, complicated, and incomplete input data. Owing to these models, achieving the
desired outputs with very low error in large data sets obtained theoretically or experimentally
is possible. In this study, a subtractive clustering based fuzzy model approach has been
presented to analyze the ultrasonic polymer degradation. Fuzzy models include obtaining
cluster centers from the data set, preparing a fuzzy rule-based linear equation system, and
optimizing parameters for the least error. The designed fuzzy models have high accuracy and
clearly express ultrasonic degradation behavior.

Keywords: Ultrasound, Polymer Degradation, Subtractive Fuzzy Clustering, Fuzzy Inference

System, Fuzzy Modeling.

1. INTRODUCTION

According to frequency range, ultrasound has various usage areas. In the 16 kHz—1 MHz
frequency range, ultrasound can interact with the material and cause physical and chemical
changes in the relevant material. In this range, known as the sonochemistry region, ultrasound

is utilized in many physical and chemical applications [1].

Ultrasonic polymer degradation is a degradation process that occurs due to the mechanical,
chemical and thermal effects created by high-frequency sound waves on polymer chains. [2].
This process is based on the acoustic cavitation phenomenon, which is caused by microscopic
gas bubbles that form in a liquid medium and collapse rapidly. The sudden release of energy as
the bubbles collapse causes the polymer chains to break by creating excessive heat and pressure
[3]. This method has the advantages of reducing the need for chemical reactors and providing
an environmentally friendly alternative, while providing controlled degradation of polymers.
This technique, which is especially preferred in biomedical applications, plastic recycling
processes and chemical synthesis studies, stands out as a more sustainable option in cases where

the use of solvents is not required [4-5].
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Simulating reactions such as ultrasonic polymer degradation is of great importance in providing
a better understanding of the process and reducing experimental costs. While experimental
studies are often time-consuming and costly, computer-aided simulations can help determine
how polymer chains are broken down, which parameters affect the degradation rate, and
optimum operating conditions. In addition, simulations can help predict the effects on different
polymer types, preventing unnecessary trials. This provides a great advantage, especially in
polymer recycling processes critical for biomedical applications and environmental
sustainability. In addition, free radical mechanisms and acoustic cavitation effects that occur
during ultrasonic degradation can be analyzed in detail, allowing more controlled and efficient
processes to be designed [6-8]. Cluster analysis is a collection of methods for separating data
stacks whose groupings are unknown in a data set into similar subsets. Considering the distance
between each data in a large data set, collecting similar data in the same clusters, and estimating
which group the newly added data belongs to constitute cluster analysis's basis. Clustering
aggregates data, increasing process speed and allowing to evaluate data set under a more general
structure. Clustering procedures aim to determine the most suitable cluster centers to represent

the data set using the distances between the data [9-10].

Fuzzy models are solution tools for defining the relationships between input and output
variables with the help of fuzzy rules. The most important difference between fuzzy models
and other black box models (e.g., artificial neural networks, genetic algorithms) is that they
simplify system identification and allow for transparent analysis [11]. Due to the success of
usage in plenty of areas, there has been an increase in data-based fuzzy modeling studies in
recent years. Fuzzy models are mostly designed using the Fuzzy Inference System (FIS)
technique called Takagi—Sugeno—Kang (TSK) type-1 FIS. FIS is a collection of numerical
methods based on membership functions, fuzzy rules, and fuzzy thinking, divining the
relationship between input and output data [12-13]. Moreover, there is Mamdani-type FIS, in
which if-then rules are used with linguistic antecedents and consequences [14]. However, TSK
type-1 FIS is more suitable than Mamdani-type fuzzy modeling because it allows local
predictions in system control and can be used with clustering algorithms [15]. TSK type-1 FIS
rules include linguistic antecedents, but the result is obtained as a linear function of the input
variables. Therefore, the result of each rule has design dimensions as a linear function of our
design definitions. It has been shown that models using TSK type-1 FIS rules can accurately
describe complicated behavior with only a few rules, thus significantly reducing the complexity
of the system [16].
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Subtractive Fuzzy Clustering (SFC) is a fuzzy logic technique in which fuzzy rule assignment
is performed from cluster centers. Each cluster center obtained by clustering numerical data
groups is a system feature in this method. In this way, a linear equation system depending on
the input variables is constituted from the cluster centers, which correspond to the fuzzy rules.

