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Oz: Saglik sektoriinde, robotik sistemlerde ve endiistride kullanilan cihazlarin
kullanim 6mrii ve performansi dinamik ytiklemelere maruz kaldiklarinda verdikleri
tepkilerle dogrudan iligkilidir. Dinamik yiiklemeler sonucunda ortaya ¢ikan
titresimler stabilitesi ve mekanik performansi iizerinde kritik etkilere sahiptir. Bu
nedenle, dinamik ytikleme altindaki titresim davranisinin analiz edilmesi, dzellikle
biyomekanik uygulamalar kapsaminda énem tasimaktadir. Ozellikle biyolojik doku
similasyonlar1 ilizerinde gerceklestirilen titresim analizleri, sistemlerin dinamik
yanitlarinin belirlenmesi ve giivenilirliginin artirilmasina yonelik temel bir adimdir.
Polilaktik asit (PLA), hem yapay biyolojik doku iiretiminde hem de ii¢ boyutlu yazici
filamenti i¢in yaygin olarak tercih edilen bir malzeme olarak 6ne ¢ikmaktadir. Bu
calismada yapilan deneysel ve niimerik ¢alismalarda, motor tahriki ile harmonik
yiuk uygulanmis Kkirisler iizerinde konuma gore dinamik analizler
gerceklestirilmistir. Kirisler lizerinde konum olarak ii¢ diigiim noktasi belirlenmis
ve bu noktalar arasina piezo sensorler yerlestirilerek analizler yapilmistir. PLA kutu
icerisine yerlestirilen kirisli sistemin soniimlii ve s6nlimsiiz titresimine bagl olarak
zaman analizi, dogal frekansi, séniimleme orani incelenmistir. Kirislerin tiretiminde
iki farkli malzeme se¢ilmistir. Metal malzeme olarak geleneksel yontem ile imal
edilmis A366/CQ siyah celik levha (Soguk haddelenmis sac-DKP) ve polimer
malzeme olarak PLA filament kullanilmistir. Deneysel ve niimerik ¢alismalarimiz
sonucunda, her iki sistemin kararli olma durumu serbest u¢ bdlgesinde tespit
edilmistir. Celik ve PLA Kkiris icin bahsedilen bolgedeki soniim oranlari deneysel
olarak sirasiyla 0,227 ve 0,755 bulunmustur. Sayisal sonuglara gore ise celik kirisli
sistemin soniim oranlari [0,93; 0,93; 0,55; 0,55; 0,76; 0,76], PLA kirisli sistemin ise
[1; 0,98; 0,98; 0,97; 0,97; 0,94; 0,94] olarak elde edilmistir. Calisma, malzeme ve
sistem dinamiklerinin optimize edilmesi, titresim kontrolii ve kararlilik artirmaya
yonelik mithendislik uygulamalarina katki saglayabilecek bir referans niteligi
tasimaktadir.

Investigation of Dynamic Characteristics of Smart Beams

Keywords
Smart beams,
Harmonic Load,
Damping,

Piezo sensor,
PLA.

Abstract: The service life and performance of devices used in the healthcare sector,
robotic systems, and industry are closely associated with their response under
dynamic loading conditions. Vibrations resulting from dynamic loads have a
significant impact on stability and mechanical performance. Consequently, the
analysis of vibration behavior under dynamic loading is of critical importance,
particularly in biomechanical applications. Vibration analyses conducted on
biological tissue simulations play a fundamental role in determining the dynamic
responses of systems and improving their reliability. Polylactic acid (PLA) is widely
utilized as a material for the production of artificial biological tissues and as a
filament in 3D printing applications. In this study, experimental and numerical
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investigations were carried out on beams subjected to harmonic loading via motor
excitation, with dynamic analyses performed at specific positions. Three nodal
points were identified on the beams, and piezoelectric sensors were placed between
these points for analysis. The damped and undamped vibration responses of the
beam system housed in a PLA box were analyzed in terms of time response, natural
frequency, and damping ratio. Two different materials were used in beam
production: A366/CQ black steel sheet (cold-rolled steel) manufactured using
conventional methods as the metallic material, and PLA filament as the polymer
material. Experimental and numerical results revealed that the stability of both
systems was achieved at the free end region. The damping ratios in the specified
region were experimentally determined as 0.227 for the steel beam and 0.755 for
the PLA beam. Numerical results indicated that the damping ratios for the steel
beam system were [0.93; 0.93; 0.55; 0.55; 0.76; 0.76], while those for the PLA beam
system were [1; 0.98; 0.98; 0.97; 0.97; 0.94; 0.94]. This study provides a reference
that can contribute to engineering applications focused on optimizing material and
system dynamics, controlling vibrations, and enhancing stability.

1. Giris

Titresim, glinlik hayatimizda ¢esitli sekillerde
karsimiza ¢ikan fiziksel bir olgudur [1]. Titresim
analizi, tibbi cihazlarin tasariminda, kalite
degerlendirmelerinde ve mekanik pargalarin dayanim
degerlerinin  belirlenmesinde 6nemli bir rol
oynamaktadir. Dis ortam etkileri, makine titresimleri,
gurilti ve dinamik yiiklere maruz kalan yapilarda
meydana gelen mekanik titresimler, bazi durumlarda
catlak olusumuna ve sistemlerin rezonansa girmesine
neden olabilmektedir [2]. Bir yapinin titresim ayar1 ve
kontrolii  acisindan, elektro-mekanik  baglanti
faktorleri olan dogal frekans ve soniim orani, iki
o6nemli belirleyici parametreyi olusturmaktadir. Dogal
frekans, bir sistemdeki serbest titresimlerin
karakteristik frekansi olarak tanimlanir ve bu, her
saniyede gerceklesen salinim sayisidir. S6niim ise,
yapida meydana gelen enerjiyi absorbe etme
kapasitesi olarak tamimlanmaktadir. Yapiya eklenen
soniim elemanlar;, dinamik yapilarin = 6mriini
uzatmak, girilti kirliligini azaltmak ve yapinin
kompakthigini  artirmak gibi c¢esitli avantajlar
saglamaktadir [3], [4]. Soniimleme orani, salinimlarin
ardisik tepe noktalari arasindaki logaritmik azalma ile
tanimlanan birimsiz bir parametredir [5]. Titresimleri
azaltmak veya ortadan kaldirmak amaciyla aktif, pasif

ve hibrit titresim kontrolii yontemleri
uygulanmaktadir. Titresim kontroliinde genellikle
piezoelektrik sensorler ve aktiiatorler

kullanilmaktadir [6], [7], [8]. Akilli malzeme olan
piezoelektrik malzemeler, bir enerji tiiriinti baska bir
enerji tiriine doniistiirme 6zellikleri sayesinde ¢esitli
cihazlarda  kullamlabilmektedir  [9].  Ornegin,
biyomedikal alanda kullanilan elektrofizyolojik
cihazlar, canlilarin titresimlerini elektriksel sinyallere
dontstirerek cesitli hastaliklarin teshisinde yer
almaktadir [10], [11], [12]. Titresimi azaltmak
amaciyla kullanilan bir diger yontem, piezo sensdr ve
aktliatorlerin yerlesim ve tasariminin
optimizasyonudur. Poudrel ve ark. tarafindan yapilan
calismada, kemik implantinin stabilitesini 6l¢gmek icin
piezo sensérlerin konumlandirma optimizasyonu
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yapilmis ve titresimin en az oldugu konum
belirlenmeye c¢alisilmistir. Bu amagla, en fazla 50 N
darbe etkisi altinda bes farkli bolgeye yerlestirilen
piezo sensorler kullanilarak, implantin yerlesimine
uygun en ideal konum belirlenmistir [13]. Chhabra ve
ark. tarafindan yapilan ¢alismada ise aliiminyum Kkiris
iizerine piezo sensor {i¢ farkli pozisyona yerlestirilmis
ve piezo aktiiator ile tahrik edilmistir [14]. Ghodsi ve
ark. tarafindan yapilan ¢alismada, ugaklarin aktif
titresim kontroliinde piezo sensor ve aktiiator
konumlartile yoni arastirilmistir. Calisma sonucunda,
konumun yapisal titresim o6zelliklerinde o©6nemli
degisikliklere yol a¢tifi bulunmustur [15]. Titresim
kontrolli, robotik sistemler ve esnek yapilarin
kontroli gibi alanlardaki calismalarda, kirisler siklikla
tercih edilmekte olup, bu yapilarin dinamik analizleri
detayli bir sekilde incelenmektedir [16]. Sonsuz
serbestlik derecesine sahip siirekli sistem olarak
tanimlanan, bir ucu serbest, diger ucu ankastre olan
elastik kirislere piezo sensor ve aktiiator eklendiginde
akill kiris elde edilmektedir. Geleneksel malzemeler
ise mikroislemci, kontrol algoritmalar1 ve yapay zeka
eklentileri ile akill yapl davranisi
sergileyebilmektedir [17].

Istenilen gorev dogrultusunda hareket edebilen
robotik sistemlerde, kavrama hareketi gibi esnek yap1
tabanli konumlandirma islemlerinde genellikle
motorlar kullanilmaktadir. Konumlandirma sirasinda,
tlim yapilarin kavranmasi, déonme hareketleri, zayif
soniimleme ve ¢esitli lineer olmayan etkiler nedeniyle
karmasik titresimler meydana gelmektedir [18].
Sinyal jeneratdrii ve motor gibi tahrik elemanlariyla
sisteme uyar1 verilir ve ¢ikis sinyallerinin genlik
degerleri genellikle osiloskop cihazi ile 6l¢iilmektedir
[19], [20]. Singh ve Nanda, calismalarinda iki katmanlh
ve kaynakli baglantilara sahip yapilarin dinamik
davranisini analiz etmislerdir. Arastirmada, kirislerin
serbest ucu sinyal jeneratori ile 0-500 Hz frekans
araliginda uyarilarak osiloskop cihazindan giris ve
cikis  sinyalleri alinmistir.  Sinyallerin  genlik
degerlerinden frekans analizi yapilmistir [21]. Lin ve
ark., yaptiklari calismada ince esnek plakalarin motor
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tahrikli ~ doniisiini servo motor kullanarak
gerceklestirmislerdir. Yapy, 1 Hz siniis dalgas1 ile
tahrik edilmistir. ince esnek plakalarin motor tahriki
ile titresim hareketi dogrusal olmayan bir davranis
sergilemektedir. Ayrica, motor tekrarlayan hareket
yaptigl icin periyodik titresim olusturmaktadir.
Burada olusan istenmeyen karmasik titresimlerin
azaltilmasinda akilli hibrit kontrol yaklasimi
kullanilmaktadir [18].

Piezoelektrik ve viskoelastik katmanlara sahip
sandvi¢ Kkirislerin soéniimleme analizi i¢in sonlu
eleman metodu kullanilmaktadir [22]. Modal analiz,
bir yapinin titresim karakteristiklerini (frekans,
soniim oranmi ve mod seKilleri) anlamada yardimci
olarak sorun giderme, simtilasyon, tahmin ve tasarim
optimizasyonu gibi siire¢lerde kullanilabilmektedir.
ANSYS, miihendisler igin yapi, titresim, akigskanlar
dinamigi, 1s1 transferi ve elektromanyetik gibi farkl
disiplinlerin etkilesimlerini simiile etmek amaciyla
sonlu elemanlar yontemini kullanan genel amagh bir
yazilimdir. ANSYS, CAD verilerini ice aktarabilme
yetenegi ile geometri olusturulmasina imkan tanirken,
ayn1 6nislemci araciligiyla hesaplama i¢in gerekli olan
sonlu elemanlar modeli de olusturulabilmektedir.
Yiiklemeler tamimlanip analizler yapildiktan sonra,
sonuglar sayisal ve grafiksel olarak
goriintiilenebilmektedir [23]. Akilli yapilar da
genellikle ANSYS programi ile simiile edilebilmektedir
[24]. Khalatkar ve ark., ¢alismalarinda aliiminyum
konsol kirige yerlestirilen motor ile yaklasik 850 d/d
doénme hiziyla yedi farkli konumda titresim iizerine
deneysel ¢alismalar yapmislardir. Kirisin serbest ucu,
motordan gelen yiikleri karsilamaktadir. Kiris tizerine
eklenen piezo sensor ile voltaj verilerini, niimerik
analiz (ANSYS programi ile) ve deneysel olarak
incelemislerdir [25]. Sonlu elemanlar analizi i¢in
SOLID 45 ve SOLID 5 olmak iizere iki tip eleman
secilmektedir. Kiris kismi igin SOLID 45 eleman,
piezoelektrik yama igin ise SOLID 5 elemani
kullanilmistir  [26]. Vinayaga ve ark, ANSYS
programinda Kiris tizerine sensorleri 5 farkli bolgeye
yerlestirerek uygun konumu belirlemeyi
amagclamiglardir. 100 kN yiik ile kirisi tahrik ederek,
kursun zirkonat titanat (PZT) ve polivinilidin floriir
(PVDF) olmak tzere iki farkli sensor ile gikis
sinyallerini elde etmislerdir [27].

Ug¢ boyutlu (3B) baski iiretim yéntemlerinden en
yaygin olan eritilmis biriktirme modelleme (EYM),
malzeme ekstriizyonu prensibi ile ¢alisgan bir
yontemdir. Bu yontem ile iretilen pargalar,
biyomedikal (6rnegin, fantom iiretimleri), havacilik ve
otomotiv sektorlerinde siklikla kullanilmaktadir. Bu
alanlarda tercih edilen malzemelerin basinda poli
laktik asit (PLA) yer almaktadir [28]. PLA ile liretilen
numunelerin en 6nemli avantajlarindan biri hafif
olmalaridir. Ayrica, yliksek darbe dayanimi, basing
dayanimi ve soniimleme yetenekleri nedeniyle PLA, en
¢ok tercih edilen malzemelerden biridir [29].
Biyomedikal alanda, insan dokusuna benzerligi
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nedeniyle toraks, kaburga, kafatas1 kemigi gibi
karmasik yapilarda kemik fantomu tiretiminde PLA
kullanilmaktadir [30], [31], [32]. Bu karmasik
geometrili ve hassas yapilarin eklemeli imalat (EI) ile
iretiminde bir¢cok avantaj bulunmasina ragmen,
filament rengi, parca oryantasyonu, malzeme tabakasi
kalinligl, malzeme biriktirme hizi, nozul sicakligy,
yatak sicakligl, dolgu tipi ve dolgu yogunlugu gibi
bircok  parametrenin  numunelerin  mekanik
ozelliklerini etkileyebilecegi yoniinde bir¢ok ¢alisma
mevcuttur [33]. Literatiirde, PLA malzemesi hakkinda
iiretim yontemi ve parametrelerinin degistirilmesiyle
ortaya c¢ikan mekanik o6zellik farkhiliklar1 siklikla
incelenmis olsa da, bu yapilara dinamik yiikleme
sonucu meydana gelen titresimin analizi ile ilgili az
sayida calisma bulunmaktadir [34]. PLA, hafifligi ve
nispeten yiiksek sertligi sayesinde kafes yapilar, gecici
koruyucu kaplamalar, ¢oklu rezonatér sistemleri,
enerji emilimi ve titresim soéniimleme gibi bir¢ok
yenilik¢i uygulamada hafif tasarimlar igin tercih
edilmektedir [35], [36], [37]. A366/CQ siyah celik
levha (Soguk haddelenmis sac-DKP), iyi ylizey kalitesi,
milkemmel sekillendirilebilirlik ve orta seviyede
mukavemeti sayesinde yap1 ve ingaat bilesenleri,
otomotiv endiistrisi, makine ve ekipman iiretimi,
mobilya ve donanim, imalat ve metal isleme ile enerji
sektoriinde kiris ve tasiyic1 sistemlerde tercih
edilmektedir [38], [39].

Bu makalede, harmonik yiiklemeye maruz birakilan
iki farkli malzemeden tiretilmis (polimer ve metal
bazli) akilli kirislerin deneysel ve niimerik dinamik
analizi sunulmaktadir. Konum optimizasyonu
yapabilmek icin Kkirisler lizerinde titresim modlar
dikkate alinarak ti¢ diigiim noktasi belirlenmis ve bu
diigiim noktalar1 arasina yerlestirilen piezo sensorler
ile osiloskop cihazindan alinarak mekanik uyarici
cevabl1 (zaman cevabi) elektriksel sinyallere
dontstiirilmistir.

Kirisler iizerinden alinan verilerin dogal frekans;,
soniimleme orani Python yazilimi ile bulunmustur.
Sistemin nimerik analizi igin ANSYS programi
kullanilmis, harmonik analiz ile frekans tepkileri elde
edilmistir. Frekans cevabindan Bode diyagrami
Python yazilimi ile ¢ikarilmis, bu diyagramdan
transfer fonksiyonu elde edilerek soniim oranlari
hesaplanmistir.

2. Materyal ve Metot
2.1. Sistemin modellenmesi

Sistemi modellerken, bir ucu serbest, bir ucu ankastre
olan Kkirislerin yerlestirilmesi icin 190x130x60 mm
boyutlarinda kutu seklinde bir yap1 tasarlanmistir.
Motor kuvveti kutunun disindan uygulandigindan,
kiris yar1 ankastre 6zellik gostermektedir. Kirislerin
boyutlar1 180x30x1.5 mm olup, motorun ve ankastre
kirisin yerlestirildigi toplam uzunluk 70 mm'dir. Sekil
1'de, Fusion 360 o6grenci versiyonunda ¢izilip
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modellenen ¢elik ve PLA Kirislerin CAD modeli
gosterilmektedir.

a)

aA_ =

<
-

Sekil 1. a) Celik ve b) PLA kiris sistemlerinin dinamik analizi
icin Fusion 360 programinda modellenmesi

Sekil 2'de, sistemin serbest cisim diyagrami ve tiim
sistem icin gerceklestirilen islemler gorsel olarak
sunulmaktadir.  Soniimleyici  olarak  termojel
malzemeden yapilmis kalip kullanilmis ve bu kalip
kirisin tamamini kapsayacak sekilde yerlestirilmistir.
Kiris Uuzerindeki titresim modlarina bagh olarak,
sontimleyicinin konumlandirilmasi, titresim
enerjisinin en etkili sekilde soniimlenmesi agisindan
kritik bir ©neme sahiptir. Kirisin dogal titresim
modlarinda en yiiksek genlige ulasan bolgeler,
genellikle orta ve u¢ noktalardir. Bu nedenle, termojel
malzemenin tim kiris boyunca yerlestirilmesi,
sistemin biitiiniine entegre edilerek kirisin dinamik
davranisini etkileyen bir unsur olarak ele alinmistir.
Yar1 ankastre mesnetten itibaren sistem, li¢ digim
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noktasina ayrilmis ve bu diigiim noktalar1 arasina
yerlestirilen piezo sensorler, ayr1 ayri osiloskopa
baglanarak veriler termojel malzemenin varlgi
(soniimlii) ve yoklugu (so6ntimsiiz) kosullarinda elde
edilmistir. Bu ¢alismada, "séniimlii" ve "séniimsiz"
terimleri, sistemin termojel malzemenin etkisi altinda
ve etkisi disinda gosterdigi davranislari tanimlamak
icin kullanilmistir. PLA kutunun séniimleme davranisi,
tlim sistemin séniimleme orani hesaplamalarina dahil
edilmis ve bu etkinin dikkate alindigi bir analiz
gerceklestirilmistir. Bunun yani sira, sistem iizerinde
serbest ve zorlanmis  titresim  analizi
gerceklestirilmistir. Bu amagla, 100 d/d hizinda
¢alisan bir motor tahriki kullanilarak ve motor tahriki
devre dis1 birakilarak iki farkli durum incelenmistir.
Motor tahriki, sistemde zorlanmis titresimlerin
olusturulmasimi  saglarken, tahrikin devre disi
birakildigi durumda serbest titresim davranislari
gozlemlenmistir. Bu yontem, sistemin dinamik
o6zelliklerini hem harici bir tahrik altinda hem de dogal
frekanslar cercevesinde detayl bir sekilde incelemek
icin uygulanmistir.

Kirisin serbest titresim modlarina bagh olarak iig
digim noktasi belirlenmistir. Diigiim noktalarinin
konumu ve sayisi, kirisin mod sekilleriyle dogrudan
iligkilidir. Diigiim noktalarini tespit etmek i¢in kirisin
ikinci modundan baslayarak daha  yiliksek
modlarindaki titresim sekilleri analiz edilmelidir [40].
Genellikle birinci mod diigiim noktasi igermezken,
daha yiliksek modlarda digiim noktalarinin sayisi
artmakta ve konumlari daha belirgin hale gelmektedir.
Bu nedenle, diigiim noktalarinin eksiksiz bir sekilde
tanimlanabilmesi icin birden fazla titresim modunun
analiz edilmesi gerekmektedir [41], [42]. Literatilirde
yapilan c¢alismalar ve taramalar g6z Oniinde
bulundurularak ti¢ diigiim noktasi tercih edilmistir ve
1.bolge, 2.bolge, 3.bolge olarak adlandirilmistir.
Mesnete olan uzakliklari s1, s2, s3, L sirasiyla 10, 46,
83, 180 mm, t kalinlig1 ise 1.5 mm’dir.
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a)
Motor __ Piezo sensér Motor __ Piezo sensér Motor __ piezo sensor
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Sekil 2. a) Piezo sensorlerin ii¢ diiglim noktasi arasina yerlesimi b) Sistemin serbest cisim diyagrami ve verilerin osiloskopla
alinip bilgisayara aktarilmasi c) Kirisin boyutlandirilmasi

2.2. Uretim parametreleri

Tasarlanan model .stl formatina aktarilip, Ultimaker
CURA programinda dilimlenmis ve dilimlenen model
GCODE dosyasina aktarilmistir. Model, yazdirma
sicakligl 210 °C ve tabla sicakligi 60 °C olarak 100
mm/s hizda Creality CR-10 Smart EYM yazic ile
yazdirilmistir. Akilli kirisin olusturulmasi i¢in 15 mm
capinda PZT malzemeden yapilmis piezo sensorler
kullanilmistir. Calisma voltaji 2-5 V DC, toplam
uzunlugu 37 mm olan titresim motoru ile sistem tahrik
edilmistir. Bu ¢alismada, motora 1,67 Hz (100 d/d) Sekil 3.a) PLA ve b) Celik kiris deneyleri
titresim verilerek (Sekil 3) sistemin cevab1 piezo
sensor ile osiloskop cihazindan Excel programina
aktarilmis ve veriler alinmistir.

3. Bulgular

Sistemin s6nlimlii ve soniimsiiz titresim cevaplari
piezo sensorlerin yerlestirildikleri bolgeden ayr1 ayri
veriler alinmistir. Alinan veriler Python yazilimi ile
celik (Sekil 4) ve PLA (Sekil 5) Kkirislerin zaman
analizleri gosterilmistir.
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Sekil 4. Celik kiris a) 1.bolge b) 2.bolge c) 3.bdlge icin
soniimlii ve sonlimsiiz titresim cevabina baglli zaman
analizleri.
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=34 000

Zaman (s) Zaman (s)

Sekil 5. PLA kiris a) 1.bolge b) 2.bolge c) 3.bodlge icin
sonimli ve soOnlimsiliz titresim cevabina bagli zaman
analizleri
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Kirislerin sabit ve hareketli ytikler altindaki serbest ve
zorlanmis enine titresimleri, miithendislik
uygulamalarinin bir¢ok alaninda 6nemli bir arastirma
konusu olarak o©ne c¢ikmaktadir. Bu ¢alismada,
zorlanmis titresim analizi kapsaminda tahrik kuvveti,
1,67 Hz frekansinda calisan bir motor araciligiyla
uygulanmistir. Motor, Kkiris tzerinde dogrudan bir
doénme hareketi veya titresim tiretebilecek periyodik
bir kuvvet saglamaktadir. Motorun ¢alisma sirasinda
ortaya cikan dengesizlikleri, kiris {izerinde periyodik
bir kuvvet etkisi olarak kendini géstermistir. Dengesiz
kiitlenin neden oldugu kuvvet vektorii denklem 1 ile
gosterilmistir [43].
F = mRw? D
Bu denklemdeki m dengesiz kiitle, R geometrik
merkezden dengesiz kiitleye kadar olan yarigap ve w
ise agisal hizdir. Bu durum, sistemin dinamik
ozelliklerini anlamak igin zorlanmis titresim
kosullarinin detayli bir sekilde incelenmesine olanak
saglamistir.

Herhangi bir makinenin ya da sistemin titresiminin
kontrol edilmesi ve titresim ayarlarinin yapilabilmesi
icin dogal frekans ve soniimleme oranlarini
hesaplamak ya da kullanmak 6nemlidir [44]. Deneysel
verilerden elde edilen soniimlii ve soniimsiiz veriler
Python yazilimi ile logaritmik artis orani1 yontemine
gore sonlim oranlar1 hesaplanmistir (Sekil 6).

3.0

2,943

—— cCelik

Séntm Orani (T)
- - " n
o o w

o
7]

0227

1.bolge 2bdlge 3.bolge

Sekil 6. Celik ve PLA kirislerin bolgelere gore deneysel
soniim oranlar1

Deneysel calismalardan sonra sistemin niimerik
analizini yapmak i¢in Fusion 360 programinda
olusturulan sistem ANSYS programina aktarilmistir.
Projede ANSYS 15 dgrenci versiyonu kullanilmistir.
PLA ve celik Kkirisin ayr1 ayr1 modal ve harmonik
analizi yapilmistir. Celik Kkirigsin elastisite modili
208,2 GPa ve poisson orani ise 0,30’dur [45]. PLA
malzemenin elastisite modiilii liretim
parametrelerine, i¢ yapinin doluluk oranina bagh
olarak degisim gostermektedir. Ticari olarak iiretilen
PLA'min elastisite modili genellikle 3200 MPa,
poisson oram ise 0,36'dir [46]. Piezo sensoriin
yogunlugu 4500 kg/m3, elastik uyumluluk matrisi
13,90E10; 7,78E10; 7,43E10’dur [47]. Deneysel
calismalar sonucunda ¢elik ve PLA kiristen olusan her
iki sistemin deneysel olarak ikinci bolgede kararli
oldugu belirlenmis ve niimerik analizler bu bolgede
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gerceklestirilmistir. Bu kapsamda gerceklestirilen
modal analiz sonuglari, ¢elik i¢in Sekil 7'de, PLA i¢in
ise Sekil 8'de sunulmustur. ANSYS yazilimina aktarilan
model iizerinde Oncelikle meshleme islemi
gerceklestirilmistir. Meshleme sirasinda "element
quality” kriteri kullanilmis ve eleman sirasi olarak

“quadratic”  tercih  edilmistir. Sonu¢ olarak,
olusturulan geometri 6126 diigtim ve 2831 elemandan
olusmaktadir. Modal analizde, smir kosullari

tanimlanirken mesnet konumlari
sekilde belirlenmistir.

modele uygun

Harmonik
bulabilmek

analizde kirise etki eden kuvveti
icin titresim motoru katalogundan

5,9398
5.,2208
4,5018
3,7829
3,0639

—J 7,0529e-10 Min

motorun tork degeri 0,022 Nm olarak tespit edilmistir.
Her iki kiris i¢in tork degeri, kiris uzunluklari, elastise
modiilleri kullanilarak egilme momenti hesaplanmis
ve celik ve PLA kirislere etki eden kuvvetler sirasiyla
0,00248 N; 16,83 N olarak hesaplanmistir. Motora
verilen 100 d/d’lik hiz 1,67 Hz olarak sisteme etki
etmektedir. Bu yiizden zorlanmis titresim icin
harmonik analizde agisal frekans 1,67 Hz olarak
girilmistir.  Sinir sartlar1 ve kuvvet degerleri ile
harmonik analizde frekans cevabi elde edilmistir.
Munde vd. tarafindan gerceklestirilen arastirmada,
PLA malzemesine ait dogal frekans degerleri birinci
mod i¢in 18,91 Hz, ikinci mod i¢in 148,32 Hz ve {ligilincii
mod i¢in 234,38 Hz olarak rapor edilmistir [48].

-Mises) Stress

) Stress

ing Phase: O, *
a
2.2024 0048

782,74 Max
695,77
608.8
521,83
434 86
347,89
260,91
173,94
86,972
L 0,00065143 Min

Sekil 7. Celik kirisin ANSYS analiz sonuglar1
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Mesh

= 0,99983 Max

r~ 16,158 Max

& 0,11446 Min
|

— 0,0089279 Min

Bl B: Harmonic Response

formatior

~— 3.2492¢-9 Max

i 1,7953e-12 Min

= 1,1474¢+10 Max

1 9
— 656,17 Min

B: Harmonic Response

e 2,3073 Max

|
— 1,3197e-7 Min

Sekil 8. PLA kiris ANSYS analiz sonuglar1

Cesnik vd. tarafindan yapilan baska bir ¢alismada ise
PLA iiretimindeki doluluk oranina bagl parametrelere
gore dogal frekansin degistigi ve yaklasik 250-650 Hz
arasinda oldugu tespit edilmistir [49]. Yapilan bu
calismadan elde edilen sonuglara gore, celik kirisin
birinci moduna ait dogal frekans 88,424 Hz, ikinci
moduna ait dogal frekans 244,92 Hz ve iigiinci
moduna ait dogal frekans 352,95 Hz olarak tespit
edilmistir. PLA Kkirisin birinci moduna ait dogal
frekans 35,44 Hz, ikinci moduna ait dogal frekans
213,11 Hz ve ii¢lincii moduna ait dogal frekans 223,95
Hz olarak tespit edilmis olup, elde edilen sonuglar
literattirdeki bulgularla uyum géstermektedir.

Frekans cevabindan Bode diyagramlar1 ¢ikarilarak
sistemin transfer fonksiyonu, séniim orani, kazanci,
kesim  frekanslari, kararh  olup  olmamasi
bulunabilmektedir [50], [51]. Bir sistemin giris
fonksiyonunun ¢ikis fonksiyonuna orami olarak
tanimlanan transfer fonksiyonu, sistemin frekans
tepkisini vermektedir. Bu frekans tepkisini
gorsellestirmek i¢cin kullanilan grafiksel diyagrama ise
Bode diyagramlar1 denilmektedir [52]. Calismada,
ANSYS programindan elde edilen frekans cevabi
sonuglari kullanilarak Python yaziliminda gelik kirisli
sistemin Bode diyagramlar cizilmis (Sekil 9) ve bu
diyagramlar iizerinden transfer fonksiyonlar1 elde
edilmistir.
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Genlik [dB]

Y
&

—45

Faz Agisi

-90 4

|
i

| |
@ -3 P
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—180 +

3

107! 10° 10 108 10

Frekans (rad/s)

Sekil 9. a) Celik kirisin frekans tepkisinden elde edilen bode
diyagrami

Genlik [dB]

100 +

Faz Agisi

i

10

Frekans (rad/s)

Sekil 10. PLA kirisin frekans tepkisinden elde edilen bode
diyagrami

10!

Celik ve PLA Kkirislere ait transfer fonksiyonlari
sirasiyla Denklem 2 ve Denklem 3'te verilmistir.
Denklem 2'de gorildiagi iizere, celik kirisli sistemin
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transfer fonksiyonunun paydasi 6. dereceden bir
polinomdur; bu nedenle sistem, 6. dereceden bir
dinamik sistemi temsil etmektedir. Benzer sekilde,
PLA Kkirisli sistem ise 7. dereceden bir dinamik sistem
olarak tanimlanmistir.

4,8e755-1,82€95*—8,604€85%—1,361€952—7,918e85+1,705€9
7,56e8s6+1,277€9s5+8,633e85%—1,773e953+8,072e852+9,983e85—6,632e8

TFgelik = (2)

6,048€12 5°+3,629e14 s2+6,653€15 5+3,629¢16
6000 s7+2,94e6 s6+6,09e8 s5+3,70e8 s4—8,297e8 s3—1,892e9 52+1,659€95+1,705€9

TFPLA =

(3)

Transfer fonksiyonundan sistemin kutuplari ve séniim
oranlar1 her iki Kirisli sistem icin de bulunmustur.
Celik Kkirisli sisteme ait kutup matrisi [-1,239+1,331j;
-0,744; 0,5394+0,575j; 0,552] ‘dir. Kutuplarin
kompleks diizlemdeki konumlar1 sistemin kararliligi
ve dinamik o6zellikleri hakkinda bilgi vermektedir.
Gergek kismi negatif olan kutuplar kararl dinamikleri
isaret ederken, pozitif gercek kismi olan kutuplar
kararsiz dinamikleri gostermektedir. Biiylik negatif
gercek kismi olan kutuplar sistemin hizli bir sekilde
kararli hale geldigini gostermektedir. Bununla birlikte,
pozitif gercek kisimlar veya diisiik negatif degerler,
sistemin kararlilik sinirina yakin olabilecegini ifade
edebilir. Sistemlerin sayisal séniim oranlar1 da
frekans diizleminde modal analiz yontemi ile
hesaplanmistir. S6niim oranlari, sistemin disaridan
gelen titresimleri ne kadar hizli soniimledigini
belirleyen kritik bir parametredir. Celik kirisli sistem
icin hesaplanan s6niim oranlari [0,681; 0,681; -0,683;
-0,683]’tlr. PLA Kkiris i¢in bulunan kutup matrisi ise [-
244,692+ 203,287j; 1,188+0,486j; -1,163+1,099j; -
0,666]’dir. S6niim oranlari ise [0,769; 0,769; -0,926; -
0,926; 0,727; 0,727]'dir. Pozitif soniim oranlari
sistemin sayisal kararli modlarini isaret ederken,
negatif soniim oranlar1 bazi modlarin kararsiz
olabilecegine isaret etmektedir. Ozellikle negatif
sonim oranlarinin bulunmasi, sistemin bu modlarda
dissal kuvvetlere karsi sayisal kararsiz davranis
sergileyebilecegini gostermektedir.

Sistemlerin kararhiligini saglamak veya artirmak icin
kullanilan yontemler, sistemin fiziksel yapisina
(mekanik, elektriksel, termal vb.) ve ¢alisma ortamina
bagh olarak degisiklik gostermektedir. Genel olarak,
kararliligi artirmaya yonelik yontemler arasinda aktif
ve pasif soniimleme teknikleri, kiitle damperlerinin
sisteme entegre edilmesi, kirislerin boyut, kesit ve
malzeme oOzelliklerinin optimize edilmesi, ileri
besleme ve geri bildirim kontrol sistemlerinin
uygulanmasi yer almaktadir [53]. Bunun yani sira,
amortisér ve damper elemanlarinin kullanimi,
titresim izolasyonu ig¢in baglanti ve sabitleme
noktalarinin iyilestirilmesi, sistemin dogal
frekanslarinin rezonans bolgelerinden
uzaklastirilmasi ve enerji dagitim yollarinin optimize
edilmesi gibi uygulamalar da yaygin olarak tercih
edilmektedir [54]. Ayrica, modal analiz, sayisal
similasyonlar ve deneysel dogrulama siiregleriyle
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sistem dinamiklerinin ayrintili sekilde incelenmesi,
kararliik artirma stratejilerinin belirlenmesinde
o6nemli bir rol oynamaktadir. Bu yontemlerin dogru
bir sekilde se¢imi ve wuygulanmasi, sistem
performansini artirmak ve uzun vadeli islevselligi
saglamak i¢in kritik 6neme sahiptir [55].

Yapilan bu calismada, her iki sistemi sayisal kararh
hale getirmek icin sisteme geri bildirim kontrol
sistemi (PID) Python yazilimi ile uygulanmistir. Celik
kirisli sistem i¢in geri besleme kazan¢ matrisi K=
[16,37; 149,35; 741,84; 2262,74; 4121,42; 3618,93]
olarak bulunmustur. Bu sistemin séniim oranlari ise
[0,93; 0,93; 0,55 055 0,76; 0,76] olarak
hesaplanmistir. Literatiir taramasinda PLA Kirisin
sonliimleme orani tarama acisi ve doldurma oranina
gore degismekte olup, genellikle 0,2-1 arasindadir
[56], [57]. PLA kirisli sistem i¢in ise geri besleme
kazan¢ matrisi K=[-473; -101378; -61270; 139403;
316889;-255304;-283773] olarak belirlenmistir. Geri
beslemeli PLA Kirisli sistem icin soniim oranlari ise [1;
0,98; 0,98; 0,97; 0,97; 0,94; 0,94] olarak bulunmustur
ve literatiirle uyumludur.

4. Tartisma ve Sonug¢

Bu calismada, c¢elik ve PLA Kkirislerden olusan
sistemlerin dinamik kararlilik analizi deneysel ve
niimerik yéntemlerle incelenmistir. Ikinci bélgede her
iki sistemin kararli oldugu deneysel olarak belirlenmis
ve sayisal analizler bu boélgede gergeklestirilmistir.
Celik kirisli sistemin transfer fonksiyonu 6. dereceden
bir dinamik sistem, PLA Kirisli sisteminki ise 7.
dereceden bir dinamik sistem olarak tanimlanmistir.
Transfer fonksiyonlarindan elde edilen kutup
matrisleri ve soniim oranlari, her iki sistemin dinamik
o6zelliklerini ve kararliligini belirlemistir.

Celik kirigli sistemde, negatif gercek kismi biiyiik olan
kutuplar, sistemin hizli bir sekilde kararli hale
geldigini gostermistir. PLA Kkirisli sistemde ise bazi
modlarin negatif séniim oranlarina sahip olmasi, bu
modlarda kararsiz dinamikler sergileyebilecegini
ortaya koymustur. Her iki sistemin kararhhgini
artirmak igin geri bildirim kontrol yontemi
uygulanmis ve PID kontrol algoritmasi ile geri besleme
kazan¢ matrisleri hesaplanmistir. Bu yontemle ¢elik
kirisli sistemin soniim oranlar1 [0,93; 0,93; 0,55; 0,55;
0,76; 0,76], PLA kirisli sistemin ise [1; 0,98; 0,98; 0,97;
0,97; 0,94; 0,94] olarak elde edilmistir.

Sonuglar, geri bildirim kontroliiniin sistemlerin
dinamik kararliligini artirmada etkili bir ydntem
oldugunu ve her iki sistemin titresimlerini kontrol
altina alabildigini gostermistir. Calisma, malzeme ve
sistem dinamiklerinin optimize edilmesi, titresim
kontroli ve kararlilik artirmaya yonelik miihendislik
uygulamalarina katki saglayabilecek bir referans
niteligi  tasimaktadir. Geri  bildirim  kontrol
yontemlerinin farkli yapt ve malzemelere sahip
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sistemlerde uygulanabilirligi, gelecekteki calismalar
icin genis bir arastirma alani sunmaktadir.
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Abstract: Blood is an essential fluid in the human body, enabling the transport of
oxygen and nutrients. In cases of accidents, persistent hematological illnesses, or
surgical procedures, blood transfusions are imperative for the restoration of lost
blood volume. Therefore, it is imperative to ascertain the patient's blood type prior
to any blood transfusion. In contemporary applications of blood group
determination, the utilization of test serums (Anti-A, Anti-B, Anti-D) that facilitates
the precipitation of antigens within the bloodstream has become a prevailing
practice. Blood groups are determined by detecting the presence of antigens
according to the precipitation of antigens. The observation of precipitation on slides
is conducted by the laboratory specialist. However, this observation process can be
arduous and time-consuming, requiring sustained attention for extended periods.
Consequently, machine vision has emerged as a prevalent tool in contemporary
automated approaches, mitigating the expert load required for these processes.
Machine vision is a field that is constantly evolving, and one of the most current
methods employed is the use of vision transformers. The objective of the present
study was to achieve high-accuracy classification of blood groups by employing
vision transformers for the purpose of discrimination. The study examined a
classification application and its results using a vision transformer for machine
vision, a technique particularly suited to automation systems in laboratory settings.
The findings of experimental studies have indicated the notable efficacy of vision
transformers in the classification of blood groups. In antigen detection, an average
accuracy of 98.08% for stochastic gradient descent moment optimizer and 98.74%
for adaptive moment estimation optimizer was obtained. In the detection of Rh
protein, an average accuracy of 89.84% for stochastic gradient descent moment
optimizer and 97.16% for adaptive moment estimation optimizer was obtained.
Furthermore, experimental findings have indicated that the Adaptive Moment
Estimation optimizer when employed in conjunction with vision transformers
attains better classification performance.

Lam Goriintiilerinde Gori Doniistiiriicii Tabanh Kan Grubu Siniflandirmasi

Anahtar Kelimeler

Kan Grubu, Gériintii Isleme,
Simiflandirma, Gori
Doniistirici

0z: Kan, insan viicudunda oksijen ve besin taginmasini saglayan temel bir sividir.
Kazalar, kalici hematolojik hastaliklar veya cerrahi prosediirler durumunda,
kaybedilen kan hacminin geri kazanilmasi i¢in kan transfiizyonlari zorunludur. Bu
nedenle, herhangi bir kan transfiizyonundan o6nce hastanin kan grubunun
belirlenmesi zorunludur. Kan grubu tespitinin gilincel uygulamalarinda, kan
dolasimindaki antijenlerin ¢okelmesini kolaylastiran test serumlarinin (Anti-A,
Anti-B, Anti-D) kullanim1 yaygin bir uygulama haline gelmistir. Kan gruplar,
antijenlerin ¢okelmesine gore antijenlerin varliginin tespit edilmesiyle belirlenir.
Slaytlardaki ¢okelmenin go6zlemlenmesi laboratuvar uzmam tarafindan
gerceklestirilir. Ancak, bu gézlem siireci zorlu ve zaman alic1 olabilir ve uzun siireler
boyunca siirekli dikkat gerektirebilir. Ozetle, makine goriisii giincel
otomatiklestirilmis yaklasimlarda yaygin bir ara¢ olarak ortaya ¢ikmis ve bu
stirecler icin uzman yiikiinii azaltmistir. Makine goriisii siirekli gelisen bir alan
olmakla birlikte kullanilan en giincel yontemlerden biri de gorii dontistiiriiciileridir.

*Corresponding author: tuyar@baskent.edu.tr
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Sunulan ¢alismanin amaci, kan gruplarinin ayrimi amaciyla gorii dontstiiriiciilerini
kullanarak kan gruplarinin ytksek dogrulukta siiflandirilmasini elde etmektir.
Calismada, ozellikle laboratuvar ortamlarindaki otomasyon sistemleri icin
uygulanabilecek bir teknik olan makine goriisii yaklasiminda gorii dontistiiriicii
yonteminin kullanimiyla gergeklestirilen bir siniflandirma uygulamasi ve sonuglari
incelenmistir. Deneysel calismalarin bulgulari, goérii doénistiiriiciilerinin kan
gruplarinin smiflandirilmasinda dikkate deger bir basariya sahip oldugunu
gostermistir. Antijen tespitinde stokastik gradyan inis moment eniyileyici i¢in
ortalama %98,08 ve uyarlamali moment tahmini eniyileyici i¢in ortalama %98,74
oraninda bir dogruluk elde edilmistir. Rh proteinin tespitinde ise stokastik gradyan
inis moment eniyileyici i¢in ortalama %89,84 ve uyarlamali moment tahmini
eniyileyici i¢in ortalama %97,16 oraninda bir dogruluk elde edilmistir. Ote yandan,
deneysel bulgular, Uyarlamali Moment Tahmini eniyileyicinin gori
doniistiiriciileriyle birlikte kullanildiginda daha iyi siniflandirma performansi elde

ettigini gostermistir.

1. Introduction

Blood is a vital fluid in the human body, facilitating the
movement of oxygen and essential nutrients via the
heart along circulatory pathways. It comprises
erythrocytes, leukocytes, plasma, and thrombocytes
[1]. In the event of an accident, chronic hematological
disorder or surgical operation, the body requires
replenishment of lost blood through transfusion from
a donor. Prior to conducting a blood transfusion, it is
essential to perform a comprehensive array of
compatibility = assessments, referred to as
pretransfusion tests [2,3]. One such compatibility
assessment is the blood group evaluation. The
determination of blood group can be fundamentally
characterized as the identification of specific antigens
present on red blood cells [4]. According to the
aforementioned definition, the blood group system is
a classification system predicated on the presence or
absence of antigens in human blood. The ABO blood
group system, initially described by Karl Landsteiner
in 1900, underwent a renaming in 1907 by Dr. Ludwik
Hirszfeld and Dr. Emil Von Dungern, who classified it
as the A, B, AB, and O blood group system [5]. A
significant study on the determination of blood groups
was conducted by Landsteiner and Wiener in 1940,
which is widely regarded as a foundational research in
the field [6]. In this study, researchers found that
antiserum created by injecting blood samples from the
Macaca rhesus monkey into rabbits caused
aggregations in the blood of 85% of white Americans
[6]. The newly discovered factor was designated "Rh"
by the authors, deriving its name from the Rhesus
monkey. Individuals carrying the Rh factor in their red
blood cells were categorized as positive (+) for this
factor, while those lacking the factor were designated
as Rh negative (-) [7]. The standard procedure for
determining blood group involves the administration
of tests for A, B, and D (Rh) antigens. However, tests
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for antigens other than those mentioned are only
conducted in exceptional circumstances [4]. The
utilization of test Kits is essential in the detection of A,
B, and D (Rh) antigens. These kits contain serum fluids
that facilitate the precipitation of the specific antigens.
Depending on the precipitation or non-precipitation
status of these three antigens, eight blood group
combinations are formed. Following the application of
the test kit, the sedimentation conditions are
examined visually, and the blood group is determined.

While these visual inspections are typically conducted
manually by laboratory experts, the use of automated
methods in automated systems is also gaining
popularity [8-13]. The existing literature includes
approaches such as image processing, machine
learning, and deep learning in the studies carried out
for automated determination of blood group. In the
context of image processing, methodologies employed
in related studies include pixel counting with edge
subsequent to thresholding [14-19],
morphological operations with thresholding [20], and
image matching technique [21]. In the study of Ayan et
al,, after implementing adaptive thresholding, edge

detection

detection and morphological operations were
sequentially executed [14]. It was reported that 99%
accuracy was obtained from the test images of the Gel
Test Method. In the study of Atica et al, after
implementing global thresholding, morphological
operations and edge detection operations were
applied, respectively, and pixel numbers were used as
features [15]. As a result of the classification of the test
images, 84.61% accuracy was achieved. Similar
approaches have been applied in other studies [16-
21]. With the exception of one study, no information
regarding the testing processes was shared in the
other studies [16-20]. According to the findings of the
study conducted by Odeh et al., the proposed method

demonstrated a 99.6% accuracy rate [21]. In the
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context of machine learning research, classification
studies have been conducted employing various
classifiers, including Support Vector Machine (SVM),
Decision Tree (DT), Linear Discriminant Analysis
(LDA), Logistic Regression (LR), and K-Nearest
Neighbor (KNN), Artificial Neural Network (ANN) in
conjunction with features such as entropy, mean,
standard deviation, contrast, energy, correlation, and
homogeneity, subsequent to segmentation [22-25]. In
the study by Rosales et al., features were generated
with the gray-level co-occurrence matrix (GLCM),
which is utilized in texture analysis and training
processes were carried out [22]. Variants of SVM, DT,
KNN LDA and LR machine learning methods were
used as classifiers. A classification approach is
proposed based on the presence of sedimentation in
segmented image patches with binary classification. It
has been reported that the presence of sedimentation
was detected with 97% accuracy using Coarse DT. In
the study by Dannana et al,, training was performed
with an SVM classifier using mean, standard deviation,
entropy, variance and kurtosis features after
segmentation [23]. The study reported an accuracy
value of 92.37% for the 8-class classification. In the
study conducted by Mahmood, it was reported that
99.7% accuracy rate was achieved with the ANN
classifier [24]. In the study of Ferraz et al, the
presence of sedimentation was classified using SVM
from individual features obtained for different types of
ROI image patches [25]. It was reported in the study
that F1-Score values ranging from 52.63% to 100%
were obtained. Several studies have been conducted
employing the deep learning approach, which
represents one of the most advanced methodologies in
blood group classification. In the study by Balaji et al.,
the classification performance of the convolutional
neural network (CNN) structure proposed by the
study group was compared with that of the AlexNet
and LeNet networks [26]. In the study, it was reported
that 46.07% training accuracy was achieved with
AlexNet, 97.79% with LeNet, and 96.69% with the
proposed model. In the study conducted by Titus et al.,
the classification process was performed by detecting
sedimentation and non-sedimentation cases with the
CNN-based segmentation network suggested by the
study group [27]. In the study, it was reported that the
average sensitivity value was 86.29% and the average
specificity value was 83.98%. In a further study
undertaken by Aboubaker, the
performances of the CNN structure proposed by the
researcher were compared with those of ResNet,
AlexNet and VGG-16 networks to investigate the
potential correlation between fingerprints and blood

classification
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groups [28]. In a separate study, Shen et al. examined
the classification performance of gel test method
images using the improved AlexNet network [29]. In
the study, it was reported that the test accuracy value
of the gel test method images was obtained as 96.9%.

In recent years, one of the most current approaches
that can compete with CNN-based methods is that of
vision transformers (ViT). ViTs are one of the most
frequently preferred models in the field of natural
language processing used in processing texts, and ViTs
emerged by combining the self-attention mechanism
with patch-based architecture and applying it to
images [30,31]. A gap in literature was identified by
the absence of studies examining the performance of
vision transformers in blood group classification of
slide images. Therefore, in the present study, the
classification performance of vision transformers was
investigated using a dataset of slide images.

2. Material and Method

In the material and method section, a concise
overview of the methods employed, a comprehensive
description of the analyzed data, and the precise
specifications of the experimental parameters of the
analysis are provided under the respective headings.

2.1. Vision transformers

ViT represents a deep learning model that assigns
distinct weights to each component of the image input
data, incorporating an attention mechanism [32]. The
ViT model, as depicted in Figure 1, involves the
transformation of the input image (x;x € RHXWXC)
into a series of smaller image pieces, each with
dimensions smaller than the original image. Each
reconstructed image part (p) is projected onto the z,
vector using a learned embedding matrix (E) with the
equation (1).

2o = [xciasss XpE; X2E; s XV E| + Epos

(1)

Here E is the element of R(P*XC)xD Epos is the

element of R(N"'I)XD, and Xp is the element of

RNX(P*XC) "N represents the number of extracted
image parts and C represents the number of channels.
Xclass represents the mark added to the image parts
and used for classification. Transformer encoder

consists of L identical layers. Each layer consists of
(MSA),
perceptron (MLP), layer normalization (LN) and

multi-head  self-attention multi-layer

residual connection. When the input sequence z; is
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given as input to the encoder layer, the entire process
applied to obtain the output map z; with the same
length was summarized by equations (2) and (3). [
represents the relevant transformer encoder layer
number.

# = MSA(LN(z;_1)) + 74 (2)

7, = MLP(LN(%)) + 4, (3)
L. The output of each
transformer encoder layer is applied as input to the
subsequent encoder layer. The final layer of the MLP

Here it is expressed as [ = 1 ...

placed at the output of the L-identical encoder layer is
employed in conjunction with the SoftMax classifier to
facilitate the classification of the learned image
representations.

R™?% as input, the self-

Given a sequence X €
attention mechanism predicts the relationship of one
element to another. X represents the input vector. In

basic terms, a self-attention layer updates each

Vision Transformer (ViT)

Class
A MLP
B Head
AB
0 1

component in the array by combining the whole
information from all input elements. The interaction
obtained from the inputs is realized by defining three
learnable weight matrices to transform the matrices
called query (W?), key (W), and value (W)
obtained from the input vectors. The input array X is
initially traced to these weight matrices through the
following equations, Q = XWeQ K= XWX v=xwV,
The output of the self-attention layer is calculated by
equation (4).

Self _ QK"
Attention(Q' K.V) = softmax (\/d—k> v “

In the present study, pre-trained (ImageNet 2012) a
vision transformer model (ViT-Basel6) was utilized,
which was fed with an input image of 384x384x3
dimensions for the input layer, consisted of 11
transformer encoder layers, and was trained with the
fine-tuning method. The base-sized model has 86.8
million trainable parameters with a patch size of 16.

Transformer Encoder
A

L x

MLP
A

Transformer Encoder

Normalization

e y—

”Tﬁwwiﬁéﬁﬁééqéé

Multi-Head
Attention

*' 7 Llnear Prolectlon of Flattened Patches

i —

RAmN

SH

Normalization

;w’

| Embedded Patches

Figure 1. Structural architecture of classifying an image using vectoral input and transformer encoders with attention

mechanisms
2.2. Data preparation and data augmentation

The present study utilized an open-source dataset
[33]. The dataset contains slide images where the
sedimentation status can be examined as a result of
the application of anti-A, anti-B, and anti-D serum to
the blood samples taken. The image numbers of blood
groups A, B, AB, and O in the dataset were summarized
in Table 1.

The data augmentation method was implemented to
enhance the utilization of the data contained within
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Table 1. Image distribution of dataset used in blood group
classification
Blood

Group Rh (+) Rh (-) TOTAL
A 264 504 768
B 445 373 818
AB 366 392 758
0 382 391 773
TOTAL 1457 1660 3117

the dataset and to mitigate the model's tendency to
memorize (overfitting) during the training process. An
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overview of the transform features employed for data
augmentation, along with the parameter values
associated with these features, was provided in Table
2. While the translation and shearing parameters were
chosen at the value that produced the least noise in the
image (by calculating the PSNR), the rotation
parameter was selected from values frequently
applied and recommended in applications [34].

Table 2. Transform parameters of data augmentation
method

Transform
Rotation
Translation of X Axis
Translation of Y Axis
Shearing of X Axis
Shearing of Y Axis

Parameter Range
(-45) °- (45)°
(-3) pixel - (3) pixel
(-3) pixel - (3) pixel
(-3) pixel - (3) pixel
(-3) pixel - (3) pixel

2.3. Proposed method and training parameters

The training process of the detailed vision transformer
model was carried out in two stages. In the initial
phase of the training, a 4-class (A, B, AB, O) training
was conducted solely for the purpose of distinguishing
the sedimentation status of A and B antigens, without
taking into account the sedimentation status of the Rh
protein. In the subsequent phase of the training,
images of blood groups were utilized individually to

‘ Training Phase 1 ;

classify the sedimentation status of Rh proteins. At this
stage, four independent binary classification training
procedures were executed for four distinct blood
groups. The algorithm of the proposed method in the
present study was summarized in Figure 2. The
presented approach yielded models that can be used
in a structure capable of performing gradual
classification (Appendix A).

The fine-tuning method was implemented by training
specifically the fully connected layer of the vision
transformer model. To mitigate the risk of overfitting
during the training process, a 10-fold cross-validation
method was employed. Two distinct optimizers,
Adaptive Moment Estimation (ADAM) and Stochastic
Gradient Descent with Momentum (SGDM), were
employed during the training process. The learning
rate was set to 0.0001, and the mini-batch size was
chosen as 8. Cross-entropy was used for calculating
loss function. The training process was executed for a
total of 10 epochs, and the weights from the epoch that
exhibited the best validation loss value were selected
as the final weights.

\ Data
Dataset ALL | ‘ Preparation ‘ Vision Transformer
_(A,B,AB,0) ‘ and Data (ViT-Base16)
| Augmentation
‘ Training Phase 2 l
‘ Dataset A | ‘, - |, Vision Transformer
ARh(+),ARh() = | (ViT-Base16)
‘ Dataset B | 8 > Vision Transformer
BRh(+),BRh(-) | Data (ViT-Base16)
Preparation
Al and Data
Dataset AB | L Augmentation | | Vision Transformer
_ ABRh(+),ABRh(-) | ‘ (ViT-Base16)
\
) |
Dataset O 5 N Vision Transformer
O Rh(+),0Rh(-) | ‘ \ (ViT-Base16)

L

T

Figure 2. The algorithm of the proposed method in the present study

2.4. Performance metrics
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The assessment of the classification outcomes was
performed using various metrics. Metrics including
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accuracy, recall, precision, and F1-score computed for
each class and in total. The classification performance
of the model was expressed by the mean and standard
deviation (X + SD) of the test data obtained as a result
of the cross-validation method used for training. The
mathematical formulations of these performance
measures are provided below:

4 _ TP+TN )
U = p f TN+FP+FN
N 6
Recall TPEEN (6)
Precision— TP %
recision= m
Precision x Recall
Fl1-score=2x (8)

Precision + Recall

True positive (TP) items are those for which the model
correctly identifies a positive classification, and which
are, in fact, positive. False positive (FP) items are those
for which the model incorrectly identifies a positive
classification, and which are, in fact, negative. True
negative (TN) items are those for which the model
correctly identifies a negative classification, and which
are, in fact, negative. False negative (FN) items are
those for which the model incorrectly identifies a
negative classification, and which are, in fact, positive.

3. Results

As detailed in the materials and methods section, the
four-class classification results obtained using ADAM
and SGDM optimizers in the first stage training
process in Table 3. Upon
examination of the results, it was determined that

were summarized
both optimizers were capable of attaining elevated
discrimination outcomes. It is evident that both
optimizers demonstrate an average accuracy that
exceeds 98%, with a negligible disparity of less than
1% their respective Upon
examination of the results according to class, it
becomes evident that the average accuracy values

between means.
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exceed 97%. However, since there
prioritization of classes, an examination of the F1-

score values of the classes reveals that the ADAM

was no

optimizer was the most successful. While the F1-Score
values obtained with the ADAM optimizer were above
96% when standard deviations are considered, these
values were determined as 92% for SGDM. For this
reason, ADAM optimizer comes to the fore in blood
group classification based on antigen sedimentation.

In the subsequent phase of the study, ViT models were
trained to classify the sedimentation status of Rh
proteins for images of classified blood groups.
Subsequently, the capacity of these models to detect
the Rh protein in each blood group was examined. The
Rh protein classification success of the models in the
second stage of the study was summarized in Table 4.
In this step, while the ADAM optimizer produced the
most successful performance results, the performance
results of the SGDM optimizer did not reach the level
of the results in the previous step. An examination of
the average accuracy values obtained from binary
classifications reveals that the ADAM optimizer
achieved an accuracy range of 95% to 99%, while the
SGDM optimizer attained an accuracy range of 80% to
95%. Upon examination of the F1-Score values in the
context of the imbalanced distributions across certain
classes (group of A and B) within the data set, the
outcomes align with those of the accuracy values.
Upon examination of both the mean accuracies and the
mean F1l-score values, it is evident that the
discrimination success for the two optimizers was AB,
0, B, and A, starting from the most successful,
respectively. In addition, when the averages of the F1-
Score results of binary classifications were calculated,
an average value of 90.04% was obtained for the
SGDM optimizer, while an average value of 97.10%
was obtained for the ADAM optimizer. Upon
consideration of the results obtained, it was
determined that the vision transformer models which
were trained using the ADAM optimizer were the most
successful model.
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Table 3. Performance results of four class classification

Optimizer Blood Accuracy Recall Precision F1-Score
Group
A 0,9868 = 0,0074 0,9791+0,0153 0,9683 £ 0,0246 0,9735 +0,0149
AB 0,9887 + 0,0085 0,9683 £ 0,0226 0,9854 + 0,0209 0,9766 £0,0176
ADAM B 0,9852 +0,0075 0,9815 +0,0226 0,9637 £0,0272 0,9721 £0,0141
0 0,9891 = 0,0069 0,9703 £0,0277 0,9859 + 0,0160 0,9777 +0,0145
Overall 0,9874 + 0,0054 0,9748 £ 0,0109 0,9758 +0,0102 0,9753 +0,0105
A 0,9817 £0,0161 0,9648 = 0,0287 0,9623 +0,0425 0,9632 +0,0315
AB 0,9871 +0,0106 0,9472 +0,0438 10 0,9724 £ 0,0242
SGDM B 0,9765 +0,0167 0,9668 + 0,0564 0,9453 + 0,0240 0,9551 + 0,0340
0 0,9781 £ 0,0166 0,9676 = 0,0392 0,9486 + 0,0509 0,9568 + 0,0312
Overall 0,9808 + 0,0087 0,9616 +0,0172 0,9640 +0,0156 0,9628 £ 0,0164
Table 4. Performance results of Rh protein classification
Optimizer T cYiormance ARh ABRh BRh ORh
Metric
Accuracy 0,9623 + 0,0530 0,9907 £0,0164 0,9584 + 0,0321 0,9753 £ 0,0248
ADAM Recall 0,9542 + 0,0659 0,9906 + 0,0165 0,9600 = 0,0302 0,9755 +0,0246
Precision 0,9617 +0,0543 0,9909 £ 0,0164 0,9595 +0,0306 0,9763 £0,0229
F1-Score 0,9579 + 0,0599 0,9907 £0,0164 0,9597 + 0,0304 0,9759 + 0,0238
Accuracy 0,8006 +0,1375 0,9591 +0,0373 0,8973 +0,0565 0,9366 £ 0,0487
SGDM Recall 0,7960 = 0,1164 0,9597 + 0,0367 0,8980 + 0,0535 0,9366 £ 0,0489
Precision 0,8104 £ 0,1124 0,9607 £ 0,0350 0,9020 = 0,0496 0,9411 £ 0,0418
F1-Score 0,8027 £0,1129 0,9602 + 0,0358 0,9000 + 0,0514 0,9388 + 0,0452

4., Discussion and Conclusion

The study's main objective was to ascertain blood
groups with a high level of accuracy, contingent on
their sedimentation status after implementing anti-A,
anti-B, and anti-D serum on test slides. To achieve this
determination, the vision transformer approach was
selected as the preferred method. ViTs are among the
state-of-the-art applications in literature. The
classification success of the ViTs in the relevant
images was evaluated. Unlike other studies in the
literature, this evaluation was performed with an
open-source data set. Most studies indicate that the
datasets in question were collected with the specific
intention of being utilized in the aforementioned
studies. Conversely, a study indicated that the dataset
was uploaded to the data repository (Kaggle), yet it
remained inaccessible [26]. Therefore, a direct
comparison of the performance outcomes of the
methodology employed in this study with those of
other studies was not feasible. Conversely, due to the
incomplete characterization of the dataset employed
in certain studies, performance outcomes were
compared based on overall values. Studies using
image processing techniques not directly related to
the method used in this study, reported test accuracies
between 84.61% and 99.6%. Although promising
results have been presented, it is noteworthy that the
number and diversity of images reported to be used
for testing are low in these studies [14-20]. It has been
reported that machine learning studies have achieved
a high rate of success in classification [22-25].
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Nevertheless, the employment of image processing
techniques, a prevalent component of these studies,
may result in scenarios necessitating human
involvement. Consequently, deep learning methods,
which are automated approaches to producing
features while minimizing human involvement, have
become more prominent [26-29]. Very successful
results have also been obtained in studies carried out
with the deep learning approach. Despite the absence
of data regarding the number of classes that were
evaluated in the study conducted by Balaji et al., the
classification performance of the proposed model was
reported to be 96.69% [26]. In Amballa's study, an
overall classification success rate of 98.50% was
reported, achieved through a method that combined
machine learning and deep learning [35]. Due to the
absence of specified details regarding the dataset and
the number of classes studied, direct comparisons
between classes were not possible [26,35]. However,
if the evaluation was based on overall values, it can be
concluded that the ViT model trained for four classes
using the ADAM optimizer was one of the most
successful classifiers among these studies.

A thorough examination of the study’s findings reveals
that the ADAM optimizer emerges as the most
effective optimizer among the two. While there was no
substantial superiority in terms of optimizers in the
results obtained for the four-class classification, it can
be posited that the ADAM optimizer was more adept
at determining the Rh protein of blood groups. It has
been documented that the generalization capability of
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the ADAM optimizer, which is less influenced by the
initial conditions and requires less fine-tuning, is
surpassed by that of SGDM [36]. However, the findings
of the present study demonstrated an opposing
conclusion. One of the reasons for this situation is that
it has been reported that the ADAM optimizer may be
a better option if hyperparameter optimization was
performed [37]. Therefore, it is thought that the
hyperparameters selected in the study cause the
ADAM optimizer to produce better results. On the
other hand, another reason can be associated with the
number and distribution of data in the dataset. While
the data numbers employed for the four-class
classification demonstrate a balanced distribution
across classes, the underperformance of the Rh
classification in A and B blood groups for SGDM can be
attributed to the imbalanced data numbers. On the
other hand, the results indicate that the ADAM
optimizer was less affected by this situation, optimizes
faster, and performs better in tests. Another finding of
the obtained results is that the efficacy of the training
process is directly proportional to the quantity of data
utilized for training in ViT models. This observation
aligns with the findings reported in other studies in
the literature [32,38]. A detailed examination of recall
metrics revealed a direct correlation between the true
positive rate and the number of data points classified
within specific classes.

In the presented study, the success of vision
transformers in blood group classification as well as
the role of optimizers in this situation were
investigated. In antigen detection, an average accuracy
0f 98.08% for SGDM optimizer and 98.74% for ADAM
optimizer was obtained. In the detection of Rh protein,
an average accuracy of 89.84% for SGDM optimizer
and 97.16% for ADAM optimizer was obtained. The
results obtained are quite promising. In the
contemporary era, artificial intelligence approaches
designed for machine vision, in conjunction with
systems, standard
component of technological applications. A notable
aspect of the presented work was the evaluation of the
potential of vision transformers for decision-making

automated have become a

in an automated system. In the future perspective,
hyperparameter optimization with more data is
suggested to improve the results of the presented
study.
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Anahtar Kelimeler 0z: Bu calismada, membran teknolojisi ile biyomalzeme amach kullanilabilecek yeni

POlimerﬂ_{ nanokompozit, tiir polimerik nanokompozit membranlarin gelistirilmesi ama¢lanmistir. Calismada,

Earall()terlzasyon, ilk olarak yas kimyasal yontemi ile nano boyutlarda hidroksiapatit (nHA) sentezi
embran,

yapilmistir. ikinci asamada ise, farkh yiizdelik oranlarda polimetil metakrilat
(PMMA), polistilfon (PS) ve polivinil alkol (PVA) polimerleri ve farkh yiizdelik
oranlarda (kiitlece %1-7) nHA kanstirllarak faz inversiyon yontemi ile
nanokompozit membranlar hazirlanmistir. Membranlarin hazirlanmasinda ¢apraz
baglayici olarak polivinilpirolidon (PVP) kullanilmistir. Polimerik nanokompozit
membranlarin morfolojik yapilar1 taramali elektron mikroskobu (SEM) ve atomik
kuvvet mikroskobu (AFM) cihazlar1 kullanilarak, malzemelerin kristalografik
ozelliklerinin ve igerdikleri fazlarin belirlenmesi X-1s1n1 kirinim (XRD) cihazi
kullanilarak yapildi. Ayrica, SEM-EDS ve Fourier dontsimli kizilétesi
spektroskopisi (FTIR) ile yap1 analizleri gergeklestirilmistir. Hazirlanan
membranlarin icerigindeki hidroksiapatitin, kemik bilesimine benzerligi nedeniyle
hazirlanan polimerik nanokompozit membranlara gerekli testler yapildiktan sonra
ortopedi alaninda ¢ok cesitli uygulamalarda kullanilabilecegi degerlendirilmektir.

Nanohidroksiapatit.

Preparation and Characterization of Nanohydroxyapatite Doped PMMA, PS and PVA
Nanocomposite Membranes

Keywords Abstract: This study aims to develop new types of polymeric nanocomposite
Polymeric Nanocomposite, membranes that can be used for biomaterial purposes with membrane technology.
Characterization, In study, nano-sized hydroxyapatite (nHA) synthesis was performed first by wet
l\N/Ieml})lradne, ) chemical method. In the second stage, nanocomposite membranes were prepared
anohydroxyapatite. by the phase inversion method mixing different percentages of polymethyl
methacrylate (PMMA), polysulfone (PS) and polyvinyl alcohol (PVA) polymers and
different percentages of nHA (1-7% by mass). Polyvinylpyrrolidone (PVP) was used
as a crosslinker in the preparation of membranes. The morphological structures of

polymeric nanocomposite membranes were determined using scanning electron
microscope (SEM) and atomic force microscope (AFM) devices, the crystallographic
properties of the materials and the phases they contain were determined using X-
ray diffraction (XRD). Additionally, structure analyzes were carried out by SEM-EDS
and Fourier transform infrared spectroscopy (FTIR). It is evaluated that the
hydroxyapatite in the prepared membranes can be used in a wide variety of

applications in orthopedics after the necessary tests are performed on the prepared

polymeric nanocomposite membranes due to their similarity to bone composition.

1. Giris dayali teknolojiler diisiik maliyet, uygun dayaniklilik,

yliksek secici gecirgenlik ve isletim kolayligi nedeniyle
Membran, maddeleri secici olarak ayirmak icin son zamanlarda siklikla tercih edilmektedir.
bariyer gorevi goren bir malzemedir. Membrana Membranlarin performansini etkileyen gecirgenlik,

*Sorumlu yazar: tugbakoseoglu@isparta.edu.tr
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secicilik gibi parametrelerin dnemi son yillarda daha
iyi  anlasimaktadir. = Membranlarda  gdzenek
yogunlugunun artmasi1 gecirgenligi arttirmaktadir.
Membranlarin direnci ise kendi kalinligiyla orantilidir.
Secicilik, bir membranin karisim bilesenleri arasinda
ayrim yapmasini saglayarak bir fazin digerinden
ayrildig1 yontemdir. Membranin segiciligi ise biiyiik
¢apli gozenek boyutu dagilimi ile bozulmaktadir [1].

Biyomalzeme alaninda kullanilmak {izere yeni tiir

polimerik nanokompozitler hazirlamak icin faz
inversiyon metodu da kullanilmaktadir. Faz
inversiyonunda membranlar1  olusturmak icin

kullanilan doért temel teknik vardir: (i) buhar fazindan
¢okeltme, (ii) kontrollii buharlasma ile ¢okeltme, (iii)
termal olarak indiiklenmis faz ayirma ve (iv) daldirma
cokeltmedir. Polimerik membranlarin
hazirlanmasinda doért teknik icerisinde en yaygin
kullanilan1  daldirma ile ¢oktiirme ydntemidir.
Membranlar cesitli organik polimerlerden ve seramik
gibi inorganik maddelerden iiretilebilmektedir.
Glnlumiizde ticari membranlarin ¢ogu polimerlerden
yapilmaktadir. Membranlarin performans ozellikleri
membran iretim malzemesi ve yapisal o6zellikleri
degistirilerek kontrol edilebilmektedir [2].

