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dallarinda; kuramsal ve uygulamali arastirma ile
tarama niteliklerinde makaleler yayimlamay:
amaglayan disiplinler arasi ve hakemli bir
dergidir. Dergi, belirtilen miithendislik
branslarinda hizla gelisen alanlarina iliskin
calismalar1 ulastirmay1 amag¢lamaktadir.

Eskisehir Osmangazi Universitesi Miithendislik
Mimarlik Fakiltesi Dergisi ilk olarak 1986
yilinda “Anadolu Universitesi Miihendislik
Mimarlik Faktltesi Dergisi” olarak yayin
hayatina baslamistir. 1993 ve 2005 yillarinda
yapilan isim degisiklikleri sonrasinda,
tiniversitemiz adinin "Eskisehir Osmangazi
Universitesi" olmasi nedeniyle derginin adi da
“Eskisehir Osmangazi Universitesi Miihendislik
ve Mimarlik Fakiltesi Dergisi” (ISSN: 1301-
045x) haline gelmistir.

Dergi yilda 2 say1 olarak yayimlanmis olup 2012
y1li sonunda yayin hayatina ara vermistir.

2018 yilindan itibaren e-Dergi olarak yayin
hayatina tekrar baglamistir.

Dergi hakkinda ayrintili bilgiler
https://dergipark.org.tr/tr/pub/ogummf
web sayfasinda verilmistir.

Eskisehir Osmangazi Universitesi Miihendislik
Mimarhk Fakiiltesi Dergisi yilda 3 say1 olarak
yayimlanmaktadir.

Bu sayilara ek olarak Editérler Kurulu'nun
karariyla, fakiiltemiz  boliimleri tarafinda
yiriitillen bir kongrede sunulan bildiriler “Ozel
Say1” olarak yayimlanabilmektedir.
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The Journal of Engineering and Architecture
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multidisciplinary and peer-reviewed journal in
engineering. The journal is not limited to a
particular aspect of science and engineering, but
is instead devoted to a wide range of areas in
engineering. The journal aims to publish high
quality papers in the areas of:
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Software Engineering

This journal publishes original theoretical and
empirical research papers as well as review
papers and case studies related to these areas of
engineering. High quality submissions are
welcome from academics, researchers, and
practitioners.

The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University was
first launched in 1986. After the name of the
journal changed in both 1993 and 2005,
consequently, the name is "The Journal of
Engineering and Architecture Faculty of
Eskisehir Osmangazi University” (ISSN: 1301-
045x). The journal was published as 2 issues per
year until the end of 2012, then publication of
the journal is suspended between 2012-2017.

It has resumed its publication life as an online
journal in 2018.

Additional information for the journal is given at
web page :
https://dergipark.org.tr/tr/pub/ogummf

The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University is
published as 3 issues per year.

In addition to the regular issues, proceedings of
the conferences which are organized by our
university are published as special issues
depending upon the decision of the Editorial
Board.
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Anahtar Kelimeler 0z

Anomali Tespiti Bu calismada, telekom sektériindeki satis kanallarinda ortaya ¢ikan anomalilerin tespitine
Suistimal Onleme ve suistimal olabilecek durumlarin engellenmesine ydnelik istatistiksel bir yéntem
Biiytik Veri Analizi gelistirilmigtir. Yéntemin gelistirilmesi ve test edilmesi stirecinde 371 farkli satis kanalina
Giivenlik Yonetimi ait 9 aylik tiim satis bilgileriyle 340 binden fazla gergek veri noktast kullanilmistir. Anomali
Risk Yénetimi tespitinde en ¢ok karsilasilan engellerden biri yéntemin anomali olarak isaretledigi

noktalarin gercekten anomali olup olmadiginin teyit edilmesindeki zorluktur. Her bir
kanalin kendi kontrol grubunu olusturdugu bu ¢alismada ise yéntemin anomali olarak
isaretledigi noktalarin gercekten bir anomali olup olmadigi ilgili is birimi tarafindan
degerlendirilmis ve teyit edilmistir. Her bir satis kanali icin giinliik giiven araliklart ayri ayri
hesaplanmis ve bu araligin disina ¢ikan durumlara hizli tepki veren bir yéntem kullanilarak
olast suistimallerin éniine gecilmistir. Elde edilen bulgular, onerilen yéntemin anomali
tespitinde bagsarili oldugunu ve satis stireclerindeki potansiyel suistimallerin 6niine gectigini
ve dolayisiyla miisteri memnuniyetini artirdigini géstermektedir. Gelistirilen yéntem yiiksek
performans ve dlgeklenebilirligi saglamak icin ¢oklu mimari yapisinda uygulamaya
alinmistir. Gelistirilen yontem ve uygulama, giivenlik ve veri biitiinliigii konularinda da
énemli avantajlar sunmaktadir. fgili is birimlerinin hizli ve etkili kararlar alabilmesi,
organizasyonun genel risk yénetimi stratejisine biiyiik katki saglamaktadir. Bu sayede,
potansiyel tehditler zamaninda tespit edilerek isletmenin giivenlik standartlart korunmakta
ve stirdiirtilebilir bir operasyonel cevre yaratilmaktadir. Ayrica, projenin teknik yapisi
anomali tespit sisteminin stirekli iyilestirilmesi hem yazilimin performansini artiracak hem
de daha ileri diizeyde veri analizi imkani sunacaktir. Sonuglar, telekom sirketlerinin
stratejik karar alma siireglerine onemli katkilarda bulunarak rekabet avantaji
saglamalarina yardimci olmaktadir.

ANOMALY DETECTION AND FRAUD PREVENTION: AN APPLICATION IN

TELECOMMUNICATIONS
Keywords Abstract
Anomaly Detection This study develops statistical methods to detect anomalies in telecom sales channels to
Fraud Prevention prevent potential misuse. Over 340,000 data points spanning 9 months from 371 different
Big Data Analytics sales channels were utilized during the development and testing of the proposed method.
Security Management One of the major challenges in anomaly detection is confirming whether the flagged points
Risk Management are indeed anomalies. In this study, each sales channel served as its control group, and the

points marked as anomalies by the method are evaluated and validated by the relevant
business unit. For each sales channel, daily confidence intervals are calculated separately,
and a method providing rapid response is used to prevent potential misuse for cases falling
outside these intervals. Findings demonstrate that the proposed method successfully
identifies anomalies and prevents potential misuse in sales processes, thus enhancing
customer satisfaction. The method is implemented within a multi-architecture structure to
ensure high performance and scalability. Additionally, the method and its application offer
significant advantages in security and data integrity, enabling quick and effective decision-
making by relevant business units, contributing substantially to the organization's overall
risk management strategy. This proactive approach safeguards security standards and
creates a sustainable operational environment by timely detecting potential threats.
Furthermore, the technical structure of the project supports continuous improvement of the
anomaly detection system, enhancing software performance and enabling more advanced
data analysis. These results provide valuable insights into strategic decision-making for
telecom companies, supporting a competitive advantage.
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1. Giris

Bu c¢alismada Tiirkiye'nin lider telekomiinikasyon
sirketinin 9 aylik 344.232 satis verisi kullanilarak
market satis kanallarinda olusan anomalileri tespit
etmek ve olas1 suistimalleri engellemek iizere bir
yontem onerilmigtir. Onerilen yontemin tespit ettigi
anomaliler is birimi tarafindan teyit edilmesi ile
alanyazinda bir fark katmaktadir. Ayrica her bir satis
kanalinin ayri1 ayr1 degerlendirildigi, kendi kontrol
grubunu  olusturdugu  ydntem  canli  olarak
uygulanmasiyla da bir fark olusturmaktadir. Sirketin
farkli satis kanallar1 bulunmakla birlikte, bu ¢alismada
ozellikle market satis kanallari lizerine odaklanilmistir.
Market kanali, her bir market zincirinin ayri1 bir kanal,
her bir satis noktasinin ise alt kanal olarak
degerlendirildigi bir yapiya sahiptir. Her bir alt kanal,
fiziksel bir POS cihazinda gergeklestirilen islemleri
ifade etmektedir. Bu islemler, TL ytlikleme veya paket
satis1 olarak iki ana gruba ayrilmaktadir.

Calisma temel olarak anomalilerin tespiti olsa da tespit
edilen anomalinin bir suistimal olup olmadig is birimi
tarafindan degerlendirilmektedir. Bununla birlikte
yontemin canli uygulamasi anomali diizeyine gore satis
kanalin1 (suistimal degerlendirmesi tamamlanana
kadar) gecici olarak kapatmaya olanak saglamaktadir.
Bu sayede Onerilen yontem anomali tespitinin 6tesinde
suistimal engelleme yontemi olarak da
degerlendirilebilir. Dolayisiyla ¢alismamiz hem anomali
tespiti hem de suistimal tespiti ve engellenmesi
alanyazinina katki saglamaktadir.

Market kanallarinda yapilan satislarda kullanilan POS
cihazlar farkli zamanlarda, farkl treticiler tarafindan
farkli teknoloji seviyelerinde {retilmislerdir. Bu
sebeple cihazlarda (alt kanallarda) olan satis
secenekleri farklilk  gosterebilmektedir.  Giincel
olmayan bir satis secenegi bazi alt kanallarda -aktif
secenekler arasinda  goriinmemesine  ragmen,
kullanilmaya devam edebilmektedir. Bdyle bir
yanlishigin stirekli olarak kullanilmasi suistimal olarak
degerlendirilmektedir. Ozellikle paket iceriklerinin ve
fiyatlarinin siklikla gilincellendigi yiiksek enflasyon
donemlerinde  bu  farkhiliklar  firmay1r zarara
ugratmaktadir. Firma, belli cografi bolgelere o6zgi
stireli kampanyalar da dnermektedir. Bu segeneklerin
siklikla baska cografi bolgelerde ve siiresi disinda
kullanimi da suistimal olarak degerlendirilmektedir.

Suistimal ya da anomali olarak degerlendirilebilecek
durumlar, gercgeklestirilen islem sayisi veya islemin
toplam bedeli tizerinden hesaplanmaktadir. Satis
adedinde olagandisi ytliksek degerler aktif olmayan bir
secenegin kullanilmasini isaret edebilir. Bunun yani
sira, bazi alt kanallarin satis adedi veya miktarindaki
asir1 dalgalanmalar dikkat ¢ekmistir. Asir1 dalgalanma
olan alt kanallar i¢in diisiik degerler satis kaybi, yiiksek
degerler ise suistimal ihtimali olarak
degerlendirilebilir. Bu gibi kanallarin ¢ok yiiksek ya da
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diisik satis performanslar1 detayli bir sekilde
incelenmistir.

Dolandiricilik  veya susitimal tespiti, alanyazinda
siklikla incelenen ve gelismis yontemlerin uygulandig
bir arastirma alanidir. Ozellikle bankacilik ve e-ticaret
gibi  sektorlerde yapilan c¢alismalar, genellikle
bireylerin finansal davranislarinin analizi {izerine
odaklanmaktadir. Ornegin, kredi karti dolandiriciligs
tespiti bu alanda en sik karsilagilan konulardan biridir.
Bu c¢alismalarda, bir kredi kart1 sahibinin veya bireyin
aligveris aliskanliklar1 incelenir ve bu Kisinin farkl
kanallardan yaptig1 alisverislerin anormal olup
olmadig1 tespit edilmeye c¢alisilir. Alisveris yapan
kisinin, kredi kartin1 farkli cografi bolgelerde, kisa stire
icinde birden fazla kez kullanmasi veya alisveris
miktarlarinda ani bir artis gibi durumlar, potansiyel bir
dolandiricilik vakasi olarak degerlendirilir. Dolayisiyla
bu tarz calismalarda odak noktasi, Kisinin finansal
davranislar1 ve bu davranislarin normal kaliplarin
disina ¢ikip ¢cikmadigidir.

Bizim calismamiz ise alanyazinda sik¢a karsilasilan
birey odakli dolandiricilik tespiti yaklasimlarindan
ayrilmaktadir. Bu ¢alismada, odak noktamiz alisveris
yapan Kkisiler degil, bireylere satis yapan kanallarin
davraniglaridir. Yani, kredi karti veya birey lzerinden
bir anomali tahmini yapmak yerine, satis yapan market
kanallarinin satis davranislarinin normal dis1 bir
durum gosterip gostermedigini analiz ediyoruz.
Ozellikle telekomiinikasyon sektdriine &zgii bu
calismada, sirketin market kanallar1 iizerinden yapilan
TL yiikleme ve paket satislarina odaklanilmaktadir.
Burada her bir market kanalj, ¢esitli alt kanallar altinda
organize edilmis olup, bu alt kanallar fiziksel POS
cihazlar1 tlizerinden islem yapmaktadir. Calismanin
amaci, belirli bir alt kanalin satis davranisinda normal
disi, yani anormal bir durum olup olmadigini tespit
etmektir.

Dolayisiyla, alanyazindaki dolandiriciik  tespiti
calismalarindan farkli olarak, biz bireysel miisteri
hareketlerinden ziyade, satislarin gergeklestirildigi
market zincirlerinin ve bu zincirlere bagh alt kanallarin
davranis kaliplarini analiz ediyoruz. Kanallarin satis
adetleri, islem zamanlari, kampanya kullanim sekilleri
ve cografi dagilimlar incelenerek, suistimal veya
anomali tegkil edebilecek durumlar tespit edilmeye
calisilmaktadir. Ayrica, bazi alt kanallarin satis
rakamlarinda gozlemlenen asir1 dalgalanmalar da
incelenmis olup, bu tiir davramslarin normalden
sapmalarinin nedenleri arastirilmigtir.

Ozetle problem tammmimiz her bir satis kanalinin
giinliik satis performansini kendi ge¢mis performansi
ile karsilastirarak olagan dis1 diisiik veya yiiksek
degerleri tespit etmek lizerine kurgulanmistir.
Olagandisi diisiik degerler potansiyel satis kaybi olarak
degerlendirilmekte ve ilgili birime yonlendirilmektedir.
Olagandis1 yiiksek satislar ise anomali olarak
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degerlendirilmektedir. Her bir alt kanal icin anomali
olarak degerlendirilebilecek limitler belirlenmekte ve
bu limitler disindaki satislara miisade edilmemekte
veya bu satis trendleri ilgili birimlerce detayl
incelenmektedir. Telekomiinikasyon sektoriinde
karsilasilan suistimal risklerini daha genis bir
baglamda ele alarak, satis kanallarindaki anomalilerin
erken tespiti i¢in bir yontem onerilmektedir.

Makale, bilimsel yazin taramasinin ikinci béliimde
verilmesi ile devam etmektedir. Ugiincii béliimde
veriler hakkinda detaylar paylasilmistir. Dérdiincii
bolimde kullanilan ydntemler verilmektedir. Calisma
sonunda oOnerilen yontemlerin uygulama detaylari
besinci bolimde paylasilmistir. Son olarak makale
tartisma ve sonug boliimleri ile tamamlanmistir.

2. Bilimsel Yazin Taramasi

Makalenin bu kisminda alanyazindaki ilgili calismalar
paylasilmistir. Calismanin konusu alanyazinda iki temel
alana dayanmaktadir. Bunlar dolandiricilik tespiti ve
O6nlenmesi ve anomali tespiti olarak ifade edilebilir.
Dolandiricilik tespiti ve dnlenmesi alanlar: 6zellikle e-
ticaret'in gelismesi ile olduk¢a ilgi géren bir alan
olmustur.

Rodrigues, Policarpo, Silveira, Righi, Costa, Barbosa,
Antunes, Scorsatto ve Arcot (2022), e-ticarette
dolandiricilik tespiti ve 6nlenmesi lizerine yazilmis 64
makaleyi inceleyen bir yazin taramasi
gerceklestirmislerdir. Dolandiriciligin  6zellikle kredi
kart1 kullanimi ve ¢evrimici 6demeler baglaminda daha
belirgin hale geldigi vurgulanmaktadir. Ancak, e-ticaret
icin dolandiricilig1 6nleme stratejilerine dair literatiirde
o6nemli bir eksiklik bulunduguna da dikkat
cekmektedir. Bu alanda Cok Katmanl Algilayic1 (Multi-
Layer Perceptron) ve En Yakin Komsu (K-Nearest
Neighbors) gibi algoritmalar 6ne g¢ikarken, e-ticaret
sistemlerinde otomatik bot tespiti stratejilerinin
yeterince ele alinmadig1 da belirtilmektedir.

Ote yandan anomali tespiti konusunda da uzun yillara
yayllan bir alanyazin bulunmaktadir. Bu konudaki
calismalarin alt kolu olarak zaman serileri lizerinde
anomali tespiti konusunda Blazquez-Garcia, Conde,
Mori ve Lozano (2021) bir 6zet ve tarama calismasi
yayimlamislardir. Yaptigimiz ¢alisma Blazquez-Garcia
ve dig’nin (2021) c¢alismasi aykir1 deger tespit
teknigini karakterize eden temel unsurlara dayali bir
siniflandirma sunmaktadir. Biz de g¢alismamizin
detaylarini  bu  simiflandirmayr da  kullanarak
paylasacagiz.

Aykir1 deger “diger gozlemlerden olan farkinin
yuksekligi baska bir mekanizma tarafindan tretildigi
sliphesini uyandiran deger” olarak tanimlanabilir
(Hawkins, 1980). Aykir1 degerler beklenen davranisi
izlemeyen gozlemler olarak diisiiniilebilir. Bu tanimla
ashinda iki tiir aykir1 deger 6n plana c¢ikmaktadir.
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Istenmeyen (hatall) veri ve ilgilenilen (anomali
olusturan) veri. Istenmeyen veri, veri kiimesinin
kirliligine bagh aykir1 degerlerdir. Sensoérlerden
gelmesi gereken ancak hatali gelen veriler, bir satis
verisindeki negatif degerler hatali verilere 6rnek
gosterilebilir. Bu grupta tespit edilen aykir1 degerler
genellikle temizlenir ve kullanilmaz. Ote yandan bu
calismay ilgilendiren asil konusunu olusturan aykiri
degerler ikinci gruptadir.  ikinci gruptaki aykir
degerlerin tespiti ve incelenmesi anomali tespiti olarak
ifade edilebilir. Dolandiricilik tespiti buna bir 6rnektir,
¢linkl ana amag aykir1 degerin kendisini tespit etmek
ve analiz etmektir.

Xu, Liu ve Yao (2019) yayimladiklar1 tarama
¢alismasinda anomali tespiti konusundaki zorluklara
dikkat ¢ekmislerdir. Yiiksek boyutlu ve karma veri
tirlerinde geleneksel mesafe Olgiitlerinin yetersiz
kaldigini, komsu temelli yontemler i¢in ise dogru
komsu sayisinin belirlemenin kritik oldugunu ifade
etmektedir. Ayrica, nadir goriilen anomaliler i¢cin dogru
tespit performansini degerlendirmek de biiyiik bir
zorluktur. Bunun en temel sebebi yontem tarafindan
anomali olarak ifade edilen verinin gercekten (baska
bir mekanizma tarafindan {iretilen) anomali olup
olmadiginin tespitinin zorlugudur.

Anomaliler genellikle nadir oldugundan ve gercek
verilerde dogrulama verisi ¢cogu zaman
bulunmadigindan, tespit performansim1 etkili ve
kapsamli bir sekilde degerlendirmek de onemli bir
zorluktur. Bizim ¢alismamizda ise alanyazindan farkl
olarak yontemler tarafindan anomali-aykir1 deger
olarak Onerilen verinin gercekten bir anomali
olusturup  olusturmadigt is birimi tarafindan
denetlenmis ve teyit edilmistir.

Calismamizda verileri bir zaman serisine c¢evirerek
analiz ettik. Zaman serilerinde aykir1 deger tespiti
verinin seri seklinde ifade edilmesinden o6tiirii genel
yontemlere gore farklihk gostermektedir. Blazquez-
Garcia ve dig. (2021) tarafindan ifade edilen
taksonomiye gore aykir1 deger tespiti girdi verisine
gore tek degiskenli ya da ¢ok degiskenli olabilir. Bizim
¢alismamiz ¢ok degiskenli zaman serisi kullanmaktadir.
Cok degiskenli zaman serilerinde anomali tespit
yontemlerinden birisi zaman serilerini ayirip tek
degiskenli olarak degerlendirmek ve her birinde bir
anomali tespit etmektir. Yine ayni taksonomide aykiri
degeri noktasal (tek bir deger) veya alt-seri olarak
tespit eden yontemler olarak ayirabiliriz. Bizim
¢alismamizda oOnerdigimiz ydntem noktasal aykiri
deger tespit etmek iizere kurgulanmis olsa da, seri
halinde olusan aykir1 degerleri de kismen tespit
edilebilmektedir.

Aykir degeri beklenenden anlamli derecede farkl bir
deger olarak tanimladigimizda zaman serisilerindeki
analiz aslinda bir beklenen deger aralig1 hesaplamaya
ve bir sonraki degerin bu aralikta olup olmadiginin
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veya beklenen degere uzaklifinin tespiti olarak
Ozetlenebilir. Beklenen degere olan uzaklik
disiiniildiiglinde anomali tespiti bir tahminleme
problemine déniismektedir.

Cok degiskenli zaman serilerinde anomali tespiti
konusunda Zhou, Qin, Xu, Sadig, ve Yu (2018) deniz
tabani gozlem verilerini incelemislerdir. ARIMA modeli
gelistirilerek  kayar pencere kullanimiyla veri
kalitesi(anomali) kontrolii yapilmistir. Ayrica, veri
kalitesi sonuglarini ve isleme stirecini tanimlamak igin
bir Kkalite kontrol sistemi Onerilmistir. Yine bu
calismada standart Kkalite kontrol yontemleri ile
beklenen degerden 2 veya 3 standart sapma uzaklikta
olan degerler anomali olarak ifade edilmistir.

Bizim ¢alismamizda Zhou ve dig. (2018) ¢alismasina
benzer sekilde ¢ok degiskenli veri seti olusturulmus,
tek degiskenli seriler ayr1 ayri incelenmis, beklenenden
sapma miktari yiiksek olan degerler uzman gorist ile
degerlendirilmistir.

Munir, Siddiqui, Dengel, ve Ahmed (2019) 6nerdikleri
DeepAnT yaklasiminda da benzer bir yaklasim
uygulamaktadir. Bir zaman serisi tahmin modulg,
belirlenen ufuktaki bir sonraki zaman damgasini
tahmin etmek icin yapay oOgrenme yontemlerini
kullanir. Zaman serisinden bir pencereyi girdi olarak
alan bu modiil, bir sonraki zamandaki beklenen degeri
tahmin etmeye c¢alisir. Tahmin edilen deger, normal
veya anormal olarak isaretlenmek iizere anomali tespit
modiiliine iletilir. Bizim ¢alismamizda da buna benzer
bir tahmin / isaret yontemi kullanilmakla birlikte,
tahmin ve isaretleme ydntemlerinin istatistik temelli
olusu ve anomali olarak isaretlenen noktalar1 uzman
gorisic ile teyit edilmesi yoniinden farklihik
gostermektedir.

3. Verive Yontem

Bu calismada gercek bir telekomiinikasyon firmasinin,
01.11.2021 ile 31.07.2022 tarihleri arasindaki 273 is
giiniine ait veriler kullanilmistir. Veriler sadece market
kanali ile yapilan satislarn icermektedir. Toplam 6
market grubu bulunmaktadir. Her bir market grubu bir
satis ana kanal olarak adlandirilmaktadir. Bazi market
gruplarima ait her bir fiziksel market veya biiytk
marketler i¢in her bir fiziksel POS cihazinin verileri ayri
ayr1 islenmektedir. Bu tip durumlar ile 6 ana satis
kanalina bagli 371 adet alt kanal igin veriler
bulunmaktadir. Bu c¢alisma kapsaminda her bir en
detayli POS cihazi bir kanal olarak ifade edilmektedir.
Tim kanallarda toplam 344.232 adet islem
bulunmaktadir. Ancak, bazi ana kanallar i¢in alt kanal
bilgisi mevcut degildir. Bunun nedeni, satis islemlerinin
gerceklestirildigi POS cihazlarinin firmaya degil, satis
kanalina ait olmasidir. Dolayisiyla, her kanal igin
cografi detaylara ulasmak miimkiin olmamistir. Eldeki
veride her bir islem icin ayr1 bir satir bulunmaktadir.
Her bir satirda islem yapilan telefon numarasi, ana
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kanal / alt kanal bilgileri/ satin alinan paket kodlar1 ve
o0denen bedelleri, islemin yapildig1 tarih ve saniye
bazinda zamani, 6édeme araci (nakit / kredi kart1) ve
islemin  ger¢eklesme  durumu  bulunmaktadir.
Calismada telefon numarast bilgileri maskelenmis
oldugundan hi¢ bir kisisel veri kullanilmamistir. Bu
calismada arastirma ve yayin etigine uyulmustur.

Yontem kismi verilerin temizleme ve diizenlemesi ile
baslamis ve yapilan 6n analizlerle verinin haftalik,
aylik, giinliik (saatlere bagl) bir trend veya sezonsallik
gosterip gostermedigi incelenmistir. Sonrasinda klasik
zaman serisi analizi i¢in iki performans metrigi
tanimlanmistir. Bu metrikler i¢in gliven araligi
hesaplanmis ve klasik bir yaklasim ile giiven araliginin
disindaki noktalar anomali olarak isaretlenlenmistir.
Bunlara ek olarak satis verisinin dinamik ve volatil
yapisina uygun iki ek performans metrigi
tanimlanmistir. Bu performans metriklerinin stipheli
derecede yliksek seyrettigi durumlar da anomali olarak
isaretlenmistir. Ozetle yéntemimiz klasik zaman serisi
tahmin ve giiven aralifina ek olarak volatilite iizerine
istatistiksel yontemler kullanan hibrit bir ydntemdir.
Calismanin bu bélimiinde veri ve yontemin detaylari
verilmistir.

3.1 Veri Temizleme ve Diizenleme

Calismamizda her alt kanalin satislari, birbirinden
bagimsiz cografi bolgelerde gerceklesen islemler olarak
ele alinmistir. Bu sayede, cografi faktorlerin ve bolgesel
pazar farkliliklarinin satis verilerine olan etkilerini
daha iyi izleyebilmek miimkiin hale gelmistir. Alt
kanallarin cografi olarak ayrilmasi, analiz slirecinde her
bir kanalin kendine 6zgii pazar dinamiklerini anlamaya
yonelik daha spesifik bulgular ortaya koymamiza
olanak tanimistir. Boylece, bolgesel pazarlar arasindaki
farklar1 goz oniinde bulundurarak anomalilerin daha
tutarlh bir sekilde tespit edilmesi amaglanmistir.
Calismanin smirlar1 dahilinde, ayn1 cografi bolgede
veya birbirine fiziksel olarak yakin konumlanan
marketlerin satis iliskileri g6z ardi edilmistir. Bu
varsayim, marketlerin satislarinin birbirinden bagimsiz
olarak  degerlendirilecegi  bir analiz  ydntemi
benimsenmesine dayanmaktadir. Marketlerin fiziksel
yakinlig1 dolayisiyla olusabilecek ortak miisteri kitlesi
veya pazar dinamikleri géz Oniline alinmamis, bu
marketler bagimsiz birimler olarak ele alinmistir. Bu
tercih, analiz siirecinde her bir alt kanalin bireysel
performansini ve potansiyel anomali gostergelerini
izlemeye yonelik bir yaklasim benimsenmesini
saglamistir.

Yapilan ¢alismanin temel amaglarindan birisi tespit
edilen anomalinin bir suistimale isaret edip
etmedigidir. Dolayisiyla suistimale isaret etmesi
mimkiin olmayan anomaliler kismen daha 6nemsiz
olarak degerlendirilebilir. Calisma kapsamindaki 273 is
giiniinlin en fazla 30 isgiiniinde aktif olarak veri olan
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kanallar diisiik hacimli olarak degerlendirilmistir.
Diistik islem hacmine sahip alt kanallarin, anlaml bir
analiz  yapilabilmesi i¢in gerekli yeterli veri
saglamadigindan belirli bir islem esiginin altinda kalan
alt kanallar, suistimal potansiyeli bakimindan
degerlendirilmemis ve analizden ¢ikarilmistir. S6z
konusu kanallarda yeterli satis yogunlugu olmadig:
icin, bu alanlarda gerceklesebilecek anormal satis
faaliyetlerini  belirlemek ve izlemek mimkiin
olmayacaktir. Bu adim, analiz sonucunun daha
givenilir ve saglikli bir veri tabanina dayanmasini
saglayarak, dikkatlerin sadece anlamli veri setlerine
odaklanmasini mimkiin kilmaktadir.

Satis islemleri sirasinda bireysel veya sistemsel
nedenlerle islem red veya iptal edilebilmektedir. Boyle
durumlarda aym islem tekrar edilebilmektedir.
Calismamizda toplam islem adedi ve bedeli
hesaplanirken red veya iptal islemleri analiz disi
birakilmistir. Bunun nedeni, gerceklesmeyen islemlerin
anomalileri veya suistimal faaliyetlerini belirlemede
yaniltici olabilecegi diistincesidir. Ger¢eklesen islemler,
analiz silirecinde anlamli sonuglar elde edilmesini
saglar ¢iinkii her bir islem dogrudan sonuca ulasmis ve
kanalin islem hacmine katkida bulunmustur. Bu veri
seti lizerinden yapilan degerlendirme, gercek satis
aktivitelerinin izlenmesini kolaylastirarak anomalileri
daha giivenilir bir sekilde belirlemeye olanak tanir.

Calismada, her alt kanalin giinlik bazda
gerceklestirdigi satis adedi ve bu satislarin toplam
bedeli analiz edilmistir. Bu 6zet veriler, her alt kanalin
giinlik performansini izlemek ve olast anomali
durumlarint  tespit etmek  acgisindan  temel
olusturmustur. Satis adedi ve bedel verileri, kanallarin
hem hacim hem de finansal anlamda ne diizeyde bir
islem yogunluguna sahip oldugunu gézlemlemek icin
kullanmilmistir. Ayrica, satislarin zaman igerisindeki
dagiliminin izlenmesi, donemsel veya ani degisimlerin
tespitine olanak saglayarak olas1 suistimalleri daha
belirgin hale getirmektedir.

Analizde kullanilan veriler, bir zaman serisi yaklasimi
ile degerlendirilmistir. Zaman serisi analizi, satislardaki
donemsel trendlerin, anomalilerin ve sapmalarin
izlenmesini saglar. Zaman igerisindeki satis hacmindeki
olagan dis1 degisiklikler, 6zellikle belirli dénemlerde
meydana gelen ani yiikselisler veya diisisler,
dolandiricilik potansiyelini ortaya ¢ikarabilir. Bu tiir
zaman serisi analizleri, her bir alt kanalin uzun vadeli
performansini degerlendirerek, kanallara 6zgii olagan
dis1 davranislari ortaya ¢ikarmak agisindan énemlidir.

Anomali tespit slirecinde sadece temel satis verilerini
kullanmak yeterli olmadigindan, ek 6zellikler iireterek
verinin daha  derinlemesine analiz  edilmesi
hedeflenmistir. Bu baglamda hem temel 6zellikler hem
de iretilmis 6zellikler kullanilarak daha kapsamh bir
analiz yapilmistir.
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Anomalinin ne oldugu konusu, mevcut alanyazinda
belirsizligini  koruyan bir  konudur. = Anomali
tanimlamalari, sektér ve baglama gore degisiklik
gosterebilmekte, bu da tespit siirecinde birtakim
zorluklara yol ag¢gmaktadir. Bir satis kanalinda
anomalinin ne zaman meydana geldigini belirlemek zor
olabilir, ¢linkii anormallikler her zaman agikca
goriilmeyebilir ve cesitli faktoérlerden etkilenebilir.
Yanlis bir tespit, firmanin yanhs kararlar almasina ve
dolayisiyla mali kayiplara neden olabilir. Bu tiir hatalar,
operasyonel slireglerin verimsizligi ile
sonuglanabilecegi gibi, firmaya miisteri memnuniyeti
ve itibar kaybi da yasatabilir.

Finansal verilerdeki diisiik sinyal-giiriiltii orani,
anomalileri  tespit etme siirecini daha da
zorlastirmaktadir. Veriler cogunlukla biiyiik bir girtltii
icerir ve normal islemlerle anomaliler arasindaki fark
oldukga belirsiz olabilir. Sinyal-giirtlti oraninin disiik
oldugu durumlarda, normal islemlerden sapmalari
ayirt etmek icin kullanilan yontemlerin yiiksek
dogrulukta olmasi gerekmektedir. Bu nedenle, sadece
anomalilerin tanimlanmas1 degil, bu anomalilerin
dogru bir sekilde tespit edilmesi ve dogru
siniflandirilmasi da biiyiik 6nem tasimaktadir.

Anomalilerin tespiti kadar, bir suistimal vakasi
oldugunda bu durumu 6nlemek de biiyiikk 6nem tasir.
Sadece gecmis verilere bakarak bir suistimalin tespiti,
siirecin tamamlanmis kismin1 temsil eder; ancak
suistimalin Oonlenmesi, firmanin gelecekte
karsilasabilecegi kayiplar1 minimize etmek i¢in kritik
bir adimdir. Bu nedenle, potansiyel suistimal
durumlarinin hizli bir sekilde fark edilmesi ve gerekli
onlemlerin alinmasi1 i¢in dinamik ve adaptif bir
yaklasim benimsenmelidir.

Anomali tanimy, sektorlerdeki veri ¢esitliligi ve dinamik
yapilar nedeniyle her zaman agik ve net bir bicimde
yapillamamaktadir. Anomali ile normal durumlar
arasindaki sinirlar bulanik olabilir ve literattirdeki bu
muglaklik nedeniyle denetimli (supervised) 6grenme
yontemleri yerine denetimsiz (unsupervised) 6grenme
yontemlerinin kullanilmasi tercih edilmistir.
Denetimsiz 6grenme yontemleri, bir etiketleme ihtiyaci
olmadan anormal oriintileri tespit edebilmek igin
kullanilabilir.  Bu  yontemler, verinin  yapisal
ozelliklerini inceleyerek normal davranislarin disina
¢ikan durumlar yakalayabilmek ac¢isindan etkili
olmustur. Ozellikle bilinmeyen veya 6ngorillemeyen
suistimal vakalarim1 tanimlamak i¢in denetimsiz
algoritmalarin kullanilmasi, firmanin dinamik yapisina
uyum saglamakta ve sistemdeki anomalik davranislar
daha dogru bir sekilde tespit etmektedir.

Biz de bu ¢alismamizda her bir kanali kendi kontrol
grubunu olusturacak sekilde giinliik satis adedinin veya
toplam bedelin beklenenden anlaml derecede sapmasi
veya takip eden giinler icinde satislarin volatilitesinin
yliksek olmas1 olarak ifade ettik. Bu anlamda
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kullandigimiz tanim ve metrikler sunlardir. Anomali
tespiti icin ilk olarak kullanilan temel 6zellikler, her bir
kanalin giinlik satis performansini o6lgmek igin
kullanilmistir:

Gunlik Satis Adedi: Her giin yapilan toplam
gerceklesmis satis adedidir. Bu veri, islem hacminin
o6nemli bir gostergesidir.

Giinliik Satis Bedeli: Giinliik gergeklestirilen satiglarin
toplam parasal degerini ifade eder. Kanalin finansal
performansini degerlendirmede kullanilir. Giinliik satis
adedi ve giinliik satis bedelinin ayr1 ayri ele alinmasinin
sebebi ise ayni kanalda stirekli olarak yiiksek bedelli
paketlerin satilmasinin da bir anomali olarak ifade
edilmesidir.

Xu, Liu ve Yao (2019) tarama c¢alismasinda da
belirtildigi gibi klasik metrikler anomali tespitinde
yetersiz kalabilmektedir. Daha derin bir analiz
yapabilmek amaciyla yukaridaki temel verilere ek
olarak cesitli liretilmis 6zellikler de hesaplanmistir. Bu
sekilde alanyazindan farkli bir yaklasim sergilenmistir.

e Aktif Giin Orani: Bir kanalin aktif oldugu giinlerin
(pozitif satis yaptig1 giinler) toplam is gliniine
oranidir. Bu metrik, kanalin diizenli olarak ¢alisip
calismadigini gosterir. Bu oran diisiik oldugunda,
kanalin operasyonel performansinda bir aksaklik
olabilecegine isaret eder.

e Giinliik Ortalama Satis (Sadece Aktif Giinler i¢in):
Bir kanalin sadece aktif oldugu giinlerde ortalama
ne kadar satis yaptigini gosterir. Yeni baslayan
kanallar igin bu ortalama hesaplamasi,
baslangigtaki diistiik hacimli satislardan
kaynaklanan sapmalardan etkilenmemesi icin
tasarlanmistir. Bu sekilde, daha adil ve dogru bir
degerlendirme saglanir.

e Hareketli Ortalama ve Standart Sapma (7 Giinlik
ve 30 Glinlik): Her bir giin i¢in son 7 gliniin ve son
30 giiniin satis verileri kullanilarak hareketli
ortalama ve standart sapmalar hesaplanmistir. Bu
sayede, kanalin kisa vadeli ve uzun vadeli
performans  trendleri  gozlemlenebilir.  Bu
hesaplamalarin sonucunda, ilgili giin i¢in degisim
katsayis1 (CV) da belirlenmistir. CV, kanallarin
satis hacimlerindeki dalgalanmalarin o6l¢iilmesi
acisindan 6nemli bir gdstergedir.

3.2. On Analiz

Calismanin bu kisminda yapilan 6n analizler ve
bunlarin sonuglar1 paylasilmistir. On analizlerin amaci,
veriyi zaman serisine ¢evirmeden o6nce, giinliikk veya
saatlik bir trendin olup olmadigini tespit etmektir. Bu
asamada verinin her bir alt kanalin satis verileri,
haftanin gilinlerine, ayin giinlerine ve giiniin saatlerine
gore detayli bir sekilde analiz edilmistir. Amacimiz,
satis trendlerinde herhangi bir sezonsalllk ya da
belirgin bir model olup olmadigini tespit etmek ve bu
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verilere dayali olarak olasi anomalileri belirleyebilmek
olmustur.

Her bir alt kanal i¢in haftanin giinlerine gore satislar
incelenmis ve satis faaliyetlerinde haftalik bazda
belirgin bir sezonsallik ya da model tespit edilmemistir.
Bu durum, haftanin herhangi bir giinii ile satis hacmi
arasinda anlamlh bir fark bulunmadigin
gostermektedir. Genelde pazartesi, hafta ortasi veya
hafta sonlar1 gibi belirli giinlerde yogunlasan satis
trendleri  gozlemlenmemistir.  Satislar  haftanin
giinlerine dengeli bir sekilde dagilmaktadir, bu da kanal
bazinda sabit bir pazar aktivitesi oldugunu isaret
etmektedir. Hafta sonu / hafta ici degiskenliginin ¢ok
sinirli oldugu, analiz acgisindan o6nemli bir katki
saglamayacagi is birimi tarafindan da teyit edildiginden
haftanin giinii bilgisine yer verilmesine gerek
gorilmemistir.

Faturalarin aym belirli gilinlerde oldugu bircok
sektdrden biri de telekomiinikasyon sektoriidiir. Fatura
kesim glinlerinin ayin belirli giinlerine toplanmis
olmasi durumunda fatura giinlerinin yakininda bazi
aktivite artislar1 gozlenebilmektedir. Ancak market
kanallarindan yapilan satislar faturasiz hatlara 6zgi
oldugundan ayin giinlerine baglh bir analiz
gerekmeyebilir. Yine de ayin gilinlerine gore bir
degiskenlik olup olmadiginin tespiti i¢in satislar ayin
giinlerine gore de analiz edilmistir. Belirgin bir
sezonsallik ya da trend tespit edilememistir. Ayin basi,
ortasi veya sonu gibi belirli giinlerde satislarin artis1 ya
da diisiisti gibi sistematik bir davranis gézlenmemistir.
Bu da kanallarin satis performanslarinin ay icinde
stabil oldugunu ve ayin herhangi bir giiniinde anormal
bir yogunluk olmadigini ortaya koymaktadir. Olasi
suistimal vakalar1 agisindan da bu stabilite 6nemli bir
bulgu olarak degerlendirilmektedir, ¢iinkii anormal bir
odaklanma veya satis artis1 so6z konusu degildir.

Satis saatlerindeki yogunluk degisiminin dogrudan
kanalin kendi i¢ 6zelligi olan magaza acilis kapanis
saatleriyle ilgisi vardir. Kanalin bulundugu cografi
bolgeye olan baglihigi genel trendlerin o6ntine
gecebilmektedir. Ornegin yazhk bélgelerdeki zincir
marketlerin ¢alisma saatleri ile merkezi
bolgelerdekilerinki yul icinde farklilik
gosterebilmektedir. Satislar glinin farklh saat
dilimlerine (sabah, 6glen, aksam, gece) gore ayrintili
olarak incelenmis ve alt kanallar arasinda bu saat
dilimleri arasinda belirgin bir farklihik
gozlemlenmemistir. Sabah, 6glen, aksam veya gece
yapilan satislarin oranlari incelendiginde, bu oranlarin
y1l icinde farkhi aylarda ya da haftanin giinlerinde
onemli bir degiskenlik gostermedigi belirlenmistir.
Yani, giinlin farkli saatlerinde yapilan satislar yil
genelinde tutarl bir dagilim géstermistir. Ayrica hafta
ici ve hafta sonu arasinda da satislarin gerceklesme
saatleri agisindan anlaml bir fark bulunmamistir. Her
iki donem icin de satis saatleri benzer bir dagilim
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gostermektedir. Bu sebepler iizerine satis saati tizerine
detayli bir analiz yapilmamasi kararlastirilmistir.

Bu bulgular, alt kanallarin satis faaliyetlerinin zaman
icerisinde olduk¢ca sabit kaldigini, ©6nemli bir
sezonsallilk veya dalgalanma olmadigin1 ortaya
koymaktadir. Bu durum, anomalilerin tespiti i¢in sabit
bir temel olusturmakta ve herhangi bir ani degisiklik
veya olagan dis1 satis davranist olup olmadigini
belirlememize olanak tanimaktadir. Analiz siirecinde
karsilasilan bu tutarlilik, daha sonraki asamalarda
potansiyel suistimal vakalarini daha net bir sekilde
tespit edebilmemizi saglayacaktir.

Performans Metrikleri

Anomali tespiti siirecinde, satis verilerinin dinamik
yapisint daha iyi kavrayabilmek ve olagan disi
davranislar1 belirleyebilmek amaciyla ¢ temel
performans metrigi tanimlanmistir. Bu metrikler, her
bir alt kanalin giinliik ve haftalik satis performansini
O6lgmekte ve anormal durumlarin daha net bir sekilde
belirlenmesine olanak tanimaktadir.

Giinliik Satis Adedi ve Bedeli: Anomali tespitinde ilk
kullandigimiz ilk metrik, her bir alt kanalin giinliikk
gerceklestirdigi satis adedi ve bu satislarin toplam
bedelidir. Satis adedi, bir alt kanalin islem hacmini
gosterirken, toplam satis bedeli, yapilan islemlerin
parasal karsiligini ifade eder. Giinliik bazda bu iki veri,
normal satis hacmi ile sapmalarin karsilastirilmasinda
kritik bir rol oynamaktadir. Normalde, kanal i¢in giinler
ve haftalar icinde diizenli ilerleyen satis adedi ve
bedelinin, ani ve beklenmedik artis veya diisis
gostermesi, olas1 bir anomalinin habercisi olabilir. Bu
nedenle, bu iki gosterge analiz stlirecinde temel
taslardan biri olarak kullanilmistir. Satis adedi veya
giinliik toplam bedelin ani bir sekilde yiikselmesi veya
diismesi, potansiyel suistimal vakalarimi belirlemede
onemli ipuclar saglamaktadir.

Satis Adedi ve Bedeli icin Haftahk Volatilite
(Degiskenlik): Her bir alt kanalin satis performansi
digerlerinden farklilik gosterir. Dolayisiyla kanallar hep
bir arada degil ayr1 ayr1 degerlendirilmelidir. Ancak her
bir kanal i¢in de 6zellikle birbirini takip eden giinlerde
cok degisken bir satis beklenmez. Bunu kontrol etmek
icin ayr1 bir volatilite metrigi kullandik. Bu volatilite
metrigi ile alanyazindaki klasik zaman serisi tahmin ve
giiven aralign yaklasimina ek bir katki saglamis
oluyoruz.

Volatiliteyi 6l¢mek i¢in kullandigimiz metrik, satis
adedi ve satis bedelinin haftalik bazda degisim
katsayis1  (Coefficient of Variation, CV) ile
hesaplanmasidir. CV, bir veri setinin ortalamasina gore
standart sapmasinin oranini verir ve verinin
ortalamasina kiyasla ne kadar degiskenlik gosterdigini
ifade eder. Bu yontem, satis performansindaki
dalgalanmalar1 daha net bir sekilde 6l¢meyi saglar.
Satis adedi ve bedelinde ortalamanin {izerinde bir
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dalgalanma, o kanalda olagandisi bir durumun
habercisi olabilir.

CV'nin yiiksek oldugu durumlar, glinliik satis adedi ve
bedelinde beklenenden fazla degiskenlik oldugunu
gosterir ve bu, olasi bir suistimal ya da anormal faaliyet
ihtimalini isaret eder. Ozellikle CV'nin farkh
donemlerde 6nemli Olglide artis gostermesi, kanalin
diizenli satis donglisiinden saptigini ve analiz edilmesi
gereken bir durum oldugunu ortaya koyar. Bu nedenle,
haftalik satis adedi ve bedeli icin hesaplanan CV,
kanallarin satis performansindaki kisa vadeli sapmalari
belirlemek ve riskleri degerlendirmek igin kritik bir
metrik olarak kullanilmistir.

Degisim katsayisi, ortalamaya gore standardize edilmis
bir 6l¢cii oldugu i¢in kanallar arasi karsilastirma
yaparken de olduk¢a kullanislidir. Her kanal igin
hesaplanan CV, kanalin satislarinin kendi ge¢mis
verisine gore normal mi yoksa anomalik mi oldugunu
daha objektif bir sekilde degerlendirmeyi miimkiin
kilmaktadir.

Ust Uste Sifir Giin Sayist: Son performans metrigi ise,
her bir alt kanal i¢in st iste sifir satis giint sayisidir.
Bir alt kanalin uzun bir siire boyunca satis yapmamasi,
ozellikle ticari olarak aktif oldugu bilinen bir kanal i¢in
anormal bir durum olarak degerlendirilmektedir. Ust
iste belirli bir sayida sifir satis giinii, kanalin
faaliyetlerinde bir duraksama ya da aksama oldugunu
gosterebilir. Bu durum, bir teknik ariza veya
operasyonel problem ile iliskilendirilebilir. Ote yandan,
sifir satis gilinii sayisinin yiiksek olmasi, kanalin normal
isleyisine iliskin beklentilerden sapma oldugunu
gosteren 6nemli bir metrik olarak ele alinmaktadir. Bu
metrik, sadece suistimal degil, ayni zamanda firsat
kayb1 (opportunity lost) agisindan da kritik éneme
sahiptir. Uzun siire boyunca satis yapmayan kanallar,
operasyonel veya stratejik problemlerle karsi karsiya
olabilir ve bu firsat kayb1 durumunun tespit edilmesi
gereklidir.

Bu ii¢ metrik, birlikte degerlendirildiginde, her bir alt
kanalin satis davranislarini detayl bir sekilde analiz
etme ve olagan disi durumlar1 belirleme imkamn
sunmaktadir. Satis adedi ve bedelindeki giinlik
degisiklikler, haftalik volatilite ve sifir giin sayisi,
anomalilerin belirlenmesinde gii¢lii gostergeler olarak
kullanilmistir. Bu gdstergeler, kanallarin operasyonel
faaliyetlerinde tutarlilik saglarken, anormal durumlari
etkin bir sekilde izleyip, suistimal vakalarinin dniine
gecme noktasinda dnemli katkilar saglamaktadir.

Giiven Aralig1 ve Degisim Katsayis1 (Coefficient of
Variation-CV):

Bu ¢alismada kullanilan yontem, her bir giin i¢in son 7
giiniin ortalamasin1 ve son 30 giiniin standart
sapmasint  kullanarak giliven aralign (confidence
interval) ve CV hesaplamalarina dayanmaktadir. Bu
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yontem, her gin icin asagidaki adimlarla
uygulanmistir:

e Giiven Aralig1 (Confidence Interval): Her giin icin
son 7 giiniin ortalamasiyla ve son 30 giinlin
verileri kullanilarak standart sapma hesaplanmis,
birlikte bir giiven araligl olusturulmustur. Bu
giiven araligl, %98 giiven seviyesinde su formiille
hesaplanmistir:

e Gliven araligl = Ortalama #* tq * Standart Sapma:
Gliven araliginin iist veya alt limitlerinin disina
cikan satis degerleri, olas1 bir anomalinin isareti
olarak  degerlendirilmistir. Boylece, ge¢mis
verilerin normal dagilimi cergevesinde kanallarin
normal performans araligl belirlenmis ve bu
araliktan sapmalar dikkatle izlenmistir.

e Degisim Katsayis1 (CV - Coefficient of Variation):
Degisim katsayisi, ortalamaya gore standart
sapmanin oranini gosterir ve her giin igin
hesaplanan giiven araliklarinin yan1  sira
kullanilmistir. Cv, satis verilerindeki
dalgalanmalarin ne kadar degisken oldugunu ve
ortalamadan ne kadar saptigim olcer. Ozellikle,
son 7 giiniin ortalamasi ve son 30 giin boyunca
hesaplanan standart sapma baz alinarak giinliik
CV  hesaplanmistir. CV'nin yiiksek oldugu

durumlar, satis performansinda onemli
dalgalanmalar oldugunu isaret eder ve bu
durumlar olasi bir anomali olarak
degerlendirilmistir.

Bu iki yontem birlikte kullanilarak, her bir kanalin satis
davranislart hem kisa hem de uzun vadeli perspektiften
izlenmistir. Giiven aralifn ve CV yontemleri anhk
degisikliklerin daha hassas bir sekilde izlenmesini
saglamistir. Boylece, satis verilerinde ani ve anormal
degisikliklerin tespiti daha etkin bir sekilde yapilmistir.

4. Bulgular

Yapilan ¢alisma ve analizler sonucunda sonucunda,
beklenen deger aralifinin tespitinde %98 giiven
degerini kullandik. Her bir alt kanal i¢in giiven araliginm
farkhi ii¢ yoéntem ile hesapladik. ilk yéntemde hem
beklenen deger hem de standart sapma bilgilerini son
30 giiniin verilerini kullanarak hesapladik. Giin icinde
(6nceki 30 giliniin verileri kullanilarak hesaplanan) bu
araligin disinda bir satis adedi veya satis bedeli
oldugunda bunu anomali olarak ifade ettik. Bu yontem
aslindan 30 giinliik hareketli ortalama ve etrafindaki
bir giiven araligl olarak ifade edilebilir. Hareketli
ortalama, verideki trendi takip ettiginden haftalik
degisimlere ¢ok fazla duyarli olmaktadir. Bu duyarhlk
sebebiyle haftalik artis trendleri stirekli olarak anomali
olarak degerlendirilmektedir.

Ikinci yoéntemde ise sadece son 7 giiniin verilerini
kullandik. Bir bagka deyisle 7 gilinlik hareketli
ortalama etrafinda 7 giinliik standart sapma bilgileri ile
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bir giiven araligl olusturduk. Bu araligin disinda olan
bir satis adedi veya toplam bedeli bir anomali olarak
degerlendirdik. Bu yontemde ise standart sapmanin
(6zellikle onceki yonteme goére) yiikksek olmasi
sebebiyle anomali olan noktalar tespit edilememistir.

Son olarak satis noktas1 bazinda trendlerdeki degisimi
yakalamasi agisindan son 7 giiniin ortalamasini ve satis
noktasinin kendi varyansin daha iyi ifade eden 30
giinlik standart sapmayr kullandigimiz iciinci bir
yontem gelistirdik. Bu yontem hem haftalik trend
degisimlerini goz oniine almakta hem de varyansin
daha saglhkli bir bicimde modele dahil edilmesini
saglamaktadir.

Yontem boliminde ifade edildigi tlizere Degisim
Katsayis1 (CV - Coefficient of Variation) degeri tiim satis
kanallar1 i¢in ve tiim giinler icin hesaplanmistir. Bu
konuda Tran ve Tran (2016) CUSUM tablolarinda
degisim katsayisinin etkinligi {lizerinde c¢alisma
yapmislardir. Degisim katsayisinin anomali tespitinde
kullanimi konusunda Tran Heuchenne ve Thomassey
(2020) ¢ok degiskenli zaman serilerinde degisim
katsayisinin anomali tespitinde kullanimi1 adina bir
cerceve Onermistir. Tekstil endiistrisinde yapilan bir
vaka ¢alismasindan bu yontemi bir kontrol grafigi ile
nasil kullanilabilecegine dair bir 6rnek paylasmislardir
(Tran ve dig., 2022). Biz bu c¢alismada detayli bir
CUSUM tablosu kullanmasak da Degisim Katsayinin
stirekli olarak yiiksek seyrettigi durumlar1 bir anomali
tespit mekanizmasi olarak kullandik.

Dokuz aylik verileri kullanarak yaptigimiz ¢alismada
tespit edilen anomali listesinde 24 adet kanal tespit
edilmistir. Bu kanallara ait 6zetleyici istatistik bilgiler
Tablo 1'de paylasilmistir. Tabloda ilk stitun kanal adiny,
ikinci siitlin ise analiz edilen toplam 273 is giiniiniin ne
kadarinda aktif bir satis oldugunu ifade etmektedir.
Uglincii siitun aktif olan giinlerdeki ortalama satis
adedini, son olarak doérdiincii siitun ise aktif olan
giinlerdeki ortalama satis bedelini vermektedir.

Anomali tespit edilen kanallara ait anomali 0zeti ise
Tablo 2’de okuyucu ile paylasilmistir. Tabloda satirlar
kanallari, siitunlar ise anomali kararina sebep olan
istatistikleri ifade etmektedir. Ikinci siitundaki
degerler, satis adedine gore hareketli ortalamanin
etrafindaki giiven aralifinin kac¢ defa (toplam kag¢ giin
icin) ihlal edildigini gostermektedir. gore alt veya list
sinirin disinda olan gilinlerin sayisini ifade etmektedir.
Uclincii siitun ise giinliik toplam satis bedeline gore
ihlal gerceklesen giin sayisini ifade etmektedir. Yontem
bélimiinde ifade edildigi tizere bir kanalda 6zellikle iist
liste hi¢ satis yapilmayan giin sayisi ise dordiinci
slitunda ifade edilmistir. Son olarak bu kanallara ait
olusan en yiiksek degiskenlik katsayisi ise besinci
slitunda paylasilmistir.
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Tablo 1. Anomali Tespit Edilen Kanallara Ait Ozetleyici
Istatistikler
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Tablo 2. Anomali Tespit Edilen Kanallarin Istatistikleri

Kanal Aktif giin Ortalama Ortalama satis
ylizdesi satis adedi bedeli
kanall %75,82 74,16 2003,19
kanal2 %16,48 65,09 1193,25
kanal3 %74,73 134,62 3391,52
kanal4 %64,10 179,91 4303,52
kanal5 %56,78 109,09 2874,84
kanal6 %98,90 117,80 2627,86
kanal7 %99,27 21,64 521,27
kanal8 %99,27 6,70 157,53
kanal9 %99,63 105,78 2390,11
kanal10  %91,21 30,37 718,59
kanalll  %97,07 5,07 137,58
kanall2  %99,63 344,08 7813,55
kanall3  %98,53 6,88 179,93
kanall4  %96,34 5,54 157,83
kanall5  %96,34 35,47 889,14
kanall6  %99,27 6,74 177,83
kanall7  %98,90 5,76 156,70
kanall8  %98,17 5,72 156,03
kanall9  %99,63 7,32 205,08
kanal20  %94,51 541 153,72
kanal21  %99,63 8,08 212,26
kanal22  %98,90 5,99 164,35
kanal23  %96,70 5,57 156,76
kanal24  %99,63 7,08 199,49

Limit ihlal Limitihlal Ustiiste En yiiksek

Sayisi Sayis1 sifir olan  degiskenlik
Kanal (adet) (bedel) giin sayis1 Kkatsayisi
kanall 20 22 25 5,48
kanal2 10 14 37 5,48
kanal3 6 5 18 2,46
kanal4 8 9 50 5,48
kanal5 15 16 32 5,48
kanal6 6 7 0 0,77
kanal7 12 14 0 2,95
kanal8 3 10 0 0,60
kanal9 5 5 0 0,72
kanall0 16 13 2 2,89
kanalll 5 10 2 0,72
kanall2 12 14 0 0,74
kanall3 6 8 0 0,66
kanall4 5 7 2 1,17
kanall5 16 17 2 3,20
kanall6é 5 9 0 0,67
kanall7 1 7 0 0,64
kanall8 3 11 0 0,71
kanall9 4 8 0 0,58
kanal20 8 14 2 1,05
kanal21 6 14 0 0,83
kanal22 1 6 0 0,64
kanal23 4 7 0 1,38
kanal24 |5 11 0 0,62

Bulgularimizi paylasirken oncelikle Tablo 1 ve 2’deki
bilgiler iizerinden bir 6zet, sonrasinda ise bazi kanallar
icin detayl bir paylasim yapilmistir.

Onerilen anomali tespit yontemine gore tespit edilen 24
kanali dért grupta inceleyebiliriz. Ilk olarak, tablolardaki
ilk bes kanalin hem toplam satis adedi ve bedelinin
yiksek oldugu hem de en yilksek degiskenlik
katsayisinin besin iizerinde oldugu goriilebilir. Bu
kanallarda hem adet hem de bedel olarak ihlal sayisinin
yiksekligi, bununla birlikte iist liste sifir satis yapilan
glinlerin yiiksekligi dikkat ¢ekmektedir. Ozetle ilk bes
kanal icin tim metrikler uyar1 verilmesini gerekli
kilmistir.

Ote yandan ikinci gruptaki érneklerde (kanal6, kanal9 ve
kanall2) ortalama satis adedi ve bedelinin yiiksek
oldugu ve hic iist iste sifir satis olmadig1 ve degisim
katsayisinin da ¢ok diisiik seyrettigi goriilmektedir. Bu
kanallar icin sadece giinliik limitlerin disina ¢ikilmasi bir
anomali olarak degerlendirilmistir.

Onceki iki paragrafta ifade edilen kanallarin ortak
ozelligi glinliilk ortalama satis adetlerinin en az 35
olmasidir. buna benzer olarak giinliik ortalama satis
adedi iki basamakli olan kanal7 ve kanal10 i¢in de ihlal
sayllarinin da en yiiksek degiskenlik katsayisinin
ylksek oldugu gozlenmistir. Bu iki kanal ii¢iincii grubu
ifade etmektedir.

Son olarak yukaridakiler disinda onerilen anomali
tespit yonteminin radarina giren diger 14 6rnegin en
biiytik ortak 6zelligi ortalama satis adedinin 10’dan
diistik olmasidir.

Onerilen anomali tespit yéntemine gére her bir gruptan
birer 6rnek detayh olarak incelenmistir. Asagida Sekil
1’de kanall’e ait giinliik satis adetleri sol tarafta,
toplam bedel ise sag tarafta ifade edilmistir. Grafiklerde
mavi ¢izgi giinlik adet ve bedelleri, turuncu gizgi
hareketli ortalamay1 ifade etmektedir. Grafiklerdeki
pembe aralik hareketli ortalamanin etrafindaki giiven
araligidir.  Grafiklerdeki kirmizi noktalar giiven
araligimin st limitini asan giinleri ifade etmektedir.
Grafikler incelendiginde bazi giinlerde hem adet hem
de bedel i¢in anomali tespit edildigi baz1 giinler i¢in ise
sadece bedel veya adet i¢cin anomali uyaris1 verildigi
gozlenebilir. Sekil 1 icin o6zellikle dikkat c¢ekilmesi
gereken bir nokta ise Ocak ve Mayis aylarinda iist liste
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sifir satislarin oldugu iki segmenting bulunmasidir. Bu
durum adet ve bedel agisindan giinlik bir anomali
olusturmasa da satis digsikliginin sebebinin
arastirilmasi icin gerekli bir metrik oldugunu ifade
eder.

Sekil 2’de ikinci gruba ait bir 6rnek olarak kanal9’un
giinliik satis adedi ve bedeline ait satis veri, hareketli
ortalama ve giiven araligl ile anomali olan gilinlerin
isaretlendigi grafik bulunmaktadir. Bu drnekte dikkat
ceken nokta satis adet ve bedelinin ara ara ¢ok diisiik
seviyelere indigi hatta siklikla sifir satis olan tek
giinlerin oldugudur. Grup 3 i¢in kanall0 6rnegi Sekil
3’te paylasilmistir. Bu 6rnekte bir onceki gruba gore

— Gafis Midan
Harekat i Orfalama
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tam zit bir durum s6z konusudur. ikinci grupta siklikla
diisiik hata sifir satis gézlenirken grup 3 icin siklikla tek
yliksek satislar gorilmektedir. Ortalamadan siklikla
sapan bu durumun tespit edilmis olmasi bir basari
olarak ifade edilebilir. Son olarak dordiinci gruba bir
ornek vermek amaciyla kanall4 verisinin 6zeti Sekil
4’'te paylasilmistir. Bu grupta dikkat c¢eken nokta
ortalamalarin disiik seyretmesi sebebiyle ani
ylkselislerin siklikla gergeklesmesidir. Ortalamanin
diisiik seyretmesinin diger bir etkisi de degisim
katsayisinin da yiiksek olmasidir. Bu iki etkinin bir
araya gelmesiyle anomali olusturan durumlarin dogru
tespit edilebilmesi saglanmistir.

Sekil 1. Kanal1 (Grup 1) Satis Adedi ve Bedeli I¢in Giiven Arahil ve Anomali Grafigi
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Sekil 2. Kanal9 (Grup 2) Satis Adedi ve Bedeli icin Giiven Arali§1 ve Anomali Grafigi
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Sekil 3. Kanal10 (Grup 3) Satis Adedi Ve Bedeli i¢in Giiven Aralig1 ve Anomali Grafigi
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Sekil 4. Kanal14 (Grup 4) Satis Adedi Ve Bedeli i¢in Giiven Aralig1 ve Anomali Grafigi

5. Tartisma ve Uygulama Detaylar:

Bu calismada  telekom sektorindeki lider
telekomiinikasyon firmasinin market kanalindan
gerceklestirilen  satislarina  ait  gergcek  veriler
kullanilarak olusturulan zaman serileri {Uzerinde
anomali tespiti yapan bir yontem onerilmistir. Yapilan
calismalar sonucunda giinliik satis adedi ve giinliik
satis bedeli icin son yedi giinliik hareketli ortalama
etrafinda son 30 gilnlik standart sapma verisi
kullanilarak  olusturulan  bir  giiven  araligi
hesaplanmistir. Her giin ve her bir alt kanal i¢in yapilan
bu giiven araliginin disina ¢ikilmasi bir anomali olarak
tanimlanmistir. Bununla birlikte her bir kanal ve her

bir giin icin degisim katsayisi hesaplanmis ve bu
katsayinin yliksek oldugu giinler ve kanallar icin uyari
mekanizmasi olusturulmustur. Giinliik giiven araliklar
aslinda bir sonraki giin i¢in bir uyar1 sisteminin
temelini olusturmaktadir ve bir énleyici metrik olarak
tanimlanabilir. Gilin i¢inde giiven araliginin disina
¢ikilmasi durumunda uyar1 mekanizmasi ¢alisabilir ve
hatta anomalinin boyutunun ¢ok biiyiikk olmasi
durumunda ilgili kanalin satislar gegici bir siire askiya
alinabilir. Tespit edilen anomalinin bir suistimale isaret
edip etmedigi ilgili is birimi tarafindan incelendikten
sonra kanalinin satiglara devam etmesi saglanabilir. Bu
da ¢alismamizin sadece anomali tespiti degil aym
zamanda suistimal o©nleme yontemi olarak da
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kullanilabileceginin bir géstergesidir. Ote yandan
hesaplanan degisim katsayisinin yiiksek olmasi sadece
giin sonunda anlam ifade eden bir yontemdir. Benzer
sekilde st lste sifir satislarin olmasi da ancak giin
sonunda tespit edilebilecek bir durumdur. Bu iki
yontem de sadece giin sonunda bir anomali tespiti icin
kullanilabilir.

Alanyazinda anomali tespitinde karsilasilan en genel
sorunlardan biri anomali uyarisi verilen noktanin
gercekten anomali  olusturup  olusturmadiginin
tespitinin zor olmasidir (Blazquez-Garcia ve dig.,2021).
Calismamizi alanyazindan ayiran en biiytk farklardan
biri 6nerilen yontemin anomali olarak tespit ettigi veri
noktalarinin is birimi tarafindan incelenip anomali olup
olmadiginin  tespit edilebilmesidir.  Calismamizi
alanyazindan ayiran diger bir ozellik ise analizin ve
yontemin gercek bir sirketin gercek verileri tizerine
yapilmasi ve sonucun uygulanmis olmasidir. Bu
noktada yapilan uygulamanin teknik detaylar
verilmistir.

Uygulama Detaylar:: Calisma uygulamaya alinirken
Java 8 ve Spring Boot kullanilarak gelistirilmis, PL/SQL
tabanli bir veritabani ile desteklenen modern bir web
uygulamasi olarak kullanima alinmistir.

Uygulama, yiiksek performans ve o6lceklenebilirlik
gereksinimlerini karsilamak amaciyla, Linux isletim
sistemi lizerinde faaliyet gosteren on farkli sunucuda
paralel olarak dagitilmistir. Java 8 ve Spring Boot
tercih edilmesinin nedeni, sistemin mikro servis
mimarisi altinda modiiler ve kolay 0lgeklenebilir
sekilde gelistirilebilmesine olanak saglamasidir. Java 8,
ozellikle lambda ifadeleri ve akis API'si gibi yeni
ozellikleri sayesinde daha temiz ve okunabilir kod
yazimina olanak tanirken, Spring Boot framework’i,
otomatik yapilandirma ve mikro hizmet mimarileri i¢in
sundugu esneklik ile hizli gelistirme siireglerine
katkida bulunmaktadir.

Veritabani islemleri icin PL/SQL tercih edilmistir; bu
tercih, veri bitlinligiiniin korunmasi ve karmasik
sorgularin etkin bicimde yOnetilmesi amaciyla
yapilmistir. PL/SQL’'in gii¢lii hata yonetim yetenekleri
ve yerlesik prosediirel mantik destegi, veri islemlerinin
giivenilirligini artirmaktadir. Uygulama, ¢oklu sunucu
mimarisi sayesinde, kullanici taleplerini hizli bir
sekilde karsilamakta ve yiik dengelemesi ile yiiksek
trafik altinda dahi performans kaybi1 yasamadan
calisabilmektedir. Sunucu yapilandirmalarinda
kullanilan Nginx (yiik dengeleme araci), gelen istekleri
en uygun sunucuya ydnlendirerek sistemin kararliligini
saglamaktadir.

Uygulamanin kritik bir bileseni, her aksam belirli
saatlerde anomali tespiti i¢in gerceklestirilen otomatik
e-posta bildirimleridir. Bu bildirimler, her bir satis
kanalina ait giinliitk sapmalari, giiven aralig: ihlallerini
ve yuksek degisim katsayis1 (CV) degerlerini
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ozetlemektedir. Anomali tespit siireci, istatistiksel
yontemler kullanarak otomatik kontrol
gerceklestirmekte ve sonuglari ilgili is birimlerine
raporlamaktadir. Ornegin, zaman serisi analizi ile
veriler arasindaki olagan dis1 sapmalar tespit edilirken,
denetleyici sistemler ile anomali tespiti i¢in belirlenen
esik degerleri kullanilmistir. Raporlar, tespit edilen
anormalliklerin ayrintili aciklamalarini icermekte ve is
birimlerinin giincel durum hakkinda hizlica bilgi sahibi
olmasini saglamaktadir.

Is birimleri, gelen anomali raporlarini titizlikle
incelemekte ve potansiyel suistimal durumlarini
degerlendirmektedir. Bu degerlendirme sonucunda,
gerektiginde anomaliye sebep olan islemler tizerinde
engelleme veya miidahale gergeklestirilmektedir.
Anomali tespiti siiregleri, alert sistemleri ile entegre
edilerek anlik uyarilar saglamakta ve kritik durumlarin
hizli bir sekilde ele alinmasini miimkiin kilmaktadir.

Bu siireg, yalnmizca sirketin giivenlik standartlarin
korumakla kalmayip, ayni zamanda operasyonel
riskleri en aza indirmekte ve suistimallerin oniine
gecmek acgisindan da kritik bir rol oynamaktadir. Ek
olarak, diizenli yapilan sistem gilincellemeleri ve
giivenlik denetimleri, yazillmin en son giivenlik
aciklarina karsi korunmasini saglamaktadir.

Sonug olarak, gelistirilen sistem yiiksek performans ve
giivenilirlik saglamanin yani sira, isletmenin genel risk
yonetimi stratejisine dogrudan katki sunmaktadir.
Yontemin canli veriyle c¢alisabilmesi, suistimal
risklerinin erken tespiti agisindan siirdiirilebilir bir
¢6zlim saglamaktadir. Bu yapi, benzer sekilde gercek
zamanli analiz modiilleriyle desteklenerek daha ileri
diizeyde bir erken uyari sistemine doniistiiriilebilir.

6. Sonuclar

Calismanin sonucunda Tiirkiye’'nin lider
telekomiinikasyon sirketinin gercek verileri ile 7
giinliik hareketli ortalama etrafinda 30 giinliik standart
sapma bilgisiyle bir gliven araligi kullanarak market
kanallarindan yapilan satiglar icin bir anomali tespit ve
suistimal 6nleme sistemi 6nerilmistir. Bu sistemle her
bir market kanali igin gilinlik giiven araliklarn
hesaplanmis, bu araligin disina ¢ikan durumlara hizh
tepki veren bir yontem kullanilarak olasi suistimallerin
Online gecilmistir. Bu anlamda c¢alismamiz sadece
anomali tespiti degil ayn1 zamanda suistimal énleme
alanyazinina da katki saglamaktadir.

Alanyazinda anomali tespiti ve suistimal dnlenmesi
konusundaki en biiyilk engel anomali olarak
isaretlenen noktalarin gercekten anomali olup
olmadiginin tespitindeki zorluktur. Calismamizda
onerilen yontemin tutarliligi, anomali tespitinde ve
suistimal 6nlemedeki basarisi is birimleri tarafindan
denetlenmis ve teyit edilmistir. Onerilen yéntem sirket
tarafindan kullanilmak tizere canliya alinmis ve aktif
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olarak kullanilmaktadir. Yontemin uygulaniyor olmasi
da ¢alismanin farklhiliklarindandir.

Bu c¢alismay1 sinirlandiran en biyiik unsur eldeki
verinin satis kanallarinin arasindaki iligkilerin
incelemeye miisait olmamasidir. Gergekte bir cografi
bolgedeki (6rnegin mahalle) satislar bir magazadan
digerine kayabilir. Bu durumda bir magaza kanalindaki
artis ile diger magaza kanalindaki azalis bir arada daha
anlamh sekilde analiz edilebilir. Ayni cografi bolgedeki
farkh kanallarin satislarinin bir arada
degerlendirilmesi olasi bir arastirma konusu olarak
onerilebilir.

Calismanin asil unsurunu olusturan yapi, market
kanallarinda yapilan telekomiinikasyon satislaridir.
Telekomiinikasyon satislar1 marketlerin temel faaliyet
alani degildir. Bu sebeple klasik zaman serisi analizinin
Otesinde volatilite lizerinde da bir kontrol mekanizmasi
onerilmistir. Onerilen yéntemin kapsami, sadece
telekomiinikasyon sektoriiyle sinirli degildir. Yontem
ozellikle diisiik sinyal-giiriiltii oranina sahip finans,
perakende, enerji ve sigorta sektorlerinde de
kullanilabilir.  Bu  tir  sektorlerde  ydntemin
uygulanmasi i¢in asagidaki adimlar izlenmelidir:

1. Giinlik veya saatlik islem verilerinin toplanmasi,
2. llgili performans metriklerinin (islem adedi, islem
tutar;, aktif gin oram1 vb.) tanimlanmasi,
3.7 giinliik hareketli ortalama ve 30 giinliikk standart

sapma hesaplamalarinin yapilmasi,
4.Guven araliklar1 ve CV degerlerinin otomatik olarak
izlenmesi ve

5.Esik degerlerin asildigi durumlarda sistemin uyari
iiretmesi ve ilgili birimlerin degerlendirme siirecinin
baslatilmasi.

Bu adimlar takip edilerek, dnerilen yaklasimin farkl
sektorlerde de erken uyar1 temelli risk yonetimi
sistemlerine dontstiirilmesi miimkiin olacaktir.

Arastirmacilarin Katkisi

Bu arastirmada; Utku KOC, bilimsel yayin arastirmasi,
makalenin yazilmasi, yontemin gelistirilmesi ve test
edilmesi, istatistiksel analizler, Ozge OZALANYALI,
makalenin  yazilmasi,  yontemin  gecerlik  ve
giivenirliginin is birimleri ile teyit edilmesi, Ozgiir
BULUT, makalenin olusturulmasi, yontemin
uygulamaya alinmasi konularinda katki sunmuslardir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢ikar ¢atismasi beyan
edilmemistir.

Tesekkiir

Degerli gorisleri ve yapici yonlendirmeleri i¢in anonim
hakemlere tesekkiir ederiz.

ESOGU Eng. Arch. Fac. 2025, 33(3) 1893-1905

Kaynaklar

Blazquez-Garcia, A., Conde, A., Mori, U.,, & Lozano, ]. A.
(2021). A review on outlier/anomaly detection in
time series data. ACM computing surveys (CSUR),
54(3), 1-33.
https://dl.acm.org/doi/abs/10.1145/3444690

Hawkins, D. M. (1980). A single outlier in normal
samples. Identification of Outliers, 27-41.
https://doi.org/10.1007/978-94-015-3994-4_3

Munir, M., Siddiqui, S. A. Dengel, A, & Ahmed, S.
(2018). DeepAnT: A deep learning approach for
unsupervised anomaly detection in time series. leee
Access, 7, 1991-2005.
https://ieeexplore.ieee.org/abstract/document/85
81424

Rodrigues, V. F., Policarpo, L. M., da Silveira, D. E., da
Rosa Righi, R, da Costa, C. A, Barbosa, ]J. L. V,, .. &
Arcot, T. (2022). Fraud detection and prevention in
e-commerce: A systematic literature review.
Electronic Commerce Research and Applications, 56,
101207.
https://doi.org/10.1016/j.elerap.2022.101207

Tran, P. H, & Tran, K. P. (2016). The efficiency of
CUSUM schemes for monitoring the coefficient of
variation. Applied Stochastic Models in Business and
Industry, 32(6), 870-881.
https://doi.org/10.1002/asmb.2213

Tran, P. H.,, Heuchenne, C., & Thomassey, S. (2022).
Enhanced CUSUM control charts for monitoring
Coefficient of Variation: A case study in Textile
industry. IFAC-PapersOnLine, 55(10), 1195-1200.
https://doi.org/10.1016/j.ifacol.2022.09.552

Xu, X, Liu, H, & Yao, M. (2019). Recent progress of
anomaly detection. Complexity, 2019(1), 2686378.
https://doi.org/10.1155/2019/2686378

Zhou, Y., Qin, R, Xu, H,, Sadigq, S., & Yu, Y. (2018). A data
quality control method for seafloor observatories:
The application of observed time series data in the
East China Sea. Sensors, 18(8), 2628.
https://doi.org/10.3390/s18082628Babalik, F.
(2016).

1905



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(3), 1906-1913

ESOGU Eng. Arch. Fac. 2025, 33(3) 1906-1913

EFFECT OF DIFFERENT CATALYSTS ON SYNTHESIS OF BIO-BASED POLY(PROPYLENE

MALONATE)

Ersan EYILER"

1 Cukurova Universitesi, Ceyhan Miithendislik Fakiiltesi, Kimya Miihendisligi B6liimii, Adana

ORCID No : https://orcid.org/0000-0002-1754-6590

Keywords

Abstract

Bio-based
Polyesters
Polycondensation
Catalyst

Driven by both environmental concerns and economic considerations, the demand for
biomass-derived monomers in polymer development has significantly increased in
recent years. Bio-based plastics, in particular, have emerged as a leading focus area and
have consistently ranked among the top priorities in discussions of breakthrough
technologies for advancing a circular economy. In this study, one of the goals is to assess
the effectiveness of various esterification catalysts. For this purpose, different bio-based
homopolyesters using 1,3-propanediol and malonic acid as raw materials and six
catalysts (titanium (IV) butoxide (TBT), titanium (1V) isopropoxide (TTIP), tin (II) 2-
ethylhexanoate (stannous octoate, Sn(Oct)z), antimony (III) oxide (Sb203), stannous
chloride dehydrate (SnCl2.2H20) and aluminum chloride (AICl3)) were synthesized. The
synthesized polymers were chemically characterized by NMR and FTIR. The thermal
properties were investigated by DSC and TGA. The FTIR results confirmed that the
homopolyesters were successfully synthesized, and a Tg of approximately -48 °C was
detected by DSC. The maximum working temperatures, where loss of 50 wt % occurs,
were around 365 °C.

FARKLI KATALIZORLERIN BiYOBAZLI POLi(PROPILEN MALONAT) SENTEZi UZERINDEKI

ETKISi

Anahtar Kelimeler

0z

Biyobazli
Poliesterler
Polikondenzasyon
Katalizér

Cevresel kaygilar ve ekonomik etkenler dogrultusunda, polimer iiretiminde biyokiitle
kaynakh yapi taslarina olan ihtiyag son yillarda énemli 6lgiide artmistir. Ozellikle biyo-
bazl plastikler, dongiisel ekonomiye gegiste ¢igir acan teknolojiler arasinda en oncelikli
konulardan biri olarak déne ¢ikmaktadir. Bu c¢alismada, amaglardan biri gegitli
esterlesme katalizérlerinin etkinligini degerlendirmektir. Bu amagla, 1,3-propandiol ve
malonik asidi hammadde olarak kullanarak ve titanyum (IV) biitoksit (TBT), titanyum
(1V) izopropoksit (TTIP), kalay (1I) 2-etilheksanoat (stannous oktuat, Sn(Oct)z),
antimon (I1I) oksit (Sb203), stannous klortir dihidrat (SnClz.2H20) ve aliiminyum klortir
(AlCls) olmak tizere alti katalizér kullanarak cesitli tamamen biyobazli
homopoliesterler sentezlendi. Sentezlenen polimerler NMR ve FTIR ile kimyasal olarak
karakterize edildi. Termal ozellikler DSC ve TGA ile incelendi. FTIR sonuglari
poliesterlerin basarili bir sekilde sentezlendigini dogruladi ve DSC tarafindan yaklasik -
48 °C'lik bir Tg tespit edildi. %50 agirlik kaybinin meydana geldigi maksimum ¢calisma
sicakliklari yaklastk 365 °C civarindaydi.
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1. Introduction

Despite their advantages in terms of energy efficiency,
lightweight properties, and durability, the popularity of
conventional polymers has declined due to the depletion
of petroleum reserves and rising environmental concerns.
In response, polymers derived from renewable biomass
sources have emerged as promising alternatives to those

(0 @

based on fossil fuels. Over recent years, there has been a
growing emphasis on utilizing biomass-derived
monomers for polymer synthesis, driven by both
ecological and economic factors. Among the top ten
emerging technologies, bio-based plastics have
consistently held a leading position, particularly in the
context of advancing a circular economy (Beltran,
Tjahjono, Bogush, Julido and Teixeira, 2021; Jha et al,

Bu eser, Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
hiikiimlerine gore agik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License
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2024; Rosenboom, Langer and Traverso, 2022). In recent
years, researchers have developed and explored various
bio-based polymers, including poly(lactic acid) (PLA)
(Eyiler, Chu and Walters, 2014), poly(glycolic acid) (PGA)
(Fabbri et al., 2016), poly(butylene succinate) (PBS) (Tan,
Bi, Emery and Sobkowicz, 2017), cellulosic plastics,
poly(hydroxyalkanoates) (PHA) (Rowe, Eyiler and
Walters, 2016), poly(e-caprolactone) (PCL) (Przybysz,
Mar¢, Klein, Saeb and Formela, 2018), and starch plastics
(Broeren, Kuling, Worrell and Shen, 2017; Ferreira-Filipe,
Paco, Duarte, Rocha-Santos and Patricio Silva, 2021).
These materials have garnered increasing attention from
both technical and industrial perspectives due to their
potential to serve as alternatives to petroleum-derived
polymers. They are being considered for a broad range of
applications, including textiles, hygiene products,
pharmaceutical delivery systems, food packaging,
biomedical scaffolds, agricultural materials, and even
children's toys (Iwata, 2015; Kakadellis and Rosetto,
2021).