With the use of SFC, the processing intensity is significantly reduced [17].

In this study, subtractive clustering-based fuzzy models were established using experimental
data of ultrasonic polymer degradation. Then, the accuracy of each model was tested by
performing error analyses, and the results were compared with the experimental results from
the literature to show their validity. As a result of the comparison, the success of the models is
at a satisfactory level.

2. SPECIFICATION OF CLUSTER CENTERS BY EMPLOYING THE SFC
METHOD

Clustering is a technique for finding similar groups in large data. It aims to define the system's
behavior simply by classifying large data collections. To determine the cluster numbers and
centers, a simple and effective algorithm called the Mountain Method (MM) has been
introduced [18]. The proposed method is based on generating a mesh network in the data space,
determining the grid points, and achieving the potential values of these grid points according to

their distances from the real data points.

This study used Subtractive Fuzzy Clustering (SFC), an improved version of the Mountain
Method. In the SFC method, data points are specified as potential cluster centers instead of grid
points, and the number of data points is worked up to equal the number of grid points. In this
way, calculations based on grid points are unnecessary, and the processing density is

remarkably reduced [19].

SFC is a technique that fulfills fuzzy rule assignments by automatically specifying groups of
similar data. This method acquires the most appropriate cluster centers representing the data
sets by considering the distance between the data groups. Utilizing SFC, the cluster centers are
determined according to the potential of the data points in the dataset. As a result of the potential
computation around the data points, the points with the highest potential are selected as cluster
centers. SFC algorithm is started by evaluating the distances of each data point to other data
points and calculating the potential value resulting from this process. The potential value is

usually computed with an equation similar to Gaussian function as follows:
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N i)
a

F;:Ze i=12,.. N (1)

In this procedure, || represents the Euclidean distance, while r, is a positive constant denoting

the neighborhood radius. This process selects the data point with the highest potential as the

first cluster center. The data point with the maximum P,"the potential value is designated as the

initial cluster center x,". To eliminate the impact of the first cluster center when identifying

subsequent cluster centers, the potential formula for the data points is adjusted as follows:

e

P=P-Pe i=12,...,N 2)

The squash factor, represented by #, expresses the separation between cluster centers and
ensures that they are not close to each other. This procedure continues until a sufficient number
of cluster centers are attained, as stated by the specified criterion [19].

3. DEVELOPMENT OF FUZZY MODEL BASED ON SFC

In fuzzy logic systems, fuzzy rules that include linear functions are used to connect the
antecedent and consequent parts. These rules link input and output data through IF-THEN
statements. In this research, a type-1 Takagi-Sugeno-Kang (TSK) Fuzzy Inference System
(FIS) was employed to model ultrasonic degradation data. Models based on TSK-type rules
have proven effective in accurately capturing complex behaviors with a minimal number of
rules, thereby greatly simplifying the system's complexity [20]. The structure of the FIS is

depicted in Figure 1.
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Figure 1. Fuzzy inference system architecture

As can be seen from the block diagram above, FIS consists of six main components:
Input Variables: Raw inputs are received into the system.
Fuzzification: Input variables are transformed into fuzzy sets using appropriate membership
functions.
Fuzzy Knowledge Base: This section consists of fuzzy rules in IF — THEN.
Fuzzy Inference Engine: This part generates fuzzy results by evaluating the rules. The rules'
weights are determined with AND (min) or OR (max) operators.
Defuzzifier: Since the results in Sugeno-type systems are usually described as linear functions,
a crisp output is achieved by directly computing the weighted average, unlike classical fuzzy
systems.
Output: In Sugeno type FIS the output is attained as a crisp value.
In such systems, the outputs of the rules are no longer represented by fuzzy sets but are instead
defined as linear functions. As a result, the relationships between inputs and outputs, as well as
the output functions, can be described using the following equations:

IF X is A" &X,is A &...&x;is A THEN -

y,isB&Y,isB,“ &...&y;is B

B/* =Cp+Cx +C%, +... (4)
Here, the jth input variable is denoted as x;j, and the jth output variable is represented as yj, with
k indicating the total number of rules. The linear equation system, referred to as B.*, is

formulated based on the input variables. By implementing the SFC algorithm, a specific number
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of cluster centers ( Xy, X oy, X+ ) @re determined. The input fuzzy set A" is defined using a
Gaussian membership function for the kth rule, as depicted in the following form:

4 2
‘rszXi‘X(k)*H )

yAik(x):e 1=12,...,N (5)

To identify the most appropriate FIS configuration, it is essential to calculate the Gaussian
function’s center and standard deviation values. The output of the FIS is obtained by computing

aweighted average of the outputs from each rule, similar to the centroid defuzzification method,
as illustrated below:

Zﬂi Yii
_
zﬂi
i1

Here, c represents the number of rules, j denotes the index of the data pair, and yij corresponds

Y (6)

to the linear equation. In the final stage, the coefficients of the linear equation are determined
by implementing the least squares approximation to the SFC method. The neighborhood radius
r., the squash factor #, and the parameters for deciding new cluster centers (eup and &dgown)
significantly impact the number of rules and the error values in the designed fuzzy system. The
SFC algorithm concludes by identifying the optimal parameter values for the fuzzy system and
computing the coefficients of the linear equation [19]. As a result of integrating the SFC
algorithm with the least squares method, both the equation coefficients that capture the

problem's characteristics are achieved, and a fast, high-accuracy fuzzy model is built.

4. FUZZY MODEL DESIGNS FOR ULTRASONIC POLYMER DEGRADATION

In this study, first, a single input—single output fuzzy model design illustrated in Figure 2 was
made using experimental data on ultrasonic polymer degradation from a reference [21]. 3439
experimental data pairs giving the time-dependent viscosity change were evaluated to establish

a model.

Time (ms) FUZZY Viscosity

MODELI1

Figure 2. Fuzzy model for ultrasonic polymer degradation data [21] (One input, one output)
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Out of the total 3439 experimental data pairs, 2000 were utilized for training the fuzzy model,
while 1439 were employed to confirm the model's accuracy. Root mean square error (RMSE)
was used to assess the errors associated with the training and control data pairs. To optimize
the system, the main parameters r, and » along with the cluster center criteria eyp and &down, Were
carefully analyzed. In order to determine the optimum error value in this model, the error change
depending on the r,, value of both training and control data was examined at fixed values of 7,
eup and edown parameters as depicted in Figure 3. The r, value that gives the lowest common

error value of training and control data was determined as the most suitable parameter value.

0.75

o —&— Training Data Error

070 | - Control Data Error

Viscosity Error

0.50 i Lowest Common Eror

045 L L 1 L L 1
41 4.2 4.3 4.4 4.5 46 4.7
Figure 3. Distribution of viscosity error for training and control data of ultrasonic polymer

degradation model depending on r, while 1= 0.25, eup = 0.45 and &down = 0.2

RMSE errors for both the training and control data obtained using the optimal input criteria for
the ultrasonic polymer degradation model are presented in Table 1. Additionally, this table
displays the neighborhood radius, squash factor, and input criteria values associated with the
optimal result, along with the corresponding number of rules. The time-dependent distribution
of the model output and the real experimental results at the r, radius value corresponding to the
optimum value are illustrated in Figure 4. It is seen that the fuzzy model results shown with

symbols coincide with the experimental data shown with lines.

Table 1. Rms error values together with optimum input criteria and number of rules

RSML Model Error Values && Optimum Input Criteria

RMS Train Data Control Data

Error Values 0510 0.509
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Figure 4. Comparison of polymer degradation model results with experimental data [21]

In the next stage, a fuzzy model design shown in Figure 5 was made in the form of three inputs
- one output, evaluating the experimental data of ultrasonic polymer degradation taken from
[22]. In the second fuzzy model, time, temperature and concentration were taken as inputs and

specific viscosity as output. A total of 84 data pairs were utilized in model setup.