Bu c¢alismada, nanohidroksiapatit (nHA) katkili
polimetil metakrilat (PMMA), polisiilfon (PS) ve
polivinil alkol (PVA) iceren polimerik nanokompozit
membranlar  hazirlanmis  ve  Kkarakterizasyon
deneyleri yapilmistir. PMMA, dogrusal yapida bir
zincir polimerdir ve hidrofobiktir. Oda sicakliginda
cams1 yapida bulunur. Lucite ve Plexiglass ticari
isimleriyle taninir. Isik gecirgenligi, sertligi ve
kararlilig1 nedeniyle goz ici lensler, protez goz ve sert
kontakt lenslerde yaygin olarak kullanilmaktadir.
PMMA, mikemmel optik o6zelliklere, yeterli
mukavemete ve boyutsal stabiliteye sahip amorf ve
termoplastik bir malzemedir. Uygun mekanik
ozelliklerinden dolay1 bir¢ok pratik uygulamada
inorganik camin yerini almis durumdadir [3]. PVA,
poli(vinil asetat)’'in (PVAc) hidroliz edilmesi ile elde
edilen C-C baglar1 ile olusmus beyazimsi sert bir
polimerdir [4]. PVA, hidrokarbon ¢éziiciiler karsisinda
dayanikli olmasina karsin zincirinde bulunan
hidrofilik -OH grubundan dolayi su ve sulu ¢ozeltilerde
rahatlikla ¢oziinebilmektedir [5]. PVA kontakt lens,
yara oOrtiisii, yapay organ, implantlar ve ilag
uygulamalar1 gibi bircok biyomedikal uygulamada
kullanim alan1 bulunmaktadir. PS, ytiksek camsi gegis
sicakliklari, termal stabiliteleri ve kimyasal olarak
inert bir termoplastiktir. Polisiilfonun bir malzeme
olarak mekanik stabilitesi c¢evrilen zincir sertligi,
nispeten esnek olmayan ve hareketsiz fenil ve SO2
gruplarindan kaynaklanmaktadir. Eter baglari, PS'un
esnek ve sert olmasina ragmen gii¢lii olmasini saglar.
Bu 6zelliklerinden dolay1 PS, malzeme bilimi, biyoloji,
kimya ve polimer bilimi alanlarinda yaygin olarak

kullanilmaktadir. Polisiilfonlar, elektrodiyaliz ve
polimer elektrolit membran elektrolizi gibi
elektromembran  proseslerinde iyon  degisim

membranlari olarak da kullanilmaktadir.
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Hidroksiapatit, kemigin temel inorganik bileseni ve
iskeletin yeniden onarilabilmesi i¢in uygun bir
implant maddesidir. Hidroksiapatit ¢ok iyi
biyouyumluluk ve biyoaktiflikleri ile kaplama maddesi
olarak bir¢cok tibbi uygulamada kullanilmaktadir.
Fosfat mineral grubuna ait olan apatitlerin, genel
formiilt Ca10(P04)eX2 seklindedir. HA
(Ca10(P04)6(0OH)2), floroapatit (Cas(P04)3F),
kloroapatit (Cas(P0O4)3Cl) en yaygin bilinen apatit
mineralleridir genelde hekzagonal kristal yapidadir

[6].

Biyouyumluluk, bir biyomalzemenin canl viicudu ile
uyumu anlamina gelmektedir. Kalsiyum fosfat
tuzlarinin grubuna ait olan hidroksiapatit; miikemmel
biyouyumluluga sahiptir. Hidroksiapatit, oksijenle
tepkimeye girmediginden yanma gerceklesmez.
Dogada elmastan sonra bilinen en sert molekiildiir ve
sadece elmasla asindirilabilir. Esnekliginin az
olmasindan dolay1 neredeyse tamamen kirilgandir.
Tatsiz, kokusuz yapida olup organik ¢oziicii icerisinde
¢oziinmez. Ayrica asit ¢oziicliler disinda inorganik
¢oziiciiler icinde de ¢oziinme gerceklesmez.

Hidroksiapatit, biyouyumluluk seviyesinin ve kemik
iletkenliginin yliksek olmasindan dolayi, biyomedikal
malzeme olarak genis kullanim alanini bulunmaktadir.
Fiziksel ve kimyasal yapisi, yiiksek yiizey etkilesimi
ozellikleri ve biyouyumlulugu ile ilag tasiyicilar ve ilag
dagitim sistemlerinde kullanimi ile ilgili bir¢ok
calisma  bulunmaktadir. Hidroksiapatitler ayni
zamanda kontrollii ila¢ saliniminda adsorban olarak
gorev yapar. [7].

Hidroksiapatitler, kullanim amaglarina gore fiziksel ve
kimyasal yapilarinda farklhiliklar meydana getirilerek
tiretilebilmektedir. Ornegin, implant malzemelerde
mekanik dayanim en dnemli 6zelliktir. Bu sebeple,
iiretilen kalsiyum fosfat seramikleri arasinda bulunan
hidroksiapatitin giicili, gercek kemik dokusuna yakin
olmalidir. Ayni zamanda statik ve dinamik yiiklere
kars1 yiiksek yorulma direnci gostermeli ve 6zellikle
canli organizmalarda asindiricr etkilere Kkarsi
dayanikhlik ve yiiksek kirilma direnci gostermelidir.

Bu calismada da hidroksiapatitlerin iistlin 6zelliklerini

daha da gelistirmek adina bir modifikasyon
hedeflenmistir. Calismamizda, membran
hazirlanmasinda kullanilmak tizere ilk olarak

nanohidroksiapatit (nHA) sentezlenmistir. Polimer
olarak belirlenen oranlarda PMMA, PS ve PVA
polimerleri, c¢apraz baglayici olarak ise PVP
kullanilmistir. Hazirlanan nHA katkili polimerik
nanokompozit membranlarin ve yalin polimerik
membranlarin hazirlanmas1 yiizey morfolojisi ve
karakteristik 06zelliklerinin belirlenmesi i¢in SEM,
SEM- EDS, AFM, FTIR ve XRD analizleri
gerceklestirilmistir.

2. Materyal ve Metot

2.1 Kullanilan kimyasal maddeler
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Deneylerde kullanilan tiim kimyasal maddeler Merck,
Carlo Erba ve Fluka firmalarindan temin edilmis olup
analitik safliktadir.

2.2 Kullanilan cihazlar

Hazirlanan polimerik membranlarin yluzey
karakterizasyonu i¢in SEM analizi gerceklestirilmistir.
SEM goriintiileri FEI Qunta FEG 250 model taramali
elektron mikroskobu (SEM) ile farkli biyiitme
oranlarinda elde edilmistir. Polimerik membranlarin
yapisinl olusturan elementlerin hassas analizi i¢in
SEM-EDS analizleri yapilmistir. Bu analizler i¢in ayni
SEM cihazi kullanilmistir.

Polimerik membranlarin ylzey  topografisi
ozelliklerini anlasilmast adina AFM  olglimleri
gerceklestirilmigtir. Olciimler EZ-AFM Nanomagnetics
marka atomik kuvvet mikroskobu (AFM) cihaz ile
yapilmistir.

Membranlarin yapisal o6zelliklerinin ve kimyasal
kompozisyonlarinin  aydinlatilmast adina XRD
analizleri gerceklestirilmistir. Analizler Bruker D8
Advance Twin-Twin model X-15mn1  kirinim
kristalografi cihazi (XRD) ile yapilmistir.

Membranlarin yapisal bag 6zelliklerinin belirlenmesi
adina FTIR analizleri gergeklestirilmistir. Analizler
FT/IR-4700 type A model Fourier donisimli
kizilotesi spektrometre cihazi (FTIR) ile yapilmistir.

2.3 Nano boyutlu hidroksiapatit sentezi

nHA Kkristallerinin sentezlenmesinde yas kimyasal
yontemi kullanilmistir. Bu yodntem literatiire gore
hazirlanmis olup baslangic malzemeleri olarak iki
farkli kimyasal kullanilmistir [8]. Bu malzemeler
kalsiyum nitrat tetrahidrat ve di-amonyum hidrojen
fosfattir. nHA sentezi icin baslangi¢c malzemelerinin
orani literatiirde verilen degerlere gore (Ca/P) 1.67
olacak sekilde belirlenmistir [8].

23.66 g kalsiyum nitrat tetrahidrat 100 mL suda
¢cozilmustir. Ayn1 sekilde 7.93 g di-amonyum
hidrojen fosfat 100 mL suda ¢6zllmiustiir. Hazirlanan
kalsiyum nitrat tetrahidrat ve di-amonyum hidrojen
fosfat c¢ozeltileri ultrasonik banyoda 15 dakika
karistirlmistir. Hazirlanan ¢o6zeltilerin pH degeri
amonyak c¢ozeltisi ile pH=210 olacak sekilde
ayarlanmistir. Hazirlanan kalsiyum nitrat tetrahidrat
¢ozeltisi (20 mL) icerisine, di-amonyum hidrojen
fosfat ¢ozeltisi (20 mL) siirekli karistirilarak damla
damla ilave edilmistir. Olusan nHA kristallerinin
¢okmesi icin 24 saat oda sicaklifinda bekletilmistir.
Reaksiyon sonucu olusan kalintilarin temizlenmesi
adina santrifiij cihazinda 4100 rpm’de 5 dakika olacak
sekilde 6 kere yikanmistir. Elde edilen nanopartikiiller
stizlildikten sonra 24 saat oda sicakliginda
kurutularak toz haline getirilmistir.
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2.4 Membranlarin hazirlanmasi

Polimerik nanokompozit membranlarin hazirlanmasi
iki asamada faz inversiyon metodu kullanilarak
gerceklestirilmistir.

2.4.1 Yalin polimerik membranlarin hazirlanmasi

PMMA polimerik membranin hazirlanmasi

Asama 1: PMMA polimeri, kloroform ¢dozeltisi
icerisinde, 30 °C sicaklikta, manyetik karistirici
yardimiyla homojen hale gelinceye kadar 1000 rpm
hizda karistirllmistir. Yaklasik 1 saat sonra homojen
bir goriinim elde edilmistir. Cozelti 15 dakika oda
sicakliginda ultrasonik banyoda tutularak iginde
bulunan kabarciklar giderilmistir.

Asama 2: PVP c¢apraz baglayici, DMF c¢ozeltisi
icerisinde, 30 °C sicaklikta manyetik Kkaristirici
yardimiyla homojen hale gelinceye kadar 1000 rpm
hizda Kkaristirllmistir. Yaklasik 30 dakika sonra
homojen bir goriinim elde edilmistir. Cozelti 15
dakika ultrasonik banyoda bekletilerek icinde
bulunan hava kabarciklar1 giderilmistir.

Asama 3: Asama 1 ve 2’de elde edilen iki ¢6zelti yavas
yavas homojen hale gelinceye kadar, 30 °C sicaklikta
yine manyetik karistirici yardimiyla 800 rpm hizda
karistirllmistir. Yaklasik 30 dakika sonra homojen bir
goriniim elde edilmistir.

Asama 4: Cozelti 15 dakika oda sicakliginda ultrasonik
su banyosunda bekletilerek icinde bulunan hava
kabarciklar1 giderilmistir. Seffaf ve homojen bir
gorinimi bulunan polimerik ¢6zelti temiz, kuru cam
bir plaka tlizerine dokiilerek esit kalinlikta yayilmasi
saglanmis ve cam plaka tlzerinde 24 saat oda
sicakliginda kurumaya birakilmistir. 24 saatin
ardindan kuruyan membranda bulanik bir film
gorintiisii elde edilmistir. Olusan membran film
tabakasi i¢i saf su dolu kapali bir kabin igerisine
birakilarak katilasmasi saglanmistir ve icerisinde saf
su olan kapali bir kap igerisinde buzdolabinda
muhafaza edilmistir.

PS polimerik membranin hazirlanmasi

Asama 1: 4 g PS polimeri ile 15 mL NMP, 45 °C
sicaklikta, manyetik karistirici yardimiyla homojen
hale gelene kadar 1000 rpm hizda karistirllmistir.
Yaklasik 2,5 saat sonra homojen bir goriinim elde
edilmistir. Cozelti 15 dakika ultrasonik banyoda
bekletilerek icinde bulunan hava kabarciklarn
giderilmistir.

Asama 2: 1 g PVP g¢apraz baglayic1 7 mL DMF ¢ozeltisi
icerisinde, 30 °C sicaklikta, manyetik Kkaristirici
yardimiyla homojen hale gelene kadar 1000 rpm hizda
karistirlmistir. Yaklasik 30 dakika sonra homojen bir
gorinlim elde edilmistir. Cézelti 15 dakika ultrasonik
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banyoda bekletilerek icinde bulunan hava kabarciklari
giderilmistir.

Asama 3: Asama 1 ve 2’de elde edilen iki ¢cozelti yavas
yavas homojen hale gelinceye kadar, 45 °C sicaklikta,
yine manyetik karistirict yardimiyla 800 rpm hizda
karistirilmistir. Yaklasik 2 saat sonra homojen bir
goriiniim elde edilmistir. Cézelti 15 dakika ultrasonik
su banyosunda bekletilerek iginde bulunan hava
kabarciklar1 giderilmistir. Buradan sonra PMMA
membran hazirlanmasinda kullanilan 4. Asama ayni
sekilde uygulanmistir.

PVA polimerik membranin hazirlanmasi

Asama 1: 4 g PVA ile 15 mL NMP, 40 °C sicaklikta,
manyetik karistirici yardimiyla homojen hale gelene
kadar 1000 rpm hizda karistirilmistir. Yaklasik 2 saat
sonra homojen bir goriiniim elde edilmistir. C6zelti 15
dakika boyunca ultrasonik banyoda bekletilerek
icinde bulunan hava kabarciklar1 giderilmistir.

Asama 2: 1 g PVP capraz baglayic1 7 mL DMF ¢ozeltisi
icerisinde, 30 °C sicaklikta, manyetik Kkaristirici
yardimiyla homojen hale gelene kadar 1000 rpm hizda
karistiritlmistir. Yaklasik 30 dakika sonra homojen bir
goriiniim elde edilmistir. Cozelti 15 dakika boyunca
ultrasonik banyoda bekletilerek icinde bulunan hava
kabarciklari giderilmistir.

Asama 3: Asama 1 ve 2’de elde edilen iki ¢ozelti yavas
yavas homojen hale gelinceye kadar, 40 °C sicaklikta,

yine manyetik Karistirici yardimiyla 800 rpm hizda
karistirllmistir. Yaklasik 2 saat sonra homojen bir
gorinim elde edilmistir. Cozelti 15 dakika boyunca
ultrasonik banyoda bekletilerek icinde bulunan hava
kabarciklar1 giderilmistir. Buradan sonra PMMA
membran hazirlanmasinda kullanilan 4. Asama ayni
sekilde uygulanmstir.

2.4.2 nHA Kkatkili
hazirlanmasi

polimerik membranlarin

Bir dnceki bélimde belirtildigi sekilde her {i¢ polimer
icin cozeltiler aynm sicaklik ve kosullarda ayri ayri
hazirlanmistir. PMMA polimeri ile hazirlanmis
homojen c¢ozeltiler icerisine Cizelge 1'de belirtilen
yluzde oranlarinda nHA eklenmistir. PS polimeri ile
hazirlanmis homojen ¢ozeltiler igerisine Cizelge 2’de
belirtilen ylizde oranlarinda nHA eklenmistir. PVA
polimeri ile hazirlanmis homojen ¢ozeltiler igerisine
Cizelge 3’te belirtilen yiizde oranlarinda nHA eklenmis
ve 45 °C sicaklikta, yine manyetik karistirict
yardimiyla kanstinlmistir.  Cozelti 15 dakika
ultrasonik banyoda bekletilerek icinde bulunan
gozenekler ve kabarciklar giderilmistir. Homojen ve
biraz bulanik gériintimii bulunan ¢ézelti temiz cam bir
plaka iizerine dokiilerek esit kalinlikta yayilmasi
saglanarak 24 saat oda sicakliginda kurumaya
birakilmistir. Olusan membran film tabakasi i¢i saf su
dolu kapali bir kabin icerisine birakilarak katilasmasi
saglanmistir ve icerisinde saf su olan kapali bir kap
icerisinde buzdolabinda muhafaza edilmistir.

Cizelge 1. nHA katkili membranlarin hazirlanmasi isleminde kullanilan PMMA ve diger bilesenlerin oranlari

Cozelti igerigi nHA Yiizde Oram1 nHA miktar (g) Homojen Coziinme Siiresi
(%)

PMMA (4 g) + Kloroform (15 mL) %1 0.05 2 saat 30 dakika

PVP (1 g) + DMF (7 mL)

PMMA (4 g) + Kloroform (15 mL) % 3 0.15 3 saat 15 dakika

PVP (1 g) + DMF (7 mL)

PMMA (4 g) + Kloroform (15 mL) %5 0.25 3 saat 45 dakika

PVP (1 g) + DMF (7 mL)

PMMA (4 g) + Kloroform (15 mL) % 7 0.35 4 saat

PVP (1 g) + DMF (7 mL)

Cizelge 2. nHA katkili membranlarin hazirlanmasi isleminde kullanilan PS ve diger bilesenlerin oranlari

Cozelti icerigi nHA Yiizde Orani (%) nHA miktan (g) Homojen Coziinme Siiresi
PS (4 g) + NMP (15 mL) % 1 0.05 1 saat 17 dakika

PVP (1 g) + DMF (7 mL)

PS (4 g) + NMP (15 mL) % 3 0.15 1 saat 30 dakika

PVP (1 g) + DMF (7 mL)

PS (4 g) + NMP (15 mL) % 5 0.25 2 saat 15 dakika

PVP (1 g) + DMF (7 mL)

PS (4 g) + NMP (15 mL) %7 0.35 3 saat

PVP (1 g) + DMF (7 mL)
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Cizelge 3. nHA katkilh membranlarin hazirlanmasi isleminde kullanilan PVA ve diger bilesenlerin oranlari

Cozelti icerigi nHA Yiizde Orani (%) nHA miktari (g) Homojen Coziinme Siiresi
PVA (4 g) + NMP (15 mL) % 1 0.05 50 dakika
PVP (1 g) + DMF (7 mL)
PVA (4 g) + NMP (15 mL) % 3 0.15 1 saat 15 dakika
PVP (1 g) + DMF (7 mL)
PVA (4 g) + NMP (15 mL) % 5 0.25 1 saat 45 dakika
PVP (1 g) + DMF (7 mL)
PVA (4 g) + NMP (15 mL) %7 0.35 2 saat 5 dakika
PVP (1 g) + DMF (7 mL)
2.4.3 Polimerik membranlarin kalinliklar gozlemlenmistir. Yalin PS membranina nHA
eklendiginde ise nHA ilaveli membranlarin

Membran kalinhig: dijital mikrometre ile membranin
farkli yerlerinden (kenar ve orta bdlgeler)
olcilmiistiir.  Olciimlerin ~ ortalamasi  alinarak
membran kalinlifi (mm) olarak belirlenmistir.
Hazirlanan polimerik membranlarin  kalinliklari
Cizelge 4’te verilmistir.

Membranlarin kalinliklari incelendiginde yalin PMMA
ve yalin PVA membranlarina nHA ilave edildiginde
membranlarin kalinliklarinda artis meydana geldigi

kalinliginda azalma meydana geldigi gézlemlenmistir.
Elde edilen veriler kiyaslandiginda PMMA ve PVA ile
hazirlanan membranlarin goézeneginin daha az
olmasindan dolay1 nHA eklenmesiyle membranlarin
kalinliginda artma olmustur. PS ile hazirlanan
membranin gozenegi ise daha fazla oldugundan
oncelikle nHA ile gézenekler dolmus ve kalinlikta artis
olmadig1 sonucuna varilmistir.

Cizelge 4. Hazirlanan polimerik nanokompozit membranlarin kalinliklari

Membran Membran Membran Membran Membran Membran
Kalinlig (mm) Kalinlig: (mm) Kalinlig: (mm)
Yalin PMMA 0.3 Yalin PS 0.6 Yalin PVA 0.2
9 0
% 1nHA katkil PMMA 0.4 L nHA Jatah o 5 h y A Ratial g 5
9 0
% 3 nHA katkili PMMA 0.4 % 3 nHA katkili - % 3 nHA katkih
9 0
% 5 nHA katkill PMMA 0.4 r{Os 5 nHA katkih o P{OV : nHA katkli o
9 0
% 7 nHA katkil PMMA 0.4 7 nHA Jatah g 5 k4 A Katial g 5

3. Bulgular
3.1 SEM analiz sonuglari

Yas yontemi ile sentezlenen nHA’'in SEM analizi Sekil
1’de verilmistir. SEM goriintiisii incelendiginde
hidroksiapatitin nano boyutlarda sentezlenmis oldugu
goriilmektedir.

Sekil 2-7’de nHA katkili ve katkisiz PMMA, PS ve PVA
membranlarinin  SEM  goriintiilleri  verilmistir.
Sekillerdeki goriintiller 5000 kat ve 3000 Kkat
biiyiitilmiis  goriintiilerdir.  SEM  goriintiileri
incelendiginde, yiizey karakterizasyonlarinin farkh
oldugu gorilmistir PMMA ile hazirlanan
membranlarin yilizeylerinin daha gozenekli oldugu
sonucuna varimistir. Ayrica, % nHA igeriginin
degismesi ile gbézenek boyutu ve yogunlugunun
degistigi gorilmiistiir. PS ile hazirlanan membranlar
incelendiginde yalin PS membranin gézenekli yapida
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oldugu, ancak %nHA katkili PS membranlarin PMMA
ile hazirlanan membranlara gore daha az goézenek
yapisina sahip oldugu gozlemlenmistir. PS ile
hazirlanan membranlarda % nHA igeriginin artmasi ile
ylzeyin daha gozeneksiz bir yapiya sahip oldugu da
gorilmistiir. PVA icerikli membranlarin SEM
goriintiileri incelendiginde ise yine daha g6zeneksiz
bir yapiya sahip olduklari ve en fazla gézenekli yapinin
ise % 7 nHA igerikli membranda oldugu séylenebilir.
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Sekil 1. Sentezlenen nHA SEM goriintiisii

19 | det H ‘ \
AM | LFD | 20.00 kv 0x acuum | 11.4 mm SDU_YETEM

; — 5 ym —
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O A
o

Sekil 2. PMMA membranlarin SEM goriintiisii (Biiytitme: 5000), (a) Yalin PMMA, (b) % 1 nHA iceren PMMA, (c) % 3 nHA iceren
PMMA, (d) % 5 nHA iceren PMMA, (e) % 7 nHA iceren PMMA
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Sekil 3. PMMA membranlarin SEM goériintiisii (Biiytitme: 3000), (a) Yalin PMMA, (b) % 1 nHA iceren PMMA, (c) % 3 nHA iceren
PMMA, (d) % 5 nHA iceren PMMA, (e) % 7 nHA iceren PMMA
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Sekil 4. PS membranlarin SEM goriintiisi (Biytitme: 5000), (a) Yalin PS, (b) % 1 nHA iceren PS, (c) % 3 nHA igeren PS, (d) %
5 nHA igeren PS, (e) % 7 nHA igeren PS
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Sekil 5. PS membranlarin SEM goriintiisii (Blytitme: 3000), (a) Yalin PS, (b) % 1 nHA iceren PS, (c) % 3 nHA igeren PS, (d) %
5 nHA igeren PS, (e) % 7 nHA igeren PS
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Sekil 6. PVA membranlarin SEM goriintiisii (Biiyiitme: 5000), (a) Yalin PVA, (b) % 1 nHA iceren PVA, (c) % 3 nHA iceren PVA,
(d) % 5 nHA iceren PVA, (e) % 7 nHA iceren PVA
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Sekil 7. PVA membranlarin SEM goriintiisii (Biiyiitme: 3000), (a) Yalin PVA, (b) % 1 nHA iceren PVA, (c) % 3 nHA iceren PVA,
(d) % 5 nHA iceren PVA, (e) % 7 nHA iceren PVA
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3.2 Membranlarin SEM-EDS analiz sonuglari

3.2.1. PMMA membranlarin SEM-EDS analiz
sonuclar

PMMA membranin hazirlanmasinda kullanilan
bilesenlerden PMMA ve PVP polimerlerinin molekiil
yapisi Sekil 8’de verilmistir. PMMA’1n molekiil formiilii
[CH2C(CH3)(CO2CH3)]n, PVP’'nin molekiil formiili ise
(CéHoNO)n seklindedir. PMMA bilesiginin molekiil

yapisina baktigimizda C, O ve H atomlarindan, PVP'nin
ise C, H, N ve O atomlarindan meydana geldigi
gorilmektedir. Her iki polimer ile hazirlanan yalin
PMMA membraninin SEM-EDS analizi sonucunda C, N,
0 atomlarinin oldugu goriilmektedir (Sekil 8, Cizelge
5). PMMA membranina % 1, 3, 5, 7 oraninda nHA
eklendigindeki SEM-EDS analizleri incelendiginde ise
P, Ca atomlarinin dahil oldugu goriilmektedir. Elde
edilen SEM-EDS analiz sonuglar1 dogrultusunda yap1
dogrulanmaktadir.

(a)

(b)

] ———— -
|

(d)

(e)

) ———— 2
e e~ LI

Sekil 8. PMMA membranlarin SEM-EDS grafikleri, (a) Yalin PMMA, (b) % 1 nHA iceren PMMA, (c) % 3 nHA igeren PMMA, (d)

% 5 nHA iceren PMMA, (e) % 7 nHA iceren PMMA

Cizelge 5. PMMA membranlarin atom miktarlari

Yalin PMMA %1 nHA iceren %3 nHA iceren %5 nHA iceren %7 nHA igeren
Element PMMA PMMA PMMA PMMA

% % % % % % % % % %

Agirhk  Atomik Agirhk  Atomik  Agirhk  Atomik Agirhk  Atomik Agirhk  Atomik
C 64.99 70.95 65.79 71.88 66.34 72.42 66.34 72.82 66.44 72.59
N 3.01 2.82 1.43 1.34 1.76 1.64 0.27 0.25 0.73 0.68
0 32.01 26.23 32.56 26.71 31.43 25.76 32.11 26.46 32.40 26.58
P - - 0.06 0.02 0.22 0.09 0.42 0.18 0.14 0.06
Ca - 0.17 0.06 0.25 0.08 0.85 0.28 0.29 0.10

3.2.2. PS membranlarin SEM-EDS analiz sonug¢lari

PS’un molekiil formiilti [CeH4-4-C(CH3)2CsH4-4-0CsHa-
4-S02C6H4-4-0]n seklindedir. PS bilesiginin formiiliine
baktigimizda C, O, S ve H atomlarindan, PVP'nin ise C,
H, N ve O atomlarindan meydana geldigi
goriilmektedir. Her iki polimer ile hazirlanan yalin PS
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membraninin SEM-EDS analizi sonucunda yapida C, N,
0, S atomlarinin oldugu gorilmektedir (Sekil 9, Cizelge

6). PS membranina % 1, 3, 5, 7 oraninda nHA
eklendigindeki SEM-EDS sonuclarindan yapida P, Ca
atomlarinin dahil oldugu goriilmektedir. Elde edilen
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SEM-EDS analiz sonuglar1 dogrultusunda yap1
dogrulanmaktadir.
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Sekil 9. PS membranlarin SEM-EDS grafikleri, (a) Yalin PS, (b) % 1 nHA igeren PS, (c) % 3 nHA igeren PS, (d) % 5 nHA iceren
PS, () % 7 nHA igeren PS

Cizelge 6. PS membranlarin atom miktarlari

Yalin PS %1 nHA iceren PS %3 nHA icerenPS %5 nHA icerenPS %7 nHA iceren PS
Element % % % % % % % % % %
Agirhk  Atomik Agirhk  Atomik  Agirhk  Atomik  Agirhk  Atomik  Agirhk  Atomik
C 75.14 82.77 75.56 82.69 74.38 82.21 74.50 81.79 76.33 83.68
N 1.91 1.80 1.79 1.68 1.53 1.45 2.45 2.30 0.79 0.74
0 14.37 11.89 15.47 12.71 15.45 12.82 14.71 12.57 15.04 12.38
S 8.58 3.54 6.72 2.76 7.70 3.19 7.25 2.98 7.54 3.10
P - - 0.15 0.06 0.25 0.11 0.24 0.10 0.06 0.03
Ca - - 0.32 0.10 0.70 0.23 0.85 0.26 0.24 0.08

3.2.3. PVA membranlarin SEM-EDS analiz SEM-EDS analizi sonucu, yapida C, N, O atomlarinin
sonuclari oldugu gorilmektedir (Sekil 10, Cizelge 7). PVA

membranina % 1, 3, 5, 7 oraninda nHA eklendigindeki
PVA’'nin molekil formild [-CH2CHOH-]x seklindedir. SEM-EDS analizleri yapiya P, Ca atomlarinin dahil
PVA bilesiginin formiiliine bakildiginda C, O ve H oldugunu gostermektedir. Elde edilen SEM-EDS analiz
atomlarindan, PVP’nin ise C, H, N ve O atomlarindan sonuglari dogrultusunda yap1 dogrulanmaktadir.
meydana geldigi goriilmektedir. Yalin PVA membranin
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Sekil 10. PVA membranlarin SEM-EDS grafikleri, (a) Yalin PVA, (b) % 1 nHA iceren PVA, (c) % 3 nHA igeren PVA, (d) % 5 nHA
iceren PVA, (e) % 7 nHA iceren PVA

Cizelge 7. PS membranlarin atom miktarlari

Yalin PVA %1 nHA iceren %3 nHA iceren %5 nHA iceren %7 nHA iceren
Element PVA PVA PVA PVA
% % % % % % % % % %
Agirhk  Atomik Agirhk  Atomik  Agirhk  Atomik  Agirhk  Atomik  Agirhk  Atomik
C 59.75 66.22 59.60 66.34 60.51 67.17 59.20 66.36 57.26 64.85
N 243 2.31 1.05 1.00 0.79 0.75 0.49 0.47 0.53 0.51
0 37.82 31.47 38.88 32.49 38.32 31.94 38.73 32.59 39.58 33.66
P - - 0.13 0.06 0.11 0.05 0.48 0.21 0.88 0.39
Ca - - 0.34 0.11 0.27 0.09 1.09 0.37 1.75 0.59

3.3. AFM analiz sonuglar

Yalin PMMA, PS, PVA, n-HA katkili (% 1, 3, 5, 7) PMMA,
PS ve PVA polimerik nanokompozit membranlara ait
AFM goriintiileri Sekil 11’de verilmistir. Ayrica,
hazirlanan membranlarin Roughness degerleri Cizelge
8'de yer almaktadir. Biitin AFM goriintiileri
incelendiginde farkli polimerlerle hazirlanmis ve
farkl nHA icerikli membranlarda ylzey
karakterizasyonunun farkli oldugu gorilmektedir.
Mevcut kullanim amaci dahilinde farkh yiizey
topografisinin onemli bir etkisi olacagi
beklenmemektedir. Ancak, ilerideki ¢alismalarda
yuzey modifikasyonu gerekebilecek durumlar igin,
elde edilen AFM sonuglar1 karsilagtirma baglaminda
o6nemli olacaktir.
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Sekil 11. Membranlarin AFM goriintileri, (a) Yalin PMMA, (b) % 1 nHA iceren PMMA, (c) % 3 nHA igeren PMMA, (d) % 5 nHA igeren PMMA, (e) % 7 nHA igeren PMMA, (f) Yalin PS, (g) % 1
nHA igceren PS, (h) % 3 nHA iceren PS, (1) % 5 nHA iceren PS, (j) % 7 nHA iceren PS, (k) Yalin PVA, (1) % 1 nHA iceren PVA, (m) % 3 nHA iceren PVA, (n) % 5 nHA igeren PVA, (0) % 7 nHA iceren

PVA.
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Cizelge 8. Membranlarin Roughness degerleri

Membran Roughness (Ra)
Yalin PMMA membrani 10.56 nm
%1 nHA katkili PMMA membrani 12.9 nm
%3 nHA katkili PMMA membrani 25.90 nm
%5 nHA katkili PMMA membrani 1.70 nm
%7 nHA katkili PMMA membrani 86.04 nm
Yalin PS membrani 7.81 nm
%1 nHA katkili1 PS membrani 16.72 nm
%3 nHA katkili PS membrani 11.53 nm
%5 nHA katkili PS membrani 13.64 nm
%?7 nHA katkili1 PS membrani 19.88 nm
Yalin PVA membrani 32.26 nm
%1 nHA katkili PVA membrani 40.32 nm
%3 nHA katkili PVA membrani 63.81 nm
%>5 nHA katkili PVA membrani 11.85 nm
%?7 nHA katkili PVA membrani 115.41 nm
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3.4 Membranlarin XRD analiz sonuglari

XRD analizi, polimerin kristal yapisini, fazin1 ve
gerilimini veya  gerilmesini  gdstermek icin
kullanilmaktadir. Yalin ve n-HA katkili (% 1, 3, 5, 7)
PMMA, PS ve PVA polimerik nanokompozit
membranlara ait XRD dlgiimleri yapilmis ve elde
edilen XRD grafikleri Sekil 12-14’de verilmistir.
Cizelge 9°da da membranlarin XRD grafiklerinden elde
edilen temas ac1 degerleri goriilmektedir.
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Sekil 12. PMMA membranlarin XRD grafikleri, (a) Yalin PMMA, (b) % 1 nHA iceren PMMA, (c) % 3 nHA iceren PMMA, (d) % 5 nHA iceren PMMA, (e) % 7 nHA igeren PMMA
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Sekil 13. PS membranlarin XRD grafikleri, (a) Yalin PS, (b) % 1 nHA igceren PS, (c) % 3 nHA iceren PS, (d) % 5 nHA iceren PS, (e) % 7 nHA igeren PS
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Sekil 14. PVA membranlarin XRD grafikleri, (a) Yalin PVA, (b) % 1 nHA igeren PVA, (c) % 3 nHA iceren PVA, (d) % 5 nHA igeren PVA, (e) % 7 nHA iceren PVA
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Cizelge 9. Membranlarin XRD grafiklerinde temas ac1 degerleri

Numune Temas Acisi (2 0) Numune Temas Agisi (2 0) Numune Zsflﬂasz 0)
Yalin PMMA ;(3)(5)20 Yalin PS 12320 Yalin PVA 12.88°
o 13.35° 13.06 12.77°
% 1 nHA katkilh PMMA 30.14° % 1 nHA katkil1 PS 19.12° % 1 nHA katkili PVA 22 150
) 43.21° )
o 13.10° 12.91 13.38°
% 3 nHA katkilh PMMA 34.01° % 3 nHA katkil1 PS 18.05° % 3 nHA katkili PVA 21.97°
) 42.24° )
12.9° 13.22° 13.06°
% 5 nHA katkilh PMMA 34.26° % 5 nHA katkil1 PS 18.32° % 5 nHA katkili PVA 21'970
) 41.14° )
13.08° 13.38° 15,100
% 7 nHA katkih PMMA 26.22° % 7 nHA katkil1 PS 32'190 % 7 nHA katkil1 PVA 21.82°
32.35° 42'230 32.04°
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Literatiirde, PMMA polimeri farkli oranlarda amorf ve
kristal bolge iceren bir polimer malzeme olarak
kategorize edilmektedir. Ayrica, XRD paterni, 20 =
9.16° ve 19.12°'de dikkate deger yiiksek yogunluklu
Bragg kirinim tepe noktalari gosterdigi belirtilmistir.
Bu piklerin, PMMA’'nin karakteristik XRD pikleri
oldugu yapilan literatiir taramasi sonucu elde
edilmistir  [9]. Calismamizda, yalin PMMA
nanokompozit membrani (PMMA/PVP) icin 26
acisinda 13.05° lik biiyiik bir tepe noktasive 30.52°de
ise soniik bir tepe noktasi sergiledigi gorilmiistir.
13.05 lik keskin tepe noktasi kristal yapiyi, 30.52°'de
goriilen soniik yayvan tepe noktasi ise amorf yapiy1
vurgulamaktadir. Sonugclarin literatiirdeki sonuglar ile
farkli olmasinin sebebinin ¢ozelti iceriginde bulunan
capraz baglayici PVP’den kaynaklandigi
diistinilmektedir.

PMMA iceren membranlara % nHA (%1, 3 ve 5) ilavesi
ile 20’da 14°de keskin bir pik, 26°-32° arasinda
nispeten dusiik yogunlukta piklerin meydana geldigi
gozlenmistir. Ayrica %7 nHA iceren PMMA
membranda ise 13.08°, 26.22° ve 32.32°de keskin
piklerin oldugu gorilmiistiir. Pik siddetlerinin farkli
nHA ytzdelerinde farklilik gosterdigi belirlenmistir.
Bu durum elde edilen membranlarin kristal ve amorf
ozelliklerinin farklilasmasindan kaynaklanmaktadir.

PS polimerinin, 20 acgisinda 17.69° de genis bir tepe
noktas1 gosterdigi ve malzemenin de amorf bir yapi
sergiledigi yapilan literatiir taramasi sonucu elde
edilmistir [10]. Calismamizda, yalin PS nanokompozit
membrani (PS/PVP) icin 20 agisinda 13.26°1ik biiyiik
bir tepe noktasi, 19.12°lik yayvan pik ve 41°-47°
arasinda ise sonik bir tepe noktasi goriilmiistir.
13.26°lik keskin tepe noktasi kristal yapiyi, 19.12°lik
yayvan pik ve 41°-47° arasinda goriilen soniik yayvan
tepe noktas1 ise amorf yapiy1 temsil etmektedir. Bu
yar1 kristalli yapinin literatiirdeki sonuglar ile uyumlu
oldugu gorilmis olup, derece farkliliginin ise capraz
baglayicidan kaynaklandigi diisiiniilmektedir.

% nHA iceren PS membranlarin sonuglarina
bakildiginda yalin PS membran i¢in elde edilen benzer
piklerin goriildiigli sonucuna varilmistir. 19.12°de
elde edilen yayvan pikin % 3 ve % 5 nHA iceren
membranlarda bir miktar soniimlendigi, % 7 nHA
iceren membranda ise yalin membrana gére daha
keskinlestigi gorilmistir. Bu durumun
membranlardaki  kristal ve amorf yapinin
farklilasmasindan kaynaklandig séylenebilir.
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Yalin PVA polimerinin, 20 agisinda 19-20°lik biiytik
bir tepe noktasi ve 39-40°lik kii¢iik bir tepe noktasi
ile yar1 kristalli bir yap1 sergiledigi yapilan literatiir
taramasi sonucu gorilmistir [11]. Calismamizda,
yalin PVA nanokompozit membram (PVA/PVP) icin
20’da 12.88°de biiylik bir tepe noktasi ve 41°- 47 °
arasinda da soniik bir pik elde edilmistir. 12.88°lik
keskin tepe noktasi kristal yapiyi, 41°- 47 ° arasinda
goriilen soniik yayvan tepe noktasi ise amorf yapiy1
vurgulamaktadir. Yapinin yar1 kristalli bir yapi
sergiledigi goriilmiistiir. Elde edilen sonuglarin
literatiirdeki sonuglar ile uyumlu oldugu goriilmiis,
derece farkliliginin ise c¢apraz baglayicidan
kaynaklandig1 degerlendirilmistir.

PVA iceren membranlara % nHA ilavesi ile 20’da
13.38%de keskin bir pik ve 20°-25° arasinda nispeten
disiik yogunlukta bir pik gozlenmistir. Pik
siddetlerinin farkli nHA yiizdelerinde degisiklik
gosterdigi belirlenmistir. Bunun sebebinin membran
hazirlanmasinda polimerin molekiil zincirinde olusan
etkilesimlerden ve degisimlerden kaynaklandigi
diistiniilmekte olup elde edilen membranlarin kristal
ve amorf yapilarindan kaynaklandigi séylenebilir.
Ayrica %7 nHA iceren PVA membranda diger piklere
ek olarak 31°-33° arasinda so6nik bir pik de
gorilmektedir.

3.5. Membranlarin FT-IR analiz sonuglari

FT-IR analizi ile malzemenin molekiil i¢i baglarini,
molekiil yapisini ve molekiil i¢i fonksiyonel gruplarini
tayin etmek miimkiindiir. FTIR 6lgtimleri 4000-400
cm?! aralifinda gerceklestirilmistir. Membranlarin
FTIR spektrumlari Sekil 15-17’de verilmistir.

PMMA polimerinin FTIR spektrumuna bakildiginda
1240 cm? ’de siddetli bir gerilme titresim bandi
gorilmistiir (Sekil 15). Bu bant C-O-C gerilme
titresiminden kaynaklanmaktadir. 779 cm-! 'deki bant
a-metil grubunda yer alan C-H gerilme titresimine
karsilik gelmektedir. Molekiiliin parmak izi b6lgesinde
meydana gelen 984 cm! ve 848 cm'deki bantlar da
PMMA’nin karakteristik gerilme titresimlerine aittir.
1444 cm! 'deki bant sebebi ise -CH3 grubundaki C-H
baglariin egilme titresimidir. 1722 cm ’deki bant
C=0 baglarinin gerilme titresimine aittir. 2991 cm-1 ve
2950 cmVdeki bantlar sirasiyla -CHs ve -CH:
gruplarindaki C-H baglarinin gerilme titresimleridir.
1386 cm-1'deki orta siddetli bant PVP'nin yapisinda
bulunan C-N baglarindan kaynaklanmaktadir. FTIR
analizi sonucu elde edilen piklerin PMMA’nin
karakteristik pikleri oldugu dogrulanmistir [12].
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Sekil 15. PMMA membranlarin FTIR goriintiileri

Sekil 15'te, %1 nHA iceren PMMA membraninin FTIR
spektrumuna bakildiginda, 779 cm-1'deki bant a-metil
grubunda yer alan C-H gerilme titresimine karsilik
gelmektedir. 1024 cm-'deki bant yapiya girmis olan
nHA’ten kaynaklanan P-O gerilme titresiminden
kaynaklanmaktadir. 1443 cm! 'deki bant sebebi ise -
CHs grubundaki C-H baglarinin egilme titresimidir.
1723 cm ’deki siddetli bant C=0 baglarinin gerilme
titresiminden kaynaklanmaktadir. 2991 cm-! ve 2949
cmVdeki orta siddetli bantlar sirasiyla -CHs ve -CHz
gruplarindaki C-H baglarinin gerilme titresimlerine
aittir. 1386 cm'deki orta siddetli bant PVP’nin
yapisinda bulunan C-N baglarindan
kaynaklanmaktadir. %3 nHA iceren PMMA
membraninin FTIR spektrumunda 779 cm-! "deki bant
a-metil grubunda yer alan C-H gerilme titresimine
karsilik gelmektedir. 1024 cm' ’deki bant yapiya
girmis olan nHA’ten kaynaklanan P-O gerilme
titresiminden kaynaklanmaktadir. 1442 cm ’deki
bant sebebi ise -CHs grubundaki C-H baglarinin egilme
titresimidir. 1724 cm-! 'deki bandin C=0 baglarinin
gerilme titresimine ait olabilecegi
degerlendirilmektedir. 2989 cm-1 ve 2948 cm'deki
bantlar sirasiyla -CHs ve -CHz gruplarindaki C-H
baglarinin gerilme titresimlerine aittir. 1386 cm'deki
orta siddetli bant PVP’nin yapisinda bulunan C-N
baglarindan kaynaklanmaktadir. %5 nHA igeren
PMMA membranin FTIR spektrumunda, 748 cm-!’deki
bant a-metil grubunda yer alan C-H gerilme
titresimine karsilik gelmektedir. 1024 cm-! 'deki bant
yapiya girmis olan nHA’ten kaynaklanan P-O gerilme
titresiminden kaynaklanmaktadir. 1443 cm ’deki
bant sebebi ise -CHs grubundaki C-H baglarinin egilme
titresimidir. 1723 cm-! 'deki bandin C=0 baglarinin
gerilme titresiminden kaynaklanmaktadir. 2991 cm!
ve 2950 cmVdeki bantlar sirasiyla -CHs ve -CH:
gruplarindaki C-H baglarinin gerilme titresimlerine
aittir. 3400 cmVde meydana gelen siddetli bant,

300

2500 2000 1500 1000

Dalga Sayssa (an’)

2000 1500 3500 3000

% 7 nHA- PMMA |

% T

2800 2000 14500 1000 500

Dalga Sayist (e

3800 2000

membranin yapisina % oraninda katilan nHA’in
fonksiyonel grubu olan O-H’tan kaynaklanmaktadir.
Bu durum yapimizda nHA varligin1 dogrulamaktadir.
%7 nHA iceren PMMA membranin FTIR
spektrumunda, 748 cm! 'deki bant a-metil grubunda
yer alan C-H gerilme titresimine karsilik gelmektedir.
1024 cm™? ’'deki bant yapiya girmis olan nHA’ten
kaynaklanan P-0 gerilme titresiminden
kaynaklanmaktadir. 1443 cm! 'deki bant sebebi ise -
CHs grubundaki C-H baglarinin egilme titresimidir.
1722 cm! ’deki bandin C=0 baglarinin gerilme
titresimine ait olabilecegi degerlendirilmektedir. 2990
cm! ve 2949 cm-deki bantlar sirasiyla -CHs ve -CHz
gruplarindaki C-H baglarinin gerilme titresimlerine
aittir. Genel olarak baktigimizda, 3429 cmde
meydana gelen siddetli bant, membranin yapisina
eklenen nHA’'in fonksiyonel grubu olan O-H'tan
kaynaklanmaktadir. %1 ve %3’te nHA ilavesinde O-H
bandindaki siddet ¢ok fazla degismezken %5 ve %7
oraninda nHA ilaveli membranlarda O-H grubundan
kaynaklanan 3400 cm-! civarinda goriilen bandin daha
da siddetlendigi belirlenmistir. Bu durum yapimizda
nHA varligin1 dogrulamaktadir. Ayrica yalin PMMA
membraninda olmayan 530 civarindaki zayif bant
yapiya nHA eklenmesi ile ortaya ¢ikmistir. Eklenen
nHA ylzdesinin artmasiyla beraber bu bandin da
siddetlendigi belirlenmistir.

Yalln  PS membraninin FTIR  spektrumuna
bakildiginda, 1450 cm1-1600 cm-! araliginda bulunan
1582 cm? ve 1485 cm titresimleri C=C gerilme
titresim bandini gériilmektedir (Sekil 16). Alifatik bir
bilesik olan PVP’nin yapisinda bulunan C-H
fonksiyonel grubunun 1406 cm' de egilme bandi
bulunmaktadir. 1236 cm, 1147 cm?® ve 1103 cm-
’deki bantlar C-N baglarinin gerilme titresimine aittir.
833 cm1- 690 cm-! arasindaki diizlem dis1 egilme C-H
aromatik halkasina ait titresimdir. %1 nHA katkili
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polimerik PS membraninin FTIR spektrumunda ise,
1583 cm? ve 1487 cm! titresimleri C=C gerilme
titresim bandini ifade etmektedir. Alifatik bir bilesik
olan PVP’nin yapisinda bulunan C-H fonksiyonel
grubu 1408 cm! ’de egilme bandi bulunmaktadir.
1230 cm, 1149 cm! ve 1105 cm-Y'deki bantlarin C-N
baglarinin gerilme titresimine aittir. 3346 cm-1
goriilen genis O-H gerilme titresimi yapiya nHA'in
baglandiginin 6nemli bir gostergesidir. 749 cm-1- 647
cm! arasindaki diizlem dis1 egilme C-C aromatik
halkasina aittir. 833 cm-1- 688 cm™ arasindaki diizlem
dis1 egilme C-H aromatik halkasina ait titresimdir. %3
nHA katkilh polimerik PS membraninin FTIR
spektrumunda, 1583 cm ve 1487 cm! titresimleri
C=C gerilme titresim bandin ifade etmektedir. Alifatik
bir bilesik olan PVP’nin yapisinda bulunan C-H
fonksiyonel grubu 1408 cm ’'de egilme bandi
bulunmaktadir. 1230 cm, 1149 cm?® ve 1104 cm-
Vdeki bantlarin C-N baglarinin gerilme titresimine
aittir. 3366 cm-! goriilen genis O-H gerilme titresimi
yapiya nHA'in baglandiginin 6nemli bir gostergesidir.
749 cm!- 647 cm ! arasindaki diizlem dis1 egilme C-C
aromatik halkasina aittir. 833 cml- 689 cm1
arasindaki diizlem dis1 egilme C-H aromatik halkasina
ait titresimdir. %5 nHA katkilh polimerik PS
membraninin FTIR spektrumunda, 1583 cm! ve 1487
cm! titresimleri C=C gerilme titresim bandin ifade

YalnPS
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etmektedir. Alifatik bir bilesik olan PVP’nin yapisinda
bulunan C-H fonksiyonel grubu 1408 cm 'de egilme
bandi bulunmaktadir. 1230 cm, 1149 cm! ve 1104
cmV'deki bantlarin C-N baglarinin gerilme titresimine
aittir. 3365 cm-! goriilen genis O-H gerilme titresimi
yapiya nHA'in baglandiginin 6nemli bir gostergesidir.
749 cm!- 647 cm! arasindaki diizlem dis1 egilme C-C
aromatik halkasina aittir. 833 cm’- 689 cm-
arasindaki diizlem dis1 egilme C-H aromatik halkasina
ait titresimdir. %7 nHA igeren PS membranlarinin
FTIR spektrumunda ise, 1584 cm' ve 1487 cm
titresimleri C=C gerilme titresim bandin1 ifade
etmektedir. Alifatik bir bilesik olan PVP’'nin yapisinda
bulunan C-H fonksiyonel grubu 1408 cm 'de egilme
bandi bulunmaktadir. 1230 cm?, 1149 cm? ve 1105
cmV'deki bantlarin C-N baglarinin gerilme titresimine
aittir. 3372 cm-! goriilen genis O-H gerilme titresimi
yapiya nHA'in baglandiginin 6nemli bir gostergesidir.
749 cm!- 647 cm! arasindaki diizlem dis1 egilme C-C
aromatik halkasina aittir. 833 cml- 689 cm-
arasindaki diizlem dis1 egilme C-H aromatik halkasina
ait titresimdir. Ayrica yalin PS membraninda olmayan
520 civarindaki zayif bandin yapiya nHA eklenmesi ile
ortaya ¢ikmistir. EKlenen nHA yiizdesinin artmasiyla
beraber bu bandin da siddetlendigi belirlenmistir.
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Yalin PVA membraninin FTIR spektrumununda, 1225
cm?, 1117 cm?! ve 1019 cmYdeki bantlar C-N
baglarinin gerilme titresimine aittir (Sekil 17). 1728
cmV’de goriilen siddetli bant C=0 gerilme titresimine
aittir. Alifatik bir bilesik olan PVP’nin yapisinda
bulunan C-H fonksiyonel grubu 2969 cm-1 ve 2928 cm-
de gerilme titresimleri bandi bulunmaktadir. %1
nHA iceren polimerik PVA membranin FTIR
spektrumunda, 1228 cm?, 1116 cm? ve 1020 cm-
’deki bantlarin C-N baglarinin gerilme titresimine ait
olabilecegi degerlendirilmektedir. 1727 cm'de
goriilen siddetli bant C=0 gerilme titresimine aittir.
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Alifatik bir bilesik olan PVP’nin yapisinda bulunan C-H
fonksiyonel grubu 2971 cm ve grubu 2928 cm'de
gerilme titresimleri bandi bulunmaktadir. 3443 cm!
gorilen genis O-H gerilme titresimi yapiya nHA'in
baglandiginin 6nemli bir géstergesidir. %3 nHA iceren
polimerik PVA membranin FTIR spektrumunda, 1228
cm?!, 1116 cm? ve 1020 cmY deki bantlarin C-N
baglarmin gerilme titresimine ait olabilecegi
degerlendirilmektedir. 1726 cm'de goriilen siddetli
bant C=0 gerilme titresimine aittir. Alifatik bir bilesik
olan PVP'nin yapisinda bulunan C-H fonksiyonel
grubu 2974 cm?! ve grubu 2931 cm'de gerilme
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titresimleri band1 bulunmaktadir. 3448 cm-! goriilen
genis O-H gerilme titresimi yapiya nHA'in
baglandiginin 6nemli bir gostergesidir. %5 nHA iceren
polimerik PVA membranin FTIR spektrumunda ise,
1228 cmt, 1114 cmtve 1021 cm-Y’deki bantlarin C-N
baglarinin gerilme titresimine ait olabilecegi
degerlendirilmektedir. 1726 cm-'de goriilen siddetli
bant C=0 gerilme titresimine aittir. Alifatik bir bilesik
olan PVP’nin yapisinda bulunan C-H fonksiyonel
grubu 2974 cml ve grubu 2932 cm'de gerilme
titresimleri bandi bulunmaktadir. 3434 cm! goriilen
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genis O-H gerilme titresimi yapiya nHA'in
baglandiginin 6nemli bir gostergesidir. %7 nHA iceren
PVA membranlarinin FTIR spektrumunda, 1229 cm-1,
1116 cmve 1021 cm'V'deki bantlarin C-N baglarinin
gerilme titresimine ait olabilecegi
degerlendirilmektedir. 1726 cm''de goriilen siddetli
bant C=0 gerilme titresimine aittir. Alifatik bir bilesik
olan PVP’nin yapisinda bulunan C-H fonksiyonel
grubu 2937 cm-! titresim bandi bulunmaktadir. 3447
cm1goriilen genis O-H gerilme titresimi yapiya nHA’in
baglandiginin 6nemli bir gostergesidir.
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4. Sonug

Bu calismada, membran teknolojisini kullanarak
biyolojik uygulamasi olan farkl polimerlerin (PMMA,
PS, PVA) kemik yerine kullanilabilecek 6zellige sahip
olan nHA ile bir araya getirilmesiyle polimerik
nanokompozit membranlar hazirlanmistir.
Membranlarin hazirlanmasi faz inversiyon metodu
kullanilarak gerceklestirilmistir. Ortopedi alaninda
siklikla kullanilan PMMA, PS, PVA polimerlerinin
uygun ¢oziiciide kontrollii bir sicaklikta, homojen bir
sekilde ¢oziinmesi saglanmistir. Capraz baglayici olan
PVP, DMF icinde belirli bir sicaklikta homojen
oluncaya kadar karistirlmis ve  ¢Ozlinmesi
saglanmistir. Her iki homojen ¢ozelti yavas yavas
birlestirilerek karistirilmistir. Cozeltiye hazirlanan
nHA'’ ten belirli miktarlarda (kiitlece %1, %3, %5, %7)
eklenmistir. Hazirlanan polimerik nanokompozit
membranlarin karakterizasyon islemleri FTIR, SEM,
SEM-EDS, XRD ve AFM analizleri kullanilarak
yapilmistir. SEM analizinde nHA igeren membranlar
ile yalin polimerik membranlarin SEM gorintiileri
arasinda morfolojik farkliliklarin oldugu ve ylizey
karakterizasyonlarinin degisiklikler gosterdigi tespit
edilmistir., PMMA ile hazirlanan membranlarin
ylizeylerinin daha go6zenekli oldugu gorilmiistiir.
Ayrica, % nHA igeriginin degismesi ile g6zenek boyutu
ve yogunlugunun degistigi gorilmektedir. PS ile
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hazirlanan membranlar incelendiginde PMMA ile
hazirlanan membranlara gore daha az gdzenek
yapisina sahip oldugu bulunmustur. % nHA iceriginin
artmasi ile yiizeyin daha gozeneksiz bir yapiya sahip
oldugu da goriilmektedir. PVA icerikli membranlarin
SEM goriintiileri incelendiginde ise yine daha
gozeneksiz bir yapiya sahip olduklar1 ve en fazla
gozenekli yapmin ise %7 nHA icerikli membranda
oldugu bulunmustur.

Membranlarin SEM-EDS grafikleri ile elementel
analizleri yapilmistir. PMMA, PS ve PVA membranlarin
hazirlanmasinda kullanilan kimyasallar
disiiniildiiglinde membranlarin formasyon yapilari
SEM-EDS grafikleri ve elementel analiz sonuclar ile
dogrulanmistir. Membrana nHA eklenmesi ile yapiya
Cave P elementlerinin de dahil oldugu gérilmistiir.

AFM analizi, yalin PMMA, PS, PVA ve n-HAp katkili
kitlece (%1, %3, %5, %7) PMMA, PS, PVA polimerik
nanokompozit membranlar icin yapilmistir. Biitiin
AFM goriintiileri incelendiginde farkli polimerlerle
hazirlanmis ve farkli nHA igerikli membranlarda
ylzey Kkarakterizasyonunun tiim membranlarda
birbirinden farkli oldugu sonucuna varilmistir.

Membranlarin Kkristal yapisini aydinlatabilmek icin
XRD analizi yapilmistir. Elde edilen sonuclar



T. Sardohan Késeoglu vd. / Nanohidroksiapatit Katkili PMMA, PS ve PVA Nanokompozit Membranlarin Hazirlanmasi ve Karakterizasyonu

degerlendirilmis ve hazirlanan polimerik
nanokompozit membranlarin  Kristal  yapilari
aydinlatilmistir. Literatiirdeki yalin PMMA, PS ve PVA
membranlari icin mevcut olan XRD verileri ile bizim
calismamizdaki veriler uyumlu olmakla birlikte,
gozlenen belirli miktardaki derece farkliliklarinin
sebebinin ¢ozelti igeriginde bulunan ¢apraz baglayici
PVP’den kaynaklandig1 degerlendirilmistir.

Membranlarin molekiil i¢ci fonksiyonel gruplarin
incelenebilmesi FTIR analizi yapilmistir. FTIR analizi
sonucu elde edilen piklerin PMMA, PS ve PVA'nin
karakteristik pikleri oldugu dogrulanmistir. Ayrica
yalin PMMA, PS ve PVA membraninda olmayan 530
civarindaki zayif bandin yapiya nHA eklenmesi ile
ortaya ¢iktig1 tespit edilmistir. Eklenen nHA
ylzdesinin artmasiyla beraber bu bandin da
siddetlendigi belirlenmistir.

Sonug olarak, kemik, dis ve dis minesinin inorganik
yapisint olusturan ve miikemmel biyouyumlu bir
malzeme olan hidroksiapatit ile; yiiksek ylizey
sertligine sahip olan polimerlerden olan PMMA ve PS
bir arada kullanilmistir. Ortopedi alanindaki
uygulamalardan olan kalga protezlerinde mekanik

olarak dayanimlar1 yiiksek malzemeler tercih
edilmektedirr PMMA ve PS ile hazirlanan
nanokompozit icerigindeki hidroksiapatitin
milkemmel biyouyumlulugu ve kemik yapisina
benzerligi nedeniyle canli iizerinde kullanimina
yonelik  gerekli testleri de (biyouyumluluk,

hemouyumluluk, in vivo, in vitro vb.) yapildiktan
sonra kalca protezi kaplamalarinda kullanilabilecegi
degerlendirilmektedir.

PVA ve HA ile hazirlanan polimerik nanokompozit
membranlarin goézenekli bir yapiya sahip olduklar:
gorilmistiir. Hazirlanan membranlarin canli hiicreler
izerinde gerekli testlerinin yapilmasindan sonra,
membranin bu gézenekli 6zelligi sayesinde kan gibi
istenmeyen sivilarin viicut disina ¢ikisina engel olacak
yara ortiisii olarak kullanilabilecegi de
degerlendirilmektedir.

Etik Beyani/Declaration of Ethical Code

Bu ¢alismada, “Yiiksekégretim Kurumlart Bilimsel
Arastirma ve Yayin Etigi Yoénergesi” kapsaminda
uyulmasi gerekli tiim kurallara uyuldugunu, bahsi
gecen ybnergenin “Bilimsel Arastirma ve Yayin Etigine
Aykirt Eylemler” bashigi altinda belirtilen eylemlerden
hicbirinin gerceklestirilmedigini taahhiit ederiz.
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Keywords: Abstract: Microalgae contain valuable biochemical components and have the
Chlorella sorokiniana, potential to be used in many areas. Depending on the culture conditions and species,
N.itfogen starvat.ion* the biochemical composition of microalgae also varies. Nitrogen is one of the most
Lipid e?ccun.wlatlon, important nutrient sources for microalgae growth, and lipid accumulation in
Cell migration . . L "
microalgae such as Chlorella increases significantly under stress conditions such as
nitrogen limitation. Although many different studies have been conducted on the
potential use of biochemical components of microalgae, information on the effects
and mechanisms of microalgal lipids on cell viability, migration and wound healing
is very limited. In this study, lipid extraction was carried out from C. sorokiniana
microalga by dichloromethane/methanol method in the presence and absence of
nitrogen. In vitro cytotoxic effects of both oils on the viability of L929 fibroblast cell
line were investigated at eight different concentrations (500, 250, 125, 62.5, 31.25,
15.62, 7.81, 3.90 ug/mL) using the WST-8 test. No toxic effect was found at any of
the studied doses and the most effective and lowest dose that increased viability was
determined to be 15.62 pg/ml. In vitro cell scratch test results revealed that lipid
extract significantly accelerated cell migration and proliferation under nitrogen
starvation compared to the control group. In both cases, no toxic effect of the
obtained oil on the cells was observed. It is important to elucidate the therapeutic
potential of these oils with detailed studies and to elucidate the changes in the oil
composition of microalgae under stress conditions with further analyses.

Azot Stresine Maruz Kalan Chlorella Sorokiniana Shihira & R.W.Krauss 'dan Ekstrakte
Edilen Yagin Yara lyilestirme Ozelliklerinin Degerlendirilmesi

Anahtar Kkelimeler: 0z: Mikroalgler degerli biyokimyasal bilesenler icerir ve pek¢ok alanda kullanilma
Chlorella sorokiniana, potansiyeline sahiptir. Kiiltiir kosullarina ve tiire bagh olarak mikroalglerin
Nitrojen ?‘?_hg_l' biyokimyasal bilesimi de degismektedir. Azot, mikroalg biiylimesi i¢in en énemli
Iﬁlﬁéfebégé(&ml' besin kaynaklarindan biridir ve Chlorella gibi mikroalglerde lipit birikimi, azot

sinirlamasi gibi stres kosullar1 altinda ©6nemli o6l¢iide artar. Mikroalglerin
biyokimyasal bilesenlerinin potansiyel kullanimi hakkinda bir¢ok farkli ¢alisma
yapilmis olmasina ragmen, mikroalg lipitlerinin hiicre canlilifi, gocii ve yara
iyilesmesi iizerindeki etkileri ve mekanizmalar1 hakkinda bilgiler ¢ok sinirlidir. Bu
calismada, C. sorokiniana mikroalginden diklorometan/metanol yontemi ile azot
varliginda ve yoklugunda lipit ekstraksiyonu gergeklestirilmistir. Her iki yagin sekiz
farkl konsantrasyonda (500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.90 pg/mL) L929
fibroblast hiicre hattinin canlilig tizerindeki in vitro sitotoksik etkileri WST-8 testi
kullanilarak arastirilmistir. Calisilan hi¢bir dozda toksik etki bulunmamis ve
canlihgr artiran en etkili ve en diisiik dozun 15.62 pg/ml oldugu belirlenmistir. in
vitro hiicre ¢izik testi sonuglari, lipit 6ziitiinlin azot a¢lig1 altinda kontrol grubuna
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kiyasla hiicre gociinii ve ¢ogalmasini 6nemli O6lglide hizlandirdigini ortaya
koymustur. Her iki durumda da elde edilen yagin hiicreler iizerinde toksik etkisi

gozlenmemistir.

Bu yaglarin terapotik potansiyelinin detayli

calismalarla

aciklanmasi ve stres durumunda mikroalglerin yag kompozisyonunda meydana
gelen degisikliklerin ileri analizlerle aydinlatilmasi 6nemlidir.

1. Introduction

Microalgae, considered as the primary producers of
the aquatic ecosystem, convert carbon dioxide in the
atmosphere into valuable biomolecules such as
proteins, lipids, carbohydrates or carotenoids [1].
They can adapt to various ecological environments,
including wastewater, due to their rapid growth, high
photosynthetic efficlency and simple growth
requirements [2,3]. The oil content and production
capacity of microalgae are quite high and changes in
growth conditions can affect the quantity and quality
of lipids. In particular, it is reported that nitrogen
limitation increases the lipid content of microalgae [4].
Nitrogen is necessary for the growth of microalgae and
plays a critical role in events such as DNA, protein and
chlorophyll synthesis [3]. In fact, nutrient stress
inhibits cell growth, but some microalgae species can
synthesize fatty acids known as triglycerides (TGA),
which do not participate in lipid formation in the cell
membrane, by remodeling membrane lipids under
conditions such as nitrogen limitation [3,5,6]. TAG
serves both as an energy and carbon storage
compound and as an electron sink under unfavorable
conditions for growth [7].

Microalgae oil production can be enriched depending
on the relevant species and environmental conditions.
Various species belonging to the genera Chlorella,
Dunaliella and Scenedesmus are reported as
microalgae with high oil content (10-67%) [1]. In
literature, it is reported that lipid droplets, cell
volume, carotenoid amount and carbohydrate content
increase during nitrogen limitation in green algae;
general cell division stops due to decrease in protein,
chlorophyll and total biomass levels [8]. In recent
years, C. sorokiniana has attracted attention as a green
microalga with high lipid content under different
environmental growth environments. It is reported
that this species accumulates more neutral lipids in
nitrogen limitation compared to nitrogen-complete
environmental conditions, but total biomass and
energy products decrease due to increased damage to
photosystem II [9].

Microalgal extracts have a high potential for use in
various biomedical applications due to the bioactive
components they contain, such as pigments, fatty acids
or polysaccharides. These bioactive components show
promising results in terms of antioxidant, anti-
inflammatory, antibacterial, skin regenerative or
wound healing applications [10]. Wound healing is a
multi-stage process that involves the restoration of
the structural and physical integrity of damaged
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tissue. The healing process involves stages such as
homeostasis, inflammation, migration, proliferation
and remodeling [11,12]. In an in vitro study and
animal model, microalgae were reported to increase
the proliferation and migration of skin cells and
accelerate the wound healing process [13]. In recent
years, promising anti-inflammatory, antioxidant,
antimicrobial and antiproliferative effects of lipids
obtained from micralgae have begun to be revealed,
but the relationships between the structure of
bioactive lipids, their toxicity to healthy cells and their
effects on cell migration have not yet been fully
elucidated [13,14, 15]. In this study, the oil produced
by C. sorokiniana microalga under nitrogen starvation
and in a non-nitrogen deficient environment was
extracted by dichloromethane/methanol method and
the effects of these oils on the viability of fibroblast cell
lines at different concentrations were evaluated using
the WST-8 test. After determining the most effective
low dose, it was aimed to compare the effects of the
oils extracted at the relevant concentration in both
cases on in vitro cell migration by cell scratch test.

2. Material and Method
2.1. Cultivation and growth condition of algal cells

The microalga strain used in the study, C. sorokiniana,
was originally isolated from Musadzi Lake in
Eskisehir and maintaned from Shihira & R.W. Krauss,
Osmangazi University (ESOGU) Biotechnology
Laboratory. This strain was cultured in standard BG-
11 medium, prepared according to our previous study
[16]. The medium was formulated using stock
solutions as follows:

Stock solutions (per 100 mL distilled water):

NaNOj;: 15 g, K;HPO,: 0.4 g, MgS0,-7H,0: 0.75 g,
CaCl,-2H,0: 0.36 g, Citric acid: 0.06 g, Iron (III)
ammonium citrate: 0.06 g, Na,-EDTA: 0.01 g, Na,COs3:
02g.

Final medium preparation (per 1 liter distilled water):
10 mL of each stock solution was added, including
NaNOs; (final concentration: 1.5 g/L), and 1 mL of the
trace elements stock solution containing H3BO3: 61
mg, MnSO,-H,0: 169 mg, ZnS0,-7H,0: 287 mg,
CuS04:5H,0: 2.5 mg, (NHy)¢M070,4:4H,0: 12.5 mg.
The pH of the final medium was adjusted to 6.8.
[17,18]. The relative humidity conditions of the
culture medium were set at 70-76%. Liquid cultures
were inoculated at 2x105 cells/mL and grown in BG-
11 medium using the Multi-Cultivator OD-1000
(Photon Systems Instruments, Drasov, Czech
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Republic) equipped with an AC-710 cooling unit and
an LED array.

C. sorokiniana was cultured for 15 days under nitrogen
stress in 2 growth tubes, each with a capacity of
approximately 85 mL. Two experimental groups
without nitrogen deprivation (Nitrogen 100%, as
much as the content of BG11 medium) and with it
(Nitrogen 0%, modified BG11l medium without
nitrogen) were included in the study. The culture
temperature was set at 28 °C, and white light was used
with wavelengths between 430-750 nm. The light
intensity is 200 pumol.m-2sl. The carbon dioxide
required for photosynthesis came from compressed
atmospheric air reaching the photobioreactor, which
was continuously ventilated at approximately equal
flow rates at a rate of 1 volume of gas per liquid
volume per minute (vvm). To maintain sterilization,
the air flow was passed through 0.2 pum PTFE
membrane filters (Fluoropore, Merck Millipore).

2.2. Lipid extraction

Lipid extraction was carried out with biomass
produced within 15 days after algal cell cultivation
and by the dichloromethane/methanol method [19].
Initially, nearly 60 mg of wet microalgae biomass
sample was Kkept in an ultrasonic water bath for 60
minutes in order to disrupt the cell walls. Samples
were treated with a 2:1 dichloromethane/methanol
mixture. The suspension was then centrifuged at
10,000 rpm, 20 min, and 4 °C to obtain two phases. The
first phase (located in the upper part) contains lipids
dissolved in the solvent, while the second phase
(located in the lower part) belongs to proteins and
carbohydrates. After the subphase was removed, the
lipid samples were placed in an oven at 60 °C for 24 h
to ensure solvent elimination. Based on the ratio of the
total amount of lipid extracted to the wet weight of the
algae, the lipid extraction efficiency (1) was calculated
according to the following formula [20]:

Lipid yield (%) = g of oil/dry weight of biomass (1)

2.3. Cytotoxicity test

Preparation of Cell Line Culture Medium:

One fibroblast L929 cell line with passage number 16
was used for the study (L929 Cell line originates from
ATCC CCL-1). Cells were grown in Eagle's Minimum
Essential Medium (EMEM, Multicell, 320-005)
containing 10% Fetal bovine serum (FBS, Pan Biotech
P30-1301), in a 25T Flask, by checking twice a day; It
was expected to reach confluency of 70% or above.
(Doubling Time: 22-26 hours).

Preparation of Lipid Samples

Samples were prepared at a concentration of 10
mg/mL. After exposure to UV light for 30 minutes, 100
ul Dimetil Stlfoksit (DMSO, Sigma-Aldrich, D2650)
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was dissolved in the medium and homogenization was
achieved with the medium. The concentrations to be
used after this process were diluted with complete
medium.

Planting the Cells in 96-Well Plates

In a 25T flask, 500 uL Trypsin-EDTA (Gibco,
15400054) was added to the cells that reached 70% or
more confluency and kept for 3-5 minutes at 37°C in a
5% CO: environment. As soon as the cells were
observed to be dissociated under an inverted
microscope (Zeiss Primovert, Germany), medium
containing 10% FBS was added. After centrifugation at
300xg for 5 minutes, counting was done on the Logos
Luna II (Logos Biosystems, Anyang, South Korea)
device using Trypan blue (Gibco, 1525061), and 10%
FBS medium was added to obtain 104 cells per well.