To date, two principal barriers have limited the broader
implementation of bio-based polymers: high production
costs and the suboptimal performance characteristics of
some newly developed materials. However, ongoing
innovations in metabolic engineering, fermentation
technologies, and process optimization have led to a
significant reduction in production costs. The emergence
of integrated biorefineries worldwide has played a crucial
role in enabling the efficient and large-scale synthesis of
bio-based monomers and polymer building blocks
(Becker, Lange, Fabarius and Wittmann, 2015; Bozell and
Petersen, 2010). A notable example is succinic acid (SA), a
versatile platform chemical derived from renewable
resources, which is now commercially manufactured by
several companies, including BioAmber and Myriant.
Furthermore, the bio-based polymer market is benefiting
from increased governmental and industrial support
aimed at reducing reliance on fossil-based resources and
mitigating environmental impact. Research is also
increasingly focused on improving the thermal stability,
mechanical strength, and biodegradability of these
materials to match or surpass the performance of
conventional plastics. As a result, bio-based polymers are
progressively becoming more competitive in both cost
and functionality, making them viable candidates for
applications in automotive parts, consumer goods,
electronics, and biomedical devices.

Over the past two decades, a wide range of aliphatic
polyesters synthesized from monomers such as succinic
acid, sebacic acid, adipic acid, 1,4-butanediol, and glycerol
have been the subject of extensive research. These
materials span a spectrum of mechanical properties, from
soft, flexible elastomers to stiff, rigid plastics, making
them suitable for diverse applications. Both academic
researchers and industrial stakeholders have shown
growing interest in these bio-derived polyesters due to
their versatility and sustainability. Among the various
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monomers, 1,3-propanediol (PDO) stands out as a
particularly promising bio-based building block. It can be
efficiently produced via microbial fermentation of
renewable feedstocks such as corn-derived glucose. One
of the most well-known polyesters derived from PDO is
poly(1,3-propylene terephthalate), which is commercially
available under the trade name Sorona® by DuPont. This
material has been widely studied for its desirable
combination of mechanical strength, elasticity, and
environmental benefits (Wang et al,, 2001). The success
of PDO-based polymers like Sorona® underscores the
potential of bio-based monomers in replacing
conventional petrochemical-derived plastics in
performance-driven applications. Malonic acid (MA) is
the smallest dicarboxylic acid with the lowest number of
carbon derived from glycerol, which can serve as either a
monomer or a crosslinker. Many researchers have
demonstrated the crosslinking of polyvinyl alcohol (PVA)
using dicarboxylic acids, including malonic acid (MA), to
achieve esterification (Qiu and Netravali, 2013). MA has
not been intensively studied in the synthesis of polymers.
Dogan and Kusefoglu examined the polymerization of MA
with soybean oil with some degree of success (Dogan and
Kiisefoglu, 2008). Thus, the polymerization of MA
presents an excellent opportunity for future studies in
this area.

The literature includes several reports on efforts to
produce bio-based polyesters using various catalysts.
They include titanium(IV)butoxide (TBT, the most used
catalyst) (Guo et al, 2011; Pospiech et al, 2015),
titanium(IV) isopropoxide (TTIP) (Debuissy, Sangwan,
Pollet and Avérous, 2017), p-toluenesulfonic acid (pTSA)
(Dai et al., 2015), sulfuric acid (H2SO4) (Goerz and Ritter,
2013), tin(ll) 2-ethylhexanoate (stannous octoate,
Sn(Oct)2) (Yu et al., 2019), dibutyltin(IV) oxide (DBTO)
(Terzopoulou et al., 2017), CalB (enzyme) (Brannstrom,
Finnveden, Johansson, Martinelle and Malmstrém, 2018),
and so on. The effect of stoichiometric amount of
monomers has intensively been examined. However, little
attention has been given to esterification catalysts to
understand their effects on the synthesis of bio-based
polyesters. Brannstrom et al. reported the itaconate based
polyesters synthesized with dimethyl succinate (DMS),
dimethyl itaconate (DMI), and 1,4-butanediol (BD), and
mainly investigated the selectivity and efficiency of three
different catalysts (CalB, pTSA and Ti(OBu)4)
(Brannstrom et al., 2018). It was found that CalB operates
well at lower temperatures without discoloration of the
polyesters, no radical inhibitor is required, and the energy
need is lower. In a related study, the influence of various
catalysts—including tin(II) 2-ethylhexanoate (TEH),
titanium(IV) isopropoxide (TIS), tetrabutyl titanate(IV)
(TBT), and dibutyltin(IV) oxide (DBTO)—was
investigated during the two-step melt polycondensation
process for synthesizing poly(ethylene furanoate) (PEF)
(Terzopoulou et al., 2017). It was reported that titanate
catalysts TBT and mainly TIS were the most active ones,
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compared with tin catalysts like TEH and DBTO.
Additionally, all catalysts influenced the color of the
resulting polyesters.

In this study, one of the objectives is to investigate the
activity of various esterification catalysts. Despite the
extensive use of various catalysts in bio-based polyester
synthesis, the potential of aluminum chloride (AlCl;3) as a
sustainable, low-cost, and environmentally benign
catalyst remains underexplored. Here, the catalytic
efficiency of AlCl; was uniquely evaluated alongside other
commonly used catalysts for the melt polycondensation of
bio-based homopolyesters. For this purpose, various
homopolyesters using 1,3-propanediol and malonic acid
as raw materials and six catalysts (aluminum chloride
(AlICl3), titanium (IV) butoxide (TBT), titanium (IV)
isopropoxide (TTIP), tin (II) 2-ethylhexanoate (stannous
octoate, Sn(Oct)2), stannous chloride dehydrate
(SnCl2.2H20), and antimony (III) oxide (Sb203)) were
synthesized. Chemical and thermal properties of the
resulting polyesters were examined by NMR/FTIR and
DSC/TGA.

2. Material and Methods

2.1. Materials

1,3-Propanediol (PDO, 98%), malonic acid (MA, 99%),
aluminum chloride (AICls, 98%), titanium (IV) butoxide
(TBT, 97%), titanium (IV) isopropoxide (TTIP, 97%), tin
(I) 2-ethylhexanoate (stannous octoate, Sn(Oct)z, 92.5-
100.0%), stannous chloride dihydrate (SnCl2.2H20, 98%),
antimony (III) oxide (Sb203, 99%) and all solvents were
purchased from Sigma-Aldrich. All reagents and solvents
were employed as received without further treatment.

2.2. Synthesis of PPM Polyesters

Homopolyesters with various catalysts were produced by
a melt polycondensation method (Figure 1) (Debuissy,
Pollet and Avérous, 2017; Guo et al., 2011; Tan et al,,
2017). First stage, esterification, led to the formation of
oligomers with only low molecular weight compounds.
Then, increasing the temperature and reducing the
reaction pressure enabled the coupling of the oligomer
chains through either esterification or transesterification.
The polymerization experiments were conducted in a 100
mL round-bottom flask fitted with a distillation apparatus
and a nitrogen inlet, allowing for the removal of water
and other by-products. Reactions between 1,3-
propanediol (PDO) and malic acid (MA) were performed
using a diol-to-diacid molar ratio of 1.1:1. In the initial
stage, the mixture was continuously stirred under a
nitrogen atmosphere to minimize oxidative degradation.
The flask was then immersed in an oil bath maintained at
135°C, and the reaction was allowed to proceed for 3
hours. Subsequently, a catalyst (0.1 mol% relative to the
acid) was introduced. In the second stage—
polycondensation—the temperature was increased to
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210 °C while maintaining continuous stirring. A vacuum
of 7 mbar was applied for an additional 3 hours to
facilitate the removal of water vapor. Upon completion,
the resulting polymer was dissolved in chloroform and
precipitated into cold methanol (-30°C) to eliminate
residual monomers and catalyst. The precipitated
polymer was filtered and dried under vacuum at room
temperature for 24 hours.

Esterification
o o 135 °C, 3h, N,

Catalyst
+ HO\/\/OH —
HO' OH

o O
#MOMO]I
Polycondensation

210 °C, 3h, 7 mbar

MA PDO PPM
Figurel. Reaction Process for Synthesis of PPM Polyesters

2.3. Characterization

1H NMR spectra were collected by employing a Bruker
AMX-300 nuclear magnetic resonance (NMR) instrument
at 300 MHz. Samples were dissolved into deuterated
chloroform and tetramethylsilane (TMS) added as an
internal standard. The synthesized polymers were
characterized by Fourier transform infrared spectroscopy
(FTIR) with ATR using a Jasco 6700 at 400-4000 cm!
wavelength range with 16 scans. The molecular weights
were determined using Agilent 1200 gel permeation
chromatograph (GPC). Chloroform was used as eluent,
and for calibration, polystyrene standards were used. The
sample concentration was 1 mg/mL and eluent flow rate
was 1 mL/min. Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) were performed
under nitrogen on a Mettler Toledo (DSC 3) and Mettler
Toledo (TGA/DSC 3+). For DSC analysis, the samples were
initially heated from ambient temperature to 160 °C at a
rate of 10 °C/min and held isothermally for 3 minutes to
erase prior thermal history. Following this, the samples
were cooled down to -60 °C and subsequently reheated
from -60 °C to 160 °C at the same heating rate. TGA was
performed by heating the samples from 25 °C to 600 °C at
a constant rate of 10 °C/min.

3. Results and Discussion

3.1. Chemical Structure of Synthesized Polyesters

Various biobased homopolyesters were prepared
following a two-step melt polycondensation using six
different catalysts (Figure 2). The reactions were initially
conducted at reaction temperature of 135 °C considering
the melting point of 135 °C and boiling point of 140 °C of
malonic acid. After the synthesis, the Mn of polyesters
reached about 2000-3000 g/mol that indicate oligomers
(Table 1). This shows that the catalysts were not effective
enough during the second step, transesterification. The
relatively low Mn can be attributed primarily to the
intrinsic reactivity of the monomers and the equilibrium
limitations in the melt polycondensation process.
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Specifically, malonic acid (MA), as a small dicarboxylic
acid with two carboxyl groups in close proximity, can
promote intramolecular cyclization or chain termination
reactions that limit chain growth. Moreover, the efficiency
of transesterification reactions during the melt
polycondensation influences the molecular weight build-
up. While the catalysts used in this study, including AlCl;,
promote esterification effectively, their transesterification
activity may be limited under the applied reaction
conditions, thus restricting further chain extension.

ESOGU Eng. Arch. Fac. 2025, 33(3) 1906-1913
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Figure 2. Images of the PPM Polyester Samples Produced
Using Various Catalysts

Table 1. Molecular Weight and Thermal Properties of PPM Polyesters with Various Catalysts

Catalyst Ma(g/mol)  Muw(g/mol)  PDI T (°C)  Tmax (°C) gg;ifg?;tt_% ) (0
AICl3 2606.9 3360.6 1.29 285 366 7.3 -46.6
TBT 2617.7 3399.4 1.30 299 364 6.6 -45.8
TTIP 2427.1 3106.9 1.28 274 334 7.0 -46.9
Sn(Oct); 20145 2640.9 1.31 276 341 11.3 45.7
SnCl2.2H20 2269.5 3474.2 1.53 287 352 8.5 -43.1
Sbz03 2362.4 2994.6 1.27 290 364 9.0 -47.0

“Tg glass transition temperature, Tse temperature at 5 % weight loss, Tmax temperature at 50 % weight loss.

The chemical structure of the synthesized poly(propylene
malonate) (PPM) polyesters was characterized by 'H
NMR. 'H NMR analysis showed that the PPM polyester
backbone contained a mixture of alkane, ester, and ether
bonds (Figure 3). In 'TH NMR spectrum, the presence of
ester bonds was verified by the signal at § = 4.20 ppm

5+6

0 0 0 o]
5 4 4 3 §
/\//\ )\\/\\
5 0 3 (o] 3 0 1 (o] 3 0
n

assigned to COO-CHz- protons from 1,3-PDO repeating
units. 'H chemical shift at § = 3.3 ppm was ascribed to CO-
CH2-CO- protons from malonate repeating units. The
hydroxyl terminal group (HO-CHz-) signal was detected at
6 = 3.67 ppm, in agreement with the relatively low molar
weight of the oligomeric samples.

Figure 3. 1H NMR Spectrum of the PPM Polyesters

Fourier-transform infrared (FTIR) spectroscopy was
employed to analyze the chemical structure of the

synthesized polyesters, and the resulting spectra are
presented in Figure 4. A broad absorption band observed
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near 3450 cm™ corresponds to O-H stretching vibrations,
indicative of hydroxyl groups. The peaks around
2900 cm™ are associated with C-H stretching modes. A
prominent absorption signal near 1721cm™ s
characteristic of the C=0 stretching vibrations from ester

ESOGU Eng. Arch. Fac. 2025, 33(3) 1906-1913

functional groups, confirming successful polyester
formation. Absorption peaks at 1460 and 1139 cm'
indicates presence of C-C and C-0 stretching, respectively.

3 \ N
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o O-H C-H

(5]

[=}

(1}
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Figure 4. FTIR Spectrum of PPM Polyesters with AlCl3

3.2. Thermal Properties of Synthesized Polyesters

Differential scanning calorimetry (DSC) was utilized to
explore the influence of catalysts used for the synthesis of
PPM polyesters on the glass transition temperature (Tg).
Figure 5 illustrates the DSC curves of PPM polyesters with
various catalysts, with their glass transition thermograph
values summarized in Table 1. PPM, an amorphous

-48°C

polyester, exhibited a glass-transition temperature of
approx. - 46 °C, which changed slightly upon the use of
different catalyst. This low Tg is consistent with the
amorphous nature of PPM and may offer advantages in
processing for mixing or blending, serving as an effective
plasticizer.

AlCl,

TBT

TTIP

Sn(Oct),

SnCl,.2H,0

Heat Flow (mW)

Sb,0,

-80 -40 0 40

80 120 160

Temperature (°C)

Figure 5. Second Heating DSC Curves of PPM Polyesters with Various Catalysts

Thermogravimetric analysis (TGA) was performed to
assess the thermal stability of the synthesized PPM
polyesters, and the data are summarized in Table 1 and
Figure 6. The thermal degradation of samples occurred
through single degradation step, with decomposition
onset temperatures (Tsy) ranging from 274 to 299 °C. The

thermal degradation temperature and residual weight
loss of polyesters were affected by catalyst type.
Additionally, Tso%w values—approximated from the
maximum degradation rate temperatures (Tmax)—were
used to compare the thermal stability across samples. The
highest Tso% was observed with AlCl; at 366 °C, followed
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closely by TBT and Sb,03 at 364 °C, indicating that these
catalysts contribute to greater thermal resistance. On the
other hand, lower Tsoy values for TTIP (334°C) and
Sn(Oct), (341°C) suggest relatively lower thermal
stability under the same conditions. The differences in
residual mass at 600 °C also varied with catalyst type,
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potentially indicating differences in char formation or the
stability of the final degradation products. These findings
demonstrate that catalyst selection plays a crucial role
not only in the polymerization process but also in
determining the final thermal behavior of the polyester
materials.

100 -
. 365 °C
1
| — AICI3
80 !
| e TBT
£ 60 - e TP
7]
& @ SnOct?2
= 40 -
SnCI2.2H20
20 A a—Sh203
0 |

0 100 200

300

400 500 600

Temperature (°C)

Figure 6. TGA Curves of PPM Polyesters with Various Catalysts

The comparative analysis of catalysts showed that
aluminum chloride (AICl;) and titanium (IV) butoxide
(TBT) delivered the best performance in the synthesis
of bio-based polyesters, achieving higher molecular
weights (~2600 g/mol) and narrow polydispersity
indices (~1.29-1.30). These catalysts also contributed
to enhanced thermal stability, with onset degradation
temperatures above 280 °C and maximum degradation
temperatures exceeding 360 °C. In contrast, tin- and
antimony-based catalysts resulted in lower molecular
weights and broader molecular weight distributions,
correlating with slightly reduced thermal stability. This
indicates that catalyst choice critically influences both
polymer chain growth and the thermal properties of
the resulting polyesters. Among the tested catalysts,
AlCl; stands out as a promising sustainable alternative

due to its balance of efficiency, cost-effectiveness, and
environmental benignity.

When compared to previous studies, the thermal
stability of the polyesters synthesized in this work is
generally superior. For example, Testud et al. reported
Ts% degradation temperatures up to around 340 °C in
hyperbranched polyesters catalyzed by zinc acetate
(Testud, Pintori, Grau, Taton and Cramail, 2017).
Similarly, in blends of polylactic acid (PLA) with
poly(3-hydroxybutyrate) (P(3.4 HB)), trans-chalcone

stabilized systems exhibited 50% mass loss (Ts50%) at
approximately 346 °C (Olejnik, Masek and Kiersnowski,
2020). Against this backdrop, the AlCl;-catalyzed
polyesters in the present study reached Ts,% = 366 °C,
not only matching but exceeding the thermal
thresholds reported in these prior works. Moreover,
considering AlClz’s lower environmental impact and
cost compared to zinc or tin catalysts, this result marks
a meaningful step toward both sustainable and high-
performance bio-based polyester synthesis. Thus, AlCl;
emerges as a compelling catalyst option for industrial
applications seeking both economic and thermal
efficiency.

4., Conclusions

Bio-based homopolyesters from biomonomers, PDO
and MA, which have been industrially produced via
fermentation or extraction from biomass were
successfully synthesized by melt-polycondensation. Six
esterification catalysts have been investigated for their
effects on the chemical and thermal properties of the
polyesters. The PPM with TBT reached the thermal
degradation temperature of 299 °C. Biobased
polyesters showed an excellent thermal stability which
reached to Tso% of 366 °C with AIClz. With a low cost
and environmental impact, AlCl3 is the more suitable
catalyst for such synthesis of polyesters.
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Anahtar Kelimeler 0z

Stirdiiriilebilirlik Tarihi kent merkezlerinin, turizm amagli yogun faaliyetler (yeme-icme, alis veris, servis
Doga dostu malzeme destegi vb.) ve arag trafigine acik olduklarinda akustik konfor sorunlariyla karsi karsiya
Akustik konfor kalmalar1 bélgedeki kullanicilarin yasam kalitesini olumsuz etkilemektedir. Yapilan
Edirne-Kaleici arastirmalar; doga dostu malzemelerin yapi elemani olarak kullanilmasiyla kullanici

saglik ve refahinin arttigini ve akustik konforun iyilestigini géstermektedir. Bu ¢calisma
Edirne tarihi kent merkezinde cok sayida tescilli bina barindiran Kaleici bélgesindeki
konutlarin yapiminda kullanilan doga dostu malzemelerin akustik performans
lizerindeki etkisini degerlendirmeyi amaglamaktadir. Calismada akustik konfor, akustik
performans degerlendirme élgiitleri ve doga dostu malzemelerin é6zellikleriyle ilgili
literatiir taramasi yapilmistir. Alan ¢alismast kapsaminda bélgedeki alti adet tescilli
geleneksel konutun yapim teknikleri, malzeme ve duvar ézellikleri ile ilgili veriler
toplanmis, gézlem ve fotograflama ¢alismalari yapilmistir. Elde edilen verilere gore
“INSUL” programi kullanilarak konutlarin akustik performanslart hesaplanmis ve
kullanilan doga dostu malzemelerin akustik konfora etkisi saptanmistir. Sonug olarak,
incelenen kiiltiir mirasi tarihi konutlarin “Binalarin Giiriiltiiye Karsi Korunmasi
Hakkinda Yonetmelik”e gdre giiriiltiiye karsi sinir degeri sagladig, tas ve tugla dolgulu
duvarlarin akustik performansinin diger duvar olusumlarina gére daha etkin oldugu ve
duvar en kesitinin artmast durumunda akustik performansin da arttigi matematiksel
olarak ortaya konmustur.,

THE EFFECT OF ECO-FRIENDLY MATERIALS ON ACOUSTIC COMFORT IN TERMS OF
SUSTAINABILITY: EDIRNE- KALEICI HOUSES

Keywords Abstract

Sustainability Historical city centers face acoustic comfort problems when they are open to intense
Eco-friendly material tourism activities (gastronomy, trade, service support, etc.) and vehicle traffic, which
Acoustic comfort negatively affects the quality of life of the users in the region. Research shows that by
Edirne-Kaleigi using environmentally friendly materials as building elements, user health and well-

being increase and acoustic comfort improves. This study aims to evaluate the effect of
environmentally friendly materials used in the construction of houses in the Kaleigi
district, which contains many registered buildings in the historical city center of Edirne,
on the acoustic performance. In the study, a literature review was conducted on acoustic
comfort, acoustic performance evaluation criteria and the properties of environmentally
friendly materials. Within the scope of the field study, data on the construction
techniques, materials and wall features of six registered traditional houses in the region
were collected, and observation and photography studies were conducted. According to
the data obtained, the acoustic performance of the houses was calculated using the
"INSUL" program and the effect of the environmentally friendly materials used on
acoustic comfort was determined. As a result, it has been demonstrated with
mathematical that the examined cultural heritage historical houses provide the limit
value against noise according to the "Regulation on the Protection of Buildings Against
Noise", the acoustic performance of stone and brick infilled walls is more effective than
other wall formations and the acoustic performance increases when the wall cross-
section increases.
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1. Giris

Bir yapinin performansi, i¢ ortamda kullanicinin konfor
diizeyine baglhh olarak degerlendirildiginde yap1
icerisinde hava kalitesi, 1s1, aydinlatma ve akustik konfor
kosullari, koku ve ortam titresimleri gibi kosullarin
incelenmesi gerekmektedir (Kurtay vd., 2008; Aydin ve
Mihlayanlar, 2017). Yapi performansinin
degerlendirilmesinde 6nemli bir alt dl¢iit olan mimari
akustik, bina ve hacim akustigi basliklarinda
incelenmektedir. Bina akustigi; mekanlarin i¢ akustigini
incelerken (Cevre ve Sehircilik Bakanligi, 2017) hacim
akustigi mekanin igerisindeki akustik konforu
arttirmaya  yonelik  ¢alismalar1  kapsamaktadir
(Karabiber, 1991).

Her mekanin akustik kalitesi, mekanin islevine ve bunu
etkileyen faktorlere gore degisiklik gostermektedir
(Okten, 2010; Ates, 2007). Mekanlarin kullanim
amaglarina uygun olmayan rahatsizlik veren sesler
olarak aciklanan giriiltli, dizeyi artik¢a insanlarin
yasam kalitelerini olumsuz yénde etkileyen gevresel bir
sorundur. Kullanicilarin akustik ag¢idan konforsuz
hissetmelerine neden olan giirtiltii diizeyi [SO 16283- 3
“Acoustics-Field Measurement Of Sound Insulation in
Buildings and Of Building Elements” standartina gére 58
dB iizeridir (Aydin ve Mihlayanlar, 2017).

Akustik konfor, mekanda istenen seslerin net sekilde
duyulmasi ve istenmeyen seslerin yani giiriiltiilerin
engellenmesi ile saglanir. Bu nedenle, giiriltiniin
belirlenip kontrol altina alinmasi, akustik performansin
arttirllmasi i¢cin ¢ok Onemlidir. Giiriilti kaynaklari
yapida i¢ ve dis guriltiler olarak iki bashkta
simiflandirilmaktadir. Yap1 ici giirtltiler, yapilarda
kullanilan makine sistemleri ve insan faaliyetleri
kaynakl giiriiltiiler iken; dis giriiltiiler trafik ve ortam
kaynakli giirtiltiilerdir (Kurra, 1998; Yazici, 2022).
Bulunulan i¢ ortami etkileyen dis giiriiltii faktorlerini
kontrol altina almak icin yapi1 kabugunu olusturan
bilesenler dogru sec¢ilmelidir (Hac1 ve Senkal Sezer,
2015). Gilriltid etkilerinin azaltilmast i¢in bina
tasariminda, yapt kabugu kesitinin arttirilmasi ve ses
yutucu malzemelerin kullanilmasi gerekmektedir
(Aydin ve Mihlayanlar, 2017).

Calismada Tirkiye’de gecerli olan yodnetmelikler ve
uluslararas: akustik standartlar incelenerek akustik
performansin  degerlendirilmesine yonelik temel
oOlciitler ele alinmaktadir.

2. YOntem

Bu calismada yap1 kabugunda kullanilan doga dostu
malzemelerin akustik performans iizerindeki etkisini
degerlendirmek amaciyla, Edirne Kalei¢i bolgesinden
secilen alt1 adet tescilli konut i¢in “INSUL” programi
kullanilarak hesaplamalar yapilmistir. Bu kapsamda
oncelikle literatiirde akustik konfor, akustik performans
degerlendirme oOlgiitleri ve doga dostu malzemelerin
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ozellikleri  arastirilmistir.  Akustik  performansin
saptanmasinda kullanilan ulusal/uluslararasi 6lgtitler
incelenmis ve "Binalarin Giiriiltilye Kars1i Korunmasi
Hakkinda Yonetmelik" dikkate alinarak bina akustigi
kapsamina giren smir degerler belirlenmistir. Bu
yonetmelikte, akustik performans alt  siifta
degerlendirilmekte ve mevcut binalarda yapilacak
calismalarda en az “D smifi” dlciitlerin karsilanmasi
gerektigi belirtilmektedir (Cevre ve Sehircilik Bakanligi,
2017).

Arastirmada, ele alinan 6rnek konutlar i¢in Tablo 1’de
belirtilen hassasiyet ve giiriiltiiliiliik derecelerinden
hassasiyet derecesi Il olan yasam alanlar {izerinden
hesaplamalar yapilmaktadir.

Tablo 1. Cesitli Bina Ve Mekan Islevlerine Bagh
Giirtiltiiye Hassasiyet/Giirtltulilik Dereceleri (Cevre ve
Sehircilik Bakanligi, 2017)

Bina Olgegi Mekan Olgegi
Kaynak Al Kaynak Alci
Olmasi
Olmasi Olmasi Olmasi Durum
Durumu Durumu Mekan Durumu
Adi
Giritilil Hassasivet Giratalil Hassasiy
ik Dereces}i/ ik et
Derecesi Derecesi Derecesi
Yatak
Odalari 0G I
Yasam
Alanlan 0G I
gl;rffik/ 0G 1l
0G I y
Sirkiilas
yon oG I11
Alanlan
Teknik
Merkezl YG 111
er

[-Giriltiye karsi cok hassas bina ve kullanim/ YG-
Yiiksek diizeyli giiriiltii tiretimi

[I-Giiriiltiiye kars1 hassas bina ve kullanim/ OG-
Orta diizeyli gliriilti tiretimi

Deveci ve Yorulmaz (2022) yaptiklari calismada, Edirne
Merkez ilge Cumhuriyet ve Dariilhadis caddelerinin
giiriiltii diizeyi ol¢limleri ortalamasimi 59 dB oldugu
belirlemislerdir. Bu ¢alismanin da ayn1 mahallelerdeki
konutlari icermesi dolayisiyla Lgag degeri olarak 59 dB
degeri kullanilmaktadir. Ayrica Yonetmelige gore “D
siifi” akustik performans saglanmast icin dis
duvarlarda en az 30 dB sinir degerin saglanmasi
gerekmektedir (Tablo 2 en diisiik ses yalitim degerleri).
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Calismada yapilan karsilastirmalarda bu deger kabul
edilmektedir.

Tablo 2. D1s Guriilti Diizeyleri Ve Alic1 Odas1 Hassasiyet
Derecesine Gore Saglanacak En Disiik Ses Yalitim
Degerleri (Dntat dB), (Cevre ve Sehircilik Bakanligi,
2017)

Akustik Alic1 Odas1 Hassasiyet Derecesi
Performans

Sinifi I I

A Lgag-14 Lgag-17 Lgag-20
B Lgag-18 Lgag-21  Lgag-24
C Lgag-22 Lgag-25 Lgag-28
D Lgag-26 Lgag-29  Lgag-32
E Lgag-30 Lgag-33 Lgag-36

F Lgag-34 Lgag-37 Lgag-40

(Lgag degerleri binanin en az 2 m uzaginda 6lgtilen,
cephe yansimalar1 harig diizeylerdir)

Nitel arastirmanin saha arastirmasi ile desteklendigi bu
calismada, literatlir arastirmasiyla calismanin temel
kabulleri arastirilmis, akustik performansi
hesaplanacak konutlarin mimari ve teknik 6zellikleriyle
ilgili  bilgilere ulasimistir. Alan ¢alismas1 ile
fotograflamalar yapilmis, teorik bilgiler goézlem ve
fotograflama ile netlestirilmistir. Elde edilen veriler
kapsaminda “INSUL” programi ile konutlarin spektrum
uyarlamali agirlikli ses azaltma iyilestirme indeksleri
hesaplanmistir (Sekil 1).

Ulasilan R'w ve R'w,r degerleri;

DnT,w = R'w + 10log (0,16.V/To.Ss) D
Ss: Bolme duvar alani, m2

To: Referans yankilanma siiresi (konutlar i¢in 0,5 sn)
V: Alic1 odasi hacmi, m3

R'w = Rw+ CF 2
Cr: Duizeltme degeri(a), bolme elemaninin birim

agirhigiin (X)/ yanal iletim hatlarina neden olan tim
elemanlarin ortalama birim agirhig: (Y);

a<1CF =0 3)
1<a<2CF =2 4)
2<a<3CF =4 5)
3<aCF = 6 6)

(Cevre ve Sehircilik Bakanlig, 2017; Binalarin
Giirtiltiiye Karsi Korunmasi Yonetmeligi Aciklama ve
Uygulama Klavuzu, 2018).

DnT,A = DnT,w + C,DnT,A,tr = DnT,w + Ctr (7)
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C: Yasam giirltiileri i¢in spektrum adaptasyon terimi

Ctr: Trafik giiriiltileri icin spektrum adaptasyon terimi
(San Ozbilen ve Tamer Bayazit, 2021; San Ozbilen,
2021) formiilleri kullanilarak Dutat birimine ¢evrilmis,
yapilarin akustik performans diizeyleri Yonetmelik’teki
sinir degerler ile karsilastirilarak sonuca ulasilmistir.

1 Akustik 1
1 performans Doga dostu 1
| Awostikkonfor | | gegeriendirme || malzeme 1
1 Sigttlert 1
1 1
I m.n‘m 1-,,.:% 10 )
1 GREENSTAR, ahsap, sazkamusy | |
1 DGNB Sbtool, !
1 CASBEE pamuk, kege, 1
1 Binalann saman mantar I
1 Gariiltaye Kars: 1
1 Korunmast 1
1 Haldanda 1
(PRI O !
. . I [ camiernaae ' -
PPy s 2. Asama
,| Kaleisi Mimarisi %.51 Ornek Yapilar 3} Fotograflama 4%! edilmesi : (Al thsmm
________________________________
T ; e P ettt et e R iy
[ tari gr ;‘::nmg ".' Yap: elemam

1

1

1

1 3.Asama

1 (Veri Analizi)

| I ]
N T T 1
4.Asama
Sonug - ‘ Degerlendirme (Degerlendirme)

Sekil 1. Yontem Akis Diyagrami

Etik kurul raporu gerektirmeyen bu c¢alismada
arastirma ve yayin etigine uyulmustur.

3. Uluslararasi ve Ulusal Akustik Performans
Degerlendirme Sistemleri

Bir mekanin akustik  performans;, mekanin
fonksiyonuna ve ortam kosullara uygun olarak
degerlendirilmelidir. Akustik performans
degerlendirme sistemleri, yap: elemanlarinin ve
malzemelerin ses yalitimi ve ses yutma kapasitelerini
analiz ederek, i¢ mekandaki girilti kontrolini
saglamak ve akustik konforu artirmak amaciyla
gelistirilmistir. Bu kapsamda BREEAM, LEED,
GREENSTAR, DGNB, CASBEE, SBtool gibi uluslararasi
sertifika sistemleri icinde akustik performansa iliskin
olciitler gelistirilmigtir. Ulkemizde ise binalardaki
akustik konfora iliskin olarak “Binalarin Giiriltiiye
Korunmasina Hakkinda Yonetmelik” kullanilmaktadir.

BREEAM (Building  Research Establishment’s
Environmental Assessment Method), 1990 yilinda
Ingiltere’de Yapi Arastirma Kurumu (BRE) tarafindan
stirdiiriilebilir binalar i¢in tasarlanmis bir sertifikasyon
sistemi olup, farkl bina tiirlerinin gevresel etkilerini en
aza indirmeyi hedefleyen degerlendirme olgiitleri
sunmaktadir. BREEAM In-Use sertifikasyonu mevcut
binalarin isletme ve bakim siireglerinin ¢evresel
stirdiiriilebilirlik ilkelerine ne kadar uygun oldugunu
degerlendirmektedir. Bu sistem, o0zellikle enerji
verimliligi, su yonetimi ve i¢ mekan hava kalitesi gibi
unsurlara odaklanmaktadir. BREEAM sertifika sistemi
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genel olarak binalary; yonetim, saglik ve memnuniyet,
enerji, ulasim, su, malzeme, atiklar, Kkirlilik, arazi
kullanimi ve ekoloji olmak iizere dokuz grupta
degerlendirmektedir. ~ Ayrica  akustik  konforun,
kullanicilarin saghgina ve konforuna olan etkisini goz
ontinde bulundurarak bina igindeki ses yalitimi, giirtilti
seviyelerinin kontrolii ve i¢ mekan akustigi gibi
faktorlere dayanan akustik performansi saghk ve
memnuniyet baslhigl altinda da degerlendirmektedir
(Bastanoglu,2017).

LEED (Leadership in Energy and Environmental
Design), 1998 yilinda Birlesik Devletler Yesil Bina
Konseyi  tarafindan  olusturulan ve  cevresel
sturdirilebilirlik konusunda taninirhigir yiiksek bir
sertifikasyon sistemidir. LEED-EB O+M sertifikasyonu,
mevcut binalarin isletme ve bakim slireglerinin
stirdiirtlebilirligini belgelemek iizere tasarlanmistir.
LEED-EB O0+M  “yesil bina” performanslarini
surdiiriilebilir arsalar, su etkinligi, enerji ve malzemeler,
tasarim ve yenilik ile i¢ mekan hava kalitesi alt
basliklarinda degerlendirmektedir. LEED-EB O+M,
mevcut binalarin enerji verimliligini ve ¢evresel
etkilerini degerlendirirken, i¢ mekan ses yalitimi ve
giiriiltii diizeylerinin kontrol edilmesi gibi i¢ mekan
akustigine dayali faktorlere de dikkat etmektedir.
Akustik performans, i¢ mekan hava Kkalitesi baslig
altinda incelenmektedir (Yenidogan,2019).

GREEN STAR, Avustralya Yesil Bina Konseyi (GBCA)
tarafindan 2003 yilinda olusturulmus binalarin ¢evresel
performansini  degerlendiren  bir  sertifikasyon
sistemidir. GREENSTAR degerlendirme sistemi yonetim,
enerji, su, ulasim, malzemeler, i¢ mekan ortam kalitesi,
alan kullanimi ve ekoloji, kirlilik ve yenilikler gibi
olciitleri baz almaktadir. i¢ mekanin giiriiltii diizeyleri
ve ses yalitimi vb. faktoérlerin giiriiltii kirliligi ve akustik
konforsuzluk gibi kullanici saghgin ve verimliligini
olumsuz yonde etkiledigi konusuna yogunlasan
GREENSTAR akustik performansi, i¢ mekdn ortam
kalitesi altinda degerlendirmektedir (Tamer Bayazit,
vd.,, 2011).

Almanya merkezli DGNB sisteminin (Deutsche
Gesellschaft fiir Nachhaltiges bauen) kategorileri ise;
ekolojik, ekonomik, teknik, fonksiyonel, siire¢, sosyo-
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kiltiirel ve arazi kaliteleri olmak lizere altiya ayrilmistir.
DGNB, binalarin tiim yasam doéngiisiinii goz oniinde
bulundurarak kullanicilarin akustik konforunu, i¢ ve dis
mekan kalitesi, ses yalitimi gibi unsurlari sosyo-kiiltiirel
ve fonksiyonel kalite ile teknik kalite alt basliklarinda
incelemektedir (Perker, 2023).

Japonya merkezli degerlendirme sistemi CASBEE
(Comprehensive  Assessment System for Built
Environment Efficiency) yapilar;; i¢ mekan, servis
kalitesi, arsada dis mekan ¢evresi, enerji, kaynaklar ve
malzemeler, arsa disindaki cevre olmak lizere toplam
alti kategoride degerlendirmektedir. CASBEE, bina
sakinlerinin saghk ve yasam Kkalitesini artirmay:
hedeflerken, i¢ mekan giiriltii seviyeleri, ses izolasyonu
ve arka plan giriiltiisiiniin kontrolu gibi faktorlerden
dolay1 akustik performansi da i¢ mekan kategorisinde
degerlendirmektedir (Tamer Bayazit vd., 2011).

Siirdiiriilebilir bina tasarimi ve ¢evresel etkilerin
degerlendirilmesine yonelik SBTool (Sustainable
Building Tool) sistemi yapilar;;, arsa sec¢imi, proje
planlama/gelistirme, enerji/kaynak tiiketimi, gevresel
ytkler, ic mekan ortam kalitesi, sosyo-ekonomik ve
kiltiirel-algisal kabuller cergevesinde alti baslikta
incelemektedir. Akustik degerlendirme, ic mekan ortam
kalitesi bashgi altinda incelenmektedir (Kése-Mutlu vd.,
2019).

Goriildigl tzere uluslararasi sertifika sistemlerinin
timiinde kategori veya baslhiklar kismen degisiklik
gosterse de strdiiriilebilir bina tasarimlarinda i¢ mekan
konforunu etkileyen giiriiltii diizeyinin belirlenmesinde
akustik performans 6nemli yere sahiptir (Tablo 3).

Bu kapsamda ulusal 6l¢ekte Tiirkiye'nin yerel yesil bina
sertifikasyon sistemi olan “YeS-TR” de de akustik konfor
i¢c ortam kalitesi modiilii iginde ele alinmaktadir (Cevre
ve Sehircilik Bakanligi, 2022). Ayni zamanda “Binalarin
Giirtiltiiye Karst Korunmasi Hakkinda Yonetmelik
(2022)” ile hem yeni tasarlanacak binalarda hem de
mevcut binalarda akustik konforun 6nemli bir bilesen
olarak ele alindig1 gériilmektedir. Yonetmelik bu konuda
dis duvarlarda akustik konfor i¢in saglanmasi gereken
sinir degeri 30 dB olarak belirlemistir (Cevre ve
Sehircilik Bakanlig1,2017).
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Tablo 3. Uluslararas: Sertifikasyon Sistemlerinde Akustik Performans Degerlendirme Olgiitleri (Tamer Bayazit vd.,

2011’den yararlanilarak hazirlanmigtir)

Degerlendir  Akustik Performans Kategorisi
me Sistemi

Degerlendirme
Olgiitleri

BREEAM Saglik ve Memnuniyet

LEED Ic Mekan Hava Kalitesi
GREENSTAR i¢ Mekan Ortam Kalitesi

Sosyo-kiiltiirel ve Fonksiyonel Kalite
/Teknik kalite

Ic Mekan Cevresi

SBTool Ic Mekan Cevre Kalitesi

Ses yalitimy, giiriiltii seviyeleri, ic mekan akustigi

¢ mekan ses yalitim, giiriiltii kontrolii
I¢ ortam giiriiltii diizeyi

Ses yalitimi, donanim giiriiltiisi, ses yutuculugu

Arka plan giiriiltii seviyesi, donanim giiriltiisii, ses
izolasyonu, ses yutuculugu

Girilti kontroli ve akustik degerlendirme

4. Doga Dostu Malzeme Seciminin Akustik
Performansa Etkisi

Yapu biyolojisine gore, ic mekan hava kalitesini olumsuz
etkileyen ve saglik sorunlarina yol agan bir¢ok faktor
bulunmaktadir (Yazici, 2022). Bu faktorlerin basinda
sentetik yapt malzemelerinin yaygin  kullanimi
gelmektedir.  Sentetik  malzemeler  kullanilarak
olusturulan i¢ mekanlar, yap:1 malzemelerinden salinan
zararl kimyasallar nedeniyle "nefes almayan" bir ortam
olusturmaktadir. Bu durum, i¢ mekandaki hava
kalitesinin kotiilesmesine dolayisiyla konforun ve
saghigin olumsuz etkilenmesine sebep olmaktadir.

"Canli bir organizma gibi ¢alisan" yapilar tasarlamak
icin malzemelerin belirli 6zelliklere sahip olmasi
onemlidir (Zorlu ve Tikansak Karadayi, 2020). Bu
baglamda dogal malzemeler, i¢ mekan konforunu
saglamak icin gerekli olan 1s1 depolama, 1s1 yalitimi ve
nem gegcirgenligi gibi fonksiyonlari yerine getirebilirler.
Ayrica, glines enerjisi gibi dogal kaynaklardan elde
edilen enerjiyi kullanarak yapilarin enerji tiiketimini
minimum diizeye indirmeye yardimci olabilirler.

Dogal yap1 malzemeleri genellikle bitki bazli veya
hayvansal kaynaklardan elde edilmekte veya dogal
olusumlarin yiizeylerinden toplanmaktadir. Toprak
swvalar, kerpig bloklar, ahsap yapi1 elemanlari, saz kamisi
yalitim panelleri, saman panelleri, mantar désemeler,
seliiloz, kenevir, ylin, pamuk ve kece yalitim levhalari
bunlara 6rnek gosterilebilir. Bu malzemelerin iiretim
stregleri dogal ve cevre dostu olmakla beraber, hem
insan sagligina hem de ¢evresel siirdiirilebilirlige katki
saglamaktadir (Titiz, 2022), (Tablo 4).

Ses ve 151k konulari, yapi biyolojisi agisindan énemlidir.
Ic mekdnin akustik o6zellikleri ve aydinlatma
diizenlemeleri i¢inde yasayan/g¢alisan insanlarin

saghgini ve konforunu dogrudan etkilemektedir. lyi bir
ic mekan konforu icin ses seviyesi, yanki siiresi, darbe
sesi ve titresim gibi faktorler g6z Oniinde
bulundurulmahdir (Arenas ve Sakagami, 2020; Oztiirk,
2020). Dogru malzeme sec¢imi ile bu faktdrler optimize
edilerek i¢ mekan kalitesi arttirilabilmektedir (Korur,
2024).

Doga dostu malzemeler akustik konfor agisindan, i¢
mekanlarin ses yaliimi ve ses yutma performansini
onemli oOlclide iyilestirdikleri icin oOncelikli tercih
edilmelidir. Bu malzemeler genellikle bitki bazli veya
dogal kaynaklardan elde edilen hammaddeler olup,
dogal yapilar1 geregi ses dalgalarini yutma ve dagitma
ozelliklerine sahiptirler.

Ornegin, ahsap yap1 elemanlar, ses yalitiminda etkili
olan dogal bir malzemedir. Ahsap, ses dalgalarim
soniimleyerek yankilanmay1 azaltmakta ve i¢ mekanin
akustik Kkalitesini iyilestirmektedir. Ayrica, ahsabin
yogunlugu ve dokusu, ic mekanda daha dengeli bir ses
ortami olusturulmasina da katki saglamaktadir. Bunun
yani sira, kenevir gibi dogal lifler de yiiksek ses yutucu
ozelliklere sahiptir. Kenevir yalitim panelleri, ses
dalgalarim iyi bir sekilde yutar ve dagitir, boylece ig¢
mekanin akustik performansini arttirir (Malabadi vd.,
2023).

Ses yalitimi ve akustik performans agisindan doga dostu
malzemelerin kullanimi, i¢ mekanlarin kullanicilari igin
daha konforlu bir ¢alisma veya yasam ortami olusturur.
Bu malzemelerin tercih edilmesi, sadece akustik
konforu arttirmakla kalmamakta, ayni zamanda
cevresel siirdiiriilebilirlik ilkelerine uygun bir tasarim
yaklasimini desteklemektedir. Dogal malzemelerin
diistik karbon ayak izi ve cevresel etkilerinin azlig1, uzun
vadeli gevresel siirdiiriilebilirlik a¢isindan da énemli
avantajlar sunmaktadir (Yilmaz, 2022).
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Tablo 4. Dogal yap1 malzemeleri ve 6zellikleri (Titiz, 2022; Malabadi vd., 2023; Aiduang vd., 2022; Siilleymanoglu, 2023;

Yilmaz, 2022’den yararlanilarak hazirlanmistir)

Malzeme Genel Ozellikler

Kullanim Alanlari

Tiiri

Dogal lif yapisina sahip ahsap, ses yutucu 6zelligi

sayesinde i¢ mekan akustik performansini ) -
Ahsap iyilestirirken, 1s1 yalitimi da saglayarak enerji Konutlar, ofisler, kiiltiirel yapilar

tasarrufuna katkida bulunur.

. Kenevir lifleri, yiiksek ses yutucu 6zelliklere sahiptir Yalitim panelleri, i¢ duvar kaplamalari, ¢at1

Kenevir o

ve termal olarak yalitim saglar. kaplamalari

. S?S yutucu ozelligi yanisira t.err.nal yal}tlm saglayan Yalitim levhalari, désemeler, tekstil
Yiin ylin nem dengeleme 6zelligi ile ic mekan konforunu
uygulamalari

arttirir.

Geri dor}usu.mlu bir mglzg me olan pamuk, yiiksek ses Yalitim panelleri, désemeler, tekstil
Pamuk yutucu o6zelliklere sahiptir. Ayn1 zamanda 1s1 yalitimi

o . R P uygulamalari

saglar ve i¢ mekan hava kalitesini iyilestirir.

Dogal bir yap1 malzemesi olan toprak, termal stabilite ~ Siva ve kaplama malzemesi olarak kullanimi,
Toprak b N o L

saglar ve yliksek 1s1 depolama kapasitesine sahiptir. toprak evler
Mantar Ses yutucu 6zelliklere sahip {nantar, hafif dogal bir Zemin kaplamalari, mekén kaplamalari

malzeme olup, 1s1 yalitimi saglar.
Saz Yiksek ses yutucu 6zelliklere sahip saz kamis1 dogal Yalitim panelleri, i¢ duvar kaplamalar,
Kamisi bir yalitim malzemesidir. dosemeler
Seliiloz Ger..l doniigtimli ve sevre dostu b1.r m.alzeme olan Yalitim panelleri, tekstil uygulamalari

seliiloz, ses yutucu ozelliklere sahiptir.
Saman Yu_kSEk. Ses y"utucu.oz-elhklere sah'lp saman, yerel Cat1 kaplamalari, duvar yalitimlari

mimari icin 6nemli bir malzemedir.
Dogal Dogal taslar, ses ve 1s1 yalitimi saglamalar1 yaninda Dis cephe kaplamalart. ic mekan kaplamalart
Taslar dayanikli yap1 malzemeleridir. 3 cep P 16 P

5. Edirne Kalei¢i Konutlarinda Doga Dostu Malzeme
Seciminin Akustik Konfora Etkisi

Edirne Kaleigi, 19. ylizyilin baslarinda tamamen ahsap
konutlardan olusan bir yerlesim yeri olarak
kurulmustur (Sekil 2, Sekil 3). Kalei¢i'ndeki geleneksel
evler genellikle sade goriiniimleri ve 6zgiin planlariyla
dikkat ¢ekmektedir. Rum, Bulgar ve Yahudi ustalar
tarafindan insa edilen Kalei¢i konutlari, azinliklarin
yasam alanlar1 olarak tasarlanmis olmakla birlikte,
geleneksel Tiirk konut mimarisine de benzerlik
gostermektedirler (Akansel, 2004). Genellikle bitisik
diizende insa edilmis konutlardan olusan Kaleigi, gridal
diizendedir.

Geleneksel Kalei¢i evlerinde i¢ sofa ve dis sofali plan
tipleri yaygindir. Odalar genis tutulmus, yiiksek tavanlar
ve genis pencereler ile ferah bir goriniim tercih
edilmistir. Sokaga bakan cephelerde balkonlar, ¢ikmalar
ve cihannlima tarzinda gesitli ¢cati diizenlemeleri estetik
ve islevsel agcidan dnemli unsurlar olusturmaktadir
(Akansel, 1990). Bina cepheleri genellikle bagdadi sivali
veya ahsap kaplamalidir. Catilar ise kirma ¢ati veya
besik ¢at1 seklindedir (Yilmaz, 2021). Dosemelerde ve
catilarda ahsap malzeme tercih edilmistir Bazi st

katlarda ahsap dikme ve c¢atilar bagdadi ¢italarla
kaplanarak sivanmistir. Yigma yapi teknigi kullanilan
konutlarda bodrumlarda tas, ahsap st katlarda ise
ahsap arasi kerpi¢ veya tugla dolgu tercih edilmistir
(Dullinja, 2024).

Sekil 2. Edirne Kaleici Bolgesi (Google Earth, 2025,
Erisim adresi: https://earth.google.com)
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EDIRNE KALEICI BOLGES
TESCIL SNIRLARI VE TESCOLLI YAPILAR

Sekil 3. Edirne Kalei¢ci Bolgesi Izgara Yerlesim
Morfolojisi (Akansel, 1990)

Kalei¢ci evlerinin akustik konforu, konutlarin genel
yapisal 6zellikleri ile kullanilan malzemelerin akustik
ozellikleriyle yakindan iligkilidir. Geleneksel olarak tas
ve ahsap gibi dogal malzemelerin kullanildig1 bu evlerde
akustik konfor, yapr malzemelerinin sagladig1 ses
yalitimi ve ses emilim o6zelliklerine bagli olarak
sekillenmektedir.

Kaleici evlerinde yaygin olarak tas ve ahsap malzemeler
kullanilmaktadir. Tas, ses gecirgenligi diisiik olan dogal
bir malzemedir ve dis ortamdan gelen sesleri
sonliimleyerek ic mekanda daha sessiz bir ortam
olusumuna katki saglamaktadir. Ahsap ise hem ses
yutucu 6zelliklere sahiptir hem de i¢ ortamda sicak ve
dogal bir akustik ortam yaratmaktadir (Kigiiktiivek ve
Amirov, 2025).

Izgara yerlesim morfolojisinde genellikle bitisik
nizamda insa edilen Kalei¢i konutlarinda bitisik
duvarlar, komsu evlerden gelen seslerin gecisini
artirmaktadir. Buna karsin evlerin genellikle biiyiik
odalar, yiiksek tavanlari ve genis pencereleri vardir ve
bu 6zellikler, sesin i¢ mekanda daha homojen bir sekilde
yayllmasim1  saglarken  yankilanmayir  minimize
etmektedir. Evlerin biiyiik pencereleri, i¢ mekanda
dogal aydinlatma saglarken ayni zamanda sesin
disaridan igeriye girmesini de kolaylastirmaktadir.

Doga dostu malzemelerle insa edilmis bu geleneksel
konutlar hem barindirdiklar kiiltiirel degerler hem de
tasarimlar1  ve yapilasmalarn ile sirdirilebilir
orneklerdir ve farkli duvar olusumlari ile kullanicilar
icin farkl akustik konfor seviyeleri sunmaktadirlar. Bu
noktada o0zgiin degerler barindiran bu geleneksel
binalarin  nitelikli ~ 6greticiler olmasi nedeniyle
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incelenmesi (Rapoport, 1999; Foruzanmehr ve Vellinga,
2011; Correria vd. 2014) ve akustik konfor icin
malzeme odakli temel saptamalar yapilarak elde edilen
bilginin gliniimiiz sirdirilebilir binalarinin akustik
konforunun olusturulmasi agisindan énemlidir.

5.1. Kaleici Bolgesindeki Konutlar Uzerinden
Akustik Performansin Degerlendirilmesi

Osmanl Dénemi’'nde doga dostu tas, ahsap ve kerpic
malzemeler insa edilmis, yasam stiresince pek c¢ok
nedene baglh olarak hasar gérmiis, ancak barindirdig:
kiiltiir miras1 degerleri nedeni ile 6zgiin haline uygun
olarak restore edilmis, tescilli alti konut ¢alismanin
vakasini olusturmaktadir (Sekil 4). Bu nedenle bélim
icinde her binanin plan ve teknik ozellikleri kisaca
tanimlanmaktadir.

ILHAN KOMAN EVi

TURK OCAGI BINASI

Sekil 4. incelenen Konutlarin Kalei¢i'ndeki Konumlari

Tiirk Ocagi Binast

Kalei¢i'nde Tiirk Ocag1 Caddesi iizerinde 1905 yilinda
insa edilen Tarihi Tiirk Ocag1 binasi, Rum kékenli bir aile
tarafindan onarilmistir. iki katli bina, zemin ve birinci
kattan olusmaktadir (Sekil 5). Karniyarik (orta sofali)
plan tipinde organize edilmis binanin salon kisminin
sonradan yapildigi 6n goriilmektedir. Ahsap karkas
sistemde insa edilen binanin zemin ve birinci kat
duvarlar tugla dolgulu ahsap ¢itali iken salon kisminin
yigma yapim tekniginde ¢oziimlendigi goriilmektedir.
Dosemeler ve tavan kaplamalari ahsap malzemeden
yapilmistir (20 cm) (Bozdag, 2013).
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Sekil 5. Tiirk Ocag1 Binasi Plan, Kesit (Bozdag, 2013) ve
Cephesi (Yazar fotograf arsivi, 2025)

Duyuni Umumiye Binasit

Envanter numarast 174 (EKVKBK, 2024) olan tescilli
Duyun-i Umumiye Binasi, Maarif Caddesi iizerinde, 76
ada 29 parselde yer almakta olup giliniimiizde otel
olarak hizmet vermektedir (Sekil 6).

Sekil 6. Duyuni Umumiye Binasi Plan, Kesit (T. U. Mim.
Fak. Restorasyon Anabil. Dal. Arsivi, 2024) ve Cephesi
(Yazar fotograf arsivi, 2025)

iki kath olan yapi, orta sofali plan tipinde olup yigma
sistemle insa edilmistir. Beden duvarlar1 dogal tas tizeri
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melez sivali olan binanin aktif kullanilan bir bahgesi
bulunmaktadir. Ahsap malzemeden olusturulan déseme
ve tavan kaplamalar1 30 cm kalinhgindadir (T. U. Mim.
Fak. Restorasyon Anabil. Dal. Arsivi, 2024).

IThan Koman Evi

Maarif Caddesi lizerinde, 65 ada 1 parselde yer alan
[lhan Koman Evi, giiniimiizde Anitlar Kurulu binasi
olarak kullanilmaktadir. i¢ sofali plan tipine sahip bina,
kagir bodrum tzeri ahsap karkas olarak insa edilmistir
(Dlindar, 2024). Yapiin bodrum kati dis duvarlari
moloz tas ve tugla dizgileri ile almasik olarak
orilmustir (Aygil, 2022). Zemin kat ve st katta yer
alan duvarlarda herhangi bir dolguya yer verilmeyip
distan lambali tahta, icten bagdadi siva ile kaplanmistir
(Sekil 7) Yapr icerisinde bodrumdaki depo ve giris
holiiniin tizeri volta dosemeye sahipken diger mekanlar
laminant kaplamali ahsap déseme (25 cm) ile ortilidiir
(Dtindar, 2024; Aygiil, 2022).

Sekil 7. ilhan Koman Evi Plan, Kesit (Diindar, 2024) ve
Cephesi (Yazar fotograf arsivi, 2025)

Idris Bey Evi

Envanter numaras1 125 (EKVKBK, 2024) olan tescilli
Idris Bey evi, Tiirk Ocag1 Caddesi tlizerinde 59 ada 4
parselde yer almakta olup bodrum ve zemin kattan
olusmaktadir. Orta sofa plan tipine sahip yapi ahsap
karkas sistemde insa edilmistir (Sekil 8). Ahsap
tasiyicilarin  arast tugla dolguludur. Bodrum kat
duvarlar1 ise moloz tas ile orilmistiir. Désemeler ve
tavan kaplamalar1 ahsap malzemeden yapilmistir (20
cm) (Tekin, 2024).
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Sekil 8. Idris Bey Evi Plan, Kesit (Tekin, 2024) ve Cephesi
(Yazar fotograf arsivi, 2025)

Atatiirkgti Diistince Dernegi

Envanter numarasi 315 (EKVKBK, 2024) olan tescilli
Atatiirkeii Diistince Dernegi, Orta Kap1 Caddesi tizerinde,
135 ada 6 parselde yer almakta olup orta sofa plan
tipindedir (Sekil 9). Bodrum iizeri iki katli olan yapinin
bodrum kati tugla 6rgiilii, zemin ve birinci katlar1 ahsap
catki arasi kerpi¢ dolgudur. Kalinlig1 25 cm olan déseme
ve tavan kaplamalarinda ahsap malzeme tercih
edilmistir (Edirne Tasinmaz Kiilttir Varliklar1 Envanteri
11, 2013; Ozyakal1 ve Kisa Ovali, 2022).

Sekil 9. Atatiirk¢t Diisiince Dernegi Plan, Kesit (Edirne
Tasinmaz Kiltir Varliklar1 Envanteri 1I, 2013) ve
Cephesi (Yazar fotograf arsivi, 2025)
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Ikiz Evler

Envanter numarast 132 (EKVKBK, 2024) olan tescilli
Ikiz evler, Maarif Caddesi iizerinde, 62 ada 2-3 parselde
yer almakta olup dis sofali iki yapidan olusmaktadir.
Bodrum kat kesme tas iizeri sivali iken zemin kat ve
birinci kat tamamen kerpi¢ dolgulu ahsap kaplamadir
(Tekin, 2024). Zemin Kkat girisi cepheden igeri
cekilmistir. Birinci kat i¢ cephede de ¢ikma yapilarak
zemin kat Uzerine konumlandirilmistir (Sekil 10).
Ahsap malzemeden olusturulan ddseme ve tavan
kaplamalar1 17 cm kalinligindadir (Edirne Tasinmaz
Kiiltiir Varliklar: Envanteri I, 2013).
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Sekil 10. ikiz Evler Plan, Kesit (Edirne Tasinmaz Kiiltiir
Varliklar1 Envanteri 11,2013) ve Cephesi (Yazar fotograf
arsivi, 2025)

6. Bulgular

Mimari ozellikleri ve yapilasma durumlar1 kisaca
ozetlenen konutlarin akustik performans analizleri
“INSUL” akustik programi kullanilarak yapilmistir.
Calisma, ornekler lizerinden matematiksel veriler ile
binalarin akustik konfor seviyelerini dlgmeye
odaklanirken, ayni zamanda dogal malzemeler ve duvar
katmanlar1 agisindan da karsilastirma olanagi
sunmaktadir.

Bu baglamda Edirne Kaleici Bolgesi'nde tarihi
degerlerini korumasi nedeni ile restore edilerek ayni
veya farkli islevlerle aktif bicimde kullanilan kiiltir
miras1 alti bina o6zelinde yapilan akustik konfor
degerlendirmesi Tablo 5a ve Tablo 5b’de “INSUL”
program  verilerini  kapsamak {lizere detayh
sunulmaktadir.
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Tablo 5a. Ornek Konutlarin INSUL Programinda Elde Edilen Akustik Performans Degerleri

] ESOGU Eng. Arch. Fac. 2025, 33(3), 1914-1927

Agirlikh ses azaltma

Hesaplama Sonucu

Konut Adi Duvar Kesiti indeksleri Rw (C,Ctr) dB Dotz (dB)
(Distan Ice Dogru) (100-3150 Hz) Degerleri
(100-3150 Hz)
42(-4,-12)
DIS ] I¢
Tark Ocagy o , 40.4 dB
Binasi Sonmiis Kire¢ Hargli Siva (2 cm, 1800 kg/m”~)
Bagdadi Cita(2cm, 600 kg/m?)
Ahsap Dikme Arasi Tugla Dolgu (10 cm, 1800
kg/m?)
Bagdadi Cita(2cm, 600 kg/m®)  ~ ~ ©
Sonmiis Kire¢ Harchi Siva (2 cm,1800 kg/m?)
55(-2,-4)
Duyuni j s
Umumiye 00 ety 51.9dB
Binasi et
Sénmiis Kire¢ Harch Siva (2 cm, 1800 kg/m?)
Tas Duvar (60 cm, 1600 kg/m3
Sénmiis Kire¢ Hargli Siva (2 cm, 1800 kg/m?)
38(-1,-4)
DIS ic
Ilhan
Koman Evi 367 dB

Lambali Tahta(2cm,700 kg/m?)

Ahsap Dikme (10 cm, 600 kg/m?)

Bagdadi Cita(2cm, 600 kg/m?)

Sénmiis Kire¢ Hargli Siva (2 cm, 1800 kg/m?)
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Tablo 5b. Ornek Konutlarin INSUL Programinda Elde Edilen Akustik Performans Degerleri

Duvar Kesiti

Konut Ad: (Distan ice Dogru)

Hesaplama Sonucu
DnT,A,tr (dB)
Degerleri
(100-3150 Hz)

Agirlikh ses azaltma
indeksleri Rw (C,Ctr) dB
(100-3150 Hz)

DIS ic

Idris Bey Evi
Bagdadi Cita(2cm, 600 kg/m?)

Ahsap Dikme Arasi Tugla Dolgu (10 cm,1800

kg/m®)
Bagdadi Cita(2cm, 600 kg/m?)

Sénmiis Kire¢ Hargli Siva (2 cm, 1800 kg/m?)

Sénmiis Kire¢ Harch Siva (2 cm, 1800 kg/m?)

48(-1,-3)

50.9dB

DIS ic
Atatiirkcli
Diistince

Dernedi
ernest Bagdadi Cita(2cm, 600 kg/m?)

Ahsap Dikme Arasi
Kerpi¢ Dolgu (10cm,1550 kg/m?)
Bagdadi Cita(2cm, 600 kg/m3)

Sénmiis Kire¢ Hargli Siva (2 cm, 1800 kg/m?)

36(-4,-10)

29.5dB

ikiz Evler

Bagdadi Cita(2cm, 600 kg/m?)
Ahsap Dikme Arasi

Kerpi¢ Dolgu (10cm,1550 kg/m?)
Bagdadi Cita(2cm, 600 kg/m?)

Sénmiis Kire¢ Hargli Siva (2 cm, 1800 kg/m?)

37(-4,-10)

29.7 dB

Veriler kapsaminda incelenen o6rneklerin dort tanesi
yonetmelikte belirtilen sinir deger 30 desibeli asarak
akustik konfor kosullarini saglamistir. Ancak ahsap
karkas aras1 kerpi¢ dolgulu duvarlara sahip iki bina sinir
degeri saglamamaktadir. Ozellikle tas ve ahsap karkas
arasl tugla dolgulu 6rnekler duvar en kesitlerinin fazla

olmas1 sebebiyle daha yiiksek akustik performans
gostermistir (51-40 dB aralig1). Ahsap karkas yapilarin
duvar kesitlerinde kerpi¢ dolgulu veya dolgusuz
ornekler (29-36 dB aralig1) hacim biiytikliikleri ve duvar
en kesitlerine gore yonetmelik sinir degerine yakin veya
sinir degerin altinda performans géstermistir.
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7. Tartisma

Bu calisma, Edirne-Kaleici'ndeki tescilli yapilarin
akustik performansini analiz ederek, geleneksel doga
dostu yap1 malzemelerinin ses yalitimi uzerindeki
etkisini ortaya koymustur. Sonuglar, bolgedeki tarihi
yapilarin mevcut yonetmeliklere uygun sekilde
giirtiltiiye kars1 etkin bir koruma sagladigini ve malzeme
kalinligindaki artisin ses yalitim katsayisini dogrudan
iyilestirdigini gostermektedir.

Benzer sekilde geleneksel yapi malzemelerinin akustik
performans lizerindeki etkisini ele alan arastirmalar
incelendiginde; tas, kerpi¢ ve ahsap gibi dogal
malzemelerin ses yaliiminda yiiksek performans
sundugu gorilmektedir. Avrupa’daki tarihi kent
merkezlerinde yapilan ¢alismalar, masif tas ve tugla
yapilarin sahip oldugu yiiksek yogunluk nedeniyle dis
giirtiltiye karsi etkili bir bariyer olusturdugunu, ancak
ic mekan akustigi acisindan ek elemanlara ihtiyac
duydugunu ortaya koymaktadir.

Teorik modelleme ve saha gozlemine dayanan bu
calisma dogal yap1 malzemelerinin akustik konfora olan
etkisini vurgulayarak, kiiltiirel mirasin korunmasini
desteklemektedir. Farkli bina tiirleri ve malzeme
alternatifleri iizerinden yapilacak karsilastirmali
analizler, kiiltiirel mirasin akustik performans agisindan
daha kapsamli degerlendirilmesine katk: saglayacaktir.
Ayrica gelecek arastirmalarda deneysel saha dl¢iimleri
ile ileri diizey akustik simiilasyon tekniklerinin entegre
kullanimi tarihi kent dokusunun akustik
performansinin biitiinciil bakisla ortaya konulmasini
saglayacaktir.

8. Sonug

Siirdiiriilebilirlik bakis1 igcinde mevcut yerel 6rneklerin
ve kiiltiir miras1 binalarin korunarak gelecege
aktarilmas1 o6nceliklidir. Bu binalarin insa ve imal
slireglerinin ya da yap1 kabugu ve yapim malzemelerinin
gliniimiiz simiilasyon programlari aracilig1 ile analizi,
yerel yapilasmadan gelen bilginin gelecege yon verme
potansiyelinin ortaya konmasi bakimindan énemlidir.

Ayni zamanda bu yontem kiltiir miras1 binalarin
restorasyon veya renovasyonlarinda giinlimiiz konfor
kosullar1 icin desteklenmesi gerekli noktalarin
saptanmast acisinda da gereklidir. Bu gereklilige
odaklanarak, Edirne Kaleici'ndeki alti tescilli binay1
akustik konfor acgisindan analiz eden bu ¢alisma
0zelinde asagida belirtilen su sonugclara ulasilmistir.

Hesaplamalar kapsaminda Tirk Ocagy, Duyuni
Umumiye Binasi, idris Bey evi ve ilhan Koman evinde
(dort bina) “Binalarin Giiriltiiye Karst Korunmasi
Hakkinda Yonetmelik'te belirtilen (dis girilti
diizeylerine ve alic1 odas1 hassasiyet derecesine gore
saglanacak en diisiik ses yalitim degeri) 30 dB smir
degerinin saglandig1 ve bu kapsamda giiriiltiiye karsi
etkin bir koruma olustugu belirlenmistir. Kerpi¢

] ESOGU Eng. Arch. Fac. 2025, 33(3), 1914-1927

dolguya sahip Atatiirkgii Diisiince Dernegi ve ikiz Evler
de ise sinir degere ¢ok yakin olmakla birlikte istenen
sinir degerin saglanamadigi ve bu nedenle bu iki binada
akustik acidan iyilestirme yapilmasi gerektigi
belirlenmistir. Ayrica alt1 6rnek genelinde duvarlarda
kullanilan malzemelerin en kesitinin artmasiyla yalitim
degerlerinin de arttig1 goérilmiistir.

Bu calisma, bolgenin kiiltiirel ve c¢evresel degerlerini
koruma ve siirdirilebilirligi  arttirma amaci
tasimaktadir. Geleneksel yapi tekniklerinin ve dogal
malzemelerin kullaniminin, yapilarin enerji verimliligi
ve ¢evresel uyum agisindan kritik 6neme sahip oldugu
gorilmistir. Binalarin akustik performansinin tas,
tugla, kerpic ve ahsap gibi dogal malzemelerin ses
yutuculuk ve yaliim ozelliklerine bagh olarak
sekillendigi saptanmistir. Bu da i¢c mekadn konforunu
onemli dlciide arttirmaktadir.

Akustik performans 6l¢limleri, aslina uygun bicimde
restore edilmis konutlarin gliniimiiz standartlarina
¢ogunlukla uygun oldugunu gostermistir. “INSUL” gibi
akustik hesaplama programlarinin kullanimi, yapi
malzemelerinin ve tasarim 6zelliklerinin ses yalitim ve
ses yutma lzerindeki etkilerini degerlendirme
konusunda etkili araglar oldugunu ortaya koymustur.
Bu simiilasyon araglarinin binalarin restorasyon veya
renovasyonu oOncesi kullammminin olas1 iyilestirme
gereksinimlerinin énceden belirlenmesi ve restorasyon
veya renovasyon silireglerinin  bu  kapsamda
gelistirilmesi bakimindan ¢ok degerlidir.

Calisma  kapsaminda  gerceklestirilen  analizler,
bolgedeki yapilarin giiriiltiiye karsi etkin bir bariyer
olusturdugunu ve yasam kalitesine katki sagladigini da
gostermektedir.

Giniimiz strdirilebilir bina ve yerlesimlerinde i¢
mekdn konforunu etkileyen giirilti diizeyinin
belirlenerek akustik konforun saglanmasi yoluyla
yasam Kkalitesinin arttirilmasi bir gereklilik olarak
ortaya c¢ikmaktadir. Bu noktada “BREEAM, LEED,
GREENSTAR, DGNB, CASBEE, SBtool” gibi uluslararasi
ve “YeS-TR” gibi ulusal sertifikasyonlarin binalarin
akustik performanslarim1  belirleyecek standartlar
getirmesi ve bunlar1 saglayan bina ve c¢evreleri
desteklemesi, sirdirilebilir kalkinma  hedefleri
acisindan da 6nemsenmektedir.

Sonug olarak, Edirne-Kalei¢i konutlari, sosyo-Kkiiltiirel
mirasin korunmasinda ve cevresel siirdirilebilirlik
ilkelerinin uygulanmasinda hem bodlge hem de
geleneksel konut yapilasmasinin ekoloji kokenli nitel ve
nicel degerlerinin anlasilmas1 ve gelecek nesillere
aktarilmasi icin kilit bir rol oynamaktadir. Bu calisma,
doga dostu malzemeler ile insa edilmis geleneksel
binalarin modern yasamin akustik gereksinimlerine
uyum saglayabilecegini gostermektedir. Kullanilan
yontem itibariyle c¢alisma, akustik performans
hesaplamalarinda kullanilan diger programlar veya
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baska orneklem alanlarda tekrarlanabilme

potansiyeline sahiptir.

Arastirmacilarin Katkisi

Bu arastirmada; Yazarl, makale ¢atkisinin
olusturulmasi, binalara iliskin resmi bilgi edinme,
makale Kkritigi ve yazim; Yazar2, literatlir arastirmasi,
alan c¢alismasi, makale yazim ve program verisi
olusturma konularinda katki saglamislardir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢ikar ¢atismasi beyan
edilmemistir.
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Anahtar Kelimeler 0z

Kiilttirel Miras Kiiltlir mirasinin bir pargast olan tescilli yapilarin, deprem risklerinin belirlenmesi
Depreme Direngli Kentler kapsaminda hasar gérebilirlik analizlerinin yapilmasi, tarihi mirasin siirdiirebilirliginin
Hasar gorebilirlik Analizi ve kentlerin depreme direngliliginin saglanmasi agisindan ¢ok dnemlidir. Bu baglamda,
Sokak Taramasi Yontemi calisma kapsaminda, [zmir’in Foca ilcesinde kentsel sit alaninda bulunan, tescilli yigma
Foga yapilarin depreme karsi goreceli hasar gérebilirlikleri analiz edilmistir.

Bu ¢alisma, parsel-bazinda bir alan ¢alismast olup, analizler risk degerlendirme
stireglerinin ilk asamast olarak kabul edilen hizli tarama yéntemlerinden biri olan,
gobzleme dayali “Sokak Taramasi Yontemi’yle gergeklestirilmistir. 2023 yazinda, Foga
ilgesi Ismetpasa, Fevzipasa ve Atatiirk Mahallelerini kapsayan kentsel sit alaninda
gerceklestirilen calismada toplam 208 tescilli yigma yapi bu yontemle analiz edilmistir.
Bina Deprem Puanlari hesaplanmis ve yapilarin géreceli hasar gorebilirlik seviyeleri
belirlenmigtir. Analiz kapsaminda gozle gériinen kalite, bitisik yapilardaki carpisma
etkisi, cephelerdeki dolu-bos orani, dolu-bos diizeni gibi analiz parametreleri
degerlendirilmigtir. Tescilli 259 yapt icerisinden analiz edilen 208 yapinin, 156 tanesinin
(%75) géreceli riski diisiik, 52 tanesinin ise (%25) goreceli riski yiiksek olarak tespit
edilmistir. Elde edilen veriler dogrultusunda, yapilar goreceli hasar goérebilirlik
seviyelerine gore siniflandirilmis ve kentsel doku icindeki konumlarina bagh olarak
kentsel riskleri degerlendirilmistir. Oncelikli belirlenen yapilarin bina iclerine girilerek,
detayli ve hesaplamalara dayali miihendislik analizlerinin yapilmasi énerilmistir. Bu
kapsamda, ¢alisma, tescilli yigma yapilarin deprem giivenligini artirmak icin éncelikli
olarak hangi yapilarin detayli incelemeye tabi tutulmasi gerektigini belirlemektedir.
Sonug olarak, ¢calisma, deprem risk azaltimi kapsaminda kiiltiirel mirasin risk yénetimi
ve korunmasi konusunda 6nemli bir veri saglamaktadir. Ayrica ¢alisma kapsaminda,
yapilarin restorasyon stireclerinde, kiiltiirel mirast koruma stratejileriyle deprem
glivenligi 6nlemlerinin biitiinlegik bir sekilde ele alinmasi gerektigi vurgulanmaktadir.

EARTHQUAKE VULNERABILITY ASSESSMENT OF REGISTERED MASONRY BUILDINGS:

THE CASE OF FOCA
Keywords Abstract
Cultural Heritage Assessing the earthquake vulnerability of registered buildings in urban conservation sites
Earthquake- Resilient Cities is, essential for identifying earthquake risks, ensuring the sustainability of cultural
Vulnerability Assessment heritage, and enhancing urban resilience.
Sidewalk Survey Method This study analyzes the relative earthquake vulnerability of registered masonry buildings
Foca in Foga using the “Sidewalk Survey Method”, a rapid observational assessment technique

recognized as the initial stage of earthquake risk evaluation processes. Conducted in the
summer of 2023, the analysis covered buildings in the Ismetpasa, Fevzipasa, and Atatiirk
Neighborhoods, located in the urban conservation area.

Building Earthquake Scores were calculated based on the parameters such as apparent
building quality, the impact of adjacent buildings (pounding effects), elevation solid-to-
void ratios, and irregularities in facade openings. Findings indicate that 156 buildings
(75%) exhibit low relative earthquake vulnerability, while 52 (25%) have high relative
vulnerability. Their vulnerability was also evaluated in relation to their spatial
distribution within the urban fabric. The study identifies registered masonry buildings
that require prioritization for in-depth investigation using detailed, analytical methods,
including on-site interior evaluations, to enhance earthquake safety.

hiikiimlerine gore acik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License
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In conclusion, this study provides significant data for the risk management and
conservation of cultural heritage within the framework of earthquake risk mitigation.
Furthermore, this study underscores the importance of integrating earthquake safety
with heritage conservation in historical building restoration, ensuring both structural
resilience and cultural sustainability.
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1. Giris

Depremselligi yiiksek olan bir bolgede yer alan Tiirkiye,
Kuzey Anadolu Fay Kusag1 basta olmak tizere tektonik
bir aktivite alani Uzerinde yer almakta, yillik
santimetreler hizinda dogrultu atimli kayma hareketleri
ile siirekli olarak deprem gercekligiyle karsi karsiya
kalmaktadir. Depremleri 6nlemek miimkiin olmasa da,
bilingli ve etkili yontemler sayesinde, deprem
hasarlarini azaltmak miimkiindiir (Isik, 1992, 102-109).
Deprem konusunda Tiirkiye agisindan en onemli
problemlerden biri yap1 stokunu olusturan yapilarin
depreme dayanikli olmamasi ve bu konuda duyulan
endiselerdir. Ozellikle 2007 yilinda yayinlanan Deprem
Bolgelerinde Yapilacak Binalar Hakkinda Yonetmelik
oncesinde insa edilen yapilarin, yetersiz donati miktari
nedeniyle olasi bir depremde daha ytliksek hasar riski
tasidigr vurgulanmaktadir (Sucuoglu, 2007; Tokgoz ve
Bayraktar, 2015).

Olas1 depremlerde can ve mal kayiplarin1i en aza
indirmek icin “depreme direngli kentler” insa etme
slirecinin bir asamasi olan, risk degerlendirmesi ¢ok
onemlidir (Gortr, 2024). Ancak, incelenecek yapilarin
fazlalig1 nedeniyle, her bir yapinin detayli miithendislik
hesaplarina dayali yapisal analizinin yapilmasi, zaman,
maliyet ve isgiicli agisindan her durumda uygulanabilir
degildir. Bu nedenle, mevcut yapilarin ve kentsel
dokunun deprem riskinin, etkili, pratik, sistematik ve
hizl1 uygulanabilir yontemlerle belirlenmesi kritik bir
gerekliliktir. Bu siirecte, kademeli risk degerlendirme
yontemlerinin kullamimi, etkili bir ¢éziim olarak 6ne
cikmaktadir (Sucuoglu, 2007; Sucuoglu ve Yazgan 2003;
Karasin ve digerleri, 2016; Akbulut ve Aytug, 2005;
Giiler ve Canbaz, 2020; Tokg6z ve Bayraktar, 2015; Isik,
2013; Okuyucu ve digerleri, 2018).

Mevcut yap1 stokunun énemli bir parcasi olan tarihi
yapillar ve kent dokulari, kiltiirel mirasin
strdiiriilebilirligi acisindan 6zel bir degere sahip olup,
bu yapilarin risk degerlendirmesi ayr1 bir gereklilik
tasimaktadir. Bir sonraki boliimde detayli aciklanacagi
gibi, tarihi yapilarin risk degerlendirmesi konusunda
cesitli zorluklar da vardir. Bu zorluklar, yapilarin
striiktiirel hassasiyetleri, geleneksel insaat teknikleriyle
insa edilmis olmalari, giincel deprem

yonetmeliklerinden 6nce yapilmis olmalari, belgeleme
ve veri eksiklikleri, malzeme sinirlamalari ve koruma ile
givenlik arasindaki dengeyi saglama zorluklari gibi
bir¢ok faktérii kapsamaktadir. Bu hususlar, istanbul
Valiligi ve T.C. Bagbakanlik Vakiflar Genel Mudirlagu
tarafindan hazirlanan “Tarihi Yapilar icin Deprem
Risklerinin Yonetimi Kilavuzu”nda detayl bir sekilde ele
alinmistir (T.C. Vakiflar Genel Midirligi, 2017). Bir
diger onemli konu da, kentsel sit alanlarinda yiriitiilen
koruma c¢alismalar ile risk azaltimi ¢alismalarinin
biitiinlesik bir sekilde yirttilmesinin gerekliligidir
(Uzer ve Giilersoy, 2011). Bu kapsamda, ICOMOS’'un
1996’daki “1st National Summit on Heritage & Risk
Preparedness” adl1 toplantisinda tarihi ¢evrelerde afet
riski yontemi konusu giindeme getirilmistir (ICOMOS,
1996). 2005'ten itibaren bu konu Tirkiye’de de
akademik  c¢alismalar kapsaminda incelenmeye
baslanmistir (Zivrali ve Cabbar, 2015).

Bu ¢alisma “koruma odakli risk yonetim siiregleri”
(Zivrali ve Cabbar, 2015) kavramindan hareketle,
deprem riski altindaki kiiltiirel mirasi olusturan tescilli
yigma yapilarin goreceli hasar gorebilirliklerini
belirleyip haritalamayr amaglamaktadir. Elde edilen
harita ile risk, kentsel doku baglaminda biitiinsel bir
sekilde degerlendirilmistir. Calisma, Izmir'in Foca
ilcesinin, kent merkezinde, ismetpasa, Fevzipasa ve
Atatiirk Mahalleleri'ni kapsayan kentsel sit alaninda
yapilmistir.

Yapilarin analizinde, Sucuoglu (2007) ve Sucuoglu &
Yazgan (2003) tarafindan gelistirilen, kademeli
degerlendirme yontemlerinin ilk asamasinda yer alan ve
hizli tarama yontemlerinden biri olarak tanimlanan,
“sokak taramasi yontemi” kullamilmistir. 208 adet
tescilli yigma yapinin risk degerlendirmesi yapilmis ve
goreceli hasar gorebilirlige dayali bir risk dagilim
haritas1 olusturulmustur. Bu sayede, kapsamli risk
analizleri i¢in hangi yapilarin 6ncelikli olarak detayli
incelemeye alinmasi gerektigi belirlenmistir.