Time (ms)

e
Specific
Concentration Viscosity
, FUZZY ,
Temperature MOD EL 2
e

Figure 5. Fuzzy model for ultrasonic polymer degradation [22] (Three inputs, one output)

Out of the data pairs collected for model setup, 50 were utilized as training data, while 34 were
employed to evaluate the model's validity. To identify the optimal parameter values for the
second model, the specific viscosity error was computed in terms of RMSE by varying the

neighborhood radius r,, while keeping the parameters #, eup and edown fixed at specific values as
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error of the training and control data were considered the most valid.

Specific Viscosity Error

Figure 6. Distribution of viscosity error for training and control data of ultrasonic polymer

0.100
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0.085 |
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0.080 - RS )

[ )
0.075

Lowest Common Error
0.070%
0.065 . . " L | . .
2.7 2.8 2.9 3.0 3.1 32 3.3 34 3.5

degradation model depending on r, while n =1, gyp = 0.5 and &gown = 0.25

Table 2 displays the RMSE errors for both the training and control data, achieved utilizing the
optimal input criteria for the ultrasonic polymer degradation model. Once again, this table
includes the most appropriate parameter values together with the corresponding them number

of fuzzy rules.

Table 2. RMS error values together with optimum input criteria and number of rules

RSML Model Error Values && Optimum Input Criteria

RMS Train Data Control Data
Error Values 0.0714 0.0715
Optimal Parameter Number
o n Eup Edown
Values and Number of of Rules
Rules 3.2 1 0.5 0.25 3

Figure 7 illustrates the changes in both model output and experimental data over time for
different temperature values . As can be clearly seen from the graph, although very few rules

were used in our second model, the model results were acquired at values very close to the

experimental data.
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Figure 7. Comparison of polymer degradation model results with experimental data [22]

5. CONCLUSION
This study applied a SFC-based fuzzy modeling approach to analyze experimental data from
two different ultrasonic polymer degradation samples available in the literature. The developed
fuzzy models obtained linear equations describing polymer degradation with fast, reliable, and
satisfactory error values. Unlike classical methods commonly used in the literature, the
proposed SFC-based fuzzy modeling approach offers significant advantages, such as
eliminating the need to determine the number of clusters before clustering and reducing system
complexity. With these features, the study addresses the uncertainty and complexity challenges
encountered in ultrasonic polymer degradation analysis, filling a gap in the literature and

providing an original contribution.

The primary contribution of the proposed method to the literature is to enhance the effectiveness
of fuzzy logic-based approaches in the analysis of experimental data and to offer a faster and
more practical alternative compared to classical methods. Additionally, it has been
demonstrated that SFC-based fuzzy modeling can better capture nonlinear relationships in the
modeling of complex physical processes, such as ultrasonic degradation, and facilitates the
interpretation of experimental data. In this context, the study highlights the potential of fuzzy
logic-based modeling methods in ultrasonic polymer degradation analysis, offering a new

perspective for researchers in this field.

For future studies, it would be beneficial to comprehensively examine the performance of the

proposed method under different polymer types, ultrasonic frequencies, and various
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experimental conditions. Furthermore, to improve the accuracy and generalization capability of
the fuzzy modeling method, the development of hybrid approaches (e.g., integrating fuzzy logic
with artificial neural networks or machine learning algorithms) is recommended. To evaluate
the method's applicability in real-time applications, testing it on larger datasets and different
sensor data is also crucial. Additionally, using advanced optimization techniques, such as
genetic algorithms, particle swarm optimization, or differential evolution, for optimizing fuzzy
modeling parameters could further enhance the method's performance. Finally, investigating
the applicability of the proposed method in different engineering applications (e.g., material
fatigue analysis, ultrasonic non-destructive testing methods, and quality control processes of
polymeric materials) would strengthen its position in the literature and expand its application
areas. Studies conducted in line with these suggestions are expected to contribute significantly

to the theoretical and practical development of fuzzy logic-based modeling methods.
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