Application of Cytotoxicity Test

When 70% confluency was reached in each well, the
medium in the culture dish was withdrawn. Then,
after adding fresh medium, the samples were added to
the cell dish. Each group was made in at least 3 repeat
wells to ensure repeated analysis. Eight different
concentrations of active ingredient were applied to
the cells (500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.90
pg/mL). After exposure, the cells are waited for 22 h
without being removed from the incubator. Apart
from the test samples, the so-called negative well
contained only medium and cells (Growth control).
Dichloromethane (DCM), which is frequently used for
lipid extraction, is generally not preferred in cell
culture applications due to its cytotoxic and mutagenic
effects [21]. For this reason, DMSO was used as the
solvent in our study. DMSO is widely used in cell
culture studies when applied at final concentrations
below 1% and does not show toxic effects. It has also
been shown to provide effective solubilization of lipid
extract while preserving cell viability and is
compatible with various cell types, including L929
[22,23]. Solvent used for lipid dissolution: After lipid
extraction, the remaining oil was dissolved in 100 pL
of DMSO to ensure proper solubilization before
application to cell culture. This volume of DMSO was
chosen based on preliminary tests showing that it was
sufficient to completely dissolve 10 mg of extracted oil
and achieve a homogeneous distribution in the culture
medium. The solubility and homogeneity of the oil in
DMSO were confirmed by visual inspection and
pipetting consistency. It was ensured that the final
DMSO concentration in all experimental groups
remained below 1%, and a separate solvent control
group was not included in the study since the effect of
this rate on cell viability was negligible. The positive
control well contained 2 pl hydrogen peroxide (H20z,
Merck, H1009) (a drug control with known toxicity) in
addition to the medium and cells. Finally, blank wells
were prepared by adding only the medium. At the end
of 22 hours, 10% of the well volume (equal to 20 uL
Enhanced Cell Counting Kit 8, WST-8 (E-CK-A362) in
the experiment) of WST-8 solution was added. The
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lights were turned off during this process. The cell
culture dish was wrapped with aluminum foil and kept
in the incubator for another 2 h. At the end of 2 h,
spectrophotometric readings were made in the cell
culture dish at wavelengths of 450 nm and 630 nm
[24]. The results were formulated and percent cell
survival was determined as presented below (Eq. 2):

(Experimental well—-Blank)

%Viability = %100 @)

(Negative control—Blank)
2.4. In vitro cell scratch assay

To determine the effects of the oil extracts on in vitro
cell migration, cell scratch test was performed using
L929 fibroblast cells. The samples were planted in 48-
well tissue culture dishes in EMEM medium with 10%
FBS, 1% penicillin-streptomycin (Gibco, 15070063)
and 4 mM L-glutamine (Sigma- Aldrich, G8540) at a
concentration of 2x10% cells/ml and waited until the
surface was covered in a monolayer. Then, an in vitro
scratch model was created by scratching the surface in
one move from one end to the other with the help of a
sterile pipette tip (200 ul). During the process, the
upper medium was removed and washed with PBS to
remove the shielded cells. After the cytotoxicity
experiment, the biomaterial produced at the
determined doses was applied and incubated for 24 h
at 37 °Cin a 5% COz incubator [25]. The solvent of the
solvent extract without biomaterial was added to the
negative control wells. In vitro scratch model was
viewed under an inverted microscope (Zeiss
Primovert) and at least two images were taken from
each well and recorded as hour 0. Likewise, the
samples were digitally photographed after 24 h in
order to make the necessary -calculations. The
captured images were analyzed using the Image ]
image analysis program. For this purpose, the entire
area of the image and relative migration areas were
calculated in the program. The migration area
percentage (Eq. 3) was calculated using the following
formula:

Area percentage for migration determination = [(Area
to-Area r24) / Area w] x 100 (3)

Here, Areaw refers to the measured area of the photo
taken at the beginning, and Arears refers to the area of
the photo taken at the 24th h.

2.5. Statistical analyses

The data were presented as mean values with
standard deviations (SD), and each experiment was
carried out separately in triplicate. Prior to executing
a one-way ANOVA, the data's normal distribution was
confirmed using the Shapiro-Wilk test, and the
equality of variances between groups was confirmed
using Levene's test. To find statistically significant
differences between the experimental and control
groups, Tukey's HSD post hoc analysis was used once
one-way ANOVA was completed and these
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presumptions were met. A significance level of p <
0.05 was used throughout the analysis, and SPSS
software (version 26) was used for all statistical
evaluations.

3. Results

In our study, the total amount of oil extracted from C.
sorokiniana microalga in an environment without
nitrogen stress (OE-NS) was calculated as 0.019 g and
the lipid yield was calculated as 31.7%, while the total
amount of oil obtained in the case of nitrogen stress
(OE-S) was calculated as 0.078 g and the lipid yield
was calculated as 130% (Table 1). Here, lipid
extraction efficiency was calculated as the ratio of the
extracted lipid weight to the dry biomass weight by
following a standard approach (Eq. 1). The 130% lipid
yield reported under nitrogen deprivation (0%
nitrogen) conditions was relative to the control group
(100% nitrogen condition) where the lipid yield was
calculated as 31.7%. Therefore, 130% efficiency
indicated a 4.1-fold increase in the extracted oil
compared to the full nitrogen (100%) condition,
indicating significant lipid accumulation under
nitrogen stress. In addition, this difference in lipid
yield between the groups was statistically significant
(p <0.05).

Table 1. Amount and productivity of lipid
obtained from C. sorokiniana

Algal biomass (mg) Extracted  Lipid
Lipid (g) Yield (%)

Nitrogen 100% 60  0.019 31.7

Nitrogen 0% 60  0.078 130

* Nitrogen 100%, OE-NS: Prepared with normal BG-11 medium
under non-stressed conditions.

**Nitrogen 0%, OE-S: The BG-11 medium was modified and defined
as a nitrogen-free condition.

In line with the cytotoxicity analysis data, it was
determined that both oils used in the study were not
toxic to the cells. Figure 1 shows the percentage
viability of oil obtained from OE-NS microalga and
applied at eight different concentrations on L929 cells.
It was determined that the groups with higher percent
viability compared to the control group belonged to
concentrations of 62.5, 31.25 and 15.62 pg/mL, and
15.62 pg/mL, the lowest effective dose among these
three concentrations, was selected to be included in
the subsequent in vitro cell sctratch study. These
differences among OE-NS treatment groups were
statistically significant according to Tukey’s HSD test
(p <0.05).
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Figure 1. Percentage survival rates of lipid obtained from C.
sorokiniana microalga without nitrogen stress (OE-NS) and
applied at 8 different concentrations on L929 fibroblast
cells. Different lower case letters indicate that the

concentrations for each OE-NS were significantly different
from each other according to Tukey's HSD test (p < 0.05).
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Figure 2. The percentage viability rates of lipid obtained
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from nitrogen stressed (OE-S) microalga and applied at 8

different concentrations on L929 cells. Different lower case

letters indicate that the concentrations for each OE-S were

significantly different from each other according to Tukey's

HSD test (p < 0.05).

Cell Viability (% of Control)

Control

In this group, similar to the OE-NS group, the groups
with higher percent viability compared to the control
group were at concentrations of 62.5,31.25 and 15.62
pg/mL, and 15.62 pg/mL, the lowest effective dose
among these three concentrations, was selected to be
included in the subsequent in vitro cell sctratch study.
These differences among OE-S treatment groups were
also statistically significant (p < 0.05, Tukey’s HSD
test).

Cell images obtained with an inverted microscope
(Zeiss Primovert, Germany) as a result of 0 and 24 h
applications of the oil at a dose of 15.62 pg/mL, which
was selected to be used for both OE-NS and OE-S
groups in the cell stratch test, are shown in Figure 3
and the percentage cell migration rates are presented
in Figure 4. According to the data obtained, there was
a45% wound closure at the 24t hour compared to the
0% hour in the control group where no active
ingredient was applied. As a result of application to
adjacent cells obtained from OE-NS group, a greater
cell migration was observed at the 24t hour compared
to the control and this rate was measured as 55%. As
aresult of applying the extracted oil to the cells in case
of OE-S group, a 96% cell migration was calculated at
the 24t hour compared to the control (Figure 3).
There was a statistically significant difference in cell
migration between all groups (p < 0.05).
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0.h

24.h

OE-S

Figure 3. Inverted microscope images obtained as a result
of the application of lipid obtained from C. sorokiniana
microalga at a dose of 15.62 pg/mL on L929 cell lines at 0
and 24 h under conditions OE-NS (without nitrogen stress)
and O-ES (nitrogen stressed) compared to the control group
(Scale bar: 500 um).

Cell Migration (%)

OE-S
OE-NS

CONTROL

0 10 20 30 40 50 60 70 80 90 100

Figure 4. Percentage cell migration rates obtained from the
24 h cell stratch test of the lipid obtained from C. sorokiniana
microalga and applied to L929 cell lines at a dose of 15.62
pg/mL for OE-NS (without nitrogen stress) and OE-S
(nitrogen stressed) groups.

The high cell migration effect of the oil extracted under
nitrogen stress in the scratch test was clearly observed
at higher magnification and this is presented in Figure
5.
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Figure 5. In vitro cell migration effect observed after the
application of the lipid extract obtained from C. sorokiniana
microalga exposed to nitrogen starvation with the cell
stratching test.

4., Discussion and Conclusions

The fact that microalgae do not require a large area for
development and can easily adapt to adverse stress
conditions makes them an ideal alternative for the
production of various bioactive molecules. Chlorella
microalgae have also attracted great attention in
recent years due to their capacity to synthesize large
amounts of valuable bioactive compounds. Compared
to other microalgae, Chlorella species can synthesize
more bioactive compounds and are therefore one of
the most studied and cultured microalgae worldwide
[26].

Oils are one of the most important energy sources of
microalgae, and they both participate in the cell
membrane structure and mediate various cell
signaling systems when environmental conditions
change. Microalgae used for lipid production are
divided into two categories; some microalgae have
high lipid content but low cell growth, while the other
group has high cell growth but low lipid content. In
previous studies, microalgae with high lipid content
have been studied frequently, but since this group
grows slowly, oil production is also low. On the other
hand, Chlorella vulgaris microalgae show rapid growth
(short doubling time 19 h), while lipid accumulation
content is only 20% [27]. In the literature, it has been
reported that some microalgae such us Chlorella
increase in lipid content and production under various
abiotic stress conditions [28].

Nitrogen is one of the most essential nutrients
affecting the growth and lipid accumulation of
microalgae. Nitrogen starvation constitutes a critical
stress source for microalgae and causes significant
changes in the cellular metabolism and development
of the organism [26]. When there is no nitrogen
required for protein synthesis in the environment,
excess carbon from photosynthesis is directed to
storage molecules such as triglycerides or starch.
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Nitrogen stress in Chlorella in particular can increase
the lipid and triglyceride content by two to three times
[29,30]. More energy can be produced from
carbohydrates through the accumulation and
oxidation of TAG in the cell. Thus, the cell has an
effective reserve when it recovers from deprivation
[31]. The increase in the total lipid content of algal
cells under stress is generally also associated with an
increase in reactive oxygen species (ROS), but the
regulatory mechanism of ROS on lipid accumulation
has not been elucidated [32]. However, lipid
production in microalgae varies depending on factors
such as microalgae species, cultivation conditions,
nutrient availability, light, pH or temperature) [33,
34].

Since wound healing is a complex biological process,
there are several in vitro and in vivo tests that offer a
first perspective to evaluate various natural products
for their in vitro wound healing potential [35,36,37].
Among these, the scratch test stands out as a valuable,
cheap and simple method. This test is associated with
the second phase of wound healing, expressed by the
proliferation and migration of keratinocytes and
fibroblasts [34,38].

Microalgal lipids consist of polar (phospholipids etc.)
and neutral lipids (acylglycerol, free fatty acids etc.). In
the exponential growth phase, microalgae are mostly
rich in polar lipids, while in the stationary phase, TAG
accumulation is observed due to stress conditions
where nutrients are limited [34]. This study includes
the in vitro comparison of the effects of lipids obtained
from C. sorokiniana micralga in the presence and
absence of nitrogen on the viability and cell migration
of fibroblast cell lines. In our study, a 15-day period
was chosen for nitrogen stress based on previous
studies showing that prolonged nitrogen deprivation
can lead to significant lipid accumulation in C.
sorokiniana. For instance, a study by Zhang et al.
(2013) observed substantial neutral lipid
accumulation in C. sorokiniana C3 cells after 8 days of
nitrogen starvation [9]. Similarly, research by Negi et
al. (2016) reported that C. sorokiniana maintained
growth rates and accumulated neutral lipids over a
two-week nitrogen deprivation period [39]. These
findings suggest that prolonged nitrogen stress can
effectively induce lipid accumulation without severely
compromising cell viability.

Our observations align with the aforementioned
studies, indicating that C. sorokiniana cells remained
viable after the 15-day nitrogen stress treatment.
Despite the nutrient deprivation, the cells continued to
exhibit metabolic activity, which is consistent with
previous reports demonstrating that C. sorokiniana
can sustain growth and viability under extended
nitrogen-limited conditions.

Our data supported that the obtained lipids did not
show toxicity on the fibroblast cell line and had a
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positive effect on cell migration. The obtained lipid
increased the migration of cells and also the
population of L929 cells in the scratch area due to the
proliferation of migrating cells. This increase occurred
at a higher rate in the case of nitrogen starvation.
There is very limited data in the literature explaining
the effects of bioactive components obtained from
microalgae, especially oils, on cell migration and
wound healing. In a recent in vivo study, it was
reported that fatty acids extracted from the microalga
Parachlorella kessleri had a significant effect in
reducing excisional wounds and burns [40]. In another
study, it was shown that lipid extract obtained from
the microalga Nannochloropsis oceanica had the
capacity to regenerate Kkeratinocytes previously
exposed to UVB radiation [41]. Nascimento-Neto and
colleagues reported the wound healing, high collagen
densification and epithelial restructuring effects of
lectin obtained from the macroalga Bryothamnion
seaforthii [42]. In a study by De Melo et al,, in vivo
wound healing potential of a hydrogel-based C.
vulgaris extract was investigated. For this purpose, a
hydrogel formulation with different concentrations of
C. vulgaris extracts grown under autotrophic and
mixotrophic conditions was prepared and its effects
on excisional wounds in mice were evaluated. When
the effects of the extracts were considered in the study
in terms of protein concentration, phytochemical
profile, hemagglutination activity, antioxidant activity
and antibacterial activity, it was reported that the
extract obtained in mixotrophic conditions
accelerated healing and showed anti-inflammatory
properties [38]. In a similar study, it was stated that
necrotic tissue could be removed, inflammatory
process could be modulated and re-epithelialization
process could be initiated with the help of
collagenolytic enzyme in the extract obtained from C.
vulgaris UTEX 1803 [43]. Our findings do not examine
a complete wound healing process as they only
examined fibroblast migration, but they reveal the
importance of investigating the in vitro cell migration
potential of lipids obtained from C. sorokiniana against
L929 cells stimulated with scratch test and as a
possible wound healing component.

As a result, this study involves the initial investigation
of the effects of oil produced by C. sorokiniana
microalga on in vitro cell migration compared to the
control group under nitrogen stress. Our results
showed that the oil extracted from C. sorokiniana
microalga, which accumulates significant lipids under
nitrogen stress, is non-toxic and its in vitro migration
properties are significantly increased compared to the
control group without nitrogen deficiency. However,
detailed in vitro and in vivo data, possible mechanisms
of action, and changes in oil composition are needed to
elucidate the findings and reveal the wound healing
properties.
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Anahtar Kelimeler 0z: Betonun statik elastik modiilii, betonarme yapilarin tasarimi, giivenligi ve
Yiiksek dayanimli beton, performansi acisindan olduk¢a énemli bir parametredir. Bu parametre, tasiyici
Dinamik elastik modiiller, sistemlerin deformasyonlarinin hesaplanmasinda, kesit tasarimi ve ¢atlak kontrolii
Statik elastik modiiller, gibi miihendislik hesaplarinda, zemin oturmasi ve temel sistemi analizlerinde ve
Poisson orani, .. .. q . . - .
Ultrasonik yontem, zamanla olusacak rptre ve stnme ('e.tkllerl fdsagfredvygmr.l ' ongoruln{lesmc.le
Uluslararas: standartlar kullanilmaktadir. Statik elastisite modiilii deneysel olarak silindirik veya prizmatik
numuneler lizerinde uygulanan basing deneylerinde genellikle ytlik-deformasyon
egrisi elde edilerek; ampirik olarak ise basing dayanim degerlerinden
hesaplanmaktadir. Betonun statik elastik modiilleri belirlenirken farkl iilkelere ait
uluslararasi standartlara gore birbirinden farkli hesaplanmaktadir. Uluslararasi
standartlarin farkli sonuglar vermesi teknik, jeolojik, iklimsel, kiiltiirel ve politik
temellere dayanmaktadir. Bu yiizden, bir lilkede gelistirilmis bir standardin baska
bir lilkede dogrudan kullanilmamasji, ya da kullanilmadan 6nce uygunluk analizinin
yapilmasi gerekmektedir. Uluslararasi standartlardaki bu farkliligin dogurdugu
sonuclarin ortaya konulmasi, yapim asamasindaki insaat hesaplamalar1 agisindan
oldukca 6nemlidir. Bu sebeple yapilan calismada, yiiksek dayanimli betonlarda
uluslararasi standartlardaki elastik modillerin karsilastirilmasi hedeflenmistir.
Buna gore, 4 farkli yiiksek dayanimli beton tasarimi hazirlanmistir. Hazirlanan
tasarimlarin ultrasonik basing (P) ve kayma (S) dalga 6l¢iimleri ile Tek eksenli
basing dayanimlari belirlenmistir. Buna gore, statik elastik parametreler Tek eksenli
basing dayanim (TEBD) sonuclarina bagli olarak ve dinamik elastik parametreler ise
tahribatsiz test tekniklerinden olan ultrasonik yontem yardimiyla belirlenen basing
(Vp) ve kayma (Vs) dalga hizlarindan hesaplanmistir. Daha sonra Amerikan Beton
Enstitiisti (ACI), Avrupa Beton Komitesi (CEB), Tiirk Standartlar: Enstitiisii (TSE) ve
Norve¢ standartlarina (NS) gore hesaplanan statik ve dinamik elastik modiillerin
karsilastirilmasi yapilmistir. Ayrica, dinamik elastik parametreler ile statik elastik
parametreler arasindaki ylizde (%) degisim oranlar1 belirlenmistir. Buna gore,
birbirine en yakin statik ve dinamik elastik parametre degerleri sirasiyla CEB, TSE,
ACI ve NS standartlarinda bulunmustur.

Comparison of Elastic Modules in High-Strength Concretes in International Standards

Keywords Abstract: The static elastic modulus of concrete is a very important parameter in
High-stlrength.concrete, terms of the design, safety and performance of reinforced concrete structures. This
Dynamic elastic modules, parameter is used in the calculation of deformations of load-bearing systems, in

Static elastic modules,
Poisson's ratio,
Ultrasonic method,
International standards

engineering calculations such as section design and crack control, in soil settlement
and foundation system analyses and in the prediction of shrinkage and creep effects
that will occur over time. The static elastic modulus is generally calculated
experimentally by obtaining the load-deformation curve in pressure tests applied
on cylindrical or prismatic samples; and empirically from the compressive strength
values. When determining the static elastic modules of concrete, they are calculated
differently according to international standards belonging to different countries.
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The fact that international standards give different results is based on technical,
geological, climatic, cultural and political foundations. Therefore, a standard
developed in one country should not be used directly in another country, or a
conformity analysis should be performed before use. It is very important to reveal
the consequences of this difference in international standards in terms of
construction calculations during the construction phase. For this reason, the study
aimed to compare the elastic modules in international standards in high-strength
concretes. Accordingly, 4 different high-strength concrete designs were prepared.
Uniaxial compressive strengths of the prepared designs were determined by
ultrasonic pressure (P) and shear (S) wave measurements. Accordingly, static
elastic parameters were calculated based on the Uniaxial Compressive Strength
(UCS) results, and dynamic elastic parameters were calculated from the pressure
(Vp) and shear (Vs) wave velocities determined by the ultrasonic method, which is
one of the non-destructive testing techniques. Then, a comparison was made
between the static and dynamic elastic modules calculated according to the
American Concrete Institute (ACI), European Concrete Committee (CEB), Turkish
Standards Institute (TSE), and Norwegian standards (NS). In addition, dynamic
elastic parameters and percentage (%) change rates between static elastic
parameters were determined. Accordingly, the closest static and dynamic elastic

parameter values were found in CEB, TSE, ACI and NS standards, respectively.

1. Giris

Betonarme elemanlarin tasarimi icin betonun
mekanik ozellikleri, 6zellikle elastisite modilii, son
derece oOnemlidir. Betonun elastisite modildg,

betonarme yapilarin performansini etkileyen kritik
bir parametredir ve bu nedenle dogru bir sekilde
belirlenmesi gereken bir 6zelliktir. Betonun elastisite
modiil, betonun gerilme altindaki deformasyon
o6zelliklerini tanimlar ve betonun mekanik davranisini
anlamak i¢in temel bir parametredir [1]. Bu
parametrenin deneysel olarak tespiti zordur. Bu
zorluk, hesaplamalarda kullanilan y6ntem, betonu
olusturan bilesenlerin tiirli, ve betonun yapim
asamalari gibi islemlerden kaynaklanmaktadir [2-4].
Betonun elastik modiil hesaplamalarinda bazi
farkliliklar ile karsilasiimaktadir. Hesaplamalardaki
bu farkhiliklarin  baslica nedeni, uluslararasi
standartlardaki tanimlamalarin (betonun basing
dayanimi smnir1 (diisiik, normal, yiiksek dayanimh
beton), su/cimento orani, betonun yogunlugu, agrega
tiri, agreganin mekanik  ozellikleri, beton
numunesinin sekli ve boyutu, kiir kosullar1 vb.) farkli
olmasidir. Ayrica betondaki donatinin etkisi de goz
ardi edilmektedir. Donatinin (yani betonarme icindeki
celik cubuklarin) betonun elastik modiiliine olan
etkisi, dogrudan olmasa da betonarme elemanin genel
elastik davranisini etkilemektedir. Yani donati ile
aslinda betonun elastik modili degismez ama
betonarme elemanin (beton + ¢elik birlikte) rijitlik ve
deformasyon o6zellikleri gibi elastik davranisi biiytik
Olclide degismektedir. Donati orani ve yerlesimi, yapi

kontrolii agisindan ¢ok énemlidir. Tiim bu etkenlerden
dolay1 betonun elastik parametreleri farkli degerler
alabilmektedir [5-9].

Betonun elastik modiiliinii belirlemek i¢in yaygin
olarak kullanilan bazi denklemler ve standartlar
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kullanilmaktadir. Tiirk Standartlar1 Enstitiisii [10],
Amerikan Beton Enstitiisii [11], Norvec¢ Standartlari
[12] ve Avrupa Beton Komitesi [13] gibi kurumlar,
betonun elastisite modilini belirlemek i¢in cesitli
deneysel bagintilar 6nermistir. Bu bagintilar, normal
betonlar i¢in (yaklasik silindir dayanimi 16-30 MPa ve
kiip dayanimi 20-37 MPa olan C16-C30 sinifindaki
betonlar) benzer sonuglar vermekte ve betonun
dayanimina bagh olarak elastisite modiiliini
hesaplamak i¢in kullanilmaktadir [14].

Betonun elastisite modiilii, malzemenin elastik
o6zelliklerini tanimlayan bir parametredir ve genellikle
dinamik elastik modiil ve statik elastik modiil olarak
iki sekilde degerlendirilmektedir [15, 16]. Dinamik
elastik modiil, kiigcik gerilmeler altinda yapilan
testlerle elde edilmektedir. Bu modil, genellikle
betonun elastik 6zelliklerinin baslangi¢ noktasindaki
(gerilme-sekil degistirme egrisinin teget ¢izgisi)
davranisina yakin bir degeri temsil etmektedir.
Betonun statik elastisite modiilii, genellikle betonun
basing dayanmimiyla iliskili olan deneysel bir
parametredir. Bunun temel nedeni, betonun elastik
ozelliklerinin genellikle dayanimiyla dogru orantili
olmasidir. Bu iligki, betonun Kkarisim bilesenleri,
kullanilan agregalar, baglayici maddeler ve Kkatki
maddelerinin ozelliklerine bagh olarak
degisebilmektedir. Basing dayanimini etkileyen
faktorlerin ¢ogu elastik modiilleri de benzer bigimde
etkilemektedir [8, 17]. Elastisite modiilii arttik¢a
malzeme daha rijit (sert) hale gelmektedir. Elastisite
modili  kiigildiigiinde ise  malzeme daha
esnek/elastik davranmaktadir [18]. Dinamik elastik
modiil ise, statik elastisite modiiliinden daha yiiksek
bir degere sahiptir. Bunun nedeni, dinamik yiikleme
kosullarinin kisa siireli etkiler altinda saf elastik
davranmis  gdsteren  malzemenin daha rijit
goziikkmesidir. Bu modiil, diistik yiikleme seviyeleri ve
kisa siireli yliklemeler altinda, betonun elastik
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tepkisini tanimlamaktadir [19]. Statik elastik modiil
ise, uzun siireli yiiklemeler ve daha biiyiik gerilme
seviyelerinde elde edilen modiildiir. Statik elastik
modiil, dinamik elastik modiillden %20-40 arasinda
daha kiigiiktir [20]. Bu nedenle yapi tasariminda
deprem gibi titresimli ve tekrarhi yiiklere Kkarsi
direncin  tanimlanmasinda dinamik elastisite
modiilinin kullanilmasi daha uygundur. Ciinkii statik
testlerde, yilikleme daha yavas ve uzun siireli
oldugunda betonun yapisal 6zellikleri farkli bir sekilde
etkilenebilmektedir. Bu iki elastik modiil arasindaki
farklar, betonun zamanla degisen davranislarini ve
farkl yiikleme kosullarindaki tepkilerini anlamada
onemli bir rol oynamaktadir [2, 9, 21, 22].

Elastisite modiiliiniin tespiti icin farkli test metotlari
kullanilmaktadir. Statik elastisite modiilii, dinamik
elastisite modiiliine goére daha yaygin olarak
kullanilmasina ragmen, dinamik elastisite modiilii
yiksek degerler vermesi ve 6l¢gme acisindan daha
kolay olmasi nedeniyle daha giivenilir ve iretken
olarak kabul edilmektedir [9]. Beton heterojen ve
anizotrop bir yapiya sahiptir [23-25]. Elastisite
modiiliiniin belirlenmesi i¢in kullanilan test metotlar:
ve standartlar, betonun homojen olmayan yapisina
bagh olarak degisiklik gosterebilmektedir. Bu nedenle,
betonun homojen olmayan yapisi elastisite modiiliinii
etkileyebilmekte ve bu nedenle elastisite modiiliiniin
bir aralik olarak verilmesinin daha giivenli bir
yaklasim olacagl disiniilmektedir [21]. Dinamik
elastisite modiiliiniin belirlenmesinde yalnizca P
dalgasinin kullanilmasi hem kolay olmamakta hemde
P dalga hiz1 ile dinamik elastisite modiilii arasinda
teorik ve pratik bir formiiliin olmamasi nedeniyle
oldukea zordur. Zira, bazi arastirmacilar P-dalga hiz1
yonteminin giivenilir olmadigini ve betonun dinamik
elastik modilini tahmin etmek i¢in 6nerilmedigini
savunmaktadir [26, 27]. Baz1 arastirmacilar da
laboratuvardaki deneylerle S dalgalarinin su ve/veya
hava igcerigine karsi daha az hassas oldugunu ve erken
yastaki cimentolu malzemelerin sertlik (veya
mukavemet) kazanimini degerlendirmek i¢in etkili bir
parametre oldugunu gostermistir [27, 28].

Ayrica, ultrasonik yontem ile belirlenen betona ait
basing ve kayma dalga hizlarinin birlikte kullanilmasi
ile beton igerisindeki kirik, bosluk ve bozusma
durumunun yani sira betonlarin elastik parametreleri
de (elastisite, kayma ve bulk modiilleri ile Poisson
orani) elastisite teorisinden hesaplanabilmektedir
[29-36].

Bu kapsamda, yapilan ¢alismada 4 farkh yiiksek
dayanimli beton tasarimi (beton sinifi C35-C50)
hazirlanmistir.  Ancak basing dayanimlari isgilik,
sisleme vs. bir ¢ok faktorden etkilenerek 38-70 MPa
araliginda bulunmustur. Calisma kapsaminda odak
noktasi belirli bir sinftaki beton iiretiminden ziyade
mukavemeti yliksek bulunan numunelerdeki elastik
parametrelerin degisimini gézlemlemek olmustur.
Uluslararasi  standartlarda  genellikle silindirik
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numune dayanimlart kullanildigi icin bu dayanim
degerleri literatiirdeki bir esitlik (Esitlik 2)
kullanilarak  silindirik ~ dayanim degerlerine
dontstirilmistiir [37]. Boylece elde edilen yeni
dayanim degerlerinin 34-75 MPa araliginda degistigi
gozlenmistir.  Hazirlanan  beton  tasarimlarin
ultrasonik hizlarin hesaplanmasi amaciyla dalga
Olciimleri yapilmis ve ardindan basing dayanimlari
belirlenmistir. Buna gore 4 farkli standartta yer alan
statik elastik modiiller, tek eksenli basing dayanim
sonuclarina bagh olarak hesaplanmistir. Dinamik
elastik  parametreler ise  tahribatsiz = test
tekniklerinden olan ultrasonik yéntem yardimiyla
belirlenen Vp ve Vs hizlardan hesaplanmistir. Daha
sonra bu sonuglar karsilastirilarak yiiksek dayanimli
betonlarda dinamik elastik parametrelerden statik
elastik parametrelere gecis yapilmasi saglanmistir.
Ayrica standartlardaki sonuglar Dbirbirleri ile
karsilastirilarak sonuglar ortaya konulmustur.

2. Materyal ve Metot

Calisma kapsaminda dayanimlari farkli 4 adet beton
tasarimi hazirlanmistir. Her bir tasarim igin 27 adet
olmak iizere toplam 108 adet 150x150x150 mm
boyutunda kiip numune hazirlanmistir. Numune
sayllar1 laboratuvar kosullarinin izin verdigi
dogrultuda, her bir tasarimdan olabildigince ¢ok
saylda numune ireterek sonuglarin giivenilirligini
artirmak ve degisim araligini genis tutmak amaciyla
hazirlanmistir. Beton numunelerin kiirlenmesi islemi
oda sicakligindaki ve genellikle 20+2 °C sicakliklardaki
kiir havuzlar kullanilarak yapilmaktadir [38]. Bunun
yanl 1s1ra, insaat miihendisliginde beton numunelerin
28 giin sonra kalic1 giiciine ulastig1 kabulii vardir. Bu
dogrultuda ¢alismada kullanilan beton numuneler 28
glin boyunca 20+2 °C sicakliktaki kiir havuzunda
bekletilmistir. 28. giinde kiir havuzundan cikartilan
numunelerin agirlik ve yogunluklar1 belirlendikten
sonra basing (P) ve kayma (S) dalga o6l¢iimleri
yapilarak ayni oOzelliklerdeki 3’er adet numunenin
TEBD deneyi ile dayanimlari belirlenmis ve belirlenen
degerlerin ortalamalar1 alinmistir [39]. Bu islem biitiin
tasarimlar i¢in tekrar edilmistir (Sekil 1).

2.1. Hazirlanan beton tasarimlari

Beton numuneler hazirlanirken agrega olarak, iri
cakil, orta cakil, kum (iri ¢akil: %25, orta ¢akil: %23,
kum: %52) kullanilmis ve en biiyiik agrega tane
boyutu (Dmax) 63 mm olarak alinmistir. Ayrica, CEM
II/B-LL Portland c¢imentosu ve igilebilir nitelikteki
sebeke suyunun yani sira yine her bir tasarim i¢in belli
oranlarda kimyasal katki maddeleri kullanilarak
beton tasarimlar1 hazirlanmistir. Kimyasal katki
maddeleri (stiper akiskanlastirici ve hava siiriikleyici)
ozellikle yiliksek dayanimli beton olusturulurken
betonun hizla sertlesmesinin 6niine gegmek amaciyla
kullanilmaktadir. Bunun yam sira CEM II/B-LL
¢imentosu da hem ekonomik ve kolay islenebilir
olmas1 hem de yiliksek dayanimli betonlarda daha
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kompakt, bosluksuz, pompalanabilir karisimlar elde
etmeye katki saglamasi nedeniyle teknik ve cevresel

avantajlar ~ saglamaktadir.  Beton  tasarimlari
hazirlanirken su/¢imento (s/¢) orani ve agrega olarak
kullanilan  malzemelerin  oram1  degistirilerek

tasarimlar hazirlanmistir. 4 adet beton tasariminin
hazirlanmasinda kullanilan bilesenlere ait ortalama
degerler Tablo 1’de sunulmustur.

Tablo 1. Calisma kapsamindaki beton tasarimlarin ortalama
karisim oranlari (40 dm3 icin)

Parametre Birim Miktar
Agrega (iri taneli cakil) (kg) 15.8
Agrega (orta boy cakil) (kg) 14.5

Agrega (kum) (kg) 32.8

Portland Cimentosu (kg) 23

(CEMII/B-LL))

Su (19 8.96

s/¢ orani 0.4

Hava (%) 4.2

Siiper akiskanlastirici (g) 335
(Kimyasal katki)

Hava Siirtikleyici Katki (g) 223
(Kimyasal katki)

2.2. Tek eksenli basin¢ deneyi

Tek eksenli basing testi, betonun basinca Kkarsi
dayanimint 6lgmek i¢in kullanillan yaygin bir
yontemdir. Ancak, bu yontem mevcut yapiya zarar
vermektedir. Ciinkii karot numunesi alindiginda beton
Ornegi, yapiya zarar vermeden cikarilamamakta ve
test icin hazirlanan numune iizerine bir ylk
uygulanmaktadir. Uygulanan yik P ve numunenin
taban alani A olmak tizere tek eksenli basing dayanimi
Esitlik 1 kullanilarak hesaplanmaktadir.

TEBD =~ (1)
Laboratuvar ortaminda dogrudan numunelerin

kirilmasiyla elde edilen TEBD sonuglari ile hasarsiz
yontemlerle dolayli olarak tahmin edilen TEBD
arasinda genellikle ampirik, dogrusal olmayan ama
korelasyonlu bir iligki vardir. Malzeme 6zelliklerine ve
kosullara bagli olarak bu iligkiler farklilik
gosterebilmektedir.
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Sekil 1. Numune hazirlama ve 6l¢iim agamalari

Yapinin farkli bélgelerinden alinan karot o6rnekleri
betonun genel Kkalitesini daha dogru bir sekilde
degerlendirmeye olanak tanmimaktadir. Numune
iizerine uygulanan yiikiin homojen bir sekilde
dagilmasini saglamak amaciyla, ¢ap1 ve yarigapi dogru
sekilde ayarlanan demir aparatlar kullanilmaktadir.
Bu, testin dogrulugunu artiran bir faktoérdiir. Kirllma
aninda uygulanan yiikiin, numunenin yiizey alanina
orant ile tek eksenli basing dayanimi belirlenmektedir.
Bu deger, yapinin dayanikliligi hakkinda kritik bilgiler
sunmaktadir. TEBD testi, mevcut ve yapim
asamasinda olan yapilarin yam sira o6zellikle eski
yapilarla ilgili yapisal giivenligi degerlendirme
acisindan oldukea faydalidir [25, 34, 36, 40, 41].

Calisma kapsaminda 28. ginde TEBD deneyi
uygulanarak biitiin kiip numunelerin dayanimlar
belirlenmis ve ilicer adet numunenin ortalamalari
alinmistir. Uluslararas1 standartlara gore elastik
parametreler belirlenirken silindirik numuneler
kullanilmaktadir. Bu nedenle yapilan ¢alismada
150x150x150 mm’lik kiip seklindeki numunelerin
dayanimlar1 Esitlik 2 kullanilarak 150x300 mm'’lik
silindirik numune dayaniminda doniistlrilmiistir.
Kip numunelerin basing dayammlar silindirik
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numunelerden yiiksektir [37, 39]. Yiiksek dayanimli
betonlarda silindir ve kiip numuneler arasindaki
donisim katsayisinin genellikle 0.91-1.07 arasinda
degistigi kabul edilmistir [37]. Bu durum, Esitlik 2
kullanilarak hesaplanabilmektedir.

TEBDgsiiindir

_ 4.75TEBDgp
TEBDqip _0'733+( 1000 ) (2)
2.3. Ultrasonik yontem

Betonda TEBD, yapmin tasima kapasitesinin
degerlendirilmesi a¢isindan en kritik mekanik

ozelliklerden biridir. TEBD 'yi belirlemek bir amag
iken, bu amaca ulasmak icin kullanilan ydntemler
hasarli/hasarsiz ya da yerinde/laboratuvarda olarak
farkliik  gostermektedir.  Beton  dayaniminin
belirlenmesi konusunda, geleneksel yontemlere
(karon alimi, TEBD) kiyasla alternatif olarak
gelistirilen hasarsiz tekniklerin (ultrasonik, radar,
Ozdiren¢ vs.) kullanimi giderek yayginlasmaktadir.
Hasarsiz yontemler yapiya zarar vermeden, hizli ve
ekonomik ¢o6ziim saglarken; genellikle dolayl
hesaplamalara ve ampirik bagintilara dayanmaktadir
[40]. Ote yandan, laboratuvar ortaminda karot
numunesiyle yapilan testler, cevresel etkilerden izole
edildigi icin daha tutarh ve dogru sonuglar
vermektedir. Ancak bu yodntem zaman alic1 ve
maliyetlidir, ayrica yapidan numune alindig1 i¢in
hasarlidir. Hasarsiz test yontemleri, geleneksel karot
alma islemini tamamen ortadan kaldirmasa da
ozellikle o6n tarama amaciyla, yaplya zarar
verilmemesi istenen durumlarda, yaygin veya biiyiik
alanlarin degerlendirilmesinde o6nemli avantajlar
sunmaktadir. Boylece, hasarsiz testler, karot testi ile
desteklenerek kullanildiginda en giivenilir sonuglar
elde edilmektedir. Literatiirde, laboratuvarda kirilan
karot numunelerinin TEBD degerlerinin, yerinde
yapilan testlere kiyasla daha dogru oldugu genel kabul
goren bir goriistiir [42]. Bu nedenle, degerlendirme
yapilirken test yonteminin dogasi, 6l¢lim ortamyi,
numune alma kosullar1 ve yorumlama gereklilikleri
birlikte diisiiniilmeli; uygun yontemin se¢imi proje
gereksinimlerine gore yapilmalidir.

Ultrasonik ve elektrik 6zdireng yontemleri gibi dolayli
teknikler, betonun o6zellikleri hakkinda bilgi
vermektedir, ancak bu yontemler bazen daha fazla
yorumlama ve hesaplama gerektirebilmektedir.
Dolayisiyla, beton dayaniminin belirlenmesinde
kullanilan her iki y6ntemin de avantajlar1 ve
sinirlamalar1 bulunmaktadir. Tahribatli yontemler
noktasal olarak daha kesin sonuglar verebilirken,
tahribatsiz yontemlerden ultrasonik hizlar dolaylh
yaklasimlar yapmakta ancak daha genis alanlar
hakkinda bilgi vermektedir. Ayrica yapinin oturdugu
zeminde tahribatsiz yontemlerden sismik kirilma,
0zdireng, mikrotremér ve bunun gibi hasarsiz
yontemler, 6zellikle mevcut yapilar ve bu yapilarin
oturdugu zeminin kontrolii agisindan, dolayisiyla da
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insan saghgt acisindan Onemli bir alternatif

sunmaktadir [34, 43-54].

Ultrasonik yodntem, betonun igerisindeki ultrasonik
dalgalarin yayilma hizina dayanmaktadir. Betonun
agrega, su/¢imento orani ve yogunluk gibi faktorler, P
ve S dalgalarini dalgalarin hizin1 etkilemektedir.
Boylece elde edilen ultrasonik hizlar, betonun basing
dayanimina yonelik o6nemli bilgiler verdigi icin
oldukca tercih edilmektedir [30, 33]. Ultrasonik
yontemin avantajlary; betonun basing dayanimi, i¢
yapisi ve fiziksel 6zelliklerinin belirlenmesi, dogrudan
kolon ve kirislerde uygulanabilmesi, karot almayi
gerektirmemesi, tamamen hasarsiz bir yéontem olmasi,
uygulanan bélgenin 2-boyutlu (2B) ve 3-boyutlu (3B)
tomografik goriintiisiiniin elde edilmesine olanak
saglamasi, noktasal degil de alansal bilgi saglanmasi ve
disiik maliyet ile hizli sonuglar vermesi seklinde
siralanabilmektedir [34].

Laboratuvarda veya yerinde P ve S dalga hizlarini
belirlenirken, numune ytizeyinin piiriizsiiz ve diizgiin
olmasinin, o6lgim dogrulugu ilizerinde 6nemli etkisi
vardir [34, 55, 56]. Ultrasonik cihaz, bir verici (Tx) ve
alict (Rx) prob sistemine sahiptir. Bu cihaz,
numunenin bir tarafindan gonderilen dalganin diger
tarafta gelis zamanini kaydeder ve dalga hizi, Tx ile Rx
arasindaki mesafenin bu gelis zamanina oranindan
hesaplanmaktadir [44, 55-57]. Bu ol¢lim teknigi,
cesitli yapisal malzemelerde, 6zellikle beton, kopriiler
ve yollar gibi yerinde yapilan o6lgiimlerde
kullanilabilmektedir.

Ultrasonik hizlarin analiz edilmesiyle, sadece betonun
mekanik o6zellikleri degil, ayn1 zamanda beton
icerisindeki kiriklar, bosluklar ve bozulmalar
hakkinda da Dbilgi edinilebilmekte dolayisiyla
heterojenlikler kolayca ayirt edilebilmektedir.
Ultrasonik dalgalar bosluklardan yansimakta veya
kirilmaktadir. Bu durum dalgalarin giris hizinda
yavaslamaya, sinyalin zayiflamasina veya hig
ulasamamas1 gibi etkilere sebep olmaktadir.
Dalgalarin gectikleri ortamlarda ¢atlaklarin varligi s6z
konusu ise, dalgalar oradan gecerken sapma veya
yayllma  gecikmesi  olmaktadir. Tekrarlanan
6lciimlerde ani hiz degisimleri, kirik veya catlak
belirtisi olabilmektedir [23-25]. Ancak, yerinde
yapilan oOl¢limlerde, donat1 lizerinde o6lciim yapilip
yapilmadiginin belirlenmesi, beton 6zelliklerinin
dogru bir sekilde yorumlanabilmesi i¢cin 6nemlidir.
Ultrasonik dalga donati tizerinden gectiginde, dlgiilen
hiz yiiksek ¢ikmakta ve boylece gercek beton kalitesi
oldugundan iyi olarak yorumlanmaktadir [33, 58].

2.4. Betonun elastik modiilleri

Elastik modiiller; Elastisite modiili (E), Kayma
modiili (G) ve Bulk modiiliinden (K) olusmaktadir. Bu
parametreler hesaplanma sekline gore statik ve
dinamik modiiller olarak ikiye ayrilmaktadir. Statik
elastik modiiller TEBD sonuglarina bagh olarak
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belirlenebilirken; dinamik Elastik parametreler ise
tahribatsiz test tekniklerinden olan Ultrasonik yontem
yardimiyla belirlenen basing (Vp) ve kayma (Vs) dalga
hizlarindan hesaplanabilmektedir. Yiiksek dayanimh
betonlarda dinamik elastik modiiller genel itibariyle
statik elastik modiillerden %20 daha yiiksek
degerlerde bulunurken bu deger orta dayaniml
betonlarda %30 ve diisiik dayanimli betonlarda ise
%40 civarindadir [20].

2.5.1. Betonun statik ve dinamik elastisite
modiilleri

Elastisite modiilii, bir malzemenin elastik davranisini
tanimlayan ve onun deformasyona karsi gosterdigi
diren¢ ile dogrudan iliskili temel bir mekanik
ozelliktir. Ozellikle beton gibi gevrek ve yapisal
malzemelerde, elastisite modiilii, malzemenin ne
kadar sert oldugunu ve uygulanan ytkler altinda ne
kadar sekil degistirecegini belirlemede kritik rol
oynamaktadir. Betonun elastisite = modiiliiniin
bilinmesi, miihendislik tasarim ve analiz siirecleri
acisindan son derece 6nemlidir. Clinkli, betonarme
yapilarda meydana gelen gerilmeler ve yer
degistirmeler, dogrudan yapi1 elemanlarinin elastik
deformasyon  kapasitesine  baghdir.  Boylece,
uygulanan ytik altinda betonun ne kadar gerilecegi
veya sikisacagl onceden tahmin edilebilmektedir.
Ayrica, betonarme yapilarin giivenli ve ekonomik
sekilde tasarlanabilmesi icin, elastisite modiiliiniin
dogru sekilde belirlenmesi gerekmektedir. Bu deger,
yapt elemanlarinin egilme, burkulma ve yer
degistirme davranislarini etkileyen en temel mekanik
parametrelerden biridir [17].

Betonun elastik modiilii orta ve yiiksek dayanimli,
disiik gozenekli ve normal agirlikli betonlar igin
genellikle 25- 50 GPa arasinda degismektedir, ancak
bu deger kullanilan malzeme tiiriine ve karisim
oranlarina  gore  farkliik  gdsterebilmektedir.
Literatiirde baz1 arastirmacilar ampirik bagintilar ile
TEBD degerlerinden elastisite modiiliine yaklasim
yapilabilecegini ortaya koymuslardir [59-62].

Betonun elde edilmesinde kullanilan ve viskoz bir
karisim olan ¢imento hamuru, beton malzemenin
birim sekil degistirmesinin betonu olusturan kati
malzemenin birim sekil degistirmesinden farkl
olmasini saglamaktadir. Bu durumun temel sebepleri
beton igerisindeki agregalarin elastik ve rijit
davranislar sergilemesine karsilik ¢imento
hamurunun elastik ve vizkoz (zamana bagh
deformasyon) davranis sergilemesidir. Bu nedenle
beton, yiikk altinda iken homojen bir sekilde
deformasyon gosteremedigi icin heterojen yapidadir.
Statik elastisite modiilii tek eksenli basin¢ testi
esnasinda elde edilen gerilme-deformasyon egrisi
vasitasiyla belirlenmektedir. Ancak, gerilme-sekil
degistirme egrisinin belirlenmesi zor ve uzun siiren
deneysel calismalar gerektirmektedir. Bundan dolay1
kolay ve pratik bir yol olmasi acisindan elastisite

317

modiiliiniin beton basing dayanimindan elde edildigi
bagintilar kullanilmaktadir. Yiikksek dayanimh
betonlar icin statik elastisite modiilii diinya ¢apindaki
bircok standarda goére tanimlanan esitlikler
yardimiyla ~GPa  cinsinden  ampirik  olarak
hesaplanabilmektedir. TSE standartlarinda [10] statik
elastisite modiili Esitlik 3te tanimlanmistir.
Eg(TSE) = 3.25(TEBD)%> + 14 (3)
ACI (Amerika Beton Enstitiisii) standartlarinda [11]
statik elastisite modiilii Esitlik 4’'te verilmistir.

Eg(ACI) = 3.32(TEBD)®® + 6.9 (4)
Sadece yiiksek dayanimli betonlar ig¢in ise CEB
(Avrupa Beton Komitesi) standartlarinda [13] statik
elastisite modiilii Esitlik 5'te gosterilmektedir.
Es(CEB) = 10(TEBD + 8)'/3 (5)
Statik elastisite modiilii NS (Norve¢) standartlarinda
[12] ise Esitlik 6’daki gibi tanimlanmistur.
Es(NS) = 9.5(TEBD)®3 (6)
Basing (P) dalga hizinin (Vp) yani sira kayma (S) dalga
hizlarinin (Vs) da belirlenmesi ile elde edilen hiz orani
yardimiyla ve dinamik kayma modiiliine (Ga) bagh

olarak dinamik elastisite modiilii (Eq) Esitlik 7’den
hesaplanabilmektedir [63, 64].

(E)Z_i
Eq = 3Ggq [(\‘/’S 3] (7)

Vo1
Bu modiil betonun esneme direnci ve saglamligi
hakkinda bilgi vermektedir [64].

2.5.2. Betonun statik ve dinamik kayma modiilleri

Kayma modiilii, bir malzemenin kayma gerilmesine
kars1 gosterdigi direnctir ve bu, malzemenin elastik
ozelliklerinin bir 6l¢iisiidir. Yanal yonde bir kuvvet
uygulandiginda, malzeme kayma gerilmesi iiretir ve
bu gerilme, malzemenin kayma deformasyonuna
oranlanarak kayma modiilii elde edilmektedir.

Elastisite modiilii ve Poisson oranina bagh olarak

statik kayma modili (Gs) Esitlik 8’den
hesaplanmaktadir.

_ _Es
Gs = 2(1+ps) (8)

Gs, TSE standartlarinda Poisson oraninin 0.2 olarak
kabul edilmesine bagh olarak;

GS = 0'4ES (9)
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esitliginden hesaplanmaktadir. Gg-ise yogunluk (bha,

y) (gr/cm3) ve S dalga hiz1 (km/s) ile
hesaplanmaktadir.
Gy =12 (10)

Burada g yer ¢ekim ivmesidir. Yogunluk ise ultrasonik
hizlar yardimiyla hesaplanabilmektedir [65].
y = 0.7(VpVs)*%® (11)
Kayma modiilii, betonun kayma kuvvetlerine karsi
gosterdigi direncle dogrudan ilgilidir. Betonun kayma
modiilii biiyiikse, beton daha fazla esneme gosterir ve
bu da depremdeki S dalgas1 gibi etkilerle basa
¢ikabilmesine yardimcl olmaktadir. Kayma
modiliiniin diisiik olmas1 ise, betonun kayma
gerilmelerine karst daha az direng gostermesi
anlamina gelmektedir. Bu durum, betonun daha az
rijit, dolayisiyla daha fazla sekil degistirebilen bir yap1
sergilemesine yol agmaktadir. Ancak, betonun plastik
deformasyon kapasitesi sinirli oldugundan, bu sekil
degisimi genellikle catlak olusumu ve kirillma ile
sonug¢lanmaktadir. Ozellikle baglant1 bélgelerinde ve
¢ekme etkisinin yogun oldugu noktalarda, diisiik
kayma modilii; c¢atlak ilerlemesi, aderans kaybi ve
yapisal zayifliklara neden olabilmektedir. Bu nedenle,

ontinde bulundurulmalhdir [66].
2.5.3. Betonun statik ve dinamik bulk modiilleri

Sikismazlik (bulk) modild, bir malzemenin, 6zellikle
beton gibi, hacimsel deformasyonlara karsi gosterdigi
direngle ilgilidir. Sikismazlik modiilli, hidrostatik
basing altindaki bir malzemenin hacimsel degisimini
Olcen bir parametredir. Yani, belirli bir basing
uygulandiginda, bu malzemenin hacminde ne kadar
kiiciilme (ya da genellikle genisleme) oldugunu
gostermektedir. Beton gibi sert malzemelerde,
sikismazlik modiili yliksek olursa, malzeme daha az
sikisir ve hacminde daha az degisiklik olur. Elastisite
modiilii ve Poisson oranina bagl olarak statik bulk
modiilii (Ks) Esitlik 12’den hesaplanabilmektedir [67].

__ Es
3(1-2p5)

Ks (12)

Dinamik bulk modiilii (K4) ise, betonun yogunlugu ve
ultrasonik hizlar yardimi ile;

-2 -4

esitligi ile hesaplanabilir.

(13)

2.5.4. Betonun statik ve dinamik Poisson orani

Poisson orani (ya da Poisson katsayisi), malzemelerin
mekanik 6zelliklerini tanimlayan bir parametredir ve
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genellikle bir malzemenin elastik davranmsini
anlamada kullamilmaktadir. Bu oran, bir malzeme
iizerine boyuna dogrultuda uygulanan bir yiik sonucu
olusan boyuna deformasyon ile, ayni malzemenin
enine dogrultuda olusan deformasyon arasindaki
iligkiyi ifade etmektedir.

Poisson orani, genellikle p ile gosterilerek asagidaki
sekilde tanimlanmaktadir:

Aa
)
=z 14
Hs (%) (14)
Burada %: enine deformasyon; — : boyuna
deformasyondur.

Poisson orani, 0-0.5 arasinda degerler alabilmektedir.
Ancak, cogu elastik katilar icin ortalama Poisson orani
degeri 0.25 civarindadir [68]. Uluslararasi
standartlarda statik Poisson orani (us) icin her iilke
farkli kabuller yapmaktadir. Yiiksek dayanimli
betonlar icin Poisson orani genellikle 0.2-0.3
araliginda degismekle birlikte [9, 34-36, 69-71] TSE,
ACI, CEB ve NS standardinda 0.2 kabul edilmektedir
[10-13]. Dinamik Poisson orani (u4) elarak ultrasonik
hizlardan hesaplanabilmektedir. Bir malzemedeki
gozeneklerin su veya havaya doygunlugunun
degerlendirilmesi a¢isindan Poisson orani 6nemlidir.
Poisson orani ultrasonik hiz oranina (Ve/Vs) dogrudan
baghdir [35, 36, 64, 72].

-2 ] (15)

Ha = [2(%)2_2

Betonda go6zeneklerin su ya da havaya doygunlugu
Poisson oranina bagl olarak belirlenebilmektedir-[17,
36]. Ozellikle beton gibi malzemelerde, Poisson
oraninin yiiksek degerleri, betondaki gézeneklerin
suyla doygun oldugunu gosterebilmektedir. Bu
durum, betonun su emme kapasitesini ve dayanimini
etkileyebilmektedir. Ote yandan, diisiik Poisson orani,
malzemenin daha fazla hava dolayisiyla gozenekli
oldugunu ve bu durumun betonun dayanikliligini
diisiirebilecegini gostermektedir. P ve S dalga hizlari
ise, malzemenin elastik 0Ozelliklerini, 0zellikle
dayaniklhihgiyla ilgili daha net bilgiler
sunabilmektedir. Bu dalga hizlarinin incelenmesi,
malzemenin i¢ yapisindaki 6zellikler (bosluk, kirik
gibi) hakkinda daha dogru bir degerlendirme yapmay1
saglamaktadir [36, 64].

3. Bulgular

Yapilan ¢alismada yiiksek dayanimli betonlara ait
dinamik ve statik elastik parametreler ile tek eksenli
basing dayanimlarindaki degisimler incelenmistir.
Buna gore, oncelikle Sekil 2a’da yiiksek dayaniml
betonlara ait P ve S dalga hizlari, hiz orani (Vp/Vs) ve
yogunluk degerleri ile tek eksenli beton basing
dayanmimlari arasindaki iliskilendirmeler sunulmustur.
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Bunun yani sira yine Sekil 2b’de, yiiksek dayanimli
betonlarin dinamik elastik parametreleri (Ed, Ga, Ka)
ile tek eksenli beton basing dayanimlarinin degisimi
arastirllmistir. Buna gére Vp hizlar1 4.4-5.2 km/s, Vs
hizlar1 ise 2.3-2.8 km/s araliginda bulunmustur.
Yogunluk degerleri genel itibariyle 2.5 gr/cm3 olarak
belirlenirken hiz orani Ve/Vs ise 1.7-2.1 araliginda
bulunmustur. Ayrica, dinamik elastisite modiilii 37-49
GPa, dinamik kayma modiilii 14-19 GPa, dinamik bulk
modiili 32-44 GPa ve dinamik Poisson orani 0.28-0.35
araliginda bulunmustur.

Ayrica, kiip numunelerin tek eksenli basing
dayanimlar Esitlik 2 kullanilarak 4 adet tasarim i¢in
(D1, D2, D3 ve D4) sirasiyla 38-54 MPa, 54-57 MPa, 57-
60 MPa ve 60-70 MPa olarak bulunmustur. Daha
sonra, bu numunelerin dayanimlar1 uluslararasi
standartlardaki elastik modillerin karsilagtirilmasi
amaciyla kiip seklindeki numunelerin dayanimlari
literatiirdeki Esitlik 2 yardimiyla [37] silindirik
numune dayanimlarina doniistiiriilmiistiir. Buna gore
D1 tasarimina ait betonlar1 dayanimi 34.71-53.43
MPa, D2 tasarimi 53.56-57.09 MPa, D3 tasarimi 57.34-
60.82 MPa ve D4 tasarimi 61.08-74.59 MPa silindirik
numune dayanimlarina sahip bulunmustur.
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Sekil 2. Yiiksek dayamimli betonlara ait a) P ve S dalga
hizlar,, Vp/Vs oram ve yogunluk (bha) degerleri ile b)
dinamik elastik modiiller (E4, G4, Ka) ve tek eksenli beton
basing dayanimlari arasindaki iliskilendirmeler

Yiiksek dayanimli betonlarda bagimli degiskenler olan
P ve S dalga hizlari ile dinamik elastik modiiller (Eq, Gq,
Kd) ve bagimsiz degisken TEBD arasindaki iligki
denklemleri Tablo 2’de verilmistir. Buna gore,
aralarinda pozitif yonli tstel iliskiler oldugu ve
dayanim degerlerinin genis bir alanda yayilmasindan
dolay1 ve ayrica agrega tipi, nem orani gibi
parametrelerin mikroyapisal degiskenlige sebep olasi
gibi nedenlerle korelasyon katsayilarinin (R) 0.52-
0.71 araliginda bulundugu gézlenmistir. Bu durumda
iliskilerin iyi bir lineerlik sergilememesi, yiiksek
dayamimli  betonlarda dinamik parametrelerin
TEBD'’yi tahmin etmede etkili oldugunu, ancak yapisal
heterojenlik nedeniyle tek basina yeterli olmadigini
gostermektedir.
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Tablo 2. Bagimli ve bagimsiz degiskenler arasindaki iliski
denklemleri

Bagimsiz  Birim iliski denklemi R
degisken (y=axb)
Vp km/s TEBD= 0.247*Ve347  0.63
Vs km/s TEBD=0.579*Vs+%%  0.69
Ed GPa TEBD=0.007*Eq24  0.71
Gd GPa TEBD=0.085*Ga?33  0.69
Kad GPa TEBD=1.265*Kq1047  0.52
Sekil 3’'te Yiiksek dayanimli betonlarda elastik

teoriden elde edilen pa ve farkli standartlarda kabul
edilen ps ile TEBD karsilastirilmasi sunulmustur. Buna
gore statik Poisson oraninin sabit bir deger olarak 0.2
alinmasina karsin dinamik Poisson oraninin 0.28-0.35
araliginda degistigi belirlenmistir.
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Sekil 3. Yiiksek dayanimli betonlarin dinamik ve statik
Poisson orani (p4ve ps) ile tek eksenli basing dayanimlarinin
karsilastirilmasi

Sekil 4’te yiikksek dayanimli betonlarin farkl
standartlardaki (TSE, ACI, CEB ve NS) statik elastik
modiilleri (elastisite, kayma ve bulk) ile tek eksenli
basing dayanimlarinin karsilastirilmasi sunulmustur.

Buna gore, statik elastik parametrelerdeki degisim
incelendiginde NS standardina gore belirlenen elastik
modiiller daha dar bir aralikta degisirken, ACI, CEB ve
TSE standardinda daha genis bir aralikta
degismektedir. Statik elastisite modiilii NS, ACI, TSE
ve CEB standardinda sirasiyla 26-30 GPa, 26-36 GPa,
32-42 GPa ve 34-44 GPa araliginda degismistir. Buna
karsin, kayma modiilii sirasiyla 12-13 GPa, 11-16 GPa,
13-17 GPa ve 15-19 GPa araliginda bulunmustur. Bulk
modili degerleri ise sirasiyla 12-14 GPa, 12-18 GPa,
16-22 GPa ve 18-24 GPa araliginda hesaplanmistir.
Ayrica yine Sekil 4’te incelendiginde, statik elastik
modiiller arttik¢a tek eksenli basing dayanimlarinin da
arttig1 gézlenmistir.
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Genel itibariyle nispeten TSE ile CEB standartlar1 ve
ACI ile NS standartlarindan belirlenen statik elastik
parametreler birbirine yakin degerlerde bulunmakla
birlikte her bir uluslararasi standartta farkl elastik
modil degerleri bulunmustur. Her bir standart i¢gin
elastik parametrelerden TEBD degeri belirlenirken
elde edilen esitliklerde iis degeri ayni olmakla birlikte
sadece katsayidaki farklilik ile elastisite, kayma ve
bulk modiillerinden TEBD degerlerine yiiksek
dogrulukla yaklasim yapilabildigi gézlenmistir. Biitiin
bagintilarda belirlilik katsayis1 (R?) 0.99 olarak
belirlenmistir. Dolayisiyla aralarinda pozitif yonde
iistel bir iliskinin oldugu sonucuna varilmistir.

Yiiksek dayanimli betonlarda bagimli degiskenler olan
statik elastik modiller (E4q, Gd, Kda) ve bagimsiz
degisken TEBD arasindaki iliski denklemleri 4 ayri
uluslararasi1 standart goéz oniinde bulundurularak
Tablo 3’de ayr1 ayr1 verilmistir. Buna gore, aralarinda
pozitif yonli {tstel iliskiler oldugu ve belirlilik
katsayilarinin oldukca ylksek bulundugu
gozlenmistir.

Tablo 3. Bagimli ve bagimsiz degiskenler arasindaki iligki
denklemleri

Bagimsiz Iliski denklemi Belirlilik
degisken (y=axb) katsayisi
(GPa) (MPa) (R?)
Es(TSE)  TEBD= 0.0005*Es(TSE)*? 0.9
GS(TSE)  TEBD= 0.009*Gs(TSE)3? 0.99
Ks(TSE)  TEBD= 0.0032*Ks(TSE)32 0.99
Es(ACI)  TEBD=0.0075*Es(ACI)258  0.99
Gs(ACI)  TEBD= 0.072*Gs(ACI)258 0.99
Ks(ACI)  TEBD=0.0342*Ks(ACI)?%®*  0.99
Es(CEB)  TEBD=0.0002*Es(CEB)*4 0.9
Gs(CEB)  TEBD= 0.0032*Gs(CEB)*%” 0.9
Ks(CEB) TEBD=0.0012*Ks(CEB)*#  0.99
ES(NS)  TEBD= 2E-14*Es(NS)1066 0.99
Gs(NS)  TEBD2E-10*Gs(NS)1066 0.99
Ks(NS)  TEBD= 1E-11*Ks(NS)1066 0.99
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Sekil 4. Yiiksek dayaniml betonlarda a)Es-TEBD b) Gs-
TEBD-ve c) Ks-TEBD Kkarsilastirilmasi
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Sekil 5 ve 6’da yiiksek dayanimli betonlarin farkh
standartlardaki (TSE, ACI, CEB ve NS) statik ve
dinamik elastisite, kayma ve bulk modiilleri ile
Poisson oranlarinin Kkarsilagtirilmasi sunulmustur.
Buna gore, genel itibariyle dinamik elastik
parametreler statik elastik parametrelere kiyasla daha
yiksek bulunmustur. Dinamik ve statik elastisite
modilii degeri CEB standardinda birbirine en yakin
degerlerde bulunurken, aralarindaki farkhiligin en
fazla NS standardinda oldugu bulunmustur.

Statik ve dinamik kayma modilii degerlerinin basta
TSE ve CEB standartlarinda olmak {izere birbirine
oldukca yakin elde edildigi belirlenmistir. Bulk
modiilii degerleri karsilastirildiginda ise 6zellikle NS
standartlarinda aradaki farkin oldukca fazla oldugu ve
dinamik bulk modiilii degerinin statik modiilden
yuksek bulundugu gézlenmistir.

= _ 60
S = @ Es(TSE)-Ed | (a)
§E5 E,=E
29 @ Es(ACI)-Ed 4"t
3~
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Sekil 5. Yiiksek dayanimli betonlarin statik ve dinamik a)
elastisite ve b) kayma modiillerinin karsilastirilmasi

Yiiksek dayanimli betonlar i¢in NS standardinda statik
bulk modiilii 12-14 GPa araliginda iken dinamik bulk
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modiili 32-44 GPa araliginda bulunmustur. Yiiksek
dayanimli betonlarda dinamik Poisson oran degeri
0.28-0.35 araliginda degisirken, statik Poisson orani
TSE, ACI, CEB ve NS standartlarinda sabit bir deger ve
0.2 olarak kabul edilmektedir.

sabit alinmasi elastik modiil
hesaplamalarindaki farklhiliklar t{izerinde oldukca
etkili olmaktadir. Bu parametrenin sabit kabul
edilmesi ile daha ytiksek elastik modiil degerleri elde
edilmektedir. Bu durumda, Poisson oraninin sabit
kabul edilmeyip beton dayanimina baglh olarak
belirlenmesi giivenli yapilasma ag¢isindan bir avantaj
saglamakla birlikte, maliyet acisindan dezavantajli bir
durum ortaya koyabilmektedir [36].

Poisson oraninin
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Sekil 6. Yiikksek dayanimli betonlarin statik ve dinamik a)
Bulk modiilii ve b) Poisson oranlarinin karsilastirilmasi

Dinamik elastik parametre degerlerinin statik elastik
parametrelerden hangi oranda daha yiiksek
bulundugunu ortaya koymak amaciyla, Sekil 5 ve 6
birlikte degerlendirildiginde statik ve dinamik elastik
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parametreler arasindaki yiizde (%) degisim miktarlari
Esitlik 16 yardimiyla hesaplanarak Tablo 4’te
sunulmustur.

[X2—X1]

% Degisim = X—xlOO (16)
1

Bu calisma i¢in Esitlik 16’da gosterilen X1 ve Xz
degiskenleri sirasiyla dinamik ve statik elastik
parametreleri temsil etmektedir.

Tablo 4. Farkh standartlardan hesaplanan statik elastik
parametreler ve dinamik elastik parametreler arasindaki
yiizde (%) degisim

Uluslararasi Elastik Parametreler
Standart E G K T
NS 32.9 26.8 57.5 35.4
CEB 5.5 3.8 40 35.4
ACI 25 18.2 52.5 354
TSE 9.5 5.2 42.7 35.4

Tablo 4 degerlendirildiginde statik ve dinamik elastik
parametreler arasindaki degisim en az CEB
standardinda iken bunu sirasiyla TSE, ACI ve NS
standartlari izlemistir.

4. Tartisma ve Sonug¢

Jeofizik yontemler, ozellikle yapisal incelemelerde
onemli avantajlar sunmaktadir. Klasik yontemler,
ornek alarak bir bolgedeki betonun durumunu analiz
ederken, jeofizik yontemler yapinin tamamini
taramaktadir. Bu sayede sadece belirli bir noktadan
degil, tim yap1 boyunca betonun dayaniklilig,
bosluklar, catlaklar veya diger yapisal sorunlar tespit
edilebilmektedir.

Ozellikle ultrasonik testler, betonun icinde ses
dalgalarim1  kullanarak, i¢ yap1 hakkinda bilgi
vermektedir. Ultrasonik yontemlerin en biyilik
avantajl, hasarsiz olmasi ve noktasal degil alansal bilgi
vermesidir. Dolayisiyla, her iki ydntemin de kullanim
ve yontemlerin kombinasyonu, yapinin tiim durumu
hakkinda daha kapsamli bir degerlendirme
yapilmasina olanak tanimaktadir.

Okul, hastane, niikleer santral vb. yiiksek dayanimli
yapilarin elastik modiil degerlerinin bilinmesi olduk¢a
onem tasimaktadir. Bu anlamda tahribatsiz test
teknikleri ile yapiya hasar vermeden oldukca
ekonomik ve hizlhi bir sekilde beton basing
dayanimlarinin ve elastik modiillerinin tahmin
edilmesi miimkindir. Ayrica, tahribatsiz elde edilen
dinamik elastik parametrelerden, tahribatli olarak
elde edilen dayanim degerlerinden hesaplanan statik
elastik modiillere yaklasim yapilabilecegi ortaya
konulmustur.

Yapilan ¢alismada yiiksek dayanimli betonlar igin
farkl standartlardaki elastik modiil hesaplamalarinin
birbirinden farkh ¢iktig1 goriilmektedir. Her tilkenin
standardi elastik modiili farkli katsayilar veya
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ampirik  formiller kullanarak hesaplamaktadir:
Ornegin TEBD degeri 30 MPa olmasi durumunda
statik elastik modiiller karsilastirildigi zaman TSE,
ACI, CEB ve NS standartlarinda Elastisite moduli
sirasiyla 31.80 GPa, 25.08 GPa, 33.62 GPave 26.82 GPa
olarak hesaplanmaktadir. Ayn1 dayanim icin statik
elastik modiiller arasinda yaklasik %34’e kadar
farklar vardir. Ayrica ACI ve TSE gibi formiillerde is
ifadesi 0.5 oldugu icin daha hizli artis gosterirken
(daha diisiik dayanimlarda daha diisiik, yiikseklerde
daha yliksek degerler verir), CEB ve NS
denklemlerinde iis ifadesi 0.3 oldugu icin daha dengeli
ve yatay bir artis gostermektedir. Bu nedenle her
zaman kullanilan standartla uyumlu bir Elastisite
modili degeri secilmelidir. Tasarim hassasiyeti
gereken ozel projelerde, 6zellikle yiiksek dayaniml
beton kullaniliyorsa, dogrudan statik elastisite deneyi
yapilmasinin daha dogru olacagi disiiniilmektedir.

Elastik modiil hesaplamalarinin birbirinden farkl
sonuglar ilretmesinin bir sebebi de oOzellikle statik
kayma ve bulk modiillerinin hesaplanmasinda Poisson
degerinin her standartta sabit kabul edilmesinden
kaynaklanmaktadir. Bu baglamda, Poisson degerinin
dayanim degerlerine gore degisebildigi ve bu nedenle
de sabit alinmasinin dogru olmayacagi
diistinilmektedir. Aym1 beton smifi i¢in farkh
standartlara gore farkl elastik modiil degerleri elde
edilmesi gerilme, sehim (siinek davranis), rijitlik ve
catlama kontrolii gibi hesaplamalarda farkli sonuglar
doguracaktir.

Kiiresellesen insaat sektdriinde ayni projede farkh
tilkelerden miihendisler, firmalar ve ekipmanlar
kullanilabiliyor. Bu durumda hangi standardin temel
alinacagi ve betonun elastik modiili farkl iilkelerce
farkli belirlendiginde hesaplarin tutarliliginin nasil
saglanacagi gibi konular ciddi koordinasyon ve
iletisim sorunlarina yol agabilecektir. Elastik modiil
diisiik alindiginda, yap1 daha esnek goriilmekte ve
daha biiylik deformasyonlar, daha biiyiik kesitler
gerekebilmektedir. Bu durum gereksiz maliyet
artisina sebep olacaktir. Elastik modil yiiksek
alindiginda ise yapi daha rijit gibi goriilmekte ve
gercek davranisi yansitmazsa ¢atlama, servis omri
kisalmas1 gibi riskler dogmaktadir. Bu nedenlerle
betonun elastik modiiliiniin hangi standarda gore
hesaplandigi mutlaka belirtilmeli ve projedeki
hesaplamalar buna gére uyumlu hale getirilmelidir.
Aksi halde, yapmin performans: ciddi bigimde
etkilenebilecektir.
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Abstract: Diels Alder reactions are the best method used for the synthesis of various
important molecules. In this study, the reaction mechanism between pyrrole and
acrylonitrile, which can be an example of these reactions, is explained by DFT. Using
the B3LYP method with the 6-31+G(d,p) basis set, chemical hardness, softness,
electrophilicity index, electrochemical potential and thermodynamic properties
were calculated. When we calculated these properties with solvents such as toluene,
the gap between the HOMO and LUMO orbitals of the product formed as a result of
the DA reaction was 9.53 eV in the gas phase, while it decreased to 6.49 eV in the
toluene solvent environment. In addition, as a result of the calculations;
thermodynamic parameters such as enthalpy, entropy and internal energy
increased with increasing temperature, but the Gibbs free energy decreased.

Pirol Ve Akrilonitril Arasindaki Diels-Alder Reaksiyon Mekanizmasinin Teorik Olarak

incelenmesi

Anahtar Kelimeler
Reaksiyon mekanzimasi,
Gegis durumu,
Diels-Alder,

Thermal 6zellikler

0z: Diels Alder reaksiyonlari ¢esitli Snemli molekiillerin sentezinde kullanilan en iyi
yontemdir. Bu calismada bu reaksiyonlara 6rnek olabilecek pirol ve akrilonitril
arasindaki reaksiyon mekanizmasi1 DFT ile aciklanmistir. 6-31+G(d,p) baz setli
B3LYP yontemi kullanilarak kimyasal sertlik, yumusaklik, elektrofiliklik indeksi,
elektrokimyasal potansiyel ve termodinamik o6zellikler hesaplanmistir. Bu
ozellikleri toluen gibi ¢oziiciilerle hesapladigimizda DA reaksiyonu sonucu olusan
iriniin HOMO ve LUMO orbitalleri arasindaki bosluk gaz fazinda 9,53 eV iken,
toluen ¢oziicii ortaminda 6,49 eV'ye diismiistiir. Ayrica hesaplamalar sonucunda;
entalpi, entropi ve i¢ enerji gibi termodinamik parametreler artan sicaklikla artmis,
ancak Gibbs serbest enerjisi azalmistir.