Yeni interaktif Deprem Tehlike Haritasi’'na gore, Foca
ilcesi yliksek tehlike olarak belirlenen boélgede yer
almaktadir (JMO 2025). Daha 6nce yasamis oldugu
depremlerdeki ciddi yikimlar, zemin sorunlari, sit alam
olmasindan dolay1 karsilasilan ingaat/uygulama
kisitlar1 ve 6zellikle 30 Ekim 2020 Sisam Depremi’nde
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tescilli yapilarda meydana gelen kismi hasar ve yikimlar,
kentin c¢alisma alani olarak secilmesinde etken
olmustur.

Calisma kapsaminda, oOncelikli olarak deprem hasar
gorebilirlik analizleri i¢in kullanilan yontemlere iliskin
yapilmis ¢alismalar incelenmis ve calismanin yontemi
aciklanmistir. Calisma alani olan Fog¢a'nin tarihi dokusu
ve depremselligine iliskin bilgilerin anlatimini takiben,
kentsel sit alani igerisinde yer alan tescilli yigma
yapilarin hasar gorebilirlik analizine iliskin sonuglar
aciklandiktan sonra, her bir parametrenin dagilimi ve
hasar gorebilirlik iizerine olan etkileri tartisimis,
yapilarin belirlenen goreceli hasar gorebilirliklerine
gore risk dagiim haritas1 olusturulmustur. Sonug
bolimiinde c¢alismanin 6nemi, kullanilan yoénteme
iliskin degerlendirmeler ile yontemin sinirhiliklarn ve
gelistirme Onerileri tartisilmistir. Ayrica bu ¢alismanin
veri ve sonuglarinin koruma amaglh imar plani, kiiltiir
mirasinin alan yonetim planlar1 ve deprem hasar risk
haritalar1 gibi deprem risk azaltimi kapsaminda nasil
kullanilabilecegi konusunda oOneriler yapilmistir.
Koruma c¢alismalarinin risk azaltimi c¢alismalan ile
birlikte yiirtitiilmesinin 6nemi vurgulanmistir.

2. Bilimsel Yazin Taramasi
2.1. Tescilli Yigma Yapilarin Deprem Risk
Degerlendirmesi ve Onceliklendirilmesi

Depremlerin kiiltiir miras1 alanlarina vermis olduklari
hasarlarin boyutu oldukea fazladir. Kiiltiir mirasi olarak
tanimlanan arkeolojik alanlar, kentsel sit alanlari,
anitsal yapilar, saray, kosk, yali gibi biiyliik o6lgekli
konutlar, geleneksel konutlar, uzun tarihsel siirecler
boyunca glnimiize ulasmayr basarmis yapilardir.
Ancak bu siirecte; fonksiyonel degisiklikler, izinsiz
mimari miidahaleler, degisen iklim kosullar1 (is1
farklhiliklari, nem orani, yagmur, kar, riizgar gibi),
zamanla meydana gelen striiktiirel ve kimyasal
bozulmalar, afetler, bakimsizlik, kullanici kaynakli
tahribatlar ve vandalizm gibi pek cok olumsuz etken
nedeniyle fiziksel olarak yipranmaktadirlar. Olusan bu
degisimler, malzemenin, striiktiiriin ve mekansal
tasarimin 6zgiin niteliklerini degistirerek dayanikliligim
azaltabilmekte ve yapilarin depremlere karsi zayif hale
gelmelerine neden olmaktadir (Vatan, 2015).
Dolayisiyla, kiiltiir mirasinin 06zgiin niteliklerinin
bozulmadan korunmasinin saglanmasinin yan sira, bu
ozelliklere zarar vermeden dayanikliliginin artirilmasi
da onemlidir. Bu baglamda koruma ve deprem risk
azaltimi ¢alismalarinin, Uzer ve Giilersoy (2011)'un da
belirttigi gibi biitiinlestirilmesi gerekmektedir.

Tarihi dokunun korunmasi ve siirdiirilebilirligi
acisindan, tescilli yapilarin deprem giivenliginin
saglanmasi biiyiik 6nem tagimaktadir. Ozellikle y1§ma
yapim teknigiyle insa edilen tarihi yapilarin, rijit
olmalar1 ve diistik siineklikleri nedeniyle yliksek hasar
gorebilirlik riskine sahip oldugu bilinmektedir (Baytilke,
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2011). Bunedenle, tarihi yap1 stokunun deprem riskinin
belirlenmesi, bu siirecin hizli tarama ve 0n
degerlendirme yontemleriyle desteklenmesi,
giclendirme gerektiren binalarin belirlenmesi ve
detayli bina performans analizleri ile gerekli
miidahalelerin planlanmasi tarihi yapilarin giivenliginin
saglanmasinda temel bir gerekliliktir (Ozbay ve
Karapinar, 2021; Kog, 2016).

Deprem riski tasiyan yapilarin kentsel alandaki
mekansal dagiliminin belirlenmesi ve haritalanmasi,
depremlere kars: etkili koruma stratejileri gelistirmek
icin 6nemlidir. Deprem 6ncesinde, kiiltiirel mirasa sahip
yapilarin  risklerinin  degerlendirilmesi,  gerekli
restorasyon, yenileme ve giiclendirme gibi miidahale
kararlarinin alinmasi i¢in bilimsel bir temel olusturur.
Kentsel sit alanlarindaki risklerin belirlenmesi, yalnizca
tekil bina 6lceginde degil, biitiinciil bir yaklasimla ele
alinmali ve koruma amag¢h imar planlarn ile
entegrasyonu saglanmalidir (Uzer ve Giilersoy, 2011;
Ziwvrali ve Cabbar, 2015). Tarihi yapilarin deprem
giivenligi yalmizca miihendislik alaninda yiiritilen
yapisal analizlerle degil, kentsel doku ve yapi iligkisini
de iceren biitiinciil bir yaklasimla ele alinmalidir. Bu
dogrultuda, kentsel sit alanlar1 i¢in hasar gorebilirlik
haritalar1 olusturulmasi, risk yonetim planlarinin
gelistirilmesi ve alan yoOnetim planlarina entegre
edilmesi gerekmektedir. Ozellikle, disiplinler arasi
isbirligi, tarihi y1gma yapilarin deprem davranislarinin
belirlenmesi i¢in cok énemlidir (Can ve Unay, 2012). Bu
baglamda, mimarlik ve kentsel tasarim disiplinlerinin
perspektifinden yapilan bu ¢alisma, tekil yap1 bazinda
gerceklestirilen risk degerlendirmelerine yeni bir boyut
ekleyerek, goreceli olarak riskli bulunan yapilar1 kent
dokusu biitiiniinde ele almayr hedeflemekte ve ¢ok
disiplinli bir yaklasimin (miihendislik, mimarlik,
restorasyon, kentsel tasarim ve planlama) ©6nemini
vurgulamaktadir.

2.2. Hasar Gorebilirlik Analiz Yontemleri

Giivenli yapili cevreler icin depremin etkilerinin,
sakimim planlan ile azaltilmasi1 (Balamir, 2007) ve
deprem zararlarinin azaltilmasi icin de o6ncelikle
risklerin tanimlanmasi gerekmektedir (Balyemez ve
Berkéz, 2005). Deprem olmadan, depreme hazirlik
slireci  cergevesinde yapilmasi gereken riskin
tanimlanmasidir ve bu degerlendirmeyi destekleyen
hasar gorebilirlik analizleri, afet yontemi déngiisiiniin
onemli bir asamasidir (Balamir, 2022).

Coburn ve Spence (2002), hasar gorebilirligi kentsel
alanlarda, binalarda, niifusta, kritik altyapi ve sosyo-
ekonomik faaliyetlerde belirli bir tehlike seviyesinden
kaynaklanan risk altindaki belirli bir unsur veya bu tiir
unsurlar  kiimesindeki kayip  derecesi olarak
tanimlamislardir. Akbulut ve Aytug'un (2005) da
aktardiklar: gibi, hasar gorebilirlik, depremin siddeti ve
ozelliklerine, zemin ve yerlesim yeri o6zelliklerine,
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yapisal ve bicimsel ozelliklerine (mimari), uygun
malzeme sec¢imi ve uygulama kalitesine ve korunma
diizeyine gore degisebilir. Yap1 oOlgeginde bakilirsa,
detayli olarak da, tasiyici sistem sec¢imine, yapinin
bicimsel o6zelliklerine, kat adedine, uygun malzeme
secimi yapilip yapilmamasi ve is¢ilik ve yapim
kalitesine, yapinin yonetmeliklere uygun olup
olmadigina, yapinin yasina, yapinin daha énce gordiigi
hasarlara, yapmnin gecirdigi tadilat, onarim ve
restorasyon calismalarina, yapidaki donati
korozyonuna ve yapiya ilave yiiklerin durumuna gore
degisiklik gosterebilmektedir (Akbulut ve Aytug, 2005).

Yap1 stokunun deprem hasar gorebilirligini belirlemek
icin cesitli yontemler mevcuttur. Bu yontemler hizh
degerlendirme olarak da  bilinen “sokaktan
degerlendirme yontemleri” ile detayli, “hesaplamali
degerlendirme yontemleri” olarak gruplanmaktadir. Bu
yontemler yapinin betonarme veya yigma olup
olmamasina gore de farklilik géstermektedir (Erberik,
2010; Ozdemir, 2015; Efekan, 2019). Tek tek yapilara
odaklanan yontemler oldugu gibi, biitliin yap1 stokunu
ve/veya yap1l gruplarini analiz etmeyi amaclayan
yontemler de bulunmaktadir. Bu ¢alismanin da yontemi
olan, sokak taramasi yontemi ilk kademe
degerlendirmeleri olarak tanimlanmakta olup, gézleme
dayanmaktadir. Buna karsin, ikinci ve ii¢iincii kademe
degerlendirmeleri olarak tanimlanan hesaplamali
yontemler, detayli miihendislik hesaplamalarina ve
striiktiir analizlerine dayanmaktadir.

2.2.1. Hizhh Tarama Yéntemleri

Deprem hasar gorebilirligini belirlemek amaciyla
kullanilan hizli tarama yontemleri, yap1 stokunun
tamamini detayli miihendislik hesaplariyla analiz
etmenin zaman, maliyet ve pratiklik agisindan miimkiin
olmamasi nedeniyle gelistirilmistir (Giiler ve Canbaz,
2020). Her bir yap1 o6zelinde yodnetmeliklere uygun
hesaplar, modeller yapmak zaman alacag igin, ilk
kademede kullanilan daha pratik ve gézleme dayali olan
hizli tarama yontemlerine ihtiya¢ duyulmaktadir
(Efekan, 2019). Ozdemir (2015), hizli degerlendirme
yontemlerini  inceleyerek,  ozellikle 1990’larin
sonlarindan itibaren bu yontemlerin deprem
literatiiriinde yer almaya basladigini vurgulamaktadir.

Bu yontemlerle, goreceli riskli belirlenen yapilar, ikinci
ve uglnci kademe degerlendirme yontemlerine tabi
tutulmakta ve bdylece deprem riski agisindan daha
kapsamli bir inceleme yapilmaktadir. Bu birinci kademe
degerlendirmesinden elde edilen sonuglarla, goreceli
hasar gorebilirligi yiiksek olarak belirlenen binalarin
deprem yonetmeligine uygun olup olmadiginin kesin
olarak belirlenmesi miimkiin degildir. Kesin sonuglar
ancak daha kapsamli analiz yontemleriyle elde
edilebilmektedir (Yakut ve digerleri, 2013; Karasin ve
digerleri, 2016).
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Yurtdisinda kullanilan hizli tarama yontemleri
incelendiginde, en ¢ok kullanilan yontemlerin Kanada
Sismik Tarama Yontemi, Japon Sismik Index Yontemi ve
FEMA-154 sokak tarama yontemi gibi yontemler oldugu
gorilmektedir. ABD’de uygulanan FEMA yontemi, bu
konuda ilk yapilan ¢alismalardan biridir. Bu yontemler
genellikle betonarme binalar icin gelistirilmis ve
uygulanmistir (Ozdemir, 2015; Efekan, 2019). Durak
(2018) yurtdisinda gelistirilen tarama ydntemlerinin
Tiirkiye’deki yap1 stokunun o6zelliklerine uygun
olmadig1 icin dogrudan uygulanmamasi gerektigini
belirtmektedir. Efekan (2019) yurtdisinda kullanilan
yontemler izerine yaptigi degerlendirmelerinde bu
yontemlerden en giivenli, hizli ve pratik olaninin FEMA-
154 oldugu sonucuna varmistir; fakat bu ydntemin
tarihi yigma yapilarda kullanilmamakta oldugunu
belirtmektedir. Ayrica, Tiirkiye’de betonarme binalarin
degerlendirilmesinde kullanilan DURTES, P24, P25 gibi
diger hizli tarama yodntemleri de bulunmaktadir
(Efekan, 2019). Fakat bunlar da sadece betonarme
yapilar icin gelistirildigi i¢cin bu arastirma kapsaminda
uygun degildir.

Sonu¢ olarak yer, yap1 stoku ve kentsel dokunun
ozellikleri, kullanilan yo6ntemlerin se¢iminde 0one
¢ikmaktadir ve yere 6zgl oOzelliklerin, yontemlerin
evrilmesinde biiytik etkisi bulunmaktadir. Bu baglamda
Sucuoglu (2007) ve Sucuoglu & Yazgan (2003)
tarafindan gelistirilen sokak taramasi yodnteminin,
FEMA-154'tin Tirkiye sartlarinda uygulanabilen bir
baska 6rnegi oldugu soylenebilir.

Bir diger hizli tarama yontemi de, Cevre Sehircilik
Bakanligi (CSB)'nin yontemidir. 2012’de ¢ikarilan, 6306
sayili Afet Riski Altindaki Alanlarin Doniistiiriilmesi
Hakkinda Kanun'un Uygulama Yonetmeligi'nde, birinci
kademe degerlendirme yonteminin uygulama esaslari
ayrintili olarak agiklanmis ve bu y6ntemin binalarin
bolgesel deprem risk dagilimimi  belirlemede
kullanilabilecegi belirtilmistir (RBTE, 2013). Okuyucu
ve digerleri (2018) Erzurum-Yenisehir ilgesinde yer
alan 1177 betonarme binay1 kapsayan c¢alismalarinda,
6306 sayili kanunun uygulama yénetmeliginde yer alan
birinci kademe degerlendirme yontemini
kullanmislardir. Standard sapma ve ortalama deger
kullanarak bina performans puanini belirlemisler ve
yapilar1 yliksek riskli, orta derece riskli, diisiik riskli,
giivenli ve ¢ok giivenli olacak sekilde 5 ayri risk grubuna
ayirmislardir.

Ozbay ve Karapinar (2021), istanbul, Galata’da, toplam
213 yigma yapiy1 analiz ettikleri calismalarinda, hizl
tarama yontemlerinden Cevre Sehircilik Bakanligi'nin
yontemini kullanarak yapilarin goreceli risklerini
belirlemis ve bolgesel risk dagilim haritasimi
olusturmuslardir. RBTE (2013) yontemi kapsaminda
analiz edilen birinci kademe degerlendirme sonuglari,
Galata bolgesindeki yigma yapilarin o6ncelikli risk
diizeyini belirleyen ilk c¢alismalardan biri olmasi
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acisindan 6nemlidir. Calismanin ikinci béliimiinde ise,
bolgedeki ii¢ yigma bina 6rnek olarak se¢ilmis ve ikinci
kademe degerlendirme yontemi temel alinarak,
uygulamali bir karsilastirma yapimstir. Ozbay ve
Karapinar (2021), hizli tarama yodntemlerinin tarihi
yapilar icin de wuygulanabilir oldugunu ortaya
koymuslardir.

Karasin ve digerleri (2016) hizli tarama yontemlerinin
uygulanabilirligini ve dogrulugunu test etmek amaciyla
Kanada Sismik Tarama Yontemi ile Cevre ve Sehircilik
Bakanligl tarafindan yigma yapilar icin 6nerilen sokak
taramasi yontemini tek bir bina lizerinde uygulamistir.
Diyarbakir Sur i¢cindeki tarihi bir yigma yapinin iki farkl
hizli degerlendirme yontemiyle analiz edilmesi
sonucunda, her iki yontemin benzer sonuglar verdigi
tespit edilmistir.

Tiirkiye’de, kentsel ve kirsal alanlardaki betonarme,
yigma ve karma binalarin deprem gilvenligini
degerlendirmek amaciyla uygulanan hizl gorsel tarama
yontemlerinden biri olan sokak taramasi yéntemi, Haluk
Sucuoglu tarafindan baslangi¢ta betonarme yapilar igin
onerilmis, daha sonra Istanbul Deprem Master Plan
(IDMP) kapsaminda y1gma yapilar i¢in de uyarlanmistir
(istanbul Biiyiiksehir Belediyesi, 2003). Deprem riski
tasiyan bolgelerin belirlenmesi, sismik riskin azaltilmasi
ve acil durum ile restorasyon planlarinin hazirlanmasi
amaciyla gelistirilen bu yontem, 1992 Erzincan ve 1995
Dinar depremlerinde yigma binalarda gdzlemlenen
hasarlar dogrultusunda genisletilmis ve yigma ile karma
yapilar1 kapsayacak sekilde degerlendirme kriterleri
olusturulmustur. Yontemin Istanbul’un farkl ilgelerine
uygulanis1  ve  metodolojisi, c¢esitli akademik
calismalarda detayl bir sekilde ele alinmistir (Erberik,
2008, 2010; Yakut ve digerleri, 2013; Sucuoglu ve
Yazgan, 2003).

Sucuoglu yonteminin betonarme yapilara yonelik
uygulanmasina dair c¢esitli 6rnek ¢alismalar
bulunmaktadir. Ornegin, Isik (2013) bu yoéntemi
kullanarak, Bitlis ili Merkez ilgesinde bulunan toplam
324 adet (1-7 Kkatll) betonarme binanin risk
degerlendirmesini yapmistir. Calisma kapsaminda
birinci kademe degerlendirmesi gercgeklestirilerek
toplam 324 betonarme yapi incelenmis ve belirlenen
sinir degerine gore yapilar 3 farkli dncelik grubuna
ayrilmistir.

Istanbul Deprem Master Plani (IDMP) kapsaminda
betonarme, yigma ve karma yapilarin ilk kademe
degerlendirilmesi i¢cin sokak taramasi yontemi
kullanilmistir (istanbul Biiyiiksehir Belediyesi, 2003).
Sucuoglu'nun yontemiyle degerlendirme prensibi ayni
olmakla birlikte, betonarme veya y1gma olmasina gore,
yani yapim tekniklerine uygun olacak sekilde farklh
parametreler kullanildig: icin Sucuoglu'nun
yonteminden ayrismaktadir. istanbul Deprem Master
Plan1 (IDMP) kapsaminda 6nerilen yontemin de farklh
calismalar kapsaminda kullanildigi, bazi ¢alismalarin
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yontemi aynen kullanmayi tercih ettikleri, bazilarinin
ise bu yontemi temel alarak, bazi degisiklikler yaparak
yontemi uyguladiklart gorilmektedir. Tokgéz ve
Bayraktar (2015), Diizce'deki yigma ve betonarme
yapilarin incelendigi calismalarinda, yéntemi istanbul
Deprem Master Plani (Istanbul Biiyiiksehir Belediyesi,
2003) kapsaminda uygulandig sekliyle kullanmislardir.
Bu yontemin tescilli yigma yapilara
uygulanamayacagina dair bir sinirlama getirilmemistir
ve yigma yapilar iizerinde de uygulandigl 6rnekler
bulunmaktadir.

Tablo 1: Literatirde Yer Alan Hizli Tarama
Yontemlerinin Degerlendirilmesi

Yontem Degerlendirme
FEMA-154  Ulke ABD
Sokak Yap1 Tiru Betonarme
Taramasi Potansiyelleri  Pratik, hizly, glivenilir
Limitleri Tarihi y13ma yapilar icin uygun
degil
Kaynaklar Efekan, 2019; Ozdemir, 2015
Kanada Ulke Kanada
Sismik Yapi Tiira Betonarme, ¢gelik
Tarama Potansiyelleri ~ Hizh degerlendirme saglar
Yoéntemi Limitleri Tiirkiye yap1 stokuna tam uyumlu
degil
Kaynaklar Karasin ve digerleri, 2016
Japon Ulke Japonya
Sismik Yap1 Tiru Betonarme, ¢gelik
indeks Potansiyelleri  Japon yap1 yonetmeliklerine
Yontemi uygun
Limitleri Tiirkiye'ye dogrudan
uygulanamaz
Kaynaklar Ozdemir, 2015
DURTES, Ulke Tiirkiye

P24, P25 Yap1 Tiru Betonarme
Potansiyelleri ~ Betonarme yapilarin deprem
riskini belirler

Limitleri Yigma yapilar i¢in uygun degildir
Kaynaklar Efekan, 2019
Sokak Ulke Tiirkiye

Taramasi Yap1 Tiiri Betonarme
Potansiyelleri  Tirkiye sartlarina uygun, hizh
degerlendirme, dogruluk testleri
yapilmistir
Limitleri Sadece oncelik siras1 belirler.
Deprem riski belirlenmesi icin
analizler gerekir.

Kaynaklar Sucuoglu, 2007; Sucuoglu &
Yazgan, 2003
Cevre ve Ulke Tiirkiye

Sehircilik  Yapi Tiri Yi1gma, betonarme
Bakanligi  Potansiyelleri ~ Farkli yapi tiirlerine uygulanabilir

Yontemi Limitleri Sadece oncelik siras1 belirler.
Deprem riski belirlenmesi igin
analizler gereKir.

Kaynaklar RBTE, 2013; Okuyucu ve digerleri,
2018

istanbul Ulke Tiirkiye

Deprem Yap: Tiiri Betonarme, y1gma, karma

Master Potansiyelleri ~ Farkl yapu tiirlerine uygulanabilir

Plam Limitleri Kentsel doku baglaminda

(IDMP) analizler yapmaz.

Yontemi Kaynaklar istanbul Biiyiiksehir Belediyesi,

2003; Isik, 2013; Tokgoz ve
Bayraktar, 2015
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Giiler ve Canbaz (2020), Eskisehir’in Sivrihisar ilcesinde
bulunan 170 yigma ve karma yapinin deprem riski
degerlendirmesinde bu yontemi kullanmis ve riskli
yapilarin ikinci kademe degerlendirme asamasina tabi
tutulmas1 gerektigini O6nermislerdir. Calismalarinda,
mevcut yontemde olmayan "tiir" ve "yap1 yas1" gibi ek
parametreleri degerlendirmeye dahil etmislerdir.
Ayrica, ¢ati ve bodrum katlarinin da kat sayisina
eklendigi goriilmektedir. Bu yontem kapsaminda elde
edilen deger ise “Bina Giivenirlik indeksi” olarak
tanimlanmistir.

Simdiye kadar anlatilan yontemler Tablo 1'de
0zetlenmistir. Bu ¢alismada kullanilan sokak taramasi
yontemi, yontem bolimiinde ayrintii bir sekilde
aciklanmistir. S6z konusu yontem, Istanbul Deprem
Master Planinda (IDMP) uygulandigi sekilde uygulanmis
olup, bina deprem puaninin hesaplanmasi, kullanilan
parametreler ve ceza puanlari, zemin hizlarina bagh
baslangi¢ puani hesaplamasi ve risk dnceliklendirmesi
asamalarini icermektedir. Ayrica, yontem, y1gma yapilar
icin onerildigi bicimde uygulanmistir. Bir sonraki
boliimde de detayl sekilde aciklandig1 lizere, yigma
yapilara uygulanabilirligi ve pratikligi gibi nedenlerden
dolayi, bu ¢alisma kapsaminda en uygun yontem olarak
degerlendirilmis ve yazarlar tarafindan uygulanabilir
olmasi da tercih edilmesinde etkili olmustur.

2.2.2. Detayli, Hesaplamali Diger Analiz Yontemleri

Yukarida agiklanan hizli tarama ydntemlerinin yani sira,
y1gma yapilarin kapsamli ve detayli yapisal analizleri de
bir¢ok arastirmaci tarafindan incelenmistir (Genes ve
digerleri, 2017; Dabanli, 2008; Asteris, 2014).

Bu yapisal incelemeler genellikle tekil yapi 6l¢eginde
olup, biitiin yap1 stokunun, kentsel dokunun analizini
icermez. Bu analizlerde kat sayisi, duvar alaninin
yapinin plan alanina orani, destek duvarlarinin
uzunlugu, hatillarin kalinhigi, derinligi ve uzunluguy,
duvar ve har¢ malzemesi, diisey-yatay hatillar gibi
teknik 0Ozellikler incelenmektedir (Baytilke, 2011).
Ayrica, Dabanli (2008)’ya gore; zemin Ozelliklerinin
saptanmasi, duvarlarin kayma etkileri altinda gig
tlikenmesi olusmasi gibi ozelliklerinin
degerlendirilmesi, malzemelerin mukavemet
6zelliklerinin analizi, cgekme, kayma ve basin¢ deneyleri,
sertlik, elastiklik o6zellikleri gibi tiim parametreler,
ayrintili  analiz  ¢alismalar1  yapilirken  dikkate
alinmalidir. Can ve Unay (2012) yap: bazinda yapilan
“matematiksel hesap modeli”, “sayisal ¢oziimleme” ve
“yapisal analiz” tekniklerinden bahsetmektedir.
Bununla iligkili olarak Can ve Yildizoglu (2018) tek yap1
6zelinde StatiCAD yigma yap1 analiz programini
kullanarak Bayburt'ta bir okulun detayli deprem
performansi analizini yapmislardir.

Bu kapsamda tarihi yapilarin detayli hesaplamali analiz
yontemleriyle incelenmesi, hassas, yere 0zgii, yapiya
6zgli miidahalelerin gerceklestirilerek korunmasi ve
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deprem riskinin azaltilmasi ¢ok 6nemli ve gereklidir.
Fakat yine de biitiin yap1 stokuna bu detayl analizleri
uygulamak yerine, birinci kademede riskli belirlenen
yapilardan baslanarak, detayli analizler icin bir 6ncelik
sirast belirlenmesi, isgiicli, zaman, ekonomiklik ve
pratiklik acisindan daha uzun vadeli bir ¢6ziim
sunmaktadir. Bunlarin yani sira, tarihi yapilarin deprem
riskini belirlemeye yonelik ¢calismalar, genellikle insaat
miihendislerince yapilmaktadir. Can ve Unay (2012)'1n
da vurguladig gibi, farkl disiplinler tarafindan kolayca
anlasilabilecek ve yap1 stokunun deprem hasar
gorebilirlik seviyeleri hakkinda genel bir perspektif
sunabilecek c¢alismalara ihtiya¢ duyulmaktadir. Bu
¢alisma da bu ihtiyaci karsilamay1 amaglayan disiplinler
arasl bir yaklasima sahiptir.

3. Calismanin Yontemi
3.1. Sokak Taramasi Yontemi

Bu yontemin se¢ilme nedeni Sucuoglu tarafindan
yontemin dogruluk testlerinin yapilmis olmasi
nedeniyle, giivenilirliginin kanitlanmis olmasidir. Bu
yontemde, bina kat sayilar1 ve yerel zemin 6zelliklerine
bagli olarak hiz boblgelerine gore puanlandirma
yapilmakta, yapisal zayifliklar ise ceza puanlarn ile
degerlendirip, baslangi¢c puanindan diisiilerek “Bina
Deprem Puani” belirlenmektedir. Buradaki islemi
ozetleyen formiil asagida gosterilmistir.

Bina Deprem Puani = (Hiz Bolgesi Puani) —
Y41(olumsuzluk parametresi)x(olumsuzluk puant)

M

Sokak  taramast  yéntemi, binalarin  disaridan
gozlemlenerek riskli yapilarin belirlemesi amacini
tasimaktadir. Bu ydntemin uygulanmasi esnasinda
kullanilan binalarin yapisal parametreleri, bina igine
girilmeden ve kisa siire icinde sokaktan yapilan
gozlemlerle elde edilebilecek sekilde belirlenmistir.

Yontem, goreceli olarak riskli binalar1 ©6nceden
belirleyerek, detayli inceleme gerektiren bina sayisini
azaltmakta ve bodylece zaman ve maliyet agisindan
verimlilik saglamaktadir. Bu kademeli degerlendirme
stirecleri, tekil binalarin sismik  zayifliklarinin
belirlenmesinde degil, gruplandirma yaparak binalarin
goreceli zayifliklarinin siralanmasi amaciyla
kullamlmaktadir (Yakut ve digerleri, 2013). Onerilen
degerlendirme yontemi, Tiirkiye’deki yonetmelikler,
standartlar ve mevcut betonarme yap1 stokuna uygun
olarak  gelistirilmis  birinci  kademe  gorsel
degerlendirme yontemidir. Bu yodntem, miihendislik
temelli, teknik hesaplamalar icermediginden, 6zellikle
mimarlar i¢in biiyiik bir kolaylik saglar. Ayrica, ikinci
kademede detayli inceleme gerektiginde, bina ile ilgili
verilerin aktarilmasi miimkiindiir. Bu yontemle, mevcut
yapi stokunun hasar gorebilirlik diizeyi hizl bir sekilde
degerlendirilerek, en yiliksek risk tasiyan binalar
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onceliklendirilir ~ (Akbulut ve  Aytug,  2005).
Degerlendirme, yer hizi ve zemin bilgileri, kat sayisi,
gorinen yapi kalitesi, duvar bosluk orani ve diizeni,
carpisma etkisi ile yerel zemin kosullar1 gibi
parametrelere dayanmaktadir. Yapisal olumsuzluklar
ceza puanlariyla degerlendirilerek her binanin, “Bina
Deprem Puani” hesaplanmakta ve binalar, sinir degere
gore simiflandirilarak, goéreceli hasar gorebilirlik
seviyelerine gore onceliklendirilmektedir.

Kullanilan parametreler, ceza puanlar1 ve katsayilar
Tablo 2’de gosterilmistir.

Tablo 2: Parametreler, ceza puanlar1 ve Kkatsayilar
(IDMP, 2003)’dan diizenlenerek hazirlanmistir)

Kat Adedi 1,2 3 4 5
Hiz Bolgesi | 100 85 70 50
PGV>60

Hiz Bolgesi I1 130 110 90 60
40<PGV<60

Hiz Bolgesi 111 150 125 110 70
PGV<40

Goriinen Kalite -10 -10 -10 -10
Duvar Bosluk -5 -5 -5 -5
Orani

Duvar Bosluk -2 -2 -2 -2
Diizeni

Carpisma Etkisi 0 -3 -5 -5

Olumsuzluk Parametreleri

Goriinen Kalite lyi(0)  Orta(1) Kotii

(3)
Duvar Bosluk Az (0) Orta(1) Cok (2)
Orani

Duvar Bosluk Diizenl Az Diizenli Diizens
Diizeni i (D iz
(0) (2)

Carpisma Etkisi Yok (0) Var (1)

Bina Deprem Puani Hesab1

Bina Deprem Puani = (Hiz Bolgesi Puani) — Z( Jalulalula))
T

3.2. Yontemin Fo¢a’da uygulanmasi

Foca ilcesi sinirlarinda bulunan 3 mahalleyi (Ismetpasa,
Atatlirk ve Fevzipasa Mahalleleri) i¢ine alan kentsel sit
alaninda yer alan tescilli yigma yapilarin goreceli hasar
gorebilirliklerinin tespitinde sokak taramasi yontemi
kullamilmistir. Binalara girilmeden, sokaktan goézlem
yapilarak ilgili bina bilgileri, formlara (Tablo 3)
islenmistir.

Bir bina, sokak taramasi yontemi kullanilarak ortalama
10 dakikada degerlendirilmistir. Her bina iki farkh
uzman (yazarlar) tarafindan degerlendirilerek sonuglar
karsilastirilmistir. Farkli degerlendirilen binalar, tekrar
degerlendirilip sonuglar tartisilarak ortak bir karara
varilmistir. Giinde ortalama 30 bina incelemis, alan
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calismasi yaklasik bir haftada tamamlanmistir. Alan
calismasi Temmuz 2023’de ylritilmiistir.

Tablo 3. Ornek Analiz Féyii
TESCILLI YAPI HASARGOREBILIRLIK ANALIZI
Envanter No: 183
Ada Parsel No: 130-28
Kat Sayist: 2
Goriinen bina Kkalitesi: Iyi (0), Orta (1), lyi(0)
Kotii (2)
Bitisik binalarda carpisma etkisi: Yok (0), Var (1)
Var (1)
Dolu-Bos Orani: Az(0), Orta (1), Cok (2)  Cok (2)
Dolu-Bos Diizeni: Diizenli (0), Orta (1), Ditizenli
Diizensiz (2) (0)
Degismislik durumu: Restorasyon Var (1), Var (1)
Yok (0)

Fotogrflar (2023)

3.3. Zemin hi1z grubunun ve PGV Degerinin
belirlenmesi

Maksimum yer hizi PGV (Peak Ground Velocity),
depremin meydana geldigi fayin kirilmasi ile birlikte,
yerel zemin dzelliklerine bagh olarak zeminde yayilma
hizini ifade etmektedir. Zemin sinifinin diisiik oldugu
bolgelerde, PGV degeri yliksek olurken, saglam zemin
sinifina sahip bolgelerde ise PGV diisiik cikmaktadir.
PGV degeri yiiksek olan zeminlerde bulunan yapilar,
deprem sirasinda daha biiytik hasar riski tasimaktadir.

Sucuoglu (2007)’nin ¢alismasinda zemin siniflarina gore
PGV degerleri asagidaki gibi belirlenmistir:
Z4 zemin sinifinda Hiz Bolgesi I: PGV > 60 cm/s,

Z3 zemin sinifinda Hiz Bolgesi II: PGV 40 < PGV < 60
cm/s,

Z1 ve Z2 zemin siifinda Hiz Bolgesi I1I: PGV < 40 cm/s
olarak alinmistir.

Foga’'nin depremsellik raporunda, zemin bilgisi, Z2 ve Z3
olarak smiflandirilmistir. Bu durumda Hiz Bélgesi 11
veya Hiz Bolgesi III'e denk gelmektedir. Bunu
dogrulamak i¢in, Foga igin PGV  degerinin
belirlenmesinde, bir diger calisma daha kullanilmistir.
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Foca ilgesi i¢cin PGV degerleri AFAD’1n gelistirdigi,
Tiirkiye Deprem Tehlike Haritalar1 interaktif Web
Uygulamasi’'ndan elde edilmistir (AFAD, 2025).

Deprem yer Hareket Diizeyi (DD2)! olarak secilmis
olup, yerel zemin sinifi (ZD) ve (ZE)?2 olarak seg¢ildiginde
cikan PGV degerleri karsilastirildiginda degerlerin 26-
27 cm/s araliginda oldugu goriilmistiir. Bu nedenle
Foca i¢in Hiz Boélgesi IlI: PGV < 40 cm/s olarak
belirlenmistir. Foca i¢in hiz bolgesi degeri Sucuoglu’'nun
(2007) tamimladigi hiz boélgesi tanimlamalarindan 3.
bolgeye denk gelmekte olup, binalarin baslangi¢
puanlarinin hesabi bu bilgiye gore yapilmistir (Tablo 2).

3.4. Oncelik Siralamasi

Yapilar “Diisiik Riskli” ve “Yiiksek Riskli” olarak
siiflandirilip bir oncelik sirasi belirlenmistir. Tablo
2’de belirtilen formiile gore hesaplanan Bina Deprem
Puani (BDP) bir binanin hangi risk sinifina girecegini
bulmak i¢in kullanilmistir. Bunun i¢in “Diisiik Riskli” ve
“Yiiksek Riskli” bina siniflarini ayiracak bir sinir degeri
belirlenmistir. Hangi binalarin goreceli olarak riskli
oldugu, belirlenen bu sinir degerine gore yapilmaktadir.
Sucuoglu'nun (2007) belirttigi gibi, sinir deger ¢calismay1
alanda yiriiten arastirmacilar tarafindan tespit
edilebilir. Eger bir binanin deprem puani, belirlenen
sinir degerin altindaysa, o bina “Yiikksek Riskli” olarak
degerlendirilir; benzer sekilde bina deprem puani, sinir
degerinin istiindeyse, bina gozlenen hasar durumuna
gore “Diistiik Riskli” olarak onceliklendirilir. “Yiiksek
Riskli” olarak belirlenen yapilar igin, ikinci kademe
degerlendirme yontemleri kapsaminda ayrintili yapisal
analiz yapilmasi 6nerilir. Tokg6z ve Bayraktar (2015) da
sinir degerini bu kapsamda kendileri belirlemislerdir.
Bu c¢alisma kapsaminda hesaplanan sinir deger, en
yliksek bina deprem puam (150) ve en diisiik bina
deprem puaninin (116) ortalama degeri olan 133 olarak
belirlenmistir.

BDP >133: Diisiik Riskli
BDP<133: Yiiksek Riskli

3.5. Hasar Gorebilirlik Parametreleri

Istanbul Deprem Master Plani (IDMP) kapsaminda
kullanilan parametreler, literatiirde yigma yapilarin
deprem davranis ve dayanimlarini (Kog, 2016),
depreme dayanikli yigma yapr tasarim ilkelerini
(Bayiilke, 2011) inceleyen bir¢ok kaynakta da aciklanan
yapisal ozelliklerdir. Bu 6zellikler asagida detayli olarak
aciklanmistir.

Goriinen Bina Kalitesi [Iyi (0), Orta (1), Kétii (2)]

1 Deprem yer Hareket Diizeyi (DD2): 50 yilda asilma
olasiigi %10 (tekrarlanma periyodu 475 yil) olan
deprem yer hareketi diizeyi

2 Zemin Sinifi ZE: Gevsek kum, ¢akil veya yumusak - kati
kil tabakalar1 veya PI > 20 ve w > % 40 kosullarim
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Malzeme, is¢ilik, nemden korunma durumu, striiktiirel
elemanlarin baglantilari ile restorasyon, iyilestirme ve
bakim c¢alismalari, boya ve siva kalitesi gibi sokak
cephesinden gozlenebilen unsurlar, binanin goériinen
kalitesini olusturmaktadir. Goriinen kalitesi diisiik bir
binanin malzeme dayanikliliginin da diisiik olmasi
beklenir (Ozgen ve Coza, 2005). Tiirkiye’de yakin zaman
araliginda yapilan binalarin goézle goriinen kalitesi ve
binalarin hasar durumlarnn arasinda benzerlikler
gozlenmektedir. Ancak yukarida belirtilen o6lgiitler
baglaminda bakim ve onarimlar, icinde yasanip
yasanmamasi gibi 6l¢iitler dikkate alindiginda goriinen
bina kalitesinde farkliliklarin olmasi da muhtemeldir.

Bitisik Binalarda Carpisma Etkisi [Yok (0), Var (1)]

Bitisik parsellerde konumlanan yapilardaki kat
yuksekliklerinin farkli olmasindan dolay;, déseme
hizalar da farkl kotlarda yer alabilmektedir (Genes ve
digerleri, 2017). Deprem sirasinda meydana gelen yatay
saliniim esnasinda, bu doésemeler bitisik parseldeki
yapinin duvarlarina zarar vermektedirler. Esit olmayan
doéseme hizalar1 carpisma etkisi yaratarak binada hasar
meydana getirmektedir. Kat yiiksekliklerinin déseme
hizalarini tutmasi1 ve dolayisiyla bitisik yapilarin
depreme karsi birbirlerini desteklemesi agisindan da
onemlidir. Sunu da belirtmekte fayda vardir ki; ¢ok
katmanli kentsel sit alanlarinda yapilarin farkh
tarihlerde yapildig1 diisiiniiliirse, doseme hizalarinin da
farkli olma olasilig1 ytiksektir. Bu baglamda ¢arpisma
etkisi, hasar gorebilirlik analizi adina o6nemli
parametrelerden biridir. Bitisik nizam olup ddseme
hizalan farklh olan yapilar (Var: 1) olarak, déseme
hizalar1 ayni olan yapilar da c¢arpisma etkisi
olmayacagindan, (Yok: 0) olarak degerlendirilmistir.

Dolu-Bos Orani [Az (0), Orta (1), Cok (2)]

Bu parametre degerlendirilirken kapi ve pencere
acikliklarinin tiim cephede kapladiklari oran dikkate
alinmaktadir. Ac¢iklik oranlar1 Bayiilke (2011)'in de
belirttigi gibi depremde etkiyen kesme kuvvetlerinin
tasinmasit acisindan o6nemlidir ve cephenin toplam
ylzey alaninin %40'nindan biiyiik (2/5'inden ¢ok)
olursa risk artar denilebilir. Aksi takdirde, depremde
gordiikleri zararlarin ¢ok oldugu ge¢cmis depremlerde
de godzlenmistir (Bayiilke, 2011; Kog, 2016; istanbul
Biiyliksehir Belediyesi, 2003). Kap1 ve pencere
acikliklarinin, biitiin cephe alanina orani 1/3’ten kii¢iik
ise “Az”, 1/3-2/3 arasindaysa “Orta”, 2/3’ten ¢ok ise
“Cok” olarak degerlendirilmistir.

Dolu-Bos Diizeni [Diizenli (0), Orta (1), Diizensiz (2)]

saglayan toplamda 3 metreden daha kalin yumusak kil
tabakasi ( Cu < 25 kPa ) iceren profiller

Zemin Sinift ZD: Orta siki - siki kum, ¢akil veya cok kati
kil tabakalari
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Iki ya da daha fazla kath yapilarda, cephe boyunca
yatayda ve diiseyde devam eden dolu-bos diizeni hasar
gorebilirlik adina dikkat edilmesi gereken bir
parametredir. Agikliklarin stirekliligi bu baglamda 6nem
tasimaktadir. Eger bosluklar duzenli degil ise, ytkler
duvar boyunca esit olarak dagilmamakta ve risk
yaratmaktadir. Bu parametre kapsaminda acikliklarin
stirekliligi durumu “Diizenli”, kismi dizensizlikler
“Orta” ve tamamen diizensiz konumlanmalar “Diizensiz”
olarak degerlendirilmistir.

4. Foca Kent Dokusu ve Tescilli Yapilar

Foca, Izmir iline bagl, kokli tarihi ve Kkiiltiirel
zenginlikleri ile bilinen bir ilgedir. Izmir kent
merkezinin kuzeyinde, yaklasik 70 km mesafede
konumlanan ilge, balik¢ilk ve turizm alaninda
gelismistir.

Antik Cag’dan Osmanli Dénemi’'ne kadar uzanan genis
bir tarihsel ge¢mise sahip olan Focga, Klasik, Roma,
Bizans ve Ceneviz ddnemlerine ait kalintilarla c¢ok
katmanli bir yerlesim alanidir. Tescilli kiiltiir varliklari,
dogal, arkeolojik ve kentsel sit alanlariyla dikkat ¢ceken
ilce; anitsal yapilar, sivil mimarlik o6rnekleri ve
arkeolojik kalintilar iceren zengin bir mirasa sahiptir
(Tasec1, 2015).

Foga'daki kiiltiirel miras, tapinaklar, tiyatro, kent
duvarlari, kaleler, liman kutsal alanlari, megaron evler,
mezar anitlari, camiler, hamamlar, konaklar, seramik
atolyeleri, antik kent merkezi, yel degirmenleri ve
yoreye 06zgii konut dokusu gibi genis bir yelpazeye
yayllmaktadir. Yapilan arkeolojik kazilar, kentin ¢ok
katmanli kimligini ortaya koymakta olup, farkl
donemlere ait yapilarin bir arada varhigim
stirdirdigiinii gostermektedir (Tas¢1 ve Akyiiz Levi,
2016; Ozyigit, 2017).

Tarihi tas evlerin geleneksel konut dokusunu
olusturdugu kentte, cogunlugu 19. ve 20. ylzyila
tarihlenen tescilli yapilar bir veya iki katli, bahgelerinde
miistemilatlar1 ve hizmet mekanlar1 bulunan, y1igma tas
duvarlari, sivasiz dis cepheleri, ahsap malzemeden
yapilmis kat dosemeleri ve catilar1 ile dikkat ¢eken
yapilardir. Zemin kat ara duvarlar ¢ogunlukla himis, tst
kat ara duvarlan ise bagdadi teknikle yapilmistir.
Dikdortgen formda ahsap cephe pencereleri ve kapi
kenarlar1 tas sovelerle ¢ercevelenmistir. Pencerelerde
genellikle zemin katta metal, list katlarda ise ahsap
kanat kullanilmistir. Balkon ve cumba kullanimina nadir
olarak rastlanmaktadir. Tarihi dokuya, plan tipolojisi
agisindan bakildiginda kent merkezi disinda kalan
alanlarda kare planh kule evler goriiliirken, merkezde
ise bir veya iki katli tek evler ve bitisik evlerin
yogunlastig1 goriilmektedir (Bozkir ve digerleri, 2015).

Ismetpasa, Fevzipasa ve Atatiirk Mahallelerini kapsayan
kentsel sit alaninda, geleneksel dokuyu olusturan
mimari 6zellikler arasinda en dnemlileri sivil mimari
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orneklerinin niteligi ve bozulmamis bir tarihi dokunun
varligidir. Foca merkezde tescilli, yigma ve betonarme
yapilar ile tescilli olmayan yapilar bir arada yer
almaktadir. Kentin gelisim bolgelerinde betonarme
ikincil konut uygulamalar1 o6ne g¢ikmaktadir. Kent
merkezinde, tescilli yapilarin farkli mahallelerde bazen
tek, bazen de bir sokak boyunca devamlilik gostererek
korundugu goriilmektedir. Bu yapilar Kiiciik Deniz
cevresindeki dar sokaklarda yogunlasmakta ve
bozulmamis bir tarihi dokunun varligi bu bélgede daha
fazla hissedilmektedir.

Tescillenen 208 yigma yap1 arasindan 151 tanesi restore
edilmistir (%73). Fo¢a’nin biiyiik bir bélimiiniin antik
kent Uzerinde konumlanmasi sebebiyle zemine
miidahale edilememesi, restorasyon ve uygulama
stirecinde zorluklar yaratmaktadir (Bozkir ve digerleri,
2015). Coklu, pargali ve karma miilkiyet yapisi, yapilarin
yuksek dlizeyde yipranmis olmasi, restorasyon
maliyetlerinin ytiksekligi, yeterli hibe ve desteklerin
bulunmamasi, restorasyon ve bakim-onarim g¢alismalari
icin giicliikler olusturan diger konulardir. Bu nedenlerle
yapilar el degistirmektedir. Bunun yani sira, banyo ve
tuvaletin bulunmamasi, mutfak alanlarinin yetersiz
kosullar1 gibi yapilarin bazi mekansal 6zelliklerinin
glinimiiziin konfor sartlarina uymamasi ve bu
problemlere kigiik miidahalelerle ¢Ozliim
bulunamamasi da yapilarin terk edilme ve el degistirme
nedenleri arasinda sayilabilir (Bozkir ve digerleri,
2015). Bozkir ve digerleri (2015)’'ninde belirttigi gibi
yapilarda malzeme dayanimlarinin azalmasi, striiktiirel
hasarlar, hatali eklemeler ve miidahaleler ile olusan
bozulmalar gorilmektedir. Derzlerin ve cephelerin
¢imentolu siva ile kaplanmasi, pencerelerdeki kepenk
menteselerinin paslanmasi ve genleserek tas sovelere
zarar vermesi, sac kepenklerinin ve bazi demir aksamin
hurda malzeme toplayicilar tarafindan sokiilmesi,
yapilarda oOzellikle malzeme bozulmalarina yol
acmislardir. Yapilarda, 6zgiin kap1 ve pencerelerin pvec,
aliminyum ve demir malzemelerle degistirilmis olmasi,
ahsap elemanlarin c¢iiriimesi, ahsap c¢atilarin zarar
gérmiis olmasi, tavan ve dosemelerde su kaynakl
bozulmalar olusmasi, tavanlarin sokiilerek, daha
ekonomik malzemeler ile kaplanmasi, zemin kaplama
malzemelerinin seramik ve karo plaka gibi
malzemelerle kaplanmasi, yeni mekanlarin eklenmesi
gibi degisikler de goriilmektedir. Basit onarim adi
altinda gergeklestirilen bu tiir degisiklikler hem yapinin
0zglin niteligini bozmakta, hem de striiktiirel
bozulmalara yol acarak, deprem durumunda daha
biiytik hasarlarin olusmasina sebebiyet
verebilmektedir.

Bozkir ve digerleri (2015), cephelerdeki bosluk
oranlarinin ¢ok ve agikliklarin bina koselerine ¢ok yakin
konumlandirilmis olmasinin da deprem zararlarin
artiracak o6nemli tasarim problemleri oldugunu
belirtmislerdir. Alanda yapilan gézlemler sonucunda
bosluk oranlarinin ¢oklugu, hem 6zgiin cephelerde hem

1936



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(3), 1928-1946

de fonksiyon degisikliklerinden dolay1 miidahale géren
cephelerde gozlemlenmistir. Ornegin zemin katlar
ticari kullanim olarak yeniden islevlendirilen yapilarin
zemin Katlarinda bosluklar artmistir. Bu miidahalelerin
olas1 bir deprem tehlikesinde Fo¢a'nin deprem
zararlarini arttirma olasiliklari ytiksektir.

30 Ekim 2020 Sisam Depremi’nin hem arkeolojik hem
de sivil mimarlik oOrneklerinin iizerinde etkisi
gozlenmistir. Zaten, biiyiik o6l¢clide harap olan Dis
Kale’nin (Sekil 1) bir boliimi yikilarak sular altinda
kalmistir.

Ayrica, sivil mimari miras baglaminda, Eski Foca
merkezde yer alan 5 yap1 (Tablo 4), Yeni Foga'daki 1
yap1 ve Bagarasi’'nda yer alan eski belediye binasi agir
hasar gormiistiir (Star, 2021).

J ESOGU Eng. Arch. Fac. 2025, 33(3), 1928-1946

Sekil 1. Dis Kale konum ve deprem oncesi fotografi

Tablo 4. Calisma alaninda 2020 Sisam Depremi’'nde hasar goren tescilli yapilardan 6rnekler

Depremden 6nce
(Haziran 2020) (Ocak 2021)

Depremden sonra
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5. Analiz ve Bulgular

Foca Belediyesi'nin hazirladigi Koruma Amagh Imar
Plan1 kapsaminda 259 yapj, sivil mimari 6rnegi olarak
tescillenmistir. Bu yapilarin 208 tanesi (%80) y1gma
yap1 olup, bu calisma kapsaminda analiz edilmistir.
Yapilarin 29 tanesi (%11) betonarme oldugu icin, 22
tanesi (%8) de ¢esitli sebeplerden dolay1 degerlendirme
disinda birakilmistir (Harabe, yikik, ¢cesme, fener gibi
mekanlar olmasi ve yeterli gorsel veri olmamasi).

Tablo 5. Parametrelere gore tescilli yapi sayilari

Kat Sayisi 1 58
2 149
3 1
Goriinen Yapi Kalitesi Iyi 136
Orta 50
Koti 22
Bitisik Yapidaki Carpisma Yok 108
Etkisi Var 100
Dolu Bos Orani Az 26
Orta 141
Cok 41
Dolu Bos Diizeni Diizenli 103
Orta 32

Diizensiz 73

Hasar gorebilirlik parametrelerine gore, her yapinin
analiz degerlendirmeleri sonucunda aldig1 toplam puan
hesaplanarak “Bina Deprem Puani” saptanmis ve
belirlenen siir degerine gore yapilarin 52 tanesinin
goreceli riski (%25) yiiksek, 156 tanesinin ise goreceli
riski (%75) disik olarak belirlenmistir. Analiz
kapsaminda degerlendirilen binalarin parametrelere
gore degerlendirilmesi Tablo 5’'de gosterilmis ve
asagida detayli olarak agiklanmistir. Tablo 6’da
parametrelere 6rnekler verilmistir.

Gériinen Yapi Kalitesi [Iyi (0), Orta (1), Kétii (2)]

Gozleme dayali analiz ¢alismalar1 sonucunda, goriinen
yap1 kalitesi baglaminda yapilarin 136 tanesinin (%65)
gorlinen kalitesinin iyi, 50 tanesinin (%?24) orta
seviyede ve 22 tanesinin (%11) ise kotii seviyede oldugu
tespit edilmistir (Tablo 5). Bu analiz yapilirken,
yapilarin cephelerinde goriilen ¢atlaklar, cephe
malzemelerinde godzlenen korozyon ve bozulmalar,
boyalarin eskimis olmasi gibi gézle goriinen 6zellikler
dikkate alinmistir. Bozkir vd (2015)’in belirttigi, bir
onceki boliimde bahsedilen bozulmalar da goriinen
kaliteyi diisiiren faktorler arasindadirlar.
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Tablo 6. Parametrelerden 6rnekler

Goriinen Yap1 Kalitesi

yi (0) Orta (1) Kotii (2)

ENV No: 191 ENV No: 130 ENV No: 172
133 Ada/13 Parsel 85 Ada/41 Parsel 101 Ada/56
Parsel

Bitisik Yapilardaki Carpisma Etkisi

Yok (0 Var (1)

o

ENV No: 171 ENV No: 183
101 Ada/55 Parsel ~ 130 Ada/28 Parsel

Dolu-Bos Orani

Az(0) Orta (1) Cok (2)

ENV No: 198 ENV No: 162 ENV No: 192
135 Ada/7 Parsel 99 Ada/2 Parsel 133 Ada/16
Parsel

Dolu-Bos Diizeni

Diizenli (0) Orta (1) Diizensiz (2)

ENVno: 137-138 ENV No: 93 ENV No: 109

89 Ada/4-5 Parsel 78 Ada/6 Parsel 81 Ada/23 Parsel
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Goriinen Kalitenin Hasar Gorebilirlige Etkisi

140 135 m Yiiksek Risk
Dustk Risk

40 29
30 22 21

20
10 1 l
O —

fyi Koétil Orta
Gorilinen Kalite

Sekil 2. Goriinen kalitenin hasar gorebilirlige etkisi

Sekil 2’de de gosterildigi gibi, goriinen Kkalitenin
hasargorebilirlige etkisi incelendiginde, 52 tane yiiksek
riskli yapinin 22 tanesinin (%42) goriniimiinin kot
oldugu, 29 tanesinin (%56) orta kalitede ve 1 tanesinin
(%2) de iyi oldugu saptanmustir. 135 diisiik riskli
yapinin %87’si iyi kalitededir. Riskli yapilarin neredeyse
yarisinin gorlinen yapi Kkalitesinin koti olmasi, bu
parametrenin risk lizerindeki etkisini vurgulamaktadir.

Bitisik Yapilardaki Carpisma Etkisi [Yok (0), Var (1)]

Yapilarin doseme seviyelerinin ve kat yiiksekliklerinin
aynt olmamasindan kaynaklanan olas1 c¢arpisma
etkilerine bakildiginda, 108 tanesinde (%52) carpisma
etkisine yol acacak déseme farklarinin olmadigi, 100
tanesinde (%48) ise carpisma etkisini olusturacak
doseme hizasi ve kat yiiksekligi farklarinin mevcut
oldugu tespit edilmistir (Tablo 5).

Carpisma etkisinin hasar gorebilirlige etkisi dikkate
alindiginda, Sekil 3’'te de gosterildigi gibi 52 tane yiiksek
riskli yapinin 26 tanesinde (%50), 156 tane diisiik riskli
yapinin da 74 tanesinde (%47) c¢arpisma etkisi
bulundugu gorilmistir.

Carpisma Etkisinin Hasar Gorebilirlige Etkisi

Ksek 82
mYikse 74
80
Risk

70 Diisil

60 2L
@ Risk
= 50
T
s %0 26 26
=
= 30

20

10

0

Var Yok

Carpisma Etkisi

Sekil 3. Carpisma etkisinin hasar gorebilirlige etkisi
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Dolu-Bos Orani [Az(0), Orta (1), Cok (2)]

Yapilarin cephelerindeki acikliklarinin tim cepheye
orant analiz edildiginde 26 tanesinin (%13) acgiklik
oraninin az, 141 tanesinin (%68) agiklik oraninin orta
derecede, 41 tanesinin (%20) agiklik oraninin ise ¢ok
oldugu tespit edilmistir (Tablo 5).

Dolu-Bog Oraninin Hasar Gorebilirlige Etkisi

120 113

110 M Yiksek Risk

100
90
80
70
60
50
40

Distik Risk

Bina Sayisi

28

30 20 18 23
20
0

Az Cok Orta
Dolu-Bos Orani

Sekil 4. Dolu-bos oraninin hasar goérebilirlige etkisi

Sekil 4’te de gosterildigi gibi, dolu-bos oraninin hasar
gorebilirlige etkisi incelendiginde, 52 tane yiiksek riskli
yapinin, 18 tanesinin (%35) dolu-bos oraninin ¢ok, 28
tanesinin (%54) orta diizeyde, 6 tanesinin (%12) ise az
oldugu saptanmistir. 156 adet diisiik riskli yapinin ise,
23 tanesinin (%15) dolu-bos oranimin ¢ok, 113
tanesinin (%72) orta ve 20 tanesinin (%13) de az
oldugu saptanmustir.

Dolu-Bos Diizeni [Diizenli (0), Orta (1), Diizensiz (2)]

Yapilarin cephelerindeki agikliklarin yataydaki ve
diiseydeki siirekliligi incelendiginde, 103 tanesinin
(%50) diizenli, 32 tanesinin (%15) orta seviyede
diizenli ve 73 tanesinin (%35) de diizensiz oldugu tespit
edilmistir (Tablo 5).

Dolu-Bos Diizeninin Hasar Gorebilirlige Etkisi
100 91

| Yiiksek Risk
80 Diistik Risk
% 60
= 44
3
s 40 29
@ 21
20 12 I 11
. ]
Diizenli Diizensiz Orta

Dolu-Bos Diizeni

Sekil 5. Dolu-bos diizeninin hasar gorebilirlige etkisi
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Sekil 5’te de gosterildigi gibi, dolu-bos diizeninin hasar
gorebilirlige etkisi dikkate alindiginda, 52 tane riskli
yapinin 29 tanesinin (%56) cephesinin diizensiz, 11
tanesinin (%21) orta diizeyde diizenli ve 12 tanesinin
(23) de diizenli oldugu saptanmistir. 156 adet diisiik
riskli yapinin ise, 91 tanesi (%58) diizenli, 21 tanesi
(%13) orta seviyede diizenli ve 44 tanesi (%28) de
diizensiz olarak saptanmistur.

5.1.Goreceli Hasar Gorebilirligin
Derecelendirilmesi, Haritalanmasi ve Kentsel Doku
Baglaminda Analizi

Yapilarin goreceli hasar gorebilirlik durumuna gore
kent icindeki konumlari, Sekil 6’daki haritada
gosterilmistir. Burada ytiksek riskli olarak belirlenen
yapilar, ikinci ve Tg¢ilinci kademe calismalari
kapsaminda incelenmesi i¢in birinci 6ncelikli olarak
belirlenmistir3. Bunlarin kent merkezindeki dagilimina
baktigimizda, 11 tanesinin  (%21) Ismetpasa
Mahallesinde, 30 tanesinin (%58) Fevzipasa
Mahallesinde ve 11 tanesinin (%21) de Atatiirk
Mahallesi'nde yer aldig1 tespit edilmistir.

Sokak taramasi yontemiyle oncelikli belirlenen bu
yapilar, kent dokusu icindeki konumlari (bitisik nizam-
tek cephe, bitisik nizam-iki cephe, miistakil), yapinin
restorasyon gecirip gecirmemesi, yapilarin kullanilip
kullanilmamasi, fonksiyonlarina gore (otel, konut,
turizm, dini, saglik, vb. gibi) asagida degerlendirilmistir.

Kent i¢indeki konum: Tespit edilen riskli yapilarin 50
tanesi (%96) bitisik nizamdir, sadece 2 tanesi (%4)
miistakil yapidir. Bitisik nizam olarak tespit edilen 50
adet riskli yapinin 25 tanesi iki taraftan bitisik, 25 tanesi
de tek taraftan bitisiktir. Bitisik nizamda bulunan riskli
yapilarin, olas1 bir deprem durumunda yanlarindaki
binalara zarar verme potansiyeli goéz Oniinde
bulundurulmalidir. Ayrica, bu yapi1 diizeninde bulunan
riskli yapilarin yikilmasi, deprem sonrasi miidahale ve
erisimi zorlastirarak arama-kurtarma c¢alismalarini
geciktirebilir; bu durum da deprem kaynakli hasarlarin
artmasina yol agabilir. Sonug olarak, yiiksek risk tasiyan
bitisik nizam yapilar, kentsel doku icinde genel risk
seviyesini ylikselten bir faktordiir.

Restorasyon Durumu: Goreceli riski yliksek olan yapilar
kullanilip kullanilmamasi ve fonksiyonlarina gore, bu
boliimde ayrica incelenmistir. Analiz sonucunda tespit
edilen 52 yiiksek riskli yapinin, 12 tanesi (%23) restore
edilmis, 40 tanesi ise (%77) restore edilmemistir.

Restore edilen ve riskli bulunan bu 12 yapinin komsu
yapilarla kat sayis1 ve doseme hizas1 uyumsuzlugundan
kaynaklanan ¢arpisma etkisinin %50 oraninda oldugu
saptanmistir. 11 tanesinin goriinen kalitesi orta,
yalnizca 1 tanesinin iyi kalitededir. Restore edilmis olan,

3 Burada belirtildigi gibi, belirlenen risk gorecelidir. Ancak,
sonraki bdliimlerde pratiklik saglamak amaciyla “Diisiik
Riskli” veya “Yiiksek Riskli” olarak kodlanmistir.
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riskli yapilarin cephe diizeni agisindan 3 tanesinin
diizenli, 2 tanesinin orta seviyede diizenli ve 7 tanesinin
diizensiz olduklari, cephedeki dolu-bos oranlarinin da 4
yapida orta seviyede, 8 yapida ise ¢ok oldugu
gozlenmistir. Bu yapilarin 10 tanesi kullanilmakta 2
tanesi de kullanilmamaktadir.

Tablo 6. Riskli yapilardan 6rnekler

ENV No: 61
53 Ada/1 Parsel

ENV No: 80
76 Ada/9 Parsel

ENV No: 130
85 Ada/41 Parsel

ENV No: 133
87 Ada/2 Parsel

ENV No: 169
100 Ada/40 Parsel

ENV No: 217
139 Ada/3 Parsel
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SOKAK TARAMASI YONTEMI iLE GORECELI HASAR GOREBILIRLIKLERI BELIRLENEN

TESCILLI YAPILARIN KENT iCINDEKi KONUMLARI
= n.r_'((_‘l‘ (92!\&'}: -

v

y/4n

LEJANT A : / e
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I YUKSEK RiSKLi YAPI -
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Sekil 6. Sokak taramas1 yontemi ile goreceli hasar gorebilirlikleri belirlenen tescilli yapilarin kent icindeki konumlar:

(Bu harita, 2. ve 3. kademe hesaplamali degerlendirmeler i¢cin 6ncelikleri gostermektedir)
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Restore edilen, risk énceligi yiiksek olan bu yapilarin, 3
tanesi konut; 4 tanesi ticari yapi, 4 tanesi restoran ve 1
tanesi otel olarak kullanilmaktadir. Konut disindaki 9
yapinin, kamusal kullaniminin da olmasi nedeniyle can
ve mal kayiplarini artiracagi ongoriilmektedir. Goreceli
hasar gorebilirlikleri yiiksek olarak belirlenen ve
restorasyon gecirmis bu yapilarin, gegcirdikleri
miidahaleler 1s181nda ayrintili degerlendirmelere tabi
tutulmalar1  gerekmektedir. = Restorasyon  siireci
kapsaminda belirli miidahaleler yapilan bu yapilarin,
ozellikle zemin katlarinda ticari kullanimlar nedeniyle
acikliklar1  artirilmis, dolayisiyla da  dolu-bos
oranlarinda  6nemli  degisiklikler = go6zlenmistir.
Restorasyonlar1 sirasinda betonarme lentolar vb.
tekniklerle giliclendirme g¢alismalar1 da uygulanmis
olabilir. Bu miidahaleler, 6zellikle analiz kapsaminda
cephe dolu-bos oranlarinin “gok” olarak tespit edildigi
yapilar1 giiclendirmek adina olumlu bir etki yapmis
olabilir ve hasar gorebilirliklerini azaltabilir. Bunlar
restorasyon uzmanlari ve miihendisler tarafindan
detayl olarak degerlendirilmelidir.

Restore edilmeyen 40 adet yapinin da rélovelerinin
bulunup bulunmadigl kontrol edilmeli, herhangi bir
deprem durumunda en azindan Dbelgelenmis
olmalarimin saglanmasi i¢cin bu ¢alismalarin derhal
baslatilmasi saglanmalidir. Riskli yapilarin
restorasyonu ve giiclendirme c¢alismalar i¢in hibeler
cikarilmasi ve strecin ilgili kurumlarca dikkatli bir
sekilde yonetilmesi, miilk sahiplerine bilgilendirme ve
yol  gosterme c¢alismalarinin  yapilmast  6nem
tasimaktadir.

Yap1 Kullanimlari: 52 adet riskli yapinin, fonksiyonuna
bakildiginda, 32 tanesinin (%62) konut, 11 tanesinin
(%21) ticari amagh, 7 tanesinin (%13) restoran, 1
tanesinin (%2) kafe ve 1 tanesinin (%2) de otel olarak
kullanildig: gériilmektedir.

Yapilarin i¢inde yasanip yasanmamasi/kullanilip
kullanilmamasi ve yapilara eklenen ticari kullanimlar,
bir deprem sonrasindaki hasar ve Kkayiplan
etkileyecektir. Riskli yapilar bu acidan
degerlendirildiginde, 28 tanesinin (%54) kullanilmakta
oldugu 20 tanesinin (%38) kullanilmadig1 ve 4 adet
(%8) yapmin da mevsimsel kullanima bagh olarak,
kismi olarak kullanildig1 saptanmistir. 2. ve 3. kademe
ayrintili degerlendirmeler icin, kullamilan yapilara
oncelik verilmelidir.

Riskli yapilar icerisinde kullanmilan 28 yapiya
bakildiginda, 10 tanesi (%36) konut, 9 tanesi (%32)
ticaret, 7 tanesi restoran (%25), 1 tanesi kafe (%3,5) ve
1 tanesi de otel (%3,5) olarak kullanilmaktadir. Zemin
katlar1 ticari kullanima sahip olan bazi yapilarin, ist
katlari depo veya konut olarak kullanilmakta,
bazilarinin da bos oldugu goriilmektedir. Burada dikkat
ceken nokta, kullanilan riskli yapilarin %64 iiniin
kamusal  kullanimlar  barindirmast ve  insan
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sirkiilasyonunun yogun oldugu yapilar olmasidir. Bu
baglamda da analizler yapilarak riskli yapilarda
yasamin aktif oldugu doénemler belirlenmelidir.
Mevsimsel niifus yogunluklarina iliskin veriler de
incelenerek, farkli eylem planlar1 olusturulmalidir.
Sonu¢ olarak, yontemin belirledigi riskli yapilar
icerisinde halen faaliyet gosteren ve o6zellikle
turistik/ticari amacl islevlerle kullanilan; yeme i¢me,
konaklama gibi insan sirkiilasyonunun yogun oldugu
toplu kullanim alanlarina sahip yapilar dncelikli
olmalidur.

Parametrelerin hasar gorebilirlik ilizerine etkileri ve
¢6ziim onerileri konusunda da kisa bir degerlendirme
yapilabilir. Tarihi yapilar igin deprem risklerinin
yonetimi  kilavuzu, bu yapilarin onarim ve
giiclendirilmesi i¢in alinacak kararlar ig¢in dogru
yaklasimlar aciklamaktadir (Vakiflar Genel Midirligi,
2017). Bu kilavuzda da belirtildigi gibi, yapilarin tescilli
olmasindan dolayi, yapilabilecek miidahaleler yapinin
orijinalligini bozmayacak nitelikte olmalidir.
Miidahalelerin, koruma-deprem giivenligi dengesini
saglamast ayr1  bir uzmanhk alanidir. Bu
degerlendirmeler, gerekli miidahale kararlari, 2. ve 3.
kademe risk  degerlendirmelerinin = sonucunda,
disiplinler arasi uzmanlardan olusan bir ekip ¢alismasi
ile uygun miidahale ydntemlerinin belirlenmesi
gerekmektedir (Binalarin igine girilerek, gerekli
Ol¢timlerin yapilmasi, detayli malzeme ve yapim sistemi
analizleri, yap1  o6zelinde tek tek  sayisal
modellemelerinin yapilmasi, rélévelerin alinmasi).

Bu ¢alisma kapsaminda, cephedeki agikliklarin dolu-bos
diizeninin hasar gorebilirlik tizerine etkisinin ¢ok
oldugu saptanmistir. Bu parametreler cephe tasarimiyla
ilgili olup, restorasyon sirasinda agikliklarin deprem
giivenligini saglayacak bicimde striiktiirel elemanlarla
desteklenmesi gerekebilir. Carpisma etkisi igin
dosemeler ve dosemelerin  degdigi  duvarlar
giiclendirilebilir. Goriinen bina kalitesini iyilestirmek
icin malzeme korozyonlar1 giderilebilir, malzeme
bozulmalarim 6nleyici miidahaleler gerceklestirilebilir.

6. Sokak Taramasi1 Yontemine Yonelik
Degerlendirme ve Gelistirme Onerileri

Bu calismada mevcut parametreleri degistirilmeden
farkli bir alanda uygulanan sokak taramasi yéntemi,
tescilli yigma yapilarin hizli, ekonomik ve pratik bigimde
degerlendirilmesine olanak taniyan etkili bir arag
sunmaktadir. Yontem, risk durumu agisindan yapilarin
onceliklendirilmesini ~ saglayarak, @ daha  detayh
miithendislik analizlerine yonlendirme acisindan 6nemli
bir 6n adim olusturmaktadir. Ancak, yoéntemin bazi
sinirhiliklar: oldugu da goéz oniinde bulundurulmahdir.
Bu kapsamda, ¢alismada 6zellikle gézlemlerin yalnizca
sokaga bakan cepheye dayanmasi, kentsel doku
baglaminda biitiinciil degerlendirme eksikligi ve
cephedeki acikliklarinin  konumuna iliskin  bazi
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kriterlerin disarida birakilmasi gibi konular elestirel bir
bakisla degerlendirilmektedir.

Oncelikle, yéntemin temel dayanagini olusturan dis
cepheye yonelik gozlemler, tasinmaz kiiltiir varligi olan
tescilli yapinin biitiinsel durumu hakkinda yeterli bilgi
sunmamaktadir. Yapilarin i¢ mekanlarinda ya da arka
cephelerinde yer alan striiktiirel bozulmalar bu tir
analizlerde gozden kacabilmekte; 6zellikle bakim ve
onarim gecirmis binalar, gorsel olarak iyi durumda
gorinmelerine ragmen tasiyici sistem agisindan énemli
yetersizlikler barindirabilmektedir. Ozellikle, sokak
sagliklastirma uygulamalarinda mevzuat, binalarin
sokaga baki veren cephe ve c¢atilarinin basit
bakim/onarimi ve/veya esasli onarimini o6ncelikli
kilmaktadir. Uygulayic1 idareler tekil, kapsamli ve
strilktiirel ~ miidahaleleri ~de iceren  koruma
uygulamalarinin yerine, daha hizli ve ekonomik olan bu
tiir uygulamalari tercih etmekte ve bircok tarihi kentte
oncelikli olarak bu ¢alismalar yapilmaktadir. Bu durum,
yalnizca dis cepheden yapilan degerlendirmelerin,
yapinin gercek risk diizeyini yansitmama ihtimalini
artirmaktadir. Calisma alani olan Foga kentinde daha
once herhangi bir sokak sagliklastirma g¢alismasi
yapilmamis olmasi yontemin alana uygulanmasi
acisindan hata paym azaltmistir. Ancak cephe
miidahalesi gormiis diger tarihi dokularda uygulanmasi
sirasinda bu durum degerlendirilmeli, bu tiir alanlarda
daha ayrintili analizler tercih edilmelidir.

Diger yandan, sokak taramasi ydontemi, yapilar1 buyiik
o6lciide tekil birimler olarak ele almakta (¢arpisma etkisi
disinda), yontem kapsaminda kentsel doku icindeki
konumlari, mekansal iliskileri ve birbirleriyle olan
yapisal etkilesimleri gibi konularda yapilar {izerine
sinirh diizeyde inceleme yapilmaktadir. Bu ¢alismanin
o6nemli katkilarindan biri, hizli degerlendirme
yontemiyle elde edilen verilerin yalnizca bina 6lceginde
degil, aym1 zamanda kentsel baglam icinde
yorumlanarak riskin mekansal dagilimina iliskin daha
biitlinciil bir analiz sunmasidir. Bu dogrultuda, bina
puanlamas1 yapilirken yalmzca hasar gorebilirlik
parametreleri kullanilarak risk durumlar belirleniyor
olmasina ragmen; yapilarin kent icindeki konumu,
restorasyon durumu ve kullanim durumlar gibi
baglamsal faktorlerin de riskli yapilar icin
degerlendirme siirecine entegre edilmesi dnerilmistir.

Ayrica, sokak taramasit yéntemi kapsaminda kullanilan
parametrelere ek olarak, yigma yapilarin dayanimini
dogrudan etkileyen ve mevcut yontemde yer almayan
baz1 teknik olglitlerin de dahil edilmesi yontemin
gelistirilmesi acisindan dikkate alinmahdir. Ornegin,
kap1 ve pencere gibi bosluklarin duvar kdselerine olan
mesafesi, yigma yapr yapim yonetmeliklerinde de
vurgulandig1 Gizere yap1 giivenligi acisindan kritik bir
unsurdur. Ge¢misteki depremlerde gézlenen yigma yap1
davranislar1 incelendiginde, agikliklar arasindaki ve
bina koseleri ile agikliklar arasindaki dolgu duvarlarin
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yeterince  genis olmamasi, deprem davranisi
baglaminda yapilar i¢in olumsuzluk yaratmaktadir. Bu
dolgu duvarlar hem diisey, hem yatay yiiklerin
tasinmasi igin gereken alanlarn sagladiklar1 ig¢in
onemlidir. Ayrica genis olmalar1 diisey ve kayma
gerilmelerinin dengelenmesi acisindan da Onem
tasimaktadir (Bayiilke, 2011). Yigma yapi tasarim
prensiplerinden gozlenebilir olanlar da yonteme
entegre edilebilir. Bunlardan biri, agikliklarin bina
kosesinden uzakliinin 1,5 metreden az, agikliklar
arasindaki mesafenin ise 1 metreden az olmamasi gibi
tasarim prensipleridir. Betonarme, ahsap veya tas lento
ile desteklenmedigi durumlarda agikliklarin boyunun
1.10 metreden fazla olmamasi da dikkat edilecek bir
diger kriterdir. Bu nedenle, agikliklarin cephedeki
konumlarinin yigma yap1 tasarim prensiplerine
uygunlugunu degerlendiren yeni bir parametrenin
(“Uygun (0) / Uygun Degil (1)”) analize dahil edilmesi,
yontemin dogrulugunu ve baglamsal gecerliligini
artiracaktir.

Sonug olarak, sokak taramasi yontemi, 6zellikle kiiltiirel
miras alanlarinda hizhi degerlendirme ve
onceliklendirme agisindan degerli bir aractir. Ancak,
yontemin yerel yapim teknikleri, mevcut koruma
uygulamalari, kullamim bigimleri ve kentsel baglamla
biitiinlesik bicimde yeniden ele alinmasi gerekmektedir.
Gelecekteki calismalarda yontemin hem igerik agisindan
hem de analitik olarak gelistirilmesi ve disiplinler arasi
yaklasimlarla desteklenmesi, daha kapsamli ve giivenilir
analizlerin 6niinii acacaktir.

7.Sonug

Calisma kapsaminda sokak taramasi yontemi, Foca kent
merkezinde, tescilli yigma yapilara uygulanmis ve elde
edilen veriler, hizli tarama siirecinin sagladig1 ilk
gozlemsel bulgular olarak degerlendirilmistir. Foca’daki
tescilli yigma yapilarin goreceli hasar gorebilirlik
durumlari belirlenmis, haritalandirilmis ve kentsel doku
ile iligkisi analiz edilmistir. Analiz sonuglarina gore,
incelenen yapilarin  %25’'inin, gdreceli  hasar
gorebilirliklerinin yiliksek oldugu ve kentsel doku
icerisindeki konumlar1 itibariyle bu riski artirdigi
belirlenmistir. Bu yapilar i¢in detayli hesaplamalara ve
laboratuvar testlerine dayali analizlerin
gerceklestirilmesi, ilgili sayisal modellemelerin
yapilmas: ve 6zgunliiklerini koruyacak sekilde uygun
miidahale yontemlerinin (basit onarim, giiclendirme,
restorasyon vb.) bir an 6nce baslatilmasi gerekmektedir.

Bu ¢alisma, mevcut bir yontemi yeni bir alan ¢calismasina
uyarlayarak kentsel baglamda degerlendirmeler
yapmakta ve bu yoniiyle ydntem arastirmalarina katki
saglamaktadir. Ayrica, kiltiirel mirasin
stirdiiriilebilirligini destekleyerek, bolgede risk azaltimi
ve koruma c¢alismalarina disiplinler arasi bir bilimsel
altyapt olusturmaktadir. Tarihi kentlerde yigma
yapilarin deprem risk Onceliklerini belirleyen bu
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arastirma, Foca 6zelinde sundugu bulgularla kentsel
mirasin  korunmasina yonelik stratejilere yon
vermektedir.

Bu calisma, sokak taramasi yénteminin tescilli yapilarin
hizl1 degerlendirilmesi amaciyla da kullanilabilecegini
ortaya koymustur. Bu dogrultuda, yontem, hig
degistirilmeden uygulanmis olup, metodolojik acidan
yeni bir katki sunulmamis olsa da, tescilli yapilarin
degerlendirilmesine uyarlanarak farkli bir baglamda ele
alinmistir. Yontemin sinirhiliklar ve gelistirme 6nerileri
6. bollimde tartisilmistir. S6z konusu yontem binalari
tekil yapilar olarak ele almaktadir. Bu ¢alisma
kapsaminda elde edilen bulgular dogrultusunda
oncelikli olarak belirlenen yapilar, kentsel doku
baglaminda analiz edilmis ve riskin kentsel mekanla
iliskisi biitiinciil bir yaklasimla incelenmistir.

Kiltirel miras alanlarinda hizli degerlendirme
yontemlerinin risk yonetim c¢alismalariyla entegre
olarak  koruma  siireglerine  dahil  edilmesi
gerekmektedir. Koruma Amaghi Imar Planlan
cercevesinde, tarihi kentlerin yalnizca koruma odaklh
planlanmasi yerine, deprem giivenligini de iceren risk
yonetimi stratejilerinin gelistirilmesi gerekmektedir. Bu
kapsamda, tescilli yapilar i¢cin risk yonetim planlari
hazirlanmalj, riskli yapilarin onarimina yonelik hedefler
ve stratejiler belirlenerek plan uygulama raporlar ile
yonetmeliklerde ac¢ik¢a tanimlanmalidir. Bu ¢alismalar,
calisma alanini depremlere karsi daha dayanikhi ve
giivenli hale getirmek i¢in 6nemli bir firsat sunmaktadir.
Bu siirecin, risk odakli koruma stratejileri ile
biitiinlestirilerek yuriitilmesi hem tarihi mirasin
korunmasini hem de bdlgenin deprem direngliliginin
artiritlmasini saglayacaktir.
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This study investigates the influence of Al,Os; nanoparticles on the tribological
performance of ultra-high molecular weight polyethylene (UHMWPE) composites under
dry and polyalphaolefin (PAO)-lubricated conditions. Experimental evaluations included
measurements of friction coefficient, wear rate, and hardness, complemented by optical
microscopy of wear tracks. Results indicated that incorporating Al,Os cut y from 0.12 to
0.07 and V from 4.3 x 105 to 1.6 x 10~ mm? N~ m~" under dry sliding (4 wt % filler).
With PAO, an optimum 2 wt % loading yielded p = 0.05 and V = 1.1 x 10~ mm?* N™*
m~ Hardness rose by ~ 22 %,confirming the reinforcing effect of the nanoparticles.
Optical microscopy confirmed ploughing wear mechanisms and highlighted issues of
particle segregation at elevated filler loadings. Optimizing filler dispersion and
maintaining appropriate nanoparticle concentrations are essential for maximizing the
tribological advantages of UHMWPE-AL,O3 composites. Potential applications include
bearing components, biomedical implants, and industrial sliding interfaces, while
challenges remain in managing nanoparticle agglomeration.

NANO SERAMIK TAKVIiYELi URETILEN POLIMER KOMPOZITLERIN KURU VE ALKIL BAZLI
YAGLI KOSULLAR ALTINDAKI TRIBOLOJIiK OZELLIKLERININ ARASTIRILMASI

Anahtar Kelimeler

0z

UHMWPE
Triboloji
Kompozit

Bu ¢alisma, kuru ve polyalphaolefin (PAO) yaglanmis kosullar altinda ultra yiiksek
molekiiler agirliklt polietilen (UHMWPE) kompozitlerinin tribolojik performansi
lizerindeki Al, O3 nanopartikiillerin etkisini arastirmaktadir. Deneysel degerlendirmeler,
stirtiinme katsayisi, asinma orani ve sertlik él¢iimlerini icerirken, asinma izlerinin optik
mikroskopisi ile desteklenmistir. Sonuglar, Al,O3 nanopartikiillerin eklenmesinin kuru
kosullar altinda stirtiinme ve asinma oranlarini 6nemli él¢iide azalttigini, 6zellikle daha
yliksek dolgu oranlarinda (4 wt%) gdsterdigini ortaya koymustur. PAO ile yaglama
stirtiinmeyi daha da azaltirken, yiiksek dolgu icerigi (4 wt%) ise hafif bir sekilde
stirttinmeyi artirmis ve partikiil aglomerasyonu nedeniyle periyodik osilasyonlara yol
acmigtir. Sertlik, Al,Os icerigi arttikca diizenli bir sekilde artarak nanopartikiillerin
gliclendirici  etkisini gdstermistir. Optik mikroskopi, asinma mekanizmalarini
dogrulamis ve yiiksek dolgu yiiklemelerinde partikiil ayrismast sorunlarini
vurgulamistir. UHMWPE-AL,O3 kompozitlerinin tribolojik avantajlarint maksimize
etmek icin dolgu dagiiminin optimize edilmesi ve uygun nanopargacik
konsantrasyonlarinin korunmasi gerekmektedir. Potansiyel uygulamalar arasinda
rulman bilesenleri, biyomedikal implantlar ve endiistriyel stirtiinmeli arayiizler yer
almakta olup, nanopartikiil aglomerasyonunun yénetilmesinde zorluklar devam
etmektedir.
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1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) is
a highly versatile thermoplastic renowned for its low
friction coefficient, superior wear resistance, and
excellent biocompatibility, rendering it indispensable
for applications such as orthopedic implants, bearings,
and water-lubricated systems. Nonetheless, pure
UHMWPE often exhibits inadequate mechanical and
tribological performance under stringent service
conditions, necessitating the incorporation of suitable
reinforcements. Recent advances in nanotechnology
have facilitated property modifications through the
inclusion of nano-scale fillers such as aluminum oxide
(Al,03), carbon nanotubes (CNTs), glass fibers, and
emerging reinforcements like nanodiamonds.

Al,03 nanoparticles have shown particular promise for
enhancing UHMWPE’s wear resistance and mitigating
its friction coefficient. Their high surface energy and
robust interaction with the polymer matrix promote
strong interfacial bonding, thus improving both
mechanical strength and tribological behavior. Studies
examining UHMWPE sliding against Al,0; ceramic
surfaces report lower friction coefficients and superior
wear resistance compared with metallic alternatives
such as TiAl6V4 alloy and stainless steel, owing to
Al,03’s propensity to form a stable transfer film that
reduces direct material contact (Ruggiero, D’'Amato,
Goémez, and Merola 2016). Furthermore, incorporating
nanoparticles like Al,0; significantly augments
mechanical stability and lowers wear rates under
lubricated conditions, particularly in artificial
lubrication media (Xu et al. 2023). However,
nanoparticle agglomeration remains a notable
challenge, as uneven dispersion can create stress
concentrations that undermine these benefits. Similar
observations in other polymer matrices highlight the
importance of effective dispersion strategies (Sun, Yang,
and Li 2008).

The addition of CNTs to UHMWPE has also received
considerable attention due to the outstanding
mechanical and thermal properties of CNTs. Reinforcing
UHMWPE with CNTs can yield increased hardness and
elastic modulus, contingent on the aspect ratio and
degree of CNT dispersion. While CNTs boost load-
bearing capacity, their high aspect ratios can sometimes
raise the friction coefficient, emphasizing the necessity
for balancing reinforcement efficacy with tribological
performance (Manoj Kumar, Sharma, Manoj Kumar, and
Lahiri 2015; Samad and Sinha 2011).

Incorporating fibers, such as glass and carbon, into
UHMWPE has proved advantageous in improving its
tribological response under both dry and lubricated
conditions. Wang et al. demonstrated that hybrid
composites enhanced with glass and carbon fibers
exhibit notably reduced wear rates and friction
coefficients under water-lubricated environments
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compared with pure UHMWPE (Wang, Yin, Li, Gao, and
Zhang 2017). Such composite systems are particularly
useful for water-lubricated journal bearings, where a
combination of mechanical strength and tribological
robustness is critical.

Blending UHMWPE with polytetrafluoroethylene
(PTFE) offers another route to expanding its tribological
applications. Since PTFE acts as a solid lubricant, it can
markedly reduce wear and friction while maintaining
the structural integrity of UHMWPE. Panin et al. found
that UHMWPE-PTFE blends showed wear rates more
than twofold lower than those of pure UHMWPE,
rendering them suitable for high-load, dry-sliding
scenarios (Panin et al. 2015).

Emerging reinforcements like nanodiamonds have also
demonstrated exceptional capabilities in enhancing
UHMWPE’s tribological properties. Golchin et al.
reported a 72% decrease in the wear rate by
incorporating only 1 wt% nanodiamonds, attributing
these gains to a boundary lubrication effect and the
ability of nanodiamonds to polish the counter surfaces
during sliding (Golchin, Villain, and Emami 2017). Under
lubricated conditions, UHMWPE composites generally
outperform their dry counterparts. Al,03’s high
hardness and low friction characteristics significantly
aid in reducing wear, especially in aqueous or saline
lubricants that provide ancillary lubrication (Ruggiero
et al. 2016). Notably, nanodiamonds exhibit exceptional
efficacy in water-lubricated systems, owing to their
unique capability to improve friction and wear
performance.

Such progress underscores the transformative role of
nanotechnology in advancing UHMWPE'’s tribological
behavior. By leveraging nano-scale reinforcements,
researchers have achieved remarkable enhancements in
wear resistance, frictional properties, and mechanical
strength. Nevertheless, issues related to filler
dispersion, optimal loading, and nanoparticle
agglomeration remain vital subjects for further
exploration. The development of hybrid composites and
innovative reinforcements holds significant potential
for balancing mechanical performance with tribological
efficiency, broadening UHMWPE’s scope in both
industrial and biomedical settings.

Polyalphaolefins (PAOs) are synthetic lubricants widely
acknowledged for their outstanding thermal stability,
low volatility, and superior lubrication characteristics,
making these lubricants invaluable in the industrial and
automotive sectors. They have gained prominence due
to their aptitude for enduring extreme conditions and
their compatibility with cutting-edge additive
technologies. Current research on PAOs seeks to refine
their tribological performance, ecological sustainability,
and functionality through inventive modifications.
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The performance of PAOs has been markedly improved
by functional additives. For example, functionalized
carbon nanotubes (MWCNTSs) have been demonstrated
to effectively diminish friction and wear, thereby
highlighting the potential for refined boundary
lubrication (Kumar and Harsha 2021). Additionally,
efforts to incorporate environmentally responsible
options—such as lubricants derived from plastic
waste—offer parallel efficacy while addressing
ecological imperatives (Hackler et al. 2021).

Progress in thermoresponsive polymers within PAOs
facilitates precise control over lubrication properties
across variable temperatures, advancing applications
requiring dynamic viscosity management (Fu, Bai, Jiang,
Seymour, and Zhao 2018). Moreover, the use of
nanoparticle additives to bolster load-carrying capacity
and wear resistance further broadens the functional
scope of PAOs (Pefia-Paras et al. 2015).

In tribological research, UHMWPE and PAOs command
considerable interest owing to their exceptional
properties and broad application potential. UHMWPE,
prized for its robust wear resistance, low friction
coefficient, and biocompatibility, is extensively
employed in biomedical implants and industrial
environments. Although UHMWPE alone possesses
favorable tribological attributes, reinforcement, and
lubrication strategies are necessary to meet ever-
increasing performance requirements (Hussain et al.
2020).

Conversely, PAOs are lauded for their dependable
thermal stability, low volatility, and excellent lubricative
characteristics  under  challenging  operational
conditions. Such attributes position PAOs as prime
candidates for enhancing UHMWPE’s tribological
performance in both dry and lubricated scenarios
(Ruggiero et al. 2016). Combining these two materials
has demonstrated a reduction in friction, bolstered wear
resistance, and extended service life.

Further improvements can be achieved by reinforcing
UHMWPE with fillers such as graphene oxide (GO),
which can further boost wear resistance and lubrication
efficacy, particularly under aqueous or simulated body-
fluid lubrication (Pang, Ni, Wu, and Zhao 2018). In
biomedical contexts, the integration of these composite
materials with PAO-based lubricants has proven
successful in improving tribological performance and
biocompatibility in artificial joint systems (Xu et al.
2023).

This paper thus examines the synergistic effects of PAOs
and UHMWPE across various applications, with
particular attention to their combined tribological
properties. By reviewing recent progress in hybrid
systems and their relevance to industrial and
biomedical fields, the discussion underscores the
importance of additive technologies and surface
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modifications in  maximizing their functional
performance (Macuvele et al. 2017). Accordingly, this
study aims to investigate the tribological properties of
UHMWPE composite containing Al,03; under both dry
and PAO-lubricated conditions.

2. Materials and method

In this study, UHMWPE (43951 Alfa Aesar) in powder
form was used. The average grain diameter was 150
microns. The average molecular weight was 36 million.
The density was defined as 0.945 g/cm3. Al203 powder
was supplied by US Research Nanomaterials. The
average grain diameter was 20 nm. The specific surface
area was approximately 25 m?/g. The samples had a
total mass of 2 grams. UHMWPE and Al:03 particles
were mixed at 50 rpm for 30 minutes. Then, the
mixtures were hot pressed. The process was carried out
on the Struers CitoPress-1 device. At the end of the
process, samples with a diameter of 30 mm were
produced. The production process consisted of 5-
minute cycles. The first three minutes of this cycle were
heating and the last two minutes were cooling. Pressure
was actively applied throughout the cycle. The pressure
used in the process was selected as 250 bar. The heating
temperature was selected as 150°C.

Ultra-high molecular weight polyethylene (UHMWPE)
was reinforced with aluminum oxide (Al203) at varying
ratios at 0,1,2 and 4wt% to produce composite samples.
The raw materials were thoroughly mixed and then
processed into 30mm diameter test specimens,
ensuring uniform dispersion of the filler. Each
composite was shaped and finished to the required
dimensions  for  tribological evaluation. = The
microstructures of the produced samples were
characterized at equal magnification for all samples on a
Nikon Clemex brand optical microstructure analyzer.

Vickers micro-hardness measurements were conducted
in accordance with ASTM E384-23. A nominal test load
of 25 gf (0.245 N) was selected after preliminary trials
at 10-100 gf revealed that loads = 50 gf produced
pronounced radial flow and “pile-up” around the
indents—an  artefact commonly observed in
semicrystalline polymers whose yield strength is
markedly lower than that of metals. By restricting the
applied force to 25 gf, the projected diagonal length
remained < 40 um, thereby keeping the plastic zone well
inside the bulk material and minimising elastic recovery
during the 15 s dwell time. This approach is consistent
with previous recommendations for ultra-high
molecular-weight polyethylene (UHMWPE) and other
low-modulus polymers, where micro-indentation loads
between 10 gf and 30 gf have been shown to yield
reproducible hardness values while avoiding excessive
surface deformation (Hardiman, Vaughan, and
McCarthy 2016; Movva, Burrell, Garmestani, and Jacob
2023). In order to ensure the accuracy of the
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measurements, 3 measurements were made on each
sample and the standard deviation was calculated. The
measurements were made on a Future Tech FM-800
type device. A 25 gfload was used in the measurements.
30 seconds was selected as the load application time.

Table 1. Nomenclature of Sample Codes and
Compositions

Test Al,05 .
Code condition content Meaning
(wt %)
K00 D.ry. 0 Unfilled UHMWPE
sliding reference
Dry UHMWPE + 1 wt %
Ko1 sliding 1 Al,03
Dry UHMWPE + 2 wt %
K02 sliding 2 Al,03
Dry UHMWPE + 4 wt %
K04 sliding 4 Al,03
000 PAO- Unfilled UHMWPE
lubricated reference in PAO
001 PAO- UHMWPE + 1 wt %
lubricated Al,05
002 PAO- UHMWPE + 2 wt %
lubricated Al,04
004 PAO- UHMWPE + 4 wt %
lubricated Al,05

The specimens prepared for this study are identified by
the alphanumeric codes listed in Table 1. The capital
letter denotes the testing environment: K (dry sliding)
refers to unlubricated runs conducted in ambient air,
while O (o0il) designates otherwise identical tests
performed under a poly-a-olefin (PAO) lubricant. The
two-digit numeral that follows specifies the nominal
aluminium-oxide content in weight per cent (00, 01, 02,
04 wt % Al,03). All samples share the same UHMWPE
matrix and were compounded by melt blending and
compression moulding under the conditions detailed
previously.
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Table 2. Wear-test Parameters and Calculated Hertzian
Contact Stress

Parameter Value

CSM pin-on-disk

100Cr6 steel ball, 3 mm
diameter

UHMWPE + Al,03; composite,
30 mm @

10 mm (fixed)

Tribometer

Counter-face (pin)

Specimen (disk)
Track radius

Normal load, F 5N

Linear sliding speed 0.03ms™ (3cms™)

Total sliding distance 50 m

(i) Dry, ambient laboratory
air (ii) PAO-lubricated (poly-
alpha-olefin, drop-wise
application)
Data-acquisition rate 10 Hz

Environment

Hertzian maximum

contact stress, po ~ 85 MPa

Tribological tests were conducted on a CSM pin-on-disk
tribometer under both dry and PAO-lubricated
conditions parameters are given at The specimens
prepared for this study are identified by the
alphanumeric codes listed in Table 1. The capital letter
denotes the testing environment: K (dry sliding) refers
to unlubricated runs conducted in ambient air, while O
(oil) designates otherwise identical tests performed
under a poly-a-olefin (PAO) lubricant. The two-digit
numeral that follows specifies the nominal aluminium-
oxide content in weight per cent (00, 01, 02, 04 wt %
Al,03). All samples share the same UHMWPE matrix and
were compounded by melt blending and compression
moulding under the conditions detailed previously.

Table 2. A 100Cr6 steel ball of 3 mm diameter served as
the counterface (pin), sliding against the
UHMWPE+AIO, composite disk. The contact radius on
the disk was fixed at 10 mm from the center. All tests
were performed at a linear speed of 3 cm/s, with a
normal load of 5 N, for a total sliding distance of 50 m.
Data were recorded at an acquisition rate of 10 Hz.
Throughout testing, the operating environment was
maintained at ambient laboratory conditions, with PAO
lubricant introduced at the contact zone for the
lubricated trials. After the tests, the worn surfaces were
scanned with the Mitutoyo SJ-400 profilometer and
surface damage was characterized in two dimensions.
Gauss filtering technique was used in the surface
scanning process. R profile was activated in the ISO 97
standard.

This study complies with the ethical standards of
research and publication.
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3. Results
3.1 Friction Coefficient

The coefficient of friction (CoF) exhibited distinct trends
under dry and PAO-lubricated conditions as shown in
Figure 1. There is distinct lower friction for lubricated
samples. To discern the effect of Al,05 content in dry (K)
and lubricated (0) samples coefficient of friction versus
distance plots were observed in Figure 2 and Figure 3.
The effect of Al,03 content is relatively low for 1 and 2
wt%. However, when Al,05; content increases to 4 wt%
the effect is more pronounced. For dry samples, CoF
decreases below 0.2 with non-periodic increases when
Al,O0; content increases to 4 wt%. For lubricated
samples, the effect of Al,0; addition is the opposite.
Increasing Al,03 content to 4 wt% increases CoF and
adds periodic oscillations. Average CoF values are given
in Figure 4. Under dry sliding, pure UHMWPE
demonstrated a relatively high CoF of 0.2737 + 0.0454.
Incorporating Al,03 resulted in a significant reduction
in friction, with the lowest CoF value of 0.1606 + 0.0214
observed at 4 wt% filler content. Conversely, under
lubricated conditions, all samples showed considerably
lower friction values compared to the dry counterparts,
generally remaining below 0.06. The lowest CoF under
lubricated conditions was observed at 1 wt% Al,0;
(0.0414 £ 0.0074), with a slight increase at higher filler
loadings (0.0606 + 0.0099 for 4 wt%).

CoF vs Distance
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Figure 1 Coefficient of Friction Values of The Dry (K) and
Lubricated (0) Conditions
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Samples

3.2 Wear Rate

Wear rate measurements revealed substantial
improvements with the addition of Al,03, particularly
under dry conditions Figure 5. The specific wear rate for
pure UHMWPE under dry conditions was markedly high
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(540 mm3/Nmm) but drastically reduced to 6.46
mm?/Nmm at 4 wt% Al,0;. In lubricated conditions,
pure UHMWPE exhibited a significantly lower wear rate
(12.08 mm3/Nmm), which further decreased with
increasing filler content to a minimum of 4.22
mm3/Nmm at 4 wt%.

Comparison of Dry vs. Lubricant Specific Wear Rate

539.50

Specific Wear Rate (mm¥Nmm)

Specific Wear Rate (mm?/Nmm}

o%

A0 Wt

Figure 5 Wear Rate of The Dry and Lubricated
Conditions

3.3 Hardness

The hardness of the UHMWPE composites increased
consistently with Al,03; content, ranging from 10.75 HV
for pure UHMWPE to 17.11 HV for the 4 wt% Al,0;
composite Figure 6. This hardness enhancement
correlates strongly with the filler content, emphasizing
the reinforcing capability of Al,03 particles within the
polymer matrix.

Hardness of UHMWPE-Al.O: Composites
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Figure 6 Hardness of The Samples

3.4 Optical Observations

Optical microscopy of the wear tracks indicated clear
evidence of ploughing mechanisms in all cases. Under
dry conditions, pronounced ploughing and surface
damage were evident across all compositions. Under
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lubricated conditions, ploughing was significantly
reduced, with notably shallow wear tracks observed for
the 4 wt% Al,03 composite Figure 7. Additionally,
segregation and agglomeration of Al,03 particles were
visible in the optical images, particularly at higher filler
contents (4 wt%), suggesting potential dispersion
challenges Figure 8.

Dry Lubricant

%2

v R
Figure 7 Wear Track Optical Observations of The
Samples

Ny

Figure 8 shows the optical microstructure analyses of
the produced samples. As can be seen, mechanical
interlocks are observed in all sample groups. This is an
indication that the parameters selected in the
production processes are optimal. The nano ceramic
additive added to the structure at different rates is
partially seen in the optical microstructure analyses.
These mostly seen structures are segregated parts. It
triggers anisotropy in the structure. When examined
from a microstructural perspective, it is seen that there
is a critical limit in terms of segregation in the nano
ceramic additive rate. This situation is clearly seen in the
4% added sample. Agglomerations have occurred at the
micro level.
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Figure 8 Microstructure of The Samples at Varying
Ratios at 0,1,2 and 4wt%

4. Discussion

The experimental findings indicate that Al,0;
nanoparticles significantly influence the tribological
behavior of UHMWPE, particularly under dry sliding
conditions. The marked reduction in friction and wear
rates observed with increasing Al,03 content under dry
conditions is attributed to the formation of stable
transfer films that minimize direct material contact,
corroborating mechanisms identified by previous
studies (Ruggiero et al. 2016).

Under lubricated conditions, although friction values
are inherently lower due to the effective boundary
lubrication provided by PAO, increasing the Al,0;
content to 4 wt% introduced periodic oscillations and
slightly increased the friction. These periodic variations
suggest intermittent disruptions in lubricant film
uniformity, likely = caused by  agglomerated
nanoparticles, consistent with prior reports highlighting
dispersion issues (Sun et al. 2008).

A pronounced reduction in wear rates is observed as
Al,03 content increases from 1 wt% to 4 wt%. Under dry
conditions, the wear rate decreases dramatically from
539.5 mm3/Nmm for pure UHMWPE to just 6.46
mm?/Nmm at 4 wt% filler loading, illustrating a robust
reinforcement effect. A similar trend is evident under
lubricated conditions, where the wear rate drops from
12.8 mm3/Nmm (unfilled) to 4.22 mm3/Nmm at 4 wt%
Al,0;. These results indicate that higher Al,0O;
concentrations can deliver substantial improvements in
wear resistance if dispersion is well controlled. Thus,
rather than peaking at moderate loadings, the
performance continues to improve with increased filler
content—underscoring the synergistic benefits of Al,03
reinforcement and PAO lubrication at elevated
nanoparticle concentrations.

Hardness consistently improved with increasing filler
concentration, confirming the mechanical
reinforcement provided by Al,03;. Nonetheless, optical
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images revealed particle segregation at higher
concentrations, reinforcing the need for optimized
dispersion strategies to mitigate adverse tribological
outcomes associated with agglomeration.

5. Conclusion

PAO lubrication markedly reduces friction across all
compositions, yet the reinforcement effects of Al,03 are
particularly evident under dry conditions. Under dry
sliding, the addition of Al,03 drastically reduces wear—
dropping from 539.5 mm3/Nmm for unfilled UHMWPE
to just 6.46 mm3/Nmm at 4 wt%—while lubricated tests
also show improvement, with wear rates decreasing
from 12.8 mm3/Nmm to 4.22 mm3/Nmm. These results
underscore the synergistic benefits of Al,0;
reinforcement and PAO lubrication in enhancing
tribological performance. To fully capitalize on these
advantages, it is essential to optimize filler dispersion
and mitigate particle agglomeration.

The improved performance of UHMWPE-AL,O;
composites makes them promising candidates for
applications such as bearing components, biomedical
implants, and sliding interfaces in industrial
equipment—areas where low friction and high wear
resistance are critical. However, challenges remain in
achieving uniform nanoparticle dispersion during
processing, which must be addressed through advanced
material handling and fabrication techniques.
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MODELLING OF SOME EFFECTIVE PARAMETERS IN FINE COAL FLOTATION
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Anahtar Kelimeler

Oz

Flotasyon,
Merkezi Kompozit

Tiirkiye'nin ham petrol ithalatina %90, dogal gaz ithalatina %99 ve kémiir ithalatina
%95 oraninda bagimli oldugu bilinmektedir. Tiirkiye'nin en énemli enerji kaynagi

yaklasitk 20 milyar ton olan linyitlerdir. Enerjide disa bagimliligin yiiksek olmasina
ragmen, Tiirkiye'nin elektrik iiretiminin yalnizca %14,21'i yerli linyit kaynaklarindan
elde edilmektedir. Yerli linyitlerden ¢cok diisiik miktarda elektrik elde edilmesinin bagslica
nedenlerinden biri, bu rezervlerin énemli bir kisminin diistik rankli olmasi, yiiksek kiil ve
yiiksek kiikiirt icerigine sahip olmast ve aritilmadan kullanildiginda ciddi c¢evre
sorunlarina yol agmasidir.

Bu ¢alismada, diistik rankh linyitlerin kiil icerigini azaltarak santrallerde kullanimini
artirmak icin bir dizi flotasyon deneyi gerceklestirilmistir. Deneylerin tasarimi, deneysel
sonuglarin analizi ve matematiksel modellerin olusturulmast Merkezi Kompozit Tasarim
Yéntemi kullanilarak yapilmistir. Deneysel sonuclar, numunelerin kiil iceriginin
9%52,47'den %29,37'ye diistiigiinii ve yanici geri kazaniminin %32,50 oldugunu ortaya
koymustur.

Tasarim,

Flotasyon
Parametrelerinin
Modellenmesi,
Dislik Rankli Linyit

Keywords Abstract
Froth Flotation,
Central Composite

The most important energy resource of Turkey is lignites which counts for
about 20 billion tones. Despite the high external dependency on energy, only

esien, . 14.21% of Turkey's electricity production is obtained from domestic lignite
Modelling of Flotation . -
Variables resources. One of the main reasons why very low amounts of electricity are

received from domestic lignites is that a significant portion of these reserves
are low-rank, have high ash and sulfur content, and cause severe
environmental problems if utilized without purification.

Low-Rank Lignite.

In this work, to reduce the ash content of these lignite’s thus increasing their
utilization in power plants, a series of flotation experiments were carried out.
Designing experiments, analysing experimental results, and creating the
mathematical models were performed using the Central Composite Design
Method. The experimental results revealed that the ash content of the
samples was reduced from 52.47% to 29.37% with a combustible recovery of

32.50%.
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1. INTRODUCTION

Turkey has insufficient reserves of crude oil, hard coal and
natural gas and is dependent on foreign countries by 90%,
95% and 99%, respectively (https://enerji.gov.tr/info-
bank-energy).

Lignite reserves, the most important fossil fuel source in
Turkey, are approximately 20 billion tons. 79.1 million
tons of lignite were produced in Turkey in 2022. All of
these were excavated from domestic sources, and 83.5%
of this amount was utilized in electricity generation in
thermal power plants (https://enerji.gov.tr/info-bank-

energy).

Only 14.21% of Turkey's electricity production is obtained
from domestically produced coal (TEIAS, 2023). The main
reason why domestic energy resources are used at such a
low rate in Turkey is that a significant portion of these
resources have low-rank, high ash and sulfur content and
cause serious environmental problems if used without
enrichment (TMMOB, 2024). Approximately 80% of
Turkey's lignite reserves have a calorific value

below 2500 Kcal/kg, with minimum and maximum values
ranging from 1000 to 4200 Kcal/kg. The average sulfur
content is above 2%, and the average calorific value is
around 1250 Kcal/kg. Therefore, the use of these lignites
in energy production without cleaning causes serious

negative effects on the environment. This leads to
restrictions on their utilization.

In countries such as China, Australia and the USA, froth
flotation is widely used on an industrial scale for fine
lignite (<0.5 mm) cleaning (Lynch, Watt, Finch and
Harbort, 2007; Dube, 2012). There are many studies in the
literature on reducing the ash content of lignite (Jia, Harris
and Fuerstenau, 2000; Xia, Yang and Zhu, 2012; Oh-Hyung,
Min-Kyu, Byoung-Gon, Nimal and Chul-Hyun., 2014) and
removing sulfur (Yoon, Lagno, Lutrell and Mielczarski,
1991; Aksoy, Aytar, Toptas, Cabuk, Koca and Koca, 2014;
Aksoy, Ozdemir, Aytar, Koca, Cabuk, Koca and Brito-Prada,
2022) by froth flotation.

In this work, to reduce the ash content of these lignites, the
enrichment studies are carried out by the flotation
method. The effects of process variables such as collector
type and amount, solid ratio, pH and flotation time on
weight yield, ash content and combustible recovery were
optimized. This study was planned using the Central
Composite Design (CCD) method which is one of the
principal response surface methodologies. CCD is a widely
used experimental design method, because of it can give
more data with lower number of experiments (Oz Aksoy
and Sagol, 2016). One of the most important advantages of
the statistical method chosen in this study is the
generation of model equations for the selected response
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variables. Furthermore, the interactions between the
investigated parameters and the effects of these
interactions on the response variable during the flotation
process are interpreted.

2. MATERIALS AND METHOD
2.1. Sample

Samples taken from the preparation plant of Eskisehir
region lignites were dried in the open air and separated
into size fractions. The fractions larger than +0.053 mm
were cleaned by physical methods in another project and
the results were published elsewhere (Aksoy, Koca and
Koca, 2012). In this project, it was determined that the
fraction finer than -0.053 mm could not be enriched by
physical methods. In the preliminary experiments, it was
shown that the fine fraction could be cleaned by
physicochemical methods. Therefore, this project was
initiated to clean the fine fraction by froth flotation. The
ash content of the studied sample was analyzed as 52.47%,
the lower calorific value (LCV) as 2678 Kcal/kg and the
sulfur content as 4.76%.

Analytical grade reagents were used in the flotation
studies. Fuel oil (FO), Philflo (PF) and a mixture of
Philflo+kerosene (PF+K) were used as collectors. Sodium
silicate was utilized as a dispersant to prevent
agglomeration of fines. Pine oil was used as a frother. A
tailor-made reagent, Philflo, was manufactured and
supplied by Chevron Philips Chemical Company, LP.

2.2. Method

Flotation experiments were carried out by using
laboratory type Denver flotation machine with a volume
of 1.5 liters cell at the Mineral Processing Laboratory of
Eskisehir Osmangazi University. Before systematic
experiments, a series of preliminary experiments were
carried out to select the collector and to determine the
constant and varied parameters and levels of varied
parameters. Some parameters were kept constant. These
are: Particle size, depressant type, frother type, agitation
speed and flotation time.

Particle size: -0.053 mm,
Depressant: NazSiOs,
Frother: Pine oil,

Agitation speed: 1200 rpm
Flotation time: 90 s.

In the preliminary experiments, it was determined that
the sulfur content of fine size lignite’s could not be reduced
sufficiently. It was stated in the literature that the sulfur
reduction in fine size lignite’s by froth flotation was not
achieved sufficiently due to slime coating (Andrews and
Maczuga 1982; Lizama and Suziki 1987). For this reason,
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sulfur removal was not studied in this project and it was
decided to use biological methods in another study.

In the systematic experiments, CCD, one of the statistical
experimental design methods, was used to set up the
experimental design and the analysis of the obtained
results. The a factor was selected as 1 in CCD. Design
Expert 10.0.6 Software was used for achieving the design
matrix of the response variables. The levels of the varied
parameters are given in Table 1.

Table 1. Parameters and Levels.

Parametre Level

-1 0 1
A-Collector 1200 1700 2200
Amount (g/t)
B-Solid Ratio 8 13 18
(%)
C-pH 6 7,5 9
D-Depressant 500 1000 1500
Amount (g/t)

The products obtained after the experiments, concentrate
and waste, were dried and weighed. The ash and sulfur
contents of the products and their combustible recovery
(CR) were determined. The combustible recovery was
calculated using Equation 1.

wt% concentrate x (100—Ash content of concentrate)

CR % =
% (100—Ash content of feed)

)

where wt% is the amount of concentrate (%). In this study,
ash content and combustible recovery in the concentrate
fraction are presented.

Varied parameters were evaluated according to 3
response variables:

1. Weight yield (amount of concentrate) (WY %),
2. Ash content of concentrate (Ash %)
3. Combustible recovery (CR %)

After the variance analysis of the results (according to a
95% confidence interval), statistically insignificant terms
for each response variable were eliminated, and reduced
variance analysis tables were prepared, and mathematical
models were created.

3. RESULTS AND DISCUSSION
3.1. Determination of Collector Type

Fuel oil and kerosene are generally used in coal and lignite
flotation. (Xia, Xie and Peng, 2015; Jia etal.,, 2000) In recent
years, as suggested by some publications, a tailor-made
synthetic collector, PhilFlo, was also used (Aksoy et al,,
2014).
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Before systematic experiments, a series of experiments
were conducted to determine the type of collector. In
these experiments, FO, PF and PF+K (2:1 w/w) were
tested and the most effective collector was determined.
The effect of the collector type on the ash content and
combustible recovery of the concentrate is shown in
Figure 1.
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Figure 1. The Effects of Collector Type on Flotation
Results

All three collectors used had the same effect on the ash
content of the concentrate, reducing the ash content to less
than 40%. The best result was obtained with fuel oil with
an ash content of 38.69%. This corresponds to a reduction
of more than 26%. When the results were examined in
terms of combustible recovery, it was found that fuel oil
gave the best result with 27.79%. Therefore, fuel oil was
used as the collector in the following studies.

After the determination of the collector type, systematic
experiments were planned according to Design Expert
Software. The design matrix and the results of
experimental studies are given in Table 2.

In the variance analysis of the results for the parameters
whose effects were examined, the software suggested a
quadratic model for all three models.

Reduced variance analysis, p values indicating the
significance levels of the terms are given in Table 3, along
with R2, AR? and PR? values showing the model strength
for the three response variables.

Mathematical models of response variables are given in
Egs. 2-4 according to the actual values of the factors.

WY (%) = —26.10588 — 0.005882xA — 0.679808xB +

9.55950xC + 0.022818xD + 0.000807xAB +
0.001059xAC — 0.722796xC?* — 0.000011xD? (2)
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Ash (%) = 128.19264 + 0.064383xA — 5.59407xB —
28.58840xC + 0.000895xD + 0.000310xAB +
2.42x107°xAD + 0.222833xBC — 0.000782xCD —
0.00019xA? + 0.115173xB? + 1.68859xC?  (3)

CR (%) = —93.75336 + 0.001945xA — 0.483092xB +
25.46876xC + 0.030533xD + 0.000900xAB —
1.62100xC? — 0.000015D? (4)

When the summary table of reduced variance analysis is
examined, the models obtained for all three response
variables are found to be statistically significant since
their p-values are <0.05. The models are also statistically
quite strong with R2 values well above 90% and PR? values
above 85%.

Interpretation of the results and graphical
representations is given below one by one for each
response variable.

3.2. The Response of Weight Yield

As can be seen from the reduced ANOVA Table (Table 3)
and Figure 2a, the most effective parameters for weight
yield are collector amount and solid ratio, and they are in
interactions with each other. pH also significantly affects
the weight yield and interacts with the collector amount.
But no interaction was observed between pH and solid
ratio. Figure 2a graphically illustrates the main effects of
parameters for weight yield. The compatibility between
the experimental data and the values estimated from the
model is also given in Figure 2-b. As seen from this figure,
predicted weight yield values represent over 97% of
actual weight yield values (R2=0.9701), indicating the
consistency of the model. Apart from this, high values of P-
R2 (0.9370) and A-R? (0.9587) show the high power of
prediction of this model.
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Figure 2. a) Parameter Main Effect Graphs, B)
Experimental Data-Model Prediction Fit Graph for the WY
(R2=0,9701).

As seen in Figure 2 a, the collector amount and the solid
ratio increased the weight yield and this increase
continues linearly in the studied range. The increase in pH
increased the floating product rate up to a certain level,
but it caused a decrease above this level. The depressant
amount showed a parabolic effect in the studied range, but
this parameter was not significantin the variance analysis.
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Table 2. Design matrix and results of the experiments for the three response variables.

] ESOGU Eng. Arch. Fac. 2025, 33(3), 1955-1963

No A B C D WY (%)  Ash (%) CR (%)
1 2200 18 6 500 33.65 39.60 42.76
2 1200 18 9 500 19.75 34.55 27.20
3 1200 18 6 500 20.18 34.76 27.70
4 1700 13 7.5 1000 28.24 37.81 36.95
5 1200 8 6 500 16.71 42.57 20.19
6 2200 18 9 500 38.61 40.93 47.98
7 1700 13 7.5 1000 28.16 36.92 37.37
8 2200 18 9 1500 38.56 41.08 47.80
9 2200 8 6 500 23.19 46.00 26.35
10 2200 8 9 1500 26.12 39.47 33.26
11 1200 18 6 1500 20.18 33.02 27.80
12 1200 8 6 1500 15.33 42.98 18.39
13 1700 13 7.5 1500 28.09 37.95 36.67
14 1700 13 7.5 1000 28.32 38.03 36.92
15 1200 18 9 1500 19.22 32.14 27.44
16 1700 13 7.5 1000 28.04 37.90 36.64
17 2200 13 7.5 1000 37.59 33.29 52.76
18 1700 13 6 1000 28.75 41.77 35.22
19 1700 8 7.5 1000 27.16 41.86 33.22

20 1700 18 7.5 1000 31.54 36.18 42.35

21 1700 13 7.5 500 26.15 37.05 34.63

22 1700 13 9 1000 27.91 38.11 36.34

23 1200 13 7.5 1000 21.87 29.37 32.50

24 1200 8 9 1500 16.85 32.56 23.91

25 2200 18 6 1500 33.26 4157 40.89

26 1200 8 9 500 17.64 37.78 23.09

27 1700 13 7.5 1000 27.86 37.70 36.52

28 2200 8 9 500 25.14 40.74 31.34

29 2200 8 6 1500 24.56 45.99 27.91

30 1700 13 7.5 1000 28.15 37.50 37.02

Table 3. Reduced variance analysis summary (ANOVA)

WY % Ash % CR %

P Value P Value P-Value
Model <0.0001 <0.0001 <0.0001
A <0.0001 <0.0001 <0.0001
B <0.0001 <0.0001 <0.0001
C 0.0184 <0.0001 0.0043
D 0.8356 0.1275 0.7751
AB <0.0001 0.0093 0.0008
AC 0.0225 - -
AD - 0.0336 -
BC - <0.0001 -
BD - - -
CD - 0.0410 -
A2 - <0.0001 -
B2 - 0.0002 -
C2 0.0293 <0.0001 0.0077
D2 0.0005 - 0.0060
R2 0.9701 0.9554 0.9393
AR? 0.9587 0.9281 0.9199
PR2 0.9370 0.8520 0.8963
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Figure 3. Interaction Graphs For The Amount Of
Concentrate. a) Collector Amount/Solid Ratio (A/B), b)
Collector Amount/pH (A/C).

Interaction graphs for collector amount/solid ratio and
collector amount/pH in three dimensions are given in
Figure 3a and 3b, respectively. When the interaction
graphs are examined, it is seen that the increase in the
collector amount increases the weight yield, but this
increase is much faster at high solid ratios. In parallel with
this, the collector amount/pH interaction, the increase in
the collector amount increases the weight yield at all pH
values, but this increase is faster at high pH values.

3.3. The Response of Ash Content

Model equality and variance analysis were given in Table
3. The main effect graphs of the studied parameters are
given in Figure 4-a. The graph showing the compatibility
between the experimental data and the values estimated
from the model is given in Figure 4-b. This figure shows
that the predicted ash content of concentrate values
represents over 95% of actual ash content values
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(R2=0.9554), indicating high consistency of the model. The
values of P-R? (0.8520) and A-R2 (0.9281) are also quite
high and show the high power of prediction of this model.

As can be seen from the reduced variance analysis, all the
studied parameters except the depressant amount and the
interactions between collector amount/solid ratio,
collector amount/depressant amount, solid ratio/pH and
pH/depressant amount are statistically significant.
Interaction graphs for all 4 interactions in three
dimensions are given in Figure 5 a, b, c and d, respectively.

As seen in Figure 4a, the three parameters (A, B and C)
showed a parabolic effect. Among these, the solid ratio and
pH first decreased and then increased the ash; the other
parameter, the collector amount first increased and then
decreased the ash. When the interaction graphs were
examined (Figure 5), similar to the first response variable,
all the parameters affect the ash content significantly.
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Figure 4.a) Parameter main effect graphs, b) Experimental
data-model prediction fit graph for the ash (R2=0,9554)
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Figure 5. Interaction graphs for the ash. a) collector
amount/solid ratio (A/B), b) collector amount/depressant
amount (A/D), c) solid ratio/pH(B/C), d) pH/depressant
amount (C/D)
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3.4. The Response of Combustible Recovery

As can be seen from the reduced ANOVA Table (Table 3)
and Figure 6a, the most effective parameters for
combustible recovery are collector amount and solid ratio,
and they are in interactions with each other. pH also
affects the combustible recovery, significantly. But no
interaction was observed between pH and other
parameters. Depressant amount and its interactions with
other parameters are found to be insignificant. Figure 6a
graphically illustrates the main effects of parameters for
combustible recovery. The compatibility between the
experimental data and the values estimated from the
model is also given in Figure 6b. As can be seen from this
figure, predicted combustible recovery values represent
nearly 94% of actual combustible recovery values
(R2=0.9393), indicating the consistency of the model.
Apart from this, high values of P-R? (0.8963) and A-R2
(0.9199) show the high power of prediction of this model.

As can be understood from Figure 6a, while the collector
amount and solid ratio showed a linear effect on the
combustible recovery in the studied range, pH and
depressant amount caused a parabolic effect.
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Figure 6. a) Parameter Main Effect Graphs, B)

Experimental Data-Model Prediction Fit Graph for
Combustible Recovery. (R2=0,9393).
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Interaction graphs for collector amount/solid ratio
interaction in three dimensions are given in Figure 7.
When the interaction graph was examined, an increase in
collector amount at high solid ratio increased the
combustible recovery rapidly; however, the increase
remained at a very low level at low solid ratio.

Recovery (%)

1600
1400 A: Coillector Amount (g/t)

8 1200

Figure 7. A-B Interaction Graphs (A-B) for the Combustible
Recovery.

4. CONCLUSIONS

Firstly, fuel oil, PhilFlo and the mixture of
Philflo+kerosene were tested as collectors, and fuel oil
produced the best results among them. Afterwards,
modelling studies were carried out by using fuel oil as a
collector.

According to the results of experimental design and their
variance analysis presented in Tables 2 and 3, regression
models for weight yield, ash content of concentrate and
combustible recovery were created. The created models,
given in Eqs 1-3, are found to be statistically significant as
their p values are <0.05. The models are also statistically
quite strong since R? values are well above 90% and PR?
values are above 85%.

The R2 value of the model for weight yield is 0.9701,
indicating nearly 97% of the data deviation can be
explained by the model, created. As can be seen from
variance analysis, collector amount and solid ratio were
found to be the most significant variables for weight yield,
followed by pH. Linear and quadratic effects of pH were
found to be significant on weight yield, while only the
linear effect of collector amount and solid ratio were found
to be significant. On the other hand, linear effects of
depressant amount were found to be insignificant while
quadratic effects of depressant amount were significant.
The dual interaction effects between collector amount and
solid ratio and collector amount and pH were significant.

The R2 value of the model for ash content of concentrate is
0.9554 that indicates over 95% of the data deviation can
be explained by the model. Variance analysis showed that
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collector amount, solid ratio and pH were found to be the
most significant variables for ash content while
depressant amount was insignificant. Linear and
quadratic effects of collector amount, solid ratio and pH
were found to be significant on ash content, while the
linear or quadratic effects of depressant amount were
found to be insignificant. The dual interaction effects
between collector amount and solid ratio, collector
amount and depressant amount, solid ratio and pH and pH
and depressant amount were significant.

The R2 value of the model for combustible recovery is
0.9393, indicating nearly 94% of the data deviation can be
explained by the model, created. As can be seen from
variance analysis, collector amount, solid ratio and pH
were found to be the most significant variables for
combustible recovery. Linear and quadratic effects of pH
were found to be significant on combustible recovery,
while only the linear effect of collector amount and solid
ratio were found to be significant. Besides, linear effects of
depressant amount were found to be insignificant while
quadratic effects of depressant amount were significant.
The dual interaction effects between collector amount and
solid ratio were significant.

After modelling studies, the ash content of the samples
was reduced from 52.47% to 29.37% with a 32.50%
combustible recovery. Calorific value of the studied
sample is increased from 1250 Kcal/kg to 2645 Kcal/kg.
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Keywords Abstract

Thermal Comfort This study aims to examine the environmental parameters affecting user thermal
Al Algorithms comfort in an amphitheater belonging to an educational building and to compare the
Educational Building effects of these parameters using different feature selection algorithms. Thermal comfort
Environmental Parameters indicators PPD and environmental parameters were calculated using measurements
Feature Selection from the Testo 480 device. Subjective data were obtained through surveys measuring

users'  thermal acceptability —and thermal comfort perception.  The
RandomForestRegressor, SHAP, and CorrelationAttributeEval algorithms were used to
compare the order of influence of environmental parameters affecting students' thermal
comfort. The results showed that surface temperature and indoor air temperature are
the most influential parameters on user comfort. In the SHAP and
CorrelationAttributeEval algorithms, surface temperature was identified as the most
influential parameter, while in the RandomForestRegressor algorithm, indoor
temperature was identified as the most significant parameter. Additionally, when
compared with survey results, the environmental parameter with the least effect on user
comfort was found to yield the same result as the CorrelationAttributeEval algorithm.
These findings provide important insights into better interpreting the factors affecting
user comfort and optimizing thermal comfort in similar spaces.

FARKLI OZELLIK SECIiMI ALGORITMALARI KULLANILARAK ISIL KONFOR
PARAMETRELERININ KARSILASTIRILMASI

Anahtar Kelimeler 0z

Isil konfor Bu ¢alisma, bir egitim binasina ait amfi mekdninda kullanici 1sil konforunu etkileyen
Yapay zekd algoritmalari cevresel parametreleri incelemek ve bu parametrelerin etkilerini farkli 6zellik secimi
Egitim binasi algoritmalariyla karsilastirmayr amaglamaktadir. Isil konfor gdstergelerinden PPD ve
Cevresel parametreler onu etkileyen cevresel parametreler, Testo 480 cihazinin élgciimleriyle hesaplanmigtir.
Ozellik secimi Oznel veriler, kullanicilarin 1s1l kabul edilebilirlik ve 1s1l konfor algisini 6lgen anketlerle

elde edilmistir. Ogrencilerin 1s1l konforunu etkileyen cevresel parametrelerin etki
sirasinin karsilastirilmasinda Random Forest Regressor, SHAP ve Correlation Attribute
Eval algoritmalart kullanilmistir. Sonuglar, yiizey sicakligi ve i¢ ortam sicakliginin
kullanici konforu iizerinde en etkili parametreler oldugunu gdstermistir. SHAP ve
Correlation Attribute Eval algoritmalarinda yiizey sicakligi, Random Forest Regressor
algoritmasinda ise i¢ ortam sicakligi en etkili parametre olarak belirlenmistir. Ayrica
anket sonuclari ile karsilastirildiginda kullanici konforu iizerinde en az etkili cevresel
parametrenin Correlation Attribute Eval algoritmast ile ayni sonucu verdigi
gérilmiistiir. Bu bulgular, kullanict konforunu etkileyen faktorlerin daha iyi
yorumlanmasina ve benzer mekanlarin isil konfor agisindan optimize edilmesine yénelik
o6nemli sonuglar saglamaktadir.
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1. Introduction

In recent years, advanced Heating, Ventilating and Air
Conditioning (HVAC) systems have become widely used
in buildings thanks to technological developments. The
purpose of HVAC systems is to provide users with a
comfortable and clean indoor environment. Especially
with the impact of the pandemic, improving indoor air
quality has become even more important for user
comfort (Medved et al., 2019). Indoor comfort is related
to user satisfaction in terms of thermal and visual
conditions within a building (Zeiler and Boxem, 2009).
Therefore, examining the thermal comfort perceptions
of users who spend most of their time in educational
buildings is an important research area.

Thermal comfort depends on many parameters, such as
human dimensions, gender, and age. However, in
general, the parameters affecting thermal comfort can
be classified as personal and environmental parameters.
Environmental factors are categorized as air
temperature, air movement, air humidity, and mean
radiant temperature, while personal factors can be
categorized as clothing condition (Clo) and metabolic
rate (Szokolay, 2004). There are two main approaches
commonly used to evaluate user thermal comfort
influenced by environmental and personal parameters.
The first of these approaches, the Heat Balance Model,
was developed by Fanger. The Heat Balance Model
approach is suitable for evaluating users in air-
conditioned buildings where they have no control over
the environment. In this model developed by Fanger, the
comfort level of users can be measured using the
Predicted Mean Vote (PMV) and Percentage of
Dissatisfied People (PPD) metrics (Fanger, 1970). PMV
has been the most widely used index for estimating
thermal comfort (Park and Woo, 2023). The Adaptive
Thermal Comfort Model can be used as an evaluation
method in spaces that are naturally ventilated and
interact with the environment (Liang et al,, 2012). In
ASHRAE 55-2017, this model defines acceptable
thermal environments for naturally ventilated spaces
that do not require any system. (ANSI/ASHRAE
Standard 55, 2017). Since the space examined in the
study has a mechanical cooling and heating system, the
heat balance model was used to evaluate user comfort.

In recent years, researchers have conducted various
studies on thermal comfort in educational buildings. (De
Giuli et al, 2012) studied indoor air quality in
educational buildings, (Aparicio-Ruiz et al, 2021)
investigated the effects and comparisons of different
thermal comfort models on user comfort, Heracleous
and Michael (2020), examined the effects of natural
ventilation on user comfort, Katafygiotou and Serghides
(2014), assessed the adequacy of different
environmental parameters affecting indoor thermal
comfort and (Li et al, 2021) investigated the balance
between a building's energy use and thermal comfort.
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Thermal comfort prediction is important for building
energy efficiency and user comfort. Different Al
methods are commonly used to predict user comfort.
(Bai et al., 2025) proposed hybrid feature selection
methods based on a thermal preference prediction
model. Rahmanparast et al. (2025) used different
machine learning algorithms to predict PMV, one of the
indicators of the Fanger method, and different feature
selection methods to determine which parameters are
effective on PMV. The results of the study showed that
the different machine learning algorithm models used
had higher accuracy than traditional models. Gao et al.
(2025) used deep transfer learning to reduce the impact
of insufficient data in thermal comfort modeling.
Pearson  correlation  coefficients and  deep
reinforcement learning (DRL) were used to identify
parameters affecting user comfort. The results indicate
that accuracy exceeding 55% can be achieved with
limited data in target buildings. Liu et al. (2025) applied
the K-means algorithm to create a thermal comfort
clustering analysis model and feature selection to
improve data quality. The results show that a model
with over 90% accuracy can be created using only
effective factors and that the proposed model can
reliably predict thermal comfort. Park and Woo (2023),
applied machine learning methods to provide faster
PMV calculations than traditional methods. In the study,
comparisons were made between different models
using Principal Component Analysis (PCA), Best Subset,
and Gini Importance as the most effective features for
PMV. The results show that PCA and Artificial Neural
Network (ANN) have the highest accuracy. When
reviewing studies conducted on this topic in general, it
is clear that the importance of feature selection prior to
modeling in terms of the accuracy and reliability of
models has not been fully understood, and there are
very few studies on this topic in the literature (Bai et al,,
2025). In particular, there are limited studies comparing
subjective and objective data in the studies.

The aim of this study is to compare the effects of
environmental parameters affecting the thermal
comfort conditions of students studying in an
amphitheater space of a university building using
different feature selection algorithms. The study
examined the effects of parameters affecting students’
thermal comfort using both objective and subjective
approaches. While experimental measurements provide
an objective approach based on standards, the use of
questionnaires provides a subjective approach to
thermal comfort.

2. Method

This study used both objective and subjective methods
to evaluate the environmental parameters affecting
students' thermal comfort conditions in an
amphitheater belonging to a university building. First,
subjective data related to thermal comfort were
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collected through questionnaires administered to
students. Objective data were collected using the Testo-
480 measurement device. The measured environmental
parameters included temperature, relative humidity
(Bnem), air velocity (Va), carbon dioxide (COz2)
concentration in the environment, and surface
temperatures. The collected datasets were analyzed
using different feature selection algorithms (Random
Forest Regressor, SHAP and Correlation Attribute Eval),
and the effects of environmental parameters affecting
user comfort were compared. The results were analyzed
together to evaluate the consistency between subjective
and objective approaches and to identify the most
effective environmental parameters affecting thermal
comfort.

2.1. Surveys and Measurements

Table 1 shows the devices used to measure
environmental parameters and their characteristics.
Measurement equipment was appropriately prepared in
the working environment to continuously measure
indoor air temperature, relative humidity, CO:
concentration, air velocity, and globe temperature.

The amphitheater where measurements and surveys
were conducted for this study is located on the ground
floor of the education building (Figure 1). The
amphitheater has a trapezoidal plan. A conventional air
conditioning unit, added later, is used for heating and
cooling. The seating arrangement consists of 300 seats
arranged on a sloping platform. The seating is arranged
in a semicircular shape, oriented toward the stage. This
arrangement provides optimal viewing angles and
sound distribution. Participants in the survey were
university students aged 19-27. A total of 192 surveys
were administered to 50 different students across
multiple course sessions. The same students attending
the course participated in surveys administered at
different times. Measurements were taken 5 minutes
after the device was placed in the room, taking into
account the time it took for the device to enter the
regimen. Measurements were recorded for 15 minutes
during the 90-minute class period, extending until the
end of the lesson. Furthermore, these measurements
were taken using a device placed in the middle of the
classroom and 1.1 meters above the floor, as required by
thermal comfort standards. To increase the reliability of
the data, measurements and surveys were conducted
simultaneously during the class period. Before the
survey was administered, the necessary explanations
were provided to ensure that the students could easily
understand the questions.
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Table 1. Equipment used in a field study

Parameters Equipment

Indoor air IAQ probe
temperature, COz  (Testo 480)
consentration and

humidity
Outdoor air HOBO external temp/rh data
temperature logger
Air velocity Turbulence probe

(Testo 480)
Globe Black-ball thermometer
thermometer (Testo 480)

Figure 1. Study area and location of measurement
equipment.

The first survey questions consisted of personal
questions (gender, age). The next section asked students
how they felt thermally, how they would like their
environment to change thermally, and the ambient
temperature, air velocity, and humidity (Appendix 1).
The surveys consisted of five questions to assess
occupants' perceptions of thermal comfort. The survey
questions included 7- and 3-point Likert-type scales
(ranging from -3 to +3, or "unacceptable" to
"acceptable”) to measure subjective assessments of
environmental parameters such as temperature, air
velocity, and relative humidity. Finally, a question asked
which factor most influenced occupants' thermal
comfort (Caner & Ilten, 2020). For participants'
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metabolic rates and clothing conditions, values specified
in ASHRAE 55 (ANSI/ASHRAE Standard 55, 2017) and
ISO 7730 (Olesen and Parsons, 2002) were utilized. The
ASHRAE standardized scale levels for evaluating survey
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questions are listed in Table 2. This research was
conducted in accordance with academic research and
publication ethics rules.

Table 2. Scales used in the questionnaire survey.

Parameter Scale

Thermal -3 -2 -1 0 +1 +2 +3

sensation vote cold cool Abitcool neutral A bit warm hot

(TSV) warm

Thermal 1 2 3

acceptability (TA) Acceptable neutral Unacceptable

Air velocity -3 -2 -1 0 +1 +2 +3

sensation (AVS) Verystill  Moderately  Slightly Neutral Slightly Moderately Much
still still moving moving moving

Humidity -3 -2 -1 0 +1 +2 +3

sensation (HS) Verydry  Moderately  Slightly Neutral Slightly Moderately Very

dry dry

humid humid humid

Within the scope of the study, the Predicted Mean Vote
(PMV) and Percentage of Dissatisfied People (PPD)
models were used as thermal comfort indicators. PMV
can be determined by the equation (Fanger, 1970).

PMV = (0.303e~%036M 4 0,028){(M - W) - D
3.96 x1078f,,[(ty + 273)* — (£, + 273)*] —

fahe(ta — ta)]

—3.05[5.733 — 0.007(M — W) — P,] —

0.42[(M — W) — 58.15] — 0.0173M(5.867 —

P,) —0.0014M (34 —t,) }

t, = 35.7 — 0.028 x (M — W) — @
I, x {396 x 1078 x f,, x [(ty +273)* —
(tr + 273)4] + fcl x hc x (tcl - ta)}

Where, M is Metabolic rate of occupant, W is mechanical
power by occupant, f; (surface area of body with
clothes), ty; is Clothing surface temperature (°C), Ta is
temperature of air (°C), t .; is Mean radiant temperature
(°C), P, is partial pressure of water vapor.

The PPD equation is calculated as follows:

PPD= 100 - 956(—0.03353PMV4— 0.2179PMV?2) 3

2.2. Feature Selection Algorithms

Random Forest Regressor: Random Forest Regression
is widely used in statistical learning and machine
learning applications. It is a powerful learning algorithm
based on the principles of random feature selection. This
method provides high accuracy and reliability rates,

especially in classification and regression analyses. In
classification problems, the model's output is
determined based on the majority vote of individual
trees (Z. Wang et al,, 2018). In regression problems, the
model's output is obtained by taking the simple
arithmetic mean or weighted average of the predictions
produced by all decision trees in the forest for the
continuous target variable. Each tree independently
produces its own prediction, and the model's final
prediction is calculated as the arithmetic mean or
weighted average of these predictions. This approach
contributes to reducing overfitting and producing more
robust predictions (Smith et al,, 2013).

SHAP Algorithm: It is a method used to interpret the
output of machine learning models. SHAP is based on
cooperative game theory and the concept of Shapley
values (Cui et al, 2024). Current machine learning
models often create difficulties for researchers in
interpreting model predictions and function as black
box models. Unlike other methods, SHAP provides us
with a detailed explanatory model of how each feature
contributes to the predictions (Meddage et al., 2022).
SHAP shows the importance of each feature in the
predictions and helps us understand how the input
features affect the predictions (Huang et al., 2020).

Correlation Attribute Eval: It evaluates the value of a
trait by measuring the correlation between the trait and
the class. The correlation coefficient indicates the
direction and strength of the linear relationship
between two random traits. This coefficient takes a
value between -1 and +1 (Colgan et al., 2019).
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3. Results and Discussion
3.1. Measurement and Survey Results

HOBO data loggers were wused for outdoor
environmental data affecting user comfort, and Testo
480 instruments were used for indoor environmental
data. In this study, the relationship between the
environmental parameters collected for the
amphitheater and the thermal comfort indicators is
presented in Figure 2.

1.00

Tg

0.75

Va

- 0.50

-0.25

Bnem Ntemp

- 0.00

-=0.25

Tout

- —0.50

I—D?S

Figure 2. The relationship between PPD and other
environmental parameters.

ppm

=05

PPD

I
Tg Va Ntemp Bnem  Tout ppm PPD

Data collected from the education building during the
winter period shows the relationship between PPD
(Predicted Percentage of Dissatisfied), a thermal
comfort indicator, and various environmental
parameters. Limit values for PPD are defined in the ISO
7730 (Olesen and Parsons, 2002) and EN 15251 (CEN,
2007) standards. According to these standards, a PPD
value of 10% or less indicates that occupants are
satisfied with their environment. However, this study
found an average PPD value of 25%, which is insufficient
for occupants' thermal comfort. However, according to
the ISO 7730 standard, it corresponds approximately to
Category C comfort and represents a borderline
acceptable indoor environment. There is a high negative
correlation between indoor globe temperature (Tg) and
PPD. The high correlation indicates that an increase in
surface temperature significantly reduces PPD
(improves thermal comfort). An increase in surface
temperature during the winter months may contribute
to the environment feeling more comfortable. The
correlation between Va and PPD is negligible at 0.002,
indicating that airflow velocity has almost no effect on
thermal comfort in this space. This can be explained by
the limited air circulation during winter months
(windows and doors kept closed). The high level of
correlation between indoor air temperature (Ntemp)
and PPD indicates that an increase in indoor
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temperature improves thermal comfort. This result
confirms that a higher indoor temperature during
winter months reduces discomfort. The high negative
correlation between Bnem and PPD indicates that as
humidity increases, dissatisfaction decreases. Low
humidity during winter months can make the
environment feel colder; therefore, increased humidity
can be considered a factor that improves comfort. These
results are consistent with the findings of studies on the
relationship between environmental factors and
thermal comfort. The negative correlation between ppm
and PPD indicates that an increase in CO, concentration
reduces discomfort. However, high CO, levels typically
lead to reduced air quality and decreased comfort. This
result may be influenced by interactions with other
environmental parameters affecting this relationship.

3.1.1. Subjective evaluation

The analysis of thermal sensation ratings (TSVs) is
shown in Figure 3. TSVs were calculated by asking
students, "How do you feel the temperature of your
environment?" using the ASHRAE seven-point scale. Of
the 192 surveys conducted, 121 (62%) were within the
comfort range (between -1 and +1). Approximately 35%
of users felt the environment was cold, while the
remaining users felt it was warm.

Thermal sensation vote

3% 0%

33%

= cold = cool A bit cool neutral

= A bit warm = warm = hot

Figure 3. Distribution of thermal sensation responses
during measurement.

This study focuses on the question of which factor most
affects the space where users are located. Statistical
information for this question is provided in Table 3. The
mean value of 1.55 represents the average of students’
responses regarding the factor that most impacts the
environment. Temperature was the first option in this
question. This value indicates that temperature is the
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factor that most significantly impacts users' thermal
comfort. The 95% confidence interval for the mean lies
between 1.42 and 1.70. This range provides a
statistically reliable estimate (Morgan et al,, 2004). In
addition, it is observed that the average ratings of Air
velocity sensation (AVS) and Humidity sensation (HS) in
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the study area are close to neutral and the students feel
comfortable in terms of humidity and air exchange in the
area.

Table 3. Descriptive statistics of sensation variables.

Statistic Std.Error Bias Std.Error  95% Confidence Interval
Lower Upper
TSV Mean -1.01 .08 .00 .08 -1.17 -.84
Std. Deviation ~ 1.20 -01 .05 1.08 1.30
Variance 1.44 -.01 13 1.18 1.70
Factor Mean 1.55 .07 -.00 .07 1.41 1.70
Std. Deviation ~ 1.05 -.00 .06 91 1.16
Variance 1.10 -.00 13 .84 1.36
AVS Mean -.09 .07 .00 .07 -23 .05
Std. Deviation .99 -01 .07 .82 1.13
Variance 99 -.01 .15 .68 1.29
HS Mean -.26 .06 .00 .06 -.38 -13
Std. Deviation .87 -.00 .05 .75 .98
Variance 77 -.00 .10 .57 .97
Valid N (listwise) N 192 0 0 192 192
The factor affecting thermal comfort was measured Factors

based on the answers to the question, “What is the most
influential factor in your environment?”. It has been
found that the temperature factor has the greatest effect
on thermal comfort (75%). This result shows that
temperature is the most effective parameter among
environmental parameters in determining thermal
comfort perception (Figure 4). This result shows that
people's thermal perception is more sensitive to
temperature changes than to other parameters.

Additionally, factors such as humidity, air speed, and
lighting are seen to be less effective compared to
temperature. The low selection of air speed suggests
that participants did not perceive air movement as a
critical factor as temperature. These results are
consistent with the low correlation between air speed
and PPD observed in Figure 2. These findings suggest
that more focus should be placed on the temperature
factor in the design of heavily used spaces in educational
buildings.

® Temperature ® Humidity ® Air velocity = Lighting

24;13%

Figure 4. Distribution of factors affecting user comfort
during measurements.
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3.2. Feature Selection Algorithm Results and
Comparison

Within the scope of the study, the effects of
environmental parameters affecting user comfort were
compared and analyzed using different feature selection
algorithms such as Random Forest Regressor, SHAP, and
Correlation Attribute Eval.

Table 4 shows the effect of each environmental
parameter on each algorithm and its importance
coefficient. The comparison between different feature
selection algorithms is based on the relative importance
rankings of the wvariables, not on the absolute
magnitudes of the coefficients. In the SHAP and
Correlation Attribute Eval algorithms, the most effective
parameter was found to be surface temperature, while
in the Random Forest Regressor algorithm, it was
indoor temperature. In the SHAP and Random Forest
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Regressor algorithms, the least effective parameter was
outdoor temperature, while in the Correlation Attribute
Eval algorithm, it was air velocity.

A general examination of the algorithm results reveals
that the most influential environmental parameters are
indoor temperature and surface temperature. The result
obtained for the most influential parameter was found
to be identical to the subjective (survey) results
(Temperature: 75%). This result suggests that the
algorithms selected for the most influential parameter
performed successfully.

Furthermore, when compared with the survey results, it
was observed that the environmental parameter with
the least impact on user comfort (Air velocity: 5%)
yielded the same ranking as the Correlation Attribute
Eval algorithm.

Table 4. Comparison of results from different algorithms.

Random Forest Regressor SHAP Correlation Attribute Eval
Ntemp 0.22 Tg17.59 Tg-0.97

Tg 0.21 Ntemp 1.66 Ntemp -0.95

Bnem 0.18 Va 0.92 Bnem -0.78

ppm 0.02 Bnem 0.21 ppm -0.57

Va 0.00 ppm 0.11 Tout-0.46

Tout 0.00 Tout 0.05 Va 0.01

Note: Tg: Indoor globe temperature, ppm: COz concentration, Tout: Outdoor air temperature, Ntemp: Indoor air temperature,

Bnem:Relative humidity, Va: Air velocity.

An examination of Figure 5 reveals that the Tg variable
has the greatest impact on the model output. This
demonstrates that ambient temperature is a
determining factor in occupants' thermal sensation.
While the Ntemp parameter has a moderate impact, the
other parameters, Va, Bnem, ppm, and Tout, have a more
limited impact on the model output.

19 e —

Ntemp »
Va (-
Bnem (]
I
|

ppm

Tout

Furthermore, the SHAP algorithm observed that the
ranking according to the most influential parameter
differed when compared to the subjective results. While
air velocity (5%) was the parameter that least affected
user comfort in the subjective results, the SHAP
algorithm found relative humidity to be less influential
than this parameter.

High

Feature value

Low

-30 -20 -10 0

10

20 30 40 50

SHAP value (impact on model output)

Figure 5. Effect of environmental parameters of the SHAP algorithm on user comfort.
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The spread of points on the x-axis for each feature shows
the range and distribution of SHAP values across
different parameters (Figure 6).

The wide spread between parameter values indicates
varying levels of importance for that feature across the
dataset. According to Figure 6, the most significant
factor is Tg and the least significant factor is Tout. In
conclusion, different feature selection methods have

Tg o ofetee oo .

Ntemp bl et

Va

ppm

Tout

Bnem '}
:
'
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their advantages and limitations. Rather than evaluating
the findings based on a single algorithm, this study
presents comparative findings on thermal comfort
parameters using different feature selection methods.
SHAP is a powerful tool for explaining the contributions
of features to a model.

High

Feature value

Low

20  -10 0 10

20 30 40

SHAP value (impact on model output)

Figure 6. Effect of environmental parameters on user comfort based on SHAP algorithm results.

However, most machine learning models are difficult to
interpret and understand due to their black-box
(unexplainable) nature (M. Wang et al., 2023). To ensure
interpretability, =~ the SHAP  algorithm, which
incorporates model complexity and feature interactions,
is frequently used in the literature (Meddage et al,
2022). Therefore, the SHAP algorithm was used in this
study to interpret and visualize the effects of features.
CorrelationAttributeEval quickly and effectively
analyzed linear relationships. Random Forest Regressor
is a powerful machine learning algorithm that can be
used in both classification and regression problems. It
combines multiple decision trees to increase the
accuracy of predictions and handle missing data
(Alsahaf et al, 2022). This study demonstrates that
different feature selection algorithms can lead to
different interpretations of the same dataset. For
example, the air velocity parameter was ranked among
the top three variables in the SHAP analysis, while it was
ranked lowest in the CorrelationAttributeEval
algorithm. This suggests that SHAP better captures
nonlinear effects and that the algorithm used in thermal
comfort analysis can create significant differences in
interpretation. Similarly, the most influential factors
differ in the importance rankings of the SHAP algorithm
and the Random Forest Regressor algorithm. The
differences in importance rankings across studies

provide practical insights into the impact of the feature
selection method on the thermal comfort prediction
model results.

4. Conclusion

This study presents findings on thermal comfort
parameters using different feature selection algorithms
rather than a single feature selection algorithm. The
effects of environmental parameters affecting occupant
comfort were analyzed in detail. The analysis compared
the performance of different algorithms based on both
objective and subjective data. The results obtained from
all algorithms indicate that indoor temperature and
surface temperature are the most important parameters
affecting occupant comfort. This parallelism between
subjective comfort perceptions and the importance
rankings based on feature selection algorithms
reinforces the consistency of the findings. These results
demonstrate that the selected algorithms are effective in
determining the importance rankings of environmental
parameters affecting occupant comfort. However, they
show that the SHAP algorithm's approach to evaluating
the parameter effects offers a different perspective from
other methods. While the findings of this study
contribute to the studies in the literature, it also has
some limitations. The study focuses on a single space of
an educational building using only data from the winter
season. The limited number of surveys used for data
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analysis may limit generalizations for the results of
different algorithms. Furthermore, this study focuses on
three different feature selection algorithms, while other
feature selection methods are also available in the
literature. These limitations may change the order of
importance of the parameters. Another limitation of this
study is that the measurements were conducted at 15-
minute intervals. This timeframe may not fully reflect
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conditions. Future research could; It is recommended
that studies focus on spaces with different orientations,
different types of buildings (such as offices, hospitals,
etc.), long-term studies involving different climatic
conditions, and spaces using different air-conditioning
systems. Thus, it will be important to understand how
parameter importance rankings vary depending on
these differences.

long-term thermal changes, especially in winter

Appendix 1. Survey questions asked to students within the scope of the study.

Flarr/Class: Date :

Gender: Female O Male [ Age

Please select the option that comes closest to your answer in the questions.

1-How do you perceive the ambient temperature while you are in the environment?
Very Hot (+3) 00 Hot(+2) O Slightly Warm [+1) O Neutral (0] O Slightly Cool (-1) 0 Cool (-2) 1
Very Cool (-3) 0O

2- What is the temperature of your environment, as per your personal preference?

Unacceptable O Just as | prefer O Acceptable O

3- How do you evaluate the air speed in yvour environment?
Much moving (+3) 0 Moderately moving (+2) 00 Slightly moving (+1] O Neutral (0) O
Slightly Gentle (-1) O Moderately stll (-2) O Verysull (-3) O

4- How would you rate the humidity of your environment?
Very Humid (+3) 0  Humid (+2) 0  Slightly Humid (+1) O  Neutral (0) O
Dry (-2] 0 Veryv Dry (-3)0

Slightly Dry (-1) O

5- Which factor do you think most affects your comfort in your environment?

Temperature [J umidity O Air Velocity O Lighting [J

Thanks...
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Patlatma Yigini

Parg¢a Boyut Analizi
Gortintii Analiz Yontemi
Havadan Cekilmis Fotograf
Yerden Cekilmis Fotograf
Yakindan Cekilmis Fotograf

Acik ocak madenciligindeki ozellikle tiretim patlatmalarinda parga boyut dagiliminin
olduk¢ca donemli oldugu bilinmektedir. Patlatilmis bir kaya kiitlesi icindeki parcalarin
boyut dagilimi; yiikleme, tasima, kirma ve dgiitme gibi diger ardisik islemlerin
maliyetlerini etkilemektedir. Patlatilmis kaya kiitlesinin parca boyut dagilimini
belirlemede en yaygin kullanilan yontem, gériintii isleme teknigi kullanilarak yapilan
parca boyut dagilim analizidir. Parca boyut analizinde kullanilan fotografin patlatma
sonrast olusan yigini temsil etmesi, analizin dogru sonuglar vermesinde biiyiik 6nem
tasimaktadir. Goriintii Analiz Yontemi kullanilarak yapilan bircok ¢calismada, yigini tam
olarak temsil etmeyen, yerden veya yakindan (dar agidan) ¢ekilmis fotograflar
kullanilarak analizler yapilmaktadir. Bu da yiginin parca boyut dagiliminin dogru
olarak belirlenememesine neden olabilmektedir. Bu c¢calismada, bir manyezit actk
ocaginda yapilan bir patlatmanin parca boyut dagilimi analizleri, Insansiz Hava Araci
(IHA) yardimiyla yigina dik olarak ve basamagin yanindan egik cekilmis 6lcekli
fotograflar kullanilarak yapimistir. Ayrica ayni fotograflar iizerinden dar agidan
(vakindan) secilen ikiser adet bélge de analize tabi tutulmugstur. Toplam alt1 fotograf
kullanilarak WipFrag yazilimi yardimiyla yapilan parca boyut analizi sonuglari
arasindaki farklar karsilastirilmis ve tartisilmigtir.

EFFECT OF WIDE-NARROW AND VERTICAL-OBLIQUE PHOTOGRAPHS ON PARTICLE SIZE

ANALYSIS: AN APPLICATION STUDY

Keywords

Abstract

Muckpile

Particle Size Analysis
Image Analysis Method
Aerial Photograph
Ground Photograph
Close-up Photograph

It is known that particle size distribution is very important in open pit mining, especially
in production blasting. The size distribution of fragments in a blasted rock mass affects
the costs of other sequential operations such as loading, transportation, crushing and
grinding. The most widely used method to determine the fragment size distribution of a
muckpile is fragment size distribution analysis using image processing techniques. The
fact that the photograph used in the fragment size analysis represents the muckpile is of
great importance for the analysis to give accurate results. In many studies using the
Image Analysis Method, analysis is performed using photographs taken from the ground
or close-up (narrow angle), which do not fully represent the muckpile. This can lead to
inaccurate determination of the particle size distribution of the muckpile. In this study,
the fragment size distribution of a blast in a magnesite open pit was analyzed using
Unmanned Aerial Vehicle (UAV) scale photographs taken vertical to the muckpile and
oblique photo from the side of the bench. In addition, two regions selected from the same
photographs from a narrow angle (close-up) were also analyzed. The differences
between the particle size analysis results using WipFrag software using a total of six
photographs were compared and discussed.
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1. Giris

Madencilik c¢alismalarinda patlatma ile kayaclarin
parcalanmasi, gerek zaman kazanimi gerekse
ekonomiklik acisindan kacginilmazdir. Patlatma ile
kayaglarin pargalanmasi ile olusan boyut dagilimi,
patlatma sonrasi teknolojik islemlerin maliyetini ve
dolayisiyla madencilik endiistrisinin ekonomisini
onemli oranda etkilemektedir. Delme-patlatma
operasyonlar1 sonrasi olan yiikleme, nakliye, kirma ve
oglitme gibi teknolojik islemlerin verimliligi biiytk
oranda patlatma sonrasi kaya¢ parcalanma boyut
dagilimina bagli olmaktadir. En uygun par¢alanma
saglandiginda isletmenin liretim maliyetleri diismekte
olup bu da dogru patlatma ve gecikme tasarimi
uygulanmasi ile elde edilmektedir (Nanda and Pal,
2020). Parcalanma boyut dagilimi gereginden biiytlik
oldugunda yiikleme ve nakliye verimliligini ve
dolayisiyla maliyetlerini olumsuz yonde etkilemektedir.
Ikincil patlatma ihtiyaci ortaya ¢ikmaktadir. Ayrica diger
teknolojik islemlerden kirma ve 6glitme maliyetleri de
olumsuz olarak etkilenmektedir. Benzer sekilde,
gereginden fazla patlayici tiikketimi kullanildigi durumda
gereginden fazla ufalanma meydana gelmesine ve asir1
patlayici tiiketimi ile isletmenin toplam maliyetlerinde
artisa sebep olmaktadir. Bu nedenlerle, patlatma
operasyonlarinda optimum parcalanma boyutunun elde
edilmesi gerekmektedir. Optimum pargalanma boyutu
maden isletmesinde kullanilan kazi ve yiikleme
makinalarinin boyutu ve cevher zenginlestirme
tesisindeki birincil kiricinin ¢ene biiyiikliigiine gore
degiskenlik gostermektedir. Bu nedenle isletmenin
toplam  maliyetlerini optimize eden ortalama
par¢alanma boyutunun belirlenmesi onem
kazanmaktadir.

Kayanin pargalanmasi, patlatma islemlerinin bir
sonucudur ve y1ginin biyiik bir yiizdesi istenen boyut
araliginda ise par¢alanmanin optimum oldugu séylenir.
Kaya pargalanmasini dogrudan veya dolayli olarak
etkileyen bir¢ok kontrol edilebilir ve kontrol edilemez
parametre vardir. Optimum kaya pargalanmasi, kontrol
edilebilir parametrelerin optimize edilmesiyle elde
edilmektedir. Kaya parcalanmasini optimize etmek i¢in
maden isletmesinde kontrol edilebilir basamak
patlatma parametreleri deneme patlatmalar: yapilarak
degistirilebilir. Sonrasinda maden isletmesi yetkilileri
optimize edilmis parametreleri kullanarak ortalama
par¢a boyutunu istenen degerde tutabilmektedir
(Nanda and Pal, 2020).

Biiylik 6l¢ekli malzemelerin parca boyut dagiliminin
belirlenmesine yonelik olarak farkhi él¢iim araclar1 ve
yontemleri vardir. Parcalanmis malzeme dagiliminin
belirlenmesi i¢cin geleneksel yontemler arasinda Eleme,
iri Kaya Sayimi ve Kepge Yiikkleme Orani yéntemleri
bulunurken, modern teknikler olarak ise Gorsel Analiz
Yontemi, Fotogrametrik Yontem ve Goriintii Analiz
Yontemi sayilabilir. Bir¢cok arastirmaci bu yontem ve
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araclarin  birini veya birkagim1  ¢alismalarinda
kullanmistir.

Gorsel Analiz Yontem ’‘inde (Visual Analysis Method)
patlatma sonrasi ortaya ¢ikan yigin hemen patlatma
sonrasinda gorsel olarak incelenmekte ve ikincil
patlatma yapmaya ya da patlatma geometrisi
parametrelerinin  giincellenmesine  ihtiya¢c  olup
olmadigina karar verilmektedir. Pargalanmanin
yuzeysel goriinen kismi hakkinda veri verdiginden tam
anlamiyla giivenli sonuglar vermeyebilmektedir (Maerz,
Palangio, and Franklin, 2018). Fotogrametrik Yontem
parcalanma hacmini hesaplamak i¢in t¢ boyutlu
Olctimler saglayabildiginden Gorsel Analiz Yontemi 'ne
gore daha giivenilir ve dogru sonuclar ortaya
koyabilmektedir. Dijital Gortintii Analiz Yontemi (Image
Analysis Method) endiistriyel alanda giderek artan
sekilde kullanilmaktadir. Bu yontem, goriintii isleme
teknikleri ve algoritmalar1 kullanan yazilimlar
yardimiyla, 6zellikle tasinabilir ve yiiksek ¢oziintirlikli
kameralardan alinan goriintiilerin analiz edilmesine
dayanmaktadir. Yontem ile malzeme parca boyut
dagilim islemi oldukca kolay hale gelmistir. Yontemde
patlatma yi1gin Uzerinden ol¢eklendirilmis goriinti
alinmakta ve bu goriintiler ¢esitli yazilimlar yardimiyla
analiz edilmektedir. Bu yontemin daha dogru sonugclar
vermesi, kisa zamanda goriintii analizinin yapilabiliyor
olmasi, Uretim siirecini etkilememesi, ucuz olmasi ve
yapilan hatalarin daha az 6nemli olmasi geleneksel
yontemlere gore avantajlardir.

Pargalanma boyut dagiliminin hesaplanmasinda
kullanilan farkli ampirik yaklasim modelleri de
bulunmaktadir. Cunningham (Cunningham, 1983)
tarafindan gelistirilen Kuz-Ram modeli en yaygin
kullanilan ampirik modeldir (Esitlik 1).

Yoo = A4 tarve - [5] W
Burada;

Xs0: Ortalama parga boyutu, cm

V: Pargalanan kaya¢ hacmi, m3

Q: Delik basina kullanilan patlayict madde miktari, kg
E: Patlayict maddenin giicii, ANFO=100

A: Kayag faktori (Sertlik ve yapisina bagh olarak 0.8-22
arasinda degisir)

2. Materyal ve Yontem

Patlatma sonrasi olusan yiginin par¢a boyut dagilimi
belirlenirken y1ginin sadece bir boliimiinden dar agidan
cekilmis oOlcekli fotograf tlizerinden goriintii analizi
yapilmis olan bir¢ok akademik ¢alisma vardir (Akyildiz,
2015; Ceviz and Akgakoca, 2011; Derman, 2019; Fredj,
Boukarm, Saadoun, Menacer, and Nakache, 2024;
Idowu, Olaleye, and Saliu, 2021; Kahraman and Kilig,
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2021; Karadogan and Yilmaz, 2010; Nanda and Pal,
2020; Nefis and Talhi, 2016; Ozdemir, 2004, 2009; Pekin
and Bayirly, 2015; Saadoun, Fredj, Boukarm, and Hadji,
2022; Tosun, 2013). Ayrica yine basamak yanindan egik
acidan cekilmis fotograflar lizerinden yapilan bir¢ok
calisma da s6z konusudur (Akyildiz, 2015; Bedri, Bachar
Assed, Taib, Hadji, Defaflia, and Filali, 2024; Ceviz and
Akgakoca, 2011; Derman, 2019; Elahi and Hosseini,
2017; Figueiredo, Torres, Cruz, and Moreira, 2023;
Hidaverdi and Akyildiz, 2020; Kahraman and Kilig,
2021; Kahraman and Kilig, 2013; Karadogan and Yilmaz,
2010; Kilig, 2015; Menacer, Saadoun, Hafsaoui, Fredj,
Tabet, Boudjellal, Boukarm, and Nakache, 2025; Nanda
and Pal, 2020; Tosun, Konak, Ongen, Karakus, and Onur,
2012; Yang, Gao, Jia, Zhou, Gao, Jiang, and Ma, 2025).
Belirtilen tarzlarda cekilen ve yi8inin tamamini temsil
etmeyen fotograflar kullanilarak yapilan parca boyut
analizlerinde, yi1ginin gercek parca boyut dagiliminin
dogru olarak belirlenememesi ve optimizasyon
hatalarinin meydana gelmesi nedeniyle gerek zaman
gerekse ekonomik agidan kayiplarin olusmasi soz
konusu olabilmektedir. Goriintii Analiz Yontem ’inde ve
ozellikle iiretim patlatmalarinda, 6l¢ekli olarak ¢ekilen
fotografin yigin1 temsil etmesi 6nemlidir. Yani yi8inin
sadece bir kismindan alinan bir goriintii ile analiz
yapilmasi elek analizinin hatali olmasina ve daha 6nce
belirtilen ekonomik kayiplarin olusmasina neden
olabilmektedir. Ayrica yigina yatay yonden (egik)
cekilen fotograflarda da goriintii kaybindan dolay:
pargalarin birbirleri arkasinda kalmasi nedeniyle gercek
par¢a boyut dagilimlarinin belirlenmesinde hatalar s6z
konusu olabilmektedir.