1. Introduction

[9]. Developed by Otto Diels and Kurt Alder in 1928,
this reaction is now regarded as one of the most

The Diels-Alder cycloaddition (DA)[1] is a highly
effective reaction for forming new carbon-carbon
bonds, making constituting a crucial method in the
synthesis of various compounds, including
pharmaceuticals, macromolecules, and self-healing
materials [2-8]. This reaction occurs between a
conjugated diene and an alkene, referred to as a
dienophile, resulting in a cyclic compound, typically a
six-membered ring. While considerable research has
been conducted on the DA reaction, its mechanism
remains somewhat contentious. In a DA reaction,
these two reactants undergo a [4 + 2] cycloaddition
mechanism, converting one m bond into two ¢ bonds

reliable methodologies in organic chemistry. The DA
reaction continues to hold substantial importance as
significant today as it was 50 years ago, particularly in
synthesizing biologically active natural products [10].
It is prized for its efficiency and precision in
controlling stereochemistry, establishing itself as an
indispensable tool for organic chemists aiming to
streamline the synthesis of complex molecular
structures [11-12]. Its extensive applicability in
organic synthesis, and its complex mechanistic
aspects, position the DA reaction as a vital area for
ongoing research and innovative development [13-
16]. The reaction may proceed in one or two steps,

*Corresponding author: aslio@pau.edu.tr
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depending on the symmetry of the orbitals involved
and geometric constraints. The one-step pathway
simultaneously forms two carbon-carbon bonds,
whereas the two-step mechanism allows for a more
gradual formation [17-19].

Pyrrole is a heteroaromatic molecule known for its
electron-rich characteristics. It features a five-
membered ring that includes one nitrogen atom and
four carbon atoms. In contrast, acrylonitrile is a
colorless, volatile, and flammable organic compound
with a mildly pungent odor. Recent studies have
examined the DA reaction involving acrylonitrile and
pyrrole [20-22] as shown in Figure 1. Notably, this
reaction can be conducted on a microscale without
significantly lowering the yields. The application of the
In materials engineering, the Diels-Alder reaction is
not a novel field of study, it encompasses a broad
range of fields, including synthetic chemistry,
pharmaceuticals, and biomedical research [23].

The purpose of this study is to use computational
techniques to examine the mechanism of reaction
between these two compounds. In both the gas phase
and the toluene solution, calculations were carried out
using density functional theory (DFT). The strong
hydrogen-bonding solvent trifluoroethanol has been
shown to speed up the Diels-Alder reactions [24],
possibly at speeds similar to those of water. DFT is
employed to clarify the interactions between the diene
and the dienophile [25]. Recognized for its ability to
provide accurate results for both organic and
inorganic systems, DFT is well-suited for examining
the Diels-Alder reaction. However, it is still uncertain
whether the anticipated product will result from the
reaction, as there is currently no established method
to predict the formation of the product.

O+

Figure 1. Reaction of pyrrole with acrylonitrile
2. Material and Method

Gaussian 16 [26] was used for the calculations and
design of the molecules for this work [27] and
GaussView 6.0 was also used for visualization of the
structures [28]. Initially, optimization was performed
using the 6-31+G (d,p) basis set and DFT with the
CAM-B3LYP method [29]. To investigate the effect of
solvent on chemical reaction, toluene was employed as
a solvent around the bond in calculations utilizing the
IEFPCM (Integral Equation Formalism Polarizable
Continuum Model) model [30].

Furthermore, chemical hardness () and chemical
softness from energies of frontier molecular orbitals
were calculated by using the following equations [31].
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Erumo — EHoMO

Chemical hardness () = >

Chemical softness S :%7

Electrophilicity index (p) =w
2
Electronic chemical potential (w) = Z_n

3. Results

The optimized geometry of the reactants, product, and
transition state are shown in Figure 2, Figure 3, and
Figure 4.

Figure 2. Structure of reactants with numbering and labels.

Figure 4. Structure of the transition state with numbering
and labels.

3.1. Dipole moment
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The dipole moment is a crucial indicator of whether a
reaction is proceeding in the correct direction [32].
Specifically, if the dipole moment of the transition
state is greater than that of the reactants, it suggests
that the reaction pathway is valid, conversely, if it is
not, the pathway may not be viable [33]. In the
cycloaddition reaction between pyrrole and
acrylonitrile, a transition state (TS) is defined as the
highest energy unstable intermediate structure that
reactants pass through before turning into products
during a chemical reaction is generated. The dipole
moment of TS measures 5.6 D, which exceeds those of
pyrrole (1.9 D) and acrylonitrile (3.9 D). This
observation indicates that the transition state is
unstable, and the reaction is likely to proceed.
Furthermore, a closer examination of the reaction
mechanism reveals that the C8 and C11 atoms of
pyrrole approach the C1 and C4 atoms of acrylonitrile
to form a product as illustrated in Figure 1 [31]. The
Gibbs free energy of all structures relative to the
reactants is depicted in Figure 5.

2
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& / s ‘8‘ 9
-381.00 - - J
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-382.00

reactant transition state product

Figure 5. Examining the variations in Gibbs Free Energy
among the components of a chemical reaction.

During the reaction, the reaction coordinates change,
resulting in the formation of various transition states.
When pyrrole and acrylonitrile react, they reach a
transition state (TS) that represents the highest
energy point in the entire reaction mechanism. If the
energy of the products is lower than that of the
reactants, a stable product is formed, where the
energy is below that of the TS. Ultimately, the reaction
yields a product, which possesses an energy lower
than that of the reactants.

3.2. Thermodynamics analysis

Thermodynamic properties offer valuable insights
into the spontaneity of chemical reactions and the
stability of their products [34]. In particular, the
reaction between pyrrole and acrylonitrile is
exothermic [35]. As shown in Table 1, Table 2, and
Table 3, the enthalpy [36], entropy [37], internal
energy [37], and heat capacity [37] all rise as the
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temperature increases from 0 to 300 K, while Gibbs
free energy [38] falls. This pattern suggests that
raising the temperature is detrimental to this
exothermic reaction. The two reactants have in fact
reacted, as evidenced by the overall negative energy
change and the observed decrease in Gibbs free energy
across different states, which points to the formation
of an adduct [39]. At 10 K and 300 K, respectively, the
reactants' Gibbs free energy is -380.97859 and -
381.01736, demonstrating that Gibbs free energy falls
with increasing temperature. The formation of a stable
product is indicated by the product's Gibbs free energy
being higher than the reactants' [40]. The reaction is
spontaneous and can happen on its own because the
reactants' Gibbs free energy is greater than the
products', as shown in Figure 6.

Internal energy, enthalpy, entropy, and heat capacity
at constant volume (Cv) are among the other
parameters that have been examined. As the graphs in
Figure 6 illustrate, these parameters show that all
thermodynamic properties increase with temperature
while Gibbs free energy decreases. The graphs that
accompany the reaction show how temperature
affects the reactants, intermediates, and products.
Tables 1, 2, 3, 4, and 5 provide specific information on
how temperature affects thermodynamic parameters
for each step. Gibbs free energy continuously falls with
increasing temperature, as shown in Figure 5, even
though internal energy, enthalpy, and entropy all rise.

3.3. Electrostatic potential surfaces

The chemical reactivity of molecules can be inferred
from their molecular electrostatic potential [40]. The
self-consistent field (SCF) method [41] is used to
calculate molecular electrostatic potential surfaces
(ESP) [42] to describe the process of electron transfer
during chemical reactions. The electron density and its
quantity are indicated by the ESP in the regions where
it is present [41]. It displays the separation between
positive charges and electrons. Areas that are green
and yellow indicate weak electrophile sites. One can
determine which sites of a molecule are most
electrophilic and nucleophilic by using a DFT [43]
technique. Electrostatic potential increases from red
to yellow to green to blue. Different densities are
represented by different colors on these maps, which
show the regions of electron densities in molecules
[44]. Acrylonitrile's carbon atoms C8 and C10 migrate
in the direction of pyrrole's carbon atoms C2 and C3
during the reaction. The region surrounding the
nitrogen atom in acrylonitrile is recognized as an
electron-rich site in the ESP of these two compounds,
as shown in Figure 6.
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Table 1. Calculated thermodynamic values of reactants by
DFT/CAM-B3LYP/6-31+G(d,p)

Cy S

Tem (cal/mo u H (cal/mol- G

(K) 1-K) Hartree) (Hartree) K) (Hartree)
10 7.016 -380.977  -380.9779  43.044 -380.978
50 15.657  -380.977 -380.9769  64.232 -380.9821
100 18.450  -380.975  -380.9754  77.425 -380.9878
150 21.037  -380.974 -380.9737 86.174 -380.9943
200 24.596  -380.972  -380.9717  93.262 -381.0014
250 28.943  -380.970  -380.9694  99.650 -381.0091
300 33.615  -380.966  -380.9668  105.701 -381.0173

Table 2. Calculated thermodynamic values of the product by
DFT/B3LYP/6-311G(d,p)

Tem (cal?r\rllol— U H (cal/smol— G

(K) K) (Hartree) (Hartree) K) (Hartree)
10 5.962 -380.660  -380.6602 41.545 -380.6609
50 7.320 -380.659  -380.6597 54.804 -380.6641
100 9.949 -380.659  -380.6589 62.062 -380.6688
150 13.034 -380.658  -380.6578 67.459 -380.6739
200 16.987 -380.657  -380.6564 72.300 -380.6795
250  21.763 -380.655  -380.6547 77.034 -380.6854
300 26.989 -380.653  -380.6526 81.823 -380.6918

Table 3. Calculated thermodynamic values of the transition
state of DA reaction by DFT/CAM-B3LYP/6-31+G(d,p)

Tem (cal(/:r\rllol u H (Hartree) (casl/m G (Hartree)
(K) K) (Hartree) 0l-K)

10 5.62 -379.920  -379.9202 41.638 -379.9209
50 7919 -379.919  -379.9197 55.220 -379.9241
100 11.246 -379.919  -379.9187 63.096 -379.9288
150 14.938 -379.918 -379.9175 69.142 -379.9341
200 19.281 -379.916  -379.9160 74.589 -379.9398
250 24.208 -379.914  -379.9141 79.856 -379.9459
300 29.363 -379.912  -379.9118 85.088 -379.9525

3.4. Electronic properties

Frontier molecular orbitals offer essential insights
into the reactivity of molecules and reactants [43], as
well as their electron-donating and electron-accepting
capabilities. As a result, we calculated the
HOMO(Highest Occupied Molecular Orbital)-LUMO
(Lowest Unoccupied Molecular Orbital) energy levels
and energy gaps for all relevant structures. When
kinetic stability and energy gaps are high, the reaction
tends to be less reactive, conversely, lower values
indicate a more reactive nature [45]. Our findings
presented in Table 4 indicate that the HOMO-LUMO
energy gap for the transition state (TS) is 3.07 eV,
which is notably lower than the gaps observed for the
reactants and products. This suggests that the
transition state is highly reactive and unstable. If the
HOMO of acrylonitrile interacts with the LUMO of
pyrrole, the reaction is classified as inverse electron
demand [46]. On the other hand, if the HOMO of
pyrrole interacts with the LUMO of acrylonitrile, the
reaction is considered normal electron demand. The
energy values derived from frontier molecular orbitals
(FMOs) are instrumental in determining the type of
reaction taking place. The energy gap between the
HOMO of acrylonitrile and the LUMO of pyrrole was

330

found to be 11.33 eV. In a similar calculation, the gap
between the LUMO of acrylonitrile and the HOMO of
pyrrole yielded a value of 7.31 eV. The difference in
energy gap between the HOMO of pyrrole and the
LUMO of acrylonitrile is comparatively smaller than
the others, confirming that this reaction is of normal
electron demand.
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Figure 6. Graph a. represent the effect of temperature on
reactants, b. represent product,
c. represent transition state.
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5.480e-2 . T -5‘4909.2 Table 4. HOMO-LUMO energy gap in gas phase calculated by
= method DFT/CAM-B3LYP/6-31+G(d,p)

acrylonitrile primole reactants product =
Parameters - '
gas toluem  gas  toluen  gas  toluen  gas  lolien  gas  toluen
Enomo (eV) -9.46 -9.58 -7.39 -7.45 -6,00 -5.56 -8.22 -8.07 -5.28 -5.50
) " Euuneo (V) 008 169 187 237 170 -156 131 1587 221 -Li2
AE= Ewmor Epowo (V] 9.38 7.89 9.26 5.08 430 399 9.53 649 3.07 438
J |'£:JMHLWIM| potential) 9.46 9.58 7.39 745 6.00 556 822 807 528 550
A (electron affinity) (eV) 0.08 169 -1.B7 237 170 156 =131 158 221 112
— x (electronegativity) (eV) 477 564 275 91 385 356 346 am3 374 3m
1 (global hardness) (V) 469 394 463 254 215 199 477 324 154 219
J S (global softness) (ev1)  0.21 0.25 0.21 039 046 050 021 031 065 046
¥ [electranic chemical 477 561 275 491 385 356 346 4483 374 331
potential) (eV)
wglobal electrophilicity o0 ge0 o0 sa sie 125 559 456 250
index) (eV)
a.

4

HOMO

HOMO I

61152 .

HOMO LUMO
Figure 7. ESP of a. pyrrole b. acrylonitrile c. transition state
of the DA reaction d. product. Figure 8. HOMO-LUMO of the a. pyrrole b. acrylonitrile c.

transition state d. product
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It is also observed that the energy gaps for the
transition states are consistently lower than those of
the reactants and products [47]. The electrophilicity
index serves as a measure of a molecule's ability to
accept electrons. In this case, because the
electrophilicity index value of acrylonitrile exceeds
that of pyrrole, acrylonitrile functions as the
electrophile. The impact of the solvent on the rate of
reaction is investigated using Density Functional
Theory (DFT) alongside the Integral Equation
Formalism Polarizable Continuum Model (IEFPCM).
Our results demonstrate that using toluene as a
solvent significantly lowers the activation energy
barrier, suggesting an enhanced reaction rate
compared to other solvents. This insight is important
for optimizing conditions in chemical reactions. The
configurations of the HOMO-LUMO orbitals of the
reactants, product, and transition state are presented
in Figure 8.

4., Discussion and Conclusion

This study shows that for temperature changes
ranging from 0 to 300 K, the following thermodynamic
quantities significantly increase: enthalpy, internal
energy, and heat capacity. However, over this
temperature range, Gibbs free energy decreases. This
overall increase in these quantities and the
concomitant decrease in Gibbs free energy imply that
raising the temperature is detrimental to the forward
reaction of this exothermic reaction, influencing
overall feasibility and efficiency. The reaction
products between pyrrole and acrylonitrile have
stable structures, which can be inferred from the
enormous gap between HOMO and LUMO energies of
the resultant products. In addition, these products
possess thermodynamic stability. A stable product is
formed when the Gibbs free energy of the product is
lower than that of the reactants. The toluene solvent
exerts a major influence on the reaction rate. Our
findings demonstrate that toluene effectively reduces
the activation energy barrier compared to other
solvents, leading to a markedly increased reaction
rate. This understanding is vital for optimizing the
milieu of chemical reactions. Such computations are a
useful guide for real-world research undertakings.
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Anahtar Kelimeler 0z: Bu calisma, dizel motorlarda silindir ici basing tahmini i¢in veri odakli makine
Dizel motor silindir ogrenimi yaklagimlarinin performansini karsilagtirmayr amaglamaktadir. Krank
i¢i basing tahmini, agis1 ve yik degiskenlerine dayal bir veri seti kullanilarak, Random Forest, Karar
ig?;ﬁgaa Agac1 ve XGBoost algoritmalar1 degerlendirilmistir. Modellerin dogruluk oranlari,

islem sitireleri ve hata metrikleri detayli bir sekilde analiz edilmistir. Sonuglar,
Random Forest (R? = 0.9999) modelinin genelleme basarisi ve diisiik hata oranlar
ile en iyi performansi sergiledigini gostermistir. Karar Agaci modeli de benzer
sekilde yiiksek dogruluk (R? = 0.9999) sunmasina ragmen genelleme yetenegi sinirh
kalmigtir. XGBoost modeli ise hizli tahmin yetenegi ile dikkat cekerken, R? = 0.9990
ile hafif dogruluk kayiplari sergilemistir. Bu modeller, emisyon kontrolii ve motor
verimliligini artirmaya yo6nelik ¢alismalarda kullanilabilir giiclii tahmin araglari
sunmaktadir. Elde edilen bulgular, veri odakl yaklasimlarin, dizel motorlarin
performans ve emisyon analizinde giivenilir ve etkili bir alternatif sundugunu
ortaya koymaktadir.

Random Forest,
Makine 6grenmesi

Performance Analysis of Data-Driven Machine Learning Models for In-Cylinder
Pressure Prediction in Diesel Engines

Keywords Abstract: This study aims to compare the performance of data-driven machine
Diesel engine in-cylinder learning approaches for in-cylinder pressure prediction in diesel engines. Using a
pressure prediction, dataset based on crank angle and load variables, Random Forest, Decision Tree and

Artificial neural networks,
XGBoost,

Random Forest,

Machine learning

XGBoost algorithms are evaluated. Accuracy rates, processing times and error
metrics of the models are analysed in detail. The results showed that the Random
Forest model (R? = 0.9999) performed the best with generalisation success and low
error rates. Similarly, the Decision Tree model also showed high accuracy (R?* =
0.9999), but its generalisation ability was limited. The XGBoost model, on the other
hand, was notable for its fast prediction capability, but exhibited slight accuracy
losses with R? = 0.9990. These models provide powerful predictive tools that can be
used in emission control and engine efficiency improvement studies. The findings
suggest that data-driven approaches offer a reliable and effective alternative for
performance and emission analysis of diesel engines.

1. Giris basinci, motorun verimliligini, yanma etkinligini ve

emisyon oOzelliklerini dogrudan etkileyen kritik bir
Dizel motorlar, glinlimiizde 6zellikle kara ve deniz parametredir. Bu baglamda, krank acisina bagl olarak
tasimaciliginda yaygin olarak kullanilmakta olup, silindir i¢ginde olusan basinci tahmin etmek, yanma
enerji verimliligi ve dayaniklilik acisindan 6nemli bir slirecinin dinamiklerinin anlasilmasinda 6nemli bir
rol oynamaktadir. Bu motorlarin performans analizi, adimdir.

yanma odasinda olusan silindir basinci verilerinin
detayli incelenmesiyle saglanmaktadir [1]. Silindir

*Sorumlu yazar: hsoyler@sinop.edu.tr
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Silindir i¢i basmmcin  dogru tahmini, motor
performansini optimize etmek, emisyonlari azaltmak
ve dizel motorlarda gelismis yanma kontrol stratejileri
uygulamak icin ¢ok 6nemlidir. Silindir i¢i basing
dogrudan sensorlerle 6l¢iilebilse de bu 6l¢lim yontemi
cesitli siirlamalara sahiptir. Yiiksek c¢oziintirlikli
basing sensorleri hem yiiksek maliyetlidir hem de
motorun c¢alismas1 esnasinda fiziksel olarak zor
kosullarda kalmalari nedeniyle zamanla
bozulabilmektedir. Ayrica, her silindire ayr1 bir sensoér
yerlestirmek ¢ogu durumda ekonomik ve yapisal
olarak miimkiin degildir. Ozellikle cok sayida motorun
ayni anda izlenmesi gereken test ortamlarinda bu
yaklasim pratikligini yitirmektedir. Bu baglamda,
krank agis1 ve yik gibi dogrudan dlgiilebilir
parametreler kullanilarak silindir basincinin makine
O0grenmesi ile tahmin edilmesi, hem gercek zamanl
izleme hem de maliyet etkinligi acisindan giigli bir
alternatif sunmaktadir [2].

Arastirmacilar ek sensorler olmadan silindir ici
basinc1 tahmin etmek icin gesitli dolayll yontemler
gelistirmislerdir [3]. Bu yaklasimlar arasinda krank
mili kinematigini kullanan model tabanlhi teknikler,
ivmeolger 6lgiimleri ve yar1 ampirik modeller yer
almaktadir. Krank mili tabanli yontemler, o6lciilen
krank acis1 ve tek bir basing sensoriinden silindir
basinglarini yeniden yapilandirmak icin esnek krank
mili modellerini ve adaptasyon algoritmalarini
kullanir [2], [3], [4], [5]. Ivmedlger tabanh teknikler,
basinci tahmin etmek icin ivme sinyalinin yanma ve
yanma dis1 bilesenlerini ayirir. Yar1 ampirik modeller,
basing izlerini tahmin etmek i¢in politropik sikistirma
varsayimlarini 1s1 salinim fonksiyonlari ile birlestirir.

Kademeli enjeksiyon, yakitin tek seferde degil, farkli
zaman dilimlerinde piskiirtiilmesiyle yanma siirecini
kontrol altina almay1 amaglayan bir tekniktir. Ancak
bu strateji, tahmin modellerinin dogrulugunu
zorlastirmaktadir. Emisyon yonetmelikleri daha kati
hale geldikge, saglam silindir i¢i basin¢ tahmini dizel
motor performansini ve verimliligini optimize etmede
giderek daha 6nemli bir rol oynayacaktir [6].

Son zamanlarda yapilan arastirmalar, kalibrasyon ve
hesaplama gereksinimleriyle ilgili zorluklari ele alarak
motorlarda silindir i¢i basinci tahmin etmek igin
geleneksel termodinamik modellere alternatifler
arastirmistir. Veri odakli yaklasimlar, 6zellikle de
yapay sinir aglar1 (YSA'lar), silindir basincini dogru bir

sekilde tahmin etme konusunda umut vaat
etmektedir. Bu modeller, belirli parametreler icin
dogruluk ve  hesaplama  siiresi  agisindan

termodinamik simiilasyonlardan daha iyi performans
gosterebilir [7], [8]. Bununla birlikte, termodinamik
tabanli  modeller, bazilarinin  ¢esitli  motor
parametrelerine karsi hassasiyetler igermesiyle
birlikte gecerliligini korumaktadir [9]. Emisyon
tahmini i¢in silindir i¢i basing 6l¢timlerini kullanan
gercek zamanli uygulanabilir modeller gelistirilmistir
[10]. Arastirmacilar ayrica simiilasyonlarin otomatik
kalibrasyonu i¢in yontemler ve parametre tahmin
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stratejileri onermislerdir [11], [12]. Cevrimig¢i pilot
kiitle tahmini i¢in sanal sensorler ve basing tahmini
icin derin 6grenme yaklasimlari gibi gelismis teknikler
bu alanda devam eden gelisimi gostermektedir [13],
[14].

Son c¢alismalar, motorlarda silindir basincini1 tahmin
etmek icin dogruluk ve hesaplama verimliliginde
potansiyel iyilestirmeler sunan veri odakl
yaklasimlar1 arastirmistir. Regresyon modelleri, sinir
aglar1 ve zaman serisi analizleri dahil olmak iizere
cesitli makine o6grenimi teknikleri uygulanmistir.
Yapay Sinir Aglar1 (YSA), silindir basincini yiiksek
dogrulukla tahmin etmede umut verici sonuglar
gostermistir [15], [16]. Ayrica makine 6grenimine
dayali regresyon modelleri, miihendislik alanlarinin
yani sira, tip gibi farkh disiplinlerde de basarili
sonuglar vermektedir [17], [18]. Uzun-Kisa Streli
Bellek (LSTM) modelleri, silindir basincinin zaman
serisi tahmininde etkili oldugunu gostermistir [19].
Frekans Tepki Fonksiyonlari ve Evrisimsel Sinir Aglari
(CNN) sirasiyla krank mili hizi dalgalanmalarindan ve
basing 6l¢iimlerinden silindir basincini tahmin etmek
icin kullanilmistir [20], [21]. Zaman gecikmeli sinir
aglari, krank kinematigi veya blok titresim olgtimleri
kullanilarak silindir basincini yeniden yapilandirmak
icin uygulanmistir. Bu veri odakli yaklasimlar, deniz
motorlari, HCCI motorlar1 ve dogal gaz motorlari dahil
olmak iizere c¢esitli motor tiirlerinde potansiyel
gostermistir [22], [23], [24].

Yapilan literatiir incelemeleri, dizel motorlarda
silindir i¢i basing tahmininin motor performansi ve
emisyon kontrolii acisindan O6nemini ortaya
koymustur. Geleneksel termodinamik modeller,
basing tahmininde sik¢a kullanilmakla birlikte, yiiksek
hesaplama maliyetleri ve kalibrasyon zorluklari
nedeniyle veri odakl yaklasimlar alternatif bir ¢6ziim

sunmaktadir. Bu baglamda, makine 0grenmesi
yontemleri, silindir basincin1  dogrudan 6lglim
yapmadan ylksek dogrulukla tahmin etme

potansiyeline sahiptir. Literatiirde Random Forest,
Karar Agact ve XGBoost gibi makine 6grenimi
algoritmalari, motor performans analizi ve emisyon
kontrolii i¢in umut verici sonuclar vermistir[24], [25],
[26], [27].

Bu ¢alisma, s6z konusu tahminlerin dogruluk diizeyini
ortaya koymak ve farkli modellerin bu amagla
kullanilabilirligini degerlendirmek lizere
gerceklestirilmistir. Dizel motorlarda silindir igi
basinci tahmin etmek i¢in farkli makine 6grenmesi
modellerinin  dogrulugunu  karsilastirarak  bu
modellerin avantajlarini ve kisitlhiliklarini
belirlemektir. Bu dogrultuda, farkli deneysel
kosullarda elde edilen silindir basinct verileri
kullanilarak Random Forest, Karar Agaci ve XGBoost
algoritmalarinin performansi dogruluk oranlari, islem
siireleri ve hata analizleri lizerinden
degerlendirilmistir. Veri toplama silireci, model
egitiminde kullanilan parametreler ve performans
degerlendirme kriterleri titizlikle belirlenmis ve
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deney sonuglari karsilastirmali analizlerle
incelenmistir. izlenen yéntem ve analiz siiregleri
asagidaki materyal ve metot bolimiinde detayli olarak
aciklanmaktadir.

2. Materyal ve Metot

Bu ¢alismada, farkli makine 6grenimi algoritmalarinin
tahmin performanslarini degerlendirmek amaciyla
kapsamli bir analiz gergeklestirilmistir. Analiz
siirecinde, veri o6n isleme, model egitimi,
hiperparametre ayarlar1 ve model degerlendirmesi
adimlar1 detayli bir sekilde ele alinmistir. Calismada
kullanilan yontemler, verilerin yapilandirilmasindan
model performanslarinin gorsellestirilmesine kadar
disiplinleraras1 standartlara uygun bir yaklasimla
uygulanmistir. Asagida, kullanilan algoritmalarin
ozellikleri, performans degerlendirme metrikleri ve
sonuglarin gorsel karsilastirmalarina iliskin detaylar
sunulmaktadir.

2.1. Veri seti ve 6n isleme

Bu calismada, [28] tarafindan saglanan, 4 zamanlh
common rail enjeksiyon sistemine sahip 6,8 L
turbosarjli 6 silindirli Tier II bir dizel motora ait
veriler kullanilmistir. Veriler, ISO Standardi 8178:4 D2
dongiisiine uygun olarak 1800 rpm'de gerceklestirilen
bes test calismasini kapsamaktadir. Bu veri seti,
¢alismamizda kullanilan makine O0grenimi
modellerinin gelistirilmesi ve degerlendirilmesi i¢in
temel olusturmustur. Makine 6grenmesi algoritmalari,
biiytik ve c¢esitli veri kiimelerini isleyebilme
yetenekleri sayesinde motor verisi gibi kompleks
yapili sistemlerde basarili tahminler saglamaktadir
[29].

Veri seti, Excel formatinda yiiklenmistir ve Tablo 1'de
ornek satirlar gosterilmistir. ilk iki siitun giris
degiskenleri (X), ticiincii siitun ise ¢ikis degiskeni (y)
olarak belirlenmistir. Veri setinin uygunlugu, eksik
veri kontrolii ve genel bilgi incelemesi ile
dogrulanmistir. Eksik veri kontrolii sirasinda, veri
setindeki tiim siitunlar goézden gegirilmis ve veri
biitiinligii saglanmistir. Eksik veya hatali veriler
bulunmadig1 dogrulandiktan sonra normallestirme
adimina gecilmistir. Bu asamada, giris ve c¢ikis
degiskenleri MinMaxScaler kullanilarak 0 ile 1
arasinda normalize edilmistir. Bu islem, farkh
Olceklerdeki degiskenlerin model performansi
lizerinde olumsuz bir etkisi olmamasi i¢in
uygulanmistir.
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Sekil 1. Veri setinin dagilim grafikleri. (a) Yk, (b) Basing, (c)
Krank agisi.

Bu gorsellestirme, degiskenlerin model egitimi
sirasinda homojen bir sekilde kullanilacagini ve veri
kayb1 veya tutarsizlik olmadigini vurgulamaktadir.
Sekil 1'de goriillen yapi, modelleme siirecinde
degiskenlerin 6zellikleri hakkinda kapsamli bir bilgi
sunmustur.

Veri normallestirme sonrasi, giris (X) ve cikis (y)
degiskenlerinin dagilimlar1 incelenmistir. Egitim,
dogrulama ve test setlerine ayrilmadan once verilerin
homojen dagilimda oldugu gozlenmistir. Sekil 1'de
gorildigi iizere basing degiskeni icin histogram
grafigi incelendiginde, verinin biiyiik bir kisminin
dusiik degerler arasinda yogunlastigl
gozlemlenmistir. Basing degiskeni uzun bir sag kuyruk
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sergilemektedir. Bu da yiiksek basin¢ degerlerinin
nadiren o6lciildiigiini gostermektedir. Bu durum,
model tahmin performansi lizerinde etkili olabilir ve
gerekirse veri dontisiim teknikleri ile ele alinabilir.

Tablo 1. Veri setinden 6rnek veriler.

Yiik (%) Krank Acis1 Silindir
Basinci

1 12 -360.00 90.759
2 12 -359.75 89.577
3 12 -359.50 89.746
4 12 -359.25 89.302

Krank acisi degiskeninin dagilim grafigi ise acilar
arasinda esit bir dagilim sergilemektedir. Bu durum,
krank acisinin veri setinde eksiksiz bir sekilde
Olctildigiinii gostermekte ve modelin bu degiskenle
saglikl bir iliski kurabilecegine isaret etmektedir. Yiik
degiskeni i¢cin histogramda ise farkl yiik seviyelerinin
(6rnegin 20, 40, 60, 80 ve 100) esit siklikta yer aldigi
goriilmektedir. Bu durum, veri setinin farkl yiik
kosullarini kapsadig1 ve modelin bu yiiklerle iyi bir
sekilde egitilebilecegi anlamina gelir.

Tablo 2. Veri setinin istatistiksel verileri.

[statistik Yik Krank acis1 (°) ]igzgg
Gozlem
Sayis1 14400.000 14400.000 14400.000
(Count)
Ortalama
52.400 -0.125 670.614
(Mean)
Standart
Sapma 32.142 207.853 1502.922
(Std)
En Kiiglik
Deger 12.000 -360.000 -20.095
(Min)
1. Ceyrek
(Q1, %25) 25.000 -180.062 40.545
Medyan
(Q2, %50) 50.000 -0.125 80.972
3. Ceyrek
(Q3, %75) 75.000 179.813 409.301
En Biiyiik
Deger 100.000 359.750 9058.385
(Max)

Bu dagilim analizleri, veri setindeki dengesizliklerin
ve homojenliklerin belirlenmesine yardimci olmus ve
modelleme siirecinde dikkate alinmistir. Tablo 2’deki
istatistiksel 6zet, veri setinin boyutlarin1 ve
dagilimlarini géstermektedir.

Tabloda yer alan istatistiksel olciitler, veri setinin
dagilim o6zelliklerini 6zetlemektedir. Gozlem Sayisi
(Count), her degiskene ait toplam veri sayisini belirtir.
Ortalama (Mean), tim gozlemlerin aritmetik
ortalamasim1 ifade eder. Standart Sapma (Std),
verilerin ortalama etrafindaki yayilim derecesini
gosterir. Bllyilik sapma, verinin daha genis dagildiginm
ifade eder. En Kii¢iik Deger (Min) ve En Biiyiik Deger
(Max), sirasiyla veri setindeki minimum ve maksimum
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degerleri temsil eder. 1. Ceyrek (%25, Q1), verinin en
kiiciikten biiyiige dogru siralandiginda ilk %25’lik
kisminin dst siniridir. Medyan (%50, Q2), ortadaki
degeri temsil eder ve veriyi iki esit parcaya boler. 3.
Ceyrek (%75, Q3) ise verinin %75’inin altinda,
%25’inin Ustiinde kalan degeri belirtir. Bu ceyrek
degerler, oOzellikle veri setindeki asimetrik
dagilimlarin ve aykiri degerlerin tespitinde énemli rol
oynar.

Tablo 2 incelendiginde yik degiskeni 12 ile 100
arasinda degerler almakta ve ortalamasi yaklasik
52.4'tiir. Krank acis1 degiskeni -360° ile 360° arasinda
esit dagiliml bir degisken olup ortalama agisi1 -0.125°
civarindadir. Basing degiskeni ise -20.1 ile 9058,4
arasinda genis bir aralikta dagilmistir ve ortalama
basing degeri 670.6 bar olarak gozlemlenmistir. Bu
sonuclar, ozellikle basing degerlerinde standart
sapmanin yiiksek olmasi nedeniyle veri setinin ug
degerlere duyarli olabilecegini gostermektedir.
Verideki minimum ve maksimum basing degerleri,
bazi anomalilerin veya yiiksek basing kosullarinin veri
setine dahil edildigini gostermektedir. Bu durum,
model egitiminde ve degerlendirilmesinde dikkat
edilmesi gereken bir husus olarak ele alinmistir.

Sekil 2'de, normallestirilmis yik ve krank acisi
degiskenleri arasindaki dagilim grafigi detayli bir
sekilde sunulmaktadir. Bu c¢ift degiskenli dagilim
grafigi, veri setindeki degiskenlerin normalizasyon
isleminden sonra hangi araliklarda yer aldigini ve
dagilim duzenlerini agikca ortaya koymaktadir.
Normalizasyon siireci, degiskenler arasindaki 6lgek
farkliliklarini ortadan kaldirmak ve model egitimi
sirasinda her bir degiskenin esit bir katkida
bulunmasini saglamak icin uygulanmistir. Grafik, yiik
degiskeninin belirli seviyelerde kiimelendigini ve
farkli motor yiik kosullarimi temsil ettigini
gostermektedir. Bu kiimelenme, veri setinin farkli ytk
kosullarint  kapsadigini  ve motor performans
analizinde gesitliligin saglandigini isaret etmektedir.
Bunun yani sira, krank acis1 degiskeni krank agisinin
tam dongiisiinii kapsamakta olup, -360° ile +360°
arasinda esit bir dagihim sergilemektedir. Bu durum,
krank agisina bagh olarak silindir i¢i basing
degisimlerinin tam bir dongii boyunca 6l¢iildiigiinii ve
analiz icin gereken siirekliligin saglandiginm
gostermektedir. Ayrica, grafikte her bir degiskenin
ayr1 ayr1 normallestirilmis degerlerini korudugu ve
veri ¢esitliliginin uygun bir sekilde temsil edildigi
gorilmektedir.

Bu analiz, veri setinin homojen bir dagilim
sergiledigini ve modelleme silirecinde herhangi bir
dengesizlik veya eksikligin olmadigini
dogrulamaktadir. Grafikte gozlemlenen diizen,
modelin egitim sirasinda hem yiik hem de krank agis1
degiskenlerinden faydalanarak dogru iliskiler
kurabilecegini ve silindir i¢i basing tahmini i¢in giiclii
bir temel olusturabilecegini gostermektedir. Boylece,
veri setindeki bu diizenli yapi, modelin genelleme
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basarisini artirma potansiyeline sahip oldugunu isaret
etmektedir.

Normalize edilmis giris verisinin ¢iftli grafik (pairplot) gosterimi
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Sekil 2. Normallestirilmis yiik ve krank acis1 degiskenleri

2.2 Veri setinin ayrilmasi

Normalizasyon isleminin ardindan, veri seti %70
egitim, %15 dogrulama ve %15 test olarak ii¢ alt
kiimeye boéliinmiistiir. Veri bdélme islemi sirasinda,

modelin  genellenebilirligini artirmak amaciyla
rastgele veri dagilimi i¢cin random_state=42
parametresi kullanilmistir. Veri setinin egitim,

dogrulama ve test kiimelerine ait 6rnek biiyiikliikleri
asagida Tablo 3’te verilmistir.

Tablo 3. Veri setininne ait 6rnek biytikliikleri

Veri Kiimesi Ornek Aciklama
Sayisi
Egitim o L
(X_train, 9792 Modelin 6grenme sur(.ecmde
. kullanilan veri kiimesi
y_train)
o Modelin hiperparametre
Dogrulama
2448 | ayarlamasinda kullanilan
(X_val, y_val) < i .
dogrulama kiimesi
Modelin performans
Test (X_test, degerlendirmesi icin ayrilmis,
2160 . . . .
y_test) daha 6nce goriilmemis veri
kiimesi
Bu yapilandirma, veri setinin egitim sirasinda asiri
O6grenme (overfitting) veya yetersiz dgrenme
(underfitting) problemleri yasamamasi icin dengeli
bir sekilde boéliinmesini saglamistir.  Model

performansi, dogrulama ve test kiimeleri iizerinde
hesaplanarak genel sonuclarin degerlendirilebilirligi
artirllmistir.
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Sekil 3, calisma kapsaminda kullanilan veri setinin
giris degiskenleri arasindaki iliskiyi
gorsellestirmektedir. Girdi degiskenleri, krank agisi
() ve yiik (%) olarak belirlenmis, ¢ikis degiskeni ise
basing (Cyl kPa) degeridir. Yatay eksende yik
degerleri (%), dikey eksende krank acilar1 (°) yer
almaktadir. Renk skalasi, her bir gézlem i¢in basing
degerlerini temsil etmekte olup, yiliksek basing
degerleri daha acik tonlarla gosterilmistir. Veri seti,
farkli yik seviyelerinde motor performans
parametrelerinin detayli sekilde o6l¢tilmesi amaciyla
toplanmistir. Her yiik seviyesinde krank agis1 -360° ile
+360° arasinda degismekte ve yanma dongiisiiniin
tamamini kapsamaktadir. Grafik, veri setindeki 61¢tim
yogunlugunun farkli krank agilarinda sabit yiik
seviyeleri i¢cin homojen dagilim gosterdigini ortaya
koymaktadir. Bu yapilandirma, basing degisimlerinin
krank agcis1 ve yiik ile iligkisini analiz edebilmek i¢in
veri setinin kapsamli bir sekilde diizenlendigini
gostermektedir. Bdylece, modelleme ve analiz
siire¢lerinde kullanilan veri seti, farkli motor ¢alisma
kosullarini  temsil eden ol¢lim degerlerinden
olusmakta ve her bir yiik seviyesi i¢cin krank acisina
bagli basing 6l¢iimleri detayli bir sekilde kayit altina
alinmaktadir.

2.3. 5-katmanh (5-fold) ¢capraz dogrulama (cross-
validation)

Bu ¢alismada, model performansinin daha giivenilir ve
nesnel bir bicimde degerlendirilmesi amaciyla 5-
katmanli (5-fold) ¢apraz dogrulama yodntemi
kullanilmistir. Veri seti, rastgele karistirilarak bes alt
kiimeye boéliinmiis ve her bir fold icin modeller ayri
ayr1 egitilip dogrulama verisi tizerinde test edilmistir.
Her bir iterasyonda modeller, egitim alt kiimesinde
GridSearchCV ~ yontemi ile optimize edilmis
hiperparametreler ile egitilmis, dogrulama verisinde
en yiksek R? degerini veren yapilandirma
kaydedilmistir.
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Tablo 4. Model Katmanlarinin Yapisi

2.4.1. XGBoost

Bilegen Aciklama
Model Tipi Decision Tree, Random XGBoost (Extreme Gradient Boosting), gradyan
Forest, XGBoost artirmali agac (gradient boosting tree)
Girdi Ozellikleri 2 (6rnegin: sicaklik, algoritmalarinin optimize edilmis ve diizenlilestirme
basing) mekanizmalari entegre edilmis bir stirimuidiir.
Ciktt 1 (6rnegin: verim,
emisyon) Tablo 5. XGBoost Regressor model parametreleri.
Dogrulama Yontemi S-katmanli (5-fold) Parametre Deger Agiklama
capraz dogrulama n_estimators 100 Toplam zayif model sayis1
Test Verisi %15 oraninda, tamamen max_depth 6 Her bir agacin maksimum
ayrilmis ve egitimde hig derinligi
kullanilmamig learning_rate 0.1 Ogrenme orani
Hiperparametre Secimi Her fold’da subsample 1 Her agag igin kullanilacak
GridSearchCV ile en iyi 6rnek orani
parametre kombinasyonu colsample_byt 1 Her agagta kullanilacak
secildi ree o6zellik oran
Performans Metrikleri MAE, RMSE, R? gamma 0 Bolinme i¢in gereken
minimum kayip azaltimi
Nihai olarak her model icin en bagarili fold’da egitilen reg alpha 0 L1 diizenlilestirme
. oo . 0 15lik katsayisi
yapl, daha on_ce“egltllmde hl% kullan_lllma-ml.s %1 reg_lambda 2 L2 diizenlilestirme
test veri seti lizerinde degerlendirilmistir. Model katsayisi
basarimi, ortalama mutlak hata (Mean Absolute Error random._state 42 Rastgelelik kontroli

- MAE), kok ortalama kare hata (Root Mean Squared
Error - RMSE) ve determinasyon katsayis1 (R?) ile
Olclilmiistiir. Kullanilan makine 6grenmesi yontemleri
ve degerlendirme yapisi Tablo 4'te sunulmustur.

2.4. Regresyon modelleri

Bu c¢alismada, regresyon problemini ¢ézmek icin
XGBoost Regressor, Random Forest Regressor,
Decision Tree Regressor olarak ii¢ farkli model
Kullanilmistir. Bu ¢alismada hiperparametre secimi,
her bir makine 6grenmesi algoritmasinin yapisal
ozellikleri ve genelleme kapasitesi dikkate alinarak,
sistematik bir tarama yaklasimi ile
gerceklestirilmistir. Her fold icerisinde GridSearchCV
yontemi kullanilarak belirli hiperparametre araliklari
lizerinden kapsamli bir arama yapilmis ve en iyi
¢apraz dogrulama performansini saglayan parametre
kombinasyonu belirlenmistir. Hiperparametre
araliklari, ilgili algoritmalarin asir1 6grenmeye
yatkinliklarin1 dengeleyecek sekilde, 6zellikle agag
tabanli modellerde derinlik, 6rnek sayis1 ve budama
gibi yapisal sinirlayicilar gozetilerek olusturulmustur.
XGBoost modeli i¢in ise L1 (reg alpha) ve L2
(reg_lambda) diizenlilestirme katsayilari gibi yerlesik
kontrol mekanizmalar1 da arama kapsamina dahil
edilmistir.

Parametre se¢im siireci sadece dogrulama
metriklerine degil; ayni zamanda kalinti analizi, parite
grafikleri ve hata dagilimi gibi goérsel destekleyici
unsurlarla da degerlendirilmistir. Nihayetinde, her
model i¢in en iyi sonug veren fold’daki yapilandirma,
daha 6nce egitimde hi¢ kullanilmamis %15°lik test veri
seti lizerinde test edilerek, modellerin hem 6grenme
hem de genelleme kapasiteleri nesnel bicimde analiz
edilmistir. Bu biitlinctil yaklasim, sadece dogruluk
metriklerine degil, model davranislarina da odaklanan
cok yonli bir degerlendirme siireci sunmustur.
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Model, hata fonksiyonunu minimize etmeyi amaglayan
art arda agaclar insa eder ve her yeni agac, 6nceki
agaclarin yapamadig1 tahminleri iyilestirmeye calisir.
XGBoost, L1 (lasso) ve L2 (ridge) regularizasyon
terimlerini iceren kayip fonksiyonu sayesinde
overfitting riskine karsi olduk¢a dayanikhidir. Ayrica
yuksek hiz, paralellestirilebilirlik ve eksik veri
toleransi gibi avantajlara sahiptir. XGBoost Regressor
algoritmasit model parametreleri Tablo 5’te
gosterilmistir.

2.4.2. Karar Agaci (Decision Tree)

Bu calismada bir diger yontem olarak, tahminleme
siirecinde Karar Agaci Regressor (Decision Tree
Regressor) algoritmasi kullanilmistir. Karar agaci
algoritmasi, veriyi ardisik bicimde boélerek tahmin
islemini  gerceklestiren sezgisel bir 06grenme
yontemidir.

Agac yapisi, digimler araciigiyla karar kurallar
olusturur ve her yaprak diiglimde bir ¢ikti degeri
iiretilir. Regresyon amacgh kullaniminda, her bir
bdlmede varyansi minimize edecek sekilde veri alt
kiimelere ayrilir. Karar agaclari, yorumlanabilirligi
yuksek ve hizli uygulanabilir yapilar sunmasina
ragmen, asirt1 dallanma durumunda genelleme
kabiliyetini kaybederek overfitting'e yatkin hale
gelebilir. Bu nedenle, derinlik ve 6rnek sayisi gibi

hiperparametrelerin dikkatle sinirlandirilmasi
gerekmektedir. Model parametreleri Tablo 6’da
gosterilmektedir.
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Tablo 6. Karar Agaci Regressor (Decision Tree

Regressor) model parametreleri.
Parametre Deger Aciklama
criterion 'squared_error' | Hata fonksiyonu
(MSE)
splitter 'best’ En iyi bolmeyi arar
max_depth None Maksimum
derinlik
sinirlamasi yok
min_samples_split 2 Bolme icin gerekli
minimum 6rnek
sayisl
min_samples_leaf 1 Yaprakta
bulunmasi gereken
minimum 6rnek
saylsl
max_features None Ozellik alt kiimesi
sinir1 yok
random_state 42 Sonuglarin
tekrarlanabilirligin
i saglar
criterion 'squared_error' | Hata fonksiyonu
(MSE)

2.4.3. Rastgele Orman (Random Forest)
Bu ¢alismada, tahminleme stirecinde bir diger yéntem
olarak Random Forest Regressor algoritmasi

kullanilmistir.

Tablo 7. Random Forest Regressor model parametreleri.

Parametre Deger

100

Aciklama

Kullanilan karar
agaci sayisl
Hata hesaplama
yontemi (MSE)
Her agacin
maksimum
derinligi
Bir i¢ diiglimiin
béliinmesi i¢cin
gereken minimum
ornek
Bir yaprakta olmasi
gereken minimum
ornek sayisi
Her agag i¢in
kullanilacak
maksimum 6zellik
sayisl
Ornekleme
yontemi: geri
doniisiimlii
Sonuglarin

n_estimators

criterion 'squared_error’

max_depth None

min_samples_split

min_samples_leaf 1

max_features 'auto’

bootstrap True

random_state 42

tekrarlanabilirligi

Random Forest algoritmasi, ¢ok sayida karar
agacindan olusan bir topluluk 6grenme (ensemble
learning) yontemidir. Her bir agag, egitim verisinin
rastgele bir alt kiimesi ve 6zelliklerin rastgele bir alt
kiimesi ile egitilir. Bu yaklasim, karar agaclarinin
varyansini azaltir ve modelin genelleme kapasitesini
artirir. Rastgele ormanlar, giriltilii verilerle basa
¢ikabilme kabiliyeti ve asir1 6grenmeye karsi direncli
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yapisiyla one c¢ikar. Ancak, yorumlanabilirligi tekil
karar agaglarina goére daha disiktir. Model
parametreleri Tablo 7’'de gdsterilmistir.

2.5. Performans metrikleri

Model, egitim kiimesindeki verilerle egitilmis ve test
kiimesi kullanilarak degerlendirilmistir. Performans
metrikleri olarak Tablo 8'de gosterildigi gibi
determinasyon katsayis1 (R?), ortalama mutlak hata
(MAE), ortalama kare hata (MSE) ve kok ortalama kare
hata (RMSE) kullanilmistir.

Model performansini daha biitiinciil
degerlendirebilmek adina hem Ortalama Mutlak Hata
(MAE) hem de Kok Ortalama Kare Hata (RMSE)
birlikte kullanilmistir. MAE, tim hatalarin mutlak
degerlerinin ortalamasini alarak sapmalarin genel
biiyiikligiinii 6lcerken, RMSE hatalarin karesini alarak
biiylik sapmalara daha fazla agirlik verir. Bu nedenle
RMSE, u¢ degerlerin model tizerindeki etkisini daha
belirgin sekilde yansitirken; MAE, geneldeki tahmin
hatalarinin ortalama diizeyini verir. Her iki olgiit
birlikte degerlendirildiginde, modelin hem genel
dogrulugu hem de ug¢ degerlere karsi hassasiyeti
hakkinda daha kapsamli bir degerlendirme
yapilabilmektedir. Bu durum, 6zellikle enerji tiikketimi,
emisyon tahmini veya maliyet 6ngoriisii gibi yliksek
varyansli ¢iktilarda 6nem arz etmektedir.

Tablo 8. Kullanilan performans metrikleri.

Performans Aciklama
Metrikleri ¢
2 Modelin agiklanabilirlik oranini temsil
R Score .
eden determinasyon katsayisi
MAE (Mean Tahmin edilen degerler ile gercek

degerler arasindaki ortalama mutlak

Absolute Error) fark

RMSE (Root Tahmin edilen degerler ile gercek
Mean Squared degerler arasindaki kok ortalama kare
Error) fark

Genelleme kapasitesi, bir modelin yalnizca egitim
verisi iizerinde degil, daha 6nce gérmedigi yeni veri
iizerinde de benzer diizeyde basari goésterebilme
yetenegini ifade eder. Bu calismada genelleme
kapasitesi, egitim+dogrulama siireci disinda birakilan
bagimsiz  %15’1lik test veri seti iizerindeki
performansla degerlendirilmistir. Egitim siirecinde
elde edilen basar1 metrikleri ile test siirecindeki
metrikler karsilastirilarak, modelin yeni veriler
lizerindeki tutarhhign olciilmiistiir. Ozellikle egitim
dogrulugu ile test dogrulugu arasinda belirgin bir fark
olmamasi, modelin asir1 6grenmeden kagindigini ve
genelleme yeteneginin giicli oldugunu
gostermektedir. Bu yaklasim, genelleme kapasitesinin
sayisal olarak degerlendirilmesini saglar ve modelin
pratik uygulamalardaki giivenilirligini destekler.



A. Karaoglu ve H. Séyler / Dizel Motorlarda Silindir i¢i Basing Tahmini igin Veri Odakli Makine Ogrenimi Modellerinin Performans Analizi

2.6. Sonuglarin
gorsellestirilmesi

karsilastirilmasi ve

Modellerin performans Kkarsilastirmasi, normalize
edilmis performans metrikleri kullanilarak radar
grafigi ile gorsellestirilmistir. Radar grafigi, her
modelin her bir performans metriginde sergiledigi
goreceli basariy1 ayni diizlemde incelemeyi miimkiin
kilmistir ve tim metrikler, farkli odlgeklerdeki
degerlerin  Kkarsilastirilabilmesi  i¢in  normalize
edilmistir. Tahmin edilen degerlerin gercek degerlere
gore dagilimini gosteren parite grafikleri, modelin
dogrulugunu degerlendirmek amaciyla kullanilmis ve
ideal bir model icin tim veri noktalarinin 45°'lik
dogrultu lizerinde yer almasi gerektigi vurgulanmistir.
Kalint1 (residual) dagilim grafikleri, tahmin degerleri
ile gercek degerler arasindaki farklarin rastgele
dagilmasi durumunda modelin uygun bir tahmin
performans: sergiledigini ortaya koymaktadir. Hata
histogramlari, tahmin hatalarinin frekans dagilimini
inceleyerek normal dagilima benzer bir yap1 olup
olmadigin1 degerlendirmek i¢in kullanilmistir. Son
olarak, radar grafigi, her modelin farkli performans
metriklerine gore sergiledigi goreceli basarisini bir
arada sunarak model karsilastirmalarinin biitiinciil
bir sekilde incelenmesine olanak tanimistir.

Modellerin  performans  metrikleri  arasindaki
istatistiksel farkliliklar1 degerlendirebilmek amaciyla,
her bir modelin 5 katmanli c¢apraz dogrulama
stirecinde elde ettigi RMSE, MAE ve R? degerlerine tek
yonli  varyans analizi  (One-Way  ANOVA)
uygulanmistir. Bu analizde, her metrik i¢cin modeller
arasi ortalama farklarin anlamli olup olmadig: test
edilmistir. ANOVA testi, oOzellikle ayni1 veri seti
lizerinde egitilen modellerin hata dagilimlar1 arasinda
istatistiksel =~ olarak  anlamli  fark  bulunup
bulunmadigim ortaya koymak agisindan 6nemli bir
ara¢ olarak tercih edilmistir. Analizler, Python
ortaminda scipy.stats.f_oneway fonksiyonu
kullanilarak gerceklestirilmistir. Elde edilen p-
degerlerine gore, istatistiksel olarak anlamli farklar
gozlemlenen metriklerde model tercihine yonelik
giiclii cikarimlar yapilmistir.

2.7. Kullanilan yazilim ortami ve araglar

Bu c¢alisma Python programlama dili kullanilarak
gerceklestirilmistir. Veri isleme ve modelleme igin
Scikit-learn, XGBoost ve Pandas Kkiitiiphaneleri;
gorsellestirme  icin  Matplotlib ve  Seaborn
kiitiiphaneleri kullanilmistir.

3. Bulgular

Bu c¢alismada, kullanilan modeller, K-Fold g¢apraz
dogrulama (K=5) ile degerlendirilmistir. Egitim siireci
boyunca modelin dogrulama kayb1 (validation loss),
dogrulama ortalama mutlak hatas1 (MAE) ve R?
skorlar1 hesaplanmistir.
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K-Fold yontemi kullanilarak yapilan degerlendirme
sonuglarinda, her bir modelin fold siiregleri i¢in egitim
ve dogrulama kayip degerleri incelenmigtir. R?
skorlari, modelin dogrulama veri kiimesi iizerindeki
performansini dogrulamak i¢in hesaplanmis olup,
modelin dogruluk diizeyini temsil etmektedir.
Modellerin K-Fold ¢apraz dogrulama siirecinde elde
edilen degerleri asagidaki Tablo 9’ da gdsterilmistir.

Tablo 9. K-Fold capraz dogrulama degerleri.

Model | Fold | RMSE MAE R?
1 51.803460 | 16.780338 | 0.998926
7 2 55.567916 | 18.438903 | 0.998677
§ 3 45.995282 | 15.067042 | 0.998861
&) 4 46.904797 | 15.440563 | 0.999013
< 5 47.080374 | 15.291440 | 0.999033
1 20.037200 | 5.036235 0.999839
g 2 14.546379 | 4.697721 0.999909
Sz |3 13.449586 | 4.519034 0.999903
g % 4 13.677057 | 4.160759 0.999916
e s 13.220504 | 4.214282 0.999924
1 23.666829 | 7.454356 0.999776
o 2 19.567332 | 7.113923 0.999836
:% 3 17.596448 | 6.413074 0.999833
8 § 4 16.389079 | 5.823862 0.999880
AE 5 15.792187 | 6.005221 0.999891
XGBoost modelinin her bir fold i¢in egitim ve

dogrulama kayip degerlerinin epoch sayisina gore
degisimi Sekil 4 ile gorsellestirilmistir. Grafiklerde,

modelin  erken durdurma (early stopping)
kullanilarak asir1 6grenme (overfitting) problemi
minimize edildigi goézlemlenmistir. Egitim ve

dogrulama kayiplari, modelin stabil bir hale ulastigini
gostermektedir.

K-Fold Cross-Validation: Egitim ve Validation Kayplar

— Fold 1 - Egitim Loss
Fold 1 - Validation Loss
Fold 2 - Egitim Loss

-=- Fold 2 - valida
Fold 3 - Egitim

——- Fold3
Fold 4 -

--- Fold4-
Fold 5 -
Fold 5 - validation Loss

1400 {

1200 1

1000 1

Loss (RMSE)

100
Epoch

Sekil 4. XGBoost modeli egitim ve dogrulama kayip grafigi.

Modelin farkli dogrulama kiimeleri iizerindeki R*
skorlarinin yiliksek olmasi, modelin dogruluk
performansinin tatmin edici oldugunu ortaya
koymustur.

MAE degerlerinin diisiik olmasi, modelin tahmin ettigi
degerlerle gercek degerler arasindaki sapmanin az
oldugunu ifade etmektedir. Model kaybinin diisiik
olmas1 ise modelin dogrulama verileri iizerindeki
genelleme Kkapasitesinin yiiksek oldugunu isaret
etmektedir. Bu bulgular, énerilen modelin regresyon
tabanli problemler i¢in uygun bir yapilandirma
sundugunu ve K-Fold ¢apraz dogrulama yaklasimi ile
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giivenilir tahminler sagladigini1 géstermektedir. Tablo
10’da modellerin dogruluk oranlar: ve hata degerleri
verilmistir.

Tablo 10. Modellerin dogruluk ve hata degerleri

Model S(E)zre MAE RMSE
DecisionTreeRegressor |0.9999 |6.639 17.785
RandomForestRegressor | 0.9999 |4.546 15.552
XGBoost 0.9990 |16.212 |47.394

Decision Tree modeli, test veri kiimesi Uzerinde
neredeyse miikemmel bir performans sergilemistir.
Cok disik MAE ve RMSE degerleri, modelin
tahminlerinin gercek degerlere olduk¢a yakin
oldugunu gostermektedir. Random Forest modeli, test
veri kiimesi tizerinde Decision Tree modeline benzer
sekilde miikemmel bir dogruluk sergilemistir. Ancak,
MAE ve RMSE degerleri daha diisiik olup, tahmin
basaris1 agisindan en iyi model olarak 6ne ¢ikmistir.
XGBoost modeli, diger modellere gore hafif bir
dogruluk diisiisii gosterse de hala miilkemmele yakin
bir performans sunmustur. MAE ve RMSE degerleri
diger modellere gore bir miktar daha yiiksektir, ancak
genelleme basarisi yliksektir. Tiim modellerin gercek
degerler ile tahmin edilen degerleri Tablo 11’de
gosterilmistir.

Tablo 11. Tiim modellerin gergek degerler ile tahmin edilen
basin¢ degerleri.

Tahmin Tahmin .
. o Tahmin
Gergek Degeri Degeri -
< ;. Degeri
Deger (Decision (Random (XGBoost)
Tree) Forest)
49.02229 48.471192 47.970658 48.399296
5293.479 5311.286 5299.47771 5255.908203
60.22967 56.388141 58.397946 58.904957
70.08236 70.533620 70.172157 67.384402
19.59600 19.234800 19.345404 20.927893
-5.324062 -5.466102 -5.359881 -5.633992
2021.785 | 2039.418193 | 2036.140771 | 2016.367310
96.46930 97.209415 98.604179 97.069702
33.42666 43.458730 33.441528 27.610344

Sekil 5, XGBoost, Decision Tree Regressor ve Random
Forest Regressor modellerinin test veri kiimesi
lizerinde tahmin ettikleri degerler ile gercek degerler
arasindaki iligkiyi gostermektedir. Mavi noktalar,
modellerin tahmin degerlerini; kirmizi kesikli ¢izgi ise
ideal tahmin dogrulugunu temsil etmektedir. XGBoost
modeli, tahmin degerlerinin biiyiik ¢ogunlugunun
ideal dogruluk cizgisi lizerinde veya ¢ok yakininda yer
aldig1 bir performans sergilemis, ancak bazi veri
noktalarinda hafif sapmalar gézlemlenmistir. Decision
Tree modeli, tahmin degerlerinin biyiik o6l¢iide
kirmizi ¢izgi ile ortlistligiinii goéstermistir; ancak tek
bir aga¢ yapisina dayali olmasi nedeniyle bazi veri
noktalarinda genelleme kabiliyeti sinirl kalmistir.
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Decision Tree - Parite Grafigi
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Sekil 5. Modellerin parite grafigi. (a) Decision Tree, (b)
Random Forest, (c¢) XGBoost
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Decision Tree - Kalinti Grafigi
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Sekil 6. Modellerin kalint1 grafigi. . (a) Decision Tree, (b)
Random Forest, (c¢) XGBoost

Random Forest modeli ise tahmin degerlerinin
neredeyse tamamen ideal dogruluk ¢izgisi ile
ortlistiigii, sapma ve varyansin dengelendigi bir yap1
sunarak en diisiik hata degerleriyle en iyi genelleme
basarisini elde etmistir. Genel olarak, tim modellerin
yuksek dogruluk sagladigi goriilmis; ancak Random
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Forest modelinin genelleme Kkapasitesinin diger
modellere kiyasla daha iyi oldugu tespit edilmistir.

Model performanslarini degerlendirmek amaciyla
tahmin hatalarinin dagilimi incelenmis ve sonuglar
her bir model icin ayr1 ayr1 Sekil 6 ‘da
gorsellestirilmistir. Decision Tree, Random Forest ve
XGBoost modellerine ait kalint1 (residual) grafiklerine
bakildiginda, hatalarin biiyiik oranda sifir ¢cevresinde
yogunlastigl goriilmektedir. Bu durum, modellerin
genel olarak  yiiksek dogrulukla tahmin
gerceklestirdigini géstermektedir.

Decision Tree modeline ait kalintilar, simrl bir
dagilim gostermekte ve tahmin hatalari genellikle dar
bir aralikta yogunlagmaktadir. Bu da modelin istikrarh
bir sekilde tahmin yaptigina isaret etmektedir.
Random Forest modelinin kalint1 dagilimi da benzer
sekilde simetrik ve dar bir yapidadir; bu da modelin
genelleme basarisinin yliksek oldugunu
diistindiirmektedir. XGBoost modelinde ise bazi ug
degerlerin daha belirgin oldugu goriilmektedir.
Bununla birlikte, XGBoost'un kalintilarinin biyiik
cogunlugu yine sifir ¢evresinde toplanmistir; bu
durum, modelin dogrulugunun yiiksek oldugunu
ancak bazi  Orneklerde goreceli sapmalarin
olusabilecegini gostermektedir.

Grafiklerdeki kalintilarin simetrik yapida ve referans
cizgisi etrafinda kiimelenmesi, sistematik bir hata
bulunmadigini  ve modellerde asir1  6grenme
(overfitting) sorunu yasanmadigini desteklemektedir.
Genel olarak tim modeller benzer hata dagilimi
profiline sahip olmakla birlikte, Random Forest ve
Decision Tree modellerinin kalinti dagilimlar1 daha
dar ve dengeli bir gériiniim sergilediginden, genelleme
acgisindan daha giivenilir sonuglar verdigi sdylenebilir.

Sekil 7'de, tahmin hatalarinin dagiliminm
degerlendirmek amaciyla XGBoost, Decision Tree
(Karar Agac1) ve Random Forest algoritmalar ile
olusturulan modellerin hata histogramlari
incelenmistir. Her modelin tahmin hatalarinin
merkezi egilimleri ve dagilim 6zellikleri bu grafikler
iizerinden  gorsellestirilmistir.  Random  Forest
modelinin hata dagilimi olduk¢a dar bir bantta
yogunlasmis olup, hatalarin biyik kismi #15
araliginda toplanmistir. Bu durum, modelin hem
disiik hem de dengeli hatalarla tahmin yaptigini
gostermektedir. Ayni zamanda bu gézlem, modelin en
disiik MAE (4.546) ve RMSE (15.552) degerlerine
sahip olmasiyla da ortiismektedir. Decision Tree
modeli de sifir merkezli simetrik bir dagilim
gostermekte olup, tahmin hatalar1 genellikle *20
civarinda dagilmistir. Ancak u¢ degerlerde Random
Forest'a gore biraz daha fazla sapma gozlenmistir.
XGBoost modelinin hata dagilimi da genel olarak sifir
cevresinde yogunlasmaktadir; ancak dagilimin daha
yaygin ve u¢ degerlere daha ac¢ik oldugu
gorilmektedir. Bu modelin MAE (16.212) ve RMSE
(47.394) degerleri diger iki modele kiyasla belirgin
sekilde daha yiiksek oldugundan, tahmin hatalarinin
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hem daha degisken hem de daha biiyiik oldugu
soylenebilir.

Decision Tree Modeli: Hata Histogrami
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Random Forest Modeli: Hata Histogrami
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XGBoost Modeli: Hata Histogrami
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Sekil 7. Modellerin hata histogramlari. (a) Decision Tree, (b)
Random Forest, (¢) XGBoost

0.50 0.75

Genel olarak, tiim modellerin hata dagilimlar: normal
dagilima yakin bir egilim gostermektedir. Ancak,
Random Forest modeli, en diisiik hata degerleri ve en
dar dagilimla en dengeli ve gilivenilir tahmin
performansini  sergileyen model olmustur. Bu
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bulgular, 6zellikle bu ¢alismada kullanilan veri seti
baglaminda Random Forest algoritmasmin en iyi
genelleme yetenegine sahip model oldugunu
gostermektedir.

XGBoost Modeli: Gergek Deder vs Tahmin Zaman Serisi Grafigi
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Sekil 8. Modellerin zaman serisi grafikleri. (a) Decision Tree,
(b) Random Forest, (c¢) XGBoost

Sekil 8’de, XGBoost, Decision Tree ve Random Forest
modellerinin tahmin performanslarini
degerlendirmek amaciyla olusturulan zaman serisi
grafikleri  incelenmistir.  Grafiklerde, modeller
tarafindan yapilan tahminler ile gercek degerler
karsilastirilmistir. Tim modeller igin tahmin
degerlerinin zaman serisi boyunca gercek degerlere
oldukg¢a yakin oldugu gézlemlenmistir.

Sekil 9’da farkli makine 6grenimi modellerinin
(Random Forest, Decision Tree ve XGBoost) test verisi
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iizerindeki performans metrikleri gorsellestirilmistir.
Grafikte, R? skoru, MAE ve RMSE gibi temel
performans gostergeleri kullanilarak modellerin
karsilastirmasi yapilmistir.

Model Performansi (Test Verisi)

—— Decision Tree
Random Forest
—— XGBoost

Sekil 9. Modellerin radar grafigi ile performanslarinin
gOsterimi

Elde edilen sonuglara gore, Random Forest ve
Decision Tree modelleri, R? = 0.9999 gibi oldukca
yiiksek bir dogruluk diizeyine ulagmistir. Ozellikle
Random Forest modeli, MAE = 4.546 ve RMSE =
15.552 ile hata metriklerinde en diisiik degerlere
ulasarak en basarili model olmustur. Decision Tree,
benzer bir R? degerine sahip olmasina ragmen, hata
metriklerinde biraz daha ytiksek degerler liretmistir
(MAE = 6.639, RMSE = 17.785).

Ote yandan, XGBoost modeli R? = 0.9990 ile goreli
olarak daha diisiik bir dogruluk saglamis ve hata
metriklerinde de MAE = 16.212, RMSE = 47.394 gibi
daha yliksek degerlere ulasmistir. Bu durum,
XGBoost'un bu o6zel veri setinde diger modellere
kiyasla daha diisiik bir genel performans sergiledigini

gostermektedir.

Tablo 12. Performans Metriklerine Gére ANOVA Sonuglari.

Performans | FDegeri | p istatistiksel

Olgiitii Degeri | Yorum

RMSE 150.5844 | 0.000 RMSE degerleri
arasinda anlaml
fark var.

MAE 307.7429 | 0.000 MAE degerleri
arasinda anlaml
fark var.

R2 189.3405 | 0.000 R? degerleri
arasinda anlaml
fark var.

Sonu¢ olarak, grafik ve sayisal veriler birlikte
degerlendirildiginde, Random Forest modelinin hem
yuksek dogruluk hem de diisiik hata oranlari ile en
basarili model oldugu; Decision Tree modelinin makul
performans gosterdigi, XGBoost modelinin ise
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ozellikle hata metrikleri agisindan daha zayif kaldig:
goriilmektedir. Bu da model seciminde yalnizca R?
skoru degil, hata Olgiitlerinin de birlikte
degerlendirilmesinin 6nemini ortaya koymaktadir.

Modellerin  dogruluk ve hata performanslari
arasindaki istatistiksel farkliliklarin belirleyebilmek
amaciyla, RMSE, MAE ve R? metriklerine yonelik
olarak tek yonli varyans analizi (ANOVA)
uygulanmistir. Her bir modelin 5 katmanli capraz
dogrulama siirecinden elde edilen verileri lizerinden
gerceklestirilen analiz sonuglari, Tablo 12'de
Ozetlenmistir. Elde edilen F ve p-degerleri dikkate
alindiginda, hem hata metrikleri (RMSE ve MAE) hem
de dogruluk metrigi (R?) agisindan modeller arasinda
istatistiksel ~ olarak  anlamli  farklar  oldugu
gorilmektedir (p<0.05). Bu durum, yodntemlerin
performans diizeylerinin sadece ortalama degerlerle
degil, ayn1 zamanda varyans temelli istatistiksel
kiyaslamalarla da farklilastigini ortaya koymaktadir.

4. Tartisma ve Sonug¢

Bu calismada, dizel motorlarda silindir i¢i basinci
tahmin etmek icin uygulanan veri odakli makine
O6grenimi modellerinin performanslari
karsilastirlmistir. Random Forest, Karar Agac1 ve
XGBoost algoritmalart kullanilarak gercgeklestirilen
analizler, her bir modelin farkli avantajlarini ve
sinirlamalarini ortaya koymustur.

Elde edilen bulgular, Random Forest modelinin
genelleme kapasitesinin {istiin oldugunu ve en diisiik
hata oranlariyla tahminlerde bulundugunu
gostermistir. Bu modelin, ¢oklu karar agaglarim
kullanarak genelleme kabiliyetini artirmasi ve hatalari
azaltmasi, motor performans analizi gibi yiiksek
dogruluk gerektiren uygulamalarda kullanimini
desteklemektedir. Ote yandan, modelin islem siiresi
diger algoritmalara gore daha uzun olsa da bu siire
pratik kullanim i¢in kabul edilebilir diizeydedir.

XGBoost modeli, 6zellikle hizli tahmin stiresi ve biiytik
veri setlerinde paralel hesaplama yetenegi ile dne
cikmistir. Ancak, modelin dogruluk oraninin diger
modellere kiyasla hafif bir diisis gostermesi,
genelleme basarisinin smirli  olabilecegini isaret
etmektedir. Yine de bu model, ger¢ek zamanh
uygulamalar ve biiyiik 6lcekli veri isleme gereksinimi
olan projeler icin uygun bir secenek olarak
degerlendirilebilir.

Karar Agaci modeli ise, basit yapisi sayesinde nispeten
hizli tahminler yapmis, ancak genelleme yeteneginin
yetersiz olmasi nedeniyle diger modellere gore daha
diisiik performans sergilemistir. Tek bir karar agaciile
sinirlt olan bu model, veri setindeki varyans ve ug
degerlerin tahmin dogrulugu tizerindeki etkilerine
kars1 daha duyarhidir.

Bu calismada elde edilen yiiksek R? skorlar, ilk
bakista modellerin asir1 6grenme (overfitting) yaptigi
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izlenimini uyandirabilir. Ancak bu durum, kullanilan
modelleme stratejileri ve dogrulama yontemleri
kapsaminda sistematik olarak degerlendirilmis ve
kontrol altina alinmistir. Modeller, yalnizca egitim
verisi lizerinde degil, ayn1 zamanda bes katmanl
¢apraz dogrulama yontemi ile dogrulama kiimelerinde
test edilmis; ardindan, bu stire¢te kullanilmamis olan
bagimsiz %15’lik test veri seti lzerinde nihai
degerlendirmeye tabi tutulmustur. Elde edilen ytiksek
test R? degerleri, modellerin yalnizca egitim verisini
ezberlemedigini, ayni zamanda genel veri yapisini
basarili sekilde 6grendigini gostermektedir.

Buna ek olarak, model kalintilar1 (residuals) grafiksel
olarak incelenmis; kalintilarin biliyiilk oranda sifir
etrafinda rastgele dagildigi ve sistematik bir sapmanin
bulunmadig1 goézlemlenmistir. Bu, modellerin asir
6grenme egiliminde olmadigini ve genelleme
yeteneginin korundugunu desteklemektedir. Ayrica,
normalize edilmis kalint1 analizleri sonucunda biiyiik
tahmin degerlerinde varyans artis1 gdzlenmis olsa da
bu durum, Kklasik overfitting tanimina karsilik
gelmemektedir; aksine modelin bazi ug¢ degerlerde
dogal sapma egilimi gosterdigini, ancak genelde
giivenilir tahminler sundugunu goéstermektedir.

Sonug olarak, yiiksek R? degerleri modelin 6grenme
kapasitesini yansitmaktadir ve overfitting'e isaret
eden belirgin bir kanit bulunmamaktadir. Bununla
birlikte, modelin u¢ degerlerdeki davranislari ve
tahmin kararhlig1 ilerleyen c¢alismalarda farkl test
kiimeleri ve alternatif dizenlilestirme stratejileri ile
daha ayrintili olarak incelenebilir.

Literatiirdeki calismalarla uyumlu olarak, makine
O0grenimi  tabanli  yaklasimlar, termodinamik
modellere kiyasla hem hesaplama siiresi hem de
dogruluk acisindan dnemli avantajlar sunmaktadir.
Ancak, veri setindeki degiskenlerin dagilimi,
normalizasyon stiregleri ve model
hiperparametrelerinin optimizasyonu, elde edilen
sonuclarin basarisini dogrudan etkileyen kritik
faktorlerdir. Ozellikle, yiiksek standart sapmaya sahip
basing degerleri gibi u¢ degerlere karsi modellerin
duyarliligi, tahmin performans: iizerinde belirleyici
olmustur.

Tiim modellerin R* degerlerinin oldukca yiiksek
oldugu ve dogrusal iliskiyi glicli bicimde
yakalayabildigi gortilmektedir. Ancak hata metrikleri
(MAE ve RMSE) dikkate alindiginda, modeller
arasinda belirgin farklhiliklar mevcuttur. Random
Forest Regressor modeli, en diisiik MAE (4.546) ve
RMSE (15.552) degerleri ile en basarii tahmin
performansini sergilemistir. Bu sonug, c¢oklu agac
yapisinin asirt 6grenmeyi 6nlemede ve genelleme
kapasitesini artirmada etkili oldugunu
gostermektedir. Decision Tree modeli de yiiksek
dogruluk gostermesine ragmen, tekil aga¢ yapisi
nedeniyle sinirlh genelleme kapasitesine sahiptir.
XGBoost modeli ise teorik olarak gelismis bir
algoritma olmasina ragmen bu ¢alismada yliksek MAE

347

(16.212) ve RMSE (47.394) degerleriyle goreceli zayif
bir performans sergilemistir. Bu durum, modelin
hiperparametre hassasiyetine ve belirli veri
dagilimlarinda gosterdigi kararsizliga isaret edebilir.
Bu bulgular, literatiire 6nemli bir karsilastirmali katki
sunmakta olup, 6zellikle regresyon temelli kestirim
problemlerinde dogru algoritma se¢iminin model
basarimi Uuzerinde belirleyici oldugunu ortaya
koymaktadir. Calismanin sonuglar;, miihendislik
uygulamalarinda, o6zellikle sistem performansinin
tahmini, siire¢ optimizasyonu ve veri temelli karar
destek sistemlerinin gelistirilmesi acisindan pratik bir
referans olusturmaktadir.

Calismada kullanilan ¢ farkli makine o6grenmesi
modelinin (Decision Tree, Random Forest, XGBoost), 5
katmanli ¢apraz dogrulama silirecinde elde ettigi
performans metrikleri (RMSE, MAE ve R?) iizerinde
tek yonli ANOVA (One-Way ANOVA) analizi
gerceklestirilmistir. Bu analiz ile modellerin hata ve
dogruluk olciitleri agisindan istatistiksel olarak
anlamh farklilik gésterip gdstermedigi test edilmistir.
Elde edilen analiz sonuclari Tablo 12’de 6zetlenmistir.
RMSE (F = 150.5844, p = 0.0000), MAE (F = 307.7429,
p 0.0000) ve R* (F = 189.3405, p 0.0000)
metriklerinin tamami i¢in p-degerleri 0.05 anlamlilik
diizeyinin oldukg¢a altinda bulunmus; bu da modellerin
performanslar1 arasinda istatistiksel olarak anlamh
farklar oldugunu gostermektedir. Bu bulgu, yalnizca
ortalama hata ve dogruluk degerlerine degil, ayn
zamanda varyans yapisina dayali karsilastirmalarla da
modellerin birbirinden ayrildigini ortaya
koymaktadir. Ozellikle Random Forest modelinin
RMSE ve MAE acisindan diger yontemlere gore daha
diistik hata degerleriyle 6ne ¢iktigi ve bu basarim
farkinin  istatistiksel olarak da desteklendigi
goriilmiistiir. R? metrigindeki fark da anlamh
bulunmus olup, modellerin dogruluk diizeylerinde de
istatistiksel farkliliklar oldugu sonucuna ulasilmistir.
Bu analiz, yontemler arasi kiyaslamanin nesnel
bicimde yapilmasini saglamis ve ¢alismanin bilimsel
glivenilirligini 6nemli 6l¢lide artirmistir.

Bu ¢alismada elde edilen sonuglar, literatiirde benzer
amacla gerceklestirilen calismalarla
karsilastirildiginda olduk¢a basarili bulunmustur.
Reimer (2024) tarafindan Otto tipi i¢cten yanmali
motorlar iizerinde gergeklestirilen calismada ¢ok
degiskenli lineer regresyon (MvLR) ve yapay sinir
aglar1 (ANN) yontemleri kullanilmig; ANN ile 0.9973
R? skoru ve 0.2126 Bar? MSE elde edilmistir.
Sontheimer et al. (2023) tarafindan HCCI motorlari
iizerinde yapilan ¢alismada ise uzun kisa siireli bellek
(LSTM) mimarisiile 0.20 MSE ve 0.37 MAE degerlerine
ulasilmistir. Ote yandan Patil ve Theotokatos (2023),
deniz dizel motorlarinda Fourier serileri lizerinden
ANN ile gergeklestirilen modellemelerde +0.2 bar
civarinda RMSE elde etmislerdir. Bu g¢alismada
kullanilan Random Forest ve Decision Tree modelleri
ile test verisi lizerinde sirasiyla R? = 0.9999, MAE =
4.546 ve RMSE = 15.552 gibi olduk¢a diisiik hata
degerleri elde edilmistir.
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Tablo 13 Literatiirde yapilan giincel calismalar.

Maka | Yontem Uygula | MSE R? MAE
le ma
[30] MVLR, Otto 0.212 | 0.997
ANN (SI-FICE) | 6 3
Bar? | (ANN
(ANN |)
)
[19] LSTM, HCCI 0.20 - 0.37
DNN (LST (LST
M) M)
[31] Linear, Marine | 0.2 - -
Elastic, Diesel Bar
Polynomi (ANN
al, SVM, )
DT, ANN

Bu degerler, sadece dogruluk agisindan degil, ayni
zamanda genelleme yetenegi bakimindan da Random
Forest modelinin literatiirdeki gelismis yapay zeka
teknikleriyle kiyaslandiginda oldukg¢a rekabetci ve
hatta bazi agilardan iistiin oldugunu gostermektedir.
Ayrica, modelin sade yapis1 ve hesaplama maliyetinin
disik olmasi, onu o6zellikle gercek zamanl
uygulamalar acgisindan giigli bir aday haline
getirmektedir.

Bu c¢alismanin  sonuglari, makine O6grenimi
yontemlerinin dizel motor performansi ve emisyon
kontrolii gibi kritik alanlarda gii¢li bir alternatif
sundugunu gostermektedir. Ancak, modellerin daha
genis bir veri setiyle ve farkli motor tiplerinde test
edilmesi, elde edilen bulgularin genellenebilirligini
artiracaktir. Ayrica, gelecekteki c¢alismalar, derin
6grenme yontemlerini ve daha karmasik zaman serisi
modellerini icerecek sekilde genisletilebilir. Bu
sayede, dizel motorlarin yanma siire¢lerini ve emisyon
dinamiklerini daha iyi anlamaya yonelik daha
kapsamli tahmin sistemleri gelistirilebilir.
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Anahtar Kelimeler 0z: Bu ¢alisma, ODTU Sehir ve Bélge Planlama Boliimi 6égrencilerinin ODTU
Biligsel Harita, kampiisiine dair bilissel haritalarin1 inceleyerek, mekan algillarinin nasil
Mekan Algisy,

sekillendigini ve bu algilarin duygusal baglamlarla nasil iliskilendigini anlamay1
amaglamaktadir. Arastirma kapsaminda, 6grencilerin bilissel haritalarinda en sik
vurgulanan mekanlar arasinda Mimarlik Fakiiltesi, Devrim Stadyumu ve Cati1 Kafe
one ¢cikmistir. Bulgular, bu mekéanlarin 6grenciler icin hem fiziksel hem de duygusal
baglamda 6nemli oldugunu gostermektedir. Ozellikle Devrim Stadyumu ve Cati
Kafe, genellikle olumlu duygularla iliskilendirilirken, Mimarlik Fakiltesi hem
olumlu hem de olumsuz duygularla iliskilendirilmistir. Ayrica, agik ve yesil alanlarin
6grenciler tarafindan rahatlama ve sosyallesme mekanlar1 olarak algilandigl
gorilmustiir. Sinif seviyelerine gore duygusal baglamda farkliliklar gézlemlenmis,
birinci sinif 6grencilerinin akademik mekanlar1 daha ¢ok stresle iligkilendirdigi,
doérdiincii sinif 6grencilerinin ise kampiisle daha nostaljik bir bag kurdugu tespit
edilmistir. Bu c¢alisma, bilissel haritalama yontemiyle elde edilen mekansal ve
duygusal verilerin, kampis tasarimi ve planlama siireglerine katki saglayabilecegini
gostermektedir.

ODTU Kampiisii,
Mekansal Farkindalik

Cognitive Maps and Spatial Perception: A Study on the METU Campus

Keywords Abstract: This study aims to examine the cognitive maps of students from the
Cognitive Map, Department of City and Regional Planning at METU, focusing on how their spatial
Spatial Perception, perceptions of the METU campus are shaped and how these perceptions are related
METU Campus,

to emotional contexts. The findings reveal that the most frequently highlighted
locations in students' cognitive maps are the Faculty of Architecture, Devrim
Stadium, and Cati1 Café. These locations hold significant importance for students
both physically and emotionally. While Devrim Stadium and Cat1 Café are generally
associated with positive emotions, the Faculty of Architecture is linked to both
positive and negative emotions. Additionally, open and green spaces are perceived
as areas for relaxation and socialization. Emotional differences were observed
across class levels, with first-year students associating academic spaces more with
stress, while fourth-year students developed a more nostalgic connection to the
campus. This study demonstrates that spatial and emotional data obtained through
cognitive mapping can contribute to campus design and planning processes.
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1. Giris

Calisma, ODTU Insan Arastirmalar1 Etik Kurulu
tarafindan 06.06.2018 tarihinde 2018-FEN-031
protokol numarasiyla onaylanmistir.

Mekan algisi, bireylerin ¢evreleriyle kurduklar:
iligkilerin ve bu ¢evreye dair zihinsel temsillerinin bir
yansimasidir. Bu temsillerin olusumunda morfoloji ve
mekan Kkalitesi [1] 6nemli bir rol oynamaktadir. Bu
baglamda, bilissel haritalar (cognitive maps),
bireylerin mekansal ¢evrelerini nasil algiladiklarini ve
bu algilarin duygusal baglamlarla nasil sekillendigini
anlamak icin etkili bir ara¢ olarak 6ne ¢ikar. Bilissel
harita, bireylerin giinliik mekansal c¢evrelerindeki
nesnelerin, olaylarin ve iliskilerin konumlarina dair
bilgileri edinme, depolama, hatirlama ve ¢éziimleme
stireclerine dayanan bir kavramdir. Kisaca, bilissel
haritalama, bireylerin mekansal bilgiyi
diistiincelerinde i¢sellestirip yeniden yapilandirmalari
stirecidir. Bu tanim, Downs ve Stea (1973) tarafindan
onerilen geleneksel tanima dayanmaktadir. Bilissel
haritalama, mekansal bilis ve ¢evresel bilisin birlesimi
olarak diisiintlebilir. Mekansal bilis, bir kisinin
cevresindeki mekanlarin yapisi, varliklar: ve iliskileri
hakkinda sahip oldugu igsel veya bilissel temsili ifade
ederken; ¢evresel bilis, bireylerin ortamlar hakkinda
sahip olduklar bilgi, imaj, izlenim ve inanglar1 kapsar
[2,3]. Bu iki kavramin birlesimi, bireylerin ¢evrelerini
anlamlandirma ve yon bulma siireglerini sekillendirir.

Bilissel haritalama yontemi, bireylerin cevrelerini
nasil algiladiklarini ve bu algilarin mekansal ve
duygusal baglamlarla nasil sekillendigini anlamak icin
siklikla kullanilmaktadir. Bu yontem, bireylerin
cevrelerine dair zihinsel temsillerini
gorsellestirmelerine olanak tanmir. Bu temsillerin
analizi, mekansal algi, yon bulma, duygusal baglar ve
mekanin bireyler lizerindeki etkileri gibi konulara 1s1k
tutar. Ornegin, Kevin Lynch (1960), “cognitive urban
image” kavramiyla bireylerin kentlere dair zihinsel
imgelerini bes temel fiziksel unsur (yollar, siirlar,
bolgeler, diigiim noktalar1 ve referans noktalari)
izerinden siiflandirmistir [4]. Bu unsurlar, bireylerin
cevrelerini anlamlandirmalarinda ve yon
bulmalarinda kritik bir rol oynar. Benzer sekilde,
Tversky (2003), bilissel haritalarin bireylerin
mekansal algilarini ve yo6n bulma stratejilerini
anlamada 6nemli bir ara¢ oldugunu vurgulamistir.
Bilissel haritalama yontemi, yalnizca sehir planlama
degil, cevresel psikoloji, mimarlik ve cografya gibi
disiplinlerde de yaygin olarak kullanilmaktadir [5,6,7].
Bu yontem, bireylerin g¢evreyle kurduklar iligkileri
anlamak ve mekansal alginin nasil sekillendigini
ortaya koymak icin disiplinler arasi bir yaklasim
sunar.

Bununla birlikte, cevreyle kurulan iliski yalnizca
fiziksel ogelerle simirli degildir; mekanin anlami,
deneyim ve kimlik baglaminda da sekillenmektedir.

Edward Relph’in “place and placelessness” (1976)
kavrami, bireylerin yasantilarla bicimlenen “yer”
deneyimini vurgularken; Norberg-Schulz (1980),
“Genius Loci” (yerin ruhu) yaklasimiyla, mekanlarin
sadece fiziksel bicimlerinden degil, sahip olduklari
atmosfer ve anlam katmanlarindan da beslendigini
ortaya koyar [8,9]. Bu kuramsal ¢ercevede, mekan
deneyimi, yalnizca gozleme degil, coklu duyusal ve
duygusal katmanlara dayal bir algiya doniismektedir.
Pallasmaa’nin (2005) “The Eyes of the Skin” adl
calismasinda savundugu gibi, bireylerin mekana dair
algilar1 gorsel 6tesine tasan, dokunsal ve isitsel 6geleri
de iceren biitiinciil bir deneyimle bicimlenir [10]. Bu
baglamda bireylerin mekana iliskin alg1 ve
deneyimleri sadece fiziksel cevreyle degil sosyal,
duygusal ve duyusal bilesenlerle de sekillenmektedir,
nitekim Mulrooney ve Kelly'nin calismasit (2020)
iiniversite kampiislerinin yalnizca yapilardan ibaret
olmay1p aidiyet duygusunun gelisimine katki saglayan
sosyal ve duygusal mekanlar sundugunu ortaya
koymaktadir [11].

Bu kapsamda yapilan bilissel haritalama arastirmalari,
cevresel alginin zaman, deneyim ve mekansal
baglamla birlikte nasil degistigini ortaya koymaktadir.
Ornegin, Ulkeryildiz, Arsan ve Akis (2009) tarafindan
gerceklestirilen bir calismada, 56 0Ogrenciye hig
bilmedikleri bir tarihi rota gezdirilmis ve bu rotaya
dair haritalar ilk giin ve bes giin sonra tekrar
cizdirilmistir [12]. Haritalarin Kkarsilastirilmasi
sonucunda, ¢evresel alginin zamanla ve deneyimle
gelistigi tespit edilmistir. Benzer sekilde, Ege
Universitesi kampiisiinde 100 Kisiyle yapilan bir
calismada, bilissel haritalar 6ge sayis, ¢cizime baslama
noktasi ve stil gibi kriterlere gore degerlendirilmistir.
Bu c¢alisma, mekénsal fonksiyonlarin ve mekan
kullaniminin, bireylerin zihinsel temsillerinde énemli
bir rol oynadigini ortaya koymustur [13]. Herman, Kail
ve Siegel (1979) tarafindan gerceklestirilen bir baska
calismada, okula yeni baslayan 66 6grenciye, kampts
alaninda okulun ilk ii¢ haftasinda, l¢iincii ayinda ve
altinci ayinda biligsel haritalar ¢izdirilmistir [14].
Calisma, Gg¢ hafta gibi kisa bir siirede kampiisteki
referans noktalarinin, rotalarin ve yapisal bilgilerin
zihinde yiiksek derecede oturdugunu gostermistir.
Selcuk Universitesi kampiisiinde yapilan bir baska
calismada ise 30 Ogrencinin bilissel haritalan
degerlendirilmis ve bu haritalar iizerinden kampiis
tasarimi i¢in ipuglar1 sunulmustur [15]. Son olarak,
Albayrak’in  (2023) ODTU Ankara Kampiisii ve
Mimarhk Fakiltesi 6zelinde gerceklestirdigi yliksek
lisans tezi, kolektif ve bireysel bellegin mekansal
katmanlarint hem kuramsal hem de ampirik diizlemde
ele alarak, bilissel haritalar ve yar1 yapilandirilmis
goriismeler araciligiyla kullanicilarin bellek odakh
mekansal deneyimlerini ¢ok boyutlu bicimde
incelemistir [16]. Bu oOrnekler, bireysel cevre
algilarinin yalmizca akademik bir konu degil, ayni
zamanda mekansal planlama ve tasarim siireglerine
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dogrudan katki saglayabilecek bir bilgi kaynag:
oldugunu ortaya koymaktadir.

Bu calisma, ODTU Sehir ve Bolge Planlama Béliimii
ogrencilerinin  ODTU  kampiisiine dair bilissel
haritalarin1 inceleyerek, mekan algilarinin nasil
sekillendigini ve bu algilarin duygusal baglamlarla
nasil iliskilendigini anlamayr amac¢lamaktadir.
Arastirma, 6grencilerin bilissel haritalarinda ODTU

kampiisiindeki hangi mekanlarin daha sik
vurgulandigini, olumlu ve olumsuz duygularin
mekansal dagilimint ve siif seviyelerine gore

duygusal baglamda bir degisim olup olmadigini ortaya
koymayr hedeflemektedir. Kampils alanlarinda
gerceklestirilen diger bilissel harita ¢alismalarindan
farkli olarak, bu arastirmada mekéanlara atfedilen
duygular da detayh bir sekilde incelenmistir. Ayrica
mekan tasarimi egitimi alan farkli diizeylerdeki Sehir
ve Bolge Planlama 6grencilerinin segilmesi, sinif
seviyelerine gore mekansal algi ve duygu iliskisini
inceleme agisindan 6nemli bulgular sunmaktadir. Bu
yonlyle calisma, literatlire 6nemli bir katki sunmay1
amaclamaktadir.

2. Materyal ve Metot
Arastirma kapsaminda nitel bir yontem olan bilissel

haritalama teknigi kullanilmistir. Bu teknik, bireylerin
fiziksel ¢evrelerini zihinsel temsiller araciliiyla ifade

etmelerine olanak saglamaktadir. Ogrencilerden
kamptsle ilgili algilarini, deneyimlerini ve bu
mekanlara dair hissettikleri duygular1 haritalar

lizerinden ifade etmeleri istenmistir. Boylece kamptis
mekanlarinin  bireysel anlamlari ve duygusal
yansimalari gorsel ve mekansal olarak analiz edilebilir
hale getirilmistir.

Arastirma, 2018 giiz déneminde, ODTU Sehir ve Bolge
Planlama Boéliimii'nde 6grenim goren ve calismaya
goniilli olarak katilim saglayan 120 o6grenci ile
gerceklestirilmistir. Katiimcilar tamamen gontilliiliik

esasina gore belirlenmis ve istedikleri zaman
calismadan  ¢ekilme  haklar1  oldugu acikga
belirtilmistir.

2.1. Aragtirma alani: ODTU Kampiisii

Orta Dogu Teknik Universitesi (ODTU) kampiisii,
Ankara'da yaklasik 4500 hektarlik genis bir alan
izerine kurulmus olup, Tirkiye'nin en biiytk
iniversite kampiislerinden biridir. Bu ¢alisma
kapsaminda ele alinacak olan bélge, Universiteler
Mahallesi sinirlari igerisinde yer almaktadir (Sekil 1).

Kampiis, dogal ve yapili ¢evrenin uyum iginde bir
araya geldigi hem akademik hem de sosyal yasami
destekleyen bir mekansal yapiya sahiptir. Yogun yesil
alanlar1 ve ormanlik bolgeleriyle dikkat ceken ODTU
kampiisii, ayn1 zamanda modern mimarisiyle de 6ne
¢ikmaktadir. Kampiis icerisinde yer alan fakiilteler,
laboratuvarlar, kiitiiphane, spor tesisleri, yurtlar ve
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sosyal alanlar, 06grencilerin akademik ve sosyal
ihtiyaclarini karsilamak tizere tasarlanmistir. Ayrica
hem 6grencilerin hem de akademik ve idari personelin
konaklama ihtiyacim1 karsilamak amaciyla yurtlar,
lojmanlar ve konukevleri bulunmaktadir.

Sekil 1. Arastirma alaninin Ankara’daki konumu, mahalle
sinirlar1 ve ODTU Yerleske Alami (Not: Harita yazarlar
tarafindan ABB verileri kullamlarak hazirlanmistir, ODTU
Yerleske Alani temsili olarak belirtilmistir.)

Kampiise iki metro duragindan giris
yapilabilmektedir: ODTU istasyonu kampiisiin A1l
girisine, Bilkent istasyonu ise A2 girisine denk
gelmektedir. Bunun yam sira, Yiiziinci Yil
Mahallesi'ne ¢ikis saglayan A4 kapisi ve Teknokent
cikisi  olarak bilinen A7 kapist da sikga
kullanilmaktadir. Kampiisiin  merkezi bdlgeleri,
ogrencilerin yogun olarak kullandigi yemekhane,
kiitliphane, Devrim Stadyumu ve Kiiltiir ve Kongre
Merkezi gibi 6nemli mekanlari barindirirken, cevresel
bolgelerde daha sakin ve dogal alanlar yer almaktadir.
Faktilteleri birbirine baglayan ve 6grenciler tarafindan
siklikla kullanilan yaya yolu “Alle” (Sekil 2), kampiisiin
o6nemli bir baglant1 aksini olusturmaktadir. Kampiisiin
yollar1 ve agik alanlar1 hem yaya hem de arag trafigini
kolaylastiracak sekilde diizenlenmistir.
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Sekil 2. ODTU Kampiisit

Bu mekénsal cesitlilik, ODTU kampiisiinii yalmzca bir
egitim alan1 degil, ayn1 zamanda o6grencilerin ve
calisanlarin giinliik yasamlarini sekillendiren bir ¢cevre
haline getirmektedir. Kampiisiin bu 6zellikleri, bilissel
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haritalama ¢alismalari
sunmaktadir.

icin zengin bir baglam

2.2. Veri toplama

Arastirma  kapsamindaki  veriler, katilimcilara
dagitilan A3 boyutundaki kagitlara ODTU kampiisiine
dair zihinsel temsillerini c¢izmeleri istenerek
toplanmistir. Haritalama ¢alismasi, belirli bir protokol
cercevesinde gerceklestirilmistir. Katilimcilardan,
kampiisle ilgili hatirladiklar1 mekanlari, bu mekéanlara
dair duygusal baglamlar1 ve Kkisisel deneyimlerini
yansitmalar1 talep edilmistir. Cizimlerde, belirli
mekanlarin neden hatirlandigi ve bu mekanlarin
katilmcilar icin ne ifade ettiginin gorsellestirilmesi
tesvik edilmistir. Haritalarin, bina, yol, agag, heykel
gibi fiziksel unsurlarin yani sira, duygusal ifadeler
(6rnegin, emojiler) ve sembollerle
zenginlestirilebilecegi belirtilmistir. Ayrica,
haritalarin daha anlasilir olmasi i¢in katilimcilardan
haritalarina lejant eklemeleri istenmistir. Bu lejantin,
haritada kullanilan sembollerin ve ifadelerin
anlamlarim1  agiklamasi gerektigi vurgulanmistir.
Calismanin ~ maksimum 20 dakika  icinde
tamamlanmas1 gerektigi ve haritalar ¢izilirken
herhangi bir ¢evrimi¢i kaynak ya da haritadan
yararlanilmamasi gerektigi acikca belirtilmistir.

Arastirmaya, birinci smiftan 42, ikinci siniftan 33,
tclinci smiftan 23 ve dordinci siiftan 22 6grenci

katilmistir. Toplamda 120 bilissel harita elde
edilmistir. Katilimcilarin smif seviyelerine gore
dagilimi, mekansal ve duygusal farkliliklarin

analizinde dikkate alinmistir.
2.3. Verilerin analizi

Cizilen haritalar detayl bir sekilde incelenmis ve her
bir haritada yer alan mekanlar kaydedilmistir.
Mekéanlarin olumlu, olumsuz ya da nétr duygularla
iliskilendirilip iliskilendirilmedigi ve bu duygularin
detaylar1 (6rnegin; yemek, doga, sosyal etkilesim gibi)
not edilmistir. Ayrica, sinif seviyelerine gore duygusal
baglamlardaki degisimler de analiz edilmistir.
Haritalarda yer alan duygusal baglamlar, ¢alismanin
o6nemli bir veri kaynag olarak degerlendirilmigtir.

Toplanan veriler, nitel ve nicel analiz yontemleri
kullanilarak degerlendirilmistir. ilk olarak, haritalarda
belirtilen tim mekanlar bir Excel dosyasina
aktarilmistir. Bu dosyada, her bir mekanin haritalarda
yer alma sikligl, olumlu ve olumsuz duygularla
iliskilendirilme durumu ve bu duygularin detaylari
kaydedilmistir. Ayrica, smif seviyelerine gore
mekanlarin dagilimi ve bu mekanlara yodnelik
duygusal baglamdaki degisimler de dosyada
diizenlenmistir. Haritalarda mekanlara yonelik
duygulan ifade eden ciimleler varsa, bu ifadeler de
nitel analize dahil edilmek iizere kaydedilmistir.
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Son olarak, hangi mekanlarin daha sik vurgulandigini,
olumlu ve olumsuz duygularin mekansal dagilimini ve
sinif seviyelerine gore duygusal baglamda bir degisim
olup olmadigin1 ortaya koymak amaciyla Excel
dosyasindaki veriler ArcGIS ortamina aktarilmistir. Bu
veriler kullanilarak, her sinif i¢in bilissel haritalarda
siklikla yer verilen mekanlar ve bu mekanlarla
iliskilendirilen olumlu ya da olumsuz duygularin
dagiliminm gosteren siklik haritalar1 olusturulmustur.
Bu haritalar, mekansal ve duygusal farkliliklarin
gorsellestirilmesi ve analiz edilmesi i¢in kullanilmistir.

3. Bulgular

Arastirma kapsaminda, birinci sinif 6grencilerinin
bilissel haritalarinda bahsi gecen mekanlar Sekil 4’te,
ikinci smif o6grencilerin Sekil 5’te, Uglnci smif
ogrencilerin Sekil 6'da ve dordiincii sinif 6grencilerin
Sekil 7’de sunulmaktadir. Genel olarak, en sik
vurgulanan mekanlar arasinda Mimarlik Fakiiltesi,
Devrim Stadyumu ve Cat1 Kafe 6ne cikmistir (Sekil 11).
Ozellikle Mimarlik Fakiiltesi, tiim sinif seviyelerinde
en ¢ok hatirlanan mekanlardan biri olmustur. Birinci
sinif katihmcilarinin %48’i bu mekani vurgularken,
ikinci siniftan itibaren bu oran %91’de sabitlenmisgtir.
Devrim Stadyumu ise birinci siif 6grencilerinin
%36’s1 tarafindan vurgulanmis, bu oran ikinci sinifta
%70’e, ugiincii sinifta %87’ye ve dordiinci sinifta
%91’e ulasmistir. Cat1 Kafe, birinci sinif 68rencilerinin
%33l tarafindan vurgulanirken, ikinci sinifta %45’e,
tclincii smifta %43’e ve dordiincii smifta %41’e
ulasmistir.

Sinif bazinda degerlendirildiginde, birinci siif
6grencilerinin bilissel haritalarinda en ¢ok bahsi gegcen
mekanlar sirasiyla Mimarlik Fakiiltesi (%48), Devrim
Stadyumu (%36), Cat1 Kafe (%33), A-1 Kapisi (%26),
Yemekhane (%26), Temel ingilizce Boélimii (%21),
Kiitiiphane (%21), iktisadi ve idari Bilimler Fakiiltesi
A Blok (%19) ve Fizik Cimleri (%19) olmustur. ikinci
siif 6grencilerinin bilissel haritalarinda ise en ¢ok
vurgulanan mekanlar sirasiyla Mimarhk Fakiiltesi
(%91), Devrim Stadyumu (%70), A-1 Kapist (%58),
Temel Ingilizce Bolimii (%53), Cati Kafe (%45),
Yemekhane ve Carsi (%33), Kiitiiphane (%36),
iktisadi ve Idari Bilimler Fakiiltesi A Blok, Dogu
Yurtlar1 ve A-4 Kapis1 (%30), Sunshine ve Kocatepe
Kafeleri (%27) ile Fizik Cimleri ve KKM (%24)
olmustur. Ugiinci smmf 6grencilerinin  bilissel
haritalarinda en ¢ok bahsi gecen mekanlar ise
Mimarlik Fakiiltesi (%91), Devrim Stadyumu (%87),
Yemekhane (%65), Kitiiphane (%61), Carst (%57),
Temel Ingilizce Bolimii (%52), KKM (%48), Cati,
Sunshine ve Kocatepe Kafeleri (%43), A-1 Kapisi
(%39), iktisadi ve idari Bilimler Fakiiltesi A Blok, A-4
Kapis1 ve Devrim Stadyumu’'nun oOniinde yer alan
(6grenciler tarafindan CC Heykeli olarak bilinen)
heykel (%31), Dogu Yurtlar, Rektorlik ve Kimya
Boliimii (%26), Matematik ve Fizik Boliimleri, Merkez
Miihendislik Binasi, Tenis Kortlar, Mediko ve
Mimarlik girisinde bulunan sari, kirmizi ve turuncu ii¢
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Sekil 5. 3. Sinif 6grencilerin bilissel haritalarinda bahsi
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Sekil 7. 1. Sinif biligsel haritalarinda olumlu (mavi) ve
olumsuz (kirmizi) bahsi gecen mekanlar
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Sekil 4. 2. Sinif 6grencilerin bilissel haritalarinda bahsi
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Sekil 6. 4. Sinif 6grencilerin bilissel haritalarinda bahsi
gecen biitiin mekanlar
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354



N. Aydin vd. / Biligsel Haritalar ve Mekan Algisi:: ODTU Kampiisii Uzerine Bir Inceleme

é-‘? girisi yaya yolu

Sunshine® Kocatepe

Tenis Kortnéﬁl'Si

o

D
CC Heykel

MM Binasi
hane
Hﬁk@ @Ile
il

Temel Mi
Ingilizce

A-1 girisi-yaya yolu
k

Gida Qtoparki
Havaeilik

o
Bati Yurtlari
(Demiraylar)

Teknokent
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cubuktan olusan heykel (%24) olmustur. Dérdiincii
sinif 6grencilerinin biligsel haritalarinda ise en ¢ok
vurgulanan mekanlar Mimarlik Fakiiltesi ve Devrim
Stadyumu (%91), Cars1 (%73), Kutiiphane (%50),
KKM (%45), Cat1 Kafe (%41), Merkez Miihendislik
Binasi (%36), Temel ingilizce Bélimi, Yemekhane ve
A-1ve A-4 Girisleri (%32), Dogu Yurtlar1 ve CC Heykeli
(%23) ile Fizik Cimleri (%18) olarak siralanmistir.
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Sekil 11. Ogrencilerin Simf Seviyelerine Gore Bilissel
Haritalarinda Sik Vurgulanan Mekanlar Dagilim Grafigi ve
Tiim Smiflar i¢in En Sik Vurgulanan Mimarhk Fakiiltesi (1)
ve Devrim (1I) (Fotograflar https://erenefeoglu.tr/portfolio
adresinden alinmistir) [17].
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Sekil 10. 4. Sinif bilissel haritalarinda olumlu (mavi) ve
olumsuz (kirmizi) bahsi gegen mekanlar

Siif seviyeleri degistikce 06grencilerin bilissel
haritalarinda bahsi gecen mekanlarin ¢esitliliginde ve
sayisinda artis oldugu gozlemlenmistir (Sekil 11).
Birinci sinif 6grencilerinin Dbilissel haritalarinda
genellikle temel ihtiyaclara yonelik mekanlar
(6rnegin, kendi fakiilteleri, yemekhane, en yogun
kullanilan giris kapilar1) one gikarken, sinif seviyeleri
ilerledik¢e sosyal, kiiltirel ve sanatsal mekanlara
(6rnegin, farkh fakiilteler, yesil alanlar, Kiiltir ve
Kongre Merkezi, heykeller) yonelik farkindaliklarin

arttifn  goriilmektedir. Bu durum, o6grencilerin
kampiisle kurduklar1 baglarin zamanla genisledigini
ve mekansal farkindaliklarinin gelistigini
gostermektedir.

Mekanlarin duygusal baglamda degerlendirilmesi,
olumlu ve olumsuz duygularin mekansal dagilimini
ortaya koymustur (Sekil 7, 8,9, 10). Devrim Stadyumu,
ogrenciler tarafindan genellikle olumlu duygularla
iliskilendirilmistir. Birinci sinif 6grencileri bu mekani
9 kez olumlu duygularla anarken, diger smif
seviyelerinde de benzer bir egilim g6zlemlenmistir.
Stadyum, rahatlama ve keyif alma mekani olarak
algilanmis ve Ogrenciler tarafindan genellikle bos
zamanlarini gecirdikleri bir alan olarak
tanimlanmistir.  Ogrencilerin  biligsel haritalarda
Devrim Stadyumu ile ilgili yer verdikleri ifadeler
arasinda “pek gidemedigim ama gidip glineste
uzanmak istedigim bir yer” ve “kendimi 6zgiir ve rahat
hissettigim yer” gibi tamimlamalar 6ne ¢ikmistir.
Benzer sekilde, Cat1 Kafe de yemek ve sosyal etkilesim
baglaminda olumlu duygularla iliskilendirilmistir.
Ogrencilerin biligsel haritalarda Cat1 Kafe ile ilgili yer
verdikleri ifadeler  arasinda “benim icin
arkadaslarimla gec¢irdigim uzun sohbetlerin mekani1”
ve “yemek, sicaklik” gibi tanimlamalar bulunmaktadir.

Buna karsin, Mimarlhk Fakiiltesi, 68rencilerin hem
sevdigi hem de 6zellikle jiri stresi ve yogun c¢alisma
temposu nedeniyle olumsuz duygularla
iliskilendirdigi bir mekan olarak karsimiza
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¢ikmaktadir. Burada dikkat ¢eken bir nokta, birinci
sinifta fakiiltenin daha ¢ok olumsuz duygularla
iliskilendirilmesi (6rnegin Sekil 12), ancak ikinci
siniftan itibaren bu oranin olumlu duygularla yer
degistirmesidir (6rnegin Sekil 13). Birinci siif
ogrencileri bu mekdm1 9 kez olumsuz duygularla
anarken, ikinci simif 6grencileri 3 kez ve dérdiincii simf
ogrencileri yalnizca 1 kez olumsuz duygularla
anmistir. Ogrencilerin bilissel haritalarda Mimarlik
Fakiiltesi ile ilgili yer verdikleri ifadeler arasinda
“stres, gerginlik”, “I feel very nervous there (Orada
kendimi ¢ok gergin hissediyorum)”, “kendimi 6zgiir ve
rahat hissettizim yer” ve “home (ev)” gibi
tanimlamalar bulunmaktadir. Ayrica, Temel ingilizce
Bolimii de yogun ders temposu ve kalabalik nedeniyle
olumsuz duygularla iliskilendirilmigtir. Ogrencilerin
biligsel haritalarda Temel Ingilizce Bsliimii ile ilgili yer
verdikleri ifadeler arasinda “yogun ders, kalabalik, toy
insanlar” ve “sevmedigim yer” gibi tanimlamalar yer
almistir.

®

Sekil 12. 1.Sinif haritalama ¢alismasindan bir 6rnek (FOA-
Faculty of Architecture-Mimarlik Fakiiltesi)

Sinif seviyelerine gore duygusal baglamda belirgin
farkliliklar gozlemlenmistir. Birinci simif 6grencileri,
genellikle kampiisiin sosyal alanlarina (6rnegin, Cati
Kafe) ve merkezi mekanlarina (6rnegin, Devrim
Stadyumu) olumlu duygularla yaklasmistir. Ancak,
akademik mekanlar (6rnegin, Mimarlk Fakiiltesi)
daha ¢ok stres ve gerginlik gibi olumsuz duygularla
iliskilendirilmistir. ~ Ikinci ~ ve  {giinci  smif
ogrencilerinin kampiisle olan baglarinin daha dengeli
oldugu goriilmiistiir. Ornegin, Mimarhk Fakiiltesi hem
olumlu (kalp emojisi) hem de olumsuz (stres)
duygularla iligkilendirilmistir. ~ Dérdiincii  simf
6grencileri ise kampiisle daha nostaljik ve olumlu bir
bag kurmuslardir. Ozellikle Devrim Stadyumu ve Cati
Kafe gibi mekanlar, genellikle keyifli anilar ve
rahatlama ile iliskilendirilmistir.
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Sekil 13. 2.Sinif haritalama ¢alismasindan bir 6rnek
4. Tartisma ve Sonug¢

Bu calisma, ODTU Sehir ve Bélge Planlama Bélimii
ogrencilerinin ODTU kampiisiine dair bilissel
haritalarin1 inceleyerek, mekan algilarinin nasil
sekillendigini ve bu algilarin duygusal baglamlarla
nasll iliskilendigini anlamay1 amag¢lamistir. Bulgular,
6grencilerin haritalarinda bazi mekanlarin belirgin
bicimde 6ne ¢iktigini ve bu mekanlarin hem olumlu
hem de olumsuz duygularla iliskilendirildigini ortaya
koymaktadir. Ozellikle Mimarlik Fakiiltesi, Devrim
Stadyumu ve Cati Kafe gibi mekéanlar, 6grencilerin
zihinsel temsillerinde o6ne g¢ikmistir. Bu durum,
Lynch’in (1960) belirttigi gibi, bireylerin ¢evrelerini
anlamlandirmalarinda belirli referans noktalarinin ve
mekansal unsurlarin kritik bir rol oynadigini ortaya
koymaktadir.

Tim sinif seviyelerinde siklikla vurgulanan Mimarlik
Fakiiltesi, Devrim Stadyumu, Cat1 Kafe, Yemekhane ve
Kitiiphane gibi alanlar, 6grencilerin akademik ve
sosyal yasamlarinin merkezi bilesenleri olarak dikkat
cekmektedir. Ozellikle Mimarhk Fakiiltesi, Sehir ve
Bolge Planlama 6grencileri tarafindan en yogun
kullanilan alanlardan biri olup hem olumlu hem de
olumsuz duygularla iliskilendirilmistir. Birinci sinif
6grencilerinde jiiri baskis1 ve yogun ¢alisma temposu
nedeniyle dne ¢ikan olumsuz duygularin, iist siniflarda
zamanla azalarak yerini daha olumlu ve nostaljik bir
yaklasima biraktig1 gézlemlenmistir.

Ogrenciler tarafindan sik¢a vurgulanan bu alanlar,
kullanic1 odakli kampiis planlamasi agisindan 6nemli
ipuclar1 sunmaktadir. Ornegin, Devrim Stadyumu ve
Cat1 Kafe gibi acik ve yar1 acik alanlar, sosyal etkilesim
ve rahatlama baglaminda olumlu duygularla
iligkilendirilmistir. Bu alanlar, kampilis yasaminin
sosyal bilesenlerinin gli¢clendirilmesinde referans
olarak ele alinabilir. Mulrooney ve Kelly’nin (2020)
calismasinda 6grenciler kampiisiin agik yesil alanlar
ve sosyal mekanlar icermesinin kendilerini daha
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giivende ve kabul edilmis hissetmelerine katki
sagladigini ortaya koymustur. Benzer sekilde, ODTU
Kampisi’'nde de acik yesil alanlarin —o6zellikle Fizik
Cimleri, tenis kortlar1 ¢evresi ve Carsi baglantisi—
ogrencilerin zihinsel haritalarinda pozitif izler
biraktig1 goriilmektedir. Bu bulgular hem bu alanlarin
korunmasi hem de benzer nitelikte yeni mekanlarin
tasarlanmasi agisindan yol gosterici olabilir.

Mekanlarin yalnizca fiziksel degil, duygusal baglamda
da  degerlendirilmesi, 6grencilerin = kampiisle
kurduklari ¢cok katmanli iliskileri ortaya koymaktadir.
Devrim Stadyumu’'nun o6zgiirliik ve rahatlama hissi
uyandiran bir alan olarak tanimlanmasi ya da Cati
Kafe’'nin arkadaslik ve sicaklik gibi duygularla
iliskilendirilmesi, bireysel deneyimlerin mekan
algisindaki belirleyici roliinii gostermektedir. Bu
bulgular, Siidas ve 0z’iin (2018) ¢calismalarinda oldugu
gibi, mekana dair alginin islevsellik kadar bireysel
deneyimlerle de sekillendigini ortaya koymaktadir.

Diger yandan, Mimarlik Fakiiltesi ve Temel Ingilizce
Bolimii gibi alanlarin 6zellikle birinci sinif 6grencileri
tarafindan stres, baski ve yogunluk gibi olumsuz
duygularla iligkilendirilmesi dikkat ¢ekicidir. Bu
bulgu, akademik yapilarin sadece islevselligiyle degil,
kullaniciya hissettirdigi atmosfer ve deneyimle
birlikte degerlendirilmesi gerektigini gostermektedir.
Bu kapsamda, o6grencilerin psikolojik yiikiini
azaltmaya yonelik fiziksel ve islevsel miidahaleler
planlanabilir. Ornegin, jiiri ve stiidyo alanlarinin daha
acik, dogal 151k alan ve sosyal etkilesime izin veren
mekansal ¢ozlimlerle desteklenmesi diisliniilebilir.
Mulrooney ve Kelly'nin (2020) ¢alismas1 yesil
alanlarin 6grencilerin stres yonetimi ve genel ruh hali
tizerindeki olumlu etkisini ortaya ¢ikarmistir. Bu
durum goz 6niinde bulundurularak bu béltimlerin acik
alanlarla mekansal iliskisi gli¢clendirilmelidir.

Siif  seviyelerine  goére duygusal baglamda
gozlemlenen farkliliklar, cevresel alginin zamanla ve
deneyimle nasil degistigini gostermektedir. Birinci
simif o6grencileri, kampiisiin sosyal alanlarina ve
merkezi mekanlarina daha olumlu bir yaklasim
sergilerken, akademik mekanlar1 daha ¢ok stres ve
gerginlik gibi olumsuz duygularla iliskilendirmistir.
Buna karsin, dordiincii sinif 6grencileri, kampiisle
daha nostaljik ve olumlu bir bag kurmus, 6zellikle
Devrim Stadyumu ve Mimarhk Fakiiltesi gibi
mekanlari keyifli anilarla iliskilendirmistir. Duygusal
degerlendirmelerdeki farkliliklara ek olarak zamanla
kampis icindeki deneyimlenen mekan sayisinda da
artis oldugu goriilmektedir. Bu durum, Herman, Kail
ve Siegel’in (1979) cevresel alginin zamanla gelistigini
ve bireylerin deneyim kazandikca ¢evrelerini daha iyi
anlamlandirdigini belirten c¢alismasiyla paralellik
gostermektedir.
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Sekil 14. Tiim 6grencilerin haritalarinda yer verdigi olumlu
ve olumsuz mekanlar

Calisma kapsaminda elde edilen 120 bilissel harita
incelendiginde, simif diizeylerinden bagimsiz olarak
olumlu ve olumsuz duygularla iliskilendirilen ortak
mekanlarin varligr Sekil 14’te gorsellestirilmistir.
Haritalarda genel olarak olumlu duygularla anilan
mekanlar, olumsuz duygulara gore ¢ok daha fazladir.
Mimarlik Fakiiltesi, Devrim Stadyumu ve A1l Girisi
yaya yolu olumlu duygularla éne ¢ikarken; Mimarlik
Fakiiltesi ve Temel ingilizce Béliimii olumsuz
duygularla en ¢ok iliskilendirilen alanlardir.

Calisma bulgulari, bilissel haritalama yontemiyle elde
edilen mekansal ve duygusal verilerin, kullanic
deneyimlerini anlamaya yonelik 6nemli ipuglar
sundugunu ortaya koymaktadir. Ogrencilerin siklikla
vurguladigi ve olumlu duygularla iliskilendirdigi
mekanlar, kampiisiin sosyal ve fiziksel yapisinin hangi
alanlarda giicli algillandigini  ortaya koymakta;
olumsuz duygularla iligkilendirilen mekanlar ise
kullanic1 deneyiminde iyilestirme ihtiyaci hissedilen
alanlara isaret etmektedir. ODTU kampiisiinde biiyiik
Olgcekli mekansal miidahalelerin sinirli olabilecegi
aciktir fakat bu tiir analizler mevcut mekansal yapinin
daha iyi anlasilmasi ve kullanict odakli, duyarhl
planlama yaklasimlarinin gelistirilmesi acgisindan
o6nemli bir zemin sunmaktadir. Nitekim Albayrak’in
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(2023) ODTU Ankara Kampiisii ve Mimarlik Fakiiltesi
ozelinde yurittigi ¢alisma da, kullanicilarin
mekansal belleklerini ve deneyimlerini ¢ok katmanl
bir bicimde ele alarak bu yaklasimi desteklemektedir.
Ayrica yeni kurulacak kampiisler i¢in de kullanici
deneyimini baz alan tasarim ve planlama stireglerine
yonelik degerli bir althk olusturmaktadir. Nitekim
Topcu ve Topgunun (2012), Selguk Universitesi
kampiisiinde yiruttiigii benzer ¢alisma da bu tir
analizlerin kampiis tasarimina iliskin somut
degerlendirmeler {lretme potansiyeline sahip
oldugunu gostermektedir.

Sonu¢ olarak, bu calisma, ODTU kampiisiine dair
bilissel haritalarin ve duygusal baglamlarin analiz
edilmesi yoluyla, 6grencilerin mekan algilarindaki
ortakliklari ve farkliliklari ortaya koymustur. Bulgular,
bireylerin ¢evresel algilarinin yalnizca fiziksel

mekanlarla degil, ayni zamanda bu mekéanlara
atfedilen duygusal baglarla sekillendigini
gostermektedir. Bu yoOniiyle c¢alisma, bilissel

haritalama literatiiriine 6nemli bir katki sunmakta ve
mekan algisinin planlama siireglerindeki 6nemini bir
kez daha vurgulamaktadir.

Bu ¢alismanin verileri 2018 yilinda toplanmis olup,
ogrencilerin o donemki sosyal ve mekansal baglam
icerisindeki kampiis deneyimlerini yansitmaktadir.
Zaman icinde kampiis alaninda fiziksel ve sosyal
degisiklikler yasanmis olabilir; ancak bilissel haritalar,
bireylerin belleginde yer etmis, tekrar eden
deneyimlerin izlerini tasiyan gii¢li temsillerdir. Bu
baglamda, calisma doénemin kullanici algilarina dair
degerli bir belge niteligindedir. Gelecekte farkh

kullanict  gruplariyla ve  belirli  periyotlarla
gerceklestirilecek  benzer c¢alismalar, kampiis
algisindaki  doniistimlerin  izlenmesine ve bu

degisimlerin karsilastirmali olarak analiz edilmesine
olanak taniyacaktir. Ayrica bilissel haritalama
yonteminin stratejik planlar, kampiis master planlari
ve benzeri list Olgekli belgelerde diizenli olarak
kullanilmasi, tiniversitelerin kullanic1 odakli planlama
ve tasarim yaklasimlarini kurumsallastirmasina katki
saglayacaktir. Bu yaklasim, diger kampiislerde
yuriitillecek calismalar i¢cin de mekéansal aidiyetin
nasil Uretildigine dair karsilastirmali bir bakis agisi
sunma potansiyeli tasimaktadir.
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Bu calismanin yiiriitilmesine katki sunan tim
Ogrencilere ve ders saatlerinden zaman ayirarak
stireci miimkiin kilan 6gretim tyelerimize tesekkiir
ederiz. Ayrica, kampiis fotograf arsivini paylasarak
gorsel materyallerin zenginlesmesine katkida bulunan
Eren Efeoglu’na da 6zel olarak tesekkiir ederiz.

Etik Beyani/Declaration of Ethical Code

Bu ¢alismada, “Yiiksekégretim Kurumlart Bilimsel
Arastirma ve Yayin Etigi Yoénergesi” kapsaminda

358

uyulmast gerekli tiim kurallara uyuldugunu, bahsi
gecen yénergenin “Bilimsel Arastirma ve Yayin Etigine
Aykirt Eylemler” basligr altinda belirtilen eylemlerden
higbirinin gergeklestirilmedigini taahhiit ederiz.

Calisma, ODTU Insan Arastirmalar1 Etik Kurulu
tarafindan 06.06.2018 tarihinde 2018-FEN-031
protokol numarasiyla onaylanmistir.

Kaynakca

Cubukcu, E. Mensi, B. & Horoz, C. 2019. The
Relation Between Urban Morphology and
Physical Environmental Qualities: Comparing
Walkability in Neighborhoods via Analyses of
Spatial Statistics and Indices of Graph Theory and
Space Syntax. Siileyman Demirel Universitesi Fen
Bilimleri Enstitiisii Dergisi, 658-665

Downs, R., & Stea, D. 1973. Image and
environment: Cognitive mapping and spatial
behavior. Chicago: IL: Aldine.

(1]

(2]

[3] Kitchin, R. 1994. Cognitive maps: What are they
and why study them? Journal of environmental

psychology, 1-19.

[4] Lynch, K. 1960. The image of the city, Cambridge:

MIT Press.

[5] Tversky, B, B. 2003. Structures of mental spaces:
How people think about space. Environment and

Behavior, 66-80.

[6] Montello, D. 1993. Scale and multiple
psychologies of space. A. Frank, & I. Campari
icinde, Spatial Information Theory: A Theoretical

Basis for GIS (s. 312-321). Berlin: Springer.

Gould, P., & White, R. 1974. Mental Maps. London:
Penguin Books.

[7]

[8] Relph, E. (1976). Place and placelessness (Vol. 67,

p. 45). London: Pion.

[9] Norberg-Schulz, C. (1980). Genius loci: Towards
a phenomenology of architecture. New York:

Rizzoli, 17, 22-23.

[10] Pallasmaa, J. (2024). The eyes of the skin:
Architecture and the senses. John Wiley & Sons.

[11] Mulrooney, H. M. & Kelly, A. F. 2020. The
university campus and a sense of belonging: what
do students think? New Directions in the
Teaching of Physical Sciences, 15-1.

[12] Ulkeryildiz, E., Arsan, Z., & Akis, T. 2009. Ogrenci
zihin haritalarinda kente iliskin deneyimle
degisen cevre algisi. Balikesir Universitesi Fen
Bilimleri Enstitiisti Dergisi, 72-82.

[13] Siidas, I, & Oz, I. 2018. Davranigsal cografyada
bilissel haritalar: Ege Universitesi kampiisii
ornegi. Tiirk Cografya Dergisi, 81-92.



N. Aydin vd. / Biligsel Haritalar ve Mekan Algisi:: ODTU Kampiisii Uzerine Bir Inceleme

[14] Herman, J., Kail, R., & Siegel, A. 1979. Cognitive
maps of a college campus: A new look at
freshman  orientation. Bulletin of the
Psychonomic Society, 183-186.

[15] Topcuy, K., & Topcu, M. 2012. Visual presentation
of mental images in urban design education:
cognitive maps. Procedia-Social and Behavioral
Sciences, 573-582.

[16] Albayrak, A. 2023. Mapping Minds, Charting
Memories: Spatial Dimensions of Collective
Memory in the METU Ankara Campus and
Faculty of Architecture, M.S. - Master of Science,
Middle East Technical University.

[17] https://erenefeoglu.tr/portfolio

359


https://erenefeoglu.tr/portfolio

Siileyman Demirel Universitesi Siileyman Demirel University
Fen Bilimleri Enstitiisii Dergisi Journal of Natural and Applied Sciences
Cilt 29, Say1 2, 360-365, 2025 Volume 29, Issue 2, 360-365, 2025

DOI: 10.19113/sdufenbed.1526397

Parsiyal Hepatektomi ile Tetiklenen Karaciger Rejenerasyonunda Olasi1 Mitokondriyal
Fizyon Mekanizmasinin Arastirilmasi

Ayse OZMEN YAYLACI*1”, Mediha CANBEK?

1Hitit Universitesi Mithendislik ve Doga Bilimleri Fakiiltesi Molekiiler Biyoloji ve Genetik Béliimii, Corum,
Tiirkiye
2 Eskisehir Osmangazi Universitesi, Fen Fakiiltesi, Biyoloji B6liimii, Eskisehir, Tiirkiye

(Almis / Received: 01.08.2024, Kabul / Accepted: 26.06.2025, Online Yayinlanma / Published Online: 25.08.2025)

Anahtar Kelimeler 0z: Karaciger rejenerasyonu ¢ok sayida kompleksin gérev aldigi karmasik bir

Mitofaji, mekanizmadir. Rejenerasyon, karacigerin %70'nin ¢ikarilmasiyla tetiklenir ve

l\D/htolkondrlyal Fizyon, hiicreler, 1-2 bélinmeden sonra tekrar GO fazina gecer. Karaciger
rpl,

rejenerasyonu sirasinda mitokondrilerin sekilsel olarak bozuldugu, sistigi,

Mul1l p o . e
v . krista sayisinin arttiglt ancak; ilerleyen saatlerde normale doéndigi
Karaciger Rejenerasyonu, . . e . . .

Sican bilinmektedir. Karaciger rejenerasyonu sirasinda mitokondrilerin nasil

normale dondigi ile ilgili molekiiler mekanizmalar ac¢ik degildir.
Mitokondriler, giiniimtizde, enerji tiretimi disinda farkli mekanizmalarla da
(mitofaji, mitokondriyal fizyon, kalsiyum homeostazisi Fe-S protein sentezi
gibi) iliskilidir. Bu nedenle ¢alismamizda parsiyal hepatektomi ile tetiklenen
karaciger rejenerasyonunun 6, 12, 24. saatlerinde Drpl gen ekspresyonu ve
Drp1, Mull protein miktarlari arastirildi. Elde edilen veriler sonucunda; Mull
protein miktarlary, parsiyal hepatektomi ile tetiklenen rejenerasyon
gruplarinda, sham gruplarina gore diisti. Drp1’in, genel olarak, PH gruplarinda
diismesine ragmen PH12. saatte hafif artis meydana geldi. Sonug¢ olarak;
parsiyal hepatektomi ile tetiklenen Kkaraciger rejenerasyonu modelinde;
rejenerasyonun 6, 12, 24. saatlerinde Mul1’in aktif olmadigi, Drp1’in Mul1’den
ayr1 olarak rol oynayabilecegi belirlendi.

Investigation of Possible Mitochondrial Fission Mechanism in Liver Regeneration
Triggered by Partial Hepatectomy

Keywords Abstract: Liver regeneration is a complex mechanism in which a large number of
Mftophag}’, o complexes are involved. Regeneration is triggered by the removal of 70% of the
Mitochondrial Fission, liver, and the cells go back into the GO phase after 1-2 divisions. It is known that
Drpl, during liver regeneration, mitochondria are deformed, swollen, increased crista.
Mull, . . . .

Liver Regeneration In the later hours of regeneration, it is observed that mitochondria return to
Rat ' normal. The molecular mechanisms involved in how mitochondria return to

normal during liver regeneration are not clear. Mitochondria do not only produce
energy; It is also associated with the mechanisms of mitophagy, mitochondrial
fission, calcium homeostasis, Fe-S protein synthesis. In our study, Drpl gene
expression and Drp1, Mul1l protein amounts were examined according to 6, 12, 24
hours of regeneration As a result of the data obtained; Mul1l protein amounts were
decreased in the regeneration groups that triggered by partial hepatectomy
compared to the sham groups. Drpl expression and Drpl protein quantities
generally fall in PH groups, the slight increase in PH12 is interesting. As a result;
In the liver regeneration model triggered by partial hepatectomy; it was
determined that Mull was not active at 6, 12, and 24 hours of regeneration and
Drp1 may play a role separately from Mull.

*Sorumlu yazar: aaozmen@gmail.com

360



Ozmen Yaylaci vd./ Parsiyal Hepatektomi ile Tetiklenen Karaciger Rejenerasyonunda Olas1 Mitokondriyal Fizyon Mekanizmasinin Arastirilmasi

1. Giris

Karacigerin 2/3'liik kisminin yani yaklasik %70’inin
cerrahi miidahaleyle c¢ikarilmasi (hepatektomi)
yoluyla rejenerasyon mekanizmalarinin tetiklendigi
karaciger rejenerasyon modeline 2/3 “Parsiyal
(kismi) Hepatektomi (PH) Modeli” ya da “%70 PH
modeli” denir. 2/3 PH modeli ile tetiklenen karaciger
rejenerasyonu modelinde hiicresel dilizeyde ¢ok
sayida karmasik mekanizma gorev alir [1].
Rejenerasyonun ilk saatlerinde salinan biiylime
faktorleri araciligiyla hepatositler ve diger parankimal
olmayan hiicreler G0’dan G1 fazina gecer ve yaklasik 4
saat stirer. Sonrasinda hiicreler S fazina geger ve DNA
replikasyonu baslar. 24. saatte en yiiksek seviyesine
ulasir. Hepatositler bir veya iki mitoz gecirdikten
sonra bolinme durur. Karaciger farklilasarak son
halini alir ve rejenerasyon, sicanlarda, 168 saatte
tamamlanir [2, 3].

Hepatositler mitokondri bakimindan zengindir.
Mitokondrilerin yapi ve morfolojisinin rejenerasyon
sirasinda degistigi bilinmektedir [4]. PH sonras1 24
saatlik rejenerasyon siiresini kapsayan bir ¢alismada;
mitokondriler sismis, sekilsiz ve az kristaya sahip
olduklar1 belirtilmistir [4]. Baska bir c¢alismada
Karaciger rejenerasyonu sirasinda, DNA replikasyonu
baslamadan 6nce mitokondri fonksiyonlarinin
bozuldugu belirlenmistir [5]. PH sonrasi1 7-24 saatleri
arasinda ATP sentezinin dusiik oldugu belirlenmis ve
mitokondrilerin ~ fonksiyonlarinin  bozulmasiyla
iliskilendirilmistir ~ [6]. Bu literatiirlere  gore
rejenerasyonun ilk saatlerinde mitokondrinin yapisi
ve fonksiyonu bozuldugu belirtilmektedir. Ancak
rejenerasyonun 96. saatinde mitokondri yapilarinin
diizeldigi ve oksidatif stresin azaldig1 bilinmektedir
[5]- Rejenerasyonun ilerleyen saatlerinde mitokondri
yapisinin diizelmesi ve oksidatif stres hasarinin
azalmasini saglayan mekanizmalar literatiirde yer
almamaktadir.

Mitochondrial E3 ubiquitin protein ligase 1 (Mull)
aracili mitofaji/mitondriyal fizyon mekanizmasiyla
ilgili bilinenler olduk¢a siirhdir [7]. Mull aracili
mitofaji/mitokontriyal  fizyon = mekanizmasinda,
Dynamin Related Protein-1 (Drp1) baslica diizenleyici
olarak gorev alir ve mitokondriyal fizyon markiri
olarak da kullanilmaktadir. Mull, Drpl’e Small
ubiquitin like modifier (SUMO) molekiilii ekleyerek
mitokondriyal fizyonu tetikler. Mull, Drpl’in
SUMOlasyonu, mitokondriyal fizyonu tetiklerken;
Drpl, mitofusin2 (Mfn2)’e ubikutin ekleyerek
Mfn2'nin yikilmasini saglar. Mfn2 wyikildig1 igin
mitokontriyal fiizyon  engellenir. Mull-aracili
mitokondriyal fizyon ile mitokondri ikiye béltintr ve
hasarli kisim mitofaji yoluyla sindirilmis olur [8,9].

Mull aracili mitofajiden o6nce bilinen ve en iyi
tanimlanmis yolak Parkin RBR E3 Ubiquitin Protein
Ligase (PARKIN)/ PTEN Induced Kinase 1 (PINK1)
aracili mitofaji yolagidir. Yapilan ¢alismalar hiicre ici
sistemde oOncelikli tercihin PARKIN/PINK1 aracili
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mitofaji mekanizmasinin oldugunu gostermektedir.
PARKIN/PINK1 aracili mitofaji yolaginin inaktif
oldugu durumlarda Mull aracili mitofaji yolaginin
tercih edilebilecegi diisiiniilmektedir [10]. Ozmen
Yaylaci ve Canbek (2023)’in ¢alismasinda PH sonrasi
karaciger rejenerasyonunun 0, 6, 12, 24, 48, 72.
saatlerinde PARKIN ekspresyonunun olmadigi
gosterilmistir [11].

PH ile rejenerasyon modelinde bozuldugu bilinen
mitokondriler, PARKIN/PINK1 aracii  mitofaji
yolagina alternatif Mull aracili mitofaji yoluyla iliskili
olabilir. Calismamizda parsiyal hepatektomi ile
tetiklenen karaciger rejenerasyonunun 6, 12, 24.
saatlerinde Mull aracili mitofaji/mitokondrial fizyon
mekanizmasinin olasi aktivitesi arastirilmistir.

2. Materyal ve Metot

2.1 Hayvan deneyleri

Calismada  kullanmilan  dokular, daha  o©nceki
calismamiza [11] ait dokulardir. Ozmen Yaylaci ve
Canbek’e ait ¢alismadan (2023) elde edilen PARKIN ve
Mull ekspresyon verileri bodyle bir c¢alismanin
kurgulanmasina y6n vermistir. Ozmen Yaylac1 ve
Canbek’e ait c¢alismanin (2023) yedek doku
materyalleri kullanilarak bu calisma
gerceklestirilmistir. Dolayisiyla ayr1 bir etik kurul
karar1 ESOGU HADYEK’in 20.04.2022 tarihli 896 karar
numarali izni ile gergeklestirilmistir.

Calismada 3 ana grup yer almaktadir. Grup I: Kontrol
Grubu, Grup II: Sham (SH) Gruplan (0, 6, 12, 24 saat),
Grup III: PH Gruplar (6, 12, 24 saat). Grup II ve Grup
III de farkl rejenerasyon siirelerine gore alt gruplar
(6,12, 24 saat) olusturulmustur [11]. Grup I (kontrol)
hayvanlarina herhangi bir cerrahi miidahale
yapilmadan diseksiyonlar1 gerceklestirilmistir (11).
Grup II (SH)'de bulunan sicanlara laparotomi
ardindan karacigerin 2 /3’liikk kismini olusturan sol lob
ve median loblar, hepatektomi yapilacak gibi disari
cikarilmis; ancak hepatektomi yapilmadan geri
kapatilmistir. Belirtilen siirelerin (0, 6, 12, 24 saat)
sonunda diseksiyonlar1 gerceklestirilmistir [11].
Grup-III (PH)’de bulunan hayvanlara Higgins ve
Anderson (1931)'un teknigine gore hepatektomi
uygulanmistir [11, 12]. Kisaca sigan karacigerinin
median lobu ve sol lobu ¢ikarilarak 3/0 ipek siitur ile
bogumlanmis ve keserek cikarilmistir. Geriye kalan
karacigerin 1/3’liikk kism1 6, 12, 24 saatlik siirelerle
rejenerasyona birakilmistir. Belirtilen siirelerin
sonunda diseksiyonlar1 gergeklestirilmistir [11]. RT-
PCR ve western blot analizleri i¢in her grup/alt grup
icin 4 sican karaciger dokular1 kullanilmistir.

2.2 RT-PCR analizi

Karaciger Dokularindan RNA izolasyonu ve cDNA
Sentezi:
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Herbir sigandan alinan karaciger érneklerinden trizol
(Thermo Fischer, Ref:15596026) kullanilarak RNA
izole edilmistir. Kisaca 0.5 gr tartilan dokular, ZrOB05-
0,5mm RNase free boncuklar (Norgen P/N26231) ile
trizol icerisinde homojenizatér (Next Advace Bullet
Blender Storm 24) ile homojenizasyon
gerceklestirilmistir. Kloroform eklenerek fazlarin
olusumu gozlenmistir. En Ustte yer alan RNA faz
ependorf tlplerine alinmistir ve izopropanol
eklenmistir. Olusan RNA ¢okelegi iizerine 1 ml %70’lik
soguk etanol eklenmis ve santrifiijlendikten sonra
listteki etanol atilmistir. Orneklerdeki etanol 37°C’de
etiivde bekletildikten sonra 100ul RNAse free su
eklenmistir. RNA miktarlar1 nanodropta dl¢iilmistiir
(Thermo Scientific™ NanoDrop 2000). RNA o6rnekleri
200 ng/ul'ye esitlenmistir. Ornekler iiretici firmanin
kit protokolii takip edilerek cDNA'ya g¢evrilmistir
(RevertAid First Strand cDNA Synthesis Kit, Cat
No:K1621, Thermo Fischer).

Drp1l Gen ekspresyonu analizleri, FastStart Essential
DNA Green Master kit (Roche, 06402712001)
kullanilarak Step One Plus RT-PCR cihaz1 (Applied
BioScience) kullanilarak kit protokoliine uygun
gerceklestirilmistir. Endojen kontrol geni olarak
Gapdh kullanilmistir. Gapdh ve Drpl’e ait primer
dizileri Tablo 1.1’de verilmistir.

Gen Forward (5'-3') Reverse (5'-3')
Gapdh | AGACAGCCGCATCTTCTTGT | CTTGCCGTGGGTAGAGTCAT
Drpl CGCTGATCCCGGTCATCAAT | TCAACTCCATTTTCTTCTCCTGT

Tablo1.1. Calismada kullanilan GAPDH ve Drpl gen
primerlerinin forward ve reverse dizileri

RT-PCR  analizleri sonrast gen ekspresyonu
farkliliklarinin = hesaplanmasinda Livak metodu
kullanilmistir =~ [13].  Referans gen  GAPDH
kullanilmistir.

2.3 Western blot analizleri

Drp1 ve Mull protein miktarlar1 western blot ile analiz
edilmistir. Yaklasitk 350 mg tartilan karaciger
ornekleri proteaz inhibitoér kokteyli (CST, 5871) ve
PMSF (CST, 8553) eklenmis RIPA buffer (CST, 9806)da
homojenize edildi. Protein miktarlar1 her bir 6rnek
icin 20 ug a esitlenmistir.

Denatiirasyon ve numune yliklemek icin Blue Loading
Buffer Pack (CST, 7722) kullamlmistir. Ornekler 100
°C’de denatiire edilmistir.

Ornekler SDS jele yiiklenerek 70V’da yaklasik 2 saat
30 dk yiritilmistiir. Yar1 kuru sistem kullanilarak
proteinler jelden nitroselilloz membrana (Biorad,
1620114) aktarilmistir (Biometra Fasblot cihazi,
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Analytik jena, Almanya). Membran +4°C’de bir gece
bloklama soliisyonu igerisinde (%5 yagsiz siit tozu
TBST Soliisyonu) bekletilmistir. Daha sonra membran
1:1000 oraninda sulandirilmis Mull primer antikor
(ProteinTech, 16133-1-AP-20UL) veya Drpl primer
antikoru (Cell Signaling, 8520S) soliisyonu eklenerek
1 gece +4 °C'de bekletilmistir. Membran, 3 kez yikama
isleminden sonra 1:2000 oraninda seyreltilen
sekonder antikor (CST, 7074S) ile 1 saat muamele
edilmistir. Bantlar, ECL (Biorad, 1705061) ile Gel
Logic Imaging system (Kodak) kullanilarak
gorintiilenmistir. Her bir membranda bulunan bandin
sinyal yogunlugu (signal intensity) GelQuant.NET
programi kullanilarak olgiilmiis ve bu degerler
grafikle gosterilmistir.

2.4 istatistiksel degerlendirme

Calismalarimiz  sonucunda; RT-PCR verilerinin
istatistiksel analizlerinde “GraphPad Prism 8” yazilimi
kullanilmistir ve ACt degerleri kullanilarak ANOVA
Bonferonni Testi uygulanmistir [14]. Tim analiz
sonuclarinda p<0.05 gore anlamlh kabul edilmis ve
+SD kullanilmistir.

3. Bulgular

Bu c¢alismada kullanilan karaciger dokularina ait
rejenerasyon ve proliferasyon oranlar1 saatlere gore
onceki calismamizda verilmistir [11].

Drpl ekspresyonlari, PH sonrasi rejenerasyon
saatlerine gore (6, 12, 24 saat) analiz edilmis ve
istatistiksel olarak degerlendirilmistir. SH gruplari
kendi icinde kontrol grubuyla birlikte
degerlendirildiginde; SH gruplar1 ve kontrol gruplari
arasinda anlamli bir fark bulunmamistir (Sekil 3.1).
PH gruplar1 kendi i¢cinde kontrol grubuyla birlikte
Drpl ekspresyonu bakimindan degerlendirildiginde;
kontrol, PH6 ve PH12 arasinda anlamli bir fark
bulunmamistir. Ancak PH12 grubunda meydana gelen
Drp1 gen ekspresyonu artis1 PH24’e gore istatistiksel
olarak anlamli bulunmustur (Sekil 3.1).