Bu ¢alismada, bir manyezit agik ocaginda yapilan bir
patlatma uygulamasinin par¢a boyut dagilimi gerek
y1gina egik olarak genis ve dar agidan ¢ekilmis 6l¢ekli
fotograflar iizerinde gerekse bir insansiz hava araci
(iHA) yardimiyla y18ina dik olarak genis ve dar agidan
cekilmis olcekli fotograflar tizerinden goériintii analizleri
yapimistir. Uygulama c¢alismasti RHI Magnesita
firmasinin Eskisehir Nemli boélgesi agik ocaginda
yapilmis olup yapilan patlatmaya ait patlatma ve
basamak geometrisi parametreleri Tablo 1’de
verilmistir.

Tablo 1. Uygulama Patlatmasina Ait Parametreler

Patlatma Parametreleri Miktar / Tamim
Delik say1s1 3

Delik ¢ap1 165 mm
Dilim (yiik) mesafesi 4m
Delikler aras1 mesafe 7 m
Sikilama uzunlugu 3m
Basamak ytiksekligi 9m

Delik boyu 9.5
Patlayici tiri ANFO
Delik basina sarj miktari 110 kg
Toplam sarj miktari 330 kg
Ozgiil sarj 0.44 kg/m3
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Toplam {i¢ deligin kullanildig1 patlatma uygulama
calismasinda, yerinde parg¢alanan kaya¢ hacmi yaklasik
olarak 756 m?3 civarinda olmustur. Parcalanan kayacg
malzemesi lizerine oncelikle 6lgek yerlestirilerek bir
insansiz hava araci (IHA) yardimu ile yigina dik agidan ve
yiginin tamamini temsil eden bir fotograf ¢ekilmistir.
Daha sonra ise yer seviyesinden yigini yatay (egik)
yonden goren Olgekli baska bir fotograf cekilmistir.
Ayrica daha 6nce de belirtilen ve parga boyut analizleri
kullanilarak dar ag¢idan yigim1 goren fotograflar
lizerinden yapilan ¢alismalarda oldugu gibi; uygulama
calismasinda kullanilan her iki fotografin bir kismim
temsil eden ornek bolgeler (ikiser tane) fotograflar
tizerinden secilmistir. Fotograflar iizerinden parca
boyut analizlerinin yapilacagi boélgelerin  segimi
yapilirken, yi18inin ortalama parga boyutunu yaklasik
olarak temsil edebilecegi diisiiniilen bolgeler olmasina
o0zen gosterilmistir. Dolayisiyla yigina dik ve genis
acidan gekilen (tiim y1gin1 géren) fotograf iizerinden iki,
yigina yatay ve genis a¢idan (tiim y18in goren) cekilen
fotograf iizerinden iki olmak {izere toplam dort adet dar
bolge ile birlikte toplamda 6 adet gorseldeki y181n, parga
boyut analizine tabi tutulmustur. Goriinti analizleri
WipFrag yazilimi yardimiyla yapilmistir.

3. Uygulama Calismasi

Yigina dik yonden ve genis acgida ¢ekilen (DG) fotograf
tizerinde yapilan elek analizi sonuglar1 Sekil 1'de
verilmistir. Ayn1 fotografta dar agidan yigin iizerinde
secilen bolgeler (DD1 ve DD2) ve onlara ait elek analiz
sonuglari ise sirasiyla Sekil 2 ve 3’de verilmistir.

Haziran 23, 2025 14:47:48 Size (mm) % Passing
3.3.14.0 - User - Company (LAVTeam 31337) 1000.00 91.49%
100% ————————— 681.00 85.16%
D05 =43.52 mm 464.00 72.14%
90%|{D20= 131.92mm | — | /| 31800 59.83%
D50 = 260.79 mm 215.00 41.85%
gon|075=511.66mm | | 147.00 23.95%
D90 = 924.95 mm ] 2L 100.00 11.65%
|D99= 157363 mm | | I— T ] es1w0 6.40%
TN A A | 4640 5.06%
31.60 4.78%
o &0 21.50 4.56%
@ 14.70 4.58%
& 50 10.00 0.00%
[ 6.81 0.00%
2 484 0.00%
3.16 0.00%
215 0.00%
30% 147 0.00%
1.00 0.00%
20% 0.68 0.00%
046 0.00%
10% | i 032 0.00%
2 022 0.00%
0.15 0.00%
01 1 10 100 1000 0.10 0.00%

Size (mm)

Sekil 1. Dik Fotograf-Genis Ac¢idan (DG) Yigin ve Elek
Analizi Sonuglar
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tizerinde segilen bolgeler (YD1 ve YD2) ve onlara ait elek
analizi sonuclari ise sirasiyla Sekil 5 ve 6’da verilmistir.

Haziran 23, 2025 14:36:42 Size (mm) % Passing
3.314.0 - User - Company (LAVTeam 31337) 1000.00 94 26%
100% 9022%
D05 =82.32 mm 68.65%
90%||D20 = 162.00 mm 54.81% : :
De0 = 29354 mm 33.12% Haziran 23, 2025 15:06:32 Size (mm) % Passi
D75 = 528 61 lazi 3, 206" e (mm)] assing
80%|| DI 2 22850 M it 33,140 - User - Company (LAVTeam 31337) 1000.00  100.00%
D99 = 1132.14 mm 147% 1aoe 95.60%
70% byt D05 =68.76 mm 82.39%
Dadte 50%|[D20 = 133.72mm 63.03%
0% O o D50 = 256.76 mm 40.82%
2 e 04| D75 = 407.52 mm 23.28%
@ 0.00% D30 = 589.01 mm 11.66%
E 50% 0o0s . D99 = 927.47 mm 4.85%
~ 2.31%
L g gg: 1.27%
0.00% 2 60% 0.84%
! £ 0.81%
0%, 0.00% 2 .
0.00% s 50% 0.50%
& 0.00%
20% 0.00% s 0.00%
0.00% 40%) 000
10%) 0.00% 0.00%
0.00% 20% o 00m
0.00% 000
01 1 10 0.00% 20% 0.00%
Size (mm) 0.00%
10% 0.00%
0.00%
. . o i, o . 0.00%
Sekil 2. Dik Fotograf-Dar A¢11 (DD1) I¢in Yiginda Segilen o1 g 0 0.00%
o P Size (mm)
Bolge ve Elek Analizi Sonuglari

Sekil 4. Yatay Fotograf-Genis A¢idan (YG) Yigin ve Elek
Analizi Sonuglari

Haziran 23, 2025 15:01.05 Size (mm) % Passing
3.3.14.0 - User - Company (LAVTeam 31337) 1000.00 93.75%
100 681.00  83.38%
DOS = 105.53 mm 46400  60.46%
90%|| D20 = 180.32 mm 316.00 43.81%
D50 = 371.00 mm 215.00 27.80% Haziran 23, 2025 15:10:53 Size (mm) % Passin
: , g
809|| 275 = 601.60 mm 147.00 12.50% 3.3.14.0 - User - Company (LAVTeam 31337) 100000 10000%
D30 = 884.42 mm 100.00 4.00% 100% 68100  9007%
D39 = 1151.18 mm 5810 1.32% 46400  6O.07%
70%) 46.40 0.37% /
prped gare 90%| i 31600 51.82%
o - . - 21500 3623%
2 2150 oo soul 14700 19.85%
2 : ' 100.00 9.43%
& son 10.00 0.00% . — | 1 ea10 444%
i 681 0.00% 70% - 46 40 214%
2 0m ;-f‘é g-gm 1T 3160 098%
215 0.00% 2 60% 2150 048%
30%) 147 0.00% 3 ! 14.70 011%
10 o008 8 500 / 10.00 0.00%
: ; a 6.81 0.00%
20%) 088 0.00% = / 464 0.00%
046 0.00% 40% / :
ode g0 / 316 0.00%
b 0.2 0.00% / 215 0.00%
0% Soo 30% / 147 000%
o1 B 10 1000 0.0 0.00% 20% / S gg g‘ggz
Size (mm) ‘/ 048 0.00%
10| 032 0.00%
. 022 0.00%
. : o : s : - 015 0.00%
Sekil 3. Dik Fotograf-Dar A¢1 2 (DD2) I¢in Yiginda Segilen o ; m 00 oo i 000w
Bolge ve Elek Analizi Sonuglar: Size ()

Sekil 5. Yatay Fotograf-Dar Ag¢1 1 (YD1) I¢in Yiginda

Ayrica y181in1 yatay yonden ve genis acida goren (YG) Secilen Bolge ve Elek Analizi Sonuclari

fotograf lizerinde yapilan elek analizi sonuglar1 Sekil
4’de verilmistir. Ayni fotografta dar agidan yigin
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Haziran 23, 2025 15:15:37 Size (mm) % Passing
3.3.14.0 - User - Company (LAVTeam 31337) 1000.00 100.00%
100% / 681.00 100.00%
D05 = 72.04 mm / 464.00 83.13%
90%|| D20 = 142.37 mm —r 31600 61.46%
D50 =270.14 mm / 215.00 36.23%
809/ D75 = 408.50 mm | ! 147.00 21.18%
D90 = 552.40 mm - / 100.00 9.22%
D99 = 668.14 mm I JIl | T 68.10 4.41%
T0% T — f 46.40 1.69%
| 3160 0.78%
g B0% TT] 21.50 032%
= 14.70 0.12%
8 5o 1000 000%
o 6.81 0.00%
= 464 0.00%
0% 316 000%
215 0.00%
30% 147 0.00%
1.00 0.00%
20% 0.68 0.00%
0.46 0.00%
10% 032 0.00%
022 0.00%
015 0.00%
01 1 10 100 1000 010 0.00%

Size (mm)

Sekil 6. Yatay Fotograf-Dar Ac1 2 (YD2) I¢in Yiginda
Secilen Bolge ve Elek Analizi Sonuglari

Parca boyut analizlerinde; malzemenin gercek parca
boyut dagilhimina en yakin dagilimi elde edebilmek i¢in
yazilimin pargalar etrafindan en iyi cizgileri
cizebilmesini saglayan ve islem siiresinin uzun oldugu
ileri ozellikleri kullanilmistir. Yazilimin pargalar
etrafindan ¢izmis oldugu cizgilerde golge ve 151k gibi
nedenlerle olusan hatalar1 diizenleyerek gorsellerin
gercek parca boyut dagilimlarini en dogru sekilde
belirlemek i¢in ayrica yazilim ile uzun bir zaman
calisiimistir.

Gorilnti isleme teknigini kullanarak yapilan parga boyut
analizlerinde gerek fotografin c¢ekildigi a¢1 gerekse
fotograflar lizerinde segilen bélgelerin biiyikligi ve
gerekse o bolgelerdeki parca  boyutlarindaki
degiskenlikler nedeniyle gorseldeki kaya¢ malzemesi
sayllar1 dogal olarak farkhliklar goéstermektedir. Bu
uygulama c¢alismasina gore; yigin1 dik ve genis agidan
(DG) goren fotografile yapilan analizde (Sekil 1) toplam
parg¢a sayis1 6381 iken ayni fotograftan segilen DD1 ve
DD2 bolgelerindeki (Sekil 2 ve 3) parca sayilari sirasiyla
774 ve 586 olmustur. Ayni sekilde; yigin1 yatay ve genis
acidan (YG) goren fotograf ile yapilan analizde (Sekil 4)
toplam parca sayis1 1796 iken ayni fotograftan secilen
YD1 ve YD2 bolgelerindeki (Sekil 5 ve 6) parca sayilari
sirasiyla 370 ve 377 olmustur. Kisacasi DG fotograftaki
parga sayisi DD1 ve DD2 bolgelerinden yaklasik 8-10 kat
fazla iken, YG fotograftaki parga sayis1 YD1 ve YD2
bolgelerinden yaklasik 5 kat fazladir. Ayrica DG
fotograftaki parca sayist YG fotograftaki parca
sayisindan 3.5 kat daha fazladir. Bu rakamlara bakarak
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yazilimlar ile yapilan parca boyut analizlerinde
harcanan diizenleme siirelerinin de degisecegini ve en
fazla parca bulunan fotografta daha fazla zaman
harcanacagin ifade etmek miimkindiir.

Her bir gorsel lizerinde goriintii isleme yazilimi1 WipFrag
yardimiyla yapilan analizler sonucunda; gecen %
malzemeye karsilik gelen par¢a boyut dagilim oranlarini
gosteren degerler Tablo 2’de, dagilimi gosteren grafik
ise Sekil 7'de verilmistir.

Tablo 2. Dik ve Yatay Cekilen Genis ve Dar Acili
Fotograflarin Parca Boyut Dagilimlari

Boyut (cm)

Gecen (%) DG DD1 DD2 [YG YD1 YD2
D05 4.4 9.2 10.6 |69 7.2 7.2

D10 9.0 119 133 9.2 10.3 10.3
D20 13.2 16.3 18.0 134 148 14.2
D25 15.1 183 20.3 154 169 164
D50 26.1 294 371 25.7 304 27.0
D75 51.2 529 602 |40.8 518 409
D80 59.5 579 649 |44.6 572 443
D90 92.5 679 884 589 68.0 552
D95 126.8 102.1 103.6 |67.1 839 617
D100 165.0 116.0 118.0 [99.8 100.0 68.1

180
mDG mDD1 bDz2 YG mYD1 mYD2
160
140
120

100

80
60 I i
OJ-II'.'IIIIIII

D05 D10 D20 D25 D50 D75 D80 D90 D95 D100
Gegen (%)

Parga Boyutu (cm)

N
S ©

Sekil 7. Dik ve Yatay Cekilen Genis ve Dar Acih
Fotograflar ile Belirlenen Parca Boyut Dagilimlarinin
Gorinimu

Tablo 2’deki ylizde (%) gecen malzemeye karsilik gelen
par¢a boyutlar: incelendiginde; malzemenin %50’sinin
gectigi parca boyutu DG, DD1 ve DD2 icin sirasiyla 26.1
cm, 29.4 cm ve 37.1 cm olarak belirlenmistir. Ayni
sekilde YG, YD1 ve YD2 icin ise sirasiyla, 25.7 cm, 30.4
cm ve 27 cm olarak belirlenmistir. Yine Tablo 2’de
malzemenin maksimum par¢a boyutunun DG, DD1 ve
DD2 icin sirasiyla, 165 cm, 116 cm ve 118 cm olarak
belirlenirken, YG, YD1 ve YD2 icin ise sirasiyla, 99.8 cm,
100 cm ve 68.1 cm olarak belirlenmis oldugu
goriilmektedir. Tablo 2 ve Sekil 7 incelendiginde gecen
malzemenin %50’den daha biiyiik oldugu yiizdelerde
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WipFrag yazilimi ile DG, DD1, DD2, YG, YD1 ve YD2 i¢cin
belirlenen parca boyutlar1 arasindaki farklarin giderek
arttigl goriilmektedir. DG, DD1, DD2, YG, YD1 ve YD2
goruntiilerinin par¢a boyut analizlerinden elde edilen
her bir gecen malzeme ylizdesine karsilik gelen parca
boyutlarinin arasindaki farklar1 daha anlasilir olarak
gosteren grafik Sekil 8'de gosterilmistir.

6 ==DG-DD1 DG-DD2 DD1-DD2 YG-YD1

——YG-YD2 YD1-YDZ —==DG-YG

DO5s D10 D20 D25 D50 D75 Dao Dao D95 nino
% Gegen

Sekil 8. Gecen Malzeme Yiizdesine Karsilik Gelen Parga
Boyutlari Arasindaki Farklar

Sekil 8 incelendiginde gegcen malzeme yiizdesinin 25
oldugu parca boyutuna kadar farklar fazla degilken
%>50’den itibaren artamaya baslamakta %90’dan sonra
da 65 cm’ye ulasan farklar olustugu goriilmektedir.

Gorlunti isleme teknigi kullanilarak yapilan elek
analizlerinde cekilen fotografin y18in1 temsil etmesi ve
miimkiin oldugunca tim yi1gin1 goérecek sekilde olmasi
durumunda, daha dar agidan ¢ekilen fotograf ile yapilan
analizlerden farklar beklenir. Bu tiir calismalarda amag
miimkiin oldugunca yiginin gercek parga boyut
dagilimin ortaya koyabilmektir. Takdir edilmelidir ki,
y1ginin gercek parca boyut dagilimina en yakin dagilimi,
yigint dik agidan goren ve tiim yiginm1 temsil eden
fotograf iizerinde yapilan analiz verecektir. Bu nedenle
DG ile swrasiyla DD1, DD2, YG, YD1, YD2’'nin parca
boyutlarinin karsilastirilmasi yapilmistir.

Gercek parca boyut dagilimina en yakin dagilim
sonuglarint verdigi diisiiniilen dik ve genis agidan
cekilen (DG) fotografin analiz sonuglarindan elde edilen
D5,D10 D20, D25, D50, D75, D80, D90 ve D100 % gecen
malzemedeki parca boyutlar1 ile diger gorsellerden
(DD1, DD2, YG, YD1, YD2) elde edilen ve ayn1 % gegen
malzemeye karsilik gelen par¢a boyutlari arasindaki
iliskiler, Sekil 9’daki dogrusal modeller {zerinden
gosterilmistir.
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140
®DD1 DG=0.683DD1 +9.7398 R*=0.9799
DD2 DG =0.7021DD2 + 13.925 R*=0.9591

YG  DG=0.5403YG + 7.7633 R? = 0.977

YD1 DG=0.5835YD1 + 11.23 R*=0.9558

oyutu (cm)

®YD2 DG=0.3894YD2 + 12.619 R*=0.9165

2)Par¢a B

D95
D100 o *

D90

(DD1-DD2-YG-YD1-YD

Lo

-
D50

0 20 10 60 80 100 120 140 160 180

(DG) Par¢a Boyutu (cm)

Sekil 9. DG ve DD1, DD2, YG, YD1, YD2 Parga Boyutlar:
Arasindaki {liski Grafigi

Sekil 9 incelendiginde; dogrusal modeller ile en yliksek
belirlilik katsayis1 DG-DD1 (R2=0.9799) ve DG-YG
(R2=0.9777) par¢a boyutlari arasinda gerceklesirken, en
diisiik belirlilik katsayisi ise DG-YD1 (R?=0.9165) ve DG-
YD2  (R2=0.9558) parg¢a  boyutlar1  arasinda
gerceklesmistir. Tim modellerdeki belirlilik
katsayilarina bakildiginda DG ve DD1, DD2, YG, YD1,
YD2 arasindaki iliskilerin olduk¢a yiiksek oldugu
soylenebilir. Ancak, D50 % gecen malzemeden sonraki
her bir % gecen malzemeye Kkarsiik gelen parca
boyutlar: arasindaki sapmalarin giderek arttig1 acik bir
sekilde goriilmektedir. DG ile 6l¢lilen par¢a boyutlari ve
diger (DD1, DD2, YG, YD1, YD2) 6l¢iilen parca boyutlar
farklar1 arasindaki iliski grafigi ise Sekil 10’da
verilmistir.

100

==DG-DD1 ¥ =29648x2 - 13.142x + 11.23 R* = 0.9945

DG-DD2 y=17013x2 - 5.0558x + 2.3403 R?=0.9707

~

DG-YG y=2.4768x2 - 13.014x + 11.175 R*=0.9878

DG-YD1  ¥=1.6613x2-7.9116x + 43293 RZ=0.953

-
5

40 —=G-YD2 y=24168x2 - 15.161x + 11.454 R*=0.9819

30 2

Olgtlen Parga Boyutlari Arasi Fark (em)

nzo nzs D50 D75 D80 D90 D95 D100

9% Gegen

Sekil 10. DG ve DD1, DD2, YG, YD1, YD2 Par¢a Boyut
Farklar Arasindaki iliski Grafigi

Sekil 10 incelendiginde gecen malzeme ytizdesi arttikca
DG ve DD1, DD2, YG, YD1, YD2 par¢a boyutlari
arasindaki farklar parabolik olarak artmaktadir.
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Parabolik modeller ile ortaya ¢ikan belirlilik katsayilar
DG-DD1 (R2=0.9945), DG-DD2 (R2=0.9707), DG-YG
(R2=9878), DG-YD1 (R2?=0.953) ve DG-YD2 icin
(R2=0.9819) olarak gerceklesmistir. Kisacasi, yiginin
tamamini dik acidan goren (DG) fotograf iizerinden
yazilim ile elde edilen parca boyut dagilimlari ile ayni
fotograf iizerinden secilen iki bolge (DD1 ve DD2) ile
yatay yonden genis ac¢ida c¢ekilen (YG) fotograf ve
tizerinden secilen bolgelerden (YD1-YD2) yazilim ile
elde edilen par¢a boyut dagilimlar1 arasindaki farklar
arasinda oldukca ytksek belirlilik katsayilarina sahip
parabolik bir iliski s6z konusudur.

DG ve DD1, DD2, YG, YD1, YD2 arasindaki gecen %
malzemeye karsilik gelen parca boyutlari arasindaki
farklarin yiizdesel olarak ifade edilmis hali ise Sekil
11’de gosterilmektedir.

(DG-DD1)/DG DG-DD2/DG (DG-YG)/DG (DG-YD1)/DG —e—(DG-YDZ)/DG

D20 D25 D50 D75 D80 n90 [CH D100
% Gegen

Sekil 11. DG ve DD1, DD2, YG, YD1, YD2 Par¢a Boyutlari
Arasindaki Farklarin Yiizdesi

Sekil 11 incelendiginde; ilk dikkat ¢eken durum her bir
karsilastirma i¢in belirli gecen malzeme yiizdesine
kadar (yaklasik D50-D75) parca boyutlar1 arasindaki
farklarin ytizdesinin negatif oldugu (DG parc¢a boyutlari
daha kiiciik), belirli gecen malzeme yiizdesinden sonra
ise pozitif oldugu (DG par¢a boyutlar1 daha biytik)
goriilmektedir. D20 gecen malzeme yiizdesinde, DG-
DD2 parga boyutlar1 arasinda yaklasik -%35 yiizdesel
fark olusurken, D100 gecen malzeme ylizdesinde, DG-
YD2 parca boyutlar1 arasinda +%60 yiizdesel fark
olusmaktadir. Bu durum genis ve dik agidan tiim y18ini
goren fotografin (DG), fotograftan secilen bolgelere gore
daha ince ve daha iri boyutlar1 temsil etmesi ve onlarin
analize tabi olmasindan kaynaklanmaktadir. Kisacasi,
yiginin tamamini gormeyen diger secilen boélgelerde
(DD1, DD2, YD1, YD2) ve yine yiginin tamamini
gérmeyen yatay ve genis ac¢ida ¢ekilen gorselde (YG)
ince malzemelerin ¢ok az olmasi ayrica daha iri
pargalarin yine analize girmemesinden
kaynaklanmaktadir.
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4. Sonuglar ve Oneriler

Dijital Goriintii Analiz Yontemi kullanilarak yapilan
bir¢cok ¢alismada patlatma sonucu olusan yiginin ¢ok
kii¢iik bir boliimii analize tabi tutulmakta ve parga boyut
dagilimi belirlenmektedir. Bu tiir ¢alismalarda analizler
daha kisa zamanda yapilmakta ancak gercek parca
boyut dagilimina yakin bir dagilimin elde edilip
edilmedigi anlasilmamaktadir.

Bu calismada bir manyezit acik isletmesinde yapilan bir
uygulama patlatmasinin parg¢a boyut dagilimi, gerek iHA
yardimiyla yigina dik agidan ve gerekse yigina yatay
genis acidan cekilen fotograflar iizerinde analizler ile
belirlenmistir. Ayrica her bir agidan ¢ekilen fotograflar
lizerinde y1ginin bir kismini temsil eden ancak ortalama
parca boyutuna yakin oldugu ongériilen ikiser bolge
se¢ilmis ve onlar da pargca boyut analizine tabi
tutulmustur. Ayniyigina ait toplam alt1 gérsel ile yapilan
parca boyut analizleri Kkarsilastirilarak asagidaki
sonuglar ve dneriler ortaya konulmustur:

e Yigina dik cekilen fotograf ile yapilan analizler
sonucunda malzemenin %50’sinin gectigi parca
boyutu DG, DD1 ve DD2 i¢in sirasiyla 26.1 cm, 29.4
cm ve 37.1 cm, yigina yatay cekilen fotograf ile
yapilan analizler sonucunda ise YG, YD1 ve YD2 i¢in
sirasiyla, 25.7 cm, 304 cm ve 27 cm olarak
belirlenmistir. Buna goére, ortalama par¢a boyutunda
DG ve YG arasinda benzerlik olurken, genis agi
fotograflardan segilen kiigiik bolgelerde daha biiyiik
parga boyutlari (1-11 cm daha fazla) elde edilmistir.

e Alt farkh gorsel (DG, DD1, DD2, YG, YD1, YD2)
iizerinde yapilan parg¢a boyut analizleri sonucunda,
gecen malzeme ylzdesinin D25 oldugu parca
boyutuna kadar birbirleri arasindaki farklar fazla
degilken D50’den itibaren farklar artmaya
baslamakta D90’dan sonra ise 65 cm'ye kadar
ulasmaktadir.

e Dik ve genis agidan ¢ekilen (DG) fotografin analiz
sonuclarindan elde edilen parca boyutlar ile diger
(DD1, DD2, YG, YD1, YD2) analizlerden elde edilen
parc¢a boyutlar: karsilastirildiginda; gecen malzeme
yuzdesi (% Gegen) arttik¢a DG ile digerlerinin parca
boyutlar1 arasindaki farklarin tim modeller icin
parabolik olarak artis gosterdigi belirlenmistir.

e Y18 genis ve dik agidan géren DG ve diger DD1,
DD2, YG, YD1, YD2 icin yazilim ile elde edilen par¢a
boyutlar1 arasindaki yiizdesel farklar belirli gecen
malzeme ylizdesine (D50-D75) kadar negatif,
bundan daha biiytik yiizde (%) gecen malzemede ise
pozitif yonlidir. Bu durum; yiginin tamaminin
temsil edilmedigi gorsellerde (DD1, DD2, YG, YD1,
YD2) ortalamadan kiiciik ince ve iri boyutlu
malzemelerin  analize  ddhil  olmamasindan
kaynaklanmaktadir.
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Elde edilen bu sonuglara gore yigina dik cekilen ve
yiginin  tamamini  goren fotograflar ile yapilan
analizlerden elde edilen elek analiz sonuglarinin gergek
degerlere en yakin oldugu varsayildiginda; daha dar
acidan ya da yigina yatay cekilen fotograflar ile yapilan
analizlerin, y1ginin parca boyut dagilimini tam olarak
yansitmadigl sdylenebilir. Sadece 3 adet patlatma deligi
kullanilarak yapilan bu oérnek calismada dahi, yiginin
tlimiini goren dik cekilen fotograf ile yapilan parca
boyut analiz sonuglari ile y1gin1 temsil etmeyen diger
gorseller ile yapilan parga boyut analizleri arasinda
ozellikle iri parca boyutlarinda onemli farklarin
olustugu gorilmistiir. Dolayisiyla, daha biyiik
patlatmalardaki yigin parga boyut dagiliminin ortaya
cikarilmasi ¢alismalarinda, daha biiyiik hatalar
meydana gelmesi kaginilmaz olacaktir. Biiyiik
patlatmalarda yapilan analizlerde, c¢ekilen o6lgekli
fotografin en azindan y181nin biiyiik bir béliimiinii temsil
etmesi yararli olacaktir. Yiginin ¢ok kiiciik bir kismini
temsil eden fotograflar iizerinden parca boyut
analizlerinin yapilmasi énerilmemektedir.

Sonu¢ olarak, ozellikle {retim patlatmalarinda
ekonomik kayiplarin en aza indirilmesi i¢in goriinti
analiz yontemi kullanilarak yapilan par¢a boyut
analizlerinin, y1ginin tamamini dik agidan goren yiiksek
cozlintrlikli  fotograflar  iizerinden  yapilmasi
onerilmektedir.
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Keywords Abstract

Multi-objective The Modified Adaptive Weight Approach (MAWA) represents a straightforward method
optimization, commonly applied to solve time—-cost optimization problems. MAWA is a flexible and
Rao-3 algorithm, effective approach that can be applied to various multi-objective optimization
Modified adaptive weight problems, including time-cost optimization in construction projects. These algorithms
approach, operate on a population of potential solutions that are randomly initialized within the
Time-cost optimization. boundaries of the solution space. MAWA assigns uniform weight factors to all

individuals in the population without accounting for their specific characteristics.
However, each solution possesses unique fitness attributes relative to its position in the
solution space. In this study, a multi-objective optimization model combining the Rao-3
algorithm with the MAWA is introduced to generate a set of Pareto-optimal solutions.
Two construction project case studies, drawn from existing technical literature and
comprising 81 to 146 activities, are analyzed to evaluate the effectiveness of the
proposed MAWA-Rao-3 method. The results are benchmarked against those from
previously established models that produced approximate Pareto fronts or near-
optimal solutions. The findings demonstrate that the MAWA-Rao-3 algorithm performs
efficiently in addressing time-cost trade-off problems within the field of construction
engineering and management.

INSAAT ZAMAN-MALIYET ODUNLESIM OPTIMIZASYONU PROBLEMI iCIN DEGISTIRILMIS

UYARLANABILIR AGIRLIKLI RAO-3 ALGORITMASI

Anahtar Kelimeler Oz

Cok amagli optimizasyon, Degistirilmis Uyarlanabilir Agirlik Yontemi (MAWA), zaman-maliyet optimizasyon
Rao-3 algoritmasi, problemlerini ¢6zmek icin yaygin olarak kullanilan basit bir yéntemdir. MAWA, zaman-
Degistirilmis uyarlanabilir maliyet optimizasyonu da dahil olmak lizere c¢esitli ¢ok amaglh optimizasyon
agirlik yaklasimi, problemlerine uygulanabilen esnek ve etkili bir yaklasimdir. Bu tiir problemler
Zaman-maliyet genellikle ¢ok amagh optimizasyon problemleri olarak ele alinmakta olup, bu
optimizasyonu. problemlerin ¢éziimiinde ¢ogunlukla meta-sezgisel algoritmalar kullanilmaktadir. Bu

algoritmalar, ¢6ziim uzayr sinirlart igerisinde rastgele baslatilan bir ¢6ziim
popiilasyonu lizerinde ¢alisir. MAWA, popiilasyondaki tiim bireylere 6zgiil niteliklerini
dikkate almadan egit agirlik faktérleri atar. Ancak her ¢oziim, ¢éziim uzayindaki
konumuna bagh olarak kendine 6zgii uygunluk ézelliklerine sahiptir. Bu ¢alismada,
Pareto-optimal ¢éziimler elde etmek amaciyla Rao-3 algoritmasi ile MAWA'nin
birlestirildigi ¢cok amagh bir optimizasyon modeli sunulmustur. Teknik literatiirden
alinan ve 81 ile 146 faaliyet iceren iki insaat projesi drnegi, 6nerilen MAWA-Rao-3
yonteminin etkinligini degerlendirmek amaciyla incelenmigtir. Elde edilen sonuclar,
yaklasik Pareto cepheleri veya neredeyse optimal ¢éziimler iireten 6nceki modellerin
sonuglariyla  karsilastirilmigtir.  Bulgular, MAWA-Rao-3 algoritmasinin insaat
miihendisligi ve yénetimi alanindaki zaman-maliyet dengeleme problemlerini ¢6zmede
etkili bir sekilde calistigini géstermektedir.
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1. Introduction

Multi-objective  optimization  problems require
balancing conflicting objectives, making it challenging
to find a single optimal solution. In construction
projects, optimizing time, cost, and quality
simultaneously is particularly difficult due to the
inherent contradictions among these goals. As a result,
construction managers must conduct trade-off analyses
during the planning and scheduling stages to identify
feasible alternatives that best satisfy project priorities
Zhang and Xing (2010).

The earliest attempt to apply optimization techniques
to time-cost trade-off problems (TCTPs) was made by
Meyer et al. (1965), who utilized mathematical models,
including linear programming, integer programming,
and dynamic programming. Later, Feng et al. (1997)
pointed out that these models often assume continuous
relationships among decision variables. However, real-
world construction activities rely on discrete
operational choices involving time, cost, and quality,
which make continuous mathematical models less
practical. Moreover, integer and dynamic programming
approaches can become computationally intensive for
complex networks.

Vanhoucke et al. (2007) explored the use of heuristic
algorithms for solving TCTPs, emphasizing their
simplicity and efficiency for large-scale problems.
Unlike mathematical models, heuristic methods apply
straightforward decision rules, making them accessible
for practical use. However, the reliability of the
solutions, especially regarding their global optimality,
remains a concern. To overcome these drawbacks,
researchers have increasingly turned to metaheuristic
algorithms, which are better suited for solving complex
multi-objective or many-objective  optimization
problems by exploring the solution space more
thoroughly.

Kumar et al. (2024) developed a TCTP optimization
framework tailored specifically to Indian highway
projects, utilizing the NSGA-II algorithm. Their model
simultaneously minimized time and cost while
respecting constraints such as resource availability and
activity precedence. The findings showed that NSGA-II
outperformed traditional techniques, offering a broad
range of Pareto-optimal solutions. To further refine the
selection process, the weighted sum method was used,
confirming the algorithm’s robustness and practicality
for complex construction scenarios in India.

The literature clearly indicates that trade-off
optimization in construction has been a long-standing
challenge. Researchers have adopted three main
categories of approaches to tackle TCTPs:

1. Mathematical models such as linear and non-
linear programming, aim for exact solutions
but are often unsuitable for large or discrete
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problems due to high computational demands
(Liu et al. 1995).

2. Heuristic methods offer faster results using
rule-based approaches but do not guarantee
optimality.

3. Metaheuristic algorithms, on the other hand,
provide flexible and scalable techniques for
identifying a set of optimal trade-off solutions,
making them more applicable to real-world
construction planning (Eshtehardian et al,
2008).

Albayrak (2020) presented a novel hybrid algorithm
(NHA), combining Particle Swarm Optimization (PSO)
with Genetic Algorithm (GA) to address the TCT
problem. Results indicated that the NHA achieved
shorter and more cost-effective project durations than
standard PSO.

More recently, Agarwal et al. (2024) suggested a Multi-
Objective Particle Swarm Optimization (MOPSO) model
for solving TCTPs. Drawing inspiration from swarm
intelligence, their model was tested on a real-world
project and proved effective in generating a diverse set
of Pareto-optimal solutions, outperforming several
existing optimization techniques.

In recent years, there has been increasing attention in
applying metaheuristic algorithms (MHAs) to solve
TCTPs more effectively. These algorithms are
particularly suited for navigating complex and high-
dimensional search spaces. Various MHAs have
demonstrated  promising results in  solving
optimization problems, including GA (Deb et al., 2002),
TLBO (Rao et al,, 2011), Slime Mould Algorithm (SMA)
(Li et al, 2020), Arithmetic Optimization Algorithm
(AOA) (Abualigah et al., 2021a), Aquila Optimizer (AO)
(Abualigah et al., 2021b), and the Crayfish Optimization
Algorithm (COA) (Jia etal., 2023).

More recently, Rao (2020) introduced a new class of
metaphor-free and parameter-less optimization
algorithms, known as the Rao algorithms. These
algorithms are similar to TLBO and Jaya and use a
single, simple update mechanism to guide the search
process. Despite their conceptual simplicity, the Rao
algorithms have shown strong performance across a
wide range of constrained and unconstrained
optimization problems (Rao, 2020; Rao and Keesari,
2020).

In the context of TCTPs, two widely adopted solution
strategies in the literature are the Non-Dominated
Sorting (NDS) approach and the Modified Adaptive
Weight Approach (MAWA) (Togan and Eirgash, 2019;
Eirgash et al. 2019). While NDS is effective for
identifying diverse Pareto-optimal solutions, it can
become computationally intensive for large-scale or
high-dimensional problems. In contrast, the MAWA
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technique is more computationally efficient and helps
direct the search toward promising regions of the
trade-off surface.

To the best of our knowledge, the integration of the
MAWA technique with the Rao-3 algorithm has not yet
been investigated for solving TCTPs. In this study, we
propose a multi-objective optimization procedure that
combines the simplicity of the Rao-3 algorithm with the
guided focus of MAWA. A set of benchmark TCTPs is
used to evaluate the proposed MAWA-Rao-3
framework, and the results are analyzed in terms of its
ability to generate high-quality Pareto front solutions.
The findings indicate that the MAWA-Rao-3 algorithm
demonstrates robust and competitive performance,
making it a promising approach for solving multi-
objective TCTP problems.

e A novel multi-objective optimization model
integrating Rao-3 algorithm with the MAWA is
proposed for solving TCTP problems.

e The Critical Path Method (CPM) is employed as a
project scheduling technique to derive time and
cost objectives for optimization.

o The proposed MAWA-Rao-3 algorithm
demonstrates strong capability in generating
Pareto-optimal solutions for complex
construction planning scenarios.

e Two real-life case studies involving construction
projects with 81 and 146 activities are
investigated to assess the practical applicability
and performance of the proposed model.

e Hypervolume (HV) and Number of Function
Evaluations (NFEs) are used as performance
indicators to validate the effectiveness of the
MAWA-Rao-3 algorithm.

2. Literature Review

TCTP in construction management have been
extensively studied, with various optimization
approaches proposed over the past decades.
Traditional methods like the Critical Path Method
(CPM) and Program Evaluation and Review Technique
(PERT) provided foundational frameworks for
schedule optimization (Kelly, 1961). However, these
deterministic approaches often failed to capture the
complex, multi-objective nature of real-world
construction projects.
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Zheng et al. (2005) addressed these limitations by
applying the GA-MAWA method to an 18-activity
project, adjusting mutation and selection parameters to
avoid local optima. Their approach demonstrated
improved performance compared to earlier heuristic
and mathematical techniques. Similarly, Parveen and
Saha (2012) tested MAWA-GA on projects with 7 and
18 activities. They confirmed that the method
effectively generated Pareto-optimal solutions and
outperformed Zheng et al. (2004) by increasing the
number of iterations in the optimization process.

The MAWA represents a significant advancement in
multi-objective optimization, addressing limitations of
traditional weighted sum methods (Togan et al. 2020).
The development of metaheuristic algorithms has
revolutionized TCTP solutions, with genetic algorithms
(GAs) demonstrating particular promise (Feng et al,,
1997). Eirgash and Dede (2018) employed the TLBO
algorithm, which incorporates the concept of assigning
various teachers to different student groups along with
an adaptive teaching factor. In their study, this
algorithm was integrated with the MAWA. The
proposed model was tested on construction projects
consisting of 18 and 63 activities and demonstrated its
capability to produce effective Pareto front solutions.
The outcomes of the study outperformed those of
similar works in the literature. Notably, the model
successfully reached the global optimum for the 18-
activity project and delivered optimal solutions for the
63-activity project as well. In a different study, Dede
(2018) examined TLBO-MAWA and TLBO-NDS
methods in the project with 7 activities. According to
the results, TLBO method performed successfully in
both the methods. Also, Togan and Eirgash (2019)
proposed the TLBO-MAWA model, applying it to
projects with 7, 18, and 63 activities. Their findings
showed that the TLBO method produced high-quality
solutions and stood out for its algorithmic simplicity.
Although numerous innovative algorithms and
approaches have been developed for the TCTP, to the
best of the authors' knowledge, the work by (Kim and
de Week 2005; Ya-ping, and Ying, 2006; Togan and
Eirgash 2019) represents the only notable effort that
specifically utilizes MAWA within the context of TCTP.
Therefore, the proposed MAWA-Rao-3 method aims to
address a significant gap in the existing literature.

A brief summary of related literature is provided in
Table 1. The highlights of this study are summarized as
follows:
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Year  Author (s) Approach SPirZ(;blem Title Topics
Elbeltagi, GA, MA, Five metaheurlstlc. algorlthrqs like QA, MA, .PSO, ACO, and
SFL are evaluated in comparison, highlighting the weak
2005 Hegazy, and PSO, 18
Grierson ACO SFL performance of GA and the strong robustness
’ demonstrated by the PSO approach.
Small scale 7 activity problem is solved using the
2005 Zheng etal. MAWA-GA 7 modified adaptive weighted algorithm.
Eshtehardian, Fuzzy set theory allows the genetic algorithm (GA) to
2008 Afsharand GA 18 : ;
: effectively address stochastic TCTPs.
Abbasnia
2012 ZhangandNg  ACO 18 Mlnlrplzmg both of construction Time and Cost via ACO
algorithm
Afshar, The Multi-Colony Non-Dominated Archiving Ant Colony
2009 Ziaraty, Kaveh ACO 18 Optimization (NA-ACO) approach assigns distinct ant
and Sharifi colonies to individually focus on each objective.
. . The study demonstrates that the minimum cost slope
Bettemir and Siemens : A : :
2016 Bireoniil Algorithm 63 method yields the optimal solution for the continuous
§ § TCTP problem.
2016 Aminbakhsh PSO 18, 63 Optimization of Time and Cost with discrete PSO
and Sénmez and 630 algorithm for the large-scale DTCTPs.
A hybrid GA algroithm is developed by integrating the
Sonmez and 18,29, strengths of simulated annealing (SA) with quantum
2012 : Hybrid-GA 63and >, o & ) P L5A) WIth 4
Bettemir 630 simulated annealing, enhancing its optimization
capabilities
2019 Togan and NDSII- 18,63 This study employs TLBO algorithm to optimize the
Eirgash TLBO and 630 TCTP problems in construction projects.
New MAWA 18,63, Novel adaptive weight formulations have been proposed
2020 Togan et al. GA, TLBO, and to enhance the efficiency of time-cost optimization
and Jaya 630 processes.
Bettemir and 81,146, Solvmlg the discrete TCTP using an fidellptlye search
2023 N HMHH, DE domain approach enhances the optimization process by
Birgoniil and 291 . S .
dynamically adjusting the solution space.
An Arithmetic Optimization Algorithm incorporating an
0AOA, 63,81 . . :
2024 Sulubetal. Opposition Jumping Rate mechanism has been developed
NDSII-AOA  and 146 . o
to effectively solve TCTP optimization problems.
. The impact of jumping rate on the O-Jaya algorithm for
2025 Eirgash OBJA 9,19 solving discrete TCTP problems.

The paper is structured as follows: First, we present
the theoretical foundations of time-cost optimization,
including key problem formulations and their
significance in construction management. Next, we
introduce the MAWA and detail its integration with the
Rao-3 optimization algorithm for solving various
discrete TCTP problems in construction projects. The
subsequent section evaluates the MAWA-Rao-3
algorithm's performance through comprehensive
benchmarking against established optimization
problems. The paper concludes with a detailed
discussion of findings and their practical implications
for construction project management.

3. Methodology

Figure 1 illustrates the research methodology
employed in this study, which addresses multi-
objective optimization in project management with an
emphasis on balancing time and cost. The approach
begins with the development of a comprehensive
model integrating these three interrelated objectives.
Subsequently, several optimization algorithms are
examined, including the proposed MAWA-Rao-3 and
the baseline Rao-3, alongside benchmark algorithms
such as NDSII-AOA, NDSII-TLBO, and NDSII-AO. These
algorithms are applied to case studies of varying
complexity, specifically projects comprising 81 and 146
activities. The performance of the algorithms is
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assessed considering the number of objective functions
(NFEs) and the Hypervolume (HV) indicator.
Additionally, the traditional Critical Path Method (CPM)
is utilized to determine the overall project duration. the
modified adaptive weight approach (MAWA) is
employed as a multi-objective optimization approach
to enhance the solution quality.

Compared algorithms:

Research Methodology

Hypervolume (HV)
NFEs

Figure 1. Methodology map of this study

3.1. Problem formulation of Trade-offs Problems

The trade-off optimization process aims to reduce both
project duration and cost at the same time, identifying
optimal solutions that can be applied across all
activities in construction projects.

Objective 1: Minimizing of project time (PT): The
minimization of project duration is as follows:

Min PT = max (ES; + d;), Vi =1,2,...,m (D
where:

e PT =total project duration

e [ESi=earliest start time of activity i

e di=duration of activity i

e m = total number of activities in the project

e  [Siis the earliest start time of activity i.

Objective 2: Minimizing of project cost (PC): The
minimization of project cost is formulated as follows:

Min PC= YT, cost; (2)
where:
e PC =total project cost

e costi = cost of activity iii for the chosen
execution mode

3.2. Modified Adaptive Weight Approach (MAWA)
in Multi-Objective Optimization

The modified adaptive weight approach (MAWA) is a
computationally efficient and conceptually simple
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method widely used in addressing multi-objective
optimization problems, particularly TCTP problems
commonly encountered in the construction engineering
field (Togan et al. 2020). These problems are
characterized by conflicting objectives, making
metaheuristic algorithms essential for exploring trade-
off solutions and generating Pareto-optimal
approximations. Within the MAWA framework, a
population of potential solutions is randomly initialized
within the defined bounds of the solution space and
subsequently evaluated based on multiple objective
functions. To guide the search and balance trade-offs,
MAWA employs a weighting strategy based on solution
quality. According to Zheng et al. (2004), the adaptive
weighting mechanism in MAWA follows four key
conditions, which are formulated as follows:

1. SMaX pgmin o gMax ,gmin

Vc= SC/(Smax _Smin)
c c

We=V./(V.+V,) 3)
S Wt=V,/ (V+V,)

= t .
Vt /(Sgnax _Sgnm)

2. ST =S and §P =S

We :O,S [4)
W:=0,5

3. SIS and Sy =S

Wc =0,1

5
W:=0,9 ()

4. ST =SMM and SP #S

W:=0,9

(6)
W:=0,1

Let Simax and S¢min denote the maximum and minimum
values, respectively, of the project duration objective
function in the current iteration. Similarly, let Scmax and
Scmin represent the maximum and minimum values of
the total direct cost objective function in the same
iteration. The parameters vt and vc are expressed as the
ratios between the minimum values and the ranges
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(i.e., differences between maximum and minimum
values) for project duration and total cost, respectively,
and are defined as:

Se-S¢"+m) SC—SZ"ml+m )
gmax_gmin,,

— * *
F(X) _Wt ( S{nax_s{nin+m) +WC ( m 6
m=0,001 (6)

Here, x denotes a candidate solution in the current
generation, and F(x) refers to its corresponding fitness
value. The terms Sc and S: represent the total cost and
project duration of the xth solution, respectively. The
parameter m is a small positive random value within
the range (0, 1), while wc and w: are the adaptive
weights assigned to cost and time, respectively. To
prevent situations where Scmax = S¢min or Symax = Symin the
random value m is incorporated into Equation (6), as
suggested by Zheng et al. (2004).

This value is sufficiently small to have a negligible
impact on the normalization process while ensuring
stable fitness evaluation and avoiding division-by-zero
errors during optimization.

3.3. Rao-3 optimization algorithm

The Rao-3 optimization algorithm, introduced by Rao
(2020) as the third variant in a series that includes
Rao-1 and Rao-2, is a parameter-free metaheuristic
method. Its design eliminates the need for algorithm-
specific hyperparameter tuning, thereby enhancing
user accessibility and simplifying its implementation.

X'iki = Xjxi + r1ji(Xjpesti — |Xjworstil) + rzi(|Xjxi or Xjui| -

(Xi1i or Xjki)) (7)
Where,
e  X;i: Current solution
o Xpest : Best solution in the current
population
o  Xworst : Worst solution in the current
population
o X, Xk Randomly selected different

solutions from the population
e 11, rzz Random numbers in the range [0, 1]

In the term I|Xjkior Xj;; |, candidate solution k is
compared with another candidate / randomly chosen
from the existing candidates in the population. The
term |Xil is chosen if k is more suitable than I. Else if,
[X;.il is selected. The same rule applies to the second
term (i.e. Xj;i or Xjki). The flowchart of the process can
be tracked in Figure 2.
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Figure 2. Flowchart of the MAWA-Rao-3 algorithm for
TCTP

4. Numerical Examples

The effectiveness of the MAWA-Rao-3 model in solving
TCTP problems was assessed using two medium-scale
benchmark cases with 81 and 146 activities, derived
from Bettemir and Birgonul (2023). The algorithm was
implemented in MATLAB and executed on a system
with an Intel® Core™ i3-3110M CPU (2.40 GHz) and 6
GB RAM. As TCTPs are multi-objective in nature,
conventional techniques such as non-dominated
sorting (NDS) and the MAWA (Deb et al.,, 2002; Zheng
et al. 2004) are commonly used. In this study, the
MAWA-Rao-3 algorithm was applied to evaluate its
performance on the selected problems.

4.1. Numerical example of 81-activity project

A complex construction project consisting of 81
activities, originally presented by Bettemir and
Birgonul (2023), is resolved to evaluate the
performance of the proposed algorithm. Each activity
in the project features six discrete execution modes,
adding to the scheduling complexity. An indirect cost
rate of $2000 per day is assumed for the duration-
based cost analysis. Due to the combinatorial nature of
the problem, the project presents a solution space of
approximately  1.072x10%®  possible  scheduling
scenarios. To assess the effectiveness of the proposed
MAWA-Rao-3 algorithm, its results are compared with
those obtained using the original Rao-3 algorithm and
the benchmark solution reported by Bettemir and
Birgonul (2023), which was generated using a hybrid
heuristic-metaheuristic (HHMH) approach. A summary
of the comparative trade-off solutions is provided in
Table 2. The results indicate that the MAWA-Rao-3
algorithm consistently achieves competitive or
improved outcomes in terms of both time and cost
trade-offs. For instance, at a project duration of 345
days, the MAWA-Rao-3 produces a total cost of
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$3,491,150, which is lower than the $3,498,200
obtained by the plain Rao-3 under the same duration.
Similar patterns are observed for other time points
(e.g, 346, 347, 348 days), where MAWA-Rao-3
frequently outperforms the plain Rao-3 in cost
efficiency, and competes closely with the benchmark
HHMH results. In terms of computational performance,
the proposed MAWA-Rao-3 model demonstrates a
significant advantage. While both MAWA-Rao-3 and
plain Rao-3 used the same number of populations (NOP
= 200), MAWA-Rao-3 achieved these with only 30,000
function evaluations (NFE), compared to 1,250,000
NFEs required by the HHMH method. This corresponds
to just 2.5% of the computational cost, highlighting the
remarkable efficiency of the MAWA-Rao-3 in solving
complex, medium-scale TCTPs.

Consequently, the MAWA-Rao-3 algorithm proves to be
an effective and computationally effective approach for
addressing TCTP problems in construction project
planning. It offers a compelling alternative to more
computationally intensive metaheuristic methods
without compromising on the quality of the
approximate Pareto-optimal solutions.
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Table 2. Trade-off solutions of 81 activity TCTP

problem

Bettemir and This paper

Birgonul (2023)
Sr.No  HHMH Plain Rao-3 MAWA-Rao-3

PCT PCC PCT PCC PCT PCC
1 389 3321550 345 3498200 345 3491150
2 346 3499000 346 3496950
3 347 3550000 347 3519600
4 359 3507700 359 3492500
5 349 3527950 349 3512200
6 348 3523050 348 3517700
7 360 3517500 360 3505050
8 358 3518700 358 3517950
9 362 3513700 362 3509000
10 342 3545700 342 3533100
NOP 200 200
NOI 180 150
NFE 1250000 36000 30000

Note: HHMH: Hybrid heuristic meta-heuristic

Table 3 presents a comparative evaluation of the
proposed MAWA-Rao-3 algorithm against three other
state-of-the-art multi-objective optimization models
previously reported by Sulub et al. (2024): NDSII-
TLBO, NDSII-AO, and NDSII-AOA. All methods are
applied to the same 81-activity time-cost trade-off
project to identify efficient Pareto front solutions. A
direct comparison with Bettemir and Birgonul (2023)
is not feasible in terms of schedule efficiency, as the
authors provided only selected trade-off solutions
rather than a detailed schedule or comprehensive
Pareto front. Therefore, for fairness and rigor, the
performance of the MAWA-Rao-3 is assessed against
the NDSII-based algorithms. The results clearly show
that MAWA-Rao-3 obtained satisfactory solutions,
making it an attractive and efficient option for solving
TCTP problems in the construction domain.

Table 3. Pareto front solutions obtained by the comparison algorithms for the 81-activity TCTPs

Sulub et al. 2024 (This study)
Sr.No NDSII-TLBO NDSII-AO NDSII-AOA MAWA-Rao-3
PCT PCC PCT PCC PCT PCC PCT PCC
1 357 3371950 362 3400100 285 3601500 345 3491150
2 370 3358100 346 3414150 326 3469400 346 3496950
3 348 3383750 355 3402700 320 3486050 347 3519600
4 311 3451350 296 3526750 287 3563850 359 3492500
5 333 3406350 353 3340050 298 3538600 349 3512200
6 319 3448950 290 3521400 312 3487400 348 3517700
7 341 3396600 322 3422000 304 3522350 360 3505050
8 310 3477450 386 3537950 307 3500850 358 3517950
9 299 3492400 381 3350950 286 3593250 362 3509000
10 297 3503950 284 3575350 291 3549950 342 3533100
NOP 100 200 100 200
NOI 90 180 180 150
NFE 36000 36000 36000 30000

Note: Teaching learning-based optimization (TLBO), Aquila optimizor (AO)
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The comparative analysis evaluates six optimization
algorithms based on project time (days) and cost ($).
Among the tested methods, NDSII-AOA (Sulub et al,,
2024) demonstrates superior time efficiency,
completing projects in just 326 days - significantly
faster than other NDSII variants (NDSII-TLBO: 357
days; NDSII-AO: 362 days) and Rao-3-based
approaches (345 days). HHMH (Bettemir and Birgonul,
2023) emerges as the most cost-effective solution at
$3,321,550, though it requires the longest project
duration (389 days). NDSII-TLBO presents a balanced
alternative, offering moderate time efficiency (357
days) with competitive costs ($3,371,950). The Rao-3
variants (MAWA-Rao-3 and plain Rao-3) show room
for improvement, performing moderately in time (345
days) but lagging in cost efficiency ($3,491,150-
$3,498,200). Hence, Figure 3, visualizes the results
from Table 3, demonstrating the better performance of
MAWA-Rao-3 in finding the shorter project duration. In
simpler terms, when minimizing project duration is a
higher priority for decision-makers compared to cost,
the approximate Pareto front solutions obtained using
the MAWA-Rao-3 is as good as comparison algorithms.

362
357
326

NDSII-AO (Sulub et al. 2024)
NDSII-TLBO (Sulub et al. 2024)

NDSII-AOA (Sulub et al. 2024)

HHMH (Bettemir and... ] 389

MAWA-Rao-3 (This study)

345
345

Plain Rao-3 (This study)

(a) Project time (days)

[ ] 3400100
] 3371950
L] 3469400
] 3321550
] 3401150

| 3498200

NDSII-AO (Sulub et al. 2024)

NDSII-TLBO (Sulub et al. 2024)
NDSII-AOA (Sulub et al. 2024)
HHMH (Bettemir and...

MAWA-Rao-3 (This study)

Plain Rao-3 (This study)

(b) Project cost ($)

Figure 3. Desired approximate Pareto front solutions of
TCTP for 81-activity project

4.1. Case study of 146-activity project

A medium-sized construction project consisting of 146
activities, originally analyzed by Bettemir and Birgonul
(2023), is utilized as a test case to further validate the
effectiveness of the proposed models. An indirect cost
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rate of $4000 per day is applied in this study. The
scheduling complexity of the problem is immense, with
approximately 1.12x10'°% potential combinations.
While Bettemir and Birgonul (2023) presented only a
single preferred solution, the MAWA-Rao-3 algorithm
provides a comprehensive set of Pareto front solutions
for this project. These solutions, illustrated through
both tabular and graphical formats, offer project
managers detailed insights into the trade-offs between
cost and duration, enabling more informed decision-
making.

Table 4 presents the trade-off solutions obtained
through the plain Rao-3 algorithm, highlighting the
relationship between project cost and duration through
Pareto optimal solutions. Notably, the MAWA-Rao-3
algorithm searches a narrower region of the solution
space compared to the standard Rao-3 yet succeeds in
achieving superior outcomes on the Pareto front. This
suggests that MAWA-Rao-3 is more efficient in locating
high-quality solutions, offering a broader range of
viable options tailored to specific project requirements.
As previously discussed, although the case study
originates from the work of Bettemir and Birgonul
(2023), their research provides only a single desirable
outcome rather than a complete Pareto front.
Therefore, for a more meaningful comparison, the
performance of the proposed MAWA-Rao-3 algorithm
is also evaluated against other contemporary multi-
objective algorithms, including NDSII-TLBO, NDSII-
AOA, and NDSII-AO.

Table 4. Pareto front solutions obtained by the
comparison algorithms for the 146-activity TCTP

Bettemir and

Birgonul (2023) LTS paper
Sr.No  HHMH Plain Rao-3 MAWA-Rao-3
PCT __PCC___PCT PCC PCT _ PCC
1 560 6238500 552 6490000 530 6432750
2 541 6542750 545 6372750
3 544 6537500 548 6375750
4 541 6570500 556 6374000
5 554 6538500 591 6379000
6 594 6591250 552 6475000
7 656 6564000 571 6424250
8 569 6464250 561 6469750
9 555 6487000 548 6525750
10 570 6456250 579 6399250
NOP 200 200
NOI 200 200
NFE 6000000 40000 40000

The results presented in Table 5 offer a comprehensive
comparative analysis of the proposed MAWA-Rao-3
algorithm with three state-of-the-art multi-objective
optimization methods, NDSII-TLBO, NDSII-AO, and
NDSII-AOQA, for solving a 146-activity TCTP. From the
perspective of solution quality, the MAWA-Rao-3
algorithm demonstrates remarkable balance between
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project completion time (PCT) and project completion
cost (PCC). Its solutions range from 530 to 579 days for
PCT and from $6,237,250 to $6,482,750 for PCC. While
NDSII-AOA provides faster solutions with PCTs as low
as 487 days, they come at a significantly higher cost,
reaching up to $6,890,000. Conversely, MAWA-Rao-3
maintains a better equilibrium, offering competitive
PCTs without excessive financial burden, making it
highly suitable for real-world applications where cost

] ESOGU Eng. Arch. Fac. 2025, 33(3), 1984-1996

schedules and  NDSII-AO  delivers  marginal
improvements in completion time, both fall short in
terms of cost efficiency and computational demand.
Moreover, the normalized function evaluations (NFE)
correspond to roughly 7%, comparing 40,000 to
6,000,000. That means, MAWA-Rao-3 requires
significantly fewer function evaluations compared to
the HHMH algorithm.

control is critical.

While NDSII-AOA offers faster

Table 5. Pareto front solutions of comparison algorithms for 146 activity TCTP problem

Sulub et al. 2024 (This study)
Sr.No NDSII-TLBO NDSII-AO NDSII-AOA MAWA-Rao-3
PCT PCC PCT PCC PCT PCC PCT PCC
1 523 6458000 521 6496500 537 6556750 530 6432750
2 535 6394250 541 6542750 480 6835000 545 6372750
3 537 6412500 526 6613250 523 6566000 548 6375750
4 538 6467850 523 6655250 510 6595750 556 6374000
5 539 6435250 554 6538500 509 6639000 591 6379000
6 537 6593570 537 6562000 504 6642250 552 6475000
7 541 6376250 520 6722000 487 6755750 571 6424250
8 530 6544520 520 6664000 515 6582000 561 6469750
9 539 6537550 524 6657000 490 6737750 548 6525750
10 528 6697650 520 6497000 499 6689000 579 6399250
NOP 100 100 100 200
NOI 100 200 200 200
NFE 40000 40000 40000 40000

Note: Teaching learning-based optimization (TLBO), Aquila optimizor (AO)

A direct comparison of scheduling efficiency with the
previously proposed model by Bettemir and Birgonul
(2023) is not feasible, as they only presented the
desired solution without a detailed schedule in table
format. Therefore, to ensure a fair comparison, the
MAWA-Rao-3 algorithm was evaluated against the
NDSII-TLBO, NDSII-AOA, and NDSII-AO algorithms.
Figure 4, which visualizes data from Tables 4 and 5,
highlights the suitabilility of MAWA-Rao-3 in achieving
shorter project durations. Simply put, when minimizing
project duration 1is prioritized over cost, the
approximate Pareto front solutions produced by
MAWA-Rao-3 are comparable to those obtained by the
other algorithms.

NDSII-AO (Sulubetal. 2024) [ ] 521
NDSII-TLBO (Sulubetal..| ] 541
NDSII-AOA (Sulubetal..| ] 537
HHMH (Bettemir and... | 560
MAWA-Rao-3 (Thisstudy) | | 545
Plain Rao-3 (This study) | 570
(a) Project time (days)
NDSII-AO (Sulub et al. 2024) 6196500
NDSII-TLBO (Sulubetal..| ] 6376250
NDSII-AOA (Sulub et al. 2024) 6556750
HHMH (Bettemirand..[ | 6238500
MAWA-Rao-3 (Thisstudy) | ] 6372750
Plain Rao-3 (This study) |6456250

(b) Project cost ($)

Figure 4. Desired approximate Pareto front solutions of
TCTP for 146-activity project
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5. Performance Metrics for TCTP Problems

The literature does not provide a standardized
performance metric for evaluating multi-objective
optimization algorithms, given their inherent
complexity compared to single-objective problems.
Various quality indicators, such as convergence and
diversity, have been introduced (Basseur and Zitzler,
2006; Hamdy et al. 2016). This paper used the
Hypervolume (HV) metric for evaluation, each
representing different performance aspects. This
concept is illustrated in Figure 5 and is supported by
findings in the literature (Senouci and Mubarak, 2016).

fy

Figure 5. HV in case of bi-objective minimization
problems

HY = [T (7 = £ () dx ©)

Where:
R: the dominant region defined by the pareto front.

m: the number of objectives

£’ the reference point for the i-th objective, usually
set slightly worse than the worst solution.

fi (x): the value of i-th objective for solution x.

Figure 6 presents a comparative analysis of
algorithmsapplied to projects with 81 and 146
activities. The comparison includes NDSII-TLBO, NDSII-
AOA, NDSII-AO, and the standard Rao-3 algorithms.
Based on the Hypervolume (HV) metricc MAWA-Rao-3
exhibits comparable performance, underscoring its
effectiveness in producing a well-distributed and
comprehensive approximation of the Pareto front. This
demonstrates the suitability of MAWA-Rao-3 for
solving time-cost trade-off problems (TCTP).

] ESOGU Eng. Arch. Fac. 2025, 33(3), 1984-1996

NDSII-AOA NDSII-SMA ND3II-TLBO Plain Rao-3 MAWA-Rao-3

W Hypervolume (HV) for81  ® Hypervolume (HV) for 146

Figure 6. Performance metrics comparison of proposed
algorithms.

6. Conclusion

This study introduced a novel multi-objective
optimization model, MAWA-Rao-3, which integrates
the Modified Adaptive Weight Approach (MAWA) with
the parameter-less Rao-3 metaheuristic algorithm, to
address time-cost trade-off problems (TCTPs) in
construction project management. Unlike conventional
weight assignment strategies, MAWA adaptively
adjusts weight factors based on the evolving fitness
characteristics of each solution, enhancing the
algorithm’s ability to balance exploration and
exploitation during the optimization process.

The performance of the proposed model was validated
through two benchmark construction project scenarios
comprising 81 and 146 activities, respectively, sourced
from the existing technical literature. These test cases
represent medium-scale, real-world projects and
encompass varying levels of complexity. The obtained
results were benchmarked against those generated by
other established models that employ metaheuristic
strategies for TCTP optimization, including methods
that approximate the Pareto front.

The empirical findings demonstrated that the MAWA-
Rao-3 algorithm effectively generates high-quality
Pareto-optimal solutions, offering a more balance
between project time and cost objectives. Notably, the
model yielded a broader and more diverse set of non-
dominated solutions compared to conventional Rao-3
and other existing approaches. This indicates that the
MAWA component significantly contributes to the
applicability and adaptability of the search process.

Furthermore, due to its parameter-less nature, the Rao-
3 framework facilitates easy implementation without
the need for extensive hyperparameter tuning. Overall,
the integration of MAWA with Rao-3 provides a
computationally efficient and reliable approach for
solving complex TCTPs.

While this uniform weighting strategy simplifies the
implementation and maintains  computational
efficiency, it overlooks the inherent diversity among
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solutions. Specifically, candidate solutions may exhibit
distinct fitness characteristics and varying levels of
proximity to the Pareto front, which are not captured
when a homogeneous weighting scheme is applied.
Consequently, although MAWA serves as a practical
tool in multi-objective optimization, its effectiveness
may be constrained by its limited capacity to adaptively
respond to the dynamic nature of the solution
landscape.

Future work may extend this framework by
incorporating additional objectives such as quality,
environmental impact, or risk, and evaluating the
model’s performance on larger-scale projects or under
uncertainty. Additionally, hybridization with a non-
dominated sorting or enhancement with learning
mechanisms could further improve convergence
behavior and solution diversity.

The case study problems can be obtained from the
following link:

https://drive.google.com/drive/folders/1R5w6SUZPk
n6obihwgvgZ9MBpMgKRzKCS?usp=sharing
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Keywords Abstract

Epoxy Coating This study aims to enhance the mechanical and bond performance of reinforcing bars
Reinforcing Steel embedded in concrete by applying epoxy coatings as a protective layer against external
Adherence effects. For this purpose, epoxy-coated and uncoated rebars with a diameter of 10 mm
Mechanical Properties and length of 30 cm were embedded into 15x15x15 cm concrete blocks using two
Post-installed Rebar different methods: cast-in-place and post-installed with chemical anchoring after curing.

Each specimen contained a single rebar, and mechanical tests including yield strength,
tensile strength, fracture strength, reduction of area, elongation at break, toughness,
modulus of elasticity, and adherence strength were conducted. The results showed that
epoxy coating slightly improved mechanical properties such as yield and tensile strength,
while enhancing toughness and maintaining sufficient ductility. Although a slight
decrease in stiffness and plastic strain capacity was observed, the coating increased the
reliability of yield behavior. Most notably, adherence strength was significantly improved
by epoxy coating, particularly in post-installed specimens, where an increase of over 30%
was recorded. Overall, epoxy coating proved to be an effective solution for improving both
mechanical integrity and adhesion performance of reinforcing bars, especially in
conditions where chemical durability and long-term performance are critical.

EPOKSi KAPLAMALI VE KAPLAMASIZ DONATILARIN MEKANIK OZELLIKLERININ
KARSILASTIRMALI ANALIZi

Anahtar Kelimeler 0z

Epoksi Kaplama Bu ¢alisma, donati ¢eliginin dis etkilere karst korunmasini saglamak ve beton icindeki
Donati Celigi mekanik ve aderans performansini artirmak amaciyla epoksi kaplama uygulamasini
Aderans incelemektedir. Bu amagla, 10 mm ¢apinda ve 30 cm uzunlugundaki epoksi kapli ve
Mekanik Ozellikler kaplamasiz filizler, 15x15x15 c¢cm boyutlarindaki beton bloklara iki farkli yéntemle
Donati Filiz Ekimi yerlestirilmistir: dékiim sirasinda dogrudan ve kiir sonrasi kimyasal diibelle sonradan

ekilerek. Her numunede bir adet filiz bulunmakta olup; akma dayanimi, cekme dayanimi,
kopma dayanimi, kesit daralmasi, kopma uzamasi, tokluk, elastisite modiilii ve aderans
dayanimi gibi mekanik testler gerceklestirilmistir. Sonuclar, epoksi kaplamanin akma ve
cekme dayanimi gibi mekanik ézellikleri artirdigini, toklugu iyilestirdigini ve yeterli
stineklik sagladigini ortaya koymustur. Rijitlikte ve plastik sekil degistirme kapasitesinde
azalma gézlenmis olsa da, kaplama akma davranisinin giivenilirligini artirmistir. En
dikkat ¢ekici sonug ise aderans dayanimindaki artis olmus, ézellikle sonradan ekilen
filizlerde %30’un iizerinde iyilesme saglanmistir. Genel olarak, epoksi kaplama, kimyasal
dayanim ve uzun Omiirliiliigiin énemli oldugu kosullarda donatilarin mekanik
biitiinliigiinii ve aderans performansini artiran etkili bir ¢éziim sunmaktadir.

hiikiimlerine gore agik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Reinforced concrete is one of the most widely used
construction materials due to its excellent compressive
strength and versatility. However, concrete alone has
limited tensile capacity, which necessitates the
incorporation of reinforcing steel bars (rebars) to carry
tensile and flexural stresses within structural elements
(Mast, Dawood, Rizkalla and Zia, 2008; Amirtharaj and
Rose, 2025). These rebars significantly improve the
ductility and load-bearing capacity of concrete
members, allowing structures to sustain higher stresses
and undergo controlled deformation before failure
(Rauf, Whaib and Elwi, 2025). Despite their vital role,
reinforcing steels are vulnerable to environmental
degradation, primarily corrosion caused by exposure to
moisture, chlorides, carbonation, and other aggressive
agents (Fuhaid and Niaz, 2022). Corrosion of rebars
leads to cross-sectional loss, cracking, and spalling of the
concrete cover, severely reducing the service life and
safety of reinforced concrete structures (Yadeta,
Siriwardane, Mohammed and Lemu, 2024). Thus,
enhancing the durability of reinforcing steel and
mitigating corrosion effects remain critical challenges in
civil engineering and materials science.

In recent decades, epoxy coatings have gained
prominence as an effective method to protect
reinforcing bars against corrosive environments (Yan
Deng, Wang, Xue, Hua and Chen, 2022). Epoxy coatings
consist of polymer-based resins that create a
continuous, impermeable barrier on the steel surface,
preventing the ingress of water, oxygen, and aggressive
ions responsible for corrosion initiation and
propagation (Ou, Wang and Lu, 2021). Beyond corrosion
resistance, epoxy coatings can improve the surface
quality by filling micro-voids and smoothing out
irregularities, which positively affects the bond between
the rebar and surrounding concrete (Tang, Wang,
Hilman, Chen and Du, 2025). This dual functionality
makes epoxy-coated rebars particularly suitable for use
in harsh exposure conditions such as marine
infrastructures, chemical plants, and bridge decks,
where durability demands are exceptionally high.
Furthermore, the application of epoxy coatings is often
cost-effective compared to more invasive corrosion
protection techniques, promoting their widespread use
in both new construction and rehabilitation projects
(Aljibori, Alamiery and Kadhum, 2023).

While the primary function of epoxy coatings is
corrosion protection, there is growing interest in
understanding how these coatings influence the
mechanical behavior of reinforcing bars (Sgrensen, Kiil,
Dam-Johansen and Weinell, 2009). Mechanical
properties such as yield strength, ultimate tensile
strength, elongation, toughness, and adherence strength
with concrete are crucial for the reliable performance of
reinforced concrete elements under service and
ultimate loads (Mujalli, Dirar, Mushtaha, Hussien and
Maksoud, 2022). Some studies have reported that epoxy
coatings can slightly enhance tensile and yield strengths
by reducing surface defects and stress concentrations,
while others have observed minor reductions in
stiffness or plastic deformation capacity due to the
coating’s presence (Liu and Vipulanandan, 2005).
Additionally, bond characteristics between epoxy-
coated rebars and concrete or grout can be altered,
impacting load transfer and anchorage performance
(Zhou and Qiao, 2018). Comprehensive investigation of
these effects is essential to optimize coating
formulations and application methods, ensuring that
protective measures do not compromise structural
integrity but rather contribute to the longevity and
safety of reinforced concrete structures (Okokpujie,
Tartibu, Musa-Basheer and Adeoye, 2024).

Although numerous studies have examined the
corrosion protection performance of epoxy-coated
rebars, fewer works have systematically addressed their
combined effect on mechanical properties and bond
behavior, particularly under different installation
methods. Previous research has reported varying
outcomes: some studies highlighted improvements in
tensile strength and bond due to surface smoothing and
void filling (Wang et al, 2023; Singh and Ghosh, 2005),
while others noted reductions in stiffness or ductility
linked to the coating layer (Natino et al, 2021; Chen et
al,, 2010). These inconsistencies underline the need for
further experimental investigation and comparative
analysis. By building upon and contrasting our findings
with these earlier studies, the present work aims to
provide a more comprehensive understanding of the
dual role of epoxy coatings in enhancing both
mechanical integrity and bond performance.

The novelty of this study lies in its dual focus on both the
installation method and the mechanical-bond behavior
of epoxy-coated rebars. While most previous studies
have primarily examined the corrosion protection
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performance of epoxy coatings, limited attention has
been given to their influence on bond characteristics in
different application scenarios. In particular, the
comparison between cast-in-place and post-installed
rebars with chemical anchoring has not been thoroughly
investigated in the literature. By evaluating adherence
strength, tensile properties, and microstructural
features (SEM) simultaneously, this research provides a
comprehensive understanding of how epoxy coating
contributes not only to corrosion resistance but also to
enhanced mechanical and bond performance.

This study provides a comprehensive experimental
evaluation of how epoxy coating not only enhances the
corrosion resistance of reinforcing bars but also affects
their mechanical properties and bond performance with
concrete. While numerous studies exist on the
protective effects of epoxy coatings, research comparing
the impact of coating in different installation methods
(cast-in-place and post-installed with chemical
anchoring) on the mechanical and bond behavior of
reinforcement is limited. In this context, our work
addresses this gap by thoroughly investigating the
combined influence of coating and installation
technique on rebar performance. The findings offer
valuable insights for optimizing epoxy coating
applications and designing durable reinforced concrete
structures.

2. Materials and Method
2.1. Materials

In production, CEM IV/B (P) 32.5 N type pozzolanic
cement containing trans was used as an additive
produced by GCIM-SA cement factories. The properties of
the cements were obtained from the manufacturer and
are shown in Table 1 in terms of chemical, physical, and
mechanical properties.

Table 1. Properties of cement used in production

Si02,% 38.00  Density, g/cm3 2.87
Al203,% 9.68  Specific surface,cm?/g 4450
Fe:0,% 291 Initial setting, min 190
Ca0,% 32.20 Final setting, min 270
MgO0% 1.64  Expansion, mm 1.00
K20%  1.14 Compressive Strength, MPa

Na:0% 1.00 7 days 20.10
S03.% 2.06  28days 30.10

Tap water was used as mixed water. The chemical
analysis of the mixed water is shown in Table 2.

Table 2. Properties of mix water
Chemical Properties, mg/1
Al Cu Ni NOs3 Fe K
0.032 0.016 2.01 11.1 0.008 6.8
Physical Properties
Conductivity, uS/cm Hardness, Fd° Ph
522 26.9 7.7

] ESOGU Eng. Arch. Fac. 2025, 33(3), 1997-2004

Two different types of crushed stone sourced from
SELKA crushed stone quarries were used in the concrete
produced. Table 3 shows the sieve analysis of the
aggregates used.

Table 3. Granulometry of crushed stones

Sieve mesh size, mm Sieve passing, % Sieve passing, %

16 100 100
11.2 100 87
8 100 2
4 90 0
2 63 0
1 46 0
0.5 32 0
0.25 22 0
0.125 15 0
0.063 10 0
Fineness Modulus 2,48 6,01
Fine Materials % 6 6

S420 reinforced concrete steel was used as
reinforcement. The material properties are shown in
Table 4.

Table 4. Properties of S420

Yield Strength, MPa 2420 C <0.25
Tensile Strength, MPa 2500 S <0.05
Elongation at break, % 10< P <0.05

Epoxy is a two-component, epoxy-polyamine-based
material. The material was obtained from DYO. The
material properties are shown in Table 5.

Table 5. Properties of epoxy

Denstiy, g/cm3  1.02-1.2
Solid part, % 50-61

Flash point >21°C
Epoxy/hardener 2

2.1. Method

@10 mm diameter rebars were cut to a length of 30 cm.
As shown in Figure 1, half of these rebars were coated
with epoxy, while the other half remained uncoated.

Figure 1. Coated rebars used in production

Concrete mixtures were prepared using the mix
proportions given in Table 6 and castinto 15x15x15 cm
molds. The concrete was designed with a water-to-
cement ratio (w/c) of 0.67 using CEM IV/B (P) 32.5 N
pozzolanic cement. Aggregates consisted of crushed
sand (0-4 mm) and crushed stone (4-16 mm) with the
gradation shown in Table 3. No chemical admixtures
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were used. The mixing procedure followed EN 196-1:
cement and aggregates were dry-mixed for 2 minutes at
low speed (60 rpm), followed by gradual addition of
water and mixing for 2 minutes at medium speed (120
rpm). After a rest period of 1 minute, mixing continued
for another 2 minutes at medium speed to ensure
homogeneity. Concrete cubes were prepared in
accordance with EN 12390-2 and EN 12390-3. Curing
was carried out in a controlled environmentat 20 = 2 °C
and 95 * 5% relative humidity until testing age. The
average 28-day compressive strength was measured as
30.1 MPa, with an indirect tensile strength of 2.8 MPa
and a static modulus of elasticity of 28.5 GPa.

Table 6. Mix ratio of concrete, kg/m3
Cement 300 Crushed sand 1100
Water 200 Crushed stone 750

For each test condition (coated/uncoated, cast-in-
place/post-installed), three replicate specimens were
tested. Reported values represent the mean of three
measurements, with standard deviations provided in
the results section.

As illustrated in Figure 2, half of the @10 rebars, both
coated and uncoated, were embedded in the concrete
during casting, while the other half were post-installed
after the curing process. One day after casting, the
specimens were demolded and placed in a standard
curing environment. The cube specimens in which no
rebars were embedded during casting were drilled after
reaching 28-day strength, and the remaining coated and
uncoated rebars were installed using epoxy-based
chemical anchors. Steel rebars with a nominal diameter
of 10 mm and total length of 300 mm were used. For
pull-out tests, the effective embedment length was set to
80 mm. Epoxy coating was applied after mechanical
surface preparation (sandblasting). The bars were
coated using a dip-coating technique with an epoxy-
polyamine resin (DYO, Tirkiye). The average coating
thickness was measured as 200-250 um using a coating
thickness gauge. After coating, the rebars were cured at
ambient laboratory conditions (20 * 2 °C, RH 60%) for 7
days before use.

Figure 2. Cast-in and Post-installed Rebars
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The produced reinforced concrete specimens were then
subjected to a pull-out test to determine their adherence
strengths. After the adherence tests, the rebars were
extracted from the concrete elements and, as shown in
Figure 3, tensile tests were conducted to examine
changes in their mechanical properties. Pull-out tests
were conducted using a 100 kN capacity universal
testing machine in displacement-controlled mode at a
rate of 0.5 mm/min, following EN 1881 and ASTM C900.
A preload of 0.5 kN was applied to ensure alignment.
Displacement and slip were monitored using LVDTs
placed at the loaded and free ends of the rebar. Tensile
tests were conducted according to EN ISO 6892-1 at a
strain rate of 0.002 s™. The rib geometry of the

reinforcement followed EN 10080 specifications. After
the tensile test, microstructure evaluations were
performed using SEM images of samples taken from
epoxy-coated and uncoated reinforcement bars.

Figure 3. Tensile test under laboratory conditions.

In this study, research and publication ethics were
compiled with.

3. Results and Discussion

Figure 4 compares the yield strength, tensile strength,
and rupture strength values obtained from tensile tests
conducted on epoxy-coated and uncoated rebars. The
results indicate that the epoxy coating does not
negatively affect the mechanical performance of the
reinforcement; on the contrary, it provides a slight
enhancement. The average yield strength of uncoated
rebars was measured as 523.89 MPa, whereas epoxy-
coated rebars exhibited a 2.9% increase, reaching
539.16 MPa. Similarly, the ultimate tensile strength of
the coated rebars was found to be slightly higher
(627.18 MPa) than that of the uncoated ones (622.08
MPa), indicating an improvement of approximately
0.8%. This improvement suggests that the protective
film formed by the epoxy coating may reduce surface
defects and stress concentrations, leading to a more
uniform stress distribution. A similar trend was
observed in rupture strength, increasing from 579.54
MPa in uncoated rebars to 591.8 MPa in epoxy-coated
rebars. These findings demonstrate that epoxy coating
not only provides protection against corrosion but also
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contributes positively to the preservation of mechanical
integrity.
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Figure 4. Strengths of rebars in reinforced concrete

Figure 5 compares the ultimate-to-yield strength ratio
(Rm/Re) and the ratio of actual yield strength to
nominal yield strength (Re act/Re nom) for epoxy-
coated and uncoated rebars. The Rm/Re ratio is a key
indicator of a material's ductility and its tendency to
undergo plastic deformation. For uncoated rebars, this
ratio was 1.187, whereas it slightly decreased to 1.163
for epoxy-coated rebars. This slight reduction suggests
that the coating results in a maximum strength value
closer to the yield point, potentially indicating a
marginally lower plastic deformation capacity. On the
other hand, the Re act/Re nom ratio was higher in
coated rebars (1.284) compared to uncoated ones
(1.247). This increase indicates that the epoxy coating
contributes to achieving a higher actual yield strength
relative to the nominal characteristic value. This can be
attributed to the coating’s ability to isolate surface
imperfections, enhancing stress transfer efficiency and
improving the predictability of performance under load.
Overall, while the epoxy coating may slightly reduce the
plastic deformation potential, it improves the reliability
and consistency of yield strength performance.

1.35

® Rm/Re

1.3 ® Re act/Re nom Max Re act/Re nom _

1.15

1.1 -

Coated Rebar

Uncoated Rebar

Figure 5. Strength ratios of rebars under different
loading conditions
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Figure 6 presents a comparison of the percentage
reduction of area and total elongation at break obtained
from tensile tests on epoxy-coated and uncoated rebars.
The results indicate that the epoxy coating has a limited
and somewhat contrasting influence on ductility. While
the reduction of area for uncoated rebars was 43.75%,
this value decreased to 39.16% for epoxy-coated rebars.
This reduction suggests that the epoxy coating may
slightly restrict necking behavior by increasing surface
friction, thereby leading to a more distributed rather
than localized deformation. On the other hand, the total
elongation at break showed a slight increase in coated
rebars (17%) compared to uncoated ones (16.5%). This
implies that the coating may promote more uniform
stress distribution during elastic deformation, thus
slightly enhancing ductility. Overall, the epoxy coating
does not cause a significant negative effect on ductility;
instead, it alters the deformation characteristics by
affecting the distribution rather than the magnitude of
plastic strain.

50

u Elongation at break, %
H Reduction of area, %

Uncoated Rebar Coated Rebar

Figure 6. Reduction of area and elongation of rebars

Figure 7 compares the toughness and modulus of
elasticity values obtained from tests conducted on
epoxy-coated and uncoated rebars. The results indicate
that the epoxy coating contributes positively to the
energy absorption capacity (toughness) of the
reinforcement, while slightly reducing its stiffness
(modulus of elasticity). The toughness of the uncoated
rebar was measured at 105.54 Nmm/mm?, whereas the
epoxy-coated rebar showed a 2.2% increase, reaching
107.91 Nmm/mm?3. This improvement suggests that the
epoxy coating may reduce stress concentrations at the
microstructural level, thereby slowing crack
propagation and enabling the rebar to absorb more
energy before failure. On the other hand, the modulus of
elasticity of the coated rebar was found to be 194.77
GPa, approximately 8% lower than that of the uncoated
rebar (211.60 GPa). This reduction implies that the
coating slightly limits the stiffness of the reinforcement
in the elastic deformation range, allowing for greater
deformability and contributing to a more ductile
behavior. In conclusion, the epoxy coating enhances the
toughness of the rebar while moderately decreasing its
elastic stiffness.
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Figure 7. Toughness and modulus of elasticity of rebars

Figure 8 presents the adherence strength results
obtained from tests conducted on four different types of
rebar configurations. The data clearly show that both
the presence of epoxy coating and the method of rebar
installation significantly influence bond performance.
For cast-in-place rebars, the uncoated samples exhibited
a adherence strength of 13.88 MPa, whereas the epoxy-
coated counterparts demonstrated a 3.2% increase,
reaching 14.32 MPa. This improvement is likely due to
the epoxy coating enhancing mechanical interlock and
adhesion at the steel-concrete interface by filling
microvoids and increasing surface roughness. In post-
installed rebars, the effect of epoxy coating was even
more pronounced: while uncoated samples achieved a
adherence strength of 6.71 MPa, the coated ones
reached 8.84 MPa an increase of approximately 31.7%.
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Figure 8. Adherence strength of rebars

This substantial improvement suggests that in chemical
anchoring systems, the epoxy coating significantly
enhances the bond by improving the interaction
between the rebar and the anchoring resin. Overall,
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epoxy coating improves adherence strength in both
cast-in-place and post-installed systems, with a notably
greater effect observed in post-installed applications.

The findings of this study are consistent with and extend
prior research on the effects of epoxy coating on
reinforcing steel. For example, Zhou and Qiao (2018)
reported that epoxy-coated rebars in ultra-high
performance concrete exhibited improved bond
behavior due to the filling of surface voids and enhanced
interfacial adhesion, which aligns with the significant
bond strength increase observed in our post-installed
specimens. Similarly, Tang et al. (2025) highlighted that
polymer-based coatings can delay crack propagation
and improve fracture performance, which supports the
toughness enhancement recorded in this study. On the
other hand, Liu and Vipulanandan (2005) and Sgrensen
etal. (2009) observed a slight reduction in stiffness and
deformation capacity due to the presence of epoxy
layers, which is in agreement with our findings of
decreased modulus of elasticity and marginal reduction
in plastic strain potential. These comparisons
demonstrate that our results are consistent with
existing knowledge while advancing the literature by
explicitly addressing the combined effects of epoxy
coating and installation method, an aspect that has
received limited attention so far.

Figure 9 presents SEM micrographs of the steel-
concrete interface and reinforcement surfaces after
testing, comparing corrosion-free and corroded rebars
at different magnifications. In the corrosion-free
samples, the epoxy coating formed a continuous and
compact barrier, ensuring strong adhesion with the
concrete matrix and maintaining surface integrity. In
contrast, corroded rebars exhibited interfacial gaps,
microcracks, and evident surface deterioration,
indicating that bond failure primarily occurred at the
steel-concrete interface. These microstructural
observations confirm the critical role of epoxy coating in
limiting interfacial degradation and reducing corrosion-
induced damage. By providing a smooth and intact
protective film, epoxy enhances bond quality and
preserves  long-term  adherence  performance,
supporting the mechanical test results and highlighting
its effectiveness, particularly under aggressive
conditions where uncoated rebars are highly
susceptible to deterioration.
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Figure 9. Epoxycoated and uncoated reinforcement
bars after the tensile test

4, Conclusions
The results are concluded as below:

e Epoxy coating was found to have a positive effect
on the mechanical strength of reinforcing steel.
Compared to uncoated rebars, epoxy-coated
specimens exhibited increases in yield strength
(from 523.89 MPa to 539.16 MPa), tensile strength
(from 622.08 MPa to 627.18 MPa), and rupture
strength (from 579.54 MPa to 591.8 MPa),
indicating that the coating preserves structural
integrity without compromising load-bearing
capacity.

o Interms of ductility, the effect of the epoxy coating
was limited and showed varying tendencies. While
the reduction of area slightly decreased in coated
specimens (from 43.75% to 39.16%), the total
elongation at break showed a slight increase (from
16.5% to 17%). These findings suggest that the
coating may slightly limit localized plastic
deformation while contributing to a more uniform
stress distribution in the elastic range.

e The observed increase in toughness (from 105.54
to 107.91 Nmm/mm?®) demonstrates that the
epoxy coating enhances the energy absorption
capacity of the rebar. In contrast, the decrease in
modulus of elasticity (from 211.60 GPa to 194.77
GPa) indicates a slight reduction in stiffness,
contributing to a more ductile behavior of the
material.

o Although the decrease in the Rm/Re ratio (from
1.187 to 1.163) suggests a minor reduction in
plastic deformation potential, the increase in Re
act/Re nom ratio (from 1.247 to 1.284) reveals that
the epoxy coating improves the consistency and
predictability of yield strength. This contributes to
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more reliable structural performance under
loading conditions.

e Regarding adherence strength, epoxy coating
improved adhesion in both cast-in-place and post-
installed applications, with a much more
pronounced effect in the latter. While adherence
strength increased by 3.2% for cast-in-place
rebars, it rose by 31.7% for post-installed rebars.
This highlights the significant enhancement
provided by epoxy in chemical anchorage systems.

In general, epoxy coating enhances the mechanical,
bond, and energy absorption performance of reinforcing
bars without negatively affecting their ductility.
Particularly in post-installed systems, the coating offers
substantial advantages in terms of bond behavior,
making epoxy-coated rebars a reliable alternative for
use in aggressive environments and long-lasting
concrete structures. Future studies could investigate the
long-term durability and corrosion resistance of epoxy-
coated rebars under varying environmental conditions
to further validate their performance in aggressive
environments. Additionally, exploring the combination
of epoxy coating with alternative reinforcement
materials or innovative anchoring techniques may
provide insights into optimizing both mechanical and
bond performance in reinforced concrete structures.
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Keywords Abstract

Mardin Noise pollution has become an increasingly important environmental issue, especially
Noise control with the acceleration of urbanisation and population growth. In the literature, noise
Sound pollution is defined as unwanted or annoying sounds and its negative effects on human
Environmental noise health, the environment and social life are emphasised. Traffic noise is the most common
Urban design source of environmental noise in urban areas. Noise measurements and analyses are

important in determining which areas are priority areas in combating this problem.
Especially in historical and touristic cities, the effects of traffic noise on both people and
structures have become an important research topic.

International organisations such as the World Health Organization (WHO) and the
European Union have set limit values for noise levels. In Tiirkiye, the Regulation on the
Assessment and Management of Environmental Noise is also accepted as an important
reference in this regard.

In this context, noise measurements revealed that the main sources of traffic noise in the
centre of Mardin were air horns used in motor vehicles, exhausts from blowers, and older
vehicle models. The study's key finding was that equivalent noise levels exceeded the
regulatory limit values at all nine measurement points in the evening (limit 65 dBA) and
at night (limit 60 dBA). The maximum noise level measured, particularly in the evening,
was 83.0 dBA, which exceeded the limit value by 18.0 dBA. The maximum level at night
was determined to be 78.6 dBA. These findings demonstrate that noise levels have
negative psychological and physiological effects on public health and quality of life. Based
on these critical findings, detailed proposals for urban design solutions for Mardin city
centre were presented at the end of the study.

KENTSEL TASARIM VE GURULTU YONETIiMi: MARDIN SEHiR MERKEZINDE CEVRESEL
GURULTU SORUNLARI VE COZUM ONERILERI

Anahtar Kelimeler 0z

Mardin Gurtiltii kirliligi, cevresel bir sorun olarak ozellikle kentlesmenin ve niifus artisinin
Giirtiltii kontrolii hizlanmasiyla daha belirgin hale gelmistir. Literatiirde giiriilti kirliligi, istenmeyen ya
Ses da rahatsizlik veren sesler olarak tanimlanmakta; insan sagligi, cevre ve toplumsal
Cevresel giirtiltii yasam lizerindeki olumsuz etkileri vurgulanmaktadir. Trafik giirtiltiisi, kentsel
Kentsel tasarim alanlarda en yaygin g¢evresel giirtiltii kaynagidir. Glirtiltii dlgctimleri ve analizleri, bu

sorunla miicadelede hangi bélgelerin éncelikli oldugunu belirlemek acisindan énemlidir.
Ozellikle tarihi ve turistik sehirlerde, trafik kaynakl giiriiltiiniin hem insanlar hem de
yapilar iizerindeki etkileri dnemli bir arastirma konusu olmustur.

Diinya Saghk Orgiitii (WHO) ve Avrupa Birligi gibi uluslararas! kuruluslar tarafindan
gtirtiltii seviyelerine iliskin belirlenmis sinir degerler bulunmaktadir. Tiirkiye'de de bu
konuda Cevresel Giiriiltii Kontrol Yonetmeligi ve Binalarin Gliriiltiiye Karsi Korunmasi
Hakkindaki Yénetmelik 6nemli referanslar olarak kabul edilmektedir.

Bu baglamda yapilan giiriiltii élctimleri sonucunda, Mardin kent merkezindeki trafik
gtiriiltiisiiniin ana kaynaklary;, motorlu araglarda kullanilan havali kornalar, tiflemeli
egzozlar ve eski model araglar olarak belirlenmistir. Calismanin temel bulgusu, 9 farkli
6lctim noktasinin tamaminda, aksam (limit 65 dBA) ve gece (limit 60 dBA) saatlerindeki
esdeger giiriiltii seviyelerinin Yonetmelik simir dederlerini astigidir. Ozellikle aksam
saatlerinde élciilen maksimum giiriiltii seviyesi 83.0 dBA'ya ulasarak, limit degeri 18.0

hiikimlerine gore acik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License
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(http://creativecommons.org/licenses/by/4.0/).
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dBA'ya kadar asmistir. Gece saatlerinde ise maksimum seviye 78.6 dBA olarak tespit
edilmigtir. Bu bulgular, giiriiltii seviyelerinin halk sagligi ve yasam kalitesi iizerinde
olumsuz psikolojik ve fizyolojik etkilere sahip oldugunu gdstermektedir. Elde edilen bu
kritik veriler dogrultusunda, ¢alismanin sonunda Mardin sehir merkezi i¢cin kentsel
tasarima dayali detayli ¢6ziim onerileri sunulmusgtur.
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1. Introduction

Noise: although it is the general term for a group of
sounds produced in an unharmonious and irregular
manner, and although it is a situation that is rarely
mentioned compared to other environmental pollution,
itis a serious problem that reduces people's comfort. As
people become more aware and prefer to live
comfortably, the awareness of noise has been
understood and in recent years there have been many
studies carried out in this regard.

Urbanisation and population density are increasing due
to the needs of today's conditions. With this
urbanisation comes noise pollution. This pollution is
now becoming a problem and has negative physiological
and psychological effects on people. The main pollutants
affecting all living things in nature can be defined as
industrial and transport sources. Efforts should be made
to create conscious faces, exposure times, noise maps
and acoustic reports to minimise or eliminate noise.

In response to noise pollution, people need to create
optimal mental and physical conditions. An ideal
working environment should be created according to
the measures required by ergonomic science. It is
important to try to adapt noise pollution to people or
people to noise pollution according to ergonomic
conditions.

Depending on the current conditions, both the need for
transport and the need for vehicles are increasing. Due
to the increased noise generated by these long
highways, it has a detrimental effect on the physical and
mental health of residents. As a result, this situation
reduces the effectiveness of our work and education. As
aresult of the studies and surveys, it has been observed
that people are the most affected by the noise pollution
caused by the motorway. In order to minimise this noise
pollution, the Ministry of Environment, Urbanisation
and Climate Change has issued the Environmental Noise
Control Regulation. This regulation, which is stricter in
the areas of education, culture and health, supports the
creation of noise maps according to the distribution of
noise and the number of people in the region. In this
context, the study firstly includes a literature review on
noise, then the current situation noise measurements
were made at the identified points in the selected heavy

traffic areas in the city of Mardin and analyses were
carried out. The current situation assessment was
carried out at 9 points in the densely functional areas
identified based on the centre of Mardin and the study
area was examined with environmental noise analyses.
In order to determine the noise levels especially in the
traffic areas in the city centre of Mardin, heavy traffic
flow, high population, historical places, points with
intensive vital activities were identified and evaluations
were made based on standards and regulations.

2. Literature Review

In his study, Demir (2013) drew a noise map of the
Besiktas district of Istanbul province and proposed
solutions. It is believed that macro-level decision
makers, especially local governments, should take
precautions on this issue, create or expand recreational
areas, and take precautions before the negative effects
on human health occur, especially in large cities (Demir,
2013).

Akay (2015) determined the noise level in a certain area
on Yeni Istanbul Street in Konya province to minimise
the negative effects and investigated the relationship
between plants and road noise. Measurements were
taken 3 times a day for 14 days at 6 fixed points in the
study area and the average sound level was determined.
Sound was generated in the study area with a sound
source corresponding to the average sound level in the
area, and test measurements were made between 02:00
and 05:00 to determine how low the background noise
of the selected groups was. Based on the test
measurements, it was found that the maximum noise
reduction between the test points was 2.8 dBA. As a
result of the measurements made to determine the
effect of distance on the degree of sound attenuation, it
was determined that the degree of sound attenuation
increased to 4.6 dBA due to the proximity of the sound
source to the sound group (Akay, 2015).

Ogel (2015); tried to determine the sources of traffic
noise pollution in the centre of Isparta province,
measured the environmental noise, analysed,
interpreted and evaluated by making maps. According
to the results of the research; It was found that the most
important source of noise in Isparta province is traffic
noise, the noise level is high in the central parts of the
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city and low in the outer neighbourhoods. Noise levels
depend on weather conditions, vehicle speed and road
conditions. It was found that the noise perception of
Isparta village residents differed according to gender,
age and the administrative unit in which they had lived
for many years (Ogel, 2015).

Kahveci (2016) identified a study area of approximately
340 ha on Turgut Ozal Boulevard, which extends 800 m
north and south of the district in Cukurova district,
Adana province, where traffic is heaviest. SoundPLAN
software was used to determine and map noise levels in
the study area. Based on the analysis of the current
situation, satellite images, topographic maps and
geodetic studies, the population affected by the noise
level was identified and the data to be used by the
programme, vehicle counts and noise measurements
were carried out. Contaminated areas were determined
within the scope of the district code of conduct, and
noise prevention or reduction proposals were
developed for these areas (Kahveci, 2016).

Ozgetin (2016) conducted a road noise measurement
and modelling programme, as well as a noise control
analysis and noise mapping study. As a result of the
comparison of the measurements repeated at different
times and the simulation program data with each other,
it was determined that the differences were within
acceptable values (Ozcetin, 2016).

In his study, Sezgin (2016) aimed to raise awareness of
noise as an environmental issue. The study included the
results of a survey conducted to measure the awareness
of the residents of Sisli regarding noise pollution.
Literature review and field research methods were used
together. Evaluation of the research results; Noise is not
considered as a form of environmental pollution by the
residents of Sisli district (Sezgin, 2016).

Bilgen (2017); attempted to determine the noise levels
at intersections and busy roads in the city centre of
Nevsehir, determine the relevant factors, and create
noise maps based on the obtained data. The noise
measurements were transferred to the ArcGIS
environment and morning, midday and evening noise
maps of Nevsehir city centre were created. By
evaluating the maps and the obtained data, necessary
suggestions were presented to reduce and prevent noise
pollution in the city centre (Bilgen, 2017).

Kasagici (2017); aimed to determine the noise problem
experienced by people living in the city centre of
Kayseri, and to determine the measures that can help
the central and local governments to solve this
environmental problem. Based on the measurement
results and survey evaluations, both preventive and
noise-reducing solutions were proposed in the city and
possible measures were evaluated (Kasagici, 2017).

Taskaya (2017) determined which noise sources were
affected to what extent in Elazig from the noise
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measurements conducted by the Marmara Research
Centre in 2015 and 2016 (Taskaya, 2017).

The study conducted by Eren (2018) aimed to
determine the noise levels in areas with high traffic and
tourist density in the centre of Safranboluy, to investigate
the noise-causing effects, and to prepare noise maps
based on the data obtained. The noise measurements
were transferred to the ArcGIS environment and a total
of 16 noise maps were created for the Safranbolu
district centre in the summer and winter seasons,
including weekdays and weekends in the morning,
afternoon and evening (Eren, 2018).

Katranci (2018) investigated the levels of noise
pollution and environmental impacts in a sample
consisting of the central districts of Sanlurfa. Noise
levels were measured using a Rion sound level meter at
measurement points in the morning, afternoon and
evening hours. As a result of the data obtained, Eyyubi
was identified as the district with the highest noise level
among Haliliye Karaképrii and Eyyubi districts
(Katranci, 2018).

According to Demirel (2019), source-based and
combined political noise maps were prepared and
impact analysis was conducted in the areas within the
service boundaries of Bolu Municipality. The
SoundPLAN programme was used for this purpose.
Noise measurements at 12 points were used to verify
the modelling studies. In the joint assessment of the
impact of roads, industrial and recreational facilities in
the study area, it was determined that the most noise-
sensitive settlements were the micro-districts passing
through the main roads (Demirel, 2019).

Halaglar (2019) in his study; In Adana city centre, the
traffic was most intense at the intersections identified
on Turgut Ozal and Kenan Evren boulevards between
07:00-08:00, 19:00-20:00, 23:00-01:00 at night. In the
study, a noise map was prepared according to the
results of the calculation of the measures to be taken
using the SoundPLAN program. As a result, the noise
sources were identified and the levels of these
environmental sources were measured and determined
(Halaglar, 2019).

In his research, Kulu (2019) investigated whether the
sound generated by the Kabatas-Bagcilar tram systems
in Istanbul province was assessed as noise within the
scope of the current regulations. For this purpose, sound
level measurements were carried out at the designated
points, taking into account the types of vehicles, and the
data obtained was analysed in detail to determine
whether the values were within the limits. When the
results were examined, the effects of noise in the
measured areas were studied and the measures to be
taken were determined in accordance with the data
collected (Kulu, 2019).
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In his study, Savas (2019) focused on the efforts of the
residents of Hisar Houses, located near the Beykoz
Kavacik Mevkii Highway, to prevent noise pollution. 4-
metre single-sided noise barrier was proposed as a
solution to reduce the current noise level caused by
noise from Hisar Houses. After the noise barrier was
installed, SoundPlan 7.4 was used to map the noise in
the new situation and calculate how much the noise
level could be reduced from the current situation. As a
result of the noise barrier modelling studies, noise levels
in the residential area were determined using noise
maps with limit values (Savas, 2019).

In his study, Zengin (2019) examined the extent of noise
in areas with heavy traffic in the city centre of Erzurum
and tried to take precautionary measures. Noise
pollution is one of the most important driving forces of
unplanned and unhealthy urbanisation. He identified 4
heavy traffic points for noise modelling in Erzurum city
centre. As a result, the existing noise sources in Erzurum
city center were created and the environmental
pollution levels were measured and the pollution
parameters were determined using the mapping
method (Zengin, 2019).

In the study conducted by Kaya (2020); The maximum
noise levels were measured in important areas of
Gaziantep city centre and evaluated together with the
relevant noise regulations. As a result of this evaluation;
it was found that winter months were less noisy, exit
hours had more intense noise, and the morning time
zone produced less noise compared to day and night
measurements (Kaya, 2020).

In a study conducted by Siinnetci (2020), a noise map of
Edirne was prepared and old noise measurements were
compared with new noise measurements. The main
problems causing noise in Edirne centre were recorded.
In order to reduce noise, suggestions were made such as
increasing noise control, creating a pedestrian zone in
the city centre, giving importance to public transport
and planning the city in a way that reduces noise
(Stinnetci, 2020).

Teneler (2020) identified many health complaints due
to auditory and visual discomfort in people living near
wind turbines. The aim of this study is to determine the
sleep quality of people living near wind turbines in
Yaylakdy and Ovacik and in Kiiglikkaya and to
investigate the relationship between sleep quality and
socio-economic characteristics, risk perception, health
status and noise. It was observed that groups with
negative environmental, health and risk perceptions of
wind turbines were more disturbed by the turbine.
Considering the possible negative effects of power
plants, it is recommended to implement practices that
protect public health (Teneler, 2020).

Aktas (2021) study; In the example of Kaleici district,
the aim was to conduct noise analysis and modelling
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through remote sensing (RS) and geographic
information systems (GIS) in parallel with the
developing technology. As a result, the noise map of the
Kaleici district, which is of national and international
historical/cultural value, was prepared and applicable
and effective proposals were developed within the
framework of studying this noise with relevant
standards (Aktas, 2021).

In his study, Coban (2021) found that the average value
of the LAeq indicator, which is used for the equivalent
sound level in the acoustic assessment of urban parks,
was higher than the threshold recommended by the
World Health Organisation (WHO) of 55 dBA for
outdoor living spaces in all study areas. However, it was
found that the L50 indicator, which has a statistically
significant relationship with people's perception of
quiet, was lower than 55 dBA in all but one of the study
areas. It was also found that the L90 indicator, which is
recommended to be used as a background noise
indicator, remained below 55 dBA in all study areas
(Coban, 2021).

In his study, Kocaman (2021) tried to determine the
level of awareness of the people of Turgutlu district
against noise pollution. As a result, in this study he
focused on the measures that can be taken to reduce the
effects of noise pollution (Kocaman, 2021).

Onay (2021) tried to reveal the internal and external
noise pollution in schoolyards using Isparta as an
example. Based on the results of the study, he proposed
the design of separate noise curtains for each
schoolyard in order to continue education in schools in
a healthier way (Onay, 2021).

Yalgindag (2021), interested in the subjective side of
noise, combined the soundscape method with virtual
pedestrian environments and showed that noise
perception and control can be evaluated numerically. To
do this, he created a survey, which was conducted
among 140 people of different age, gender and
education at certain times between October 2018 and
January 2020. In the implementation phase, it is planned
to use virtual walks as an alternative to sound walks and
noise control (Yalgindag, 2021).

Desarnaulds et al. conducted a numerical analysis of the
noise reduction potential of road traffic management
practices. According to their analysis, reducing the
speed limit from 50 km/h to 30 km/h is one of the most
effective measures, providing significant noise
reduction of 2-4 dBA in passenger vehicles.
Furthermore, coordinating traffic lights at intersections
or using roundabouts can reduce local noise levels by 1-
2 dBA. These international findings provide a scientific
basis for urban design and traffic management
interventions aimed at reducing noise in Mardin's
narrow streets and dense traffic flows (Desarnauldsa, et
al. 2004).
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Table 1. Studies in the Literature
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Author/Authors Year Place of . Name of the study Method Used
construction
, ) . Creation of Noise Map by Determining Noise Levels | Research Method
Sami Demir 2013 | Istanbul in Besiktas District Centre of Istanbul
Control of Traffic Noise in Urban Areas with Plant | Research Method
Ahmet Akay 2015 | Konya Use: Konya- Istanbul Ring Road Example
Cumali Ogel 2015 Isparta Noise Pollution Caused by Traffic in Isparta City Research Method
. Mapping of Noise Pollution from Urban Roads in | Research Method
Barg Kahveci 2016 | Adana the Case of Adana / Turgut Ozal Boulevard
A Method Proposal on the Analysis of Traffic Noise
Zuhal Ozgetin 2016 | Ankara on Celal Bayar Boulevard and Investigation of its | Research Method
Environmental Effects
. . ; Noise and Noise Awareness as an Environmental o
Sezgin Sezgin 2016 | Istanbul C Quantitative Method
Problem: Sisli Example
) Measurement of Traffic Noise Levels in Nevsehir
Ismail Bllgen 2017 NeV§ehir Clty Centre and Preparation of Noise Map Research Method
Betiil Kasagici 2017 | Kayseri Dete.ctllon of N01se Po'llutlon in Streets and Mixed Method
Sensitive Areas in Kayseri
. R Analysing the Existing Strategic Noise Maps of _
Selim Taskaya 2017 | Elazig Elazig Province with a Questionnaire Study Quantitative Method
. Assessment and Mapping of Noise Pollution in | Research Method
Sercan Eren 2018 | Karabik Safranbolu District of Karabiik Province
Harika Sima Katranci 2018 | Sanlurfa Noise Pollution and Environmental Effects in | Research Method
Sanliurfa
. Preparation of Noise Maps of Cities: Bolu Province | Research Method
Adnan Demirel 2019 Bolu Example
Study of Noise from Vehicles Adana City Centre | Research Method
Soner Halaglar 2019 | Adana Example
Environmental Noise Generated by Rail Systems | Research Method
Miicahit Kulu 2019 istanbul (The Case of Istanbul- Kabatas- Bagcilar Tram
Line)
Mapping of Noise from Tem Motorway in Kavacik | Research Method
Siileyman Savas 2019 Istanbul District of Istanbul and Application of Noise
Curtain Model
. Environmental Noise Maps from Traffic and | Research Method
Umut Zengin 2019 Erzurum Erzurum City Centre Case Study
_ ] Determination of Noise Levels in High Traffic Areas | Research Method
Gizem Kansu Kaya 2020 | Gaziantep of Gaziantep and Environmental Impacts
Alper Siinnetci 2020 | Edirne Preparation of Edirne Central District Noise Map Research Method
Determination of Sleep Quality of People Living in
oo Yaylakoy, Ovacik and Kiigiikkaya Neighbourhoods N
Aslh Ata Teneler 2020 [zmir of Izmir and Evaluation of the Relationship with Quantitative Method
Environmental Noise
Geographical Information Systems Based Noise | Research Method
Okan Aktas 2021 | Antalya Analysis and Modelling Kalei¢i/Antalya Case
o General overview to strategic noise maps and | Research Method
Nilgiin Akbulut Coban 2019 | Tiirkiye action plans in turkey: the case of quiet areas
vd. 1dentification process
. . Determination of Perceptions and Attitudes | Research Method
Emine Kocaman 2021 Manisa . L .
towards Noise Pollution in Turgutlu City
Landscape Architecture Approaches in Preventing | Research Method
Biisra Onay 2021 | Isparta Noise Pollution in School Gardens and
Surroundings: Isparta Example
Investigation of Perceptual Differences in | Research Method
Nazli Seda Yal¢indag 2021 Tiirkiye Environmental Noise
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In their study, Lee et al. proposed a noise reduction
strategy to address road and rail traffic noise in Panyu
District, Guangzhou, China. Noise maps generated using
commercial software predicted that implementing noise
barriers would significantly reduce traffic noise levels.
The results showed that, with an appropriate barrier
strategy, the total area experiencing heavy noise
pollution could be reduced by 24.5 km? during the day
and 24.3 km? at night. Furthermore, it was predicted
that the proportion of areas meeting legal noise
standards would increase by 18.38% during the day and
12.62% at night. Psychoacoustic analyses revealed that
installing noise barriers significantly reduced the
number of people experiencing severe annoyance;
however, the reduction in the number of people
experiencing sleep disturbance was insignificant (Lee et
al, 2022).

Current research in urban noise control examines the
psychoacoustic effects of structural features and
perceived annoyance rather than focusing solely on
reducing decibel levels. In this context, Eggenschwiler et
al. conducted laboratory experiments to analyse the
effects of fagade surface material (reflective, absorptive
or diffusive) and building orientation (parallel or non-
parallel walls) on perceived noise annoyance in
residential areas. The study's key findings indicate that
absorptive facades generally reduce noise annoyance
due to lower sound pressure levels. However,
surprisingly, absorptive facades are perceived as more
annoying than reflective or diffusive facades at the same
sound level, indicating a somewhat negative acoustic
quality. Furthermore, building rotation resulting in non-
parallel walls has been found to reduce noise annoyance
compared to parallel walls, and this positive effect tends
to persist even when sound levels are equal. These
results highlight the importance of fagcade features and
building alignment as architectural control tools for
optimising the sound environment in residential areas
such as inner courtyards (Eggenschwiler et al.. 2022).

Studies related to the subject are presented in Table 1.

3. Study of Noise Abatement in the Context of Urban
Design Using Mardin as an Example

Within the scope of urban design, noise control analysis
was carried out specifically for the city of Mardin.

1st Street is one of the busiest streets in Mardin. It is a
historical and tourist street that connects old Mardin
and new Mardin. The street passes through the foot of
Mardin Castle and connects the upper part of the castle,
the northern part, and the lower part of the castle, the
southern part. Along the street there are boutique
hotels, music venues, restaurants, cafeterias, tourist
bazaars, historical sites (mosques, madrasahs,
churches). In addition to being an important transport
and pedestrian axis, the presence of educational,
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medical, commercial, tourist markets, cultural areas and
some residential areas played an important role in the
selection of the area as a study area (Figure 1).

A total of nine measurement points were identified on
Mardin's 1st Street, which was the focus of the study.
Rather than using the grid method commonly employed
in noise mapping studies, a targeted and purposive
sampling method was chosen to focus on the unique
density and noise dynamics of the historical and tourist
city centre. While the grid method typically seeks to
generate strategic noise maps for extensive urban areas,
this study aimed to pinpoint the areas of highest noise
exposure on Mardin's narrow, rocky, and heavily
trafficked main artery.

The following urban and functional criteria were used to
select the measurement points:

o Intersections and axes with the highest
concentration of heavy motor vehicle traffic,
particularly along 1st Avenue.

e Areas of high population density, including
residential areas, historical sites, tourist markets,
food and Dbeverage venues, and music
entertainment venues in neighbourhoods such as
Latifeye, Sar, Teker, Medrese and Sehidiye.

¢ Areas with the greatest echo and resonance effects
caused by the historical urban fabric and narrow
streets.

This objective selection aims to clearly identify areas
that require urgent urban design intervention, by
representing the 'worst-case scenario’ in terms of the
impact of traffic noise on public health.

3.1. Analysis of measurement results for Noise
Control

The sound level meter used in the current situation
assessment measurements is a calibrated Svantek
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958/SV12L brand noise level meter. The sound
measurement range of the device was selected as 30-
130 dBA.

9 separate measurement points were identified to be
taken in the 1st Street of Mardin Central District,
especially in the areas of Latifeye neighbourhood, Sar
neighbourhood, Teker neighbourhood, Medrese
neighbourhood and S$ehidiyle neighbourhood where
there is heavy traffic, pedestrians and loud music
(Figure 1 and Figure 2).

Figure 2. Display of Measurement Locations on the Map

Traffic noise measurements were conducted on
Saturday 27 August 2022 under ideal meteorological
conditions, in order to minimise the influence of
environmental variables on noise propagation and
avoid any negative impact. Data from the measurement
day showed that the temperature remained at around
24°C throughout the day, with a relative humidity of
approximately 28%. Most importantly, no precipitation
was observed during the measurements. The wind
speed was kept low at 4 mph (approximately 6.4 km/h),
blowing from the southwest. These conditions confirm
that the influence of wind on acoustic measurements is
negligible, meaning that the equivalent noise levels
obtained (Leq) reflect the actual values resulting from
environmental noise.

In order to determine the noise level in Latifeye, Sar,
Teker, Medrese and S$ehidiyle neighbourhoods of
Mardin city centre and to take precautions against
environmental effects and to ensure noise control,
highways, intersections and connecting roads where
there is heavy traffic were taken and the averages were
calculated and the city noise was studied depending on
the time of day at the 9 measuring points determined on
Saturday during the day, evening and night hours.

9 measurement points were selected according to traffic
density in August. The environmental noise
measurements were carried out in Latifeye, Sar, Teker,
Medrese and Sehidiyle neighbourhoods on Mardin city
centre's 1st Avenue, taking into account the hours of
highest motor vehicle traffic and Saturday. Leq
measurements were taken between 16:00-18:00 during
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the day, 19:00-21:00 in the evening and 23:00-00:30 at
night (Figure 3(a,b,c,d,e,f) and 4(a,b,c,d,f)).

Figure 3. (ab,cd,ef) Photographs from daytime
measurements made on Mardin 1st Street in August
(Mehmet Salih Aydin archive - Aydin, 2020)

Figure 4. (ab,c,def) Photographs from evening and
night measurements made on Mardin 1st Street in
August (Mehmet Salih Aydin archive - Aydin, 2020)

4. Findings and Discussion

Noise levels were measured in dBA, which gives priority
to sounds to which the ear is sensitive. Measurements
were analysed by grouping equivalent noise levels (Leq)
as day, evening and night on Saturday and averaging
them. In addition, general noise levels during the day
were determined from measurements taken at
monitoring points. In total, 9 monitoring points were
measured and averaged during the day, evening and
night.

As a result of the measurements made at the 9
determined points, a comparison was made with the
limit values (Figure 5-Table 2). It is seen that the
evening and night noise levels exceed the limit values
for each point, while the daytime noise levels are close
to the limit values.
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Table 2. Day - Evening — Night Comparisons
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1. 2. 3. 4. 5. 6. 7. 8. 9.
point point point point point point point point point
Day (dBA) 70 68,6 70,5 68,8 68,2 70,0 69,0 69,6 68,9 70,6
Evening 65 78,3 80,6 83,0 78,8 76,7 76,6 80,8 75,1 77,2
(dBA)
Night 60 74,0 74,2 73,7 73,0 73,2 72,0 78,6 70,8 72,5
(dBA)
According to the Environmental Noise Control

DAY-EVENING-NIGHT COMPARISONS
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Figure 5. Day-Evening-Night Comparisons

If we look at the noise levels at 9 measurement points in
the city centre, the noise levels at the weekend range
from 68.2 dBA - 70.6 dBA during the day, 75.1 dBA - 83.0
dBA in the evening and 70.8 dBA - 78.6 dBA at night
(Table 3-4-5-6). The most obvious common feature of
these locations is that they are places with heavy vehicle
traffic, so the noise sources include exhaust noise, horn
noise, tyre noise on tarmac or when the brakes are
applied. In these areas; pedestrian noise is relatively low
and traffic noise is the most obvious feature. According
to the results obtained; it can be said that the noise
levels at different points of the city centre of Mardin
province are at the limit values for daytime evaluation,
but higher than the limit values for evening and night
evaluation, and that these noise levels negatively affect
and will affect people both psychologically and
physiologically.

20

Regulation, the Leq limit values for the study area in
central Mardin were set at 70 dBA for daytime, 65 dBA
for evening and 60 dBA for night-time. Measurements
show that exceedances of these limits are particularly
high and persistent during the evening and night-time
periods (Table 3).

Table 3. Day - Evening - Night Comparisons

Time Limit Maximum Measurement Limit
Zone Value Measured Point Excess
(dBA) Value Amount
(dBA) (dBA)
Day 70 70,6 9.point 0,6
Evening 65 83,0 3.point 18,0
Night 60 78,6 7.point 18,6

Daytime (16:00 - 18:00): The limit exceedance during
this period was lower than during other periods. The
maximum value of 70.6 dBA, measured at measurement
point 9, exceeded the 70 dBA limit by only 0.6 dBA and
remained within it. This is due to the higher limit set for
daytime periods in the regulations and the more
controlled distribution of traffic flow. However, the
average daytime levels at all measurement points,
ranging from 68.2 dBA to 70.6 dBA, confirm that the area
experiences constant high noise exposure.

Evening (19:00 - 21:00): The highest equivalent noise
level, 83.0 dBA, was measured at measurement point 3.
This value exceeds the relevant regulatory limit of 65
dBA by a significant amount: 18.0 dBA. The main
reasons for this were increased evening tourist and
recreational pedestrian traffic, heavy motor vehicle use
and uncontrolled air horn/exhaust noise. Even the
lowest evening level, measured at 75.1 dB(A) at
measurement point 8, indicates an exceedance of the
limit by at least 10.1 dB(A).

Night-time (23:00 -00:30): The most critical exceedance
was recorded at Measurement Point 7, reaching 78.6
dBA. This level exceeds the night-time limit of 60 dBA by
18.6 dBA, indicating that the highest level of excess
occurred during the night-time period. This can be
attributed to commercial and recreational activities
continuing into the late hours, coupled with engine and
exhaust noises from older vehicles becoming more
pronounced in the quiet of the night.
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Table 4. Day measurement

Frequency (Hz) 1.point 2. point 3. point 4. point 5. point 6. point 7. point 8. point 9. point
100 65,1 65,9 67,5 67,0 64,2 65,2 67,5 68,3 63,8
125 65,3 65,9 68,3 65,4 62,1 63,1 64,7 62,4 61,2
160 64,3 66,3 64,3 61,6 63,8 62,1 63,7 61,9 60,7
200 61,8 62,1 62,6 60,5 61 61,7 61,4 60,6 61,0
250 60,4 62,9 59,2 58,7 60,7 60,8 61,5 60,3 60,4
315 60,7 66,5 60,7 59,5 61,6 62,4 60,9 62,1 61,8
400 62,2 62,8 60,8 60,2 63,7 62,3 62,2 61,3 65,1
500 62,8 63,5 59,9 61,0 62,8 62,3 62,0 61,2 65,7
630 64,5 64,9 60,6 61 63,7 62,1 63,0 61,4 65,8
800 60,2 62,5 59,1 58,7 60,5 62,1 61,5 60,2 62,4
1000 58,9 58,8 58,4 57,1 59,7 58,1 59,1 59,3 61,0
1250 56,3 60,3 58,5 58,8 59,3 57,8 58,9 58,5 59,0
1600 54,7 57,6 58,2 59,1 58,5 57,9 59,5 57,7 58,6
2000 52,3 55,0 57,2 55,9 57,7 55,6 57,3 56,2 54,7
2500 51,7 55,7 55,9 54,4 56,1 54,8 55,2 55,1 55,2
3150 51,1 55,7 55,6 54,0 55,6 52,8 53,7 54,9 54,8
4000 49,6 54,0 53,2 50,5 54,7 50,7 51,5 53,4 52,6
5000 45,8 49,4 49,9 47,8 51,7 49,0 49,9 50,7 46,2

Table 5. Evening measurement

Frequency (Hz) 1.point 2. point 3. point 4. point 5. point 6. point 7. point 8. point 9. point
100 70,1 69,0 69,9 66,0 65,5 65,6 76,2 70,1 67,7
125 68,4 74,8 71,5 63,7 64,0 65,5 68,4 70,8 65,8
160 65,5 71,2 70,3 61,0 65,2 60,9 67,1 67,6 64,0
200 63,4 66,8 63,2 58,8 66,4 58,9 71,0 66,5 64,5
250 64,7 68,9 66,1 58,2 68,7 58,3 69,3 64,8 60,2
315 63,8 66,4 64,9 61,9 63,7 59,6 69,8 64,2 59,8
400 63,0 70,6 63,6 60,3 63,1 60,1 72,3 67,7 63,2
500 64,4 76,2 62,7 59,9 64,7 59,8 75,5 64,4 68,6
630 65,8 74,2 62,6 60,3 70,9 60,6 77,1 64,2 64,0
800 70,1 74,4 64,3 60,1 69,4 60,3 73,0 62,8 63,3
1000 72,1 70,0 66,2 60,3 67,5 61,6 69,5 61,6 63,4
1250 71,3 68,8 70,6 65,9 64,6 64,9 69,4 62,4 65,4
1600 70,0 67,8 76,3 68,7 67,4 67,8 68,5 67,4 68,0
2000 64,3 68,6 75,6 72,5 66 70,3 67,0 65,5 70,2
2500 64,4 65,0 73,1 70,0 63,2 66,3 65,0 63,8 66,9
3150 61,3 62,4 68,6 66,9 60,6 64,6 64,3 60,2 62,8
4000 57,8 67,1 67,9 64,6 59,6 62,0 63,7 58,0 62,1
5000 54,2 62,2 69,6 64,7 59,1 61,8 60,8 61,1 61,5

Table 6. Night measurement

Frequency 1.point 2. point 3. point 4. point 5. point 6. point 7. point 8. point 9. point

(Hz)

100 69,3 52,6 53,7 51,3 51,9 53,4 54,8 54,5 55,1
125 65,5 51,8 56,1 53,1 52,0 53,3 54,5 56,0 55
160 62,8 50,3 56,5 51,1 50,4 51,4 55,2 55,1 54,3
200 62,9 50,2 65,6 52,2 49,7 53,7 55,4 53,6 51,6
250 60,6 52,1 58,7 56,0 51,5 52,7 56,2 56,6 53,5
315 61,3 53,2 55,0 53,5 49,8 53,3 58,0 56,7 51,4
400 61,4 55,4 67,0 60,3 55,8 55,3 59,9 57,8 57,5
500 60,6 55,7 63,5 64,4 59,5 58,2 62,9 62,1 61,4
630 61,0 59,4 67,0 66,3 63,3 61,4 65,7 64,9 65,8
800 59,4 61,9 65,9 66,5 65,3 60,8 65,8 63,7 66,8
1000 58,4 61,1 63,3 62,9 62,8 58,7 63,8 61,1 63,1
1250 62,6 63,1 66,3 64,1 64,0 61,2 67,4 61,4 64,4
1600 67,2 63,9 63,6 64,2 65,0 63,0 69,8 61,7 63,3
2000 67 64,5 62,3 60,6 63,4 62,7 70,7 60,4 61,1
2500 62,2 63,3 60,2 59,6 61,6 62,1 69,3 56,8 58,4
3150 60,2 66,1 56,6 58,5 57,0 58,1 63,3 54,3 54,1
4000 56,8 64,4 55,5 55,4 56,7 56,9 60,1 51,9 51,5
5000 58,9 62,7 49,4 48,4 57,4 55,0 65,1 45,2 44,2
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According to the Regulation on the Protection of
Buildings against Noise, the study area in Mardin is
within the high noise level.

However, it was noted that the daytime measurements
were close to the limit values, while the evening and
night measurements were above the limit values (Figure
6).
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Figure 6. Evaluation of Day-Evening-Night Averages of
the First Measurement Point

The World Health Organisation (WHO) has set a noise
limit of 55 dBA for outdoor living areas. For a person to
feel completely healthy and comfortable, it is essential
to be in a state of complete physical and mental well-
being. Measurements taken in the city centre show that
noise levels exceed the WHO limits at all times of the
day. Therefore, people cannot be in a state of complete
well-being.

5. Conclusions and Recommendation

The analyses show that the noise levels at the nine
selected points are above the limit values. The evening
and night measurements at these points are above the
limit values, while the daytime measurements are
within the limit values. The values are lower due to the
absence of traffic in the morning hours, and the increase
in traffic density due to people leaving work in the
evening makes the noise levels at these points different.
It has been found that the noise level at weekends is 3-4
dBA lower than on weekdays. This is because the
weekend is a holiday and the traffic density is low.
However, the readings are still above the limit values.
Noise levels are always high at all points except the
specified points. Noise levels are highest in the evening
hours and lowest in the morning hours.

As a result of the measurements and assessments
carried out in general, it has been found that the noise
levels at many points exceed the limits set by the Noise
Ordinance and the WHO in the noise assessment carried
out at weekends. Even the lowest noise level measured

Acoustic pressure
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is above the 55 dBA accepted as the limit by the WHO. It
can be said that Mardin city centre is generally noisy and
disturbs people both psychologically  and
physiologically.

The main sources as a source of noise in the central
district of Mardin; It has been determined that these are
air horns used in motor vehicles, blower exhausts used
in engines and old model vehicles. As a result, noise
today has a negative impact on human health and
performance. In our country, where urbanisation is
increasing rapidly, road traffic noise is also a major
health hazard. For this reason, it has been observed that
traffic noise, which has the greatest impact on noise,
varies according to vehicle differences.

Considering the study,
e Reducing vehicle speed limits,
o Increasing the use of public transport,
e Limiting heavy vehicles,

e Using porous asphalt instead of dense asphalt for
road surfacing,

e Designing natural or artificial barriers in the
designated areas within the study area
(particularly at points 2, 3 and 7 where limit values
are exceeded),

e [t is predicted that the use of soundproofing in
buildings to reduce noise will greatly reduce the
discomfort caused by traffic noise to people living
and working by the side of the motorway.

It is suggested that porous asphalt should be used
instead of cobblestones, which are known to make a lot
of noise when vehicles pass. This will ensure that sound
and vibration are absorbed by the porous asphalt,
reducing the noise generated by vehicles passing by.

Another suggestion is to close 1st Street completely to
traffic and open it to traffic when necessary (service,
ambulance, fire brigade, etc.). A solution to noise
pollution can be developed in cooperation with the
relevant institutions regarding 1st Street. As the
entertainment venues on 1st Street are a major
environmental nuisance, it is necessary to carry out a
soundproofing analysis and control of these buildings
and to take soundproofing measures. In areas where an
action plan is required and where noise levels are above
threshold values, it is expected that noise will be
significantly reduced by applying one or more of the
above methods.

This study was carried out to investigate the extent to
which people living in tourism-oriented settlements,
especially where highways and entertainment venues
are dense, are affected by noise in terms of
environmental noise levels, to develop proposals to
reduce noise levels, and to determine the existing noise
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levels for new settlements. In addition, it is proposed
that town planning and noise levels in new buildings
should be planned below the limit values.

In the context of urban design, this study has examined
road traffic noise and entertainment-oriented spaces,
and it can be recommended that different sources of
environmental noise be examined in subsequent
studies.
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Anahtar Kelimeler

0z

1 Boyutlu Esdeger Dogrusal Analiz,
1 Boyutlu Dogrusal Olmayan Analiz,
Zemin Davranis Analizleri,
Eskisehir-Inénii Havzas,

Zemin Biiytitmesi.

Zeminlerin farkl fiziksel ve mekanik oOzelliklere sahip olmasi, kuvvetli yer
hareketinin ézelliklerini degistirebilir ve yapi davranisina dogrudan etki
edebilir. Deprem kaynakli hasarlarin en aza indirilmesi ve yapi giivenliginin
saglanabilmesi i¢in, zemin tabakalarinin sismik ytikler altindaki davranislarinin
dogru belirlenmesi ve buna uygun bir yap1 tasariminin yapilmasi biiyiik 6nem
tasir. Bu nedenle yapilarin tasarimindan énce deprem sirasinda maruz kalacagi
etkileri goz oniine almak ve yapi-zemin etkilesimini belirlemek amaciyla zemin
tepki analizleri yapilmaktadir. Bu calismada Eskisehir Fay Zonu gibi tektonik bir
yapiin etkisinde bulunan Eskisehir'in Inénii havzasinin zemin tepkisinin
belirlenmesi amaglanmigtir. Bu amagla ¢alisma kapsaminda belirlenen 17 farkli
lokasyonda sondaj ve arazide yapilan kayma dalgasi hizi verileri kullanilarak,
tek boyutlu (1D) esdeger dogrusal ve dogrusal olmayan analizler yapilmistir.
Analizlerden elde edilen spektral parametreler grafiklerle sunulmustur. Calisma
kapsaminda yapilan esdeger dogrusal ve dogrusal olmayan zemin tepki
analizleri sonucunda en biiyiik spektral parametreler genel olarak esdeger
zemin tepki analizlerinden elde edilmistir. Analizler sonucunda PGA degerlerinin
0.35-0.53 g arasindaki degerlere, maksimum spektral ivmelerin 3.2 g,
amplifikasyonlarin en diisiik 1.8 ile en yiiksek 3.2 degerlerine ulastigi ve yerel
zemin kosullarinin farklilasmasinin zemin tepkisini énemli élciide etkiledigi
belirlenmigtir. Ayrica, kumlu zemin tabakasinin baskin oldugu sondaj
lokasyonunda dogrusal olmayan zemin tepkisinden daha biiyiik degerler elde
edilmesi, ince iceriginin dogrusal olmayan zemin tepkisine etkisi olarak
yorumlanmistir.

PREDICTION OF THE ONE DIMENSIONAL SITE RESPONSE: THE INONU BASIN CASE

Keywords

Abstract

1-D Equivalent Linear Analysis,
1-D Nonlinear Analysis,

Soil Behavior Analysis,
Eskisehir-Inénii Basin,

Soil Amplification

The different physical and mechanical properties of soils can alter the
characteristics of strong ground motion and directly affect structural behavior.
In order to minimize earthquake-induced damage and ensure structural safety,
it is crucial to accurately determine the behavior of soil layers under seismic
loads and to design structures accordingly. For this reason, site response
analyses are performed to consider the effects that structures will be exposed to
during an earthquake and to determine the structure-soil interaction prior to
their design. In this study, the aim is to determine the site response of the Inénii
basin in Eskisehir, which is affected by a tectonic structure such as the Eskisehir
Fault Zone. To this end, one-dimensional (1D) equivalent linear and nonlinear
analyses were performed using drilling and field shear wave velocity data
collected at 17 different locations identified within the scope of the study. The
spectral parameters obtained from the analyses are presented in the figures. As
a result of the equivalent linear and nonlinear site response analyses performed
within the scope of the study, the largest spectral parameters were generally
obtained from the equivalent site response analyses. The analyses revealed that
PGA values ranged between 0.35 and 0.5 g, maximum spectral accelerations
reached 3.2 g, amplifications ranged from a minimum of 1.8 to a maximum of

hiikiimlerine gore acik erisimli bir makaledir.
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3.2, and variations in local soil conditions significantly affected soil response. In
addition, the fact that larger values were obtained from the nonlinear soil
response at the borehole location where the sandy soil layer was dominant was
interpreted as the effect of the fines content on the nonlinear soil response.
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1. Giris

Tiirkiye giiclii tektonik hareketlerin etkisi altindadir.
Son 25 yil igerisinde 17 Agustos 1999 Kocaeli, 12 Kasim
1999 Diizce, 23 Ekim 2011 Van, 24 Ocak 2020 Elazig ve
6 Subat 2023 Kahramanmaras depremleri gibi biiyiik ve
orta o6lcekli sarsintilarla ciddi can ve mal kayiplar
yasamistir. Kocaeli Depremi; Marmara Bolgesi’'nin
biiytik bir kismini etkilemis ve agir sosyal-ekonomik
kayiplara neden olmustur. Eskisehir sehri ve ¢evresi de
bu depremlerden etkilenmis olan bdlgelerdendir.
Bolgede aletsel kayitlara gore 20 Subat 1956 tarihinde
Eskisehir merkezli kaydedilen depremde sehirde can ve
mal kaybina yol agmistir. Ayrica ¢alisma alani olarak
secilen Eskisehir-inonii ilcesi de, Pleyistosenden bu
yana aktif oldugu one siiriilen Eskisehir Fay Zonu’nun
Inénii-Oklubal segmentinin etkisi altindadir (Altunel ve
Barka,1998).

Deprem miihendisligi, olasi bir depremin sebep
olabilecegi etkileri oOngorerek depreme dayanikli
yapilarin tasarimini amaglayan bir disiplindir. Bu
kapsamda, dinamik ytikler altinda zemin davranisinin
belirlenmesi ve zemin-yap1 etkilesiminin g6z O6niine
alinarak  Ust yapilarin  tasariminin  yapilmasi
gerekmektedir. Yerel zemin o6zelliklerinin farklilik
gostermesi, deprem esnasinda meydana gelen tekrarh
yilikleme karakteristiklerine bagli olarak yer ivmesi
genliklerini, yap1 iizerinde olusacak tepki kuvvetlerini
ve frekans iceriklerini dogrudan etkiler. Bu nedenle
temel zemini olusturan tabakalarin olasi bir deprem
aninda ve sonrasinda nasil davranacaginin dogru
sekilde belirlenmesi, yap1 giivenligi agisindan kritik bir
oneme sahiptir.

Giniimiizde, dinamik yiik etkisi altindaki yapilarin
deprem giivenligini saglamak amaciyla, ilgili deprem
yonetmeliklerinde tanimlanan tasarim
spektrumlarindan faydalanilmaktadir. Bu spektrumlar,
yapilarin dogal titresim periyotlar1 dikkate alinarak,
deprem aninda olusabilecek yatay ve diisey yiiklerin
belirlenmesine olanak tanimaktadir. Tepki
spektrumlari, tek serbestlik derecesine sahip sistemler
tizerinde etkili olan deprem kaynakli yer hareketlerinin,
sistemin dogal frekansi ve sdniim oranina bagh olarak
olusturdugu maksimum ivme, hiz ve yer degistirme
degerlerini gosteren grafiksel temsillerdir (Kramer,

1996). Tasarim spektrumlari ise, bir bolgedeki sismik
ozellikler ve zemin kosullar1 g6z  Oniinde
bulundurularak, farkli biyiikliikteki depremlere karsi
yapinin maruz kalabilecegi en yiiksek tepkileri temsil
etmektedir (Fan, Wang, Xiao; 2018). Yeni yapilarin
deprem yiiklerinin hesabinda yaygin olarak bu
spektrumlar kullanilir.

Depreme dayanikli yapr tasarimina yonelik tim
yonetmeliklerde temel amag, bir yapinin 50 yillhik
kullanim siiresi boyunca maruz kalacag: sismik ytikler
altinda ciddi bir yapisal hasar almamasi ve can kaybinin
onlenmesidir. Tiirkiye’de yiriirlikte bulunan Tirkiye
Bina Deprem Yonetmeligi (TBDY) 2018 ile bu konu daha
kapsaml sekilde ele alinmistir. TBDY 2018’de, 6zellikle
yerel zemin siniflarinin detayl belirlenmesi, yapinin
konumuna, faya olan uzakligina ve zemin 6zelliklerine
gore  deprem yer hareketi  spektrumlarinin
hesaplanmasi Onerilmektedir. Yonetmeligin 16.5.1.3.
maddesinde, ZF sinifi olarak tanmimlanan en zayif
zeminler i¢in zemin tepki analizlerinin yapilmasinin
zorunlu oldugu belirtilmis; gerek goriilmesi halinde
diger zemin siniflarinda da bu tiir analizlerin yapilmasi
tavsiye edilmistir.

Deprem sirasinda zeminde olusacak biiyiitmelerin
analiz edildigi, deprem sonucunda yapinin maruz
kalacag: etkilerin belirlenmesi amaciyla zemin tepki
analizleri yapilmaktadir. Daha pratik ve daha az zaman
gerektirmesi, is yiikiiniin de daha az olmasi nedeniyle
bir boyutlu (1D) zemin tepki analizleri giinlimiizde
siklikla kullanilmaktadir ( Carlton ve Tokimatsu, 2016;
Civelekler vd., 2021a; Nghiem ve Chang, 2019; Sun ve
Yuan, 2021).

Civelekler ve dig. Eskisehir sehir merkezi kapsaminda
yaptiklar1 bir boyutlu esdeger dogrusal ve dogrusal
olmayan zemin tepki analiz ¢alismalarinda, birbirine
yakin konumlarda bulunan sondajlarda benzer zemin
profili olsa dahi, plastisite ve ince igerik miktar1 gibi
ozelliklerin etkisiyle zemin tepkisinin farklilagtigini
belirlemislerdir. Analiz sonuglarinda yerel zemin
kosullarina bagh olarak farkli spektral ivme ve
amplifikasyonlarin  olustugunu  goézlemlemislerdir
(Civelekler vd., 2021a, 2021b, 2024).

Bu calismada Eskisehir'in Inénii ilgesinde 17 farkl
lokasyonda yapilmis olan sondaj verileri ve aym
2018
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noktalarda arazide yapilmis olan jeofizik deneylerden
biri olan MASW yonteminden faydalanilarak analizler
yapilmistir. Eskisehir’in inénii ilgesi, Tiirkiye Deprem
Tehlike Haritas’'na gore orta diizeyde sismik tehlike
barindiran bir deprem kusaginda konumlanmaktadir.
Calismalarin yapildig1 alan jeolojik tarih icinde ¢ok
yogun tektonik aktivitelere maruz kalmis olup,
cevresinde biiyiik deprem liretme kapasitesine sahip fay
sistemleri mevcuttur. Kuzey Anadolu Fay Zonu (KAF),
Kiitahya Fay Zonu, Eskisehir Fay Zonu ve Inénii-
Dodurga Fay1 Dbolgedeki en onemli deprem
kaynaklaridir. Inénii-Dodurga segmenti, Eskisehir Fay
Zonu icerisinde BKB-DGD ve D-B y6niinde uzanmakta ve
yuzey  morfolojisinde  belirgin  bir ¢izgisellik
sergilemektedir (Tokay ve Altunel, 2005). Yapisal
hasarlara neden olan Eskisehir Fay Zonu igerisinde
olusan 6.4 biiytkligindeki 1956 depremi sehrin
merkezi ve ilcelerinde ¢ok sayida binanin hasar
gérmesine neden olmustur.

Bu c¢alismanin amaci, Inénii havzasinin bir boyutlu
ylzey davranisinin belirlenmesi ve bu davranisa yerel
zemin  etkilerindeki  degisikligin = yansimasinin
degerlendirilmesidir. Calisma kapsaminda TBDY
(2018)’ in de onerdigi gibi 11 kuvvetli yer hareketi
kullanilarak esdeger dogrusal ve dogrusal olmayan
zemin tepki analizleri yapilmis ve zeminin dinamik
parametreleri belirlenmistir.

2. Materyal ve Metot

Bu ¢alismada arastirma ve yayin etigine uyulmustur.

2.1. Deprem etkisinin zamansal analiz yéntemiyle
tanimlanmasi

Depremin bolgeye 6zel etkilerinin dogru sekilde analiz
edilebilmesi icin temel belirleyici unsurlar, yer
hareketinin ~ 6zelliklerine  dayanmaktadir. TBDY
(2018)’'in ikinci bolimiinde, birden fazla boyutta
gerceklestirilecek  tasiyict  sistem analizleri igin
kullanilacak deprem yer hareketlerinin se¢imi ve basit
6lcekleme yontemleri 6nerilmistir. Yonetmelikte, asilma
olasiligl belirlenmis olan ve tekrarlanma periyotlarina
gore tanmimlanan dort farkli Deprem Yer Hareketi
Seviyesi (DD-1, DD-2, DD-3 ve DD-4) yer almaktadir.

Siniflamaya gore DD-1, gerceklesme olasiligi diisiik
ancak etki bakimindan en biiyiilk olan deprem yer
hareketini temsil ederken; DD-2, standart tasarim
deprem diizeyi olarak kabul edilmektedir. Dolayisiyla,
konut veya ticari yapilar gibi genel kullanim amacgh
binalarin tasariminda ¢ogunlukla DD-2 seviyesi esas
alinmaktadir. Buna karsin, hastane, okul ya da niikleer
tesis gibi yiiksek énem derecesine sahip yapilarda ise
DD-1 seviyesi kullanilmaktadir. Tiirkiye Deprem
Tehlike Haritas1 (AFAD) verilerine gore de Eskisehir ili
icin 6ngoriilen tasarim deprem diizeyi DD-2’dir.
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Analizlerin gerceklestirildigi Inénii (Merkez) ilcesindeki
17 sondaja iliskin DD-2 yer hareketi diizeyine ait
deprem Karakteristikleri, AFAD tarafindan sunulan
Tiirkiye Deprem Tehlike Haritalar1 interaktif Web
Uygulamas: kullanilarak belirlenmis ve bir tabloya
aktarilmistir (Tablo 1).

Tablo 1. Calisma i¢in kullanilan sondajlarin yer aldig1
Inénii'ye (Merkez) ait AFAD'1n Tiirkiye Deprem Tehlike
Haritasindan elde edilen deprem parametreleri

Mahalle Zemin DS PGA PGV
Sinifi
Merkez ZC 0.955 0.33 20.231

SDS: Yatay elastik tasarim spektrumu
PGA: pik yer ivmesi
PGV: pik yer hiz1

2.2. Deprem kayitlarinin analiz amagh secilmesi ve
uygun sekilde él¢ceklendirilmesi

TBDY (2018) yonetmeliginde, deprem etkilerine
dayanikli yapilarin tasariminda kullanilacak kuvvetli
yer hareketi kayitlarinin secilmesinde; tasarimda
dikkate alinacak yer hareketi seviyesine uygun olarak
deprem biiytikligli, faydan uzaklik, kaynak tiiri ve
bolgesel zemin kosullarinin birlikte degerlendirilmesi
onerilmektedir. Bu kapsamda, bu c¢alismada
gerceklestirilen zemin tepki analizlerinde (esdeger
dogrusal ve dogrusal olmayan analizler) gercek deprem
kayitlarindan yararlanilmistir. Analizlerde kullanilan
toplam 11 ivme kaydi, uluslararasi diizeyde yaygin
bicimde basvurulan Pasifik Deprem Miihendisligi
Arastirma Merkezi (Pacific Earthquake Engineering
Research Center-PEER) sismik hareketlerin veri
kayitlarindan (Pacific Ground Motion Database) temin
edilmistir. Bahsedilen veri tabani diinyanin énde gelen
sismik risk bolgelerinde meydana gelmis depremlere
iliskin ayrintih kayitlar1 arastirmacilarin erisimine
sunmaktadir. Her bir deprem kaydi, ilgili kayit
istasyonunda olciilmiis ivme, hiz ve yer degistirme
verilerini icermekte olup, analiz i¢in gerekli tiim
parametreler standart formatlarda elde
edilebilmektedir. Bu ¢alismada, PEER veri tabanindan
secgilen 11 farkli yer hareketi kaydi; sismik tehlike
diizeyi, yerel zemin sinifi, fay mekanizmasi, deprem
biiytikligli ve kaynak-yap1 mesafesi gibi kriterler goz
onlinde  bulundurularak  belirlenmistir. ~ Secilen
kayitlarin, Mw>6.0 biiytkliigiinde, dogrultu atimli faylar
tizerinde gerceklesmis depremlere ait olmasi ve fay
uzakliklarinin 0-40 km aralifinda bulunmas: tercih
edilmistir. Ayrica zemin ozellikleri acisindan, yerel
zemin simifinin Vsso degeri 360-760 m/s aralifinda
olacak sekilde, tasarim bolgesine benzer kosullari temsil
etmesine dikkat edilmistir. Calismada kullanilan bu
ivme kayitlarinin ayrintih  bilgileri Tablo 2'de
sunulmaktadir. Boylece, bolgeye 6zgii dinamik zemin
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davranisinin gercege yakin sekilde modellenmesi
amaclanmistir.

J ESOGU Eng. Arch. Fac. 2025, 33(3), 2017-2031

Bu calismada, esdeger dogrusal ve dogrusal olmayan
zemin tepki analizleri DeepSoil 7.1 yazilimi araciligiyla

yapilmistir. Calisma alanini temsil eden 17 farkl sondaj
noktasinda, her biri farkli 6zelliklere sahip toplam 11

Tablo 2 Calismada kullanilan sismik hareket verileri kuvvetli yer hareketi kaydi kullanilmis ve boylece her

PEER, 2006 S -
( ) analiz tipi icin 187 adet olmak iizere toplamda 374 farkl
- senaryo ¢alisiimistir.
Deprem Yil Istasyon Biiytikliik
: : Analiz kapsaminda degerlendirilen alandaki tasarim
Erzincan 1992  Erzincan  6.69 ivme degerlerinin (PGA, g) 0.251 ile 0.33 arasinda
Kocaeli 1999  Yarimca 7.2 degistigi sonucu elde edilmistir. (Tablo 1). Bu
Diizce 1999  Diizce 7.14 dogrultuda, kullanilan tiim deprem kayitlari, bolgedeki
Coyote Lake 1979  SJB 5.7 yer hareketi diizeyine uyum saglayacak sekilde
Imperial Valley 1979  Calipatria 6.5 PGA(g)=0.3 ve DD-2 tasarim depremi diizeyine gore
olceklendirilerek analizlerde kullanilmistir (Sekil 1).
Imperial Valley 1940  ElCentro 6.9 Boylece, sahaya 6zgii zemin tepkisinin olabildigince
ercege yakin bicimde ortaya konmasi amag¢lanmistir.
Loma Prieta 1989 Gilroy 3 6.9 gereegey ¢ y ¢ 3
Loma Prieta 1989 Gilroy 4 6.9
Parkfield 1966 Benioff 6.1
Denali 2002 TAPS 79
Darfield 2010 DSLC 7.0
RE T IIIFIPE I WP U S I YT FETEN WY PUTTE FETTN FYUTE FET R T P P PUTE TS BVETE P
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B C c I
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g 29 [ E° 0 B
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03 PRRPRT SR ST ST NSRS S U N ST 03 PRRTRRT TN BTSN N ST SRR NS 'Y 03 T FERRE FEETY SETTE FRTRE FERTE PR
y Loma Prieta 1 [ LomaPrieta2 | Parkfield |
3 C] G I
E o - = (@ 9 - 2o ! e -
3 I 3 -
03 ,,, 0.3 11— 0.3 T
4] 10 20 30 40 a 10 20 30 40 o 5 10 15 20 25 30 35
Zaman (sn} Zaman (sn) Zaman (sn)
03 [UTE VI SRS S U R N AR 0.3 EETEITERE FRETI FRE T NN TN FARES PR B
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Sekil 1. Calisma kapsaminda esdeger dogrusal ve dogrusal olmayan analizlerde kullanilan PGA=0.3 g olarak
olceklendirilmis deprem verileri
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2.3. Calismada kullanilan sondajlarin zemin
ozellikleri

Calisma alani olan Inénii Eskisehir iline bagh bir ilce
olup, Bursa Kiitahya yolu ilizerinde yer almakta ve
Eskisehir iline 33 km mesafede yer almaktadir (Sekil 2).
Calisma kapsaminda Inénii sahasinda ESOGU BAP
kapsaminda yapilmis olan 17 sondaj verisi ve arazide
ayni noktalarda yapilan MASW calismalarindan elde
edilen sismik veriler kullanilmistir (Tiirkéz vd., 2013).
Arazide yapilan sondaj verilerine gore, c¢alisma
sahasinin biiytik kismi, istte ince taneli, altta ise iri
taneli malzemelerden meydana gelen ve “aliivyon”
olarak tanimlanan zeminle kaphdir. Calisma alaninda
alivyon olarak tanimlanan zemin yiizeyden itibaren
ylksek plastisiteye sahip Kkil-silt (CH, MH ve CH-MH),
diisiik plastisiteli kil-silt (CL, ML ve CL-ML) ve killi siltli
kum (SC, SM, SC-SM, SP) ve yer yer Kkilli siltli ¢cakil (GC-
GM) olarak tanimlanmistir. Bu zemin igerisinde
ortalama %7 ¢akil, %33 kum ve %60 ince taneli (silt-kil)
malzeme bulunmaktadir. Calisma alani olan inénii’'de
Sarisu Cayina yakin olan bélgelerde aliivyon kalinhigi
artmakta kuzey-giiney dogrultusunda gidildikce
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kalinhig1 tedrici olarak azalmaktadir (Tiirkéz vd., 2013).
Sekil 3’de calisma kapsaminda yer alan sondajlardan
SK1 sondajinin temsili zemin profili ve kayma dalgasi
hiz profili sunulmaktadir.

Calismada dikkate alinan zemin tabakalarinin kivam
karakteristikleri degiskenlik géstermektedir. Likit limit
(LL) degerleri %25 ile %83 deger araliginda olup,
ortalama degeri %57'dir. Ilgili zemin numunelerinin
plastisite indeks degerleri genis bir yelpazede degisim
gostermektedir (P1=%6-59). Ancak ortalama deger %30
civarinda tespit edilmistir. Bu sonug¢lar dogrultusunda,
ortalama degerlerin plastisite diyagraminda A hattinin
tizerinde ve siv1 limit (LL) %50 sinir ¢izgisinin saginda
konumlandig1 goriilmektedir. Buna gore, calisma sahasi
zemin profili yogunluk olarak ytiksek plastisiteli kil-silt
zemin tabakalarindan olusmaktadir. Calisma alaninda,
yeralti suyu seviyesi zemin ylizeyine ¢ok yakin olup
derinligi 0.5 m-1.5 m arasinda degismektedir. Kuzeye
dogru gidildikce yeralti suyu seviyesinin azaldigl
goriilmiistiir. Bolgenin gliney dogusunda yer alan kaya
birimlerinde ise ylizey topografyasina uygun olarak
ylzey sularina rastlanmilmistir (Tiirkéz vd., 2013).
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Sekil 2. Calisma alani sondaj lokasyon haritasi
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Sekil 3. Calismada analizleri yapilan SK1 sondaji temsili zemin profili ve kayma dalgasi hiz1 6rnegi

2. 4. Zemin Tepki Analizleri

Zemin tepki analizleri, deprem dalgalarinin zemin
yluzeyinde olusturacagi etkileri belirlemek amaciyla
gerceklestirilen ¢calismalardir. Giiniimiizde bu analizler
genel olarak iki ana baslik altinda incelenmektedir:

1. Frekans alami1 temelli analizler (esdeger
dogrusal analizler)

2. Zaman alam1 temelli analizler (dogrusal
olmayan analizler)

Bu calismada kullanilan DeepSoil yazilimi, bir boyutlu
zemin davranis analizleri temel alinarak gelistirilmis
olup, ilk olarak 1998 yilinda kullanilmaya baslanmistir.
Gelistiricisi Hashash vd. (2016)’ a gore DeepSoil, hem
frekans hem de zaman tanim alaninda ¢6ziimleme
yapabilme yetenegine sahip bir analiz aracidir. Bu
sayede hem esdeger dogrusal hem de dogrusal olmayan
analizlerin gergeklestirilmesine olanak saglar.

Programda  sinirsiz  sayida  zemin  tabakasi
tanimlanabilmekte ve her tabaka i¢in yapilan analizler
sonucunda; ivme-zaman grafikleri, gerilme-zaman
iliskileri, gerilme birikimi, Fourier dontsimii bazh
davranis spektrumlar1 ve amplifikasyon spektrumlari
gibi cesitli c¢iktilar elde edilebilmektedir. Ayrica,

tanimlanan her bir zemin katmani i¢in detayli davranis
spektrumlar1 da elde edilerek zemin profiline iliskin
kapsamli degerlendirmeler yapilabilir.

2.4.1. Bir Boyutlu Esdeger Dogrusal Analiz

Zeminlerin dinamik davranislarinin modellenmesinde
yaygin kullanilan yodntemlerden biri olan esdeger
dogrusal analiz yontemi, zemin tabakalarinin yatay
yonde sonsuz ve homojen oldugu varsayimina dayal
olarak, basit ve pratikligi nedeniyle ¢ok tercih
edilmektedir (Phillips ve Hashash, 2009; Arduino ve
Kramer, 2009). Bu yaklasim, zemin profilinin dinamik
ozelliklerini dikkate alarak, deprem sirasinda zemin
tarafindan meydana gelecek biiyiitme etkilerini tahmin
etmek amaciyla kullanilmaktadir.

Bu calismada esdeger dogrusal zemin tepki analizleri
icin DeepSoil 7.1 yazilimi kullanilmistir. Calismada, 17
sondajin zemin tabakalarinin kalinligi, birim hacim
agirhgr ve kayma dalgast hizi gibi 6zelliklerine
dayanarak, 30 metre derinlige kadar tabakalar halinde
tanimlama yapilmis ve analiz siireci baslatilmistir.
Esdeger dogrusal ve dogrusal olmayan analizlerde, ince
taneli (kil-silt) zeminler i¢in Vucetic-Dobry (1991), iri
taneli zeminler (kum-gakil) i¢in ise Seed ve Idriss (1991)
tarafindan gelistirilen egriler referans alinmistir.
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Yapilan calismalarda plastisite indisinin modiil azalim
ve soniimleme orani lzerinde 6nemli bir etkiye sahip
oldugu belirlenmistir (Vucetic ve Dobry, 1991). Bu
nedenle bu ¢calismada bu egriler tercih edilmistir.

2.4.2. Bir Boyutlu Dogrusal Olmayan Analiz (Non-
lineer)

Deprem yiiklemeleri altinda zeminlerin sergiledigi
davranis genel olarak dogrusal 6zellik gostermeyebilir.
Bu tiir yuklemeler altinda zeminin mekanik tepkisi,
histeretik gerilme-sekil degistirme egrileriyle ifade
gelen degisimleri igerdiginden, dogrusal olmayan
analizler daha gergekgi sonuglar vermektedir (Bolisetti
vd., 2014). Zaman tanim alaninda gergeklestirilen
dogrusal olmayan zemin tepki analizlerinde, elastik
olmayan tepki ozellikleri dikkate alinarak zemin tepkisi
daha dogru sekilde modellenir.

Klasik 1-boyutlu esdeger dogrusal analiz yonteminde,
zemin katmanlar1 yatay ve sonsuz oldugu varsayilir ve
her bir tabaka i¢in sabit kayma modiilii (G) ve sabit
soniim orant (D) kabul edilir. Buna karsin, dogrusal
olmayan  analizlerde  zeminlerin  gerilme-sekil
birim kayma deformasyonuna bagh olarak siirekli
degistigi goz oniinde bulundurulur. Bu da analizlerde
daha detayli bir davranis incelemesini miimkiin kilar.

Bu ¢alismada gergeklestirilen dogrusal olmayan zemin
tepki analizleri de DeepSoil 7.1 yazilimi kullanilarak
gerceklestirilmistir. ~ Yazilim, dogrusal olmayan
davranisi modellemek amaciyla Matasovic ve Vucetic
(1993) tarafindan 6nerilen modifiye hiperbolik modeli
temel alan bir zemin modelinden yararlanir (Hashash ve
Park, 2001). Bu model, zemin igerisindeki gerilmeye
baglhh olarak degisen kayma modili ve sonim
oranlarinin etkilerini dikkate alir ve zemin icindeki
biiylik sinir gerilmelerinin bu 6zellikler iizerindeki
etkisini agiklamak tizere gelistirilmistir.

J ESOGU Eng. Arch. Fac. 2025, 33(3), 2017-2031

Dogrusal olmayan zemin tepki analizleri kapsaminda,
17 adet sondaj noktasi i¢cin 11 ayr gercek deprem
hareketi verisinden yararlanarak dogrusal olmayan
(non-lineer) zemin tepki analizleri yapilmistir. DeepSoil
7.1 yazilmi kullanilarak gerceklestirilen analizler,
zemin oOzelliklerine gore olusturulan zemin profilleri
lizerinden gerceklestirilmistir. Zemin tiirtine bagh
olarak, birim kayma deformasyonuna gore degisen her
bir zemin tabakasi i¢in kayma modiilii ve sénlim orani
egrileri belirlenmistir. Bu kapsamda kumlu zeminler
icin Seed ve Idriss (1991) egrileri, killi-siltli zeminler
icin ise Vucetic ve Dobry (1991) egrileri esas alinmistir.

3. Bulgularin incelenmesi ve Degerlendirilmesi
3.1. Esdeger Dogrusal Zemin Tepki Analiz Sonuc¢lari
3.1.1. Zemin yuizeyinde dl¢iilen ivme degerleri

Bu ¢alismada, 11 farkli deprem kaydi secilerek 17 ayr1
sondaj noktas1 icin esdeger dogrusal analizler
gerceklestirilmistir. Analizler neticesinde, oncelikle
ivme-zaman grafikleri elde edilmis ve bu grafiklerdeki
pik ivme degerlerinin buytikligi ile farkli zamanlarda
olusumlar;,  deprem  kaynakli  farkli  sismik
karakteristiklerin gostergesi olarak degerlendirilmistir.
Analizlerde yer alan iki deprem verisi olan Diizce ve
Erzincan deprem verileri kullanilarak elde edilen ivme-
zaman grafikleri 6rnek olarak sunulmaktadir (Sekil 4,
5). Diizce deprem verisi kullanilarak elde edilen ivme-
zaman degerlerinde yaklasik 5 sn’de pik ivmeye ulastig
ve bu degerin SK-1, SK-4, SK-10 noktalarinda 0.4 ila 0.5g
arasinda bir deger oldugu sonucu ortaya ¢ikmistir (Sekil
4). Erzincan depreminde olusan ivme-zaman grafikleri
incelendiginde, pik ivmelerin yaklasik 3,5 sn’ de
olustugu goézlemlenmistir. Maksimum pik ivmelerin ise
SK13, SK16, SK17 ve SK20 sondajlarinda 0.4 g; SK1, SK3,
SK7, SK9, SK10, SK14 sondajlarinda 0.5 g ve SK2, SK4,
SK8 sondajlarinda 0,53 g degerlerine ulastig
belirlenmistir (Sekil 5).