Ayrica ayni saatteki PH gruplan ile SH gruplan
birbirleri ile karsilastirildiginda; tiim PH gruplarinda,
aynt  saatteki SH  gruplarina gére Drpl
ekspresyonlarinda diisiis gézlenmistir. PH gruplarinin
6. ve 24. saatlerinde meydana gelen Drpl
ekspresyonlar1 diisiisii, ayn1 saate denk gelen SH
gruplarina gore istatistiksel olarak anlaml
bulunmustur (Sekil 3.1).
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Drpl

2.00
1.50 =

a
1.00 * T
0.50 T *
0.00

Ctrl 6. Saat 12. Saat 24, Saat
M SH PH

Sekil 3.1. Drp1 geninin saatlere gore ekspresyonu (n=4) (PH gruplari, ayni saatteki SH gruplarina gére* P<0.05). (PH gruplar:
kendi i¢inde karsilastirildiginda; PH24’e gore; @ p<0.05). ANOVA Bonferonni testi kullanildi.

Drpl western blot analiz sonuglar1 degerlendirildiginde; PH gruplarinda, SH gruplarina gére Drpl protein
miktarinin diistiigii gézlenmistir (Sekil 3.2). Drp1 protein miktarlari, PH gruplari arasinda degerlendirildiginde;
PH12’de hafif artis oldugu belirlenmistir (Sekil 3.2). Drp1 western blot analiz sonuglariyla gen ekspresyonu analiz
sonuglari birbiriyle uyumludur (Sekil 3.2).

Mull’in western blot analiz sonuglar1 degerlendirildiginde; SH grubu ile karsilastirildiginda, PH gruplarinda Mul1
protein miktarinda diisiis belirlendi. Tiim gruplar icinde SH6 grubunda Mull miktari en fazla bulundu (Sekil 3.3).

ctrl | SHO | SH6 | SH12 I SH24 | PH6 | PH12 | PH24 |
— - - DRP1 <
w ~
o © o0 N
5 25 ) 3 A o Q
D 20 g = o) o]
oo ) < —
= 15 ™ o -
= . ° 2 2
B 10 ) S
o) = o
> 5 .
x .
@ Ctrl SHO 6 12 24
-]
= Saat
B mSH mPH

Sekil 3.2. Drpl saatlere gore protein miktarlari. PH: Parsiyal Hepatektomi A. Jel Gorilintlisii B.Bant yogunluklarina goére
olusturulan grafik

Ctrl | SHO | SH6 | SHI2 ‘ SH24 | PH6 | PHI2 | PH24 ] MUL1L
40 P g
= ve ™
L] E S = < 2 a
2 20 - IE St —#3
z P &
,§ 8 I m " m= Am
> ctrl SHO 6 12 24
=
b < Saat
: 3 o
[as]
- e =
ESH =PH
A B

Sekil 3.3. Mull proteininin saatlere gore miktarlarl. PH: Parsiyal Hepatektomi A. Jel Goriintiisii B. Bant yogunluklarina gore
olusturulan grafik
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4. Tartisma ve Sonug¢

Mitokondriyal fizyon, intra-mitokondriyal membranin
(IMM) takibinde dis (outer) mitokondriyal
membranin (OMM) ayrilmasiyla, mitokondrinin
bogumlanmasidir. IMM bogumlanmasi ile ilgili bilgiler
olduk¢a sinirhdir; ancak OMM bogumlanmasinda
Drpl’in gorev aldig1 bilinmektedir. Drpl GTPaz
proteinlerindendir. Drpl disinda Drpl adaptér
proteinleri olan FIS1, MFF, ve MiDler de rol
oynamaktadir [15].

Calismamizda Drp1 ekspresyonunun SH gruplarinda

kontrol gruplarina benzer oldugu ancak PH
gruplarinda diisiik oldugu gézlenmistir. PH gruplari,
kontrol grubuyla birlikte kendi icinde

degerlendirildiginde PH12 grubunda Drpl artisi
anlamli bulunmustur. Yapilan literatiir taramalarinda;
karaciger rejenerasyonu iizerine benzer bir bildiriye
rastlanmistir. S6z konusu ¢alismada; %70 PH sonrasi

rejenerasyon sirecinde Drpl, Fisl ve Mfnl
ekspresyonlarinin arttigi belirtilmis ancak;
rejenerasyonun hangi saatinde oldugu
aciklanmamistir [16].

Mul1 aracili mitofaji/mitokondriyal fizyon

mekanizmasinda Mull, Drpl ile birlikte gorev
almaktadir [8, 9]. Ancak son yapilan arastirmalar
Drpl’in Mull aktivasyonunun baskilandig1 farkh
mitofaji mekanizmasiyla da iliskili oldugunu
gostermektedir [17].

Calismamizda SH gruplarmn ve PH gruplan
degerlendirildiginde; Mull ve Drpl miktarlar, SH
gruplarinda kontrol gruplarina yakin iken; PH
gruplarinda dusiiktiir. Son yapilan ¢alismalar
normoksi kosullarinin aksine hipoksi kosullarinda
Mull'in  ters yonde etki gosterebilecegini
vurgulamaktadir. Hipoksi kosullarinda Mull’'in
ubikutunasyon yoluyla yikildig1 ve Drp1’in hipoksik
kosullar i¢in gerekli oldugu belirtilmektedir [17].

Baska bir c¢alismada; PC12 hiicrelerinde iskemik
kosullar taklit edilerek ve Mull ekspresyonunun RNAi
araciliglyla artmasi saglanarak; artmis Mull
miktarinin, hipoksik kosullardaki olasi etkisi
degerlendirilmistir. S6z konusu c¢alismada; hipoksi
kosullarinda arttirllmis Mull ekspresyonunun
proliferasyonu durdurucu yonde etki ettigi, hiicrelerin
GO/G1 gecisinde durdugu ve apoptozun tesvik
edilmesiyle  aciklanmistir.  Doayisiyla  hipoksi
kosullarinda Mull miktarinin azalmasi proliferasyon
icin ve GO/G1 kontrol noktasinin asilabilmesi icin
gerekli goriinmektedir [18]. Bu durum PH gruplarinda
Mul?’in ni¢in diistiiglini aciklamaktadir.

Karaciger rejenerasyonu sirasinda hipoksiye isaret
eden ¢ok sayida makaleye rastlanmistir [19; 20]. Bu
makalelerde  hepatektomi islemi ile birlikte
karacigerin kalan loblarinda arteriyal kan basincinin
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artmasma ragmen portal basincin azalmasindan
kaynakli hipoksi olabilecegi beyan edilmektedir [20].

Bazi arastirmalar hipoksinin karaciger
rejenerasyonunu artirdigl yoniindeyken [21]; bazi
calismalar da hiperbarik oksijenin karaciger
rejenerasyonunu artirdifl yoniindedir. Karaciger

rejenerasyonu sirasinda hipoksi mekanizmalarinin
aktivasyonuyla ilgili sinirli sayida ¢alisma olmasiyla
birlikte; 2005 yilinda yapilan bir ¢alismada %70 PH
sonrasl, Hypoxia Inducible Factor-la (Hifla) nin
ekspresyonunun ve proteinin miktarinin arttigi
gosterilmistir [22]. Hifla, normokside, hiicre i¢inde
strekli yikilirken, hipokside stabil hale gegmektedir
[22]. Calismamizda Mull miktarinin PH gruplarinda
diismesi; rejenerasyon sirasinda meydana geldigi
diistiniilen hipoksik kosullarda [19, 20] Mull’in olas1
antiproliferatif etkisini [17] bastirmak icin olabilir.
Rejenerasyon sirasinda hepatositlerin proliferasyona
devam etmesi gerekir ve hipoksik ortamda
antiproliferatif 6zellik kazanan Mul1l ekspresyonunun
diistrillmesi hiicreler icin mantikli bir tercih gibi
gorinmektedir. Bununla birlikte; PH sonrasi 12. saatte
Mull miktar1 diisitkken; Drp1’in artmasi ise hipoksik

kosullarda Mull inhibisyonuyla iliskili Drp1l
aktivasyonuyla  iliskili ~ farkli  bir = mitofaji
mekanizmasiyla [17] iliskilendirilebilir. Ancak

elimizdeki sinirli veriyle kesin bir sonuca ulasmak
miimkin degildir ve daha ileri arastirmalara ihtiya¢
vardir.

Calismamizda PH ile tetiklenen  karaciger
rejenerasyonunun 6, 12, 24. saatlerinde Mull’in aktif
olmamasi, Mull aracili mitofaji/mitokondriyal fizyon
mekanizmasinin bu stirelerde etkili olmadigina isaret
etmektedir. Ancak Drp1’'in PH12. saatteki hafif artisi,
karaciger rejenerasyonunda Drpl ile iliskili farkl
mekanizmalarin aktif olabilecegini
diistindiirmektedir.
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Keywords Abstract: This study assesses the y-ray shielding performance of zirconia-doped
Zirconia, transparent glass-ceramics (TGCs) derived from the SiO.—Na.0—-CaO-P20Os system over
Glas.s Ceramics, - 0.015-15 MeV. Four compositions (BG1-BG4, 0—6 mol % ZrO.) were analysed using
Radiation Shielding, the Phy-X/PSD software and the PHITS-3.22 Monte Carlo code, which agreed closely;

Mass attenuation coefficient,

. o the largest deviation was 1.47 % for BG1 at 3 MeV while largest deviation is only 1.39
Biocompatibility

% for BG4 at 8 MeV. For BG4, the mass attenuation coefficient declined from 8.040 cm?
gtat0.015 MeV to 0.022 cm? g ! at 15 MeV, while the half-value layer changed 0.0030-
10.649 cm. BG4 also recorded the highest linear attenuation coefficient, 23.398 cm™ at
0.015 MeV, and its HVL at 0.1 MeV was 16.7 % lower than BG1. Replacing CaO with
6 mol % ZrO: raised density from 2.535 to 2.910 g cm™ (+14.8 %) and reduced molar
volume, enhancing structural compactness and attenuation. Zirconia-rich TGCs—
especially BG4—thus present environmentally benign, lead-free, and biocompatible
options for radiation-shielded dental and orthopaedic implants.

Yenilikc¢i Biyoaktif Zirkonya Cam Seramikleri: Radyasyon Zirhlama ve
Biyouyumlulugun Birlesimi

Anahtar Kelimeler 0z: Bu calisma, Si0,-Na,0-Ca0-P,05 sisteminden tiiretilen zirkonya katkili seffaf
Zirkonya cam-seramiklerin (TGC) 0,015-15 MeV araligindaki y-1sin1 zirhlama performansini
Seffaf cam seramik, degerlendirmektedir. Dort bilesim (BG1-BG4, %0-6 mol ZrO;) Phy-X/PSD yazilimi
Radyasyon zirhlama, ve PHITS-3.22 Monte Carlo kodu kullanilarak analiz edilmis olup sonuglar biiyiik

Kiitle zay:flatma katsay1si, 6lciide uyumludur; en biiyiik sapma BG1 i¢in 3 MeV’'de %1,47 iken BG4 igin 8

Biyouyumluluk MeV'de yalmzca %1,39’dur. BG4 numunesinde kiitle zayiflatma katsayis1 0,015
MeV’de 8,040 cm? g™"’den 15 MeV’de 0,022 cm? g™"'ye diismiis, yar1 deger kalinhig
0,0030-10,649 cm araliginda degismistir. BG4 ayrica 0,015 MeV’de 23,398 cmtile
en yiiksek dogrusal zayiflatma katsayisini kaydetmis ve 0,1 MeV'deki HVL degeri
BG1l'den %16,7 daha dusiiktiir. CaO’nun %6 mol ZrO, ile ikamesi yogunlugu
2,535'ten 2,910 g cm™¥e (+%14,8) yiikseltmis ve molar hacmi azaltarak yapisal
sikihigl ve zayiflatmayr artirmistir. Zirkonya acisindan zengin TGC'ler—ozellikle
BG4—bu nedenle radyasyon zirhlamali dis ve ortopedik implantlar i¢in ¢evre dostu,
kursunsuz ve biyouyumlu secenekler sunmaktadir.

1. Introduction urgent need for safer, non-toxic, and eco-friendly

alternatives.

Radiation shielding is essential in healthcare settings

like radiology, dentistry, and oncology to safeguard Transparent glass ceramics (TGCs) doped with

patients and staff from harmful ionizing radiation. zirconia (ZrO,) present a promising alternative

Lead has been the primary shielding material because material[1], [2]. They offer advantages by merging the

of its high density and radiation attenuation optical transparency of glass with the enhanced

capabilities. Nevertheless, its toxicity, environmental density and strength achieved through controlled
risks, and poor biocompatibility underscore the nanocrystallization. This combination results in

beneficial physical, structural, and biological

*Corresponding author: o.kilicoglu@marmara.edu.tr
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characteristics. Consequently, transparent glass
ceramics (TGCs) provide a compelling alternative [3].
Their bioactivity, mechanical robustness,
transparency, and exceptional biocompatibility make
them particularly suitable for biomedical contexts
where radiation protection must align seamlessly with
patient safety and tissue compatibility.

Zirconium dioxide (ZrO,) is a valuable addition to
glass ceramics due to its high atomic number (Z = 40)
and flexible structure[4]. This allows for a denser
silicate network without compromising clarity or
chemical stability. Additionally, Zr** acts as a
nucleating agent, promoting the formation of tiny
tetragonal nanocrystals that improve the glass's
resistance to cracking. While some have highlighted
these various advantages, they pointed out that
information regarding the radiation shielding
capabilities of zirconium-containing materials is still
limited and varies based on the specific material
composition[5].

Innovative bioactive zirconia glass ceramics show
considerable promise for use in medical implants,
especially in dentistry and orthopedics. Their unique
combination of biocompatibility, mechanical strength,
and bioactivity makes them suitable for a range of
implant applications. Modifying zirconia with
hydroxyapatite can enhance its bioactivity, leading to
improved integration with natural bone and gum
tissues [6], [7]. Composite materials with optimized
hydroxyapatite levels can achieve a balance of strong
mechanical properties and enhanced bioactivity,
making them particularly well-suited for dental
implants [7].

In bone repair and regeneration contexts, zirconia
composites, especially those enhanced with
hydroxyapatite, significantly facilitate early cell
adhesion and promote effective osseointegration[8].
Additionally, additively manufactured zirconia tools
provide dual functionality as surgical instruments and
scaffold structures, improving recovery through
targeted drug delivery and mechanical support [9].
Furthermore, zirconia ceramics offer superior
aesthetic outcomes in dental restorations, closely
mimicking natural tooth appearance and ensuring
durability [10].

Despite these promising characteristics, the inherent
brittleness of zirconia ceramics poses challenges,
emphasizing the necessity for ongoing research to
optimize their mechanical properties for high-stress
biomedical applications. The continued exploration
and development of bioactive zirconia glass ceramics
represent significant advancements towards safer,
sustainable, and more effective radiation shielding
solutions specifically tailored for medical and
healthcare settings. There is an increasing number of
studies investigating different materials for shielding
purposes [11].
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This study investigates zirconia (ZrO.)-doped
transparent glass ceramics (TGCs), originally
developed and characterized by Mishra et al. to
evaluate their potential as advanced radiation
shielding materials in biomedical applications,
particularly  within dental and orthopedic
contexts[12]. Based on the SiO,-Na,0-Ca0-P,0s5
composition, Mishra et al. incrementally substituted
calcium oxide (CaO) with varying molar percentages
of Zr0O, (0 to 6 mol%) to examine how this substitution
affects critical physical, structural, and biological
properties relevant to radiation protection.

The TGCs synthesized using the conventional melt-
quench method exhibited increases in density and
structural compactness proportional to the ZrO,
content. Structural characterizations conducted
through X-ray diffraction (XRD) and Fourier-
transform infrared spectroscopy (FTIR) revealed
significant network modifications, higher density, and
reduced particle sizes, indicating enhanced radiation
attenuation potential. Further optical characterization
and morphological assessments through Field
Emission Scanning Electron Microscopy (FESEM)
provided deeper insights into  structural
improvements and optimized optical properties.

Biological evaluations via in vitro cytotoxicity and cell
viability assays demonstrated excellent
biocompatibility and safety, reinforcing the suitability
of these TGCs as effective, environmentally friendly
alternatives to traditional lead-based radiation
shielding. Building upon the investigation conducted
by Mishra et al. (2024), this research elucidates
zirconia-doped transparent glass-ceramics (TGCs) as
highly promising candidates for sustainable and
biocompatible radiation shielding applications within
the realm of medical implantology[12]. The aim of this
study is to systematically evaluate the radiation
shielding characteristics of  zirconia-doped
transparent glass-ceramics (TGCs) synthesized from
the Si0,-Na,0-Ca0-P,05 compositional framework.

2. Materials and Methods
2.1. Synthesis of Glass Ceramics

Transparent glass ceramics (TGCs) with the specific
formulations of 55Si0,-25Na,0-(15-x)Ca0-5P,05-
xZrO, (where x 0, 2, 4, and 6 mol%) were
synthesized utilizing the conventional melt-quench
methodology, in accordance with previously
delineated protocols (Mishra et al., 2024). High-purity
chemical precursors—including silicon dioxide (SiO,,
99%, Sigma Aldrich), disodium oxide (Na,O, 80%,
Sigma Aldrich), calcium oxide (CaO, 95%, Himedia),
phosphorus pentoxide (P,0s5, 98%, Sigma Aldrich),
and zirconium dioxide (Zr0O,, ~99%, Sigma Aldrich)—
were meticulously weighed, comprehensively mixed
utilizing an agate mortar in conjunction with acetone
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to ensure uniformity, melted at a temperature of
1350°C for a duration of 1 hour, quenched onto
stainless steel molds, subjected to annealing at 450°C
for 4 hours, and subsequently cooled gradually to
ambient temperature.

Sample Classification:
TGC-BG1: 55S5i0; + 25Na,0 + 15Ca0 + 5P,05 + 0Zr0,,
density = 2.535 g/cm?®
TGC-BG2: 55Si0;, + 25Na,0 + 13Ca0 + 5P,05 + 2Zr0,,
density = 2.633 g/cm?
TGC-BG3: 55Si0;, + 25Na,0 + 11Ca0 + 5P,05 + 4Zr0,,
density = 2.769 g/cm?
TGC-BG4: 55Si0, + 25Na,0 + 9Ca0 + 5P,05 + 6Zr0,,
density = 2.910 g/cm?®

The detailed characterization of these materials,
including density, molar volume, optical, structural,
and biological properties, were adopted implicitly
from Mishra et al. (2024) [12].

2.2. Theoretical expectations and Monte Carlo
simulations

The parameters governing the photon interaction
were simulated via the PHITS 3.22 Monte Carlo code,
which offered detailed elucidation of the time-
dependent, continuous-energy transport of particles
and photons within a three-dimensional geometry.
The geometry employed in the PHITS 3.22 simulations
is depicted in Figure 1.

Detector

Sample

Radioactive 4

Vacuum

Figure 1. Schematic representation Monte Carlo geometry

In the framework of the simulation configuration, lead
blocks were implemented to provide shielding for
both the gamma-ray source and the detection
apparatus. The detection system was assigned the
responsibility of quantifying the photon flux, which
was articulated in the units of MeV-cm?-s™*. These
empirical observations were subsequently integrated
into the Beer-Lambert law to determine the linear
attenuation coefficient, taking into account the specific
photon energy and the thickness of the material. For
the simulation processes, T-Track tally was employed
in the PHITS platform[13]. The particle histories were
calibrated to a value of 107. The attenuation
parameters that were computed were then juxtaposed
with those derived from the Phy-X/PSD software. The
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compositions and densities of the samples were
introduced into the Phy-X/PSD system, gamma energy
ranges were selected, and computational methods
were set accordingly to analyze the shielding
performance of TGCs comprehensively across the
energy range of 0.015-15 MeV. The Phy-X/PSD
software (Sakar et al, 2020), accessible as open-
source and online, was specifically designed for
radiation shielding and dosimetry calculations. This
software was developed using Node]S v8.4.0, secured
with Nginx 1.15.8, and built upon a 256-bit
PositiveSSL certification. Detailed information and
access to the software are available at: https://phy-

x.net/PSD.

The software's versatility enables analysis across a
broad gamma photon energy spectrum (0.015-15
MeV), making it suitable for diverse biomedical
applications. Its capability to handle a wide variety of
materials, coupled with its integration with
complementary analytical tools like EPICS2017,
XCOM, and MCNPX, ensures reliable and accurate

results. Furthermore, Phy-X/PSD's user-friendly
interface, customizable reporting options, and
comprehensive documentation facilitate

straightforward interpretation and dissemination of
research findings. Consequently, this software played
an essential role in confirming the potential of
zirconia-doped TGCs as effective, environmentally
friendly radiation shielding materials in medical
implantology.

In brief, the software has been shown to produce
accurate and reliable results, with good agreement
between theoretical and experimental data. This high
level of accuracy makes it a trusted tool for radiation
shielding analysis[14]. The software calculations
required accurate input of the chemical compositions
and densities as detailed above and in the referenced
work[12].

The gamma photon energy spectrum optimized to
0.015-15 MeV; and within this energy range the LAC,
MAC, HVL, TVL, MFP, Zeff and Neff are assessed. The
MAC of multi-element materials—such as alloys,
minerals, or compounds—can be theoretically
estimated using the mixture rule method. The mass
attenuation coefficients were determined by the
theoretical mixture-rule method, represented
mathematically by the following equation:

W/ P materiar = ZiWiu/p); (1)

Where respectively W; and (u/p); represent the
weight-fraction and the MAC of the " element.
Elemental weight fractions were calculated as follows:

niA;
M g @)
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where n; and A; denote the element-number and the
atomic-weight of the i" element, respectively.

The mass attenuation coefficient is an intrinsic
material parameter that is independent of both the
material's density and its physical state[15]. The LAC
is a parameter that is contingent upon density and is
affected by the physical state of the material; it is
determined by the product of the mass attenuation
coefficient and the density of the material in question.
The following radiation shielding parameters were
computed by utilizing the LAC (W):

In2

Half-value layer (HVL): HVL = " (3)

Tenth-value layer (TVL): TVL = l"% (4)

Mean free path (MFP): MFP = i (5)

Further, molecular (o ,,), atomic (0, 4), and electronic
cross-sections (0., ) were determined using mass
attenuation coefficients, following these relations:

Oem = 1/ PImater Zi(niA;) (6) and

Otq = % (7) and
1 iAj
Oe = y 270t (u/p)i (8)

The effective atomic number (Zef) was calculated
as[16]:

Ota

Zerr = 5,

9)

Finally, the effective-electron-density be

calculated through the equation below:

can

ZE
2 o (Nngo.) (10)
tot

Negr =

where A;,; and n;,; represent the total-atomic-
weight and total-number of elements in the material,
respectively.

3. Result and Discussion

This study evaluates the gamma radiation attenuation
characteristics of various bioactive zirconia (Zr0;)-
doped transparent glass ceramics (TGCs)
formulations, each distinguished by their chemical
composition and density as outlined in Table 1. The
photon interaction properties were examined over an
extensive energy range—from 0.015 MeV to 15 MeV—
utilizing the The Phy-X/PSD software and PHITS 3.22
Monte Carlo simulation code.
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Table 1. Sample code, chemical composition of the
investigated TGC (mol %) in SiO2-Na20-Ca0O-P20s-ZrO2
system

Sampl Si0O Naz Ca P20 Z:O Density
e 2 0] 0 5 2 (g/cm3
Name )
BG1 55 25 15 5 0 2.535
BG2 55 25 13 5 2 2.633
BG3 55 25 11 5 4 2.769
BG4 55 25 9 5 6 2910
The initial phase of the analysis focused on

determining the mass attenuation coefficients (MACs)
for the zirconia (ZrO.)-doped transparent glass
ceramics (TGCs) by using the software and simulation
codes.

Figure 2 illustrates the variation in mass attenuation
coefficients (MACs) of the ZrO,-doped transparent
glass-ceramics (TGCs) against photon energy, while
Table 2 lists the corresponding values computed with
the Phy-X/PSD software and the PHITS-3.22 Monte
Carlo code. The two datasets agree closely. For the
best-performing BG4 sample, the MAC drops from
8.040 cm? g* at 0.015 MeV t0 0.022 cm? g™t at 15 MeV,
a 99.7 % reduction. At 0.015 MeV, BG4’s half-value
layer is 0.0030 cm, 16.7 % thinner than BG1 (0.0036
cm), while its density is 2.910 g cm™3, 14.8 % higher
than BG1 (2.535 g cm™®), underscoring how ZrO,
enrichment yields a more compact and efficient shield.
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Table 2. pu/p (cm? g1) results for the glass ceramics.

BG1 BG2 BG3 BG4

Energy

(MeV) Phy-  PHITS Dev. Phy-  PHITS Dev. Phy- PHITS Dev. Phy-  PHITS Dew.
X/PSD %  X/PSD % X/PSD %  X/PSD %

0.015 7.533 7.526  0.09 7.709 7.716  0.09 7.878 7.882  0.04 8.040 8.044 0.05
0.02 3.309 3.302 0.19 5.104 5.106 0.03 6.828 6.835 0.10 8.483 8.490 0.08
0.03 1.106 1.108 0.15 1.728 1.726  0.15 2.326 2324 0.10 2.900 2.898 0.05
0.04 0.564 0.569 091 0.849 0.849 0.03 1.123 1.123  0.02 1.385 1.384 0.07
0.05 0.369 0.372 081 0.522 0.524 0.38 0.669 0.670 0.17 0.810 0.810 0.01
0.06 0.280 0.283 1.01 0.372 0.372 0.22 0.459 0461 0.33 0.544 0.545 0.21
0.08 0.205 0.206  0.39 0.245 0.245 0.05 0.284 0.284 0.02 0.321 0.321 0.28
0.1 0.174 0.175 0.48 0.195 0.195 0.10 0.215 0.215 0.07 0.234 0.234 0.12
0.15 0.141 0.142 0.39 0.147 0.148 0.54 0.153 0.154 042 0.159 0.160 0.28
0.2 0.125 0.126 0.31 0.128 0.128 0.26 0.130 0.131 045 0.133 0.133  0.55
0.3 0.107 0.107 0.52 0.108 0.108 0.49 0.108 0.109 0.58 0.109 0.109 0.23
0.4 0.095 0.095 031 0.095 0.096 0.65 0.096 0.096 0.43 0.096 0.096 0.32
0.5 0.087 0.087 0.14 0.087 0.087 041 0.087 0.087 0.23 0.087 0.087 0.49
0.6 0.080 0.081 0.58 0.080 0.080 0.54 0.080 0.080 0.49 0.080 0.080 0.60
0.8 0.070 0.070  0.20 0.070 0.070  0.35 0.070 0.070  0.29 0.070 0.070 0.44
1 0.063 0.063 0.17 0.063 0.063 0.31 0.063 0.063 0.39 0.063 0.063 0.29
1.5 0.051 0.052 0.93 0.051 0.052 1.34 0.051 0.052 0.87 0.051 0.051 0.29
2 0.044 0.045 0.87 0.044 0.044 0.56 0.044 0.045 1.38 0.044 0.045 1.36
3 0.036 0.037 1.47 0.036 0.036 0091 0.036 0.037 1.28 0.036 0.036 0.73
4 0.032 0.032 0.19 0.032 0.032 0.85 0.032 0.032 093 0.032 0.032 0.82
5 0.029 0.029 1.02 0.029 0.029 091 0.029 0.029 0.36 0.029 0.029  0.57
6 0.027 0.027 0.66 0.027 0.027 0.67 0.027 0.027 130 0.027 0.027  0.25
8 0.024 0.024 0.28 0.024 0.024 0.15 0.025 0.025 0.78 0.025 0.025 1.39
10 0.023 0.023 0.51 0.023 0.023 0.58 0.023 0.023 0.39 0.024 0.024 1.09
15 0.021 0.021 091 0.022 0.022 0.75 0.022 0.022 040 0.022 0.022 0.16

Figure 2 presents how the MACs evolve with
increasing photon energy. A clear exponential decline
is observed, reflecting the inherent relationship
between photon energy and attenuation efficiency.
The observed behavior is intrinsically dependent on
the elemental constituents of the glass ceramics
(TGCs) matrices.
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Figure 2. Mass attenuation coefficient of the zirconia doped
transparent glass ceramics system with photon energy
0.015 MeV to 15 MeV

Atlower photon energies, a pronounced drop in MACs
is evident, which becomes more gradual in the
intermediate (0.5 - 2 MeV) and higher energy domains
(2 - 15 MeV). This phenomenon is associated with the
primary mechanisms of photon interactions:
photoelectric absorption occurring at lower energy
levels, Compton scattering manifesting in the
intermediate energy range between 0.5 - 2 MeV, and
pair production taking place at elevated energy levels.

The dependencies of these mechanisms are governed
by the photon energy (E) and atomic number (Z) of the
constituent elements. Specifically, the photoelectric
cross-section varies approximately as E™.° and Z*"5;
Compton scattering exhibits E™* and Z dependence;
and pair production increases with E and Z?.

In light of these proportional relationships, the
exponential decline in mass attenuation coefficients
with increasing photon energy becomes more
comprehensible.

As illustrated in Figure 2, the glass-ceramic sample
labeled BG4, which contains a high concentration of
Zr0, in place of a lower CaO content, exhibits higher
MACs, particularly in the low-energy region between
0.015 - 0.5 MeV. A more important gamma radiation
shielding parameter is the LAC, which combines the
MAC with the physical density of the material. Figure
3 illustrates the LACs for each glass ceramic’s a
function of incident photon energy.
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Figure 3. Linear attenuation coefficient of the zirconia
doped transparent glass ceramics system with photon
energy 0.015 MeV to 15 MeV

The energy-dependent behavior of LACs show that of
the MACs, demonstrating an exponential decline as
energy increases. For instance, at 0.015 MeV, the LACs
for BG1 through BG4 are calculated to be 19.096,
20.298, 21.815, and 23.398 cm™, respectively. At 0.6
MeV, these values diminish to 0.203, 0.211, 0.221, and
0.232cm™.

It is noted that the disparity between the LACs
decreases as the photon energy escalates. This
phenomenon can be ascribed to the prevailing
mechanisms of photon-matter interactions, as
evidenced by the characteristics of the MACs
throughout the low, medium, and high energy
domains between 2 15 MeV. Although all
investigated bioactive glasses exhibit effective gamma
radiation shielding in the low-energy region between
0.015 - 0.5 MeV, the BG4 sample—characterized by its
high LAC and density—demonstrates superior
shielding capacity compared to the other
compositions. Among the selected glass ceramics, BG4
consistently exhibits the highest LACs, affirming its
enhanced gamma shielding capability.

Material thickness plays a critical role in shielding
calculations. The thickness required to reduce the
intensity of incident photons by 50% is referred to as
the HVL, whereas the thickness needed to attenuate
the intensity to one-tenth of its original value is known
as the TVL. The layer-thickness for reducing the
intensity of incident photons to approximately 36.8%
of its initial value is termed the MFP. These
parameters presents the details of the penetration
capabilities of various types of radiation and their
interaction with specific materials. Consequently, they
are among the most commonly employed metrics for
evaluating shielding effectiveness and material
performance in radiation protection design. These
parameters, plotted in Figures 4 through 6, are
inversely related to the LAC.
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Figure 4. Half value layer (HVL) of the zirconia doped

transparent glass ceramics system with photon energy
0.015 MeV to 15 MeV

Across the photon energy spectrum ranging from
0.015 to 15 MeV, HVL-TVL and MFP parameters are
elucidated in this inquiry. Figure 4 delineates the HVL
measurements of the chosen samples as a function of
both photon energy and doping concentration. In a
parallel manner, Figures 5 and 6 depict the TVL and
MFP values, respectively, for the identical samples
under fluctuating photon energies and doping
concentrations[17].
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Figure 5. Tenth value layer (TVL) of the zirconia doped
transparent glass ceramics system with photon energy
0.015 MeV to 15 MeV

In the range of energies between 0.015-15 MeV, HVL
values for BG1 are 0.0036-12.858 cm, 0.0034-12.161
cm for BG2,0.0032-11.371 cm for BG3, 0.0030-10.649
cm for BG4. The above Figure 4 shows these values.
Figure 5 shows that TVL values for BG1, BG2, BG3, and
BG4 are 0.121-42.713, 0.113-40.397 cm, 0.106-
37.773 cm, and 0.098-35.377 cm in the energy range
0.015-15 MeV. In the energy range between 0.015 to
15 MeV, MFP values for BG1 are 0.052-18.550 cm,
0.049-17.544 cm for BG2, 0.046-16.405 cm for BG3
and 0.043-15.364 cm for BG4. These values can be
seen in Figure 6. Lower values of MFP, HVL, and TVL
correspond to greater radiation attenuation efficiency.
Figure 6 specifically illustrates the MFP values of the
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glass samples across the photon energy range of 0.015
to 15 MeV.

—o— BG1

0 2 4 6 8 10 12 14
Energy (MeV)

Figure 6. Mean free path (MFP) of the zirconia doped
transparent glass ceramics system with photon energy
0.015 MeV to 15 MeV

Among the analyzed specimens, BG4 demonstrates
the minimum values for MFP, HVL, and TVL, signifying
an exceptional performance in radiation attenuation.
The fluctuations in HVL and TVL values across varying
photon energies are depicted in Figures 4 and 5. Based
on the graphical representations, it is evident that HVL
and TVL values exhibit a direct correlation with
photon energy, exhibiting an increase concomitant
with rising energy levels. Conversely, as photon
energy diminishes, the MFP values—conceptually
linked to HVL and TVL—also experience a decrease.

Nevertheless, the linear correlation between photon
energy and the metrics of MFP, HVL, and TVL alters at
energy levels of 10 MeV and beyond. Within this
elevated energy spectrum, the values of HVL, TVL, and
MFP demonstrate minor variances, as illustrated in
Figures 4, 5, and 6.

In the medium to high photon energy domains
between 2 - 15 MeV, the impact of chemical
composition on shielding efficacy becomes
increasingly pronounced. Specifically, the BG1 alloy
reveals the highest HVL values, suggesting diminished
attenuation efficiency, while the BG4 alloy displays the
lowest HVL values, indicative of its superior capability
in radiation attenuation. At lower photon energies,
variations in energy exert minimal influence on the
chemical structure of the shielding materials,
contrasting with the more significant effects observed
at heightened energies. Consequently, BG4
persistently showcases the lowest HVL, TVL, and MFP
values among all specimens. In terms of material
density, a higher density is directly correlated with
reduced HVL, TVL, and MFP values, thereby indicating
an enhanced capability for radiation attenuation.
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Figure 7. Effective atomic numbers of the zirconia doped
transparent glass ceramics system with photon energy
0.015 MeV to 15 MeV
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Figure 8. The variation of Nefr values with photon energy for
the zirconia doped transparent glass ceramics system

Complementing these parameters, Figures 7 and 8
present the theoretical profiles of the Zefr and Nt over
the full range of photon energies. Both Zesr and Nefr
decrease with increasing energy, displaying trends
analogous to the MACs[18]. Asillustrated in the figure,
the Zeff's of the bioactive glass samples follow the order
BG4 > BG3 > BG2 > BG1. Given the direct
proportionality between Zesr and Ner, similar trends
were observed for both parameters with respect to
photon energy and the concentration of the dopant.
Among all tested compositions, BG4—reinforced with
ZrO,—demonstrates the most favorable combination
of high Z.r and electron density, reinforcing its
position as the most effective gamma radiation
shielding material within the investigated group.

4., Discussion and Conclusion

This investigation scrutinized the gamma radiation
attenuation traits of transparent glass-ceramics
blended with zirconia (ZrO) across a diverse photon
energy spectrum spanning from 0.015 to 15 MeV.
Importantly, no previous investigations have
systematically evaluated how incremental increases
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in ZrO, concentration—while preserving complete
transparency—impact the entire array of photon
interaction parameters (MAC, LAC, HVL, TVL, MFP,
Zeff, Neff) within this extensive spectrum that spans
from diagnostic to therapeutic energy ranges.

The Phy-X/PSD software in conjunction with the
PHITS 3.22 Monte Carlo simulation code was utilized
for this research. The results indicated that for the
glass-ceramics analyzed, the mass attenuation
coefficients (MACs), linear attenuation coefficients
(LACs), effective atomic number (Zeff), and effective
electron density (Neff) exhibited a decrement with the
augmentation of photon energy. In contrast, the half-
value layer (HVL), tenth-value layer (TVL), and mean
free path (MFP) manifested an increment with
elevated photon energies. A comprehensive
assessment of all computed gamma radiation
shielding parameters elucidated that all glass-ceramic

specimens  exhibited commendable shielding
capabilities in the low-energy spectrum, with the BG4
specimen showcasing the most exceptional

performance among the evaluated samples.
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Anahtar Kelimeler 0z: Bu ¢alismada, Isparta’nin Isikkent Mahallesi’'nde bulunan insaat sahasindan
P(.)mzalzemillli, . alinan pomza iceren zemin numunesinin doygun haldeki drenajsiz ve drenajli
Dinamik basit kesme deneyi,  dinamik davranislar incelenmistir. Calismada, V] Tech DSS-C dinamik basit kesme

Sivilasma potansiyeli,

Hacimsel deformasyon cihazi kullanilarak gerilme kontrollii deneyler gerceklestirilmistir. Numuneler, 0.2,

0.25 ve 0.3 olmak iizere ti¢ farkli dinamik gerilme oraninda, 1 Hz frekansta tekrarh
yliklemelere tabi tutulmustur. Drenajsiz deneylerde numunelerin sivilasma
egilimleri ve asir1 bosluk suyu basincit gelisimi degerlendirilirken, drenajl
deneylerde hacimsel deformasyon ve diisey efektif gerilme degisimleri
incelenmistir.  Sonuglar, dinamik gerilme oranimin artisiyla kayma
deformasyonlarinin biiylidiigiinii ve drenajsiz kosullarda numunelerin sivilasma
potansiyelinin arttigini géstermektedir. Drenajli deneylerde ise zeminlerin hacimsel
deformasyona ugradig1 belirlenmistir. Calisma, pomza igceren zeminlerin dinamik
ozelliklerinin mithendislik agisindan degerlendirilmesine katk: saglamaktadir.

Determination of Dynamic Properties of Pumice Soil in Isparta Isikkent District

Keywords Abstract: In this study, the saturated undrained and drained dynamic behaviors of

Pumice soil, a pumice-containing soil sample collected from a construction site located in the

Dynamic simple shear test, Isikkent District of Isparta were investigated. Stress-controlled tests were

bﬁﬁiﬁggztﬁgfﬁnnal’ conducted using the V] Tech DSS-C dynamic simple shear device. The samples were
subjected to cyclic loading at a frequency of 1 Hz under three different cyclic stress
ratios: 0.2, 0.25, and 0.3. In the undrained tests, the liquefaction tendency of the
samples and the development of excess pore water pressure were evaluated, while
in the drained tests, volumetric deformation and changes in vertical effective stress
were examined. The results indicate that an increase in cyclic stress ratio leads to
greater shear deformations and a higher liquefaction potential under undrained
conditions. In the drained tests, the soils were observed to undergo volumetric
deformation. This study contributes to the engineering evaluation of the dynamic
properties of pumice-containing soils.

1. Giris biiyiikligiindeki Golcik depremi ve 01.05.2003

tarihinde gerceklesmis 6,4 biiylikliiglindeki Bingo6l
Depremlerin yeryiiziinde olusturacaklarn etkiler, depremi gosterilebilir. Bu depremlerde en ¢ok hasar,
depremin  karakteristigine, = bolge  zemininin genellikle dolgu gibi zayif, yeralti su seviyesinin
ozelliklerine, dogru temel tipinin se¢imine ve uygun yuksek oldugu vb. zeminlerde goriilmiistiir. Bu durum,
yapt dizaynina gore degismektedir. Ozellikle deprem dalgalarinin  olusturduklar1t etkilerin,
depremin gerceklestigi zeminlerin, miihendislik gectikleri zeminin o6zelliklerine gore degisime
ozelliklerinin 6nceden belirlenmesi biiyiik bir 6neme ugradigin1 gostermektedir. Verilen orneklerden de
sahiptirr Bu duruma oOrnek olarak 27.06.1998 gorilecegi tizere bir bolgenin yerel zemin 6zellikleri

tarihinde gerceklesmis 6,2 biiytkligliindeki Ceyhan ile depremin olusturdugu etkiler arasinda ¢ok kuvvetli
depremi, 17.08.1999 tarihinde gerc¢eklesmis 7,8 bir iliski bulunmaktadir [1].

*Sorumlu yazar: kutayguler81@gmail.com
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Oncelikle temellerin iizerine inga edildigi zeminin
mithendislik 6zelliklerinin bilinmesi gerekmektedir.
iyi tasarlanmis bir temel tasarimi, zeminin olumsuz
kosullarinda bile iist yap1 yikiinii zemin tabakasina
glivenle aktarmalidir. Bir yap1 ve temeli ¢esitli afet
durumlarinda hasar gormeden gorevini devam
ettirebildigi siirece basarili bir tasarim ve uygulama

yapildig1 soylenebilir. Bu da zeminin statik
davranisinin yaninda, deprem yiikleri altindaki
dinamik  davranisinin da iyi bilinmesini

gerektirmektedir [2].

Pomza bakimindan zengin zeminler, bir kismi Isparta
il merkezinin yerlesim alani altinda, Isparta’nin bati,
kuzey bati ve giiney batisinda yaklasik 150 m? alana
yaylmistir [3]. Pomza pargaciklari, gozenekli yapilari
nedeniyle son derece ezilebilir, sikistirilabilir ve
hafiftir [4-7]. Bu ozellikler nedeniyle pomza iceren
zeminler, tasima giicii ve dinamik sartlar altindaki
davranisi  acisindan  sorunlu  olabilmektedir.
Literatiirdeki bazi c¢alismalarda karbonat kumu,
Shirasu volkanik kumu, kire¢li kum, Masado, graniile
komiir kiilii ve ticari olarak temin edilebilen saf pomza
gibi kirilabilir malzemelerin dinamik davranisi
arastirllmis olsa da pomza iceren dogal zeminlerin
sismik  tepkisi hakkinda pek fazla g¢alisma
bulunmamaktadir [8].

Literatiirde pomzanin dinamik davranisini inceleyen
calismalarin biiytk ¢ogunlugu, drenajsiz kosullara ve
sivilasma potansiyeline odaklanmaktadir. Ancak,
Isparta ilinde yeralt1 su seviyesinin ylizeyden olduk¢a
derinde bulunmasi, pomzanin drenajli kosullardaki
davranisinin da arastirilmasini gerekli kilmaktadir. Bu
calismada, Isparta ilinin Isikkent Mahallesi'nden
alinan Orselenmis pomza numuneleri {izerinde
drenajsiz ve drenajli dinamik basit kesme deneyleri
gerceklestirilmistir. Elde edilen deney sonuglar
karsilastirilarak, pomzanin drenaji ve drenajsiz
kosullardaki dinamik davranisi arasindaki farkliliklar
degerlendirilmistir.

2. Literatiir Ozeti

Bu bolumde, literatiirde ince ve iri danelerle
gerceklestirilen dinamik deneyler ile pomza zemini
lizerine yapilan ¢alismalarin 6zetleri sunulmaktadir.

1998 yilinda Marks vd. Yeni Zelanda pomza kumunun
dinamik o6zelliklerini arastirmislardir. Pomzanin
sivilasma tepkisinin kuvars kumlarina benzedigi
ancak diisiik sekil degistirme kayma modiiliiniin daha
da diistik oldugu belirlenmistir. Pomza kumunun orta
sekil degistirme aralifinda dogrusal davrandigi, ancak
biiytlik sekil degistirmelerde hizla dogrusal olmayan
davranis sergiledigi tespit edilmistir [9].

2002 yilinda Teachavorasinskun vd. tarafindan
yapilan c¢alismada Orselenmemis Bangkok kil
numunelerinin kayma modili ve soniim orani
dinamik ti¢ eksenli cihaz ile 6l¢lilmistiir. Kayma
modili literatiirdeki benzer Kkillerle uyumlu
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bulunmus, sonim oranlarinin kiigik
deformasyonlarda %4-5; biiyiik deformasyonlarda
%?25-30 arasinda degistigi belirlenmistir. Deney
frekansinin kayma modiilii tizerinde etkisi olmadigi,
ancak soniim oranini azalttig1 gézlemlenmistir [10].

2003 yilinda Altun ve Ansal suya doygun kumlarin
dinamik yikler altindaki gerilme-sekil degistirme
ozelliklerini  arastirmislardir. Calismada, ¢evre
gerilmesi, c¢evrim sayis1 ve bosluk oran1 gibi
faktorlerin kayma modiilii ve s6niim orani iizerindeki
etkileri incelenmistir. Sonuglar, cevre basinc1 ve
¢evrim sayisinin kayma modiiliinii artirdigini, ancak
sonim oranini azalttigini géstermistir [11].

2003 yilinda Okada vd. Yeni Zelanda’daki pomza
zeminlerde sismik tasarim uygulamalarini
incelemislerdir. =~ Geleneksel  sivilasma  analiz
yontemlerinin glvenilir olmadig1 belirlenmistir.
Pomza zeminlerde bazi arazi testleri gilivenilir
bulunurken, koni penetrasyon deneyi (CPT) ve Scala
penetrometresinin  disiik glvenilirlik gosterdigi
belirlenmistir. Zeminin sikilig1 artirilarak sivilasma
riskinin azaltildig1 belirlenmistir [12].

2004 yilinda Sitharam vd. Ahmedabad bdlgesinden
alilnan zemin numunelerinin dinamik zemin
ozelliklerini ve sivilasma potansiyelini
incelemislerdir. Farkl sikiliklardaki kum
numunelerine 1 Hz frekansta ytlikleme uygulanmis ve
sikilk artttkca kayma modilinin yiikseldigi
belirlenmistir. Ayrica, sikilifin artmasi sivilasma
potansiyelini azaltmistir [13].

2005 yilinda Elibol ve Erken doygun, kismi doygun ve
kuru kum numunelerinin dinamik davranislarini
arastirmislardir. Calismada, Skempton-B parametresi,
elastisite modili ve go¢me direnci iliskisini
degerlendirmislerdir. Sonuglar, doygunluk derecesi
diistik numunelerin sivilasmaya karsi daha direngli
oldugunu gostermistir [14].

2006 yilinda Pender vd. Yeni Zelanda pomza kumunun
geoteknik ozellikleri arastirmislardir. Pomzanin
yliksek bosluk orani ve kirilabilir taneleri nedeniyle
sikistirilabilir bir malzeme oldugunu belirtmislerdir.
Normal gerilme seviyelerinde bile taneli kirilma
gorilmis, bu durumun kayma mukavemeti ve sertligi
iizerinde biiyiik etkisi oldugu tespit edilmistir [5].

2008 yilinda Meidani vd. c¢akil-kil karisimlarinin
dinamik ytkler altindaki davranislarini inceleyerek
cakil icerigi ve seklinin kayma modiili ile séniim
oranina etkisini arastirmislardir. Yuvarlak ¢akillarin
daha iyi sikistig1 ve daha yliksek kayma modiiliine
sahip oldugu bulunmustur. Ayrica, yuvarlak ¢akillarin
soniim oranlarinin daha disiik oldugu
gozlemlenmistir [15].

2008 yilinda Salvati ve Anhdan yiikleme frekansinin
kumlarin dinamik davranisina etkisini



K. Giiler vd. / Isparta Isikkent Mahallesi Pomzali Zeminin Dinamik Ozelliklerinin Belirlenmesi

incelemislerdir. Diisiik frekansh yiiklemelerde daha
biiyiik eksenel sekil degistirmeler gozlemlenmistir.
Ozellikle ilk birka¢c déngiide sekil degistirme hizinin
frekansa bagl olarak degistigi belirlenmistir [16].

2015 yiinda Cai vd. kum numunelerinde bender
eleman (BE) deneyleri yaparak kayma dalgasi
hizlarini arastirmiglardir. BE deneyleri ile rezonant
kolon (RC) ve burulmali kesme (TS) deneylerinden
elde edilen sonuglan karsilastirmislardir. ince dane
iceriginin kayma dalgas1 hizin1 etkiledigi ve Biot
teorisinin BE deneylerinde daha uygun oldugu
belirlenmistir [17].

2016 yilinda Karakan ve Altun Bayrakli bolgesinden
alinan  siltli  kumlarin  sivilasma  davranisini
incelemislerdir. Silt icerigi %40'in altinda ise
sivilasmaya yatkinlik artarken, %40'1n {zerinde
direng sagladig1 tespit edilmistir. Silt igerigi arttikca
hacimsel deformasyonlarin arttig1 belirlenmistir [18].

2017 yilinda Monkul vd. kuru kum numunelerinin
sivilasma  potansiyelini dinamik basit kesme
deneyleriyle incelemislerdir. Calismada, ¢evrimsel
kayma gerilmesi orani azaldike¢a sivilasma direncinin
arttigini gosterilmistir. Rolatif sikiligin artirilmasinin
sivilasma direncini yiikselttigi belirlenmistir [19].

2018 yilinda Asadi vd. pomza kumlarinin sivilasma
direnci, kayma dalgast hiz1 (;) bazli yontemle
arastirmislardir. Pomzanin distk (V;) ve yiiksek
cevrimsel diren¢ oranina sahip oldugu belirlenmistir.
Mevcut ¢evrimsel dayanim orani (CRR)- V
korelasyonlarinin pomza kumlar1 igin giivenilir
olmadigi, bu iligkilerin yeniden degerlendirilmesi
gerektigi sonucuna varilmistir [20].

2018 yilinda Hubler vd. ¢akilli zeminlerin monotonik
ve tekrarli kayma davranisimi incelemislerdir.
Calismada, cakil-kum Kkarisimlarinin rolatif sikilik,
karisim yiizdesi ve baslangic¢ diisey gerilmesine bagh
olarak sivilasma direnci degerlendirilmistir. Sonuglar,
belirli karisim oranlarinin en yiiksek sivilasma
direncine sahip oldugunu géstermistir [21].

2019 yilinda Soénmezer kumlarin  sivilagsma
davranisini farkli dane gaplarina ve silt igeriklerine
gore incelemistir. Silt icerigi arttikca sivilasma direnci
azalmis, ancak rolatif sikiligin artis1  sivilasma
enerjisini arttirdig1 belirlenmistir. Kum tiirtine bagh
olarak ince dane igeriginin etkisi degisiklik
gostermistir [22].

2020 yilinda Rui vd. tane seklinin kire¢li kumlarin
sivilasma direnci tizerindeki etkisini arastirmiglardir.
Koseli ve diizensiz tanelerin sivilasmaya karsi daha
yuksek diren¢ gosterdigi ve bosluk suyu basinc
olusumunu geciktirdigi belirlenmistir [23].

2021 yilinda Zhu vd. yiikleme frekansinin kum
zeminlerin sivilasma davranisina etkisini
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incelemislerdir. Gerilme Kkontrollii deneylerde,
yliikleme frekansi arttikca sivilasma dayaniminin
artti1 belirlenmistir [24].

2022 yilinda Marzuni vd. dinamik gerilme orani ve
ince dane igeriginin sivilasma potansiyeline etkisini
arastirmislardir. %30 ince dane igerigine kadar
sivilasma direncinin azaldigl, ancak bu seviyeden
sonra direncin tekrar arttigi belirlenmistir. Drenaj
kapasitesinin azalmasi sivilasma egilimini artirirken,
ylksek silt icerigi zeminin sivilasma potansiyelini
diistirdiigii sonucuna varilmistir [25].

2024 yilinda Chaneva vd. pomza ve ince dane
iceriginin sivilasma ve tane kirilmasi tuzerindeki
etkisini arastirmislardir. Yiikksek pomza icerigi tane
kirilmasini artirirken, ince dane igerigi arttik¢a kirilma
azaldig1 tespit edilmistir. Pomza iceriginin bosluk suyu
basincini artirdigl ve sivilasmay1 erken baslattigl
belirlenmistir [26].

2024 yilinda Gardiner vd. pomza igeriginin sivilasma
direnci lizerindeki etkisi arastirmislardir. Pomza
orani arttikca siwvilasma  direncinin  azaldig
belirlenmistir. %40’tan %80 pomza igerigine kadar
direncte belirgin bir diisiis gozlemlenmis, yliksek
pomza igeriginde asir1 bosluk suyu basincinin daha
hizli arttig1 elde edilmistir [27].

3. Materyal ve Metot
3.1. Materyal

Bu ¢alismada kullanilan zemin numuneleri; Isparta ili,
Merkez Ilcesi, Isikkent Mahallesi'nden orselenmis
olarak  alinmistir.  Araziden  alinan  zemin
numunelerinin  indeks 06zelliklerini  belirlemek
amaciyla ASTM C117-23 ve C136/136M-19’ gore elek
analizi, D4318-17e1’gore plastik limit, D854-23’e gore
piknometre, C127-24’e gore su emme ve D4253-
16el’e gore maksimum/minimum bosluk orani
deneyleri gerceklestirilmistir. Laboratuvar deneyleri
sonucunda elde edilen zemin indeks 6zellikleri Tablo
1’de verilmistir [28-33]. Elek analizi sonucunda elde
edilen graniilometri egrisi Sekil 1’de gosterilmistir.

Tablo 1. Isikkent numunesine ait zemin indeks 6zellikleri
Zemin indeks

ozellikleri Isikkent

Dgo 12.27

D3 2.55

Dqg 0.13

Cu 94.38

C. 4.08

ince Dane (%) 5.04
Wy, 32
wp NP
Zemin sinifi GP

Y, (g/cm?) 2.44
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0.98
0.71

emax

€min

Burada; Dgg, D3, D19, sirasiyla zeminin %60, %30 ve
%710’unun gecebildigi elek agikligina karsilik gelen tane ¢api;
C,, Uniformluk katsayisi; C,, egrilik katsayisy; wy, likit limit;
wp, plastik limit; y;, dane birim hacim agirhik; e,
maksimum bosluk orani; e,;,, minimum bogsluk oranidir.
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Sekil 1. Araziden alinan numuneye ait grantilometri egrisi
3.2. DSS-C deney sistemi

Bu calismada pomza iceren zeminin drenajli ve
drenajsiz dinamik davranisi, [stanbul Teknik
Universitesi Zemin Dinamigi Laboratuvarr'nda
bulunan V] Tech DSS-C cihazinda incelenmistir. Deney
sistemi, DSS-C cihazi, DSC iinitesi (Dynamic Servo
Controller), pndmatik otomatik basing kontroléri
(APC), hidrolik otomatik basing¢ kontrolérii (APCH),

hava kompresorii, hava-su silindiri, vakum makinesi
ve su tankindan olusmaktadir (Sekil 2). Deney aleti
zeminlerin doygun veya kismi doygun olarak drenajl
ve drenajsiz bicimde test edilmesine olanak
saglamaktadir. Deney sistemi, Clisp Studio yazilimi
kullanilarak kontrol edilmektedir. Deney prosediirii
doyurma, konsolidasyon ve tekrarli yuikleme olarak ii¢
asamadan olusmaktadir. Doyurma asamasinda
numunelerin  doygunlugu  Skempton  (1954)
tarafindan oOnerilen B parametresi ile kontrol
edilmektedir [34]. B degeri = 0.95 ise numuneler
doygun kabul edilmektedir. Doyurma asamasinda ilk
olarak numunelere 50 kPa hiicre basinci
uygulanmakta ve baslangi¢c doygunlugu Denklem 1 ile
kontrol edilmektedir.

_ Au 1
= Ao, (1)
Burada; Au, bosluk suyu basincindaki degisimi; Ao,
hiicre basincindaki degisimi temsil etmektedir.

Doygun olmayan numunelere artan hiicre basinci ve
ters basing uygulanarak su girisi yapilarak numune
doygun hale getirilmeye calisilmaktadir.
Konsolidasyon asamasinda numuneler; izotropik,
anizotropik  ve Ko kosullarda  konsolide
edilebilmektedir. Tekrarli yiikleme asamasinda,
numuneler gerilme kontrolli ve deformasyon
kontrollii olarak test edilebilmektedir. Bu asamada
numunelere istenilen dinamik gerilme oraninda
(DGO) ve yiikleme frekansinda drenajli veya drenajsiz
kosullarda tekrarl yiiklemeler uygulanmaktadir.

3.3. Numune hazirlanmasi

Lidrolik
APE

\Smatik Silindiri l
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Hava/Su

Dinamik basit kesme deneyi igin numune
hazirlanirken o6ncelikle numuneler No 4 eleginden
elenerek  4.75mm  c¢apindan  kiiciik  daneler
kullanilmistir.  Ardindan Tablo 1'de verilen
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€max €min V€ Vs degerleri kullanilarak, hedeflenen %30
rolatif sikilik degeri icin gerekli numune miktari ve su
miktar1 hesaplanmistir.

Bu ¢alismada kullanilan numuneler, gerilme kontrollii
olarak tam doygun halde test edilmistir. DSS-C
cihazinda numune hazirlamak i¢in 6ncelikle doygun
halde bulunan poroz taslar ve filtre kagitlari numune
alt ve tist bashigl icerisine yerlestirilmistir. Daha sonra
lateks membran alt baglik {izerine yerlestirilmis ve 2
adet O-ring ile sabitlenmistir. 2 par¢adan olusan 35
mm yiiksekliginde ve 70 mm c¢apindaki miknatish
kalip, O-ringler ile alt baslik {izerine yerlestirilmistir.
Membranin fazlalik kismi numune kalib1 {zerine
gergin sekilde kivrilmistir. Hazirlanan kalip, DSS-C'nin
numune hazirlama boélimiine yerlestirilmistir.
Membranin daha gergin hale getirilmesi icin vakum
uygulanmistir. Dogru 6l¢iim alinabilmesi i¢in bosluk
suyu basing 6l¢er icerisindeki hava ¢ikarilmis ve kalip
ile baglantiy1 saglayan hortum takilmistir. Hazirlanan
kalip icerisine 6nceden agirligi belirlenmis olan havasi

alinmis su dokiilmistir. Ardindan agirhigi belirlenmis
olan kuru numuneler Kkalip igerisine dokiilerek
sikistirllmistir. Hazirlanan numunenin ytksekligi 5
ayrt noktasindan olciilmiistiir. Ters basincin
saglandigi hatta bagli olan hortum iist bashga takilmis
ve st bashk dikkatli sekilde numune {izerine
yerlestirilmistir. Ust platform, DSS-C cihazina
yerlestirilmis ve vidalanarak sabitlenmigtir. Ust
platformun st baslik ile baglantis1 yapildiktan sonra
kalip tizerine kivrilmis olan membran ve O-ringler iist
baslik lizerine gegirilmistir. Daha sonra miknatish
kalip ¢ikarilmis ve numunenin 3 ayr1 noktasindan ¢ap
6lciimi kumpas yardimiyla yapilmistir. Yikseklik ve
cap Olciimi yapilan numunenin rolatif sikihig
hesaplanmistir. DSS-C  hiicresi deney aletine

yerlestirilerek iist kapak yerine monte edilmistir.
Hiicre igerisi havasi alinmis su ile doldurulmustur. Son
olarak diisey ve yatay gerilmeleri uygulayacak olan
kollarin DSS-C'ye baglantis1 yapilmistir. Sekil 3’te
genel numune hazirlama asamalari gosterilmistir.

Sekil 3. (a) Numune hazirlama bilesenleri; (b) O-ringler ile alt tabana sabitlenmis membran; (c) O-ringler ve miknatish kalip;
(d) kalip tizerine kivrilmis membran; (e) kalip tizerine yerlestirilen {ist baslk; (f) membran igerisindeki numune

3.4. Doygun pomza numunelerinde drenajhi ve
drenajsiz dinamik basit kesme deneyleri

Boliim 3.2’de anlatilan ydntemle doygun hale getirilen
pomza numunelerinin drenaji  ve drenajsiz
durumdaki dinamik davramslarinin belirlenmesi
amaciyla 6 adet dinamik basit kesme deneyi
gerceklestirilmistir. Numuneler, 1slak yagmurlama
yontemiyle, cogunlukla %30-40 rolatif sikihlarda
hazirlanmistir. Numuneleri doygun hale getirmek
amaciyla, doyurma asamasinda numunelere artan ters
basing uygulanmistir. Her ters basing uygulanmasi
sonunda deney aletine bagl olan ters basing vanasi
kapatilarak numuneye 50 kPa hiicre basinci
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uygulanmis ve B kontrolii yapilmistir. Numuneler
doygun hale geldikten sonra 100 kPa diisey efektif
gerilme altinda izotropik olarak konsolide
edilmislerdir. Konsolidasyon sonrasinda numunenin
rolatif sikiligi tekrar hesaplanmistir. Numunelerin son
rolatif sikiliklart  ¢ogunlukla %45-%55 olarak
bulunmus ve orta siki olarak tanimlanmislardir.

Son olarak, gerilme kontrolli dinamik deneyler
gerceklestirilmistir. Numuneler 1 Hz frekansta ve
farkli dinamik gerilme oranlarinda (0.2, 0.25, 0.3)
siniizoidal yiiklemelere tabi tutulmustur. Drenajsiz
deneyler, asir1 bosluk suyu basinct orami r, =1
degerine ulastifinda sonlandirilmistir. Drenajsiz
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deneylerde olusan asir1 bosluk suyu basinci ve birim
kayma deformasyonu; drenajli deneylerde hacimsel
deformasyon ve Dbirim kayma deformasyonu
belirlenmistir.

4. Bulgular
4.1. Doygun pomza numuneleri iizerinde yapilan

gerilme kontrollii drenajsiz dinamik basit kesme
deneyleri

Tablo 2. Drenajsiz dinamik basit kesme deney sonuclari

inceleme alanindan drselenmis olarak alinan zemin
numunelerinin, dinamik basit kesme deney aletinde
ilk olarak drenajsiz davranislari incelenmistir. 3 farkl
dinamik gerilme oraninda drenajsiz deney yapilmistir
ve sonuglar Tablo 2’de verilmistir.

Tekrarl1 yiiklemeler, numuneler
uygulanmistir.  Uygulanan tekrarli ytiklemeler
sonucunda numunelere ait histerezis egrileri
¢izilmistir. Farkli dinamik gerilme oranlarindaki
histerezis egrileri Sekil 4’te verilmistir.

sivilasana dek

Test DGO S D, oy Yy @ y@%) @
No (%) (%) (kPa) '“max  N=5  N=10
I-1 0.2 100 53 100 1.02 1.70 1.90
I-2 0.25 100 51 100 1.12 2.28 2.98
I-3 0.3 100 51 100 1.15 2.60 2.87

Burada; S, doygunluk orani; D,, rélatif sikilik; o', diisey efektif gerilme; y (%) @ N=5, 5. cevrimdeki birim kayma
deformasyonu; y (%) @ N=10, 10. cevrimdeki birim kayma deformasyonudur.

Istkkent

Kayma Gerilmesi, kPa
Kayma Gerilmesi, kPa

Or (%) = 53
200

200 100 .00 100 300 100

Birim Kayma Deformasyonu, %

200

Isikkent

100

Birim Kayma Deformasyonu, %

Isikkent

0

Drenajsiz
C5R=0.25
Dr (%) = 51

Kayma Gerilmesi, kPa

00 000

000 100 200 300 400 200 100 200 300 400 500

Birim Kayma Deformasyonu , %

(@)

(b)

(c)

Sekil 4. Drenajsiz Isikkent deney numuneleri; (a) 0.2 DGO histerezis egrileri; (b) 0.25 DGO histerezis egrileri; (c) 0.3 DGO

histerezis egrileri

Drenajsiz deney sonuglar1 incelendiginde, DGO=0.2
seviyesinde elde edilen egriler, *1.0-1.5% birim
deformasyon araliginda sinirli kalmistir. Bu durum,
zemin 6rneginin diisiik dinamik gerilme seviyelerinde
yapisal Dbiitiinligiini ve rijitligini korudugunu,
dolayisiyla 6nemli bir dayanim kaybi ya da biiytk
deformasyon gostermedigini ortaya koymustur.
DGO=0.25 seviyesinde ise histerezis egrileri belirgin
sekilde biiylimiis, deformasyon araligi artarak +2.0-
2.5% seviyelerine ulasmistir. Bu durum, zeminde
kalict deformasyonlarin olustugunu ve dinamik
yikleme altinda plastisite davranisinin basladigini
gostermektedir. DGO=0.3 seviyesi icin elde edilen

egrilerde, zeminin dinamik yiliklemeye karsi
gosterdigi dayamimin o6nemli o6l¢iide azaldigini
gostermektedir. Histerezis egrileri cok daha genis hale
gelmis ve kayma deformasyonlar1 +3.0-3.5%
seviyesini asmistir. Dinamik gerilme oraninin
artmasiyla birlikte numunelere ait histerezis
egrilerinin, biliylimesi ve yatik hale gelmesi,

numunelerin daha fazla birim kayma deformasyonuna
maruz kaldig1 acikca belirlenmistir. Ayrica, drenajsiz
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deneyler numuneler swvilastiginda
sonlandirildigindan,  disiik  dinamik  gerilme
oranlarinda ¢evrim sayisinin daha fazla olmasi
histerezis egrilerinin sayisinin da artmasina neden
olmustur. Birim kayma deformasyonu-kayma
gerilmesi grafikleri de bu durumu agikca ortaya
koymaktadir.

Dinamik gerilme oraninin asir1 bosluk suyu basinci
orani lizerindeki etkisi Sekil 5'te gosterilmistir. Asiri
bosluk suyu basinci, c¢evrim sayisi cinsinden
kaydedilmistir.
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Drenajsiz
CSR=0.2
Or (3} = 53

Asin Bosluk Suyu Basinci Oran, r,

Asin Bosluk Suyu Basinci Oran, r,

ww‘ll'ﬂ v

i

Drenajsiz
CSR=0.3
Dr (%) = 51

Drenzjsiz
CSR=0.25
Or (%) =51

1n Bosluk Suyu Basine: Orany, 1,

Asl

Cevrim Saysi, N

15

Cevrim Saysi, N

E 25 30 35

Cevrim Saysi, N

(@

(b)

(c)

Sekil 5. Drenajsiz durumda (a) 0.2 DGO’da ¢evrim sayisina karsilik asir1 bosluk suyu basinci orani; (b) 0.25 DGO’da ¢evrim
sayisina karsilik asir1 bosluk suyu basinci orani; (c) 0.3 DGO’da ¢evrim sayisina karsilik asir1 bosluk suyu basinci orani

Cevrim sayisi-asirt bosluk suyu basinct grafikleri
incelendiginde, 0.2 dinamik gerilme orani altinda
gerceklestirilen deneyde, r, degerinin ¢evrim
sayisiyla birlikte diizenli ve kontrollii bir sekilde
arttigl gozlemlenmistir. Yaklasik 90 ¢evrim sonunda
r, = 1.0 seviyelerine ulasiimistir. Bu durum, DGO=0.2
seviyesinde, zemin yapisinin dinamik yiiklemeye karsi
direngli oldugunu gostermektedir. Egrideki diisiik
egim, bosluk suyu basinct birikiminin yavas
gerceklestigini ve zemin dayaniminin buyiik olciide
korundugunu ortaya koymaktadir. DGO0=0.25
seviyesinde ise r, degeri daha kisa siirede artis
gostererek yaklasik 22 c¢evrimde 1.0 seviyesine

ulasmistir. 0.3 dinamik gerilme oraninda, r, degeri
yalnizca 9 ¢evrim icerisinde 1.0 seviyesine ulasarak en
hizli artis1 gostermistir. Egrinin egimi olduk¢a dik
olup, zeminde ¢ok kisa strede asir1 bosluk suyu
olustugu ve sivilastigl anlasilmaktadir. Bu durum,
zeminin yiiksek c¢evrimsel yiliklemelere karsi
dayaniminin yetersiz oldugunu ve sivilasma agisindan
kritik bir davranis sergiledigini acik¢a ortaya
koymaktadir.

Numunelerin, ¢evrim sayisina karsilik diisey efektif
gerilme grafikleri Sekil 6’da gosterilmistir.

Drenajsiz
CSR=0.2
Dr (%) = 53

228k
228k

Diisey EFektif Gerilme, kPa
2RI 2

Dilsey Efektif Gerllme, kPa
2RI 2

= 8 8
e 8 8

—
120 ) 5 i}

Cevrim Sayisi, N

15
Cewrim Sayisi, N

Drenajsiz
CSR=0.3

Dr {3 =51
Dr (%) = 51

E558388E

Diigey Efektif Gerilme, kPa

= 5 B

[T TP

o] 5

@

Ey
Cewrim Sayisi, N

(@)

(b

()

Sekil 6. Drenajsiz durumda (a) 0.2 DGO’da ¢evrim sayisina karsilik diisey efektif gerilme; (b) 0.25 DGO’da gevrim sayisina
karsilik diisey efektif gerilme; (c) 0.3 DGO’da gevrim sayisina karsilik diisey efektif gerilme

Cevrim sayisi-diisey efektif gerilme grafikleri
incelendiginde, numuneler baslangi¢cta 100 kPa efektif
gerilmeye sahipken DGO degerinin 0.20 oldugu
durumda, diisey efektif gerilmede c¢evrim sayisina
bagh olarak kademeli bir azalma gozlemlenmistir.
Yaklasik 90 cevrim boyunca efektif gerilme siirekli
olarak azalmistir. Bu durum, diisiik dinamik gerilme
altinda zemin yapisinin daha uzun silire stabil
kaldigini, bosluk suyu basincinin artis hizinin goreli
olarak diisiik oldugunu ve zemin yapisinin tasima
kapasitesinin asamali olarak azaldigin1 gostermistir.
DGO’nin 0.25’e yukseltilmesiyle birlikte, diisey efektif
gerilmede daha hizli ve belirgin bir azalma meydana
gelmistir. Efektif gerilme yalnizca 22 ¢evrim igerisinde
sifira ulasarak zemin yapisinin tasima giiciini
tamamen kaybettigini géstermistir. Bu durum, bosluk
suyu basincinin daha kisa siirede kritik seviyelere
ulastigimi = ve  sivilasma  kosullarimin  hizla
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gerceklestigini ortaya koymaktadir. En yiiksek
cevrimsel gerilme orani olan DG0O=0.30 durumunda,
diisey efektif gerilme yalnizca 9 ¢gevrim sonunda sifira
ulasmistir. Bu durum, zemin numunesinin ¢ok kisa
siirede bosluk suyu basincindaki artis nedeniyle
tamamen tasima Kkapasitesini Kkaybettigini ve
sivilasmanin  hizli bir sekilde meydana geldigini
gostermektedir. Egrinin daha dik bir egime sahip
olmasi, bosluk suyu basincindaki hizli artisa bagh
olarak efektif gerilmenin ¢ok daha kisa siirede
sifirlandigin1 gostermektedir. Bu davranis, zemin
numunesinin yiiksek sismik gerilmelere kars1 diisiik
cevrimsel dayanim sergiledigini ortaya koymaktadir.

Yapilan drenajsiz deneylerde asiri bosluk suyu basinci
orani 1, = 1degerine ulasmasi icin gereken c¢evrim
sayis1 ile dinamik gerilme orani Sekil 7’de verilmistir.
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Sekil 7. farkli DGO degerlerine karsilik Isikkent numunesinin sivilasmasi icin gereken ¢evrim sayisi

4.2. Doygun pomza numuneleri iizerinde yapilan
gerilme kontrollii drenajli dinamik basit kesme
deneyleri

Drenajli
asamalari

deneylerin doyurma ve konsolidasyon
drenajsiz deneyler ile aym sekilde

Tablo 3. Drenajli dinamik basit kesme deney sonuclari

gerceklestirilirken tekrarli ytliklemeler o6ncesinde
deney aletine bagl ters basing vanasi agilarak drenaja
izin verilmistir. Drenajli deneyler de drenajsiz
deneylerde olugu gibi 3 farkli dinamik gerilme
oraninda gerceklestirilmis ve sonuglar Tablo 3’te
verilmistir.

Test DGO S D, o'y oy YOO @ Y (%)@

No (%) (%)  (kPa) (%) N=5 N=10

I-1 0.2 100 55 100 0.86 1.03 1.20

1-2 0.25 100 54 100 1.46 2.01 1.92

1-3 03 100 56 100 2.24 2.12 2.21
Burada; €y max’ maksimum hacimsel deformasyonu temsil etmektedir.
Drenajli deneylerdeki c¢evrim sayisi, drenajsiz egrileri c¢izilmistir. Drenajli deneyler sonucunda
deneylerde numunelerin sivilastigl ¢evrim sayisina numunelerin 3 farkli dinamik gerilme oranindaki
esit olarak uygulanmistir. Uygulanan tekrarl histerezis egrileri Sekil 8’de gosterilmistir.

yliklemeler sonucunda numunelere ait histerezis
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Sekil 8. Drenajli Isikkent deney numuneleri; (a) 0.2 DGO histerezis egrileri; (b) 0.25 DGO histerezis egrileri; (c) 0.3 DGO

histerezis egrileri

Drenajli deneylerin sonuglarini drenajsiz deneyler ile
karsilastirmak amaciyla numunelere uygulanan
cevrim sayisi, drenajsiz deneylerde sivilasmanin
gerceklestigi cevrim sayisi ile ayn1 tutulmustur.

Drenajli deney sonuglar incelendiginde, DGO=0.2
yiukleme seviyesinde kayma deformasyonu yaklasik
+0.5-1.0% araliginda simirhi kalmistir. Cevrimler
boyunca deformasyonlarin yavas ve kontrollii bir
sekilde arttign gozlemlenmistir. Drenajli kosullarin
etkisiyle bosluk suyu basinci olusmadigi icin kayma
gerilmesi degerleri kararlilifini korumus, zemin
numunesinde belirgin bir hasar ya da ani rijitlik kayb1
meydana gelmemistir. Bu durum, zemin iskeletinin
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yukleme boyunca yapisal stabilitesini korudugunu
gostermektedir. DGO oraninin 0.25’e yiikseltilmesiyle
birlikte kayma deformasyonlarinin aralign #1.0-1.5%

seviyelerine ulagsmistir. Cevrim sayis1 arttikca
histerezis egrilerinde belirgin genisleme
gozlemlenmistir. Bu, zemin i¢inde plastik

deformasyonlarin basladigini gostermektedir. Drenaj
kosullar1 sayesinde sivilasmaya neden olabilecek
bosluk suyu basinci olusumu dnlenmis olsa da yapr i¢i
stirtinme kayiplari ve yeniden diizenlenmeler
deformasyon davranisina yansimistir. Zemin, bu
ylikleme diizeyinde artik daha fazla kalia
deformasyon {retmekte ve elastik smirlardan
uzaklagmaktadir. En yiiksek dinamik gerilme oram
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olan DGO=0.30 degerinde, kayma deformasyonlari
artarak +1.5-2.0% seviyelerine ulasmistir. Histerezis
egrilerinin yapisi belirgin sekilde genislemis ve zemin
plastiklesmistir. Bu durum c¢evrimsel ytliklemeyle
birlikte zemin yapisinin ilerleyici deformasyonlar
lirettigini ortaya koymaktadir. Artan cevrim sayisiyla
birlikte deformasyon maksimum diizeye ulasmistir.

Drenajli deneylerde dinamik gerilme oraninin
numunelerde  olusan  hacimsel  deformasyon
uizerindeki etkisi incelenmistir. Farkli dinamik gerilme
oranlarindaki c¢evrim sayisina Kkarsilik hacimsel
deformasyon grafikleri Sekil 9°da gosterilmistir.

{ Drenajh
T CSR=0.25

FEER
s Lt . [ Dr(w)=54

L RE
Eos |
Bos <
Bl

Toz+

Drenaji
CSR=0.3
Dr (%) = 56

Hacimsel Deformasyon, %

-t
1

2
Cevrim Sayisi, N

+ et
3 8 10

(b)

(c)

Sekil 9. Drenajli durumda (a) 0.2 DGO’da ¢evrim sayisina karsilik hacimsel deformasyon; (b) 0.25 DGO’da ¢evrim sayisina
karsilik hacimsel deformasyon; (c) 0.3 DGO’da ¢evrim sayisina karsilik hacimsel deformasyon

Drenajli  deneylerde, numunelerde  hacimsel
deformasyon meydana geldigi belirlenmistir. Cevrim
sayisi-hacimsel deformasyon grafikleri incelendiginde
dinamik gerilme orani ve g¢evrim sayisi arttik¢a
numunelerde olusan hacimsel deformasyonlar da
artmaktadir. En fazla hacimsel deformasyon 0.2 DGO
degerinde

Drenajli deneyler boyunca gevrim sayisina karsilik
diisey efektif gerilme grafikleri cizilmis ve Sekil 10’da
gosterilmistir.
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Sekil 10. Drenajli durumda (a) 0.2 DGO’da ¢evrim sayisina karsilik diisey efektif gerilme; (b) 0.25 DGO’da ¢evrim sayisina
karsilik diisey efektif gerilme; (c) 0.3 DGO’da cevrim sayisina karsilik diisey efektif gerilme

Cevrim sayisi-diisey efektif gerilme grafikleri
incelendiginde c¢evrim sayis1 arttikca numunelerin
efektif gerilmelerinin de azaldig1 acikla goriilmektedir.
Ayrica aynmi ¢evrim sayisinda, 0.3 dinamik gerilme
oranindaki diisey efektif gerilme en diisik, 0.2
dinamik gerilme oranindaki diisey efektif gerilme en
biiytik degeri almistir. Bu durum drenajsiz deneylerin
bulgulari ile uyum géstermektedir.

4.3. Drenajsiz ve drenajli dinamik basit kesme
deney sonug¢larinin kayma modiilii ag¢isindan
karsilastirilmasi

Drenajsiz ve drenajli dinamik basit kesme deneyi
sonuglarinin karsilastirmasi icin oncelikle
numunelere ait sekant kayma modiilii G,,. Denklem 2
kullanilarak hesaplanmistir.

_ Teye

Gsec
Yeye

(2)

Burada; 7.y, tekrarl kayma gerilmesi, y.,., tekrarh
birim kayma sekil degistirmesidir.
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Isikkent numunesinin alindig1 boélgeye ait yapilan
arazi ¢alismalarinda, pomza zemininin bulundugu
derinlikteki kayma dalgas1 hiz1 (V;), yiizey dalgasi
analizi (MASW) ile belirlenmistir. Elde edilen I}, Kanai
(1966), Shibata (1970), Ohta ve Goto (1978), Imai ve
Tonouchi (1982), Seed vd. (1983), Sykora ve Stokoe
(1983), Seed vd. (1986), Yoshida vd. (1988), Lee
(1992), Dickenson (1994), Pitilakis vd. (1999),
Piratheepan (2002), Hasncebi ve Ulusay (2007)
tarafindan  dnerilen bagintilar kullanilarak V;
hesaplanmistir [35]. Elde edilen V; degerleri arasinda,
MASW analizinden elde edilene en yakin deger, Sykora
ve Stokoe (1983) tarafindan oOnerilen bagintiyla
hesaplanmigtir. Igili V; degeri Denklem 3 ile
belirlenmistir.

V, = 100.6 Ny, *2° (3)
Burada; Ny, teorik serbest diisme tokmak enerjisinin
%60'1na gore diizeltilmis vurus sayisidir.
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Zemin numunelerine ait V; degeri hesaplandiktan
sonra Denklem 4 kullanilarak zemine ait maksimum
kayma modiilii (G,,,,) tahmin edilmistir.
Gmax = stz (4)
Burada; p, yogunluk, V;, kayma dalgasi hizidir.

Drenajsiz ve drenajli durum icin elde edilen G, ve

Gmar kullanillarak  normalize kayma modiili

(Ggee/Gmax) degerleri hesaplanmistir. Hesaplanan
Gsec/Gmax degerlerine Kkarsihk logaritmik birim
kayma deformasyonu grafikleri cizilmistir. Ayrica
karsilastirma amaciyla Darendeli (2001) tarafindan
temiz kumlar icin 6nerilen logaritmik birim kayma
deformasyonu-normalize kayma modiilii egrisi de
eklenmis ve Sekil 11'de gosterilmistir [36].

Igikkent
1 CSR=0.2

x
]

‘_E- 05 Darendeli, 2001
) Drenajsiz

Drenajl

Normalize Kayma Modillii,
Normalize Kayma Modillii,

Igikkent
CSR=0.25

Isikkent
1 CSR=03

Darendeli, 2001 Darendeli, 2001

Orenajsiz Drenajse

© Drenajl Drenalli

Normalize Kayma Modiili,

e

o4 Lae o4
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o0t
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crm Py

01 1 10 0.001 o0t

Birim Kayma Deformasyonu, %
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(a)
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(©)

Sekil 11. (a) 0.2 DGO degerinde kayma modiili egrileri; (b) 0.25 DGO degerinde kayma modiili egrileri; (c) 0.3 DGO

degerinde kayma modiilii egrileri

Drenajsiz ve drenajli deneylere ait birim kayma
deformasyonu-normalize kayma modiilii grafikleri
incelendiginde, deney numunelerine ait Ggor/Gmax
degerinin  oldukca kiiciik degerlerde kaldig
goriilmektedir. Bu durum, deneylerde uygulanan DGO
degerlerinin yliksek olmasi ve deney aletinin kii¢iik
deformasyonlari uygulayamayisindan
kaynaklanmaktadir.

4.4. Drenajsiz ve drenajli dinamik basit kesme
deney sonuglarinin birim kayma deformasyonu
acisindan karsilastirilmasi

Yapilan drenajsiz ve drenajli deneyler sonucunda,
cevrim sayisina baglh olarak numunelerde olusan
birim kayma deformasyonlar1 belirlenmis ve ¢evrim
sayisi-birim kayma deformasyonu grafikleri Sekil
12’de sunulmustur.

3+
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Sekil 12. (a) 0.2 DGO’da drenajsiz ve drenajli birim kayma deformasyonu; (b) 0.25 DGO’da drenajsiz ve drenajli birim kayma
deformasyonu; (c¢) 0.3 DGO’da drenajsiz ve drenajli birim kayma deformasyonu
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Sekil (a), (b) ve (c)'de sunulan grafikler, farkli DGO
degerleri altinda (0.2, 0.25 ve 0.3) drenajli ve drenajsiz
kosullarda elde edilen birim kayma deformasyonu
(%) ile ¢evrim sayist (N) arasindaki iliskiyi
gostermektedir. Drenajsiz deneylerde, ¢evrim sayisi
ilerledik¢e deformasyon genliginde artis gdzlenmis ve
bu durum ozellikle CSR=0.3 icin belirgin hale
gelmistir. CSR=0.2 durumunda deformasyonlar
yaklasik +1.0-1.5%, CSR=0.25 ig¢in =*2.0-2.5%,
CSR=0.3 i¢in ise £3.0-3.5% seviyelerine ulasmistir.

Drenajli kosullarda ise benzer DGO degerlerine
ragmen deformasyon genlikleri daha sinirli kalmis, bu
durum drenajin bosluk suyu basincit olusumunu
engellemesi ile aciklanabilir. DGO0=0.2 i¢in
deformasyonlar +0.5-1.0%, CSR=0.25 i¢in +1.0-1.5%
ve CSR=0.3 i¢cin #1.5-2.0% seviyelerinde kalmistir.
Drenajli deneylerde c¢evrim sayisina bagli olarak
deformasyonlarin kararl seyrettigi gozlenmektedir.

Genel olarak, artan DGO degerleri deformasyon
genliginde belirgin bir artisa neden olmus, bu etki
drenajsiz kosullarda daha belirgin hale gelmistir. Bu
durum, numunelerin rijitlikk kaybi1 ve plastik
deformasyon gelisimi agisindan degerlendirilmesinde
drenaj kosullarinin kritik bir rol oynadigini ortaya
koymaktadir.

4. Tartisma ve Sonug

Bu arastirmada, Isparta’nin Isikkent Mahallesi'nden
alinan pomza igeren zeminlerin doygun durumdaki
drenajsiz ve drenajli dinamik davranmislar1 DSS-C
deney aleti ile incelenmistir. Deney sonuglarinin
karsilastirilabilmesi amaciyla tiim numuneler ayni
rolatif sikilikta 1slak  yagmurlama yontemiyle
hazirlanmis ve doygun hale getirildikten sonra 100
kPa efektif gerilme degerinde konsolide edilmistir.
Konsolide olan numuneler, deney kriterine gore
drenajsiz veya drenajli olarak 1 Hz frekansta tekrarli
yiiklemelere tabi tutulmustur. Deneyler 0.2, 0.25 ve
0.3 olmak iizere 3 farkli dinamik gerilme oraninda
gerilme  kontrolli  olarak  gergeklestirilmistir.
Gergeklestirilen dinamik deneyler ile asagidaki
sonuglara ulasilmistir:

1. Drenajsiz ve drenajli kosullarda gergeklestirilen
dinamik  deneylerde, histerezis egrileri
incelendiginde, dinamik gerilme orani ve ¢evrim
sayisindaki artisin numunelerde daha biyiik
kayma  deformasyonlarina neden oldugu
gozlemlenmistir. Drenajli deneylerde histerezis
egrileri daha simetrik ve kiiciik kalarak zemin
davranisinin daha kararli oldugunu ortaya
koymustur.

Drenajsiz  deneylerde, DGO’nun artmasiyla
birlikte dinamik yiliklemelere Kkarsi zemin
dayanmimi belirgin bicimde azalmistir. DGO=0.2
seviyesinde 17, = 1.0 degerine 90 ¢evrimde
ulasirken, CSR=0.3 i¢in bu say1 yalnizca 9 ¢evrim
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olarak belirlenmistir. Bu sonug, pomza igeren
zeminlerin drenajsiz Kkosullarda diisik DGO
seviyelerinde dahi c¢evrimsel yiiklemeye karsi
sinirli direng gésterebildigini ortaya koymaktadir.

Drenajli deneylerde dinamik gerilme orani ve
¢evrim sayisi arttikca hacimsel deformasyonun da
arttig1 gérulmustiir.

Drenajsiz  kosullarda yapilan deneylerde,
DGO'nun artisiyla birlikte efektif gerilme
degerlerinde daha hizli ve ani distsler
gozlemlenmistir. Bu durum, artan ¢cevrim sayisi ile
bosluk suyu basincindaki hizlh  artistan
kaynaklanmaktadir.

Drenajli kosullarda ise ¢evrim sayisina Kkarsi
efektif gerilme kayiplar1 daha yavas gerceklesmis
ve deformasyonlar daha dengeli bir seyir
izlemistir. Bu davranis, drenajin saglanmasi ile
birlikte bosluk suyu basinci olugsmamasi
sayesinde efektif gerilmenin korunmasina
baglanmaktadir. Bu durum 6zellikle kayma
gerilmesi-birim deformasyon egrilerinde
belirginlesmistir.

Drenajsiz ve drenajli deney sonuclardan elde
edilen Ggor/Gmax degerleri, uygulanan yiiksek
DGO degeri sebebiyle diisiik deger almistir. Daha
diisik DGO degerlerinde dinamik deneyler
gerceklestirilerek  daha  biyik Gger/Gmax
degerleri elde edilebilir.

Drenajli ve drenajsiz deneylerde, uygulanan
cevrim sayisina bagh olarak numunelerde olusan
birim kayma deformasyonlar1 belirlenmistir.
Drenajsiz deneylerde olusan birim kayma
deformasyonu, ayni ¢evrim sayisindaki drenajli
duruma kiyasla daha biiyiik olmustur.

Bu c¢alismadan elde edilen sonuclar, literatiirde
iizerine ¢ok fazla ¢alisma bulunmayan pomza zeminin
dinamik davranisini anlasilmasi i¢in degerli bulgular
olarak kabul edilebilir.
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0z: Sistem cagrilar, isletim sistemi ile yazilim arasindaki etkilesimleri temsil eden
kritik bir veri kaynagi goérevi gormektedir. Bir veri kaynagindaki olagan disi
kaliplarin belirlenmesi, sistem performansin iyilestirmek agisindan énemli olan
anomali tespiti olarak adlandirilmaktadir. Ozellikle, derin 6grenme tabanl
yaklasimlar sistem c¢agrilarinda anomali tespitinin dogrulugunu artirirken,
kullanilan derin 6grenme modellerinin enerji verimliligi géz ard1 edilemez bir
degerlendirme oOlgiitii olarak 6ne ¢ikmaktadir. Bu ¢alismada, li¢ derin 6grenme
modelinin (Tekrarlayan Sinir Ag1 (RNN), Kapili Tekrarlayan Birim (GRU) ve Uzun
Kisa Siireli Bellek (LSTM)) sistem c¢agris1 verilerinde anomali tespiti igin
performans: ve enerji verimliligi karsilastirlmistir. Her model, Asgari-Azami
Normallestirmesi (Min-Max Normalization) ile 6lgeklendirilmis verilerle
egitilmistir. Model performansi, Determinasyon Katsayisi (R?), Ortalama Kare
Hatasi (MSE) ve Ortalama Mutlak Hata (MAE) degerlendirme metrikleri kullanilarak
Olclilmiistiir. Enerji tiikketimi tahmini ise Intel Power Gadget (IPG) ile
gerceklestirilmistir. Bu karsilastirmali analiz, test edilen mimarilerin goéreceli
etkinligi hakkinda ampirik i¢goriiller sunmaktadir. Bulgular, LSTM'nin anomali
tespiti agisindan daha iyi bir performans sergiledigini, ancak enerji verimliligi
acisindan RNN'nin daha avantajli oldugunu géstermektedir.

Evaluation of Anomaly Detection in System Call Data Using Deep Learning
Architectures: Performance and Energy Efficiency

Keywords

System call,
Anomaly detection,
Energy efficiency,
Deep learning

Abstract: System calls serve as a critical data source that represents the interactions
between the operating system and software. The identification of unusual patterns
within a data source is referred to as anomaly detection, which is essential for
improving system performance. Particularly, deep learning-based approaches
enhance the accuracy of anomaly detection in system calls, while the energy
efficiency of the employed deep learning models emerges as a crucial evaluation
criterion that cannot be overlooked. In this study, the performance and energy
efficiency of three deep learning models—Recurrent Neural Network (RNN), Gated
Recurrent Unit (GRU), and Long Short-Term Memory (LSTM)—were compared for
anomaly detection in system call data. Each model was trained using data scaled
with Min-Max Normalization. Model performance was measured using the
evaluation metrics Coefficient of Determination (R?), Mean Squared Error (MSE),
and Mean Absolute Error (MAE). Energy consumption estimation was conducted
using Intel Power Gadget (IPG). This comparative analysis provides empirical
insights into the relative effectiveness of the tested architectures. The findings show
that LSTM achieves better performance in anomaly detection, while RNN is more
advantageous in terms of energy efficiency.

1. Giris

Modern bilisim sistemlerinde anomali tespiti veri
glivenliginin ve sistem performansinin temel yapi

*Sorumlu yazar: ibrahim.sanlialp@ahievran.edu.tr

388


https://orcid.org/0000-0002-6324-231X
https://orcid.org/0009-0001-5666-6552

I. Sanhalp vd. / Sistem Cagrisi Verilerinde Derin Ogrenme Mimarileri Kullanilarak Anomali Tespitinin Degerlendirilmesi: Performans ve Enerji Verimliligi

taslarindandir. Anomaliler, genellikle sistemde
beklenen duruma aykiri olan davranislari ifade eder.
Bu anomaliler sistem performansini olumsuz
etkileyebilir veya sisteme yonelik gerceklestirilen
saldirilari isaret edebilir [1]. Sistem ¢agrilar1 (system
calls), isletim sistemi ile ¢alisan uygulamalar arasinda
gerceklestirilen temel etkilesimleri temsil eder ve bu
nedenle anomali tespiti icin 6nemli bir veri kaynagidir.

Sistem ¢agrisi verilerinde anomalileri tespit etmek bu
etkilesimlerin sirali bir yapiya sahip olmasi sebebiyle
zordur. Bu tur sirali verilerde, her bir adimin
oncekilerle olan iliskisini ve uzun vadeli
bagimhliklarini anlamak olduk¢a énemlidir. Makine
o0grenimindeki hizli ilerleme ile anomali tespitinin
entegrasyonu, sistem givenligini ve performans
verimliligini artirmak i¢in son derece etkili ¢oziimler
sunmustur [2]. Yapay sinir aglari, o6zellikle sirali
veriler icin optimize edilmis olan tekrar eden sinir ag1
tirleri, bu wuzun bagimhliklar1 anlamak ve
anormallikleri tespit etmek icin giiclii modeller sunar
[3, 4]. Fakat modellerin enerji tliketiminin tespit
edilmesiyle, modellerin performans ve enerji
tiketiminin  birlikte ele alinmasi ihtiyacini
beraberinde getirmektedir [5, 6]. Ciinki, veri odakl
teknolojilerin ve dijital sistemlerin hizli biiyiimesi ayni
zamanda karmasik hesaplama gorevlerini minimum
cevresel ve finansal etkiyle ele alabilen enerji
acisindan verimli algoritmalara ihtiyac vardir.

Uzun Kisa Siireli Bellek (LSTM), Tekrarlayan Sinir Ag1
(RNN) ve Kapili Tekrarlayan Birim (GRU) modelleri,
sistem cagrisi veri analizi de dahil olmak tzere gesitli
alanlarda zaman serisi tahmini ve anomali tespiti i¢cin
yaygin olarak kullanilan, 6éne ¢ikan RNN tabanlh
mimarilerdir.

RNN modellerinin anomali tespitinde uygulanmasi, bu
mimarilerin  ardisik  verilerdeki uzun vadeli
bagimhliklar1  yakalama konusundaki basarisi
nedeniyle etkili bulunmustur. Ornegin, Nguyen ve
arkadaslar1 [2], LSTM'nin tedarik zinciri y6netim
sistemlerindeki anomalileri tespit etme potansiyelini
gostererek, geleneksel makine 6grenimi yontemlerine
kiyasla stiin performansini vurgulamistir. Benzer
sekilde, Kaya ve Yildiz [7], LSTM aglarinin Insansiz
Hava Araci (iHA) sistem c¢agris1 verilerindeki
anormallikleri belirlemedeki etkinligini ortaya
koymus, uzun vadeli bagimliliklar1 tespit etme ve
sistem  giivenligini  iyilestirme  konularindaki
yetkinligini gostermistir.

Baska bir c¢alismada ise, RNN ve GRU modelleri
karsilastirllmis ve GRU'nun daha wuzun vadeli
bagimhliklar1 isleme kapasitesine sahip oldugu
gosterilmistir. Ancak, daha kisa egitim siireleri ve
diisik hesaplama maliyetleri nedeniyle belirli
uygulamalarda RNN tercih edilmistir [8]. Bu modeller
yuksek dogruluk saglamalarina ragmen, ozellikle
LSTM, genellikle yiiksek hesaplama giicii ve enerji
tiketimi gerektirdigi icin elestirilmektedir. Yesil
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bilisime artan ilgi, enerji acgisindan verimli
algoritmalarin 6nemini 6n plana ¢ikarmaktadir.
Ornegin, Rodriguez ve arkadaslar1 [9], algoritmik
performans ve enerji tiiketimi arasinda bir denge
cagrisinda bulunarak, islevsellikten 6diin vermeden
karbon ayak izlerini en aza indiren "Yesil AI"
¢cozimlerinin gelistirilmesini 6nermistir.

Enerji tiketimi baglaminda, ¢esitli ¢calismalar makine
6grenimi modellerinin enerji verimliligini
degerlendirmek ve optimize etmek i¢in cesitli
yaklasimlar sunmustur. Ornegin, Fahad ve arkadaslari
[10], enerji 6lcim araglarinin dogrulugunu analiz;
etmis ve tahmin modelleri ile donanim diizeyindeki
sensorler arasindaki tutarsizliklari vurgulamistir.
Ayrica, Intel Power Gadget (IPG) [11] gibi yenilikgi
araglarin kullanimi, dzellikle farkli makine 6grenimi
mimarilerinin performansini kiyaslamak i¢in yararl
olan hassas enerji profillemesini miimkiin kilmistir.

Son yillarda yapilan ¢alismalar, derin 6grenme
mimarileri kullanilarak sistem c¢agrisi verilerinde
yliksek dogrulukla anomali tespiti yapilabildigini,
ancak bu siirecte model mimarilerinin enerji tiikketimi
gibi kaynak verimliligi agisindan da optimize edilmesi
gerektigini gostermektedir. Ornegin, Linux ¢ekirdegi
icin 6zel olarak hazirlanmis bir sistem ¢agrisi veri
kiimesinde, sistem ¢agrisi dizileri kullanilarak anomali
tespiti  gerceklestirilmis ve derin 06grenme
modellerinin ¢ekirdek seviyesinde uygulanabilirligi
analiz edilmistir. Calisma, yliksek dogrulukta sonuglar
sunan modellerin gercek zamanli sistemlere
entegrasyonu i¢cin mimari ve kaynak verimliligi
optimizasyonuna ihtiyag¢larin1 vurgulamaktadir [12].
Buna ek olarak, yazilim uygulamalarinda enerji
tiiketimini 6ngérmek amaciyla performans sayaci
olaylar1 ve sistem ¢agris1 verilerini birlestirerek
makine 6grenimi modelleri gelistirilmistir. Gelistirilen
calisma, enerji tiiketimini tahmin etmede sistem
¢agrilarinin onemli bir ozellik olarak
kullanilabilecegini ve bu verilerin islenmesinde
kullanilan model mimarilerinin enerji verimliligi
acisindan optimize edilmesi gerektigi vurgulamistir
[13]. Bu bulgular, sistem ¢agrisi verilerinin islendigi
derin 6grenme uygulamalar1 agisindan hem enerji
verimliligi hem de performans konularimin kritik
O6nem tasidigini ortaya koymaktadir.

Bu c¢alisma, sistem ¢agris1 veri kiimelerinde anomali
tespitinde LSTM [2], GRU [14] ve RNN [8]
mimarilerinin performanslarini karsilastirmakta ve
analiz etmektedir. Calisma, yalmizca anomali
tespitindeki dogruluk oranlarini ele almakla kalmayip,
aynt zamanda artan sirdirilebilirlik ve verimli
bilisim odaklar1 géz 6nlinde bulundurularak enerji
tiikketimine de vurgu yapmaktadir. Calisma ayrica
stirdiiriilebilir ~ve  verimli makine 06grenimi
uygulamalarinin gelistirilmesine katkida bulunmay1
amaglamaktadir. Bu aragtirmanin ii¢ temel katkisi
vardir. i1k olarak, sistem ¢agrilari iizerinde LSTM, GRU
ve RNN mimarilerinin anomali tespit performanslari
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tizerinde kapsaml bir karsilastirmay: ele alir. Ikinci
olarak, her modelin enerji verimliligi
degerlendirilerek yiiriitme stresi ile enerji tiketimi
arasindaki korelasyona iliskin detayl bilgiler saglar.
Ugiinciisii, calismanin sonuglar siirdiiriilebilir bilisim
acisindan  verimli anomali tespit sistemleri
olusturmak icin pratik 6neriler sunar.

Makalenin geri kalani su sekilde organize edilmistir: 2.
boéliimde calismada kullanilan materyaller ve ¢alisma
icin gelistirilen yontem aciklanmaktadir. 3. bolim

calismanin bulgularim igermektedir. 4. boliimde ise
tartisma ve sonuclar yer almaktadir.

2. Materyal ve Metot

Bu bolim, deneysel c¢alismanin kavramsal
cercevesinin ayrintili bir gésterimi, veri seti tanimi,
uygulanan RNN tabanli mimarileri, degerlendirme
metrikleri bilgisi, sistem ve ara¢ yapilandirmasi dahil
olmak iizere materyal ve metodu icermektedir. Sekill
bu calismanin kavramsal ¢ercevesini gostermektedir.
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Sekil 1. Calismanin kavramsal ¢ergevesinin genel gériintimii
2.1. Veri seti tanim

Bu calismada, anomali tespiti icin sistem c¢agrilar
izerine odaklanan bir veri seti kullanilmistir.
Kullanilan veri seti [15], bir IHA’nin simiile edilmis bir
platform iizerinde ¢alistirilmasi sirasinda kaydedilen
sistem c¢agris1 olaylarini icermektedir. Veri seti,
baglam modelleme siirecine odaklanarak, siirecler ve
cekirdek arasindaki karmasik etkilesimleri
modellemek icin 434.309 sistem ¢agris1 olayini
icermektedir. Sistem c¢agrilarinin sirasit ve tirleri
ayrintili sekilde kaydedildiginden, baglam modelleme
ve anomali tespiti acisindan zengin bir icerik
sunmaktadir. Ayrica veri seti, IHA uygulamasinin
davranisini, durum makineleri araciliiyla baslangi¢
durumundan bitis durumuna kadar gézlemlemek igin
uygun bir altyap1 saglamaktadir.

2.2.Veri 6n isleme

Model egitimi 6ncesi sistem ¢agrisi verilerine ¢esitli 6n

isleme adimlar1 uygulanmistir. Sayisal o6zellikler
Asgari-Azami Normallestirmesi (Min-Max
Normalizasyonu) [18] ile  [0,1] araligina

6lceklendirilerek farkli degiskenlerin model iizerinde
baskinlik kurmas: o6nlenmistir. Kategorik sistem
cagris1 kimlikleri ise uygun sekilde sayisal temsillere
dontstirilmistiir. Ardindan, zaman serisinin ardisik
yapisint koruyacak bicimde sabit uzunlukta kayma
pencereleri ile giris-cikt1 ciftleri olusturulmustur. Bu
islem sayesinde modelin sirali bagimliliklar:
O6grenmesi ve anomali paternlerini taniyabilmesi
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saglanmistir. Uygulanan 6n isleme adimlari, modelin
hem 6grenme siirecini hizlandirmis hem de tahmin
dogrulugunu artirmistir.

2.3. Modelleme

Bu asama, sistem c¢agris1 veri kiimeleri lizerinde
uygulanan RNN, GRU ve LSTM olmak tzere ii¢ farkh
derin 6grenme mimarisiyle gelistirilen anomali tespiti
modellerinin agiklanmasini icerir. Her modelin zaman
serisi verilerini islemede kendine 6zgii avantajlari
vardir. Modeller, anomalileri tespit etmedeki
performanslar1 ve enerji tiikketim tahminlemeleri
acisindan degerlendirilmistir. Mimarilerin modelleme
slireci, hiperparametre ayari, egitim ve model
degerlendirmesi olmak iizere alt asamalardan
olusmaktadir. Bu ¢alismada, RNN, GRU ve LSTM
modellerinin her biri i¢cin hiperparametreler ayni
sekilde belirlenmistir. Her bir modeldeki son katman,
anomali tahminlerini ¢ikis olarak treten tek bir
noérona sahip yogun (dense) veya tam baglantili (fully

connected) katmandir. Bu katman, ©nceki
katmanlardan gelen tiim bilgileri birlestirerek
anomalileri tahmin eder. Giris dizi uzunlugu

(sequence length) 20 olarak se¢ilmis; her modelde 64
sinir hiicreli(néron) birinci katman ve 32 sinir hiicreli
ikinci katman kullamilmistir. Asir1  68renmeyi
(overfitting) 6nlemek amaciyla her katmandan sonra
%20 oraninda seyreltme (dropout) uygulanmustir.
Optimizasyon siirecinde 6grenme orani 0.001 olarak
belirlenmistir. Egitim/test orant %70 ve %30 olarak
diizenlenmis; egitim islemi 30 epok boyunca ve 32
ornekten olusan kiime boyutuyla (batch size)
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gerceklestirilmistir. Kayip fonksiyonu olarak ortalama
kare hata secilmis; model performansi dogrulama
verisi de kullanilarak detayli bir sekilde analiz
edilmistir.

2.3.1. Uzun kisa siireli bellek (LSTM)

LSTM, Hochreiter ve Schmidhuber tarafindan 1997
yilinda, RNN mimarisinin bir uzantis1 olarak
tanitilmistir ve 6zellikle uzun vadeli bagimhiliklar
0grenmek amaciyla tasarlanmistir [16]. LSTM'deki
her néron, 6nceki gizli durumundan gelen girdiyi yeni
bir gizli duruma doénitistiirmek yerine, kendi "bellek"
durumunu koruyarak bilgi depolayabilir. Bu mimari,
geleneksel RNN'lerin kaybolan gradyan (vanishing
gradient)  problemi nedeniyle uzun @ streli
bagimhliklar1 6grenememesi sorununa ¢6ziim sunar
[17].

Sekil 2. LSTM mimarisi [14]

Sekil 2'de gosterildigi gibi, LSTM mimarisi, siral
girdileri isleyebilme ve sirali g¢iktilar tretebilme
yetenegiyle one c¢ikar. Her bir zaman adiminda, LSTM
hiicresine bir giris vektori x;  verilir ve bu hiicre,
icinde bulunan c¢esitli kapilar ve fonksiyonlar
aracihigiyla bir durum vektéri h; olusturur.
LSTM'lerde, ¢ikti vektorii h; , durum vektériinden
farkli bir fonksiyon tarafindan tretilir ve bu ¢ikti, bir
sonraki zaman adiminda yeni giris vektori x, ile
birlikte kullanilir. LSTM'nin ¢alisma prensibi, dort
temel adima dayanur. ilk olarak, unutma kapisi (forget
gate), bir 6nceki zaman adiminin durum vektorii hy_4
ve mevcut giris vektdrii x; 'yi birlestirerek hangi
bilgilerin unutulacagini belirler [19]. Bu islem,
denklem (1) formiiliiyle ifade edilir [14]. ikinci
adimda, giris kapisi (input gate), yeni bilgilerin hiicre
durumuna ne olgiide eklenecegini belirler. Bu,
denklem (2) ve denklem (3) formiilleriyle hesaplanir.
Ugiincii adimda, hiicre durumu giincelleme (cell state
update), unutma kapisi ve giris kapisinin c¢iktilarim
kullanarak hiicre durumunu giinceller: denklem (4) .
Son olarak, ¢ikis kapisi (output gate), denklem (5)
formiiliiyle hesaplanir ve mevcut zaman adiminin
ciktis1 denklem (6) seklinde dretilir. Bu siirecte
kullanilan tiim agirhk matrisleri, modelin egitim
asamasinda optimizasyon yoluyla belirlenir [14, 20].
fe= Uf(Wf [he—,xe] + b) (1)
burada f; unutma kapisini temsil ederken, o sigmoid
aktivasyon fonksiyonunu, Wy agirlik matrisini, h;_,bir
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onceki zaman adiminin gizli durumunu, x; mevcut
zaman adiminin girisi ve b bias terimini temsil eder.

ir = 0;(W; - [he—y,x¢] + b) (2)

N¢ = tanh(W, - [hy_y, x¢] + D) (3)
burada i, giris kapisini temsil ederken, N; yeni hiicre
durumu adayini, Wi ve Wc agirlik matrislerini, tanh
hiperbolik tanjant aktivasyon fonksiyonunu, b bias
terimlerini temsil eder.

Ctzft‘Ct—1+it'Nt (4)
o, = oWy - [he—1,X¢] + b) (5)
h; = o, - tanh(C,) (6)

burada o, ¢ikis kapisinin temsil ederken, h; mevcut
zaman adiminin gizli durumunu, W, agirlik matrisini,
tanh hiperbolik tanjant aktivasyon fonksiyonunu, C;
hiicre durumu giincellemesini ve b bias terimini
temsil eder.

2.3.2. Tekrarlayan sinir ag1 (RNN)

RNN, en temel tekrarlayan sinir ag1 mimarisidir ve kisa
vadeli bagimliliklar1 6grenme konusunda etkilidir. Bu
yapida, her zaman adiminda, bir énceki gizli durum ile
mevcut girdinin dogrusal bir kombinasyonu
hesaplanir ve bu bilgi sonraki adima aktarilir. Ancak
RNN, uzun dizilerde bilgiyi tasimakta zorlanir; ¢linkii
zamanla gradyanlar kaybolur. Bu mimari, disiik
hesaplama maliyetiyle temel gorevler igin etkili bir
¢6zUm sunar. Bununla birlikte, RNN'nin bu
sinirlamalari, karmasik zaman serisi analizlerinde
dezavantaj olusturabilir [8].

he—y

o, A

L

tanh

Xt
Sekil 3. RNN Mimarisi [19]

RNN'ler, her bir zaman adiminda bir giris vektori x;
alir ve bir 6nceki zaman adiminin gizli durum vektorii
h;_4 ile birlestirerek yeni bir gizli durum vektori h;
iiretir. Bu siireg, asagidaki formiille ifade edilir [19]:
ht = tanh(Wh . h’t—l + Vl/x * Xt + b) (7)
burada h; unutma kapisinin ¢iktisini temsil ederken,
W, agirlik matrisini, h,_; bir énceki zaman adiminin

gizli durumunu, x; mevcut zaman adiminin girisini ve
b bias terimini temsil eder.
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2.3.3. Kapil tekrarlayan birim (GRU)

GRU, LSTM mimarisinin daha sade bir versiyonu
olarak Cho ve arkadaslan tarafindan gelistirilmistir
[21]. GRU, LSTM’e benzer sekilde giris kapisi ve
unutma kapisi igerir, ancak bu kapilar1 birlestirerek
daha az parametre ile ¢alisir. GRU'nun avantajlarindan
biri, basit yapisi nedeniyle LSTM'e kiyasla daha az
hesaplama yiikiine sahip olmasidir. Ayrica, GRU LSTM
ve diger RNN modellerine kiyasla daha hizli bir egitim
stireci sunmakta ve belirli uygulamalarda benzer
dogruluk oranlar1 saglamaktadir. Bu 6zellikleri,
kaynak kisitlamalarinin  oldugu uygulamalarda
GRU'nun tercih edilme nedenlerindendir [22].

hi—y

Sekil 4. GRU Mimarisi [19]

GRU mimarisi, iki temel kap1 (reset gate ve update
gate) kullanir ve bu kapilar, bilgi akisini kontrol eder.
Her bir zaman adiminda, GRU hiicresine bir giris
vektorit x; verilir ve bu hiicre, bir 6nceki zaman
adiminin gizli durum vektori hy_; ile birlestirilerek
yeni bir gizli durum vektori h; olusturur. Bu islem,
reset kapisi denklem (8) ve update kapisi denklem (9)
araciligiyla kontrol edilir. Yeni gizli durum adayi
denklem (10) formiiliiyle hesaplanir ve gizli durum
giincellemesi denklem (11) seklinde gerceklestirilir
[14].

1y = oW, - [he—q, x¢] + b) )]

7 = o(Wy - [he—y, x] + b) 9
burada r; reset kapisinin ¢iktisini temsil ederken z;
update kapisinin ¢iktisini, ¢ sigmoid aktivasyon
fonksiyonunu, W, ve W, agirlik matrislerini, h,_; bir
onceki zaman adiminin gizli durumunu, x, mevcut
zaman adiminin girisini, b bias terimini temsil
etmektedir.

h; = tanh(W5, - [he_q, x.] + b) (10)

he =1 —2z) he_y +Zt'i{t 11)
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burada A, yeni gizli durum adayin temsil ederken h,
son gizli durumu temsil eder. W5 agirlik matrisini,
tanh hiperbolik tanjant aktivasyon fonksiyonunu, h;_;
bir dnceki zaman adiminin gizli durumunu, x, mevcut
zaman adiminin girisini ve b bias terimini temsil
etmektedir.

2.4. Degerlendirme metrikleri

Modellerin performans ve enerji tiiketiminin birlikte
ele alinmasi 6nemlidir. Ciinkii kaynak kisitlamalarinin
ve slrdiriilebilirlik hedeflerinin 6n planda oldugu
tasimabilir cihazlar ve gomiili sistemlerde kritik bir
o6neme sahiptir. Deneyler, Windows 10 Pro [23]
calistiran  bir diziisti  bilgisayar kullanilarak
cevrimdisi olarak gerceklestirilmistir. Enerji tiiketim
degerleri IPG araci kullanillarak kaydedilmistir.
Onemli miktarda bilgi islem kaynagina sahip diziistii
bilgisayar donanimi, 16 GB RAM, 256 GB disk
depolama alani ve dokuzuncu nesil Intel Core i7-
9750H islemciye (2,20 GHz) sahiptir. Toplam enerji
tiilketim verilerini kapsayan gilic profilleri .csv
biciminde kaydedilmis ve daha sonra tekrarlayan sinir
ag1 tabanli modellerin performansini degerlendirmek
icin cevrimdisi olarak analiz edilmistir.

2.4.1. Performans degerlendirmesi

Bu ¢alismada modellerin performansi, Determinasyon
Katsayis1 (R? - R Squared), Ortalama Kare Hata-(MSE -
Mean Squared Error) ve Ortalama Mutlak Hata (MAE
Mean Absolute Error) metrikleri kullanilarak
degerlendirilmistir. R? ¢iktidaki varyansin ne
kadarinin girdi kaynakl varyansla agiklandigini él¢gen
istatistiksel bir metrik olup, model dogrulamada
onemli bir aractir. R? degeri 1'e yaklastikca modelin
veriyi daha iyi agikladigi kabul edilir [24]. MSE,
modelin tahmin ettigi degerler ile gercek degerler
arasindaki hatalarin karelerinin ortalamasidir. MSE
degeri biiylidiikce modelin tahminlerinde yaptig1
hatalar da biiyiir. MAE ise tahmin edilen degerler ile
gercek degerler arasindaki hatalarin  mutlak
degerlerinin  ortalamasidir [25]. MAE degeri
ylikseldikce modelin ortalama tahmin hatasi da artar
[26]. Performansi 6l¢me formiilleri su sekilde verilir:

N 52
Rz -1— Z;'\,:l(yl V) (12)
s i—T)?
1 @N 2
MSE =~ 3. 0 —9) (13)
1 o
MAE = S ¥iLilyi = il (14)

burada y, bagiml degisken Y'nin ortalama degeri; 7,
Y'nin 6ngoériilen degeri; y, Y'nin gercek degeri ve N,
veri 6rneklerinin sayisini temsil eder.

2.4.2. Eneriji tiikketim tahminlenmesi
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Intel islemcileri, Sandy Bridge nesliyle baslayarak,
Calisan Ortalama Gii¢ Sinir1 (Running Average Power
Limit-RAPL) teknolojisini kullanmaya baslamistir
[27]. RAPL'nin 6ncelikli amaci gii¢ sinirlamasi olsa da
enerji sayaclarini da icermektedir. Ayrica genis
kullanilabilirligi ve ek araclara ihtiya¢ duyulmamasi
nedeniyle gii¢ ve enerji tahmini icin yaygin olarak
kullanilmaktadir [10]. IPG ise ozellikle islemci gii¢
tiilketimini analiz etmek ve islemcilerin kotii amach
yazilim yiriitme gibi farkli is yiikleri altinda
frekanslarim1 nasil dinamik olarak ayarladigini
anlamak isteyen kullanicilar icin degerli bir aractir
[28]. IPG'nin en 6nemli avantajlarindan biri, enerji
tiiketimini gercek zamanh ve gorsel olarak
sunabilmesidir. Ayrica bu arag, kullanicilarin kayith
verileri Excel biciminde disa aktarmalarina olanak
tanir. Ozellikle, bu yardima program dahili olarak
enerji 6l¢imi icin RAPL teknolojisini kullanmakta
olup, saniyede 10 ornek frekansinda gii¢ tiiketimi
verilerini yakalayarak yiiksek c¢ozuntrliklii giinlik
kaydi gerceklestirir [29].

Bu calismada, ii¢ farkli RNN tabanli mimarilerin
tiketimi IPG sirim 3.6 [9] kullanilarak tahmin
edilmistir. Bu mimarilerin enerji tiiketimini
tahminlemesi asagidaki verilen denklem ile
bulunmustur [30]:

(15)

burada E, tg¢ farklh RNN tabanli mimarilerin
algoritmalarini islemek icin tahmini enerji tiikketimini
temsil eder, P. algoritmalar tarafindan ihtiyag
duyulan islem giiciinii belirtir ve t bu algoritmalari
islemek icin gereken zaman araligini ifade eder.

Yiriitme siiresi, bir algoritma kullanarak bir problemi
cozerken bir bilgisayarin hesaplamalari
gerceklestirmesi icin gereken silireyi ifade eder.
Deneyler sirasinda, veri setindeki sistem c¢agrilari
egitim silirecindeki modellerin algoritmalarinin
ylriitme stireleri 6l¢iilmustiir. Kaydedilen sonug¢larda
olas1 aykiri degerlerin etkisini en aza indirmek i¢in her
bir RNN mimarisi 10 kez yinelemeye tabi tutulmustur.
Hesaplamalar i¢in watt cinsinden olgiilen ortalama
gii¢ titketimi kullanilmistir. Hesaplamalarda Watt (W)
cinsinden dlgiilen ortalama gii¢ degeri esas alinmistir.
Toplam enerji tiikketimi ise ortalama giic ile saniye (s)
cinsinden 6lciilen yiiriitme siiresinin ¢arpimi yoluyla
Joule (J) cinsinden belirlenmistir.

3. Bulgular

Bu c¢alismada, RNN, GRU ve LSTM algoritmalari
kullanilarak sistem ¢agrilarindaki anomalilerin tespit
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edilmesi ve bu islemlerin enerji tiiketimi acgisindan
karsilastirilmas1 hedeflenmistir. Her bir mimari,
anomali tespit performansi ve enerji verimliligi
acisindan  analiz  edilmistir. Yapilan analizler
sonucunda, her bir modelin farkli basar1 diizeyleri
sergiledigi go6zlemlenmistir. Ayrica, bu modellerin
anomali tespitinde etkinlikleri gorsellestirilmistir.
Enerji tiiketimlerini degerlendirmek icin IPG araci
kullanilarak ol¢iimler gerceklestirilmistir. Bulgular,
modellerin zaman serisi verilerinde farkli bagimlilik
yapilarint 6grenme kabiliyetlerini ortaya koyarken,
enerji  tliketimindeki  farkhilhiklari da acgikca
gostermistir.

U(; farkli algoritma, test veri setinin {izerinde
calistirlldiktan  sonra elde edilen  sonuglar
incelendiginde, sistem c¢agrilarindaki anomalilerin
tespitinde her bir algoritmanin farkli performans
sergiledigi bulgusu elde edilmistir. Sekil 5, 6 ve 7, elde
edilen anomalileri histogram iizerinde
gostermektedir. Bu kapsamda, LSTM toplamda 6.509
anomali tespit etmistir. GRU, 5.559 anomaliyi
tanimlarken, RNN ise toplamda 3.358 anomali tespit
etmistir.
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Sekil 5. LSTM modeli kullanilarak anomalilerin histogram
lizerinde gosterimi
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Sekil 6. RNN modeli kullanilarak anomalilerin histogram
tizerinde gosterimi
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Sekil 7. GRU modeli kullanilarak anomalilerin histogram tizerinde gésterimi

Tespit performansinin daha ayrintili bir analizini
yapmak icin, MSE ve MAE histogramlar1 her bir
mimari i¢in gikarilmistir. Sekil 8, 9 ve 10’da logaritmik
Olcekte goriilen MSE histogramlari, hata degerlerinin
¢ogunlugunun belli bir esik degerin altinda
yogunlastigini, daha yiiksek degerlerin ise anomalileri
temsil ettigini gostermektedir.
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Sekil 8. LSTM modeline ait MAE ve MSE dagilimini gosteren
performans histogrami
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Sekil 9. GRU modeline ait MAE ve MSE dagilimini gosteren
performans histogrami
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Sekil 10. RNN modeline ait MAE ve MSE dagilimini gsteren
performans histogrami

LSTM, GRU ve RNN modellerine kiyasla daha yiiksek
bir performans sergilemistir. Ger¢cek anomalilerin
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tespitindeki hassasiyet ve hata dagilimlarinin netligi,
bu sonuglari desteklemektedir. Ayrica, esik deger bazli
siniflandirma gibi ileri tekniklerin kullanilmasi, LSTM
modelinin bu baglamda dogrulugunu 6nemli dl¢iide
artirmistir.

Tablo 1 RNN, GRU ve LSTM igin RZ, MSE ve MAE
degerlerini gostermektedir. LSTM igin R? degeri 0.96,
MSE degeri 3.18 ve MAE degeri 0.48; GRU i¢in R?
degeri 0.94, MSE degeri 3.21 ve MAE degeri 0.52; RNN
icin R? degeri 0.91, MSE degeri 3.96 ve MAE degeri
0.86 olarak elde edilmistir. Bu 3 model arasinda
performans agisindan en basarii modelin LSTM
oldugu tespit edilmis, onu sirayla GRU ve RNN takip
etmisgtir.

Tablo 1. LSTM, GRU ve RNN modellerine ait performans
karsilastirilmasi.

R? MSE  MAE
RNN 0.91 396 086
GRU 0.94 3.21  0.52
LSTM 0.96 3.18 048

Tablo 2 her model igin enerji tiikketim verilerini
sunmaktadir. RNN, GRU ve LSTM i¢in enerji tiketim
degerleri sirasiyla 13.320,75 ], 20.934,47 ] ve
27.984,75 ] olarak ol¢lilmistiir. Tablo 2'de de
gosterildigi lizere, bu modeller arasinda en yiiksek
enerji verimliligini RNN saglamis; onu GRU ve LSTM
takip etmistir.

Tablo 2. RNN mimarisine dayali {i¢ farkli modelin enerji

tiiketim sonuglari (tim deneyler 10 kez
gerceklestirilmistir).
Toplam Enerji ~ Ortalama  Yiiriitme
Tiiketimi (]) Giic (W) stiresi (s)
RNN 13320.75 23.02 578.66
GRU 20934.47 24.10 868.65
LSTM 27984.75 23.80 1175.83

4. Tartisma ve Sonug¢

Bu ¢alisma, LSTM, RNN ve GRU modellerinin sistem
cagris1  verilerinde lizerinde anomali tespiti
performanslarini ve enerji verimliliklerini detayl bir
sekilde incelemistir.

Calisma sonuglarina gére, RNN modeli tahminlerde
daha ytiksek hata liretmis ve veri setindeki varyansi
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aciklama orani sinirh kalmistir. GRU, 6zellikle zaman
serisi veya sirali verilerde uzun vadeli bagimhiliklar:
dahaiyi yakalayarak hatay: azaltmis ve RNN’ye kiyasla
belirgin sekilde daha iyi sonuglar elde etmistir. LSTM
modeli ise, hem MSE (3.18) hem de MAE (0.48)
degerleri agisindan en iyi performansi sergilemistir.
Ayrica, R? katsayisinin 0.96 olmasi, modelin veri
setindeki varyansin biyik bir kismini basariyla
yakaladigini gostermektedir.

Enerji verimliligi acisindan LSTM, en yiliksek enerji
tiiketimi degerine ulasarak sistem cagrisi verilerinde
anomali tespiti icin enerji agisindan verimli bir
algoritma olmadigini ortaya koymustur. Diger taraftan
RNN, enerji verimliligi acisindan hem GRU hem de
LSTM modellerine kiyasla daha iyi performans
gostermistir. Modellerin ortalama gii¢ tiiketimi
sonucunda elde edilen nispeten kiigiik farklar,
ylriitme stresi ile toplam enerji tiiketimi arasindaki
glclii korelasyonu vurgulamistir. Bu dogrultuda,

algoritmalarin yuriitme sliresinin enerji
tiikketimleriyle dogru orantii oldugu sonucuna
varilmistir.

Gelecekte calismalar kapsaminda, bu modellerin hibrit
yaklasimlar1 veya dikkat mekanizmalann ile
zenginlestirilmesi, buyik veri kiimelerinde daha
yiiksek performans basari ve verimlilik saglayabilir.
Ayrica, karmasik hesaplama gorevlerini minimum
yuriitme siiresi ile ele alabilen hibrit yaklasimlar,
enerji agisindan daha verimli ¢dziimler sunabilir.
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Keywords Abstract: This study aims to explore the effects of annealing on the structural,
Cu,ZnSnSe, Thin lfilm' electrical, and optical properties of Cu,ZnSnSe, thin films deposited by thermal
Thermal Evaporation, evaporation. Results obtained from SEM equipped with EDAX, XRD, and Raman

Structural Characterization,

Hall Effect analysis revealed that CZTSe thin films were successfully obtained. Depending on

the annealing temperature, increasing grain size and shifting from spherically
shaped grains to rod-shaped particles were observed. The room temperature
resistivity decreased with increasing annealing temperature, exhibiting values of
44,10, 2.61, and 3.08 2-cm for films annealed at 400 °C, 500 °C, and 600 °C,
respectively. Carrier concentrations of the same samples obtained from Hall Effect
measurements were observed as 5.13x1015, 3.07x10%7, and 1.09x1017 cm-3 with p-
type conductivity. The as-deposited and annealed thin films exhibited optical band
gap values of 1.98, 1.78, 1.35, and 1.65 eV, respectively.

Cu,ZnSnSe, ince Filmleri Uzerindeki Tavlama EtKileri: Yapisal, Elektriksel ve Optik

Karakterizasyon
Anahtar Kelimeler 0z: Bu calisma, termal buharlagtirma yéntemiyle iiretilen Cu,ZnSnSe, ince filmlerin
CuzZnSnSe, Ince Film, yapisal, elektriksel ve optik ozellikleri iizerine tavlama isleminin etkilerini
Termal Buharlagtirma, arastirmay1 amaglamaktadir. SEM-EDAX, XRD ve Raman analizlerinden elde edilen
Ez;l)llia}ci{li(s?rakterlzasyon, sonuglar, CZTSe ince filmlerin basarili bir sekilde tretildigini ortaya koymustur.
Tavlama sicakligina bagh olarak, tane boyutunda artis ve kiiresel sekilli tanelerden
c¢ubuk bicimli yapilara dogru bir morfolojik doniisiim gézlemlenmistir. Oda
sicakligindaki 6zdirencin, artan tavlama sicakligi ile birlikte azaldig1 belirlenmis; bu
degerler sirasiyla 400 °C, 500 °C ve 600 °C'de tavlanan filmler icin 44,10, 2,61 ve
3,08 2-cm olarak ol¢iilmiistir. Ayni 6rnekler icin Hall etkisi 6l¢iimleriyle elde edilen
tasiyic1 yogunluklari sirasiyla 5,13x10%5, 3,07x107 ve 1,09x10*” cm™ olup, tiim
orneklerde p-tipi iletkenlik gézlemlenmistir. Tavlanmamis ve tavlanmis ince filmler
sirasiyla 1,98, 1,78, 1,35 ve 1,65 eV optik bant aralig1 degerleri sergilemistir.
1. Introduction In addition, indium and gallium are widely used in
areas such as producing flat-screen LCD TVs and
Thin-film solar cells using chalcopyrite semiconductor optoelectronic fields [6.7]. For this reason,
materials have become an important research topic in researchers are focused on producing solar cells with
recent years. Solar cells based on CulnGaSe, (CIGS) similar properties but without using indium and
and CulnGa(Se,S), have exhibited efficiencies of gallium.
around 20% and 23%, respectively, as reported in the
literature [1-5]. However, recently, one of the main In recent years, researchers have begun to use the
problems faced by CIGS-based solar cells, the price of CuzZnSnSes compound as an absorber layer for thin
indium and gallium elements, has been constantly film solar cells. Cu,ZnSnSe, offers a sustainable
increasing due to a higher global demand than supply. alternative to CIGS, as it is composed of non-toxic and
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earth-abundant elements such as Cu, Zn, Sn, and Se.
For this reason, Friedlmeier et al. have suggested that
the Cuz2ZnSnSes compound is a promising candidate
for the absorber layer that belongs to the I2-1I-1V-VIs
semiconductor family [8.,9]. Hereafter, Cu2ZnSn(S,Se)s
derived thin film solar cells using different deposition
methods were reported, and efficiencies were found to
be around 10% [10-14].

In 2013, the IBM group reported the efficiency of solar
cells comprising Cuz2ZnSn(S,Se)s 11.1%, which was
deposited by hydrazine-based liquid coating [15.,16].
Subsequently, in 2014, Cu,ZnSn(S,Se),-based solar
cells, fabricated via a toxic hydrazine (N,H,) solution
process, achieved a maximum efficiency of 12.6%
[10.,17]. More recently, further advancements have
been made; in 2023, an efficiency of 13.6% was
reported through controlled selenization processes
[18], and in 2024, a record efficiency of 15.4%
(certified 14.9%) was achieved by employing a
vacancy-assisted cation rearrangement strategy [19].

The physical properties of these films have been
investigated by many researchers, and different
synthesis methods have been reported. It is reported
that CuzZnSnSes has a high absorption coefficient
(>104-105 cm) and direct band gap (~0.9-1.54 el),
which closely matches the solar spectrum [9.,20-22]. It
also shows p-type conductivity and has a carrier
concentration of films ranging from 1017-101° c¢m-3
[23-26]. Additionally, CuzZnSnSes is also an earth-
abundant and low-cost raw material, which is
required for low-cost photovoltaics [7]. These
properties indicate that Cu,ZnSnSe, thin films can be
considered strong candidates for absorber layers in
solar cells.

Regardless of the deposition techniques, the film’s
characterization with respect to temperature
dependent electrical and optical properties is an open
subject in the literature. This study aimed to fabricate
Cu,ZnSnSe, thin films by employing the thermal
evaporation technique with a single crucible.
Subsequently, detailed temperature-dependent
electrical characterization was carried out between 10
and 400 K using Hall effect measurements to
determine the fundamental requirements for
photovoltaic applications. The as-deposited films
were annealed at various temperatures, and the
annealing effects on the structural, optical, and
electrical properties of the thin films were
systematically characterized.

2. Materials and Methods

Cu,ZnSnSe, (CZTSe) thin films, approximately 0.5 um
in thickness, were prepared onto soda-lime glass
substrates pre-treated by chemical and ultrasonic
cleaning, using a Vaksis-PVD-Handy thermal
evaporation system. Stoichiometric amounts of
copper, zing, tin, and selenium, each with 4Ns purity,
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were employed to prepare the precursor material for
evaporation. Source elements were placed into a
cleaned quartz crucible, which was subsequently
sealed under vacuum. To ensure complete synthesis
and compositional uniformity, the crucible was slowly
heated up to 1200 °C while the tubes were
continuously shaken. The crucible was subjected to
heat treatment for 48 h at this temperature, and after
synthesis, the furnace was slowly cooled to ambient
temperature. The precursor material for evaporation
was subsequently obtained by grinding the resulting
ingot into a fine powder. The evaporation source was
placed into a tungsten boat, and thin films were
subsequently deposited via the thermal evaporation
technique. Film thickness and evaporation rate were
precisely controlled by employing a thickness
monitor. During evaporation, the pressure was kept
constant at 107> Torr, and the thin film deposition was
performed at a rate of 20 4/s.

The ‘as-deposited’ samples were annealed in an N2
environment at 400 °C, 500 °C, and 600 °C for one
hour, and the effect of annealing of Cu2ZnSnSes thin
films on structural, optical, and electrical
characteristics was examined.

X-ray diffraction analysis (Rigaku SmartLab, Japan)
using CuKa radiation was employed to characterize
the crystalline structure of the thin films. Field
emission scanning electron microscopy (FESEM, JEOL
JSM-7600F, Japan) was employed to examine the
microstructure of the films. Raman spectra of the
samples were obtained using a Raman spectrometer
(BWTEK BWS465-785S, USA) integrated with a CCD
detector, in a backscattering geometry, and employing
a 785 nm laser as the excitation source. Temperature-
dependent Hall effect measurements were performed
using a Keithley 2400 source-measure unit and a
Keithley 2700 electrometer assembled with a Keithley
7709 matrix card. For Hall measurements, a magnetic
field of 1.2 T, generated by a GMW magnet, was applied
perpendicular to the film layers. The temperature was
precisely controlled and monitored using a LakeShore
331 temperature controller. Optical absorption
properties were investigated using a UNICO SQ 2802
UV/VIS spectrophotometer.

3. Results and Discussions
Thermally evaporated thin films were labeled
according to their annealing conditions, as shown in

Table 1.

Table 1. Labels of the thin films according to the
temperature of annealing

Sample Annealing Temperature (°C)
TO -
T400 400
T500 500
T600 600
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FESEM was employed to examine the microstructure
of the thin films, as it provides detailed information on
surface morphology. The corresponding surface
images are presented in Figure 1.

(b)
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(d)
Figure 1. FESEM images of thin films (a) TO, (b) T400, (c)
T500, (d) T600 (The inset shows a higher magnification
image of the T600 film with a 1 pm scale bar)

From the comparison of the micrographs, it was
determined that the crystallization of the films was
enhanced with annealing temperature, and the grain
morphology was transformed from spherical to rod-
shaped particles. It is observed that all films are
homogeneous and covered with uniform grains, and
the size of grains increases with annealing
temperature. . I[ljina et al. reported that increasing the
selenization duration led to larger crystal sizes, with
crystals of 1.5-4 um observed in films annealed for 60
minutes at 470 °C [27]. In a subsequent study on
Cu,ZnSnSe,, S. Hong et al. annealed thin films at
various temperatures ranging from 350 °C to 650 °C. It
was reported that annealing at 550, 600, and 650 °C
caused an increase in grain size [28]. In a different
study, D. H. Kuo et al. fabricated CuzZnSnSes thin films
via sputtering Cu-Zn-Sn metallic precursors and
selenization at 500-600 °C. After selenization at
higher temperatures, a suitable microstructure with
large and uniform grains was reported for CuzZnSnSes
films [25]. Consistent with these findings, previous
studies have also shown that elevated selenization and
substrate temperatures lead to increased grain size
[11.,29-31].

The stoichiometry of both the source material and the
thin films was conducted with an FESEM coupled with
an EDAX detector. The atomic weight percentages of
Cu, Zn, Sn, and Se in the powder compound were
measured as 21.02%, 15.32%, 16.52%, and 47.15%,
respectively. The EDAX spectrum revealed no
impurities in the source material, and the
stoichiometry was found to be nearly consistent with
the ideal 2:1:1:4 ratio. In Figure 2, the EDAX spectra
corresponding to both the synthesized source
material and the thin films annealed at various
temperatures are presented. The obtained spectra
confirm the presence of Cu, Zn, Sn, and Se in both the
as-deposited and annealed films, indicating that the
annealing process did not induce any alteration in the
fundamental chemical composition of the films. This
observation suggests that, despite the structural
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reorganization induced by thermal treatment, the

chemical integrity of the films was preserved.

Spectrum 1

Spectrum 1
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Figure 2. EDAX spectra of (a) CZTSe source material, (b) TO,
(c) T400, (d) T500, (e) T600 films

The XRD pattern of the source material is presented in
Figure 3. From the diffraction pattern of the source
material, considering the intensity and sharpness of

400

the peaks, one can conclude that the film structure
indicates good crystallinity. The obvious peaks could
be attributed to (101), (112), (220), (312),
(400)\(008), and (316)\(332) planes of CuzZnSnSea.
The resulting XRD diffraction peaks and planes are
well-matched with the International Diffraction Data
(ICDD #00-052-0868). Comparable findings have
been reported in previous studies [32.,33].

20000

—— Cu,ZnSnSe, source metarial
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Figure 3. XRD pattern of source material

60 80

The X-ray diffractograms of the produced thin films
are displayed in Figure 4. From the diffractogram, it is
observed that the peak positions of the TO, T500, and
T600 samples exhibit identical 26 values, while the
intensities of the peaks increase with annealing. A
prominent peak at approximately 21.16° is observed
for all samples, with its intensity significantly
increasing after thermal treatment at 600 °C. The
diffraction peak at this position is attributed to the
(110) plane, which is characteristic of the Cu,ZnSnSe,
compound. Similar results were also reported in
previous studies [21.,34.,35]. A prominent diffraction
peak at 26=14.31° indexed to the (101)
crystallographic plane was observed exclusively in the
XRD pattern of the CZTSe thin film annealed at 400 °C.
This peak, which appears as the dominant reflection in
the T400 sample, was no longer visible in the patterns
of films annealed at 500 °C and 600 °C. The selective
emergence of this peak at 400 °C suggests a
preferential orientation along the (101) plane, likely
stabilized under moderate thermal conditions. At
higher temperatures, enhanced atomic diffusion and
increased thermal energy are presumed to facilitate
structural reorganization, leading to a shift in
preferred orientations and the eventual suppression
of the (101) reflection. Other researchers have
reported similar results for CuzZnSnSes compound
produced by different methods [10.,24.,36].
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Figure 4. XRD pattern of samples

Raman scattering spectroscopy was employed to
investigate the crystallinity of CZTSe, along with the
possible formation of secondary phases in the films
annealed at various temperatures, as presented in
Figure 5. The major peaks obtained from the Raman
Spectrum for the CZTSe are expected at between 171-
173 cm1,194-197 cm!, and 231-235 cm according to
the literature [37-39]. In this study, no Raman peaks
were observed for the as-deposited samples. All
annealed samples exhibited nearly identical Raman
spectra, with a prominent peak at approximately 174
cm ™%, which is attributed to the kesterite structure of
Cu,ZnSnSe, thin films [40-42].

The influence of annealing temperature on the
evolution of the crystal structure was
comprehensively examined through XRD and Raman
analyses. It was evaluated that the crystal structural
changes observed after the annealing process did not
affect the chemical composition of the films. In the
XRD patterns, the characteristic peaks corresponding
to the Cu,ZnSnSe, phase were preserved in all
samples, while increases in peak intensities and
preferred orientations were observed, attributed to
enhanced crystallinity. Therefore, it was concluded
that the improvements in the crystal structure did not
induce any significant change in the chemical
composition.
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Figure 5. Raman spectra of the annealed films

The electrical conductivity of the samples was
obtained through the Van der Pauw technique under
vacuum within the temperature interval of 10-400 K.
The temperature dependent conductivity
measurements of the TO sample could not be
measured owing to its high resistivity. The
relationship between the logarithm of conductivity
and inverse temperature is illustrated in Figure 6.
Temperature-dependent measurements revealed that
conductivity increases with both measurement
temperature and annealing temperature, indicating
the semiconducting nature of the films. As shown in
Figure 6, the greatest increase in conductivity was
recorded for the Cu,;ZnSnSe, samples annealed at 500
°C.
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Figure 6. Variation of electrical
temperature for annealed samples

conductivity with

The room temperature electrical resistivities were
measured as around 44.1, 2.61, and 3.08 Q-cm for the
T400, T500, and T600 samples, respectively. The most
significant decrease in electrical resistivity was
observed in the sample annealed at 500 °C, which can
be ascribed to changes in structural parameters and
improvements in crystallite and grain size. The
enhancement in electrical conductivity observed after
annealing is directly associated with improvements in
the crystal structure and grain growth. As the
annealing temperature increases, the rise in XRD peak
intensities indicates an increase in crystallinity and a
reduction in structural defects such as vacancies,
dislocations, and grain boundaries. The reduction in
these defects decreases the number of scattering
centers that hinder carrier motion, thereby
contributing to increased mobility. Similarly, the grain
growth observed in SEM images suggests a decrease in
grain boundary density, allowing carriers to move
over longer distances with reduced scattering.
Consequently, the combined effect of structural
ordering and grain enlargement leads to improved
electrical conductivity through increased -carrier
concentration and mobility. This mechanism is
consistent with commonly observed scattering
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behaviors in thin-film semiconductors [43]. Rachmat
et al. reported a similar decrease in resistivity. As the
substrate temperature increased, the resistivity
decreased significantly—from 8.30to 0.735 Q-cm
[24]. Also, Babu et al. reported a decrease in electrical
resistivity from 0.8 to 0.1 0Q-cm with increasing
substrate temperature [29]. In a further study, a
decrease in resistivity from 58 to 0.16 2-cm was
reported by Kuo et al. for films fabricated using the DC
magnetron sputtering technique [25].

The temperature-dependent electrical conduction
was evaluated throughout the whole measurement
range using the following relation [44],

o = gpexp (—Eq/kT) (1)
where o, denotes the pre-exponential factor
determined by the material properties, Eq represents
the thermal activation energy associated with
electrical conduction, and k is the Boltzmann constant.
Accordingly, a plot of Ino versus 1000/T results in a
linear relationship with a slope of -Eo/kT, from which
the activation energy (E.«) can be determined. As
presented in Figure 6, the plots of In ¢ versus 1000/T
exhibit two distinct linear regions, each corresponding
to a different activation energy. The depths of the
impurity centers, calculated from the electrical
conductivity measurements, are provided in Table 2
for annealed samples.

Hall Effect measurements as a function of temperature
were conducted to determine the conduction type and
to analyze variations in carrier concentration and
mobility within the 10-400 K interval. The
temperature dependent Hall effect measurements of
the TO sample could not be performed as a result of the
high resistivity of the film. Thus, Hall effect
measurements were conducted for the T400, T500,
and T600 samples. The sign of the Hall voltages
revealed that all samples exhibited p-type
conductivity.

The dependence of carrier concentration on the
inverse temperature within the range of 10-400 K is
shown in Figure 7. As illustrated, the -carrier
concentration increases with temperature, as
described by the following expression,

p = poexp (—Eq/kT) (2)
The strong temperature dependence and exponential
increase of carrier concentration with increasing
temperature indicate that thermionic emission,
resulting from the thermal excitation of carriers, is the
dominant transport mechanism. The increase in
carrier concentration, ranging between 1015 and 1017
cm-3 with annealing, can be assigned to improved
crystallinity and grain size. Carrier concentrations of
CuyZnSnSe, films have been reported to range
between 10*” and 10*° cm ™3 arange which varies with
the deposition method [23-26].
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Figure 7. Temperature-dependent carrier concentration of

annealed samples

To identify the existing scattering mechanisms, the
variation of Log(u) with Log(T) was analyzed since the
mobility increases with temperature according to the
relation ua T, where n defines the dominant scattering
mechanism. Room temperature mobilities were found
to be 125, 35.3, and 84 cm?V-1s! for T400, T500, and
T600 samples. Huo Kim et al. reported mobility values
in the range of 1.30-9.27 cm2V-1s1 for thin films, which
were fabricated using the simple process of
selenization [26].

Table 2. Activation energies and selected electrical parameters of the films evaluated at 295 K

Sample p(Q-cm) Ea1(meV) Eaz(meV) Vi (V) un (cm?2V-is1) p (cm)3
TO - - - : -
T400 44.1 0.03 48.89 2.92x10-3 125.0 5.13x1015
T500 2.61 9.00 16.98 0.48x103 353 3.07x1017
T600 3.08 0.94 3891 1.37x10-3 84.0 1.07x1017

By changing the selenization temperature and the
[Cu]/([Zn]+[Sn]) ratio, mobility values of Cu,ZnSnSe,
thin films were reported to range from 1.3-80.0 cm?V-
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151, 1t was reported by Kuo et al. that low Cu content is
responsible for low mobilities, while a higher
[Zn]+[Sn] ratio results in increased mobility values
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[25]. The mobility of Cu,ZnSnSe, thin films, reported
by other researchers to range from 1.57 to 39.72
cm?V~%s~! depending on the substrate temperature,
was explained by a decrease attributed to scattering
and structural imperfections [24]. By varying the
Cu/(Zn+Sn) composition ratio in the thin films,
mobility values of 1.7, 2.3, and 1.4 cm?V™is™? were
obtained for Cu/(Zn+Sn) ratios of 1.22, 1.00, and 0.82,
respectively [23].