2023



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(3), 2017-2031 J ESOGU Eng. Arch. Fac. 2025, 33(3), 2017-2031

1 1 1 1 L 1 L L L L L L L L L [T P FEEEY PP T
% SK1 E 5% ] SK2 1 SK3 au.ai SK4
= = - 2
¢ o - F © o~ F © o o o |
; ; ; :
293 205 4 205 203
———— e e RARREAREEEaIs o SUBMENUNSNNMNENUMMS—
] 5 10 15 20 25 Kl 0 5 i 15 20 25 B o 5 ‘v 15 20 25 M 0 5 6 15 % 25
Zaman {sn
e ZRmen(sn). o Fomangsn) oz e ROk ey s Zaman(sn)
B ] SK6 |- "] SK7 Sie] SK8 ] SK9
2 2 2 2
¢ o0+ F ¢ o F © o e [,
E E E E
R [ 202 205 ] L2035 ]
T T T T T ALAANRARES RRARE RARASRARRS REAR} AR AL ARR LA RAR RN RARL T T T T
9 B 10 15 20 25 kL) a 5 10 15 20 25 30 D) 5 10 15 20 25 30 o 5 10 15 20 25 20
Zaman(sm), | o ZBMAn(sn) e faman(sn) L .. Zaman (sn)
5 SK9A F 5 ] SK10 5 SK11 50 SK13
2 2 2 5,
¢ o - ¢ o F @ o Fe o -
E £ £ £
2] [ 245 ] 203 2.3
T T T T T T T T WL T T T i T T T T T T T T T T
Q 5 10 15 20 25 a0 9 0 20 30 0 5 o 15 20 25 30 n 5 10 15 20 25 L
cg Zamanisn) L coL fAMAn (s i Aman(en) . .. L., Zaman(sm)
5 SK14[ 55 | SK15 550 SK16 T ] SK17 |
el - — - J r
[ F @ o F @ o- FQ o - =
E E E €] [
-3 |- r=—-U3 -2-[2.‘4 - —>~0,3 - b
AR R s RREEEEEE AR R ARAREE AR B R aae S aaaamaEa S
o 5 10 15 2 2% © 5 1 15 20 25 30 c 5 w15 20 25 X o s 10 15 2 2B 30
; Zanﬂan (lsn) . ; Zanpan (Isn) ; Zaman (sn) Zaman (sn)
o3 ] SK20 [ _ .1 Anakaya [
2 Fo ] L
- ] [~ L
Q 0~ -Q v~ -
E rE g 3
—>-0.3 - ——>-U.'.| = =
- T T T T A B RAR RARANEEL
Q 5 10 15 2u 5 30 0 i 10 6 20 25 an
Zaman (sn) Zaman (sn)

Sekil 4. Diizce deprem verisi kullanilarak yapilan esdeger dogrusal zemin tepki analizlerden elde edilen ivme-zaman
grafikleri
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Sekil 5. Erzincan deprem verisi kullanilarak yapilan esdeger dogrusal zemin tepki analizlerden elde edilen ivme-zaman
grafikleri
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3.1.2. Zemin tepki spektrumu

Esdeger dogrusal analizler neticesinde, c¢alisma
sahasina ait davranis spektrumu parametreleri
hesaplanmis ve Spektral ivme (Sa) ile Periyot (T)
arasindaki iligkileri gosteren grafikler olusturulmustur
(Sekil 6). Analiz kapsaminda incelenen 17 sondaj
noktasina iliskin olarak, 11 farkli deprem kaydina
dayanarak her bir deprem igin ayr1 ayri spektral ivme
degerleri elde edilmistir. Bu degerler, zemin-tepki
karakteristiklerinin detayli degerlendirilmesinde temel
teskil etmektedir. Esdeger dogrusal analiz ¢alismalar
sonucunda, 17 sondaj icerisinde maksimum spektral
ivme degerlerinin SK16, SK17 ve SK20 sondajlarinda
yaklasik 0.3 saniyelerinde 3.2 g olarak elde edilmistir.
SK2, SK3 ve SK15 gibi sondaj noktalarinda daha diisiik
spektral ivme degerleri elde edilmistir.

3.1.2. Zeminin biiyiitme degerleri

Deprem mihendisligi disiplininde yapilan arastirmalar,
deprem dalgalarinin etkisi altinda bulunan tabakali ve
yumusak zeminlerde, zeminin mekanik 06zelliklerine
bagli olarak hem ivme genligi, hem de hakim titresim
periyotlarinda belirgin biyiitmelerin  olustugunu
gostermektedir. Bu biiylitmeler, zemin tabakalarinin

] ESOGU Eng. Arch. Fac. 2025, 33(3), 2017-2031

dinamik davranislar1 ve yerel rezonans etkileri
nedeniyle ortaya c¢ikmakta olup, yapilarin deprem
performansini dogrudan etkilemektedir. Bu durum,
depremin merkez lissiinden uzak bolgelerde dahi yar
rezonans etkisi olusturarak yapi hasarlarina yol
acabilmektedir. (Cassaro ve Romero, 1987).

Tasarim tepki spektrumu olarak bilinen spektral ivme
(SA) degeri, belirli bir sontimleme 6zelligine (5%) sahip
bir alanin farkli deprem kuvvetlerine verdigi maksimum
tepkidir. Amplifikasyon faktorii degerleri, zeminin
spektral ivmesinin ana kaya spektral ivmesine orani
olarak hesaplanabilir. Amplifikasyon faktorii (zemin
biiylitme orani)) deprem esnasinda yapilarin
karsilasabilecegi hasarlarin belirlenmesinde kritik bir
parametre olarak 6ne ¢ikmaktadir.

Bu ¢alismada kapsaminda 17sondaj verisinde 11 farkh
deprem verisi kullanilarak yapilan esdeger dogrusal
zemin tepki analizleri sonucunda biiyiitme orani-
periyot grafikleri olusturulmustur. Burada
amplifikasyon (biliyiitme orani)’larin 2 ile 3 arasinda
degisiklik gosterdigi, en yiiksek biiyiitme degerlerinin
SK4 ve SK10 sondajinda 3.2 degerine ulastigl, en diisiik
biiylitme degerinin ise SK20 sondajinda 1.8 oldugu
belirlenmistir (Sekil 7).
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Sekil 6. Esdeger dogrusal zemin tepki analiz ¢calismalari sonucunda 11 deprem verisinden elde edilmis Sa (Spektral ivme)

-T (Periyot) grafikleri
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Sekil 7. Esdeger dogrusal zemin tepki analiz ¢alismalar1 sonucunda 11 deprem verisinden elde edilmis amplifikasyon

(bliyiitme)-T (Periyot) grafikleri

3.2. Dogrusal Olmayan Zemin Tepki Analiz
Sonuglari

Sismik zemin davranisinin zemin tepkisi {lizerinde
etkisini belirlemek i¢in, Park ve Hashash (2008)
tarafindan bir dizi modifiye edilmis esdeger dogrusal
analiz yontemi gelistirilmistir. Bu analizler basitligi,
pratikligi ve daha az matematiksel hesaplama
gerektirmesi gibi nedenlerle daha ¢ok tercih edilmesine
ragmen; tiim zemin katmanlar: i¢in kayma modiilii ve
soniimlemenin sismik hareketin tiim siiresi boyunca
esdeger olmasinin ¢ok gercekei bir yaklasim olmayacagi
kanisina varilmistir. Bu nedenle tekrarli gerilmeler
etkisinde farkl1 kayma modiilii ve soniimleme oranini
dikkate almak i¢in dogrusal olmayan (non-lineer) zemin
tepki analizleri yapilmaktadir. Hashash vd. (2010)
calismalarinda dongiisel yiikleme etkisinde zemin
tabakalarinin tepkisinin genellikle dogrusal olmadigini
ve yiikleme genligi, dongili sayisi, zemin o6zelligi, cevre
basinci gibi faktorlere bagh oldugunu belirlemislerdir.
Ayrica yumusak zemin ¢okellerinden olusan sahalarin
giicli sismik harekete maruz birakildiginda esdeger
dogrusal zemin tepkisiyle uyusmayan sonuglar elde
etmislerdir (Hashash vd., 2010).

Bu ¢alisma kapsaminda, DeepSoil yazilimi kullanilarak
17 sondaj lokasyonu ve 11 deprem verisi icin sahaya

0zgli dogrusal olmayan zemin tepki analizleri
yapilmistir. Analizlerde tanmimlanan her bir zemin
tabakasi i¢cin kayma modiili ve soniimleme orani
degisimi i¢cin kumlu zeminler Seed ve Idriss (1991) ve
killi zeminler i¢in ise Darendeli (2001) egrileri
kullanilmistir.

3.2.1. Zemin yiizeyinde 6l¢iilen ivme degerleri

Calisma kapsaminda yapilan dogrusal olmayan zemin
tepki analizleri sonucunda her bir deprem verisi i¢in
ivme-zaman grafikleri olusturulmustur. Esdeger
dogrusal zemin tepki analiz sonuglarinda 6rnek olarak
sunulan Diizce ve Erzincan deprem verisine ait grafikler
Sekil 8 ve Sekil 9’da sunulmaktadir. Bu grafikler, her bir
sondaj lokasyonunun zemin profiline bagh olarak
olusan yilizey hareketinin ozelliklerinin zemin tepki
analizi i¢cin dnemini kanitlayan orneklerdir. Dogrusal
olmayan zemin tepki analizlerinden elde edilen
grafiklerde pik ivme degerlerinin 0.32-0.4 g arasinda
oldugu belirlenmistir. Genel olarak esdeger dogrusal
analiz sonuglarina goére nispeten daha kiiciik ivme
degerleri elde edilmistir. Ancak sadece SK9 sondajinda
pik ivme degerinin biiytidiigli, Dlizce deprem verisine
gore yaklasik 0.5 g, Erzincan deprem verisine gore ise
0.53 g degerine ulastig1 gozlemlenmistir.
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3.2.2. Zemin tepki spektrumu

Calismada dogrusal olmayan zemin tepki analizlerinden
elde edilen Spektral ivme (Sa)-Periyot (T) grafikleri
Sekil 10’ da sunulmaktadir. Dogrusal olmayan zemin
tepki analizlerinden elde edilen Sa-T grafiklerine gore,
tepe spektral ivmesi 6rnegin SK1, SK8, SK10 ve SK17’de
0.25 sn civarinda 2.4 g ve SK2 ve SK4 sondajlarinda 0.35
sn 2 g olarak kaydedilmistir. Tim sondajlarin esdeger
dogrusal zemin tepki analizlerinden elde edilen Sa ile
dogrusal olmayan zemin tepki analizlerinden elde
edilen Sa degerleri karsilastirildifinda SK9 sondaji

] ESOGU Eng. Arch. Fac. 2025, 33(3), 2017-2031

sondajinda esdeger dogrusal analizlerde maksimum
spektral ivme degerinin 2g, dogrusal olmayan
analizlerde ise 2.6 g degerine ulastig1 g6zlemlenmistir.

3.2.3. Zeminin biiyiitme degerleri

Calisma kapsaminda yapilan dogrusal olmayan zemin
tepki analizleri sonucunda amplifikasyon (biyiitme
orani)- periyot grafikleri olusturulmustur. Burada
amplifikasyon degerlerinin genel egiliminin 2 ile 3
arasinda degisiklik gosterdigi, en yiiksek biiylitme
degerlerinin SK4, SK9 ve SK10 sondajinda, en diisiik

harig, esdeger dogrusal zemin tepki analizlerinde daha biiyiitme degerinin SK20 sondajinda olustugu
bliytik Sa degerleri elde edilmistir. Yalnizca SK9 belirlenmistir (Sekil 11).
e Ll L1l IRt | L1l vl 11 rauld L s sl TR TIIT | 1+ 1l Lo a el M
— SK1 SK2 — SK3 SK4

Spektral ivme (g) Spektral ivme (g) Spektral ivme (g) Spektral ivme (g)

T T

T T[T T T T TTT|T

Spektral ivme (g)

T (s)

T (s)

Sekil 10. Dogrusal olmayan (non-lineer) zemin tepki analiz ¢galismalari sonucunda 11 deprem verisinden elde edilmis Sa

(Spektral ivme) -T (Periyot) grafikleri
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Sekil 11. Dogrusal olmayan (non-lineer) zemin tepki analiz ¢alismalari sonucunda 11 deprem verisinden elde edilmis

amplifikasyon (biiytitme)-T (Periyot) grafikleri

4. Sonuclar

Bu calismada Inénii havzasi igin olasi depremlerin
neden olabilecegi sismik ytikler altinda zemin yiizeyinde
olusabilecek davranisin belirlenmesi icin 1D esdeger
dogrusal ve dogrusal olmayan yontemleri kullanarak
zemin tepki analizleri yapilmistir. Bu c¢alisma
kapsaminda 17 sondaj lokasyonu i¢in 11 farkl gergek
deprem verisine ait ivme kayitlari kullanilarak analizler
tamamlanmistir.

Analizlerde AFAD'In bu boélge igin onerdigi deger
maksimum PGA=0.33 g olmasindan dolayi, deprem
verileri 0.3 g’ ye oOlgeklendirilmistir. Ancak ¢alisma
kapsaminda yapilan esdeger dogrusal zemin tepki
analizleri sonucunda bu havza icin PGA degerlerinin 0.3-
0.54 arasinda pik degerlere ulastig1 belirlenmistir.
Calisma kapsaminda AFAD'In yap1 tasarimi igin
uzmanlara 6nerdigi PGA degerlerinden oldukea yiiksek
degerler elde edilmistir. Dogrusal olmayan zemin tepki
analizleri sonunda ise PGA degerlerinin 0.3-0.5 arasinda
degerlere ulastig1 belirlenmistir. Genel olarak PGA
degerleri goz 6niine alinarak karsilastirma yapildiginda
esdeger dogrusal analizlerde daha biiyik degerler
olarak elde edilmistir. Ancak tamamen kumlu
zeminlerden olusan zemin profilinde, dogrusal olmayan
analizlerde PGA’'nin 0.55 g ye ulastig1 gozlemlenmistir.

Analizler sonucunda olusturulan Spektral ivme (Sa)-
Periyot (T) grafikleri yorumlandiginda, ¢ogu sondaj

lokasyonunda maksimum spektral ivmelere disiik
periyotlarda ulasildigl, 1 saniyeden sonra ise yakin
davranislar gosterdigi gdozlemlenmistir.

Esdeger dogrusal zemin tepkisi analiz sonuglarindan
elde edilen tiim spektral parametreler ile dogrusal
olmayan zemin tepkisinden elde edilen parametreler
karsilastirildiginda, esdeger dogrusal zemin tepkisinden
daha biiyiik spektral degerler elde edilmistir. Sadece
SK9 sondajinda dogrusal olmayan zemin tepki
parametreleri daha biyilik degerlere ulasmistir. SK9
sondajinin zemin dzellikleri detayli incelendiginde en
istte dolgu, altinda kumlu kil, ince kum gibi zemin
tabakalarindan olustugu goriilmektedir. Daha ¢ok ince
dane igeriginin baskin oldugu kum tabakalarindan
olusan bu zemin profilinde, yerel zemin -etkisinin
dogrusal olmayan zemin tepkisine etkisi ile
aciklanabilmektedir. Ayrica Civelekler vd. (2021;
2024)'nin Eskisehir sehir merkezi icin yaptiklar
calismalarinda, benzer zemin profillerinin ayni anakaya
hareketine farkli yansimalar gosterdigini ve bu
yansimalarin bazen plastisite etkisiyle bazen de ince
icerik miktariyla davranisi kontrol ederek éne ¢iktigini
belirtmislerdir. Bu ¢alismada yiizey davranisini tahmin
etmek icin yapilan bir boyutlu analizlerde, ince igerik
miktarinin davranisi etkiledigi gézlemlenmistir. Calisma
kapsaminda son olarak, yerel zemin etkilerine bagh
olarak davranisin farklilastigi dogrulanmaktadir.
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sonuglandirilmas;; Murat TURKOZ, verilerin elde
edilmesi, analizlerden elde edilen sonug¢ grafiklerinin
yorumlanmasi ve Ebru CIVELEKLER ise bilimsel yayin
arastirmasi, bir boyutlu zemin tepki analizlerinin
uygulanmasi, analizlerden elde edilen sonug¢ ve
grafiklerin yorumlanmasi ile makalenin gelisimine fikri
yonde katki saglamislardir. Tiim yazarlar makalenin
yaziminda gérev almistir. U¢ yazar da makalenin son
halini okuyup, onaylamistir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢cikar ¢atismasi beyan
edilmemistir.
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Anahtar Kelimeler 0z

LabVIEW Asenkron motorlarda meydana gelen rulman arizalarinin erken teshisi, endiistriyel
GUI stireclerin verimliligi, gtivenligi ve bakim maliyetlerinin diisiiriilmesi agisindan kritik
CNN 6neme sahiptir. Bu c¢alismada, asenkron motor rulman arizalarinin tespiti ve
Asenkron motor siniflandirilmast amaciyla ¢oklu sensér veri fiizyonuna dayali bir Evrisimli Sinir Agi
Rulman arizalari (CNN) modeli énerilmistir. Calisma kapsaminda deneysel diizenekten elde edilen li¢

eksenli titresim, li¢ fazli akim ve tork sinyalleri islenerek spektrogram gortintiilerine
dontistiirtilmiis ve derin égrenme modeline giris verisi olarak sunulmustur. Sistemin
uygulanabilirligini artirmak adina, LabVIEW ve Python entegrasyonuna sahip Grafiksel
Kullanict Arayiizleri (GUI) gelistirilmistir. Bu arayiizler sayesinde veri toplama, én
isleme, model egitimi ve test islemleri gergeklestirilebilmektedir. Deneysel sonuglar,
tekil sensér verileri yerine veri fiizyonu yaklasiminin kullanilmasinin siniflandirma
basarisini belirgin sekilde artirdigini gostermigstir. Tek basina akim ve titresim
verileriyle elde edilen dogrulama dogruluklari sirasiyla %83.91 ve %98.10 iken;
titresim, akim ve tork verilerinin birlestirilmesiyle olusturulan fiizyon modeli %99.48
dogruluk oranina ulasmistir. Elde edilen bulgular, énerilen yéntemin endiistriyel
ortamlarda arizalari yiiksek hassasiyetle tespit edebilecegini ve kestirimci bakim
uygulamalart igin etkin bir ¢oziim sunabilecegini ortaya koymaktadir.

LabVIEW BASED GUI DESIGN FOR INDUCTION MOTOR BEARING FAULT ANALYSIS

Keywords Abstract

LabVIEW Early diagnosis of bearing faults in induction motors is of critical importance for
GUI industrial process efficiency, safety, and cost-effective maintenance. In this study, a
CNN Convolutional Neural Network (CNN) model based on multi-sensor data fusion is
Induction motor proposed for the detection and classification of induction motor bearing faults. Within
Bearing faults the scope of the study, three-axis vibration, three-phase current, and torque signals

obtained from the experimental setup were processed and converted into spectrogram
images to serve as input data for the deep learning model. To enhance the applicability
of the system, Graphical User Interfaces (GUls) featuring integration with LabVIEW and
Python were developed. Through these interfaces, data acquisition, preprocessing,
model training, and testing processes can be performed. Experimental results
demonstrated that using the data fusion approach instead of single sensor data
significantly improved classification performance. While the validation accuracy rates
obtained with current and vibration data individually were 83.91% and 98.10%
respectively, the fusion model created by combining vibration, current, and torque data
reached an accuracy rate of 99.48%. The findings reveal that the proposed method can
detect faults with high precision in industrial environments, offering an effective
solution for predictive maintenance applications.
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1. Giris

Asenkron motorlar, giivenilirligi, saglamlig1 ve diisiik
maliyeti nedeniyle endistride yaygin olarak kullanilan
motor tiridir (Sengamalai, Anbazhagan, Thamizh
Thentral, Vishnuram, Khurshaid ve Kamel, 2022).
Ancak, zamanla asinma, yipranma veya ariza durumlari
motorlarin performansini etkileyebilir ve sistemde
ciddi arizalara yol agabilir. Bu arizalarin basinda ise
rulman arizalar1 gelmektedir. Asenkron motorlarda
meydana gelen rulman arizalari, sistem performansini
dogrudan etkileyen en yaygin ariza tiirlerinden biridir
(Tyagi ve Panigrahi, 2017). Geleneksel ariza tespit
yontemleri, genellikle titresim analizi, termal
gorintileme ya da akim sinyali analizi gibi fiziksel
Olciimlere dayanmaktadir. Bu yontemlerde analiz
slireci ¢ogu zaman uzman operatorlerin bilgi ve
deneyimlerine baglidir. Ancak uzmanlar hata yapabilir
ve karar verme siire¢leri ¢ogunlukla 6zneldir. Ayrica bu
yontemlerin bazilar1 anlik degil, donemsel 6l¢iimlerle
sinirli kalmaktadir. Bu nedenle arizalarin erken tespiti
zorlasmakta ve bakim maliyetleri artmaktadir (Zhao,
Yan, Chen, Mao, Wang ve Gao, 2019). Bu yiizden, ariza
tespiti ve ariza diizeyinin degerlendirilmesini daha
nesnel hale getirecek yaklasimlar gelistirmek
gerekmektedir (Ewert, Kowalski ve Orlowska-
Kowalska, 2020). Bu noktada, insan uzmanlhgini taklit
edebilen ve biiyik veri kiimelerinden 06grenerek
yuksek dogrulukta sonuglar iiretebilen yapay zeka
teknikleri, bu siireci otomatiklestirmek ve gtivenilir
hale getirmek igin giiclii bir potansiyel sunmaktadir.
Son yillarda yapay zeka teknikleri, 6zellikle de derin
6grenme algoritmalari, karmasik sinyallerin analizi ve
ariza tespiti alanlarinda giiclii bir ara¢ olarak o6ne
c¢ikmaktadir (Demirci, Saragbasi, Emrah, Uzun, Geng ve
Ozkan, 2022; Diindar, Saricicek, Cinar ve Yazici, 2021).
Derin 6grenme algoritmalarindan biri olan Evrisimli
Sinir Aglar1 (CNN), goriintii isleme basta olmak iizere
bir¢ok alanda ytiksek basari oranlari elde etmis, ses ve
titresim gibi Zaman serisi verilerinin
simiflandirilmasinda da etkin bicimde kullanilmaya
baslanmistir. CNN, o6zellik ¢ikarimi ve siniflandirma
islemlerini ayn1 yapida gerceklestirebildigi i¢in, sinyal
isleme siireclerini basitlestirmekte ve daha yiiksek
dogrulukta kararlar alinmasini saglamaktadir (Cengiz,
Yaylak ve Giilbandilar, 2022; Han, Choi, Hong ve Kim,
2019; Li, Deng, Wu, Chen ve Xu, 2020; Wang vd., 2021).
Ancak sadece dogru smiflandirma degil, ayn1 zamanda
ciktilarin operator tarafindan yorumlanabilir sekilde
sunulmasi da oOnemlidir. Bu baglamda LabVIEW
(Laboratory Virtual Instrument Engineering
Workbench), sinyal isleme, gorsel arayiiz tasarimi ve
donanim kontrolii konularinda sundugu gii¢li araglarla
on plana ¢ikmaktadir. LabVIEW, National Instruments
firmasi tarafindan gelistirilmis olup, miihendislik,
bilimsel arastirma ve endiistriyel alanlarda test ve
kontrol sistemlerinde yaygin olarak kullanilan bir
gorsel programlama dilidir. Ozellikle veri toplama, test,
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O0lcim ve analiz sistemleri gelistirmede etkili bir
platformdur (Mekala, Jayabharathi, Rajkumar ve
Darshini, 2022). LabVIEW, kullanicilarin bir program
olusturmak  igin gorsel ogeleri suriikleyip
birakabilecekleri bir grafiksel programlama yaklasimi
saglar. Bu yaklasim, kullanicilarin sistem tasarimini
daha sezgisel ve gorsel bir bicimde
gerceklestirmelerine olanak tanimaktadir.

LabVIEW ile tasarlanan bir ¢alismada (Chavhan ve
Ugale, 2016) yeni satin alinan motorlarin
performansinin ve biitiinliigiiniin dogrulanmasi igin
motor lizerinde test yapilmasi iizerine bir grafiksel
kullanic1 araylizii (GUI) tasarimi gelistirmislerdir.
Tasarlanan GUI ile motorun hiz ve yiik kontroli
yapilarak motor performansini degerlendirmislerdir.
Baska bir ¢alismada (Pavithra ve Rao, 2018) LabVIEW
yazilimi, U¢ fazli asenkron motorun hiz ve doniis yonii
kontrolii icin Programlanabilir Lojik Kontrol (PLC) ile
iletisim kurmak amaciyla kullanilmistir.

LabVIEW  kullanilarak asenkron motorda ariza
tanimlama icin oOnerilen bir g¢alismada (Sasireka,
Vidhyalakshmi, Rupasri, Sanjai ve Sanjana, 2023),
motorun titresimi ve akim verilerini gercek zamanh
olarak izleyebilen ve analiz edebilen bir GUI
tasarlanmigtir. Makine Ogrenimi ile sinyallerden
ozellikler c¢ikarip analiz etmek i¢in LabVIEW sinyal
isleme islevleri kullanilmistir. Daha sonra, ¢ikarilan
ozelliklerin bir arizay1 gosterebilecek sapmalari tespit
etmek icin saghkli bir motorun referans modeliyle
karsilastirilmasi yapilmistir.

Yapilan baz1 g¢alismalar, yapay zeka modellerini
LabVIEW ortamina entegre ederek kullaniciya anlik
gorsel geri bildirim saglamayr basarmistir. Ancak
literatiirde, CNN tabanli rulman ariza tespiti ile bu
ciktilar1  LabVIEW  GUI tzerinde gorsellestiren
biitiinlesmis ¢éziimler oldukc¢a sinirlidir. Bu ¢alisma, bu
boslugu doldurmayr amaglamakta; hem yiiksek
dogruluklu bir ariza tespiti modeli sunmakta hem de bu
modeli endistriyel kullanim i¢in uygun bir kullanici
araylizii ile desteklemektedir.

Literatiirdeki is akislar1 dikkate alinarak tasarlanan
arayiizlerde, karmasik teknik detaylarin arka planda
tutuldugu kullanici dostu bir mimari hedeflenmistir.
“Girig-Islem-Sonug” déngiisiinii takip eden bu yap, veri
isleme siireclerinin sirali ve hatasiz yiiritilmesine
olanak taniyarak sistemin islevsel performansini
maksimize etmektedir.

Bu ¢alismada, asenkron motorlarda rulman arizalarinin
tespiti icin CNN tabanli bir model gelistirilmistir.
Model, asenkron motordan toplanan titresim, akim ve
tork verileriyle egitilmis ve farkli rulman ariza tiirlerini
(saglam, dis bilezik, i¢ bilezik ve bilye arizasi)
siiflandirmak  {lizere yapilandirilmistir.  Ayrica,
gelistirilen sistem veri toplama, analiz ve test ¢iktilar
olmak tizere kullaniciya anlik bilgi sunma amaciyla
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LabVIEW ortaminda tasarlanmis GUI iizerinden
gorsellestirilmistir. Bu sayede hem ariza tespiti
otomatik hale getirilmis, hem de operatorlerin sistem
durumunu anlik olarak takip edebilecegi kullanici
dostu bir platform olusturulmustur.

2. Metodoloji

Bu boliimde, asenkron motorlarda rulman arizalarinin
tespiti amaciyla gelistirilen derin 6grenme yaklasimi
sunulmaktadir. Calismanin metodolojisi, LabVIEW
ortaminda tasarlanan ti¢ farkl arayiiz ile yonetilen ii¢
temel asamadan olusur. Birinci asamada; Veri Toplama
Araylizi  kullanilarak deney diizeneginden ham
sinyaller kaydedilmistir. ikinci asamada; veri én isleme
ve veri fiizyonu (birlestirme) ile CNN modelinin egitimi
icin gerekli olan veri setinin olusturulmasi Egitim
Arayiizii  lizerinden gerceklestirilmistir.  Uciincii
asamada ise Test Arayuzii aracilifiyla, daha oOnce
gorilmemis veriler ile tahmin yapilmis ve sonuclar
gorsellestirilmistir. Bolimiin devaminda deneysel test
diizenegi, ariza olusturma ve deneysel senaryolar, GUI
tasarimlart ve model mimarisi ayrintih olarak
aciklanmaktadir.

2.1 Deneysel Test Diizenegi

Calismada ti¢ fazli 50 Hz 1.5 kW 6 kutuplu bir asenkron
motor kullanilmistir. Titresim, akim ve tork verileri
Sekil 1’de verilen deneysel test diizenegi kullanilarak
toplanmistir. Veri toplamak i¢in National Instrument
(NI) cRio 9056 veri toplama sistemi kullanilmistir.
Titresim sinyalleri, 3 eksenli bir titresim sensorii (PCB
356a15) ve bir NI 9230 modiilii ile, akim sinyalleri bir
NI 9225 modiilii ile ve tork sinyalleri de bir NI 9209
modiilii ile toplanmigtir. NI 9230 modiili 3 kanal + 30V
analog giris modiilii olup maksimum 12.8 kHz veri
okuma hizina sahiptir. 6400 Hz 6rnekleme hizinda ii¢
eksen titresim sinyallerini okumak iizere ayarlanmistir.
NI 9225 modiilii 3 kanal + 300 V analog giris modiili
olup maksimum 50 kHz veri okuma hizina sahiptir.
6400 Hz oOrnekleme hizinda li¢ faz stator akim
sinyallerini okumak iizere ayarlanmistir. NI 9209
modili * 10V, 32 kanalli analog giris modiilii olup
maksimum 500 Hz veri okuma hizina sahiptir. 100 Hz
ornekleme hizinda tork sinyallerini okumak iizere
ayarlanmistir.

Elektromanyetik toz freni Titresim sensorii

Tork sensorii

nkron motor

renleme sistemi

Sekil 1. Deneysel Test Diizenegi
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2.2 Ariza Olusturma ve Deneysel Senaryolar

Calismada, endiistriyel ortamdaki rulman
bozulmalarini simiile etmek amaciyla yapay hasar
olusturma yodntemi izlenmistir. Bu kapsamda, motorun
tahrik tarafindaki rulmanlar iizerinde mekanik islem
uygulanarak tek nokta arizalar1 meydana getirilmistir.
Anzalar; rulmanin dis bilezik, i¢ bilezik ve bilye
yluzeylerinde 1.5 mm c¢apinda delikler acilmasi
suretiyle olusturulmustur.

Olusturulan her bir ariza tiirii, digerlerinden bagimsiz
olarak analiz edilmistir. Buna gore, gelistirilen ariza
teshis modelinin egitimi ve testi i¢in toplam dort farkl
operasyonel durum tanimlanmistir. Deneylerde SKF
6205 tipi rulmanlar kullanilmis olup her bir senaryo
icin tanimlanan rulmanlar Sekil 2'de gosterilmistir.

Sekil 2. Calismada kullanilan rulmanlar a) saglam,
b) dis bilezik arizaly, c) i¢ bilezik arizaly, d) bilye arizal

2.3. GUI Tasarimlar

LabVIEW ortaminda gelistirilen sistem; veri toplama,
egitim ve test bolimlerini iceren GUI tasarimlarindan
olusmaktadir (Sekil 3). GUI'ler modiiler bir sekilde
tasarlanmis olup kullanicilarin farkl islevlere hizlica
erisebilmesi amaglanmistir.

LabVIEW GUI-2 ! Pythonds

[} — 4 .
1 £ '
o 1 1
| ] ] 1]
i ] 5 1 Modelin
| LabVIEWGULY 1 | |Kaydedilmesi
1

LabVIEW GUI-3 Python 3.8

Sekil 3. GUI tasarimi

GUI-1 veri okuma ve CSV dosyasina kaydetme igin
tasarlanmistir. GUI-1 arayiizii ile saglam, dis bilezik
arizali rulman, i¢ bilezik arizali rulman ve bilye arizali
rulman ile ¢alistirllan deneysel test diizeneginden her
sinif i¢in ayr1 ayr1 120 sn siire ile titresim, akim ve tork
verileri kaydedilmistir. Her rulmandan kaydedilen 120
sn’lik verilerin ilk 100 sn’lik kismi modelin egitimi i¢in
kullanilirken sonraki 20 sn’lik veriler ise modelin test
edilmesi i¢in ayrilmistir.
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GUI-2 veri 6n isleme ve veri flizyonu icin tasarlanmistir.
GUI-1’de kaydedilen ham veriler (titresim, akim ve
tork) veri 6n islemede Hilbert doniisiimii alinip STFT
ile spektrogramlara c¢evrilmektedir. Elde edilen
spektrogramlar birlestirilerek Python 3.8’de hazirlanan
CNN modelinde egitim verisi olarak kullanilmaktadir.

GUI-3 ise test verisini veri 6n isleme, veri fiizyonu,
onceden egitilip kaydedilen CNN modelini ¢agirip, arka
planda calistirma ve modelin tahmin sonucunu
ekranda gostermek lizere tasarlanmistir.

2.3.1 GUI-1 Veri Toplama Arayiizii

GUI-1 asenkron motora ait titresim, akim ve tork
verilerinin istenen siirede anlik olarak okunup CSV
dosyasina kaydedilmesi i¢in tasarlanmistir. Verilerinin
okunmasi i¢cin DAQ Assistant nesneleri kullanilmistir.
Blok diyagram sayfasinda acgilan pencerede DAQ
Assistant nesnesi bulunarak sayfa ilizerine tasinmistir.
Ayrica sayfaya 6 adet Write Delimited Spreadsheet.vi
nesnesi eklenmistir. Bu nesne CSV dosyasi olusturmak
icin kullanilmistir. Bu nesnelerin ii¢li bashk satiri
eklemek icin diger iicii ise kayit siiresi boyunca okunan
titresim, akim ve tork verilerini kaydetmek icin
kullanilmaktadir. GUI-1’e ait blok diyagram Sekil 4’te,
on paneli ise Sekil 5’te goriilmektedir.

w

Sekil 4. GUI-1 Blok Diyagrami
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B @ N

Vibration Title Vibration csv File name  date/time

Time. || XAxis ||¥Axis |z Axis [FEmton 2021-11-15T16:34:43

Current Title Current csv File name:
Time_ || R_Phase |S_Phase || TPhase current

Torque Title Torque csv File mame: oo (sec.)

remaining time
Time_ || Torque torque M Y
o

xads N
Yadis
]

ZAxis

RPhase AN
SPhase [
Tehase [N

Time

Torque A% |

03 04 05 05 07 08
Time

Sekil 5. GUI-1 On Panel

Sekil 5’te titresim, akim ve tork verilerinin anhk
goriintiileri goriillmektedir.

2.3.2 GUI-2 Egitim Arayiizii

Bu modiil Python 3.8’de hazirlanmis CNN modeli i¢in
egitim verisi hazirlamak tizere tasarlanmistir. Sekil 3'de
goriildigi gibi 2 kisimdan olusmaktadir. Birinci kisim
veri 0n isleme, ikinci kisim veri flizyonudur.

2.3.2.1 Veri On isleme

Veri 6n islemede Hilbert Doéniisimii (HT) ve Kisa
Zamanl Fourier Dontisiimii (STFT) kullanilmistir. HT,
giiniimiizde ariza teshisinde yaygin olarak kullanilan
gelismis sinyal isleme yontemlerinden biridir. HT,
dogrusal olmayan ve duragan olmayan sinyalleri analiz
etmek icin kullanilan etkili bir zaman-frekans sinyal
isleme yontemi olarak tanimlanmaktadir (Dias ve Silva,
2022; El Idrissi, Derouich, Mahfoud, El Ouanijli,
Chantoufi, Al-Sumaiti ve Mossa, 2022; Mahela, Sharma,
Kumar, Khan ve Alhelou, 2020; Ramu, Irudayaraj ve
Subramaniam, 2020). STFT ile frekansi zamana bagh
olarak degisen sinyallerin analizleri yapilabilmekte
olup, asenkron motorlarin arizalarin tespit etmek igin
kullanilan en popiiler yontemlerden biridir (Liu, Cheng
ve Wen, 2020; Pietrzak ve Wolkiewicz, 2022). Zaman-
frekans analizinde kullanilan STFT pencereleri, sinyali
kiiglik pargalara ayirarak, her bir parcanin frekans
bilesenlerini incelememizi saglayan spektrogramlara
dontstirir. Calismada kullanllan HT ve STFT
islemlerine ait blok diyagramlar Sekil 6’te verilmistir.
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Sekil 6. GUI-2 Veri On Isleme Blok Diyagrami

2.3.2.2 Veri Fiizyonu

Bu bolimde, CNN modelinin egitim veri setini
olusturmak amaciyla; titresim, akim ve tork
verilerinden elde edilen spektrogramlarin
birlestirilmesi islemi detaylandirilmistir.

Oncelikle titresim, akim ve tork verilerine ait
spektrogram verileri farkli o6lgekte olabilecegi icin
normalizasyon islemine tabi tutulur. Normalizasyon
islemi veriyi 0-1 araligina sikistirir. Boylece biiytik
Olcekli degerlerin kiiciik o6lcekli degerlere baskin
c¢ikmasi1 engellenmis olur. Bu da derin 06grenme
modelinin  6zellikleri ~ 6grenmesini  kolaylastirir.
Normalizasyon islemine ait formil esitlik (1)'de
verilmistir.

X=Xmi
xl — min 1
Xmax~Xmin ( )

burada x spektrogramda her bir pixele ait veriyi, x;,;,
spektrogramdaki en kiiciik veriyi, x,,,, en biiytk veriyi
gosterir. x' ise normalizasyona c¢evrilmis veriyi
gostermektedir.

GUI-2 arayiiziinde (Sekil 8) secimleri yapilan X axis, Y
axis, Z axis, Phasel, Phase2, Phase3 ve Torque verileri,
normalizasyon isleminin ardindan Esitlik (2)'deki
formiil ile birlestirilir (Sekil 7).

_ 7 x(i) ,  egeri.verisegildiyse }
F= Z‘—l{ 0 , egeri.verisecilmediyse )

Burada i sensor verisini temsil eden numaradir. 1: X
eksen titresim, 2: Y eksen titresim, 3: Z eksen titresim,
4: akim faz1, 5: akim faz2, 6: akim faz3 ve 7: tork i¢in
kullanilmistir. Eger GUI-2 izerinden ilgili sensor
secildiyse normalize edilmis ilgili spektrogram verisi
toplanacak aksi halde toplama dahil edilmeyecektir.

Birlestirme islemi tamamlanan veri (F) train.csv adinda
yeni bir CSV dosyasina kaydedilir. Bu dosya Python 3.8
de hazirlanan CNN modelinin egitim verisidir. Egitilen
CNN modeli .h5 formatinda disa aktarilir.
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Sekil 8. GUI-2 On Panel

2.3.3 GUI-3 Test Modiilii

GUI-3 Test modiili, veri 6n isleme ve veri fiizyonu
asamalarinda GUI-2 ile ayn1 metodolojiyi izlemektedir.
Bu modilin temel islevi; .h5 formatinda kaydedilen
egitilmis CNN modelinin, LabVIEW ortamina entegre
edilen Python betikleri (scripts) araciligiyla arka
planda yiiriitiilmesidir.
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output

| conda activate py38 tf

test del.p
b d\fusion'wveri

Sekil 9. LabVIEW ile Python Entegrasyonu Blok
Diyagrami

Sekil 9’da, LabVIEW ve Python ortamlar1 arasindaki
entegrasyonu saglayan blok diyagram verilmistir. Bu
yapida, arka planda ¢alisan Python betiklerinden elde
edilen analiz sonuglari, arayiiz Ulzerindeki 'output'
etiketli metin kutusuna aktarilarak goriintiilenir.

Modelden elde edilen siniflandirma sonuglarina gore
ilgili ariza gorselleri kullanici arayiiziine yansitilir.
Sistem, yeniden egitim gerektirmeksizin dogrudan
cikarim islemi gerceklestirdigi icin analiz sonuglar
yuksek hizda iiretilmektedir. GUI-3 Test Modiiliine ait
on panel Sekil 10’da goriilmektedir.

Sekil 10. GUI-3 On Panel

2.4 CNN Modeli

CNN modeli Python 3.8 ortaminda TensorFlow/Keras
kiitiiphaneleri kullanilarak gelistirilmistir. Model, iki
boyutlu (2D) evrisim islemleri ile spektrogram
verilerini kullanacak sekilde tasarlanmistir. CNN
modelinin katman mimarisi Tablo 1'de verilmistir.

Calismada, gorintii smiflandirma islemi igin Siral
(Sequential) bir Derin Ogrenme modeli tasarlanmistir.
Model, 6znitelik ¢ikarimi yapan evrisim (Convolution)
bloklar1 ve siniflandirma yapan tam baglh (Dense)
katmanlardan olusmaktadir. Modelin giris kisminda ti¢
adet Conv2D katmani bulunmaktadir. Bu katmanlarda
sirasiyla 8, 64 ve 128 filtre kullanilarak goriinti
tizerindeki hiyerarsik ozellikler 6grenilmektedir. Her
evrisim katmaninin ardindan, islem yiikiinii hafifletmek
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ve en belirgin 6zellikleri korumak amaciyla MaxPool2D
katmani ile boyut indirgeme islemi uygulanmistir. Ara
katmanlarda, negatif degerleri sifirlayarak modelin
dogrusal olmayan iligkileri 6grenmesini saglayan ReLU
(Rectified Linear Unit) aktivasyon fonksiyonu tercih
edilmistir. Modelin egitim verisini ezberlemesini
engellemek icin agin belirli kisimlarina %25 oraninda
seyreltme (Dropout) uygulanmistir. Bu islem, egitim
sirasinda rastgele noronlar1 kapatarak agin daha giiglu
olmasini saglamaktadir. Oznitelik ¢ikarimi
tamamlandiktan sonra veriler Flatten islemi ile tek
boyutlu vektore doniistirilmiistiir. Simiflandirma
blogunda sirasiyla 32 ve 16 néronlu iki gizli katman
bulunur. Son katmanda, modelin 4 farkli sinifi ayirt
etmesi beklendiginden 4 ndron kullanilmistir. Burada
aktivasyon fonksiyonu olarak, ¢iktilarin toplaminin 1
olmasini saglayan ve her sinif icin bir olasilik degeri
treten Softmax kullanilmistir.

Modelin egitimi 25 epok (Epoch) boyunca, her adimda
8 veri 6rnegi (Batch size) islenerek gerceklestirilmistir.
Optimizasyon algoritmasit olarak Adam (Learning
Rate=0.0001) secilmis ve hata hesaplamasinda ¢oklu
siniflandirma problemlerine uygun olan Categorical
Crossentropy kayip fonksiyonu kullanilmistir.

Tablo 1. CNN Modelinin Katman Mimarisi

Filtre s 2
i/ 2R

Katman Tipi . Kernel o '@ Islevi

Noéron = =

Sayisi =22
Conv2D (Giris) 8 4x4 ReLU  Ozellik Cikarimi
MaxPooling2D - 2x2 - Boyut indirgeme
Conv2D 64 3x3 ReLU  Ozellik Cikarimi
MaxPooling2D - 2x2 - Boyut indirgeme
Conv2D 128 2x2 ReLU  Ozellik Cikarimi
MaxPooling2D - 2x2 - Boyut indirgeme
Dropout Oran: - - Asin Ogrenmeyi

0.25 Onleme
Flatten - - - Veriyi

Diizlestirme

Dense 32 - ReLU  Smiflandirma
(Tam Bagh) Ozellikleri
Dropout Oran: - - Asin Ogrenmeyi

0.25 Onleme
Dense 16 - ReLU  Ara Smiflandir-
(Tam Bagh) ma Katmani
Dense 4 - Soft- Sonug / Olasilik
(Cikis) max Dagilimi

Bu calisma kapsaminda yapilan testler ve sonuglarin
sunulmasinda arastirma ve yayin etigine uyulmustur.

3. Bulgular ve Tartisma

Bu bolimde, asenkron motor rulman arizalarinin
tespiti amaciyla gelistirilen veri fiizyonu tabanli CNN
modelinin deneysel sonuglari sunulmaktadir. Modelin
basarimi; tekil sensor verileri ve birlestirilmis veri
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setleri {izerinden elde edilen dogruluk oranlar,
karisiklik matrisi analizleri ve araytiz ¢iktilar1 dikkate
alinarak kapsamli bir sekilde degerlendirilmistir.

Farkli sensor verilerinin (titresim, akim ve tork) tek
baslarina ve birlestirilerek kullanilmasi durumunda
elde edilen model performanslari karsilastirmali olarak
analiz edilmistir. Tekil veri ile veri fiizyonu yonteminin
egitim ve dogrulama asamalarindaki dogruluk oranlari
Tablo 2’de sunulmustur.

Tablo 2. Farkli Veri Setleri icin Elde Edilen Egitim ve
Dogrulama Dogruluk Oranlari (%)

Veri Setleri Egifim - Dogrula{na
Dogrulugu Dogrulugu

Titresim 98.70 98.10

Akim 84.28 83.91

Tork 97.61 97.51

Titresim+Akim+Tork (Fiizyon)  99.75 99.48

Tablo 2 incelendiginde, tekil veri kaynaklar1 arasinda
en diisiik basarinin akim verisiyle (%83.91), en yiiksek
basarinin ise titresim verisiyle (%98.10) elde edildigi
gorilmektedir. Bununla birlikte, 6nerilen yontem ile
tim verilerin (titresim, akim ve tork) birlestirilmesi
sonucunda model performans1 belirgin sekilde
iyilesmis ve dogrulama asamasinda %99.48 gibi yiiksek
bir dogruluk oranina ulasilmistir. Bu durum, veri
fiizyonu yaklasiminin ariza tespitindeki etkinligini ve
giivenilirligini kanitlar niteliktedir.

Tablo 2'de en yliksek performansi sergiledigi goriilen
veri flizyonu modelinin siniflandirma basarimi, Sekil
11’deki karisiklik matrisi ile detaylandirilmistir. GUI-2
arayliziinde on isleme ve birlestirme adimlar
tamamlanan spektrogram veri setlerinin kullanildig1 bu
analizde; modelin egitim ve dogrulama siireglerinde
her bir ariza sinifim1 (Saglam, Dis Bilezik, i(; Bilezik,
Bilye) ne kadar yliksek hassasiyetle ayirabildigi
gorilmektedir.

Calismada kullanilan veri seti her sinif icin 6400 adet
olmak TUzere toplam 25600 adet goriintiiden
olusmaktadir. Veri seti, modelin yanlhlik (Bias)
olusturmasini engellemek icin 4 farkli sinif arasinda
dengeli bir sekilde dagitilmistir. Veri setinin %70'i
egitim ve %30’u dogrulama olarak ayrilmistir.

Training Accuracy = 99.75% Validation Accuracy = 99.48%

True Label

1 2 1 2
Predicted Label Predicted Label

Sekil 11. Egitim ve Dogrulama Karisiklik Matrisi
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Modelin saglam rulmani (0) kolaylikla ayirt edebildigi,
ancak dis bilezik (1), i¢ bilezik (2) ve bilye (3) arizalar
arasinda sinirl da olsa karisiklik yasadigr gorulmustiir.
Bu durum sinyallerin bazi frekans bilesenlerinin
birbirine yakin olmasindan kaynaklanabilir. Bu
karisiklik, modelin hassasiyeti arttirilarak veya daha
fazla veriyle egitim yapilmasiyla azaltilabilir.

Tablo 3. Dogrulama Performans Raporu

Siif  Kesinlik Duyarlhilik F1 Ornek  Sinif Bazh
(Precision) (Recall) Sayisi Dogruluk

0 1.000 1.000 1.000 1936 %99.99

1 0.998 0.982 0990 1884 %99.50

2 0.996 0.997 0997 1933 %99.84

3 0.986 1.000 0993 1927 %99.62

ort. 0995 0995  0.995 %‘;{;8

Tablo 3’de her bir simif (0, 1, 2, 3) i¢in hesaplanmis
metrikler (Precision, Recall, F1) gorilmektedir. En
diistiik performans Sinif 1'de goriilmektedir. Sekil 11’e
bakildiginda, Simif 1 olmasi gereken 27 Ornegin
yanlishkla  Simif 3 olarak  tahmin  edildigi
anlasilmaktadir. Ayrica 7 o6rnek de Smf 2 ile
karistirilmistir. Bu durum Sinif 1'in Duyarlilik (Recall)
degerini %98.2'ye c¢ekmistir. Simif 3'lin Duyarhlk
degeri ¢ok yiiksek (%100'e yakin) olsa da, Kesinlik
(Precision) degeri digerlerine gore biraz disiiktiir
(0.986). Bunun sebebi, aslinda Sinif 1 olan drneklerin
Smif 3 olarak tahmin edilmesidir. Modelin genel
dogrulama basarist1 %99.48'dir. Bu, modelin siniflari
ayirt etmede son derece basarili oldugunu
gostermektedir.

Modelin gercek zamanli test performansi ise gelistirilen
GUI-3 arayiizli lizerinden dogrulanmistir. Elde edilen
test sonuclarina ait ekran goriintileri Sekil 12’de
verilmistir.

Sekil 12’de, asenkron motordan elde edilen ti¢ eksenli
titresim, akim ve tork verilerinin test_model.py betigi
ile islenmesi sonucu elde edilen siniflandirma ¢iktilari
verilmistir. Gergeklestirilen testlerde; saglam rulman
durumu %99.65 dogruluk oraniyla '0- Healthy' sinifina
atanarak arayiizde yesil gosterge ile gorsellestirilmistir
(Sekil 12-a). Arizali durumlar incelendiginde ise; dis
bilezik arizas1 kirmiz1 gosterge ile '1- Outer' %93.56
dogrulukla (Sekil 12-b), i¢ bilezik arizasi sar1 gosterge
ile '2- Inner' %93.73 dogrulukla (Sekil 12-c) ve bilye
arizast mavi gosterge ile '3- Ball' %95.78 dogrulukla
(Sekil 12-d) basariyla tespit edilip GUI-3 iizerinde
operatdre sunulmustur.

Onerilen model hem egitim hem de test veri
kiimelerinde yiliksek dogruluk oranlari sergilemistir.
Ayrica model ¢iktilarinin LabVIEW arayiizii izerinde
gorsellestirilmesi sayesinde, kullanicilarin karar verme
stireci  hizlandirlmis ve  sistemin  endiistriyel
uygulanabilirligi artirilmistir.
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Accuracy % Accuracy %
99.65 93.56
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Accuracy % Accuracy %
93.73 95.78
(c) (d)

Sekil 12. GUI-3 Test Sonuglar1 a) Saglam Rulman b) Dis
Bilezik Arizasi c) i¢ Bilezik Arizasi d) Bilye Arizasi

Gelistirilen arayiiz kullanici deneyimi acisindan test
edilmis ve asagidaki islevsellikleri basariyla yerine
getirmistir:

o Veri analizi: Kullanicilar motor titresim verilerini
anlik olarak yiikleyebilmis ve CNN modelini
calistirarak ariza tiiriinii gorebilmistir.

e Otomatik karar destegi: CNN tarafindan yapilan
tahmin, ariza durumunu agik bir sekilde
gostermektedir.

e Otomasyon: Insan miidahalesine ihtiyac duymadan
teshis stireci yiiriitiilebilmektedir.

e Entegrasyon kolaylig: LabVIEW-Python
entegrasyonu sayesinde sistem kolayca donanim
tabanli uygulamalara uyarlanabilir.

Ancak sistemin bazi smirliliklar1 da goéz Onilinde
bulundurulmalidir:

e Model sadece deneyde kullanilan veri seti lizerinde
test edilmistir; gercek sistemlerde benzer
performans icin farkli motorlardan alinan verilerin
adaptasyonu gerekebilir.

e LabVIEW arayiizii, blyiik veriler ile uzun sireli
analize uygun hale getirildiginde daha yiiksek
performansli donanim gerekebilir.
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e Saha kosullarindaki giriltilii verilerde model
kararlilig1 ayrica degerlendirilmelidir.

4. Sonug ve Oneriler

Bu calismada, asenkron motor rulman arizalarini
yuksek dogrulukla tespit etmek amaciyla CNN tabanlh
bir model gelistirilmis ve elde edilen sonuglar, kullanici
dostu bir arayiiz ile LabVIEW ortamina entegre
edilmistir. Gelistirilen sistem, %99.75 egitim ve %99.48
dogrulama dogrulugu ile geleneksel yontemlere kiyasla
lstiin bir performans sergilemistir. Veri 6n isleme,
ozellik cikarimi ve siniflandirma asamalarinin CNN
mimarisi ile otomatiklestirilmesi, manuel miihendislik
streclerini ortadan kaldirarak sistemin verimliligini
artirmistir. Ayrica, LabVIEW entegrasyonu sayesinde
bu gelismis model, liretim hatlar1 gibi kontrol odakl
endiistriyel  ortamlarda  operatérler  tarafindan
kolaylikla kullanilabilir hale getirilmistir.

Calismada elde edilen %99.75'lik simiflandirma ve
%99.48 dogrulama basarisi, yalnizca saglikli ve arizal
durumlarin ayriminda degil, ayni zamanda dis bilezik,
i¢ bilezik ve bilye arizalarinin teshisinde de yiiksek
kararlilik gostermistir. Bu yiiksek ayiricilik yetenegi,
endistriyel uygulamalar i¢in su kritik avantajlar
saglayabilir:

e Erken Uyar ve Miidahale: Hata tiiriiniin (6rnegin
bilye arizasi) hassasiyetle belirlenmesi, bakim
ekiplerinin dogru yedek parga ve ekipmanla en
hizli sekilde miidahale etmesine olanak tanir.

e Giivenilirlik _ve Yanlis Alarmlarin _Onlenmesi:
Yiiksek siniflandirma dogrulugu, endistriyel

sahalarda operatdrlerin sisteme olan glivenini
sarsan “yanlis pozitif” alarmlar1 minimize eder.

e Maliyet Optimizasyonu: Beklenmedik duruslarin
oniine gecilerek tretim kayiplar1 engellenir.
Boylece reaktif bakimdan kestirimci bakima gecis
saglanarak isletme maliyetleri optimize edilir.

Son olarak, gelistirilen bu sistem yalnizca endiistriyel
uygulamalar i¢in degil, ayn1 zamanda gorsellestirme
yetenekleri sayesinde iiniversiteler ve teknik egitim
kurumlarinda, sinyal isleme ve yapay zeka tabanli ariza
tespiti konularinin 6gretilmesinde de etkili bir egitim
araci olarak kullanilabilir.

Bu calismanin bir temel olusturdugu goéz Oniine
alindiginda, gelecekte yapilabilecek gelistirme ve
arastirma basliklar1 asagidaki gibi 6zetlenebilir:

e Gercek zamanli donanim entegrasyonu: Sistem,
endiistriyel motorlardan gelen canli sinyallerle

entegre edilerek ¢evrim ici ariza teshisi yapilabilir.

e Modelin genellenebilirliginin _artirilmasi: Farkh
motorlara ait verilerle model yeniden egitilerek

genelleme kapasitesi test edilebilir.
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e Derin 6grenme model mimarilerinin
karsilastirilmasi: Farkli derin 6grenme yapilariyla

CNN performansi karsilastirilabilir.

e Mobil ya da goémilii sistem entegrasyonu:
Raspberry Pi, Jetson Nano, Arduino gibi sistemler
kullanilarak tasinabilir bir bakim destek cihazi
gelistirilebilir.

Sonug¢ olarak, bu ¢alisma, yapay zeka destekli ariza
tespitinin  endiistriyel = otomasyon  sistemlerine
entegrasyonu konusunda uygulanabilir ve
Olceklenebilir bir yaklasim sunmaktadir. Boylece,
LabVIEW kullanilarak bir ariza tespit sistemi
uygulanmasi, asenkron motorlarinin giivenli ve
giivenilir bir sekilde izlenmesini saglayabilir ve isletme
maliyetlerini azaltabilir.

Derin 6grenme algoritmalarinin bu gibi uygulamalarda
sundugu yiiksek  dogruluk, gelecekte  bakim
stratejilerinin merkezinde yer alacaginin gii¢lii bir
gostergesidir.

Tesekkiir

Bu calismada kullanilan veriler, Tirkiye Bilimsel ve
Teknolojik Arastirma Kurumu (TUBITAK) 118C252
numarali arastirma projesi kapsaminda toplanmistir.

Arastirmacilarin Katkisi

Bu arastirmada; Eylp IRGAT, makalenin taslaginin
hazirlanmasi, literatiir taramasi, GUI tasarimi, deneysel
verilerin  toplanmasi, derin 6grenme analizi;
Abdurrahman UNSAL, calismanin her asamasina katki
saglamistir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢cikar ¢atismasi beyan
edilmemistir.
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In this study, aliphatic compounds obtained by pyrolysis of sunflower-extracted bagasse
were characterized by column chromatography method. The pyrolysis liquid product was
separated into two fractions using pentane: pentane-soluble (aliphatic, aromatic, polar
fractions) and insoluble (asphaltic) compounds. The chemical composition of the
aliphatic fraction was investigated using chromatographic and spectroscopic techniques
(FTIR, column chromatography and GC). According to column chromatography results,
pyrolysis oil consists of 52 % aliphatic, aromatic, polar fractions and 48 % asphalten.
Column chromatography indicated that the pyrolysis liquid product consists of 8,58 %
aliphatic, 19,76 % aromatic and 23,66 % polar fractions. Furthermore, it was shown that
the aliphatic compounds mixtures (including from Cz3 to C31) could be separated into
their compounds by the column chromatography method. Chemical characterization of
the pentane soluble fraction obtained from the pyrolysis of sunflower extraction bagasse
indicated that the pentane soluble fraction could be a raw material source for aliphatic
chemicals. The aliphatic compounds obtained by this method can be considered to be a
useful alternative to diesel fuels because their carbon distribution is similar to that of
diesel fuels.

AYCICEK EKSTRAKSIYON KUSPESININ PROLIZINDEN ELDE EDILEN ALIFATIK BiLESIKLERIN

KARAKTERIZASYONU

Anahtar Kelimeler

0z

Biyokiitle,

piroliz,

alifatikler,
karakterizasyon,
kolon kromatografisi

Bu ¢alismada, aycicek ekstraksiyon kiispesinin pirolizinden elde edilen alifatik bilesikler
kolon kromatografisi yontemi ile karakterize edilmistir. Piroliz swvi iiriinii pentan
kullanilarak pentanda ¢éziinen (alifatik, aromatik, polar fraksiyonlar) ve ¢éziinmeyen
(asfaltenler) bilesikleri olmak lizere iki fraksiyona ayrilmistir. Alifatik fraksiyonun
kimyasal bilesimi kromatografik ve spektroskopik teknikler (FTIR, kolon kromatografisi
ve GC) kullanilarak incelenmistir. Kolon kromatografisi sonuglarina gére, piroliz yagi
%52 alifatik, aromatik, polar fraksiyonlar ve %48 asfaltenden olusmaktadir. Kolon
kromatografisi, piroliz yaginin %8,58 alifatik, %19,76 aromatik ve %23,66 polar
fraksiyonlardan olustugunu gostermistir. Ayrica, alifatik bilesik karisimlarinin (Cz3 ila
Cs1 karbon iceren) kolon kromatografisi yéntemi ile bilesiklerine ayrilabilecegi
gasterilmistir. Aycicek ekstraksiyon kiispesinin pirolizinden elde edilen pentan ¢éziiniir
fraksiyonunun kimyasal karakterizasyonu, pentan ¢6ziiniir fraksiyonunun alifatik
kimyasallar icin hammadde kaynagi olabilecegini géstermistir. Bu yéntemle elde edilen
alifatik bilesikler, karbon dagilimlar: dizel yakitlarina benzer oldugundan, dizel
yakitlarina faydali bir alternatif olarak diigtiniilebilir.
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1. Introduction

problem becomes the major concern for all countries.
For this reason, the energy problem causes crises,

Energy is one of the most important factors in economic
and technological development of countries. Energy
demand increases rapidly due to the growing
population in the world. Because of the limited
petroleum, natural gas and coal sources, the energy

(0 @

tensions and even wars in the world. Petroleum, coal
and natural gas are at present the principal sources of
fuels and organic chemicals although they have high
sulfur, nitrogen and metal content. In recent years,
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biomass and its products have been intensively
investigated as alternative raw material sources for
fuels and organic chemicals (Ashoor et al., 2023; Osman
et al,, 2023; Rahmawati et al., 2024; Zhou et al., 2023).
The main advantages of using biomass are that it has
negligible sulfur, nitrogen and metal content (Liu, Li,
Jiang and Yu, 2017; Ngangyo et al., 2019).

In this study, sunflower-extracted bagasse was
pyrolyzed in a fixed-bed Heinze retort. Pyrolysis liquid
product oil was separated from asphalten by solving in
pentane. The pentane eluate including aliphatic,
aromatic and polar fractions was separated its fractions
by column chromatography. Additionally, the aliphatic
fraction was also separated into its components
according to the carbon number distribution.

2. Scientific Literature Review

Various biomass sources such as sugar beet, euphorbia,
sunflower, hazelnut, cotton etc. can be evaluated as
potential fuel and chemical raw material sources (Afif,
Anayah and Pfeifer, 2021; Aval et al., 2025; Carrino,
Visconti, Fiorentino and Fagnano, 2020; Ebrahimian,
Denayer, Aghbashlo, Tabatabaei and Karimi, 2022;
Pfersich et al.,, 2020).

Synthetic fuel production studies became significant
because petroleum, a primary energy source, has
limited reserves. Pyrolysis of biomass is a main method
used for this purpose. In a previous biomass pyrolysis
study, nut shell was selected as biomass source and
thermos chemically processed by fast pyrolysis under
different conditions in a fixed bad tubular reactor. In
that study, GC chromatography of the aliphatic fractions
of the liquid product was compared with currently
utilized transport fuels such as kerosene and diesel fuel
and a big similarity was seen. Pyrolysis liquid product
involving 22.7 % aliphatic hydrocarbon was determined
in the same study (Onay and Kogkar, 1998). Cotton seed
cake was pyrolyzed in a different study and aliphatic
fractions of the pyrolysis liquid product gas
chromatography showed hydrocarbon distribution
between Ci10-Csz (Piitiin, Ozbay, Kogkar and Piitiin,
1997). Carbon distribution of the pentane eluate of
pyrolysis liquid product of sunflower-extracted bagasse
is as Cs-Cs1 in the literature. This carbon distribution is
similar to that of the diesel fuel also (Yorgun, Sens6z and
Kogkar, 2001a).

3. Materials

The extracted bagasse sample has been taken from some
sunflower oil factories around the city of Eskisehir
located in central Anatolia. Silica gel 60 (Merck KGaA,
Germany) was used as column packing material
Pentane (Merck KGaA, Germany), Methanol (Merck
KGaA, Germany) and Toluene (Merck KGaA, Germany)
were used as solvents.
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Elemental analysis of sunflower extraction bagasse was
carried out with Carlo Erba EA 1108 device. The results
of this analysis are shown in Table 1.

Table 1. Elemental Compositions of Sunflower-
Extracted Bagasse

Component %
C 58.2
H 7.0
N 8.0
0 26.8
3.1. Methods

The sample was first dried, then ground and sieved in a
high-speed rotary shear mill. The liquid product
obtained after pyrolysis was separated into pentane-
soluble and pentane-insoluble fractions. The pentane
eluate was separated into subproducts by passing
through a silica gel column and analyzed by gas
chromatography. The procedures for these processes
are detailed below.

3.2. Pyrolysis

Pyrolysis experiments were carried out in a 316
stainless steel fixed bed reactor with a volume of 400
cm? (70 mm internal diameter), at different sweep gas
(N2) flow rates, in the particle size range of
0.425<Dp<0.850 mm, with a heating rate of 7°C.min-,
up to a final temperature of 500°C. The reactor was
heated externally with an electric furnace while the
temperature was controlled by a thermocouple located
inside the bed. The experimental results obtained from
the pyrolysis of the sample are given in Table 2.

Table 2. Pyrolysis Yields of Sunflower Extracted

Bagasse
N2, 0il, Gas, Char, Water,
cm3.min-! % % % %

0 21.1 28.0 28.5 22.4
50 22.4 22.6 27.8 27.2
100 22.0 21.1 28.0 28.9
200 21.4 22.9 27.8 27.9
500 20.1 24.0 27.7 28.2

3.3. Column Chromatography

Chromatographic methods used to separate or purify
chemicals use particles with diameters ranging from 1
pum to 250 um, depending on the method type and the
targeted separation sensitivity. These particles can be
silica or polymer based. Surface properties of silica or
polymeric particles used in chromatography can be
changed by chemically modifying their surfaces with
organic chains. Si-OH groups on the surface of natural
silica can form hydrogen bonds with polar compounds
present in the analyte, causing secondary interactions.
These interactions result in the separation of
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components within the analyte, with greater or lesser
retention within the column.

In this study, the oil under experimental conditions
where the highest oil yield was obtained as a result of
pyrolysis was passed through a column filled with active
silica gel (70-230 mesh ASTM) in order to separate
aliphatic, aromatic and polar compounds from each
other. The method used for this purpose is as follows:

Silica gel activated at 600°C for 8 hours was cooled to
room temperature in a porcelain crucible in a
desiccator. Exactly 1.00 g of the pyrolysis oil was kept in
pentane for 24 hours. Thus, aliphatic, aromatic and polar
compounds were taken into the solvent pentane.
Asphaltenes in the pyrolysis oil were removed by
separating the liquid phase. The obtained aliphatic,
aromatic and polar compounds mixture was mixed with
the activated silica gel and charged to the top of the
previously prepared 20 cm height and 2.5 cm i.d. column
filled with activated silica gel and pentane. Then, 100 mL
pentane was passed through this column and each 10
mL sample was collected in a separate bottle. Aliphatic
compounds were separated from each other by this way.
Then, 200 mL of toluene and 200 mL of methanol were
passed through the column, respectively. In this way, the
aromatic and polar fractions were separated from each
other and collected in separate containers. The solvents
in the obtained fractions were evaporated and the
percentages of aliphatic, aromatic and polar compounds
in the mixture were calculated.

3.4. Characterization

Pentane subfraction was subjected to Infrared spectra
by using Mattson 1000 FTIR spectrophotometer. Each
fraction was dried and weighed and then aliphatic
compounds were subjected to elemental analysis (Carlo
Erba, EA 1108) to determine the amounts of the carbon,
hydrogen, nitrogen and oxygen. From the elemental
analysis result, H/C ratio was determined. 10 mL
pentane samples were analyzed by using a Hewlett-
Packard 5890 A Gas Chromatography with flame
ionization detector (FID) to compare them with
conventional transport fuels.

All the experiments were carried out with parallels and
the consistency of the results were checked.

4. Results

The volatiles, fixed carbon, ash and moisture amounts of

the sample are shown in Table 3.

Table 3. Proximate Analysis of Sunflower-Extracted
Bagasse (wt% as received)

Volatiles 78.4
Fixed carbon 10.5
Ash 6.1
Moisture 5.0
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When the pentane-insoluble fraction was dried and
weighed, it was found that the pyrolysis oil consisted of
48% asphaltenes. It was determined that the pentane-
soluble part consisted of a mixture of aliphatic, aromatic
and polar compounds at a rate of 52%. This mixture was
separated by column chromatography and it was
calculated that the pyrolysis oil consisted of 8.58%
aliphatic, 19.76% aromatic and 23.66% polar
compounds.

Fourier transform infrared (FTIR) spectra, representing
functional group compositional analysis of pentane
soluble material is shown in Figure 1. Symmetrical and
asymmetrical C-H stretching vibrations of aliphatic CH3
and CH: groups between 2800-3000 cm! and C-H
bending vibrations of aliphatic CHs and CH: groups
between 1350-1475 cm! indicate the presence of
alkane groups in pentane soluble fraction. The presence
of ketone, quinone, aldehyde groups etc. could be
explain with C=0 stretching vibration between 1650
and 1750 cm-L. Aliphatic in plane and out of plane C-H
bending vibrations were observed at nearly 700-800
cm-l. These peaks indicate that hydrocarbons with more
than seven carbon atoms are present in the pentane
soluble fraction (Pitiin et al, 1997). The elemental
analysis of the aliphatic compounds obtained from the
pyrolysis oil is shown in Table 4 and their gas
chromatograms are in Figure 2. According to the results
obtained from gas chromatography, the aliphatic
compounds including Cz3-Cs1 were in the first 10-mL
sample passed through the column (Figure 2 (a)). The
same content was determined for the second 10-mL
sample as can be seen in Figure 2 (b). In the third 10-mL
sample, all the aliphatic compounds except the ones
having Cs, C10, and C12 passed according to the Figure 2
(c). The chromatogram of the fourth 10-mL sample is
shown in Figure 2 (d). Since the chromatograms of the
samples taken after the fourth 10 mL were similar, the
GC chromatograms after the fourth sample were not
given.

Table 4. Elemental Analysis of Aliphatic Compounds
Obtained from Pyrolysis Oil

Compound Amount Mol Number H/C ratio

(%)

79.21 6.6008
12.72 12.7200

CH1,927000,0764
H/C=1,9270

c=zxTo

8.07 0.5044
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Figure 1. FTIR Spectra of Aliphatic Compounds
Obtained from Pyrolysis Oil.
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Figure 2. Gas Chromatograph of Aliphatic Compounds
Obtained from Pyrolysis Oil. (a; first 10-mL, b; second
10-mlL, c; third 10-mL, d; fourth 10-mL).

5. Discussion

It is known that pyrolytic oil/bio-0il, or a mixed
hydrocarbon mixture, is produced by the chemical
decomposition of compounds containing high amounts
of organic matter, such as biomass, by heating them at
high temperatures in an oxygen-free environment. The
purpose of this study is not to determine the conditions
that yield the highest pyrolytic oil from sunflower
extracted bagasse.

The primary purpose of this study is to investigate
whether pyrolytic oil obtained from the pyrolysis of any
biomass can be purified into more valuable byproducts
using simple chemical processes. Based on this, it was
demonstrated that the pyrolytic oil obtained in this
study can be separated from asphaltenes by first
extracting the aliphatic, aromatic, and polar compounds
present in the mixture using pentane solvent.

This study also demonstrated that pyrolysis oil can be
separated into fractions using a simple, inexpensive and
hand-made silica column.

When Figures 2 a and b are examined, it is seen that the
first compounds to separate from the mixture are those
containing between 23 and 31 C. This is likely due to the
high molar mass of these compounds. This method can
also be easily used in the purification of valuable
chemicals. Figure 2 (d) shows that carbon distribution
lies between Cs and Cs1.

When this results are compared with diesel
chromatogram, carbon distribution of the sample is
found similar to diesel fuel. For this reason, the aliphatic
compounds obtained by this method are considered to
be a useful alternative to diesel fuels and chemical
feedstocks (Piitiin et al, 1999; Yorgun et al, 2001a;
Yorgun, Sens6z and Kogkar, 2001b).
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Ag ICEREN Sn FOLYO ANOTLARIN LITYUM-IYON PiLLERDE ELEKTROKIMYASAL DAVRANISI
Resat CAN OZDEN!
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Anahtar Kelimeler 0z

Kalay Yiiksek kapasiteli anot malzemelerine olan ihtiyag, lityum-iyon pillerde konvansiyonel
Alasim grafitin oOtesine gecen metal alasimlarinin aragstirilmasini tesvik etmektedir. Bu
Folyo calismada, Ag katkili Sn folyo anotlarinin elektrokimyasal davranisi arastirilmis ve Sn—
Lityum-Iyon Ag (%3 Ag) lehim alasiminin folyo formuna soguk haddeleme ile sekillendirilmesiyle

elde edilen yapinin yarim hiicre performansi degerlendirilmistir. Uretilen folyo, CR2032
tipi yarim hiicrelerde Li metali karsit elektrot olarak kullanilarak test edilmis; coklu
cevrimli déngiisel voltametri (CV) analizleriyle alasimlanma-geri alasimlanma
mekanizmalarina iliskin karakteristik pikler belirlenmistir. Ardindan farkli akim
yogunluklarinda (1-4 mA cm™) sabit kapasite kontrollii sarj-desarj deneyleri
gerceklestirilmis ve potansiyel-kapasite profilleri ile cevrim kararliligi incelenmistir.
Elde edilen sonuglar, folyo hdline getirilen Ag katkili Sn alasiminin 1 mA cm-2 ve 2 mA
cm*? akim yogunluklarinda kararli desarj kapasitelerine ulastigini géstermektedir. Bu
diisiik akim yogunluklarinda %99’un lizerinde Coulombik verim elde edilirken, akim
yogunlugu 4 mA cm seviyesine cikarildiginda yiiksek polarizasyon etkisiyle desarj
kapasitesinin yaklasik 1.4 mAh cm-2 seviyesine geriledigi belirlenmistir. Sabit kapasite
dongtilerinde gézlenen gerilim egrileri, Sn-Ag alasiminin ¢ok kademeli lityumlama
davranisint dogrulamaktadir. Genel olarak elde edilen bulgular, Ag katkisinin Sn folyo
anotlarda elektrokimyasal kararliligi destekledigini ve bu alasimin lityum-iyon piller
i¢in potansiyel bir anot adayi oldugunu ortaya koymaktadir.

ELECTROCHEMICAL PERFORMANCE OF Ag-CONTAINING Sn FOIL ELECTRODES FOR LI-ION

BATTERIES
Keywords Abstract
Tin The demand for high-capacity anode materials has encouraged the exploration of metal
Alloy alloys that can surpass conventional graphite in lithium-ion batteries. In this study, the
Foil electrochemical behavior of Ag-containing Sn foil anodes was investigated, and the
Lithium-Ion half-cell performance of a Sn-Ag (3 wt% Ag) solder alloy shaped into a foil through cold

rolling was evaluated. The produced foil was tested in CR2032-type half-cells using
lithium metal as the counter electrode. Multi-cycle cyclic voltammetry (CV) analyses
were performed to identify the characteristic peaks associated with alloying and de-
alloying mechanisms. Subsequently, constant-capacity charge-discharge experiments
were conducted at different current densities (1-4 mA cm™2), and potential-capacity
profiles along with cycling stability were examined. The results indicate that the Ag-
containing Sn alloy foil achieves stable discharge capacities at current densities of 1 mA
cm? and 2 mA cm?, respectively. While a Coulombic efficiency of over 99% was
obtained at these low current densities, it was determined that the discharge capacity
decreased to approximately 1.4 mAh cm=2 due to high polarization when the current
density was increased to 4 mA cm<. The voltage profiles observed during constant-
capacity cycling confirm the multi-step lithiation behavior of the Sn-Ag alloy. Overall,
the findings reveal that Ag incorporation supports the electrochemical stability of Sn
foil anodes and demonstrates that this alloy is a promising anode candidate for lithium-
ion battery applications.
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1. Giris

Yiiksek enerji yogunluklu ve uzun 6miirli lityum-iyon
pillerin gelistirilmesi amaciyla, geleneksel grafit
anotlarin  Otesine gecen metal alasimli anot
malzemeleri yogun bir sekilde incelenmektedir.
Ozellikle Kalay(Sn)-tabanli alasimlar, yiiksek teorik
kapasiteleri (~994 mAh.g™) nedeniyle umut vaat
etmektedir (Ying, Chen, Yu, 2017). Bununla birlikte,
hacim degisimleri ve elektrot yiizey yapisinin
bozulmasina bagli ¢evrimsel kararsizlik gibi zorluklar
da 6nemli arastirma konular1 arasinda yer almaktadir.

Sn-alasimli anotlarin performansini artirmak igin
alasim bilesiminin, mikro-yapisal 6zelliklerin ve tretim
yontemlerinin  optimize edilmesi gerekmektedir.
Ornegin, Sn-Ag alasimlari, Sn matrisi icerisinde AgzSn
ara fazlarinin dagilimi sayesinde mekanik stabilite
kazandirma potansiyeli gostermektedir (Bhavan,
Pazhani, Amer ve dig., 2024). Ayrica alasim folyo
formunda iiretim ve soguk deformasyon islemleri,
elektrotlar i¢in dogrudan membran-elektrot yapilarini
destekleyebilecek avantajlar sunmaktadir.

Bu calismada, Sn-Ag (%3 Ag) lehim alasimindan elde
edilen folyo anotta soguk haddeleme sonrasi elde
edilen yapisal karakterizasyon (XRD, SEM, optik
mikroskop) ve elektrokimyasal performans (CV, sabit
kapasite kontrollii ¢evrimler) birlikte incelenmis olup,
alasim folyo anotta liretim ve performans arasindaki
iliskiyi a¢iga ¢ikarmayl amaglamaktadir. Bu yaklasim,
alasimli folyo elektrotlarini daha pratik uygulamalara
yonlendirebilecek nitelikte bir katki sunmaktadir.

2. Bilimsel Yazin Taramasi

Lityum-iyon pillerin enerji yogunlugu ve performansini
artirmaya yonelik arayislar, grafit anotlarin sinirh
kapasitesi nedeniyle metal-lityum alasimlarini 6nemli
bir arastirma alani haline getirmistir. Bu alasimlar
arasinda kalay, yaklasik 994 mAh.g™* teorik kapasitesi
ve uygun c¢alisma potansiyeliyle one c¢ikmaktadir.
Bununla birlikte Sn tabanli anotlarda lityumlama
sirasinda meydana gelen biyiik hacim degisimleri,
catlama, pulverizasyon ve elektriksel temas kaybi gibi
sorunlara yol ag¢maktadir (Yang, Zavalij ve
Whittingham, 2003). Bu zorluklar1 azaltmak amaciyla
Sn'nin farkli elementlerle alasimlanmasi, mikro
yapisinin  dlizenlenmesi veya mekanik olarak
bigimlendirilmesi yaygin arastirma konularidir.

Son yillarda metal folyo anot yaklagimi, aktif
malzemenin baglayic1 ve iletken katki kullanilmaksizin
dogrudan  folyo  formunda  elektrot  olarak
kullanilmasini miimkiin kilmasi nedeniyle dikkat
cekmistir. Sn ve Sn alasimlarinin folyo elektrot olarak
kullanilmasi, yiiksek hacimsel kapasite ve sade liretim
streci gibi avantajlar sunmaktadir; ancak kompakt
folyolarda lityumlama sirasinda heterojen
deformasyon ve catlama riskleri devam etmektedir (Tu
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ve dig., 2021). Bu nedenle folyonun hem mekanik hem
de elektrokimyasal agidan daha kararl hale getirilmesi
lizerine ¢alismalar artmistir.

Farkli element katkilarinin Sn folyo anotlarda gerilme
dagilimin iyilestirdigi ve ¢evrim kararliligini artirdigi
cesitli arastirmalarla gosterilmistir.  Ornegin Zn
katkisinin mikro yapi diizenini ve -elektrokimyasal
tepkime homojenligini gelistirdigi rapor edilmistir
(Nguyen ve Kim, 2024). Benzer sekilde Cu, Al veya
diger alasim elementlerinin  folyo  anotlarin
deformasyon davranisi iizerinde olumlu etkiler
saglayabilecegi belirtilmistir (Zhang ve dig., 2021).
Ayrica baz1 ¢alismalar, Ag ve benzeri elementlerin Sn
matrisi icerisindeki dagiliminin elektriksel iletkenligi
destekleyebilecegini  ve  elektrot biitiinliglinin
korunmasina katki saglayabilecegini gostermektedir
(Zhang ve dig., 2022; Heligman, Kreder ve Manthiram,
2019).

Metal folyo anotlarda {iretim yontemleri de
performans: belirleyen 6nemli bir etkendir. Soguk
haddeleme gibi mekanik sekillendirme islemlerinin,
folyonun lityumlama-delityumlama dongiileri
sirasinda ortaya c¢ikan gerilmelere daha iyi uyum
saglayabilen bir morfoloji olusturabildigi, 6zellikle Sn
ve Sn alasimlarinda yapilan g¢alismalarla ortaya
konmustur (Xu ve dig., 2019; Tu ve dig.,, 2021).

Bilimsel yazin incelendiginde Sn-Ag sistemine iliskin
¢ok sayida calisma bulunmakla birlikte, Ag katkili Sn
alasimlarinin dogrudan folyo formunda ve soguk
haddeleme sonrasi yarim hiicre elektrokimyasal
performansinin  sistematik olarak ele alindig
¢alismalarin siirh oldugu goériilmektedir. Bu ¢alisma,
Sn-Ag (%3 Ag) lehim alasiminin folyo formuna
getirilmesiyle elde edilen yapimin doéngiisel voltametri
ve sabit Kkapasite testleri altindaki davranisini
inceleyerek literatiirdeki bu eksikligi gidermeyi
amaglamaktadir.

3.Yontem

Bu c¢alismada, endiistriyel giivenilirligi ve standartlara
uygunlugu nedeniyle Alpha Assembly Solutions
firmasindan ticari olarak temin edilen SAC300
kursunsuz lehim alasimi kullanilmistir. Calisma
genelinde sunulan alasim kompozisyon oranlari
agirlikga (wt%) ifade edilmistir. Uretici teknik
verilerine gore alasim; %3.0 +0.2 Gimis (Ag) ve
maksimum 9%0.05 Bakir (Cu) icermekte olup, bakiye
element Kalaydir (Sn). Alasim, soguk sekillendirme
islemine  hazirlanmak i{izere Kkig¢iik parcgalara
ayrilmistir. Baslangi¢c kalinhigt 10 mm olan Sn-Ag
alasim kiilcesi, laboratuvar tipi cift merdaneli hadde
cihazi  kullanilarak  oda  sicakliginda  soguk
haddelenmistir.  Ara  tavlama  uygulanmaksizin
gerceklestirilen islemde, her pasoda ortalama %15-20
oraninda kesit daralmasi (rediiksiyon) saglanmis ve
yaklasik 20 paso sonunda 200 pum nihai kalinliga

2048



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(3), 2047-2053

ulasilmistir. Bu siire¢ sonucunda, hadde y6nii boyunca
uzayan numunede toplam %98 oraninda plastik
deformasyon elde edilmistir. Elektrokimyasal testlerde
kullanilmadan 6nce folyo aseton ile ultrasonik olarak
temizlenmis ve oda sicakliginda kurutulmustur.

Optik mikroyapi incelemeleri, soguk haddeleme islemi
ile folyo haline getirilen Sn-Ag (%3 Ag) alasiminin
makro-06lgekli ylizey morfolojisini degerlendirmek
amaciyla gergeklestirilmistir. Bu kapsamda, folyo
numuneleri mekanik olarak kesilmis, ylizeyleri etanol
ile temizlenmis ve goruntii kontrastini artirmak igin
kisa siireli %2 nital daglama uygulanmistir. Daglama
isleminin ardindan numuneler herhangi bir ek islem
yapilmadan optik mikroskop altinda incelenmistir.
Optik goriintiiler 200x biyiitmede kaydedilmis olup,
haddeleme sirasinda uygulanan pasolarin ylizey
iizerinde olusturdugu yonsel yapir ve makro-6lcekli
deformasyon izlerinin gozlemlenmesinde
kullanilmistir.  Alasima ait yilizey morfolojisi ve
kullanim sonrasi degisimlerin belirlenmesi amaciyla
taze yiizey ve kullanim sonrasi yiizey olmak tizere iki
farkli durumda taramali elektron mikroskobu (SEM)
analizi yapilmistir. SEM goériintiileri ikincil elektron
(SE) modunda alinmis ve yiizey topografisi,
kirilma/¢atlama boélgeleri ile lityumlama sonrasi olusan
morfolojik degisimler degerlendirilmistir.

Alasimdaki faz bilesimini belirlemek i¢in X-151m1
kirmimi  (XRD) analizi gergeklestirilmistir. XRD
olgiimleri Cu Ka (A = 1.5406 A) radyasyonu kullanilarak
20 = 20-90° araliginda yapilmis ve Sn-Ag alasimina ait
karakteristik fazlar tanimlanmistir.

Elektrokimyasal testlerde CR2032 tipi diigme hiicreler
kullanilmistir. Hiicre montaji, nem ve oksijen oraninin
0.1 ppm’in altinda tutuldugu argon atmosferli bir
eldiven kabini (glove box) icerisinde
gerceklestirilmigtir. Calisma elektrodu  olarak
hazirlanan Sn-Ag folyolar, 16 mm c¢apinda diskler
halinde Kkesilmis (aktif yiizey alam ~2.0 cm?) ve
herhangi bir baglayici veya iletken katki kullanilmadan
dogrudan akim toplayici/aktif malzeme olarak
kullanmilmistir. Kars1 elektrot olarak Li metali, ayirici
olarak polipropilen mikro gézenekli membran (Celgard
2400) ve elektrolit olarak 1 M LiPF4 iceren EC:DMC
(1:1, hacimce) ¢ozeltisi tercih edilmistir. Calismada,
alasimin baz elektrolit icerisindeki yalin
elektrokimyasal davranisini belirlemek amaciyla
elektrolite floroetilen karbonat (FEC) veya benzeri bir
katki maddesi ilave edilmemistir. Sonuglarin
giivenilirligini ve tekrarlanabilirligini dogrulamak
adina bir adet eslenik hiicre hazirlanmis ve test
edilmigtir."

Dongiisel voltametri (CV) olgtimleri 0.01-1.5 V (Li/Li")
potansiyel araliginda, 0.1 mV s~ tarama hizinda ve iig
cevrim olacak sekilde gerceklestirilmistir. Sabit
kapasite kontrollii sarj-desarj testlerinde 1, 2, 3 ve 4
mA cm™? akim yogunluklar uygulanmistir. Potansiyel-
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kapasite profilleri ve ¢evrim kararhligi galvanostatik
modda kaydedilmistir. Tim Olglimler
potansiyostat/galvanostat sistemi ile yapilmistir.

Elde edilen veriler degerlendirilerek Sn-Ag folyosunun
lityumlama davranis, tersinirlik ozellikleri ve akim
yogunlugu degisimine verdigi tepkiler analiz edilmistir.
Bu ¢alismada, arastirma ve yayin etigine uyulmustur.

4. Bulgular ve Tartisma

Sekil 1, soguk haddeleme ile yaklasik 200 um kalinliga
getirilen Sn-Ag (%3 Ag) alasim folyosunun X-1sin1
kirinim desenini gdstermektedir. Desende godzlenen
baskin pikler, literatiirde Sn-Ag lehim alasimlar igin
bildirilen B-Sn fazina ait Kkarakteristik kirinim
konumlar1 ile uyumludur (Bhavan ve dig., 2024).

+ Sn
+ Ags;Sn

Yogunluk (Birimsiz)

i S

L]
. .
. j M
*
S W l
. - . : )
40 50 60 8

20 30 70 0 S0
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Sekil 1. Sn-Ag folyoya ait XRD grafigi

Yaklasik 30-32° araligindaki gii¢li pikler 3-Sn (200) ve
B-Sn (101) diizlemlerine, 43-44° civarindaki pik (-Sn
(211) diizlemine, 55-56° civarindaki pik B-Sn (301)
diizlemine ve 62-63° civarindaki pik B-Sn (112)
diizlemine Kkarsilik gelmektedir. Bu dagilim, folyo
anotun fB-Sn ana matrisi yapisini korudugunu ve
haddeleme isleminin alasimin Kkristal faz bilesimini
degistirmedigini gostermektedir.

Bhavan ve dig. (2024)’'te rapor edildigi lizere Sn-Ag
sistemlerinde (-Sn matrisi yaninda sinirli miktarda
AgsSn ara fazi da gozlenebilmektedir. XRD deseninde
38-40° 65° ve 77° civarinda ortaya c¢ikan diisiik
siddetli pikler, s6z konusu ¢alismada Ags;Sn fazina
atfedilen kirmim konumlariyla uyumludur. Bu sonug,
Sn-Ag %3 lehim alasimi folyosunun (-Sn ana fazi
icerisinde dagilan az miktarda Ags;Sn iceren tipik bir
Sn-Ag lehim mikroyapisina sahip oldugunu teyit
etmektedir.

Sekil 2’deki mikroyap: gorilintiisiinde Sn-Ag alasim
sistemlerinde sikca rapor edilen dendritik bir yapi
goriilmektedir. Beyaz tonlu, dallanmis ve uzamis
alanlar 3-Sn dendritlerine, bu boélgeler arasindaki daha
koyu tonlu alanlar ise alasimdaki AgsSn ara fazinin
olusturdugu boélgeler olarak goriinmektedir. Dendrit
kollarinin belirli bir dogrultuda hizalanmis olmasi,
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soguk haddeleme sirasinda uygulanan pasolarin
yoniine baghh  bir sekil degisiminin izlerini
yansitmaktadir.  Gorilintiide dendritik  bolgelerin
streklilik gosterdigi, ara faz bolgelerinin ise adacikli
veya ince bantlar hilinde dagildigi izlenmektedir. Bu
morfolojik yapi, Sn-Ag alasiminin katilasma sirasinda
gelisebilen dendritik bliyiime karakterini
yansitmaktadir.

Sekil 2. Sn-Ag folyoya ait optik mikroyap: goriintiisi
(%2 Nital)

Sekil 3’te yer alan taze yiizey SEM gorintiisii, optik
mikroyapida gozlenen bu cizgisel yonlenmeyi daha
ylksek c¢oziinlirlikte dogrulamakta ve yiizeyin genel
strekliligini ortaya koymaktadir. Taze SEM yiizeyinde
biyik  kiriklar, bosluklar  veya  ayrigsmalar
izlenmemekte; yilizeyin kompakt bir metalik yapi
sergiledigi goriilmektedir. SEM yiizeyi boyunca yer yer
gozlenen  hafif  kontrast  degisimleri,  Sn-Ag
alasimlarinda diisiik Ag iceriginde bulunabilen ince
AgsSn intermetalik bolgelerinin optik ¢6ziintirliikte tam
secilemedigi durumlarla benzerlik gdstermektedir
(Zhang ve dig., 2021).

¥

Sekil 3. Sn-Ag (%3 Ag) folyosunun taze yiizeyine ait
SEM goruintisi

Bu goézlemler, Sn-Ag folyosunun ilk durumda (-Sn
matrisinin hakim oldugu ve olas1 ince intermetallik
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dagilhimlarinin ylzeyde sinirli kontrast farkliliklar:
seklinde ifade buldugu tipik bir soguk haddeleme
sonrast  morfolojiyi  yansittigini  gdstermektedir
(Heligman ve dig., 2019).

Sekil 4, Sn-Ag (%3 Ag) folyonun 0.01-1.50 V (Li/Li")
potansiyel araliginda 6l¢iilen déngiisel voltametri (CV)
egrilerini gostermektedir. Grafikteki egriler, Sn esash
malzemelerin karakteristik lityumlama/delityumlama
mekanizmasini dogrulayan belirgin redoks pikleri
sergilemektedir. Ozellikle 0.8 V ve 0.9 V civarinda
gozlenen indirgenme pikleri, elektrodun kademeli
lityumlama siirecine isaret etmektedir (Yang, Zavalij,
Whittingham, 2003).
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Sekil 4. Sn-Ag (%3 Ag) folyonun 0.01-1.5 V potansiyel
araliginda kaydedilen dongiisel voltametri (CV) egrileri

Bu potansiyel degerleri, literatiirde saf Sn’nin
lityumlama esnasinda sirasiyla Li2Sns LiSn ve Liz2Sns
fazlarin1  olusturdugu ¢ok basamakli déniisim
mekanizmasiyla ortiismektedir. Yiikseltgenme
stirecinde 0.2, 0.49 ve 0.64 V'ta ortaya c¢ikan pikler ise
Li2z2Sns fazinin kademeli olarak LiSn, Li2Sns ve son
olarak metalik Sn’e delityumlanmasi ile
iliskilendirilmistir (Nguyen ve Kim, 2024). Redoks
ciftleri arasindaki dar potansiyel farki ve keskin pik
profilleri, elektrodun diisiik polarizasyona ve yiiksek
elektrokimyasal aktiviteye sahip oldugunu kanitlar
niteliktedir. Ayrica, ardisik ¢evrimlerde pik akimlarinin
dizenli olarak artmasi, tekrarlanan
lityumlama/delityumlama stirecleriyle elektrot
arayiizeyinin daha aktif hale geldigi bir aktivasyon
slirecinin varligini géstermektedir [EL].

CV egrisinde gozlenen zayif ancak tekrarlanabilir bazi
kiigiik pikler, Sn-Ag sistemlerinde diisiik oranda
bulundugu bilinen Ags;Sn ara fazinin elektrokimyasal
reaksiyon bolgeleriyle iliskili olabilir; benzer diistk
siddetli 6zellikler Bhavan ve dig. (2024) tarafindan da
rapor edilmistir. Bu zayif 6zellikler, Ag katkisinin folyo
icinde dagiliminin elektrokimyasal tepkimeyi sinirh
fakat tekrarl bicimde etkiledigini diisiindiirmektedir.
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Sekil 5, Sn-Ag elektrodunun sabit kapasite altinda farkli
akim yogunluklarindaki elektrokimyasal performansini
gostermektedir. Sekil 5a incelendiginde, elektrotun
ImA.cm? ve 2 mAcm? gibi disik akim
yogunluklarinda olduk¢a kararli bir ¢evrim davranisi
sergiledigi goriilmektedir. Bu akim kosullarinda sarj ve
desarj kapasitelerinin birbirine yakin degerlerde
seyretmesi, yiiksek Coulombik verim ve iyi bir
tersinirlik ortaya koymaktadir. Akim yogunlugunun 3
mA.cm seviyesine ve lzerine ¢ikarilmasiyla birlikte
elektrokimyasal performansta belirgin bir azalma
baslamaktadir. Ozellikle 4 mA.cm-2 akim yogunlugunda,
sarj kapasitesinin yiiksek seviyelerde korunmasina
ragmen desarj kapasitesindeki ani ve ciddi diisiis, sarj-
desarj egrileri arasindaki farkin biiyiimesine ve
Coulombik verimin dlismesine neden olmustur.
Kapasite kaybinin temel mekanizmasi, Sekil 5b-5¢’ de
verilen voltaj profillerinin evrimi incelendiginde daha
acik bir sekilde goriilmektedir.
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Sekil 5. Sn-Ag (%3 Ag) folyo anotun farkli akim
yogunluklarindaki elektrokimyasal davranisi: (a) 1-4
mA cm™ akim yogunluklarinda ¢evrim performansi;
(b-e) ilgili akim yogunluklarinda 10. c¢evrime ait
potansiyel-kapasite profilleri.

Diisiik akim yogunluklarinda gozlenen diiz ve belirgin
voltaj platolari, akim yogunlugu arttik¢a daha egimli bir
yaplya doniismekte ve voltaj histerezisinin (AV)
genisledigi izlenmektedir. Bu durumun 6zellikle Sekil
5e’de belirginlesmesi, yiiksek akim hizlarinda elektrot
i¢ direncinin neden oldugu polarizasyonun arttiginm ve
lityum iyonu difiizyon kinetiginin uygulanan akim
hizin1 karsilayamadigini gostermektedir (Jeong, Wang,
Yoon ve dig, 2024). Sonu¢ olarak artan akim
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yogunlugu, difiizyon limitlerine daha hizli ulasilmasina
yol agmakta ve elektrodun voltaj siirlarina erken
ulasmasi nedeniyle aktif malzemenin tam kapasiteyle
kullanilmasini engellemektedir.

Genel olarak bu sonuglar, Sn-Ag (%3 Ag) folyo anotun
diisik akim yogunluklarinda yiiksek tersinirlik ve
belirgin lityumlama davranis1 sergiledigini, akim
yogunlugu arttikca ise Kkinetik etkiler nedeniyle
egrilerin daha egimli hale geldigini ancak elektrotun
cevrim boyunca kapasite Uretmeyi siirdiirebildigini
ortaya koymaktadir.

Sekil 6, belirli sayida sarj-desarj ¢evriminden sonra
Sn-Ag (%3 Ag) folyo anotun yiizey morfolojisini
gostermektedir. Kullanim sonrasi yiizeyde taze duruma
kiyasla belirgin bir piiriizlilik artisi ve yiizey boyunca
diizensiz ¢ikintilar gozlenmektedir. Bu cikintilar,
lityumlama-delityumlama doéngiileri sirasinda Sn
matrisi icinde meydana gelen hacim degisimlerinin
yluzeyde lokal gerilmeler olusturmasiyla iliskili
olabilecek morfolojik degisimlerdir. Goriintiide farklh
yonlerde dagilmis kiigiik 6lgcekli kabarmalar ve yiizey
dalgalanmalar1 dikkat c¢ekmekte olup, bu yapilar
elektrot ylizeyinin ¢evrimler boyunca mekanik olarak
yeniden  sekillenmesinin  bir  sonucu  olarak
degerlendirilir.

Yiizeyde bazi bolgelerde ince hat seklinde mikro ¢atlak
olusumlar1 izlenmekle birlikte, bu catlaklarin genis
yluzey kopmalarina déniismedigi ve folyonun genel
biitiinliigiiniin korundugu goérilmektedir. Yiizeydeki
hafifce kabarik ve daha parlak goriinen yapilar,
lityumlama siire¢lerinde Sn bélgelerinde olusan
hacimsel degisimlerin ve ylizey reaksiyon triinlerinin
mikro morfolojik izleri olarak degerlendirilebilir.
Ayrica ylizey boyunca gozlenen ince partikiill benzeri
olusumlar, c¢evrim sirasinda yiizeyde biiyliyen SEI
tabakasinin lokal birikimleriyle iligkili olabilir.

Sekil 6. Sn-Ag (%3 Ag) folyonun kullanim sonras1 SEM
goruntusu.

Genel olarak kullanim sonrasi SEM goriintiisi, folyonun
elektro-kimyasal cevrimler sirasinda ylzey
morfolojisinde belirli 0Olglide degisim yasadigini;
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purizlilik artisi, lokal kabarma ve ylizey
dalgalanmalar1 seklinde go6zlenebilen mikro o6lgcekte
deformasyonlarin olustugunu ancak bu degisimlerin
folyonun biitiinliigiinii bozacak seviyeye ulasmadigini
gostermektedir. Bu davranis, Sn ve Sn-alasimh folyo
anotlarin lityumlama sonrasi literatiirde rapor edilen
ylzey degisimleri ile uyumludur.

5. Sonuglar

Bu ¢alismada Sn-Ag (%3 Ag) lehim alasiminin soguk
haddeleme ile folyo haline getirilmesiyle elde edilen
yapinin yarim hiicre kosullarindaki elektrokimyasal
davranisi incelenmistir. XRD analizleri folyonun (3-Sn
ana fazi ile simirh miktarda AgsSn ara fazi igerdigini
gostermistir. Optik mikroyap1 ve taze yiizey SEM
gorlintiileri, haddeleme islemi sonucunda folyo
iizerinde yonli bir deformasyon yapisinin olustugunu
ve yilizey bitiinliginin korundugunu ortaya
koymustur. Kullanim sonrasi SEM goériintiilerinde ise
cevrimler boyunca yiizeyde piiriizliliik artis1 ve lokal
deformasyonlar goézlenmis, ancak folyonun genel
yapisal biitiinliigiiniin siirdiigi belirlenmistir.

Elektrokimyasal analizler, Sn-Ag folyonun diisiikk ve
orta akim yogunluklarinda ytiksek tersinirlik ve kararh
potansiyel-kapasite davranisi sergiledigini
gostermistir. Akim  yogunlugu arttiginda kapasite
disiisleri gozlense de elektrotun c¢evrim boyunca
kapasite ilretmeye devam ettigi belirlenmistir.
Dongiisel voltametri sonuglar;, Sn-Ag alasiminin ¢ok
kademeli lityumlama mekanizmasini dogrulamis ve
ardisik  ¢evrimlerde kararli redoks davranisi
gostermistir.

Calisma bulgular;, soguk haddelenmis Sn-3.0Ag
folyonun o6zellikle diisiik ve orta akim yogunluklarinda
(1-2 mA cm™%) %99’u asan Coulombik verim ile iistiin
bir elektrokimyasal kararhilik sergiledigini
kanitlamaktadir. Yiikksek akim hizlarinda (4 mA cm™)
artan polarizasyon etkisi kapasiteyi 1.4 mAh cm™
seviyesinde sinirlandirsa da, elde edilen voltaj profilleri
Ag Kkatkismin yapisal Dbiitiinligi destekledigini
dogrulamaktadir. Sonug olarak bu veriler, alasimin ¢ok
kademeli lityumlama mekanizmasi sayesinde lityum-
iyon piller i¢cin dayanikl bir anot alternatifi oldugunu
gostermektedir.
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Keywords Abstract

Electric vehicle Sustainable transportation and green logistics are becoming increasingly important, and
Path planning the efficient use of electric vehicles (EVs) plays a critical role. However, efficient path
Driver preference planning for EVs remains a major challenge due to limited driving range and the need
Analytical Hierarchy Process  for optimised charging strategies. Usually, path recommendations are made based on a
Dijkstra algorithm single criterion. However, drivers may want to consider multiple criteria for path

selection. This study focuses on building a multi-criteria path planning algorithm that
incorporates driver preferences by considering total travel time, energy consumption and
travelling distance. To obtain the appropriate recommendation, these three criteria are
evaluated using the Analytic Hierarchy Process (AHP) and Dijkstra algorithm is used to
identify roads that take into account driver preferences. Johnson technique was used to
remove negative energy weights due to energy recovery and solved the incompatibility
problem of the Dijkstra algorithm with negative edge weights. The results have shown
the proposed algorithm can efficiently generate solutions designed based on driver
preferences and is suitable for EV routing applications. This study presents a method to
increase user satisfaction by aiming at the widespread adoption of EVs and emphasizes
the importance of multi-criteria decision making in addressing the unique challenges of
EVs.

ELEKTRIKLI ARACLAR iCIN ANALITIK HIYERARSI SURECIi KULLANARAK SURUCU
TERCIHLERINI DIKKATE ALAN YOL PLANLAMA

Anahtar Kelimeler 0z

Elektrikli arag Stirdiiriilebilir tasimacilik ve yesil lojistik giderek daha énemli hale gelmektedir ve
Yol planlama elektrikli araclarin verimli kullanimi kritik bir rol oynamaktadir. Ancak, sinirlt siiriis
Stirticii tercihi menzili ve optimize edilmis sarj stratejilerine duyulan ihtiyag nedeniyle elektrikli araglar
Analitik Hiyerarsi Siireci icin verimli yol planlamasi biiyiik bir zorluk olmaya devam etmektedir. Genellikle, yol
Dijkstra algoritmasi onerileri tek bir kritere dayali olarak yapilir. Ancak, stirticiiler yol secimi icin birden fazla

kriteri g6z éniinde bulundurmak isteyebilir. Bu ¢alisma, toplam seyahat siiresi, enerji
tiiketimi ve seyahat mesafesini dikkate alarak stirticii tercihlerini iceren ¢ok kriterli bir
yol planlama algoritmasi olusturmaya odaklanmaktadir. Uygun éneriyi elde etmek igin
bu ti¢ kriter Analitik Hiyerarsi Siireci kullanilarak degerlendirilmis ve stirticti tercihlerini
dikkate alan yollart belirlemek icin Dijkstra algoritmast kullanilmistir. Enerji geri
kazanimi nedeniyle negatif enerji agirliklarini kaldirmak icin Johnson teknigi kullanilmis
ve Dijkstra algoritmasinin negatif edge agirliklari ile upyumsuzluk sorunu ¢oziilmiistiir.
Sonuglar, énerilen algoritmanin stiriicti tercihlerine gére tasarlanmis ¢éztimleri verimli
bir sekilde iiretebildigini ve elektrikli ara¢ rotalama uygulamalari igin uygun oldugunu
gastermistir. Bu calisma, elektrikli araglarin yaygin olarak benimsenmesini hedefleyerek
kullanict memnuniyetini artirmaya yénelik bir yéntem sunmakta ve elektrikli araglarin
kendine ozgii zorluklarinin ele alinmasinda g¢ok kriterli karar vermenin 6nemini

vurgulamaktadir.
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1. Introduction

Electric vehicles (EVs) are becoming increasingly
popular as global environmental policies encourage a
shift away from fossil-fuelled vehicles. EVs have lower
fuel consumption, reducing environmental impact and
providing higher efficiency than internal combustion
engine vehicles (ICEVs) (Ramachandaramurthy et al.,
2023). The comparisons made between EVs and ICEVs
highlight the advantages of EVs when it comes to total
cost of ownership, energy efficiency, emissions,
maintenance frequency and acceleration, supporting
their growing market potential (Liu et al, 2021).
Moreover, numerous governments globally have
enacted policies aiming to phase out sales of new ICEVs
in a short period of time (Fulton et al., 2019). This shift
in the market brings with it new challenges that need to
be overcome and optimised in order to increase user
demand for EVs compared to ICEVs. EVs can have
limited driving range, which causes range anxiety for
potential customers, so efficient path planning emerges
as an important need (Faraj and Basir, 2016).

EV path planning addresses unique constraints such as
limited driving range and low-density charging station
network (Eisner, Funke and Storandt, 2011). While
route planning of conventional ICEVs includes criteria
such as distance, time, travel impediments, scenery and
vehicle cost (Pahlavani and Delavar, 2014), EV route
planning prioritises energy consumption and charging
cost in addition to time and distance (Kucukoglu, Dewil
and Cattrysse, 2021). Since a single criterion may not be
ideal in urban road networks, the use of personal and
commercial EVs may require different routing criteria in
terms of satisfaction and efficiency. Multi-criteria
decision making (MCDM) based approaches can solve
these complex routing problems (Bouakouk, Abdeli,
Mokdal and Othman, 2022). MCDM is a helpful
procedure for decision making when more than one
criterion is available (Gavade, 2014). While MCDM
considers limitations such as vehicle capacity and
delivery time windows in ICEV applications, it considers
criteria such as travel costs, fuel consumption and time
efficiency. EVs have specific constraints for MCDM to
handle, battery range, location of charging stations, and
charging time are a few of them (Abidin, Abidin and
Daud, 2025).

There are some studies that include single criteria path
planning for EVs (Alizadeh et al., 2014; Artmeier et al.,
2010). Most path-planning studies in the literature focus
on a single criterion and do not consider driver
preferences. Less commonly, some MCDM-based studies
exist for EV path planning algorithms. For example,
Schoenberg and Dressler (2022) proposed a MCDM-
based EV path planning method to reduce waiting times
at charging stations. To the best of our knowledge, the
application of MCDM in EV path planning has received
significantly less attention in the literature compared to
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single criteria approaches. The contributions of this
study can be summarized as follows:

¢ A path planning algorithm for EVs is proposed by
incorporating driver preferences.

¢ This study focuses on shortest path planning by
considering energy consumption, travel time, and
distance, while incorporating driver preferences
through the Analytical Hierarchy Process (AHP)

¢ The Dijkstra algorithm is used to calculate the paths
based on driver preferences.

¢ The Johnson technique is employed to handle
negative weights in EV-specific energy consumption
calculations.

In this study, the aim is to provide path
recommendations for EV users in urban travel from a
multi-criteria perspective. The study focuses on
determining the most suitable path by considering
energy consumption, travel time, and travel distance.
Additionally, the AHP was employed to incorporate
driver preferences into the decision-making process.
The novelty of this study lies in weighting the three
commonly used objective functions in the literature
according to driver preferences through AHP and
proposing a single path that simultaneously considers
these three criteria based on the derived weights. Thus,
the proposed method distinguishes itself from existing
studies by offering a  personalized path
recommendation for EV drivers.

The structure of this paper is as follows: Section 2
reviews the methodology in the context of related
literature. Materials and methods are provided in
Section 3. Section 4 presents the results, and finally,
Section 5 concludes with a discussion, a summary of
findings, and future work.

2. Literature Review

There have been several studies in the literature on path
planning for EVs. Alizadeh et al. (2014) proposed an EV
path planning model that integrates dynamic traffic
conditions, electricity costs and charging decisions
using an extended transport graph model. Their findings
show that coordinated strategies are more effective in
minimizing costs and maintaining grid stability. Ding et
al. (2020) presented a charging alert and path planning
approach that combines traffic information, charging
station queues, and energy consumption monitoring in
real time.

Researchers have also focused on developing criteria-
based routing strategies for electric EVs in addition to
classical path planning approaches. Udhan et al. (2022)
proposed a modified Dijkstra algorithm in which travel
time is prioritised based on physical distance and edges
are identified based on traffic density, segment length
and average vehicle speed, thus reducing travel time.
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Knez, Dumancic, Erdelic and Mardesic (2023) addressed
the Energy Shortest Path Problem (ESPP) and Time
Dependent Shortest Path Problem (TDSPP) using a
modified Dijkstra algorithm. In their study, they showed
that energy-optimal paths cause an increase in travel
time due to the selection of low-speed urban roads in
addition to low-energy paths provided by energy-
optimal paths.

Drivers may prefer paths based on more than one
objective through MCDM methods. Bozkurt, Yazici and
Keskin (2012) presented a multi-criteria route planning
approach that integrates driver preferences and
combines criteria such as travel time and road safety
with a regular pairwise comparison method and regular
increasing monotone quantifier guided ordered
weighted averaging (OWA) operators. Rosita, Rosyida
and Rudiyanto (2019) proposed a system that combines
Dijkstra's algorithm with MCDM to improve path
selection based on various parameters. With a
modification of Dijkstra's algorithm, the shortest paths
are generated using normalised weights of criteria such
as distance, cost, congestion and risk. The combination
of MCDM and Dijkstra's algorithm allowed priorities to
be set and path selection to be customised, minimising
costs while avoiding high-risk routes. Similarly, Kien
Hua and Abdullah (2018) proposed the Weighted Sum
Dijkstra Algorithm (WSDA) to address multiple criteria
such as cost, distance and time. WSDA was found to
outperform the traditional Dijkstra algorithm.
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AHP can be applied to manage multiple objectives. Yang
and Li (2010) proposed an emergency response routing
algorithm for fire rescue operations by integrating
Dijkstra's algorithm and AHP in a Geographic
Information System (GIS) framework. AHP was used to
assign weights to various criteria such as road width,
type, traffic and intersection delays. It was observed that
this hybrid approach achieved better performance in
emergency scenarios compared to the traditional
Dijkstra algorithm. In the same direction, Ahmed,
Ibrahim and Henfy (2018) proposed an emergency
routing method that can integrate eight different criteria
by combining AHP method and Dijkstra algorithm.
Keser, Yazici and Gunal (2016) integrated the A*
algorithm with AHP using criteria such as travel
distance, travel time, road safety and fuel consumption.
To improve the decision mechanism, Xinlei, Wen, Zhan
and Tao (2022) proposed a Fuzzy Analytic Hierarchy
Process (FAHP) method integrated with a dynamic
Dijkstra algorithm that takes into account driver
preferences and real-time traffic fluctuations. Nasution,
Husni, Kuspriyanto and Yusuf (2022) applied the Fuzzy
Analytic Hierarchy Process-Express (F-AHP-Express)
method together with the Dijkstra shortest path
algorithm to evaluate multiple route criteria. Ribeiro
and Longaray (2024) combined AHP and ELECTRE II for
emergency team prioritization, integrated with
Dijkstra’s algorithm to determine the shortest response
routes on urban road networks. A summary of the
literature on path planning algorithms that consider
driver preferences is presented in Table 1.

Table 1. Summary of Research on Driver Preferences in Path Planning Algorithms

Study Evaluated Criteria MCDM Method Algorithm
Xinlei etal. (2022) ~ COSb passenger flow, construction cost, o app Dijkstra
environmental impact
. Travel time, traffic volume, road type, ..
Yang and Li (2010) road width, number of junctions AHP Dijkstra
Bozkurtetal. (2012)  Travel time, road safety Pairwise Comparison and OWA Dijkstra
Operators
. . . . Custom priority-based .
Rosita et al. (2019) Cost, distance, congestion, risk S Dijkstra
weighting
Travel time, road type, road length, N
Ahmed et al. (2018) traffic volume, road width, mass AHP Dijkstra
Keser et al. (2016) Travel time, travel dls.tance, road AP A*
safety, fuel consumption
Kien Hua and Distance, safety, comfort, aesthetic . ..
Abdullah (2018) view Weighted Sum Method Dijkstra
Study Evaluated Criteria MCDM Method Algorithm
Schoenberg and Dr1v1ng time, waiting tlme, charging Multi-criterion shortest path A*
Dressler (2022) time, energy consumption
Ribeiro and Longaray Equ1pmgnt avallabl'llty, Vehlclle type, AHP and ELECTRE II Dijkstra
(2024) accessories, operational readiness
Nasution et al. (2022) Route length, traffic congestion, travel Fuzzy AHP Dijsktra

time, weather, road heterogeneity
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The literature review reveals that multi-criteria routing
studies are common for ICEVs. However, to the best of
our knowledge, no existing study in the literature has
proposed a path planning algorithm for EVs that
explicitly integrates multiple criteria while considering
driver preferences.

3. Materials and Methods

In this study, a path planning algorithm is proposed for
EVs, integrating the weighting of three different
objective functions—total travel distance, total travel
time, and total energy consumption—while
incorporating driver preferences. The AHP, a multi-
criteria decision-making approach, is employed to
determine the relative weights of these objectives. Then,
Dijkstra algorithm is applied in the routing phase to
determine the shortest path.

The proposed multi-criteria path planning algorithm
contains two sequential phases. The first phase focuses
on generating three different paths, each individually
selected based on one of the three criteria (total travel
distance, total travel time, and total energy
consumption). In the hybrid approach, three criteria are
considered during the second phase to propose a route
aligned with driver preferences. In this phase, AHP
makes it possible to combine these criteria based on the
weights assigned by the driver. The effectiveness of the
proposed algorithm is evaluated on a graph
representation of the Eskisehir Osmangazi University
campus environment. The OpenStreetMap (OSM) data is
utilized to construct the road network graph. The list of
symbols used in the following subsections is provided in
Table 2, along with their explanations.

Table 2. Nomenclature
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Notation  Description

m Mass of the vehicle
g Gravitational acceleration
h Elevation
v Current velocity of the vehicle
] Rotational inertia/moment of inertia
p Air density
Cq Drag coefficient
A Frontal area of the vehicle
Cron Rolling resistance coefficient
As Covered distance
At Time interval
X; Original value of the given criterion
Xmax The maximum score of the criterion
Amax Largest eigenvalue of a matrix
x} ; Criterion value for that edge
W Weight of that criterion

Notation  Description

G A graph
%4 The set of nodes in a graph
E The set of edges in a graph
w Edge weight
Vi Anode v, €V
tij Travel time on the edge (i, )
e;j Energy consumption on the edge (i, j)
dy; distance of edge (i, j)
sly; Average speed on the edge (i, j)
Epot Potential energy
Exin Kinetic energy
Erot Rotational energy
Egain Energy gain
Epen Energy of the vehicle
Eoss Energy loss
Eqir Aerodynamic drag energy
Eron Rolling resistance energy
Econst Constant power consumption energy
Peonst Constant power consumption
Epar Energy contained in the battery
Nprop Propulsion efficiency
Nrecup Recuperation efficiency

3.1. Objective Functions in Path Optimization

The road network representing the testing area was
constructed using the OSMnx library from an .osm file
containing map data in XML format. For simplification
and prevention of node connection issues, the graph was
filtered to retain drivable road types only. The directed
graph of a road network can be represented as G(V, E)
which defined as an ordered pair of nodes V and edges
E. Here, each node v, € V represented by its latitude,
longitude and altitude information, where v, € V(k =
1,2,3,...,n) and (vi,vj) EE,i,j =123,..,n,i #j .For
each pair of v; and v; are neighbor nodes which
represent an edge that is associated with a weight based
on defined criteria. Elevation data from a GeoTIFF file
was added to nodes to enable slope calculations used in
energy modeling. Each edge in the road network was
attached to weights for travel time (t;;), travel distance
(d;;) and energy consumption (e;;).

Travel time

The travel time value for each edge was calculated using
the road length and the average speed of the traveled
highway types (e.g., 110 km/h for motorways, 50 km/h
for primary roads). The travel time that results in
minutes is calculated using Equation 1, where sl;; is the

average speed on the edge.
ty = dy /sl (1)

Travel distance

The travel distance represents a straightforward metric
of travel distance based on the physical length of the
road segment in kilometers obtained from the .osm file.
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Energy consumption

The energy consumption for each road segment is
determined by considering the physical energy required
to travel that segment. These demands consider
constant power consumption, resistive forces, elevation
changes, and velocity variations. It is computed for
discrete time step k using detailed energy models
(Kurczveil, Lopez, and Schnieder 2014). The vehicle’s
energy obtained by the kinetic energy, the potential and
the rotational energy in Equation 2, energy gain
between time steps k and k + 1 in Equation 3, energy
loss in Equation 4, air resistance in Equation 5, rolling
resistance in Equation 6, and constant power intake in
Equation 7. Then, the energy contained in the vehicle’s
battery depending on propulsion and recuperation in
Equation 8 and Equation 9.

Eyen [k] = Exin [k] + Epot [k] + Eror [k] (2)
=m-g-hlk] +%'v2[k] +£-v2[k]

AEgain[le] = Eyenlk + 1] = Eyen[k] = AEppss[k] — (3)
AE g5kl = AEqiy (k] + AEyoulk] + AEconse [kl (4)
AEqipll) =3 p - Cq- A-v2[k] - |4s[K]| (5)
AEyoulk] = Cron -m- g - |As[K]| (6)
AE const[K] = Peonst - At (7)

Ebat[k + 1] = Ebat[k] - AEgain[k]-rlprop_l ’
if AEgain [k] <0 (8)

Epatlk + 1] = Epge[k] — AEgain [k]-nrecup:
if AEgain [k] =0 (9)

For each edge (i, j), assuming it takes n units of time to
travel from node i to node j, total energy consumption
e;j is calculated using Equation 10 for discrete time step

k.
k+n-1

ey = Yo Epaell + 1] = Epeel1]) (10)

Factors such as vehicle mass, speed, altitude changes
and aerodynamics are taken into account in the energy
calculations for each edge. Energy losses such as air
resistance, rolling resistance and rotational resistance
are also included in the model, enabling a
comprehensive evaluation of energy consumption. In
addition, the model allows energy recovery by
considering the gains from regenerative braking in EVs.
Therefore, some edges may have negative values, but
this problem is solved in the path planning section. This
validated model is also used in the traffic simulator
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SUMO (Simulation of Urban MObility) and is suitable for
estimating energy consumption for various road types.

3.2. Multi-Criteria Decision-Making Approach using
Analytical Hierarchy Process

In this study, AHP was used to assign weights to
objective functions (total travel time, total energy
consumed, and total travel distance) based on driver
preferences (Vaidya and Kumar, 2006). The mentioned
objective functions serve as criteria in the objective
function decision-making process. AHP enables
systematic decisions to be made by determining the
relative importance of multiple criteria through a
structured pairwise comparison process. Thus, the
preferred routes by the driver were calculated with
Dijkstra algorithm using the weights obtained as a result
of the AHP.

The AHP begins with the normalization of criteria to
ensure their comparability and integration into the
decision-making process. The normalized values are
calculated by Equation 11 using the maximum score
method in Malczewski (1999), where x; represents the
normalized value of the i™ criterion, and x; is the
original value of the given criterion and x,,,4 represents
the maximum score of the criterion across the network.
The results are scaled to a range between 0 and 1.

x| =t (11)

Xmax

Original and normalized values of each criterion for an
edge (v;,v;) are shown in Table 3. (t';;), (d';;), and (€';;)
represents the normalized values of each criterion.

The pairwise comparison matrix is created using the
Saaty Scale (Saaty, 1980), which helps assign relative
value to each criterion with a 1 — 9 scale representing
linguistic terms presented in Table 4.

Table 3. Normalization of the Criteria

Criteria Original  Normalized
Travel Time [0 ) [tmin / tmax 11,t'3;
= tij /tmax
Travel [0 oo) [dmin / dmax 1]' d’ij
Distance = dij /dmax
Energy [0 OO) [emin / €max 1]' e,ij
Consumption = € /emax
Table 4. Relative Importance Scale
Relative Importance Scale
Equally important 1
Slightly more important 3
Important 5
Very important 7
Extremely important 9
Intermediate values 2,4,6,8
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The pairwise comparison is given in Table 5. Each
element of the matrix signifies the relative importance
of one criterion compared to another according to driver
preferences, with diagonal elements given a value of 1 to
indicate equal importance when a criterion is compared
to itself. For example, the linguistic term ‘extremely
important’ is selected to compare travel distance with
energy consumption in Table 5, represented with
numerical value 9, which sets the importance of energy
consumption over travel distance to 1/9.

Table 5. Pairwise Comparison of Criteria

Travel Energy Travel
Travel Time 1 3 1/7
Energy 1/3 1 1/9
Consumption
Travel 7 9 1
Distance

The driver preferences in Table 5 were transformed into
an overall priority weight vector through the following
steps:

Matrix C is constructed from Table 5 as

1 3 177
c=[1/3 1 1/9]

7 9 1

Then, the following Equation 12

Cli,jl
FLoclijl (12)

is applied to each cell of matrix C for normalization to
create the following matrix D:

0.1200 0.2307 0.1139
D ={0.0399 0.0769 0.0886
0.8400 0.6923 0.7974

Then, the following Equation 13

i1 plij) (13)

n

is applied to matrix D to obtain the column vector U.

U =10.0686

0.7765

0.1549]
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In this example, the column U represents the overall

priority weights. The priority weight of the criteria

travel time, energy consumed, and travel distance are

u; = 0.1549 , u,=0.0686, and u; = 0.7765 , where
l$=1 u; = 1.

A consistency check is performed as the last step of the
AHP to ensure the weights are reliable. Consistency
Ratio (CR) in Equation 14 is calculated, where 4,4, is
the largest eigenvalue of the matrix C, n is the number
of criteria, and RI is a constant value depending on the
number of criteria (e.g, RI = 0.58forn =3,RI = 0.9
forn = 4).

Amax— 1N
The value of CR should be less than 0.1 for consistency.
In our example, it’s calculated as 0.0708, showing that
the pairwise comparison matrix is consistent and the
AHP is reliable.

An edge weight W;; on edge (vi, vj), i # j represents the
final objective function assigned to each edge in the road
network. This calculated with Equation 15, where
(xl-lj)’(l = 1,2,3,...,k) are the normalized criteria
weights for the edge. This calculation incorporates the
AHP-derived weights with the edge attributes from
Phase 1, allowing for a weighted evaluation of each road
segment considering driver preferences.

k
W(vi,v]-) =W; = Zl_l(xilj)’u, (15)
= (o) s + () uz + () 'us

By incorporating these weighted evaluations, the AHP-
based methodology ensures that the path planning
process aligns with driver preferences while effectively
balancing the multiple criteria.

3.3. Path Planning Algorithm

The Dijkstra algorithm resolves the problem of
determining the shortest path from a source to a
destination in a graph (Javaid, 2013). It is a greedy
approach to solving the single-source shortest path
problem. It finds the shortest path from a source node to
all other nodes in a connected graph without negative
weights and works efficiently for both directed and
undirected graphs (Medak and Gogoi, 2018). This
algorithm helps identify the shortest path by minimizing
the total cost of the path implemented by the Python
NetworkX library. The flowchart of the overall process
of the proposed algorithm is given in Figure 1.
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Start
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= Assign the weights to all edges

Build a AHP hierarchical structure

= Initialize distances
= Add all nodes to the unvisited set

Build pairwise comparison matrix

Normalize the pairwise matrix

Are there unvisited nodes?

Yes

Select the unvisited node with
the smallest weight

Update the distance
Compute the weight of the criteria

s the tentative distance (using the driver
preferences) smaller than the
stored distance for that

Skip to the next
neighbor

[¢—Yes- No—>

Compute the consistency ratio (CR)

ISCR<0.17

Compute the the driver preferences

neighbor?

Have all neighbors been
evaluated?

rYES

Mark the current node as visited

Nor

Is the end node reached?

Yes

Figure 1. The Framework for the Proposed Path Planning Algorithm

The proposed method, illustrated in Figure 1, presents a
multi-objective optimization approach for EV path
planning by incorporating travel time, total consumed
energy, and total travel distance into a unified path that
aligns with driver preferences. Utilizing the AHP, it
assigns weights to these objectives based on their
relative importance and addresses negative energy
weights through Johnson's technique. The final path is
determined using the Dijkstra algorithm, ensuring an
efficient and customized solution that aligns with the
optimization objectives and driver preferences.

Energy consumption differs from other objectives since
energy weights can be negative due to recuperation, and
shortest algorithms, like Dijkstra algorithm (Dijkstra,
1959), cannot be directly applied. To solve this, Johnson
technique (Johnson, 1977) is used to reweight the graph

to eliminate negative weights while preserving the
relative order of paths. Johnson technique deals with
negative edge weights in a graph in several stages. First,
a super-source node q is added to the graph, connecting
it to all other nodes with edges of weight zero. Next, the
Bellman-Ford algorithm (Bellman, 1958) is applied
from this super-source node to compute the shortest
distances (h[v]) from the super-source to all other
nodes. The method terminates if a negative cycle is
detected since the shortest paths are not well-defined.
Following this, each edge (vi,vj) in the graph is
reweighed using the formula W’(vi,vj) = W(vi,vj) +
hlv;] — h[vj] ,where h[v;] and h[vj] are the shortest path
distances from the Bellman-Ford algorithm. This
reweighting ensures that all edge weights W’(vi,vj)
become non-negative. After the reweighting, the super-
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source node is removed from the graph. This results in a
modified graph that does not contain any negative edge
weights. This enables the correct application of Dijkstra
algorithm to determine the shortest paths.

4. Experimental Results

In order to test the proposed methodology, selected
criteria for total travel time, total consumed energy, and

] ESOGU Eng. Arch. Fac2025, 33(3), 2054-2065

total travel distance were individually visualized on a
single map for better understanding. The experiment
was conducted with limitations inside the Eskisehir
Osmangazi University (ESOGU) campus area, as shown
in Figure 2, where start and end points were selected to
represent three different paths.

Figure 2. The Graph of the Eskisehir Osmangazi University

The visualization was created using Folium, an
interactive mapping library, and OSM, an open-source
geospatial database. Figure 3 presents the visualized
result of the Dijkstra algorithm based on a single
criterion (total travel time, total travel distance, and
total energy consumption), while Table 5 summarizes
the numerical statistics for path for total time (Path-TT),
path total distance (Path-TD), and path for total energy
(Path-TE).

Table 5. Comparison of Paths Considering Three Criteria

Me.asqred Path-TT Path-TD Path-TE
Criteria

Total travel 216.978 246.576 225.576
Time (s)

Total travel 1382.4 1219.1 1256.9
Distance (m)

Total 198.7 199.1 192.7
Consumed
Energy (Wh)
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Calour Reprenstaion
W Path-TT
M Path-TD

Path-TE

Figure 3. Paths considering single criterion

In the next phase, a driver preferred path was generated
using AHP to combine multiple criteria based on driver
preferences. According to the relative importance
assigned to each criterion, travel distance was found to
be the most important, followed by travel time and
energy consumption. The priority weight of the criteria

Color Representation
M Driver Preferred Path

travel time, energy consumed, and travel distance were
u; = 0.1549 , u,=0.0686, and u; = 0.7765. These
weights were then integrated into Dijkstra algorithm to
determine the driver preferred path, and the visualized
result is presented in Figure 4.

Rektorluk
P ktorlu

3@
o

Figure 4. The Final Path Integrating Driver Preferences

The driver preferred routing process was shown to
create unique paths compared to all three single
criterion paths even within a small testing area. The
length of the path is 1232.7 meters, energy consumption
is 195.4 Wh and travel time is 231.576 seconds. With
these results, it is shown that our proposed method

offers unique and effective results in line with the driver
preferences by considering multiple criteria.
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5. Conclusion

A path-planning approach that can integrate driver
preferences within the EV context is studied in this
paper. The proposed algorithm combines total travel
time, total travel distance, and total energy consumption
in a single scope while also addressing the unique
preferences of EV drivers via AHP. Dijkstra algorithm
augmented with Johnson's technique to handle negative
energy weights results in efficient and practical path
planning. Experimental results show that the proposed
methodology fulfills expectations for both single and
multi-criteria routing and is capable of generating
balanced paths by driver preferences. This algorithm,
tested at ESOGU campus, has demonstrated its
capability in EV routing scenarios. ESOGU campus is a
relatively small area and may not fully reflect large-scale
or high-traffic conditions. Future studies can create
more comprehensive, dynamic and larger networks by
including live traffic and charging station data and
additional criteria such as road quality and usability.
This will make the results more realistic and more
suitable for practical applications.
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Keywords Abstract

Rammed Aggregate Pier®, Among the methods of stone column installation, the use of Rammed Aggregate Pier®
Loading Test, (RAP) elements offers an alternative to traditional methods like deep foundations or
Instrumentation, excavation/backfill for sites with challenging soil conditions that cannot meet the
Load Transfer performance criteria of superstructures. The goal of using RAP elements is to reduce

settlements to acceptable levels, increase load-bearing capacity, and minimize
liquefaction potential. In this study, full-scale field load test was performed to identify
the variation of shear resistance along RAP element installed by the Impact® System
(displacement), making this research the first and only study conducted on RAP
elements produced using the displacement system. More specifically, load cells were
used to assess the mobilization of vertical load distribution along the column. By
utilizing these load cells positioned at various levels along the column, the axial load
distribution was monitored concurrently during the loading test. Full-scale load test
results demonstrated that, under a 57.5 ton load, the displacement measured at the tell-
tale element (reading bars mounted on load cells) varied relative to the displacement
measured at the top level of the column, by approximately 15% at the 1 m level, and in
the other levels (2 m, 4 m, and 6 m) by about 2-5%. When these results were evaluated
in terms of the literature-defined settlement ratio (R, >> 1), the measured
displacements indicated that the response was governed by lateral expansion of the
column. Furthermore, the load cells indicated that the applied load mobilized rapidly
up to the 1 m level (~2D; D: pier diameter), with only about 10% of the load being
transmitted; in other words, the load was accommodated predominantly by
circumferential friction rather than transmission to the column tip. These findings
support a deformation mechanism for RAP elements with L/D >> 3.5 (L: pier length)
that is driven by circumferential friction rather than tip capacity.

DARBELI KIRMATAS KOLON® (DKK) ELEMANLARINDA YUK TRANSFER DAVRANISININ

ENSTRUMANTASYONLU SAHA VERi TABANLI DEGERLENDIRILMESi

Anahtar Kelimeler 0Oz

Darbeli Kirmatas Kolon®, Tas Kolon imalat yéntemleri arasinda yer alan ve list yapi performans kriterlerini
Yiikleme Testi, karsilayamayacak ézelliklere sahip olan zeminlerde derin temel ya da kazi/dolgu gibi
Enstriimantasyon, mevcut yéntemlere alternatif olan Darbeli Kirmatas Kolon® (DKK) elemanlar ile
Yiik Transferi oturmalarin uygun seviyelere indirilmesi, tasima kapasitesinin arttirilmasi ve sivilasma

potansiyelinin azaltilmas: hedeflenmektedir. Bu ¢alismada, enstriimantasyonlu DKK
elemant iizerinde gerceklestirilen tam élgekli yiikleme testi sonuglar: degerlendirmeye
alinmis olup, bu arastirma Impact® Sistemi (displacement) ile imal edilen Darbeli
Kirmatas Kolon® elemanlarindaki yiik mobilizasyonunun anlasiimasina yénelik
yiirtitiilen ilk ve tek ¢calisma niteligindedir. Bu kapsamda é6zel olarak tasarlanan ve
kolonun farkli kademelerine yerlestirilen yiik hiicreleri ile yiikleme testi sirasinda
6l¢ctimler yapilarak kolon boyunca mobilize olan eksenel yiik dagilimi eszamanli olarak
6lctilmiistiir. Tam 6lcekli ytikleme testi sonuglari, 57.5 ton yiikleme altinda tell-tale (yiik
hiicrelerine monte edilmis okuma ¢ubuklari) elemanlarinda élgiilen deplasmanin, kolon
list kotunda élgiilen deplasmana gére 1 m seviyesinde yaklasik %15’i, diger seviyelerde

hiikiimlerine gore acik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License
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(2 m, 4 mve 6 m) ise %2-5’i araliginda degistigini géstermistir. Elde edilen bu sonuglar
literatiirde tariflenen oturma oranit (R» >> 1) cinsinden de degerlendirildiginde élgiilen
deplasmanlarin kolonun yanal genislemesinden kaynakli oldugunu gdéstermistir. Ayrica
yiik hiicreleri, uygulanan yiikiin 1 m seviyelerinde (~2D; D: kolon ¢api) hizla mobilize
oldugunu ve bu seviyelere yiikiin ancak %10’unun iletildigini; baska bir ifade ile yiikiin
kolon ucuna aktarilmadan ¢evre siirtiinmesi ile karsilandigini gostermistir. Bu
sonuglar, L/D >> 3.5 (L: kolon boyu) olan DKK elemanlarinin, u¢ kapasitesinden ziyade
cevre siirtiinmesine dayali olan ¢alisma prensibini de destekler mahiyette bulunmustur.
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1. Introduction

Ground improvement techniques have become
essential in modern geotechnical engineering to
enhance the bearing capacity, settlement and stability
of soft or problematic soil profiles, ensuring the safe
support of overlying structures. Among these
techniques, Rammed Aggregate Pier® (RAP) elements
have gained significant attention due to their efficiency,
versatility, and high performance in various soil
conditions. RAP elements, as documented in the
literature (e.g., Lawton and Fox, 1994; Wissmann and
Fox, 2000), are highly effective in improving soft soil
profiles to support structures by increasing bearing
capacity and reducing soil deformations under
monotonic or cyclic loading (e.g, Lawton, Fox, and
Handy, 1994; Wissmann, Moser, and Pando, 2001).

Additionally, they play a critical role in mitigating
liquefaction risks in sandy and silty soils (e.g,
Wissmann, Ballegooy, Metcalfe, Dismuke and
Anderson, 2015). Similarly, RAP technology, rooted in
traditional stone column design principles, has
emerged as a preferred method in recent years due to
its superior installation performance and speed. The
distinguishing feature of RAP lies in its installation
technology, which provides 2-9 times greater stiffness
compared to other stone column methods (White,
Wissmann, Barnes, and Gaul, 2002), making it a robust
solution for ground improvement. The design and
performance of both rammed aggregate piers and
stone columns are influenced by several critical factors.
The design of aggregate piers hinges on their capacity
to endure applied loads and stresses while minimizing
deformations in the forms of bulging and settlements.
These elements also ensure the integrity of the
composite soil-aggregate pier system by Kkeeping
overall settlements within permissible limits. The
stress transfer mechanism between the piers and the
surrounding soil is a fundamental aspect that
influences their performance, requiring detailed
investigation to optimize design approaches. For stone
columns, the capacity and deformation behavior are

significantly influenced by the installation method,
more specifically, the type of compaction process
employed -whether vertical or horizontal vibration.
Traditional methods, such as vibro-compaction and
vibro-displacement systems (wet/dry, top/bottom
feed), rely on horizontal vibration for compaction
(John, Tim, Hilary, and Michael, 2012). In contrast, RAP
systems, utilize vertical vibration, where an impact
hammer compacts the aggregate vertically while also
densifying the surrounding soil laterally. Vertical
vibration techniques have been proposed to modify the
passive earth pressure coefficient, with findings
indicating that initial earth pressure coefficient (Kj)
tends to approach the Rankine passive earth pressure
coefficient (K;) as a result of installation effects (Handy
and White, 2006). RAP elements are constructed
employing high-frequency impacts instead of
horizontal vibrations. This method involves densifying
the soil in thin layers, applying pre-strain and pre-
stress, which results in highly dense and stiff
foundation elements due to increased confining
stresses  that significantly = minimize vertical
displacements under foundation loads.

The design procedures for stone columns have
advanced significantly since the 1960s, with early
approaches focusing on Dbearing capacity and
settlement -based methodologies. Over the past decade,
the integration of field data and theoretical models
with numerical methods has further refined these
design practices, enhancing their reliability and
applicability. Given the growing popularity of RAP
elements as soil improvement solutions, understanding
their design principles, stress transfer mechanisms,
and performance under various loading conditions has
become more critical than ever.

This research aims to explore the mechanisms of stress
distribution in Rammed Aggregate Pier® elements
constructed by the Impact® System (displacement)
which utilizes 3-up-2-down compaction procedure. It
also compares these experimental results with existing
literature to provide comprehensive insights into their
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performance when subjected to vertical loads, which in
turn is hoped to contribute to the optimization of their
design and application in geotechnical engineering.

As part of this framework, a specialized load cell has
been designed to enable the placement of the RAP
element at different levels of the pier. This design aims
to elucidate whether the applied load is transmitted
along the column primarily through circumferential
friction along its length or whether it is transmitted to
the column tip, thereby revealing the column behavior.

Although the literature includes studies aimed at
understanding load mobilization for RAP elements
installed with the replacement system, this study
represents the first and pioneering investigation
developed to elucidate the load transfer mechanism of
RAP elements produced using the displacement
system.

2. Literature Review

Rammed Aggregate Pier® elements are extensively
utilized in geotechnical practice, serving as a key
method for enhancing the bearing capacity of weak soil
conditions. The integrated system comprising the pier
and surrounding soil by this process reduces the
compressibility of the soil and mitigate the excessive
settlement under applied loads. Additionally, the piers
promote radial drainage, accelerating the consolidation
process in cohesive soils and further contributing to
improved shear strength, stability and liquefaction
potential. Furthermore, the vibration and volumetric
densification during RAP installation are anticipated to
enhance the strength and rigidity of non-cohesive soils,
such as sandy, gravelly, or low-plasticity silty materials.
By installing compacted layers through vertical
ramming action into the soft/loose soil matrix, the
upper structure loads are effectively distributed within
the treated zone. The effectiveness of load transfer into
the improved zone primarily relies on the lateral
support stress exerted by the adjacent soil.

Extensive research has been performed on the failure
mechanisms of stone columns, primarily employing
limit equilibrium approaches to assess bearing capacity
under specific failure modes (Greenwood, 1970; Vesic,
1972; Hughes and Withers, 1974; Wong, 1975; Madhav
and Vitkar, 1978; Barksdale and Bachus, 1983).

The bearing capacity of RAP supported footings is
typically limited by settlement, but excessive pressure
can trigger yield in the improved soil, reaching its limit
equilibrium capacity. In unimproved soils, shear failure
surfaces are generally presumed to develop along
circular paths or logarithmic spiral paths beneath the
foundation. RAP-improved soil exhibits complex failure
due to interactions between rigid piers and weaker
surrounding soil. Possible failure modes illustrated in
Figure 1 are categorized into four distinct types: a)

] ESOGU Eng. Arch. Fac. 2025, 33(3), 2066-2077

Bulging of individual piers; b) Shear failure under pier
tips; c¢) Shearing within the pier-soil interface; d)
Shearing below the improved soil zone (Wissmann,
1999).

(a) (b)

%

(c) (d)

Figure 1. Potential Failure Modes for Rammed
Aggregate Pier® (RAP) Elements (Wissmann, 1999).

o
F

e

Mitchell (1981) describes bulging failure in stone
columns within saturated clays (Figure 1a), where
applied pressure mobilizes shear strength, causing
outward bulging, primarily in the upper portions due to
lower lateral earth pressure near the surface.
Evaluative techniques for single columns in soft
cohesive soils assume a three-dimensional stress state,
with lateral confining stress considered the ultimate
passive resistance provided by the adjacent soil playing
a critical role in supporting the column. Bulging failure,
where the column deforms laterally under vertical
load, is common for long columns bearing on a stiff
stratum. The potential for shear failure beneath the
base of individual RAP elements, as shown in Figure 1b,
occurs when the total load transfers to the tip of
insufficiently long columns (Barksdale and Bachus,
1983; McKelvey, Sivakumar, Bell and Graham, 2004;
Suleiman and White, 2006).

The potential of shearing within the RAP-improved soil,
as shown in Figure 1c, involves shear planes passing
through the piers and surrounding soil, with the shear
strength determined by the frictional resistance of the
matrix soil and RAP elements.

Shearing below the RAP-improved soil matrix (Figure
1d) is evaluated by analyzing stresses at the foundation
of the improved layer estimated using a 2:1 load
spread, with the allowable bearing pressure (NAVFAC,
1983), with results for typical parameters provided.

Ultimately, the bearing capacity depends on column
diameter, and the rigidity and strength of both the pier
and surrounding soil, influenced by pier length having
a negligible effect on long columns. This is supported
by model tests indicating most of the applied load is
primarily transmitted to the surrounding soil instead of
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the pier base (Hughes and Withers, 1974). This load
transfer mechanism has been validated through field
and laboratory tests, emphasizing the importance of
soil column interaction.

Hughes and Withers (1974) investigated the decaying
stress responses with depth in stone column elements
through a model test. Figure 2 shows the variation of
vertical stresses with depth, where the stress decreases
from a maximum ultimate value at the top during
bulging failure to zero at 6 m depth. This study shows
that increasing the column length beyond a certain
value (6 meters for their particular setup) does not
enhance the column’s strength. When the column
length is reduced, part of the applied vertical stress is
transmitted to the soil at the tip, causing the columns to
behave partially like end-bearing piles. If the columns
are shortened sufficiently so that the base stress
exceeds the soil’s bearing capacity, end-bearing failure
occurs before bulging of columns start.

Vertical Stress ¢, (kPa)
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Figure 2. Vertical Stress Distribution in the Model Stone
Column (Hughes and Withers, 1974).

The vertical stress distributions at different load
increments, measured from total-stress cells embedded
in the shafts of the replacement piers, are presented in
Figure 3 and Figure 4. In White et al. (2007), the RAP
length was chosen as 2.97 m, while in Gamboa (2022) it
is tested as 4.2 m.

For a 2.97 m long RAP, White et al. (2007) indicated
that under 240 kN vertical load, the vertical stress is
reduced to 18% of its value at the top of the elements
at a depth of 2.3 meters, while Gamboa (2022)
reported that under 255 kN the same depth
experiences roughly a 15% of the stresses applied at
the top.

The vertical-stress variations are nonlinear and they
decay rapidly with depth within couple of diameters of
the element, indicating that a significant portion of pier
cap loads are transmitted to host soils via shaft shear
below the pier cap depth.

Overall, the load transfer mechanism of stone columns,
which depends on their stiffness, lateral soil

] ESOGU Eng. Arch. Fac. 2025, 33(3), 2066-2077

confinement, and radial load spreading, provides an
efficient solution for strengthening soft soil
foundations.
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Figure 3. Measurements of Vertical Stress Increase
Along Pier Shaft (White et al,, 2007).
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Figure 4. Measurements of Vertical Stress Increase
Along Pier Shaft (Gamboa, 2022).

3. Methodology

To further investigate this load transfer mechanism, a
well-instrumented Impact® Rammed Aggregate Pier®
(RAP) was designed to assess the load distribution
along the pier. A specialized load cell, engineered to
withstand compacted aggregate conditions and capable
of simultaneous data recording, was designed and
constructed by GeoAnts-GeoDestek LLC to assess axial
load along the RAP. During pier installation and load
testing, sensor data were monitored in real time using
a field data acquisition unit.

This section describes the soil profile of the research
site, the preliminary validation tests conducted to
finalize the load cell design, the installation of the
instrumented Impact® RAP, and the loading tests
performed on the instrumented pier.
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3.1. Soil Profile Characterization

The instrumented RAP test was conducted at an
ongoing pier installation site on the Aegean Sea coast in
Milas, Mugla, Tiirkiye, facilitating easy access for the
research team and equipment (Figure 5).

Figure 5. Instrumented RAP Installation Test Site.

Figure 6 presents the variations of SPT N, liquid limit
(LL), plastic limit (PL), and water content (), with
depth, along with the soil profile. The geotechnical soil
profile indicates a 1 meter thick upper layer of
uncontrolled fill (blocky, clayey, sandy) underlain by
sandy, gravelly soft to medium stiff clay layers
extending to depths of 11 m. Beneath these, a 4 m thick
silty sand gravel layer is followed, by silty medium
dense sand down to 20 m. Groundwater is observed at
a depth of 2 m.
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Figure 6. Variation of SPT N, LL, PL, w Values with
Depth Along with the Representative Soil Profile.

The Impact® RAP installation steps are planned to be
thoroughly described in order to provide a
comprehensive overview of the system technology

J ESOGU Eng. Arch. Fac. 2025, 33(3), 2066-2077

prior to proceeding with the load cell design and
integration.

3.2. Impact® Rammed Aggregate Pier® Installation

Impact® RAP elements are constructed using
displacement methods with a mobil-ram base unit
fitted with a high-frequency vibratory hammer. Upon
reaching the designed depth with a 36 cm diameter
patented chained tamper head and mandrel, aggregate
is placed hopper inside, flowing to the mandrel’s base.
The tamper head and mandrel are then withdrawn
approximately 1 meter and driven back down 0.67 m,
forming a 0.33 m thick compacted lift. Compaction is
achieved through hydraulic crowd pressure and
dynamic vertical energy, densifying the aggregate
within the displaced cavities to create stiff aggregate
pier elements with a final diameter of approximately
50 cm. Figure 7 shows a view from the RAP installation
site.

Telescopic
Loader

Figure 7. A View from Impact® RAP Installation Site.

3.3. Load Cell Design

A specialized load cell was designed to measure loads
at various levels within the pier. Since the Impact® RAP
installation involves driving the mandrel into the soil
using axial force and vertical vibration, the key focus
was to ensure the load cell remains undamaged. A trial
study was conducted to assess and mitigate the
potential damage to the load cell at the mandrel tip
during installation. The mandrel was inserted to a
depth of 2 m, the load cell manually lowered to the pier
shaft, and the standard RAP installation procedure
commenced as compacting the aggregate material
above the load cell as shown in Figure 8. After the
demo-installation, rapid plate load test was performed
to confirm the successful recording of load cell data.

Figure 9 shows that during RAP installation, the total
load distribution in the load cell provides a stable load
level under dead aggregate loads both during mandrel
driving and after the load cell reached the base.
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Furthermore, the load cell data recording presented in
Figure 9 confirms that the 3-up/3-down (for the
bottom bulb-Step 1) and 3-up/2-down (Steps 2-3-4)
RAP installation procedure, schematically depicted in
Figure 8, was successfully implemented.

Impact® RAP installation steps: up/down

! H’ | @ IJ lJ' IJ ‘_:! i

S o fo——;l [———"—;
I O s = oy >l == sl == sl ==
el Y ','\b‘?‘\" ,L%—"”\ o, e N,
i o g i ;

3up/3down 3up/2down 3up/2down 3up/2down
1 (2) (3) 4

3up/3down: 1Im-up/1m-down

3up/2down: 1m-up/0.66m-down

Figure 8. Impact® RAP Installation Steps.
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Figure 9. Measured Total Load During RAP Installation.

Figure 10 presents the data recording obtained from
the load cell during the plate loading test performed
after RAP installation.

Time (sn)

0 500 1000 1500 2000
8 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
L4

Total Load (ton)

Loading (L) and Unloading (UL) steps

Figure 10. Measured Total Load During Plate Load Test.
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The plate loading test involved four incremental
loading stages of 5 tons, 10 tons, 15 tons, and 20 tons
(Figure 10 - L1 to L4). A linear increase in the load cell
data was observed during each loading stage, and data
stabilization was confirmed at each load level
Following the loading stages, the load was unloaded in
two stages (Figure 10 - UL1 & UL2). Data acquisition
continued briefly after the completion of the loading
test, and data collection ceased once data stabilization
was observed.

The modified load cell was designed with an outer
diameter of 33 cm and a height of 13.4 cm (Figure 11).
Four independently operating full-bridge resistive
strain gauge load cells were placed inside. A 4 mm thick
steel around the circumference was implemented to
enclose, protect the load cell from water and moisture
and withstand damage during mandrel driving with
axial force and vertical vibration.

Modified-load cell

Demo-load cell

e t=10 mm (plate) e t=12 mm (plate)
e (=46 cm (plate) e (=33 cm (plate)
e t=2 mm (cover) e t=4 mm (cover)

Figure 11. The Schematic View of the Designed Load
Cells: a) Demo-load cell b) Modified-load cell.

Signal cables for each strain gauge channel were routed
to the surface through four custom designed tell-tale
channels encased in PPRCs sleeves. To measure vertical
deformations at the load cell levels, tell-tale bars were
also used at the exact locations of the load cells.

Figure 12, Figure 13 and Figure 14, the setup of the tell-
tale bars and signal cables at each load cell site is
presented. The data from the sensor channels were
stored via two specially manufactured 8-channel signal
conditioning and digitizing data acquisition units, each
with built-in recording capability, and were displayed
in real-time using desktop software on-site. At each
level, four load cells were positioned to sense the load
together, with a total of 16 load cells distributed across
four different levels.

At each level, a load cell equipped with four load-
measuring sensors was meticulously positioned to
ensure that the load cell remained horizontally
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oriented without any tilt. For the tilt-meters, a single 4-
channel data acquisition unit was used, and the values
were displayed in real-time via software, both during
the installation of the piers and during load testing. The
tilt-meters were used to provide valid information
about the final positions of the load cells after
placement.

_ PPRCs to protect the
~  cables and tell-tale bars

Detail-A

top view of
load cell plate

3rd  bottom view of
load cell plate

Detail-A

r
1
1
1
1
!

Figure 12. The Schematic View of the Designed Load
Cell.

Tell-tale bar
5 mm

Signal cable
8 mm

Holes for

Load cell lower PPRCs

t=12 mm
¢=33 cm

Figure 13. The Photographs from Site of the Designed
Load Cell (34 level).
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load cell

© ol
Figure 14. The Photographs from Site of the Designed
Load Cell.

63

3.4. Instrumented Impact® RAP Installation

To mitigate granular material collapse during load cell
placement, a separate casing was used during pier
installation (Figure 15). The installation process for the
instrumented test pier involved the following steps: A
40 cm diameter casing was driven to a depth of 6 m
using a conical sacrificial plate. A 25 c¢cm diameter
mandrel was then lowered to 8 m to install RAP
between depths 8 m and 6 m. After retracting the
mandrel, the initial load cell was positioned precisely at
6 m. The mandrel was reinserted, and RAP was
installed between depths of 6 m and 4 m. Using the
same procedures load cells were subsequently placed
at depths of 4 m, 2 m, and 1 m, with RAP installations
performed between those levels. The process
concluded with the final RAP installation reaching the
ground surface. Care was taken to avoid damaging the
cables, and data was systematically recorded
throughout the RAP installation. The load cells
remained stable without tilting in any direction.
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Figure 15. Some Photos from Instrumented Impact®
RAP Installation.

3.5. Full Scale Modulus Load Test on Instrumented
Impact® RAP

The full-scale loading test followed the ASTM D-1143
standard to assess load mobilization along the pier. The
counterweight included four steel pipes (38 cm
diameter) and 60 tons of concrete blocks: two blocks
measuring 2 m X 2 m x 1 m and four blocks with a
diameter of 2.3 m and thickness of 1 m. A hydraulic
jack applied the load, controlled by a 100 ton capacity
load cell. Displacement at the top of the column was
measured using three dial gauges. However, at the tell-
tale elements, out of the sixteen installed gauges, only
ten were operational and successfully monitored
displacements (three gauges at levels 1, 2, and 3, one
gauge at level 4). Load values were recorded at each
stage, starting with 5% increments until the maximum
load was reached. Measurements continued for the
recommended duration, ensuring the settlement rate
exceeded 0.254 mm/hour or 0.064 mm/15 minutes.
The test lasted 13 hours and 15 minutes. The load test
was conducted according to the loading scheme
outlined in Table 1. Figure 16 illustrates the loading
test setup.

Figure 16. The Instrumented RAP Load Test Setup.

Table 1. Full Scale Modulus Load Test Scheme.

Time Time

Load (min.) Load Load (min.)  Load
# Cycle . Cycle .

(%) min./ (ton) (%) min./ (ton)

max. max.

0 5 5/- 1.2 17 100 5/- 25.0
1 16 15/60 4.0 18 133 5/- 33.2
2 33 15/60 825 19 150 15/60 375
3 50 15/60 125 20 175 15/60  43.7
4 66 15/60 165 21 200 15/60 50.0
5 83 15/60 20.7 22 230 15/60 57.5
6 100 15/60 25.0 23 150 5/- 375
7 115 60/240 28.7 24 100 5/- 25.0
8 133 15/60 332 25 66 5/- 16.5
9 150 15/60 375 26 33 5/- 8.25
10 133 5/- 332 27 0 5/- 0.0
11 100 5/- 25.0 28 100 5/- 25.0
12 66 5/- 165 29 200 5/- 50.0
13 33 5/- 825 30 264 5/- 66.0
14 0 5/- 0.0 31 276 5/- 69.0
15 33 5/- 825 32 0 - 0.0
16 66 5/- 16.5
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4. Results

This section will present the results of the
instrumented load test, along with the load cell
measurements recorded during the testing process.

4.1. Load Test Results

The loading test was conducted in three cycles,
applying loads of 37.5 tons, then to 57.5 tons, and
ultimately about 66 tons. Deformations of 47.28 mm,
91.8 mm, and 123.35 mm were recorded at 37.5 tons
57.5 tons, and 66 tons, respectively. At the final load,
the deformation at the top of the RAP increased
significantly around 135 mm. Figure 17 illustrates the
load-settlement (q-8) behaviors of the instrumented
pier during the test for each load cell levels.

Applied Load (ton)
0 10 20 30 40 50 60 70 80 90

)
|

20 ]
40 —
60
80 ]
100 —
120
140 —
160

Settlement (mm)

—©— top of pier
—— tell-tale @ 1 m
—+— tell-tale @ 2 m

—%— tell-tale @ 4 m
—&— tell-tale @ 6 m

Figure 17. The Applied Load vs. Top-of-Pier Settlement
Graphs Including of Tell-Tale Responses for 1st Level (1
m), 2 Level (2 m), 3rd Level (4 m), and 4t Level (6 m).

Under the 57.5 ton load, displacement at 1 m depth
measured about 15% of the top-level displacement,
while at depths of 2 m, 4 m, and 6 m, displacements
ranged from 5% to 2%. The tell-tale load-settlement
curves indicate that bulging deformation
predominantly releases during compression. Chen,
Han, Oztoprak, and Yang (2009) demonstrated that the
settlement ratio, defined as, Rb=(8top-0tip) /Stip, SUpports
in evaluating the contributions of both the pier shaft
and the underlying soil to the pier's settlement. When
Rb > 1 settlement mainly arises from the pier's
shortening, including bulging and compression.
Conversely when Ry < 1, the majority of settlement is
ascribed to the compression of the soil beneath the pier
tip. For the instrumented Impact® RAP element, the
settlement ratio is >> 1, and the observed bulging
behavior is found to be consistent with the literature.
Furthermore, the pier length is sufficiently long for tip
behavior to manifest, as indicated by a length to

] ESOGU Eng. Arch. Fac. 2025, 33(3), 2066-2077

diameter ratio (L/D) exceeding 3.5, as per Suleiman
and White (2006). Pier stiffness decreases sharply for
settlements under 20 mm and gradually approaches a
minimum asymptote as settlement exceeds 20 mm.

4.2. Load Cell Readings

During the pier installation and loading test,
continuous data was collected from the load cells
installed at the four levels of the pier. There was no
evidence of tilting of the load cells during any of the
load cycles. The measured load from load cells along
with load cycle times during the loading test is
presented in Figure 18. The load distribution recorded
by the load cells are shown in Figure 19.

‘e 7
=) 1 Level-1(1m)
E 67 el (2m)
g 5- Level-3 (4 m)
S 4 1 Level-4 (6 m) H
T 3]
5 2- L
7 ] [
< 1
é 0 ] I — ’*/lw\!
48:00 .48:00 .48:00
164 22 A
A3 g3 o/2/%

Date-Time

Figure 18. Measurements of Load vs. Load Cycle Time
During the Loading Test.

The first (at 1 m) and second (at 2 m) level load cells
recorded significant axial loads at the first cycle of the
loading which reached up to a maximum load of 37.5
tons. For the second cycle, a small value was recorded
at the third level (at 4 m) under 57.5 tons. The fourth
level load cell (at 6 m) standard recording data in the
third cycle at approximately 66 tons. At 37.5 tons, the
vertical load increase at 1 m depth is about 10% of the
applied vertical load. The results reveal that most of the
load dissipates within the first meter of the pier shaft,
with reduced dissipation in the next two meters.

The load is primarily supported by shaft friction
instead of being transferred to the pier’s tip, indicating
higher dissipation occurs within the bulging depth.
According to Wissmann (1999), the depth of bulging
for an individual column is about 0.9 m, aligning with
most of the load being mobilized at ~2D depth.
Similarly, Chen et al. (2009) characterized the bulging
depth as being equal to 2D, noting that the increase in
axial load along the RAP decreases rapidly with
increasing depth. This phenomenon suggests that
higher lateral resistance acts on the shaft as a result of
the installation effect.
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Figure 19. Measurements of Load Distribution Along
the RAP During the Loading Test.

5. Discussion

Under working loads, vertical stresses are transmitted
through aggregate piers in a manner similar to friction
piles, yet with two key distinctions. The majority of the
load is transferred through the pier to the adjacent soil
matrix through shear stresses at the pier-soil interface,
similar to the skin resistance observed in friction piles.
However, aggregate piers also develop bearing
resistance along the underside of undulations at the
pier's perimeter, transferring potential shear surfaces
into the matrix soil rather than along the pier-soil
interface. This results in greater shear resistance than
that which would develop along a regular surface.
Additionally, as settlement occurs, deformations near
the top of the pier manifest as bulging, displacing the
matrix soil outward and increasing lateral pressures
along the interface. This heightened lateral pressure
enhances the pier's stiffness, resembling the stiffening
effect seen in strain-hardening materials.

Research by White, Pham, and Hoevelkamp (2007),
Wissmann, White, and Lawton (2007), and Gamboa
(2022) examined the load-deformation behavior of
RAP, with experimental results compared to existing
literature to Dbetter understand aggregate pier
performance across various soil profiles and column
depths. A key distinction is that this study uses a
displacement Impact® System yielding a 40 cm final
diameter, while the earlier studies employed a
replacement method with a 76 cm final diameter. The
load-settlement results from White et al. (2007),
Wissmann et al. (2007), and Gamboa (2022) align with
this study, showing minimal settlement at the column
base. This indicates that overall settlement at the
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column top is largely due to lateral displacement or
bulging of the pier head rather than vertical
displacement of the overall column. Gamboa (2022)
and others highlight that the density/stiffness of the
surrounding soil significantly influence performance,
more so than placing the pier tip on a bearing layer,
provided the pier is long enough to transfer the load
imposed by the concrete cap. Consistent with this
study, a sufficiently long pier dissipates stress
effectively, with little deformation or stress transfer
along the pier length (Gamboa, 2022). A notable
difference lies in the load dissipation percentages at
similar depths. This study found that at a depth of
about two pier diameters (~2D), 10% of the applied
37.5 ton load is dissipated. In contrast, at the 2D depth
and similar load levels, White et al. (2007) and Gamboa
(2022) reported approximately 40% dissipations for a
2.97 m floating pier and a 4.2 m end-bearing column.
These columns are significantly shorter than the 8 m
pier tested in this study. The discrepancy between the
results can be attributed to differences in column
length and the resulting end-bearing versus floating
behavior of the pile and variations in the strength
properties of the surrounding soil. The results suggest
that for sufficiently long piers, mobilization occurs
primarily through skin friction, with minimal stress
transmitted to the column tip. In accordance with
literature, the axial load is understood to decrease
rapidly along the column with each load increase,
particularly within the region extending from the
column's bottom elevation to the 2D influence depth.
As a summary, the stiffness ratio between the pier and
surrounding soil—particularly in the upper 1 meter
(~2D depth)—is the most critical factor in load
distribution, as most axial load is mobilized in this
zone.

The behavior of the RAP element is largely governed by
the shear strength and stiffness of the surrounding soil.
Most of the load is transmitted from the pier to the soil
through shear stress along the pier soil interface, akin
to the skin resistance that develops around the
perimeter of friction piles. However, the piers also
develop bearing resistance along the underside of the
undulations at the pier’s perimeter, which transfers the
potential shear surface into the surrounding soil rather
than along the pier soil interface. Consequently, the
overall shear resistance is greater than what would
develop along a regular surface.

A more rigid native crustal host soil helps create a
stiffer pier, which appears to be more effective at
dissipating stress and less prone to large bulging or
lateral displacements.

The findings indicate that, when determining the
capacity and anticipated settlement of aggregate piers,
the stiffness of the surrounding soil is more critical

2075



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(3), 2066-2077

than reaching a bearing layer, provided the pier length
is sufficient to dissipate the applied stresses effectively.

6. Conclusion

This study evaluated the design, installation, and full-
scale load testing of a specialized load cell used in
Impact® RAP (Rammed Aggregate Pier®) installation.

Key findings are as follows:

e The full-scale load test, conducted per ASTM D-
1143, applied loads of 37.5, 57.5, and 66 tons
in three cycles, recording top displacements of
47.28 mm, 91.8 mm, and approximately 123
mm, respectively. At 57.5 tons, displacement at
1 m depth was about 15% of the top-level
displacement, while other levels (2 m, 4 m, and
6 m) showed 2-5% of the top displacement.
The settlement ratio (Rp >> 1) indicated that
settlement primarily resulted from pier
shortening and bulging, consistent with
literature.

e A well-instrumented RAP, utilizing load cell
and tell-tale bar readings, demonstrated that
most axial load (10% of 37.5 tons at 1 m
depth) dissipated within the first meter, with
minimal load transfer to the pier tip,
suggesting dominant shaft friction and
minimal tip contribution, consistent with a
length to diameter ratio (L/D) greater than 3.5.

e The study highlights that load transfer in
aggregate piers occurs mainly through shear
stresses at the pier-soil interface, enhanced by
bulging-induced lateral pressures. Compared
to prior studies, this 8 m pier showed lower
load dissipation (10% at ~2D depth) than
shorter piers (40% at ~2D). The results
emphasize the critical role of the surrounding
soil’s stiffness particularly in the upper 1 m
(~2D depth), in load distribution and pier
performance. For sufficiently long piers, load
mobilization relies primarily on skin friction,
with minimal stress transfer to the pier tip,
underscoring the importance of soil stiffness
over reaching a bearing layer in design
considerations.

e Based on the investigated load transfer
mechanisms along the pier shaft, it can be
stated that in the design of RAP elements
depending on the column length as the
influence of shaft friction, with negligible
contribution from the pier tip.

The mechanical properties of the surrounding soil
significantly influence the behavior of RAP elements.
Therefore, more site tests should be conducted on both
coarse and fine-grained materials with varying
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consistencies to gain a clearer understanding of the
load transfer mechanism at the piers.

The instrumented loading test conducted in this study
focused on the behavior of a single element, and future
studies should be expanded to include understanding
the behavior of a group of columns.

Future work will entail a parametric analysis of the
collected data, substantiated by finite element
simulations and experimental test outcomes.
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