The variation of Hall mobility with temperature for the
sample annealed at 400 °C is presented in Figure 8(a).
At low temperatures (between 20-80 K), the mobility
increases with temperature, and the linear variation
fits the relation u a 7399, which is attributed to ionized
impurity scattering as the primary scattering
mechanism. In the temperature region above 90 K, a
decrease in mobility with increasing temperature is
observed, consistent with y & T-%, indicating that polar
optical phonon (piezoelectric) scattering is the
dominant transport mechanism in this regime [45].
The variation of Hall mobility with temperature for the
T500 film is presented in Figure 8(b). In the low-
temperature region (20-50 K), the Hall mobility is
dominated by ionized impurity scattering with an
exponent of n=1.07. At higher temperatures for the
same sample, the mobility decreases with increasing
temperature, with n=-0.88, suggesting that hole
scattering is mainly attributed to acoustic phonon
scattering. The Hall mobility as a function of
temperature for the T600 film is shown in Figure 8(c).
In the low-temperature range (30-120 K), the Hall
mobility is dominated by neutral impurity scattering
with n=0.67, arising from unionized donors and
neutral defects. At temperatures above 220 K, a
decrease in mobility with n=-1.42 indicates that
acoustic phonon scattering is the predominant
conduction mechanism.

Room-temperature optical absorption measurements
were carried out for the thin films in the wavelength
range of 190-1100 nm. Generally, the dependence of
the absorption coefficient () on the incident photon
energy (hv) is described by the following equation
[46],

hv = A(hv — E))" 3)
where A denotes a coefficient associated with the
transition  probability, @ E;  represents  the
semiconductor band gap, and n is assigned values of
1/2 for direct transitions and 2 for indirect allowed
transitions.
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The linear behavior of the plot confirms the presence
of a direct transition [47]. Accordingly, the optical
band gap values were determined through linear
extension of the (ahv)? versus (hv) plot toward the
energy axis [48]. In Figure 9, the optical absorption
spectra of the T0, T400, T500, and T600 thin films are
presented in the form of (ahv)?2 versus (hv) plots, from
which the band gaps were obtained to be 1.98, 1.78,
1.35,and 1.65 eV, respectively. As illustrated in Figure
9, annealing leads to a decrease in the band gap values
of CZTSe thin films, with the lowest value obtained at
500 °C. This significant reduction in band gap at 500 °C
may be due to the increase in free carrier
concentration and the enhancement in the grain
morphology of the films. Similar behavior has also
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been reported for Cu,ZnSnSe, thin films deposited on
hot substrates [29]. Depending on the deposition
methods and conditions, band gaps were reported to
be around ~1.0 eV [28.,31.,49] and ~1.4-1.5 eV
[23.24.,36.,50] for Cu,ZnSnSe, thin films. Our results
are consistent with those obtained in previous studies
on co-evaporated [29] and pulsed laser deposited [24]
Cu,ZnSnSe, films.
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Figure 9. Optical absorption spectra of thin films

4, Conclusions

XRD, SEM, and Raman measurements confirmed that
Cu,ZnSnSe, thin films were successfully deposited
through thermal evaporation. The experimental
results demonstrated that the structural, electrical,
and optical properties of the samples are strongly
influenced by the annealing treatment. Because of the
extremely high resistivity of the as-grown film,
measurements could not be performed; however, a
considerable decrease in resistivity was observed
with annealing, reaching 2.61 2-cm at 500 °C. The p-
type conductivity of the annealed films was confirmed
through Hall effect measurements, with Hall mobility
values ranging from 84-125 cm?V-is1. The carrier
concentration was found to increase from 5.13x1015 to
3.07x1017 cm3 depending on the heat treatment.
Absorption studies revealed that the band gaps are
direct in nature and were determined to be 1.98, 1.78,
1.35, and 1.65eV for the as-grown and annealed
samples, respectively, with an absorption coefficient
of approximately 10° cm™. These band gap values,
which can be tuned by heat treatment, are aligned
with the optimum band gap required to achieve
maximum theoretical conversion efficiency. These
results suggest that polycrystalline CuzZnSnSes films
produced by the thermal evaporation method could be
a promising alternative for the absorber layer in solar
cell applications.
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Abstract: The interest in azo dyes is increasing in the textile and dye industry. Along
with this interest, in addition to experimental studies, quantum mechanical
calculations have recently been frequently encountered in the literature. In the
content of the study, first of all, three azo dyes are synthesized. Then, the
characteristic properties of the compounds are determined experimentally using
FT-IR, 1H-NMR and 13C-NMR spectroscopies. Then, the compounds are optimized in
the B3LYP/6-311+(d,p) basis set using density functional theory with the
Gaussian16 program. Theoretically, FT-IR and 'H-NMR values are calculated. It is
observed that the experimental and theoretical results are compatible. In addition,
the electronic properties of the azo dyes are investigated.

Heterosiklik Dispers Diazo Boyalarinin Sentezi, Yapisal Analizi ve Teorik

Hesaplamalarla Karsilastirilmasi

Anahtar Kelimeler

Azo boyarmadde,

Yapi analizi,

Yogunluk Fonksiyonel Teorisi

0z: Azo boyar maddelere olan ilgi tekstil ve boya endiistrisinde giderek artmaktadir.
Bu ilgiyle beraber, deneysel c¢alismalara ek olarak kuantum mekaniksel
hesaplamalara da son zamanlarda literatiirde siklikla rastlanmaktadir. Calismanin
iceriginde oOncelikle li¢c adet azo boyar madde sentezlenmistir. Devaminda
bilesiklerin  karakteristik 6zellikleri ©6nce FT-IR, H-NMR ve 13C-NMR
spektroskopileri kullanilarak deneysel olarak belirlenmistir. Sonra Gaussianl6
programiyla yogunluk fonksiyonel teorisi kullanilarak bilesikler B3LYP/6-
311G(d,p) baz setinde optimize edilmistir. Teorik olarak, FT-IR ve 1H-NMR degerleri
hesaplanmistir. Deneysel ve teorik sonuglarin uyumlu oldugu gézlenmistir. Bunlara
ilave olarak, azo boyar maddelerin elektronik 6zellikleri incelenmistir.

1. Introduction

Azo dyes are widely used in many sectors such as
biochemistry, medicine, food and beverage,

Azo dyes are synthetic compounds that have
revolutionized industrial dyeing processes and offer a
wide range of colors. The main feature of azo dyes is
the presence of an azo group (-N=N-) in their
molecules. This group acts as a chromophore group
that determines the color properties of the dye.

They are produced by chemical processes called
diazotization and coupling reactions. These processes
involve the reaction of aromatic amines with nitrous
acid to form diazonium salts, which are then reacted
with other aromatic compounds to form azo dyes [1-
3].

pharmaceutical, printing inks, plastics, leather and
textile and paint industries due to their high color
intensity, vivid and bright colors, wide color range,
economical production and suitability for various
application methods [4].

Some azo dyes are used in biochemical tests to detect
and measure biomolecules such as proteins, enzymes
and DNA [5-7] and due to their structure, they can
form complexes with metal ions. Thus, they have the
ability to change the color properties of the dye and
increase the performance of dyes in textile, paint and
other industrial applications [8,9].

* Corresponding author: ademircali@pau.edu.tr
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These compounds are widely preferred in the textile
industry due to their high affinity and good fastness
properties in the dyeing of synthetic fabrics such as
nylon, polyester and polyamide [10,11]. They are also
used in the leather industry in the coloring of leather
products. Because they provide deep and permanent
colors to leather products and maintain the flexibility
and durability of the leather [12,13].

In addition, since they provide vivid and bright colors
in printing inks, they are used in printing on various
surfaces such as paper, plastic and metal with
techniques such as offset printing and digital printing
[14,15].

In recent years, theoretical investigations of chemical
compounds have considerable attention due to their
intriguing electronic and geometric properties,
particularly their potential applications [16]. The
present study analyzed the molecular structures,
vibrational modes, and NMR spectra of disazo dyes
3a-c using quantum chemical methods at the DFT
level with the 6-311G(d,p) basis set. The comparison
between experimental data and theoretical results
plays a crucial role in the accurate assignment and
deeper understanding of vibrational and NMR spectra,
as well as the molecular structures of these
compounds.

In this study, three disperse disazo dyes containing
pyrazole and coumarin are synthesized based on
aniline, p-chlorine aniline and p-methyl aniline
compounds. Then, the structures of the synthesized
compounds are elucidated using  various
spectroscopic methods and compared with theoretical
calculations.

2. Material and Method

All consumables used throughout the study are pure
and imported products.

The following devices are used in the structural
analysis of the obtained dyes and in the necessary
spectroscopic analyses, respectively. It is measured
melting points in Electrothermal 9100 melting point
determination device and elemental analysis in
Costech ECS 4010 device. Structure analysis of
compounds is analyzed spectrometric methods such
as FT-IR analyses in Perkin Elmer Spectrum Two
spectrophotometer, 13C and proton NMR spectra in a
400 MHz Varian NMR device.

2.1. Synthesis of (4'-phenylazo-3'-amino-1'H-
pyrazol-5'-ylazo)-4-hydroxy coumarin (aa3a)

0.01 mol aniline is dissolved in sufficient amount of
HCIL. NaNO: aqueous solution is added very slowly on
this solution and is stirred in an ice bath for 4 hours.
Formed the diazonium salt is added to 0.01 mol
malononitrile solution prepared in another beaker
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and is stirred in an ice bath for another 4 hours. 3,5-
diamino-4-phenylazo-1H-pyrazole (aa2a) compound
is synthesized [3]. aa2a compound is filtered, is dried
and is crystallized in DMSO solvent. Afterwards, aa2a
dye is dissolved in 20 ml acetic acid and 20 ml HCl
mixture and 0.015 mol NaNO:z aqueous solution is
added and is stirred for 4 hours. At the end of the
period, formed the diazonium salt is added to the
solution of 0.01 mol 4-hydroxy coumarin formed in
NaOH and water mixture and left to stir for another 4
hours. The final product (4'-phenylazo-3'-amino-1'H-
pyrazol-5'-ylazo)-4-hydroxy coumarin (aa3a) is
filtered, air is dried and is purified in DMSO solvent.
Mol. formula: C18H13N703; Mol. weight: 375 g/mol;
Color: orange crystal; Yield: 75 %; mp 333-334 °C.
Elemental analysis, Found, %: C: 60.41, H: 3.58, N:
27.39; Calculated, % C: 60.17, H: 3.62, N: 27.30.

2.2. Synthesis of [4'-(4"-chlorophenyl)azo-3'-
amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3b)

0.01 mol 4-chloro aniline is dissolved in sufficient
amount of HCl. NaNO: aqueous solution is added very
slowly on this solution and is stirred in an ice bath for
4 hours. Formed the diazonium salt is added to 0.01
mol malononitrile solution prepared in another
beaker and is stirred in an ice bath for another 4 hours.
3,5-diamino-4-(4'-chlorophenyl)azo-1H-pyrazole
(aa2b) compound is synthesized [3]. aa2b compound
is filtered, is dried and is crystallized in DMSO solvent.
Afterwards, aa2b dye is dissolved in 20 ml acetic acid
and 20 ml HCI mixture and 0.015 mol NaNOz aqueous
solution is added and is stirred for 4 hours. At the end
of the period, formed the diazonium salt is added to
the solution of 0.01 mol 4-hydroxy coumarin formed
in NaOH and water mixture and left to stir for another
4 hours. The final product 4'-(4"-chlorophenyl)azo-3'-
amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3b) is filtered, air is dried and is purified in DMSO
solvent. Mol. formula: CisH12N7ClO3; Mol. weight:
409.5 g/mol; Color: brown crystal; Yield: 82 %; mp
341-342 °C. Elemental analysis, Found, % C: 54.86, H:
3.11, N: 24.76; Calculated, %: C: 54.89, H: 3.05, N:
24.90.

2.3. Synthesis of [4'-(4"-methylphenyl)azo-3'-
amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3c)

0.01 mol 4-methyl aniline is dissolved in sufficient
amount of HCl. NaNO2z aqueous solution is added very
slowly on this solution and is stirred in an ice bath for
4 hours. Formed the diazonium salt is added to 0.01
mol malononitrile solution prepared in another
beaker and is stirred in an ice bath for another 4 hours.
3,5-diamino-4-(4'-methylphenyl)azo-1H-pyrazole

(aa2c) compound is synthesized [3]. aa2c compound
is filtered, is dried and is crystallized in DMSO solvent.
Afterwards, aa2c dye is dissolved in 20 ml acetic acid
and 20 ml HCI mixture and 0.015 mol NaNOz aqueous
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solution is added and is stirred for 4 hours. At the end
of the period, formed the diazonium salt is added to
the solution of 0.01 mol 4-hydroxy coumarin formed
in NaOH and water mixture and left to stir for another
4 hours. The final product 4'-(4"-methylphenyl)azo-
3'-amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3c) is filtered, air is dried and is purified in DMSO
solvent. Mol. formula: C19H1sN703; Mol. weight: 388
g/mol; Color: light yellow crystal; Yield: 71 %; mp
322-323 °C. Elemental analysis, Found, % C: 61.22, H:
4.09, N: 26.18; Calculated, %: C: 61.13, H: 4.02, N:
26.27.
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Scheme 1. Synthesis of aa2a-c dyes
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Scheme 2. Synthesis of aa3a-c dyes
2.4. Theoretical calculations

One of the most successful quantum chemistry tools
for describing the ground state properties of chemical
compounds is hybrid density functional theory (DFT).
Here, the most stable states of the synthesized azo
dyes are calculated using DFT and the obtained results
are in convincing agreement with the experimental
data [17-19]. The molecular structure of the
compound are optimized to obtain global minima
using the B3LYP/6-311G(d,p) level [20-22]. After
that, the same basis set and computational method are
used for FT-IR and 'H-NMR spectra of the compound
using the optimized structure. All calculations are
performed in the gas phase using the Gaussian 16. Rev.
B1 program [23]. GaussView 6.0 is also used for
visualization of the structure [24].

3. Results
3.1. Basic properties

The aim of our study is to introduce disperse disazo
dyes that can dye nylon and polyester fabrics to the
literature for the dye and textile industry. The basic
properties of the three synthesized disazo dyes are
given in sections 2.1, 2.2 and 2.3. When the results are
examined, it is seen that bright colors such as orange,
brown and light yellow are obtained. The highest yield
is obtained in compound aa3b, while the lowest yield
is obtained in compound aa3c. It can be thought that
this situation is due to the fact that the chlorine group
attached to the phenyl ring facilitates the formation of
the diazo compound by withdrawing electrons from
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the ring. Similarly, it can be said that the reason for the
low yield of compound aa3c is that the methyl group
attached to the phenyl ring provides electrons to the
ring and makes the formation of the diazo compound
difficult.
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Figure 1. Optimized geometry for aa3a-c compounds
calculated at DFT/B3LYP/6-311G(d,p) level.

3.2. Tautomerism

When the structures of aa3a, aa3b and aa3c
compounds are examined, it is determined that the
dyes could be in 3 different tautomeric forms. These
are disazo-keto (T1), disazo-enol (T2) and azo-
hydrazo keto (T3) forms. According to FT-IR data, all
synthesized dyes are in disazo-keto form, while
according to 'H-NMR data, they are converted to
disazo-enol form in DMSO-dée.
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Scheme 3. Tautomeric structures of aa3a-c dyes

3.3. Structure analysis

FT-IR, tH-NMR and 13C-NMR analyses are performed
to elucidate the structures of the synthesized
compounds. The obtained data are summarized in
Table 1, Table 2 and Table 3. In addition, sample
spectra of these analyses are shown in Figure 2, Figure
3, Figure 5, Figure 6, Figure 8 and Figure 9. Also, the
spectrum showing the correlation calculation of
theoretical and experimental data of FT-IR
spectroscopy is given in Figure 4.
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Table 1. FT-IR data for azo dyes aa3a-c

Dye aa3a aa3b aa3c

No Cal. | Exp. | Cal. | Exp. | Cal. | Exp.
VNH2 3423 | 3357 | 3423 3361 | 3424 | 3358
VNH 3272 | 3224 | 3271 3283 | 3274 | 3241
varon | 3159 | 3166 | 3157 | 3141 | 3165 | 3184
3112 | 3109 | 3084 | 3073 | 3094 | 3075
3059 | 3071
VAlip-H - - - - 2957 | 2838
vc=0 1721 | 1729 | 1715 1730 | 1711 1728
1640 | 1647 | 1668 1650 | 1673 1650
VN=N 1464 | 1479 | 1512 1520 | 1518 | 1520
1455 | 1460 | 1484 | 1462 1467 | 1457
VC-0-C 1237 | 1203 1238 1204 | 1233 1204

When Table 1 is examined, two separate -N=N- (azo)
peaks were observed in the range of 1457-1520 cm™1!
for each dye. Two -C=0 (carbonyl) peaks are
determined in the range of 1647-1730 cmL In
addition, -NHz peaks are determined in the range of
3357-3361 cm! and -NH peaks are determined in the
range of 3224-3283 cm-1. The presence of two
separate azo and carbonyl peaks in the structural
analysis indicates that the synthesized dyes are in the
disazo keto (T2) tautomeric form in the solid state.
When the theoretical calculation data are examined,
the -N=N- (azo) peaks in the range of 1455-1518 cm'!
and two C=0 peaks in the range of 1640-1721 cm-!
show that the compounds are in the disazo keto (T2)
form in the theoretical calculations as well as in the
experimental results.

Both the experimental results and the theoretical
calculations confirm each other.

Figure 2. FT-IR spectra of aa3a dye.
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Figure 3. The calculated spectra FT-IR of aa3a.

6000
= - y =0.9975x + 12.639
£ E 4000 R? = 0.9983
c S
E & 2000
v
o >
g o
= 0 1000 2000 3000 4000 5000

Theoretical frequency (cm-1)

Figure 4. The correlation graphs between the experimental
and calculated frequencies for the dye aa3a.

When 'H-NMR data of all synthesized compounds are
examined, aromatic hydrogen peaks are observed in
the range of 7.11-8.11 ppm. Peaks are observed in the
range of 12.95-13.42 ppm belonging to the OH group
attached to the coumarin compound, in the range of
13.53-14.49 ppm belonging to the NH group attached
to the pyrazole ring, and in the range of 5.39-5.48 ppm
belonging to the NH2z group attached to the pyrazole
ring. In addition, the aliphatic hydrogen peak
belonging to the CH3 group attached to the phenyl ring
in the aa3c compound is observed at the level of 1.17
ppm. Similarly, as a result of theoretical calculations,
aromatic hydrogen peaks are observed in the range of
7.88-8.70 ppm, OH peaks in the range of 6.75-6.88
ppm, NH peaks in the range 0f 9.70-9.82 ppm and NHz
peaks in the range of 4.91-4.98 ppm.

Both experimental and theoretical results are
consistent with each other and show that the
synthesized dyes are in disazo enol (T1) tautomeric
form in DMSO-d6 solvent.

Table 2. tH-NMR data for dyes aa3a-c

Dye aa3a aa3b aa3c

No Cal. Exp. Cal. Exp. Cal. Exp.
Ar-H 7.89- | 7.13- 7.88- 7.33- 7.94- 7.11-
8.70 7.94 8.64 7.84 8.52 8.11

Al-H - - - - 1.93 1.17
0-H 6.88 13.42 6.75 12.95 6.83 13.22
NH 9.70 14.49 9.82 13.53 9.78 13.54

NH: 491 5.39 4.98 5.48 4.94 5.47

,'.»‘
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L

Figure 5. 1H-NMR spectra of aa3a dye.
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spectra of aa3a dye.

Theoretical and experimental 13C-NMR values of the
three synthesized compounds are given in the Table 3.
It is observed that all results are compatible with the
synthesized structures. The numbering of the aa3cdye
is given in Figure 7, and the experimental and
theoretical carbon NMR spectra of the aa3a dye are
given in Figure 8 and Figure 9, respectively.

Table 3. 13C-NMR data for dyes aa3a-c

Carbon aa3a aa3b aa3c
number Cal. EXp. Cal. Exp. Cal. Exp.
C13 148.02 175.37 139.54 175.47 139.21 173.65
C19 173.16 163.63 162.66 | 163.55 161.45 162.66
C21 157.74 153.55 152.22 153.63 152.67 153.52
C18 162.92 152.44 158.17 152.44 158.44 151.30
Cl 161.85 151.85 159.73 151.85 139.47 149.39
C10 164.98 145.36 160.98 | 145.31 160.96 145.31
C9 129.18 131.42 144.26 | 135.16 143.99 141.29
C6 137.46 130.82 132.58 131.42 132.20 131.45
C17 119.22 129.34 118.45 129.34 | 118.75 129.34
C24,C25 123.01 124.93 121.69 124.93 121.40 124.85
C4,C5 134.65 123.66 125.95 123.65 126.28 123.60
C22,C23 130.40 122.35 121.52 122.66 120.86 122.24
C2,C3 116.45 118.94 106.17 | 118.86 106.09 118.88
Cl6 127.06 114.02 128.03 114.42 128.01 114.55
€26 - - - - 3523 | 22.14
N
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Figure 7. Numbering of atoms of aa3c dye.
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Figure 8. 13C-NMR spectra of aa3a dye.
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Figure 9. 13C-NMR calculated spectra of aa3a dye.

3.4. Molecular electrostatic potential

The molecular electrostatic potential (MEP) at any
given point around a molecule offers valuable insights
into the net electrostatic effects present at that
location, which arise from the complex charge
distribution within the molecular system. This
electrostatic profile is essential for predicting the
molecule's reactivity [25,26]. The MEP surface,
defined by an electron density isosurface has been
carefully plotted over the optimized geometry of the
cluster systems, as depicted in Figure 10. This
visualization facilitates a detailed analysis of the
underlying  electrostatic  characteristics  and
interactions.

As illustrated in Figure 10, this region demonstrates a
high electron density attributed to the two azo groups
linked to the pyrazole ring, along with the
electronegative oxygen atoms present in the coumarin
ring of the aa3a-c dyes. Furthermore, proton density is
observed on the side of the ring that is distant from the
oxygens, a consequence of the presence of these
electronegative oxygen atoms in the coumarin ring.
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Figure 10. MEP of aa3a-c
3.5. Electronic properties
The HOMO-LUMO energy gap is an important

indicator of a molecule's chemical reactivity. A smaller
energy gap is indicative of lower kinetic stability in the
molecule. This separation of HOMO and LUMO
energies is a result of significant intermolecular
charge transfer between electron donor groups and
electron acceptor groups via m-conjugated pathways
[27]. Furthermore, the HOMO-LUMO energy gap can
also provide insights into the bioactivity associated
with intramolecular charge transfer. The calculated
electronic parameters for aa3a-c are presented in
Table 4. HOMO-LUMO orbitals of aa3a-c dyes are given
in Figure 11.

As shown in Table 4, the dye with the lowest chemical
hardness is aa3a and the dye with the highest chemical
softness is again aa3a. Similarly, the electron affinity
and electronegativity of the aa3c dye were the highest,
while this value was the lowest for the aa3b dye. These
results are thought to be due to the chlorine
withdrawing electrons from the ring and the methyl
group donating electrons to the ring.

Table 4. Electronic properties of aa3a-c

Parameters aa3a | aa3b | aa3c
ELumo (eV) -5.52 -5.62 -5.81
Esomo (eV) -3.02 | -3.07 | -3.22
AE= Erumo- Enomo (eV) 2.50 2.55 2.59
I (ionization potential) 552 562 581
(eV)

A (electron affinity) (eV) 3.07 3.02 3.22
X (electronegativity) (eV) 4.35 4.27 4.52
1 (global hardness) (eV) 1.25 1.30 1.28
S (global softness) (eV-1) 0.80 0.78 0.77
U (electronic chemical ) i i
potential) (V) 4.27 435 | -4.51
o (global electrophilicity

index) (eV) 7.31 7.41 7.87
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Figure 11. HOMO-LUMO orbitals for aa3a-c

As shown in Figure 11, the delocalization in the phenyl
ring causes the HOMO orbitals to be concentrated in
this area, while the LUMO orbitals are spread
throughout the molecule.

4., Discussion and Conclusion

In our study, it is aimed to synthesize 3 heterocyclic
disperse disazo dyes capable of dyeing nylon and
polyester fabrics and to introduce them to the dye and
textile industry. The fact that we obtain high yield
products and that the end products are bright and
vibrant in color confirms the content of our work.

In the continuation of the study, the structural
properties of the dyes are examined and the
experimental data are compared with the theoretical
calculations. It is seen that the results of these
comparisons are compatible with each other.

The fact that the compounds exhibit tautomeric
properties and can transform from disazo-keto form
in solid state to disazo-enol form in solvent shows that
they may have different solubility properties. Control
of the tautomeric balance can provide better binding
of the dye to the target material (textile, polymer etc.)
and more homogeneous distribution.

In addition, these different forms absorb light at
different wavelengths, providing a wide range of
colors. The change in tautomeric balance depending
on environmental conditions (pH, solvent,
temperature, etc.) allows the color to be adjusted and
modified. This property is especially important for
applications such as sensors and smart textiles.

The two azo groups linked to the pyrazole ring
combined with the electronegative oxygen atoms in
the coumarin ring, exhibit substantial electron
density, characterizing this region as nucleophilic. In



A. Demirgali/ Synthesis, structural analysis and comparison with theoretical calculations of heterocyclic disperse diazo dyes

contrast, the electrophilic area situated on the side of
the rings opposite the oxygens also displays significant
proton density.

In addition, electronic parameters such as hardness,
softness, electron affinity, and electrophilicity index
were calculated using density functional theory with
values suitable for the structural properties of the
synthesized aa3a-c dyes.

Based on these values, the structure with the highest
electron acceptability, or the greatest tendency to
attract electrons, is aa3c. Although there are minor
differences, aa3a is softer than the other compounds
and can be more easily polarized.
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Keywords Abstract: Communication involves exchanging emotions, thoughts, and information

Communication, through verbal and non-verbal methods. Sign language, used by individuals who are

Deaf or Hard of Hearing Deaf or Hard of Hearing, relies on gestures and facial expressions. It is not universal;

1nd1V}dua!s, different countries have distinct versions. Each sign consists of three components:

Turkish Sign Language, . . .

Text Conversion hand shape, position, and movement.This study develops a system to recognize and
convert frequently used Turkish Sign Language (TSL) words into text. Using an
image processing algorithm and the YOLOv8 machine learning model, the system
detects and translates 20 common words collected from 12 participants. The model
achieved a 99.4% accuracy rate, proving its effectiveness in real-world
conditions.This system enhances daily interactions for Deaf or Hard of Hearing
individuals, providing an accessible communication tool. The findings may
contribute to assistive technology, improving inclusivity and facilitating smoother
interactions in various social settings.

Isitme Engellilere Yonelik Tiirk isaret Dilinin Em Cok Kullanilan Kelimelerini Yaziya
Ceviren Sistem Tasarimi

Anahtar Kelimeler 0z: iletisim, bireyler arasinda duygularin, diisiincelerin ve bilgilerin sézlii ve sézsiiz
lletigim, yontemlerle aktarilmasim icerir. Isaret dili, isitme engelli veya sagir bireyler
Isitme engelliler, tarafindan kullanilan ve jestler ile yiiz ifadelerine dayanan bir iletisim bi¢cimidir.
$urk 1531.'.6t"dll.1', Evrensel bir sistem olmayp, farkli tilkelerde farkli versiyonlar1 bulunmaktadir. Her
azlya donustirme isaret, el sekli, el konumu ve el hareketi olmak tizere ii¢ bilesenden olusur. Bu
calisma, yaygin olarak kullanilan Tiirk Isaret Dili (TID) kelimelerini taniyarak metne
dontstiiren bir sistem gelistirmektedir. Gorilintii isleme algoritmasi ve YOLOv8
makine 6grenme modeli kullanilarak, 12 katilimcidan toplanan 20 temel kelimenin
tespiti ve cevirisi gergeklestirilmistir. Model, 99.4% dogruluk oranina ulasarak
gercek diinya kosullarinda etkinligini kanitlamistir. Bu sistem, isitme engelli
bireyler icin giinliik etkilesimleri kolaylastirarak erisilebilir bir iletisim araci
sunmaktadir. Bulgularin, destekleyici teknolojilere katki saglayarak kapsayiciligini

artiracag ve bireylerin sosyal etkilesimlerini iyilestirecegi 6n gortilmektedir

1. Introduction
Communication, which refers to the exchange of

The Latin word for communication is "communico", feelings, thoughts, information and news between
which means "to share, to associate". Communication people, takes place in various forms and methods. This
is one of the most important and basic needs of human complex process involves the mutual exchange of
beings since the creation of humankind. The pictures information and emotions and is not limited to words.
drawn on cave walls, the sounds made by African It also aims to establish cross-cultural connections,
natives, the smoke emitted by Indians by lighting a fire express emotions and share thoughts. Communication
are primitive methods used by humans to is not only the exchange of information, but also a
communicate [1]. profound form of interaction that enables people to
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connect, understand and empathize with each other. It
can basically be divided into two main groups: verbal
and non-verbal communication.

Verbal communication refers to the type of
communication that is constantly established in daily
life. Verbal communication, which takes place through
speech and language use between people, is used to
express feelings, thoughts and information. Table 1
shows the most commonly used words in daily life.

Non-verbal communication is a form of
communication that does not use words, such as body
language, gestures and facial expressions, but is
effective in conveying feelings, intentions and
thoughts. Non-verbal communication is as important
as verbal communication and can sometimes mean
more than words. The subtleties of body language, the
meanings of gestures and the emotions expressed by
facial expressions can add depth to communication.
Communication is the basis of interaction between
people.

Using verbal and non-verbal means of communication
effectively can increase understanding, strengthen
relationships and contribute to mutual understanding.
The most preferred type of communication between
people is verbal communication. However, individuals
with hearing impairment cannot fully utilize verbal
communication. Hearing impairment can be
congenital or acquired as a result of factors such as
illness or accident. Individuals with hearing loss who
use hearing aids or cochlear implants generally prefer
auditory-verbal communication, while individuals
with hearing loss who are diagnosed late and
therefore cannot develop speaking skills tend to use
sign language [2].

This study focuses on understanding the difficulties in
the daily lives of hearing impaired individuals and
developing solutions to overcome these difficulties.
Since hearing impairment manifests itself in daily
interactions as well as communication barriers in
social interactions, the aim of this study is to provide a
more effective communication experience for hearing
impaired individuals by overcoming these barriers.
Another goal of this study is to facilitate the
communication of individuals with hearing
impairment with the society and to support their
social lives. The basis of this research is a system that
can recognize the most frequently used words of sign
language. This system aims to detect the words of sign
language through an image processing algorithm and
convert them into text. In this way, hearing impaired
individuals can communicate effectively and interact
more easily with their environment.

Table 1. Common words that used in Turkish Language (TR-EN)
Anne (Mother) Dinlenmek (Resting) Iyi (Good) Saat (Clock) __ Yarm
Araba (Car) Dost (Mate) Kardes (Brother) Sabah (Morning) Yemek (Eating)
Arkadas (Friend) Dur (Stop) Kisa (Short) Sen (You)
Az (Less) Ev (Home) Kotii (Bad) Sonra (After)
Baba (Father) Evet (Yes) Merhaba (Hello) Simdi (Now)
Bebek (Baby) Fazla (Much) Nasil? (How?) Tamam (Okey)
Ben (Me) Gece (Night) Nasilsin? (How are you?) Telefon (Phone)
Bir (One) Geri (Back) Ne zaman? (When?) Tesekkiirler (Thanks)
Bugiin (Today) Hayir (No) Nerede? (Where?) Tuvalet (Toilet)
Cay (Tea) Iemek (Drinking) Once (Before) Tiirkge (Turkish)
Destek (Support) Ileri (forward) Oziir dilemek (Sorry) Uzun (Long)
Dikkat (Attention) Iletisim (Communication) Para (Money) Yardim (Help)
2.1. Related work
2. Material and Method
The first studies for image processing-based

Under this heading, we will first refer to some
previous studies. Then, after providing a general
overview of the study, we will discuss the processes
step by step.
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recognition of sign languages were carried out in the
mid-1990s. In one of these studies, Starner worked on
sign language recognition using a simple camera. The
hands were segmented in the images taken from the
motion sensor and feature vectors containing the
positions of the hands were generated with Markov
models, thus performing sign recognition. In this
study, a success rate of over 90% was achieved for 40
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words. Starner also presented a wearable computer
capable of sign language recognition. In this study, a
camera placed on a hat was used to recognize images
of hand gestures using features such as shape and
position. For performance measurement, a 40-word
sign data set of American Sign Language (ASL) was
used and a 99% success rate was achieved [3].

In order to facilitate the communication of the hearing
and speech impaired, the study conducted by Tonjih
Tazalli et al. focused on the understanding of sign
language at the word level and stated that a database
should be created to recognise words in Bangla sign
language. While most existing studies have focussed
on alphabets or numerical expressions, the focus of
this study was on Bangla word signs. Sign language
recognition usually involves isolated and continuous
scenarios. This study focused on the isolated scenario,
i.e. only one sign language word was recognised in
each video. A video classification model was
developed using technologies such as PyTorch and
YOLOV5. An accuracy rate of 76.29% was achieved on
the training dataset and 51.44% on the test dataset [4].

In the study titled "Turkish Sign Language Word
Translator with Microcontroller Systems", it is aimed
to facilitate communication between speech impaired
individuals and the society. In the proposed method,
microcontroller (Arduino), display unit (LCD Panel)
and flex, acceleration and gyro sensors are used. A
special glove was developed for the modeling process
of the words. Thanks to the sign language interpreter
glove, it is aimed to provide communication between
disabled and non-disabled individuals. When a
disabled person shows the word in sign language by
wearing the sign language translator glove, the data
from the five flex, acceleration and gyro sensors on the
glove are transferred to the microcontroller. Based on
this data, the microcontroller determined the meaning
of the sign and displayed it in written form on the
display unit. Turkish sign language was used in the
study. In order to determine the meaning of a sign
language gesture, eleven data obtained by performing
selected sign language gestures using gloves were
recorded. These data obtained for each sign language
gesture were used in the program running on the
microcontroller to classify the signs [5].

The study conducted by Kustiawanto Halim et al., The
Sign Language System for Bahasa Indonesia, called
Sistem Isyarat Bahasa Indonesia (SIBI), follows the
grammatical structure of Indonesian, which has made
it a unique and complex system. SIBI has enabled the
translation of the alphabet, root words and numbers
into text. Current research is focused on recognizing
reflective words, which includes combinations of
prefixes, suffixes and suffixes of root words. Root
words were separated and processed with minimal
feature sets. SIBI includes time dependencies in the
sequence data, so Long Short Term Memory (LSTM)
was chosen as the machine learning model. Feature
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sets based on inflected word movements in SIBI were
used as input. TensorFlow was used so that the model
can be easily deployed on various devices. The best
results were obtained using the 2-layer LSTM with
96.15% accuracy for root words (nominative), while
the same model achieved an accuracy score of 78.38%
for inflected words. However, the model struggled to
correctly recognize prefixes and suffixes [6].

In the work carried out by Luis A. et al. an intelligent
system for translating sign language into text is
proposed. The proposed approach consists of
hardware and software components. The hardware
consists of a flexible polyester-nylon glove equipped
with contact and inertial sensors. The software
consists of a classification algorithm based on k-
nearest nearest neighbours (k-NN), decision trees
(DT) and dynamic time warping (DTW) algorithms.
The proposed system was able to classify certain
gesture patterns by recognising static and dynamic
gestures. The system was tested for the translation of
61 letters, numbers and words from Ecuadorian sign
language with a classification accuracy of 91.55%. This
result is considered as a significant improvement
compared to previous studies [7].

A study conducted by Jose L. et al. discussed an
approach to capturing isolated gestures of American
Sign Language and translating them into oral and
written words. The general sign recognizer was tested
using a subset of 30 single-handed characters in the
American Sign Language Dictionary and achieved 98%
accuracy. The system has proven to be scalable: when
the dictionary is extended to 176 characters and
tested without re-training, the accuracy is 95%. This
represents an improvement over classification based
on hidden Markov models (HMMs) and neural
networks (NNs) [8].

Karaca developed an application that simulates
Turkish content in Turkish Sign Language (TSL) using
a 3D virtual model. Signs were represented by
positional and/or angular changes at the joint points
of the model. The curricula of the Primary School for
the Deaf were examined and a data set with three
compilations was created for use in the study. The first
corpus contained 400 words for 21 themes in the first
grade of the TSL course. The second corpus included
130 sentences for 9 themes for the second grade of the
same course. The third corpus included 100 sentences
for 4 themes for the Turkish course. In addition to the
content in the corpora, the developed application also
includes TSL-specific elements such as hand shapes
and non-hand signs and interactive translation
modules. There are two phases in the application:
natural language processing and Turkish Sign
Language (TSL) simulation. Intermediate texts of
sentences were obtained before simulation with the
rules determined based on natural language
processing analysis. The intermediate texts were
converted into TSL text on the application screen and
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simulated. In addition to the data obtained as a result
of the analysis of corpora with natural language
processing techniques, data on TSL, signs, and model
joint points and hand movements used in sign
representations are presented in detail [9].

Much research in the field of sign language aims to
improve the quality of life of hearing impaired
individuals. In this context, our current study focuses
on the analysis of Turkish Sign Language (TSL)
vocabulary. Previous studies on Turkish Sign
Language (TSL) such as "Turkish Sign Language
Translation" [10], "Turkish Sign Language Review:
Communication and Grammar” [11], "The Language of
Silence: Observations on Turkish Sign Language" [12],
"A Study on Classifiers in Turkish Sign Language” [13]
and "The Historical Adventure of Sign Language and
Turkish Sign Language" [14], but there is no study on
the analysis of Turkish words and transcription of
these words in the literature.

The aim of this study is to convert the correspondence
of these words into real-time text with a high degree
of accuracy, by selecting Turkish words that are
commonly used in everyday life. This transformation
has ensured the effective translation of the sign
language equivalents of the most common words in
the TSL, using image processing techniques. The
stages of this work include data set creation, data set
classification, data sets training, algorithm creation
using the model obtained, interface design, and system
integration.

2.2. Overview

This section describes the headings on which the work
was carried out, as shown in Figure 1. The titles
describe how to create a data set, classify and train
data sets, build algorithms based on trained models,
and design a user-friendly interface.

It has identified what characteristics the study needs
to enable people with hearing impairments to
communicate more effectively. This includes defining
functional properties such as sign language
recognition, sign perception, text conversion, real-
time translation. It is important to create an easy-to-
use, understandable and accessible interface for users.
The choice of colors, fonts, icons and menus will be
taken into account for the availability and
comprehensibility of hearing impaired persons.

In this context, the study will be designed in
QtDesigner environment. While determining the
design needs, the study will aim to provide a user-
oriented and functional solution, improve the daily life
of hearing impaired individuals and provide them
with a more effective communication experience. The
focus is on understanding the communication
difficulties of hearing impaired individuals in their
daily lives and improving these experiences. In this
framework, a user-centered and functional approach
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was adopted in determining the design needs, thus
better understanding the needs of hearing impaired
individuals and increasing the effectiveness of the
study. Experiments and feedback during the
prototype phase are crucial for the development of the
system and the elimination of deficiencies. User
feedback was taken into consideration to help the

Overview

y

Create a Dataset

v

Dataset Labeling

v

Dataset Training

v

Cataset Classification

v

Creating an Algorithm Using the Obtained
Maodel

v

Interface Design and Integration

system better meet user needs.

Figure 1. Block diagram of the study
2.3. Dataset

Turkish  Sign Language consists of 2.000
words/concepts in its current form. It is formed by the
use of both hands and their positions. As a first
priority, the study area was determined by selecting
the 20 most frequently used words/concepts in daily
life within the scope of creating a data set. In this
context, data ranging from 450 to 550 were collected
from 1 person for each word, 12 people in total. Ethics
committee approval was obtained for the data
collection steps for this study (E-26428519-050.99-
133710). The strength of the data set was ensured by
creating background diversity [15,16]. The data of the
collected words/concepts are shown in the Figure 2
below.

After selecting the words/concepts to be used, data set
creation methods were discussed. Basically, an
algorithm containing the requirements was created.
The algorithm was designed to be usable in many
environments (Google Colab, local computer,
Roboflow, etc.). This usability can be explained by the
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fact that the images are saved in .txt format along with
their labels. This method has added flexibility to the
work. Figure 3 shows the data set algorithm. As a
result of the designed algorithm, the data set creation
code was written in Python. Running the code
produced data with a resolution of 640x480.
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0) Oziir dilemek (Sorry) p) Tamam (Okey)

t) Tuvalet (Toilet) u) Yemek (Eating)
Figure 2. Collected words for the study

a) Anne (Mother) b) Arkadas (Friend)

c)Baba (Father) d) Dur (Stop)

Le) Ev (Home)

f) Evet (Yes)

g) Hayir (No)

i) Iyi (Good) j) Kardes (Brother)

1) Merhaba (Hello)

m) Nasil (How?) n) Nerede (Where?)
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Figure 3. Flowchart of the data collection
2.4. Labeling of the dataset

Evaluations were conducted between Google Colab,
Roboflow, and local computer options to train the
created data set. Pit detection using Roboflow
Convolutional Neural Networks [17] was performed
by D. Deepa, A. Sivasangari, Rahul Roonwal, and
Rajeev Nayan in 2023 [18], Vasudevan, H. Matuck etal.
in 2024 [19], and the implementation of an enhanced
security system using the YoloV8 model via RoboFlow
by Pavithra, M. Brucal et al. in 2024 [20], The high
accuracy of these studies and the recognition study
conducted by Guilherme Rodrigues Matucks et al. in
2023 [21] led to the real-time detection of objects by
Roboflow. Additionally, its suitability for teamwork
via the cloud, ease of augmentation application, and
ability to present training outputs in graphical form
provide significant convenience in processes. In this
regard, it was decided to provide training through
Roboflow. The data was then labelled in the Roboflow
environment as shown in Figure 4. The labels created
during the data set creation phase were retained for
future use.

Figure 4. Labeling process of the study
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The words/concepts labelled in the Roboflow
environment were subjected to data partitioning. The
data was divided into three data sets: training,
validation, and testing. The training data set is the data
set that contains the most data and is used to perform
the basic training of the model. This data set is used to
test model algorithms and select the best algorithm.
The validation dataset is used to evaluate the results
obtained during the model's learning process. The test
dataset tests how the model performs in the real
world. In this process, the learned model is used on the
training dataset, and predictions are compared with
real data. As a result, the model's performance is
evaluated using accuracy metrics such as the accuracy
rate.

The efficiency of our dataset is divided by the globally
accepted ratio of 70% Training, 20% Validation and
10% Testing as indicated in Figure 5.

"Box Loss" is a loss function used in object detection
and segmentation tasks. This function is especially
used in pixel-based segmentation algorithms.

Train
70%

O—O

Figure 5. Training, Validation and Testing separation

In the final stage before training the dataset, various
augmentations were added. These included a 15%
greyscale application, blurring up to 2.5 pixels, and
artificial noise such as saturation between -25% and
+25%. This noise focuses particularly on colour and
blurring factors. Colour noise aims to diversify the
dataset by randomly changing the colour values of
pixels. This allows the model to better adapt to
different colour tones and lighting conditions. Blur
noise simulates various real-world conditions by
reducing the sharpness of images. This ensures that
the model performs well even with blurry or low-
quality images. As a result, these artificial noises
enhance the power of the dataset, making the model
more generalised, better adapted to real-world data,
and preventing potential overfitting [22].

The training of the model will be done with 300
repetitions (epochs) in a way that the accuracy of the
model will be strong [23, 24]. In this way, it will be
seen that the "Box Loss" in Figure 6, "Class Loss" in
Figure 7 and "Object Loss" in Figure 8 are significantly
improved.

"Box Loss" is a loss function used in object detection
and segmentation tasks. This function is especially
used in pixel-based segmentation algorithms.
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Figure 6. Box Loss graph

The term "Class Loss" is used to improve the
performance of object detection and classification
models. This function evaluates the difference
between the class labels predicted by the model and
the actual class labels.

Figure 7. Class Loss graph

"Object Loss" is aloss function used in object detection
and partitioning models. This function measures the
difference between the model's predicted bounding
boxes and the actual bounding boxes. The purpose of
object loss is to improve object detection and
partitioning performance by directing models to
predict more accurate bounding boxes.
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Figure 8. Object Loss graph

As a result of this improvement, the mAP (average of
accuracy measurement in model classes), Precision
(how often model estimates are correct) and Recall
(percentage of labels successfully defined) values will
be calculated at higher values as shown in Figure 9 and
Figure 10.

I mAP

99,4%
Figure 9. Values of mAP, Precision and Recall

Recall
99.9%

Precision
99.6%

PF

098
0% ‘
094
092
090
088

0,66

082

100

Figure 10. mAP graph

2.5. Algorithm of the designed model

After the training was provided through
Roboflow, the stage of using the obtained model
was reached. The obtained model was used with
a code set written in Python programming
language on the local computer. Before creating a
code, it is necessary to focus on the requirements
and requirements of the programme. In this
context, an algorithm should be created. Figure

150

By v

250 3ol

Fnochs
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11 shows the algorithm in question. After the
algorithm was obtained, a code set was created in
Python programming language based on this
algorithm. Visiual Studio code environment was
found suitable for this. Roboflow library, OpenCV,
cvzone and other necessary libraries and
modules were added in order to use the model
obtained through Roboflow on the local
computer.

2.6. Designing and integration of the interface
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Figure 11. Flowchart of the designed model

The interface has been implemented as a simple and
understandable interface in the design phase. Qt
Designer was chosen for the design of the interface,
which was described in a study by Nabijonovich S. B.
et al. in 2024, because it had a user-friendly interface,
based on a quick and efficient design and easy
integration into the software language used [25]. In
this context, the Qt Designer environment has begun
to design an interface, as shown in Figure 12 the
interface saved in ui format so that it can be integrated
into our system written in the Python programming
language converted to the py extension. On the
interface, the buttons to turn on and exit the camera
are dynamic. The translated py file has been revised
and integrated into the code.

LR ELEEY
* [

==
TURKISH SIGN LANGUAGE

RUN CAMERA

EXIT

Figure 12. Designing of the interface

3. Results

In order for the system to work, the data set must first
be created. For this purpose, a data set with a code
written in the Pyhton programming language has been
created. Once the data set is created, the data must be
classified and labelled. For this purpose, data has been
prepared for training in the Roboflow environment.
The training of the data set, which has been prepared
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for training, has begun in the Roboflow environment
as the COCO data set. At the end of the training, the
parameters specified in Figure 13 were achieved.

valibox_loss valfcis_loss val/dfi_loss
0.58 02151
1015
057
0.210 1.010
0.56
1.005
055 0,205 4 1.000
0.34 0.995
053 93 .
100 200 300 100 200 300 100 200 300
metrics/mAPS0(B) metrics/mAPS0-95(8) train/box_loss
0.70
0.9943 1 0895
' 0.65
| 0.890
09942 1 0.60
0.885
0.9941 + 0.55
0.880
0.9940 2
100 200 300 100 200 300 100 200 300
train/box_loss train/cls_loss train/dfl_loss
0.70 1.04
0,400
0.65 0.375 1.02
00
0.60 0.350 1
0.325 0.98
93 0,200
: —— results 0.96
0.50 0.275 smoath
0.94
100 200 300 100 200 300 100 200 300
metrics/precision(B) metrics/recall(B)
1.00000
0.9960 1 0.99975
0.99950
0.9955 1 0.99925
0.99900
2980 0.99875
0.99850
0.9945
100 200 300 100 200 300

Figure 13. Parameters of training process

The trained model obtained at the end of the training
was written in a main code in Python programming
language, which takes images from the camera and
undergoes the comparison process, showing the word
class at the highest accuracy. These processes resulted
the design of a very functional and simple interface for
the real user to access. In this context, the interface in
the Qt Designer environment has been designed. The
necessary format conversion process has been carried
out so that the designed interface can be in integrated
into the main code. It was subsequently tested, and the
necessary locations were revised and the work was
completed, as shown in Figure 14.
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Figure 14. Testing of the system
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4. Discussion and Conclusion

This study is focused on understanding and
overcoming the challenges in the daily lives of hearing
impaired individuals. Although there is limited
literature on a system that translates the most
frequently used words of Turkish Sign Language (TSL)
in real-time, this study aims to fill this gap. In the
study, data was collected from 12 individuals for 20
frequently used words/concepts in the TID alphabet
and processed using Python programming language.
The processed data was trained with the YOLOv8
machine learning algorithm in the Roboflow
environment and a high success rate was achieved.
The dataset was varied with different lighting
conditions, backgrounds and camera angles to
increase the model's adaptability to real-world
conditions.

YOLOv10, which is likely to add greater accuracy and
effectiveness, was not preferred because since it is a
relatively new method and community support is still
limited. In the study, the Roboflow environment was
preferred by avoiding the physical difficulties of
conducting local training. In this way, time spent
before and during the training was saved. Since the
study will ultimately serve a user in need, a simple
interface was needed. Qt Designer, which offers high
accessibility in this context, has been chosen. This
preference has been granted a waiver the interface
from visualizing by creating a Python code.

In this study, methods and tools that have proven
themselves in terms of effectiveness and usefulness
were used. As can be seen in Table 2, the accuracy rate
in this study is quite high (99.4%) compared to other
studies using YOLOv5. YOLOv8 has added high
accuracy and effectiveness to this study. In studies
using YOLOv5 as machine learning, the lowest
accuracy rate was 73.4% in the study by Deepa et al,,
76.29% in the study by Tonjih Tazalli et al. The highest
accuracy rate was measured as 97.9% in the study
conducted by Vasudevan et al. Kustiwanto and ark.
have achieved accuracy rates of 78.38% and 96.15%
using LTSM. In studies using YOLOv8 as machine
learning, the lowest accuracy rate was 91% in the
study by Matuck et al, 97.9% in the study by
Vasudevan et al. and the highest accuracy rate was
98.9% in the study by Brucal et al. Camlibel et al. Using
SST and FSST achieved 87% accuracy, while Pavithra
et al. achieved 95.7% accuracy using RoboflowIn this
study, using Roboflow and YOLOvS8, which is better
than other studies an accuracy rate of 99.4% was
achieved. These results emphasize that the methods
selected in this study are optimum compatible with
each other.

This study focuses on understanding the challenges
faced by hearing-impaired individuals in their daily
lives and developing solutions to enhance their
communication capabilities. By collecting data for 20
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frequently used words and concepts in Turkish Sign
Language (TSL) from 12 individuals, this research
aims to provide a robust solution for real-time
translation of TSL into text. The data was processed
using Python and trained with the YOLOv8 machine
learning algorithm in the Roboflow environment,
achieving a high accuracy rate of 99.4%.

The dataset's diversity, achieved through varying
lighting conditions, backgrounds, and camera angles,
ensured the model's adaptability to real-world
conditions. The study avoided using the newer
YOLOv10 due to its limited community support, opting
instead for the more established YOLOv8, which
proved to be highly effective.

A user-friendly interface was designed using Qt
Designer, emphasizing accessibility and ease of use.
The interface, integrated with the trained model,
allows for real-time translation of TSL into text,
significantly improving communication for Deaf or
Hard of Hearing individuals. This system not only
addresses daily interaction challenges but also
supports the social integration of hearing-impaired
individuals by providing them with a reliable
communication tool.

In summary, the developed system demonstrates high
accuracy and practical utility, contributing to a better
communication experience for hearing-impaired
individuals and facilitating their interaction with the
surrounding environment.

Table 2. Accuracy rates comparison between studies that uses YOLO

Authors Methods Accuracy

Deepa, D. etal. [15] YOLOvV5, CNN 73.4 %
Brucal, S. G. E. et al. [16] YOLOv8, NMS 98.9%
Vasudevan, H. etal. [17] YOLOvS5, YOLOv8 97.9%

Camlibel, A., Karakaya, B., & Tanc, Y. H. [20] SST, FSST 87%
Kustiawanto H., Erdefi Rakun [6] (Plain words) LSTM 96.15%
Kustiawanto H.; Erdefi Rakun [6] (Inflected words) LSTM 78.38%
Pavithra, M. etal. [18] Roboflow 95.7%

Matuck, G. R. et al. [19] YOLOv8 91%
Tonjih Tazalli et al. [4] PyTorch, YOLOvV5 76.29%

Roboflow, YOLOv8 99.4%

Current study
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Anahtar Kelimeler Abstract: This research explores the mass spectra of the b¢ meson using the neural
Hadrons, . network (NN) method that combines the Cornell potential with the addition of
I\Q/[g];hme Learning, another quadratic potential term. By training the NN model on theoretical results

and comparing its predictions with existing theoretical and experimental data from
the literature, we demonstrate that this mixed-potential model effectively describes
the b¢ meson properties. Our treatment justifies the usefulness of merging machine
learning methods with classical potential approaches for meson spectroscopy
applications. In addition, the approach is generalized into an ideal four-dimensional
space for its application in the study of the impact of more spatial dimensions on
quarkonium systems. The results in this extended setting agree with expectations,
confirming that the NN-type approach is strong and flexible with its application into
more than three spatial dimensions for quantum systems. In all, our research proves
the efficacy of neural network-facilitated models in promoting theoretical research
in heavy meson physics and presents a door for further research into quantum
systems in more dimensions.

Birlestirilmis Cornell ve Kuadratik Potansiyeller ile Sinir Ag1 Kullanarak bc Mezon
Kiitle Spektrumlarinin Tahmini

Keywords 0z: Bu arastirma, Cornell potansiyelini baska bir kuadratik potansiyel terimi ile
Hadfonl?}{r _ birlestiren sinir ag1 (NN) yontemini kullanarak b¢ mezonunun kiitle spektrumlarini
i\{d;l;ne Ogrenmesi, incelemektedir. NN modelini teorik sonuglar tizerinde egiterek ve tahminlerini

literatlirdeki mevcut teorik ve deneysel verilerle karsilastirarak, bu karisik
potansiyel modelinin b¢ mezonunun 6zelliklerini etkili bir sekilde tanimladiginm
gostermekteyiz. Calismamiz, makine 6grenimi yontemlerinin klasik potansiyel
yaklasimlarla birlestirilmesinin mezon spektroskopisi uygulamalar i¢in yararl
oldugunu dogrulamaktadir. Ayrica, bu yaklasim, daha fazla uzaysal boyutun
kuarkonyum sistemleri iizerindeki etkisinin incelenmesinde uygulanabilmesi i¢in
ideal bir dort boyutlu uzaya genellestirilmistir. Bu genisletilmis ortamdaki sonuglar
beklentilerle uyumludur ve NN tipi yaklasimin kuantum sistemleri i¢in {icten fazla
uzaysal boyutta uygulanabilirligi acgisindan giigli ve esnek oldugunu
dogrulamaktadir. Sonug¢ olarak, arastirmamiz agir mezon fiziginde teorik
arastirmayi tesvik etmede sinir ag1 destekli modellerin etkinligini kanitlamakta ve
daha fazla boyutta kuantum sistemleri lizerine daha fazla arastirma i¢in bir kapi

acmaktadir.

1. Introduction insights into the strong interactions [1-9]. The

Schrodinger equation (SE) is one of the most
The examination of heavy quarkonium systems, important tools for investigating the properties of the
including B, ( bC ) mesons, is essential to constituent particles and the dynamics of their
understanding the quantitative dimensions of interactions in nuclear and subnuclear physics.
Quantum Chromodynamics (QCD) and the Standard Nevertheless, the Schréodinger equation is difficult to
Model. Quarkonium systems offer a testing ground for solve exactly, especially if the centrifugal potential is
various theoretical techniques including lattice QCD, taken into account [10-12]. Consequently, several
QCD sum rules, and other methods that provide approximation methods have been developed, such as

*tarik.akan@bozok.edu.tr
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the asymptotic iteration method [10] and the
Nikiforov-Uvarov method [13]. These methods are
frequently used to derive analytical solutions for the
Schrédinger equation with different potentials,
including the Cornell potential and combinations of
the Cornell potential with other potentials like the
harmonic oscillator potential [12, 14-17].

The Cornell potential, distinguished by its Coulomb-
like short-range and linear large-range terms, has
been widely employed to describe quark-antiquark
systems, which include mesons [18-24]. The Coulomb
potential stems from one-gluon exchange, whereas the
linear potential is conjectured to come from higher
orders, though its first-principle derivation from the
rules of QCD has been left as an open question [14].
Even with its relevance to the underlying physics, the
exact solutions of the Schrédinger equation with the
Cornell potential continue to pose an on-going
challenge. In addition to the Cornell potential, we take
into account quadratic term owing to its additional
harmonic confinements.

There has been a recent interest in applying the use of
Neural Networks (NNs) as a novel approach to solving
ordinary and partial differential equations, including
the Schrodinger equation [25]. There are various
advantages of using NNs over conventional numerical
methods, including the capability to approximate
universal functions, generate continuum solutions
over the entire domain, and remain computationally
efficient irrespective of the sample points or
dimensions of the problem [26-30]. Numerous studies
have demonstrated that NNs can solve quantum
mechanical problems effectively [25-30] and
therefore are a potential method to calculate meson
mass spectra.

In the present study, we seek to calculate the mass
spectra of the b¢ mesons by solving the Schrédinger
equation through an approach utilizing NNs with a
combined Cornell and quadratic potential. The
inclusion of the quadratic potential to the Cornell
potential enables a more flexible and accurate
description of the meson systems, with the possibility
of better matching with the experimental results. This
work extends the results of the quarkonium systems
previously calculated and discusses the potential
application of the method of neural networks to
further advance the study of spectroscopy of the heavy
mesons.

2. Materials and Methods

NNs are computational models consisting of
interconnected units known as neurons. Each neuron
receives multiple inputs and produces an output
based on a nonlinear activation function, such as the
sigmoid function. The sigmoid function is defined as:
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1
o(z) = Ttez (1)

which is for its

properties.

advantageous differentiability

Neurons are usually structured in layers in a neural
network. A single neuron accepts many inputs and has
a single output in the most basic model. More
advanced forms of the setup, such as the multilayer
perceptron neural networks (MLPNs), contain
neurons grouped in various numbers of layers, with a
neuron in a layer linked to all the neurons in the next
layer. This feed-forward structure is very versatile and
can implement intricate functions and is thus widely
used in a variety of applications [26, 28, 31].

In MLPNs (see Figure 1), the output of each neuron is
computed as the activation function applied to the
weighted sum of its inputs. Mathematically, this can be
described for neurons in different layers using the
following relations:

0; = a(ny) (2)
Oj = O'(nj) (3)
o = a(ny) (4)

where i, j, and k denote the input, hidden, and output
layers, respectively. The inputs to neurons in the
hidden and output layers are given by:

Nj

nj =ZWl-j0i +9], (5)
i=1
Nj

6

nj = Z ij()j + gk' ( )
j=1

Here, w;; and wj;, are the weights connecting neurons
between layers, and 6; and 6, are threshold
parameters.

Output
Layer

Input
Layer
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Figure 1. A representation of the DNN architecture,
illustrating the input layer, hidden layers, and output layer.

The overall output o, of the network can be expressed
as a composite function of its inputs, weights, and
thresholds:

Nj N;
O = Z Wi 0 Z Wi}-ni + 9] + Bk (7)
j=1 i=1

This differentiable function allows the neural network
to learn optimal parameters using training algorithms
such as backpropagation.

Applying neural networks to quantum mechanical
systems, particularly for solving differential equations
like the Schrodinger equation, enables the
approximation of solutions using a neural network.
For a differential equation of the form

HY () = f(r) (8)

where H is a linear operator and f(r) is a known
function, a trial solution W,(r) can be constructed
using a neural network. This solution is parameterized
by weights and biases represented by a vector p and is
designed to satisfy boundary conditions.

To find an approximate solution, the problem is
converted into a minimization problem where the
objective is to minimize the error function:
[HY,(r;, p) — f(r)]?
E(p) = 3
- f |W,|2dr

)

This transformation is achieved using the collocation
method, where the differential equation is solved by
adjusting the network parameters to minimize the
discrepancy between the network output and the
target function.

Specifically for the Schrodinger equation, this
approach involves defining a trial wavefunction W, (r)
using a neural network and optimizing its parameters

to minimize the energy eigenvalues. The trial
wavefunction can be represented as:
WY (r) = B(r, )N (r,p) (10)

where B(r, 1) ensures the boundary conditions are
met, and N(r,p) is the neural network output. By
optimizing this network using backpropagation, we
can find the parameters that best approximate the
eigenvalues of the system under study.

Moreover, this method enables the calculation of
multiple energy states by projecting out the already
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computed levels from the trial wavefunction. If we
have computed orthonormal states |W¥,), |¥), ...,
|, ), a trial state |W,) orthogonal to all of them can be
constructed by projecting out their components from
a general function |‘T’t> that satisfies the boundary
conditions:

[Pe) = (1 = [Wo(PoD(A = [P (W4 ]) ..

) (11)
x(1- |ka>(‘yk|)|q,t>
This can also be expressed as:
W) = (1= [Wol(Wol — -+ = [Pl (Wi D|F,)  (12)

This projection method ensures that the new trial
wavefunction is orthogonal to all previously computed
states, facilitating the systematic calculation of higher
energy levels [26-28, 32].

Neural networks, particularly multilayer perceptrons,
offer a powerful framework for modeling and solving
complex problems in both classical and quantum
domains due to their flexibility, differentiability, and
capacity to approximate nonlinear functions [26-28,
31].

The Schrédinger equation (SE) for two particles
interacting through a symmetric potential in an N-
dimensional space can be formulated to describe the
quantum states of systems like quarkonium. This
equation, as described in Ref. [2], takes the following
form:

d*¥P(r) N-1d¥@) I(I+N-2)
dr? + ar r2 ¥

+2u(E-v@)¥@) =0

r (13)

where [ is the angular momentum quantum number,
N is the number of spatial dimensions, and yu is the
reduced mass of the interacting particles, such as
quarks in a quarkonium system.

To simplify the SE for radial solutions, we set the wave
function W(r) in terms of a radial function R(r) as

1-N
Y(r) = vz R(r). Substituting this into Eq. (13)
yields the radial Schrédinger equation:
d?R(r)
gz = V() - E)R()

N-2\2 1
+7(l+£)2 _ZR(r)

(14)

To explore the properties of quarkonium, the potential
energy function V(r) often combines the Cornell
potential term. On the other hand, the quadratic
potential introduces additional effects. The potential
V(r) is given by:
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b
V(r)=ar— ~+ cr? (15)

where a, b, and c are constants that can be adjusted
based on the specific properties of the system [5-7].

The Cornell potential, represented by the terms ar —
b/r, encapsulates two fundamental characteristics of
the strong force between quarks: confinement and
asymptotic freedom. The linear term, ar, dominates at
large  distances, reflecting the confinement
phenomenon where quarks are bound together. The
inverse term, — b/r, is significant at short distances,
illustrating asymptotic freedom, where quarks behave
almost independently due to the decreasing
interaction strength as they get closer [7, 33].

The quadratic potential, represented by the term cr?
and where the parameter c is related to the mass m of
the particle and the square frequency of the
oscillation. This potential term is crucial in fine-tuning
the model to reflect various quarkonium properties, as
noted in Refs. [20, 34, 35].

Substituting the potential function V (r) from Eq. (15)
into the radial Schrodinger Eq. (14), we obtain:

dzL(zr)=2,u(ar—é+cr2—E
a ) : (16)
LU —2/2))7 - 1/4>R(T)

2ur?

This modified Schrédinger equation allows for the
exploration of the energy levels and wave functions of
quarkonium systems under the influence of both the
Cornell and quadratic potentials. The interplay of
these potentials enables a detailed study of the quark-
antiquark interaction, incorporating both the long-
range confinement and short-range asymptotic
freedom characteristic of strong interactions, along
with additional harmonic confinement effects [34, 36,
37].

The radial wave function corresponding to this
equation can be expressed in the form:

)
dar

2B
x (r-zn*'me—z 24 r)

B n
Ru(r) = Cur i 174 (12
(17)

This solution is obtained by applying the Nikiforov-
Uvarov method to Eq. (16) in [14]. The normalization
constant C(,; is determined by ensuring
[ IRy (")|?dr = 1. The parameters A and B in the
radial Schrodinger equation are defined as:
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4= (E 3a 60)

-k s 82) 18
3a 8¢ (18)

Bzﬂ(gﬁ'g‘l'b),

where § = 1/r,, with ry being a characteristic radius
of the meson [14, 17].

By analyzing solutions to this equation, one can derive
important properties of quarkonium, such as energy
eigenvalues and wavefunctions, which are essential
for understanding the behavior of heavy quark pairs
bound by the strong force [18, 33, 38].

In the comparison with Eq. (17), we parameterize the
trial function as:

R(x) =x* e P’N(x,u,w,v), B>0aeR, (19)

where N denotes a feed-forward artificial neural
network with one hidden layer and m sigmoid hidden
units, represented as:

m

N(x,u,w,v) = Z vja(wjx + uj).

j=1

(20)

The minimization problem for this trial function is
defined as:

[HR(x; — eR.(x)]"
JIR GO |2dx

(21)

2

This formulation leverages the pattern of the radial
wave function to optimize the neural network
parameters.

Optimization of the trial wavefunction parameters is
done through the Broyden- Fletcher- Goldfarb-
Shanno (BFGS) algorithm, a quasi-Newton method
with the advantage of being efficient when dealing
with problems described by a nonlinear function. We
aim to minimize the total error function E;,;, by
optimizing the trial wavefunction's parameters [28,
29].

Optimization for each quantum state begins with a
group of initial random parameters, and the BFGS
algorithm iteratively updates the parameters to
minimize the total error. This optimization is run for a
specified number of trials to guarantee convergence to
the global minimum [26].

The optimum parameters provide a trial wavefunction
that most accurately represents the actual
wavefunction of the quantum state in question. These
optimized parameters are used to calculate the
energy, and the results are compared to experimental
results to verify the validity of the model.
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This method enables the systematic calculation of
energy levels and wavefunctions and offers useful
information regarding the b¢ meson system [21, 22,
28].

3. Results

In this section, we present the mass spectra
calculations for the b¢ states using the neural network
approach with the combined Cornell and quadratic
potentials. The results are displayed in Tables 1 and 2
for different quantum states, and we compare them
with those from other theoretical studies and
available experimental data. The constants used, as
presented in [14], are:

m, = 4.823 GeV,
m. = 1.209 GeV,

a=0.2GeV? (22)
b=12,
¢ = 0.04 GeV?3.

We trained the network using 200 evenly spaced
points with m = 10 over the interval —10 <r < 10
and solved Eq. (16) (see Table 1). The loss function
curve resulting from the training process, as
illustrated in Figure 2, offers valuable insights into the
convergence of the neural network. Furthermore, the
learning curve of the plot of the error function versus
BFGS iteration (Figure 3) also supports and plots the
optimizer convergence path. At first, the error
function falls very rapidly, dropping sharply over the
initial epochs, suggesting that the neural network
converges to an optimal value close to the global
minimum very rapidly. Following around 50 epochs,
the loss converges to a consistently low error plateau.
Such consistency validates the effectiveness and
stability of the optimization process utilized,
showecasing the applicability of having modeled the
combined Cornell and quadratic potentials using
neural networks. Our method reaches consistent
convergence before epoch 50; however, when
considering the all b¢ states—which follow the same
pattern of convergence—it is generally necessary to
extend training up to 300 epochs to ensure stability
across all cases. Such stability provides assurance over
calculated- B, meson mass spectra, supporting the
robustness and precision of the methodology under
consideration.

Table 1. NN Architecture

Table 2. Mass spectra of B, meson (in GeV) for N = 3.

Hidden Hidden Epoch BFGS
Layer Units P [teration
1 10 300 100

Loss Curve vs Epoch (n=0, |=0)

Error-function value

150 200 250 300

Epoch
Figure 2. Loss curve illustrating convergence of the neural
network training over epochs for the n = 0, [ = 0 state.

0 50 100

Learning Curve (n=0, I=0)

100 4

10-1 4

Error-function value

1072 1

T T T T
40 60 80 100

BFGS iteration

T T
0 20

Figure 3. Learning curve illustrating convergence of the
neural network training over BFGS iterations for then = 0,
| = 0 state.

Table 2 shows the calculated mass spectra of the b¢
meson for N =3 spatial dimensions, which
corresponds to our three-dimensional space. The
results from our present work are compared with
those from other studies, including the NNs used in
[25], as well as theoretical models in [10, 14, 19, 39].
Where available, comparisons with experimental data
from [12] are also included.

In the first excited state (25), we calculated the mass
to be 7.043 GeV , which is consistent with other
theoretical calculations but somewhat greater than
the experimental value of 6.842 GeV [14, 18, 19, 25].

State Present [25] [10] [14] [18] [19] Exp.
Work [12]

1S 6.276 6.274 6.362 6.277 6.264 6.270 6.275

1P 6.669 6.743 6.792 6.666 6.700 6.699 -

1D 7.052 7.046 7.051 - - - -

A 7.043 6.839 6.911 7.042 6.856 6.835 6.842

2P 7.212 7.187 7.178 7.207 7.108 7.091 -

3s 7.287 7.245 7.284 7.384 7.244 7.193 -
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3P
4S

7.471
7.527

7.467
7.522

7.494
7.593

This might be a result of the additional quadratic
potential term in our approach, which might raise the
calculated masses for the excited states.

Theoretical mass calculated for the 1P state comes out
to be 6.669 GeV, consistent with the values from the
other models, assuring the strength of our method for
the calculation of orbital excitations. We find the same
consistency in the calculations for the 2P and 3P
states even though we do not possess experimental
results for these states for direct comparison.

Table 3 presents the calculated mass spectra for the b¢
meson in a hypothetical four-dimensional space (N =
4). These results are compared with those in [14],
which uses the same potential model.

The ground state mass, calculated as 1S, in N = 4
dimensions comes out to be 6.350 GeV, which is
somewhat larger than the result in the N =3
dimensional case. This can be anticipated because the
increased spatial dimension changes the dynamics in
the quark-antiquark system. Excited state masses are
typically higher than in the N = 3 dimensional case.

Specifically, for the 2S state, our predicted mass of
6.879 GeV agrees almost exactly with that given in
[14], demonstrating the consistency of the neural
network method with conventional analytical
calculations even at larger dimensions. The calculated
masses for the remaining states, including 35 and 3P,
agree likewise reasonably well with past results.

Table 3. Mass spectra of B, meson (in GeV) for N = 4.

State Present Work [14]
1S 6.350 6.355
1P 6.862 6.883
1D 7.052 -
2S 6.879 6.878
2P 7.165 7.161
3S 7.516 8.035
3P 7.282 -
4S 7.246 -

Results for N =4 dimensions are noteworthy
because they provide useful theoretical insight on
the variation of the quark-antiquark interaction
for systems of larger numbers of dimensions. An
increase in spatial dimensions modifies the
overall dynamics of a system through a variation
of the combined potential, leading to computable
observable changes of calculated meson masses.
These results are of particular interest for studies
of beyond-Standard Model scenarios, e.g., of string
models or models of extra spatial dimensions.
Such models are, of course, speculative without
experimental confirmation but are a wuseful
starting point for investigating the strength and
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versatility of theoretical approaches of meson
spectroscopy.

4. Discussion and Conclusion

When compared to the results using the literature, it
becomes apparent that the method using the neural
network is a valid and effective technique to obtain the
masses of the spectra of the heavy meson system of b¢.
Adding the quadratic potential to the Cornell potential
makes the model flexible, especially in the prediction
of the excited states [10, 14, 25].

Yet, the minor variations seen in the excited states hint
at the possibility of further tuning of the potential
parameters or the incorporation of additional physical
phenomena, e.g. relativistic correction or spin-spin
interaction, to enhance the precision of predictions [7,
23,40-42].

Overall, the combined Cornell and quadratic potential
used in the neural network method presents a wide
range of potential for the study of heavy meson
spectroscopy, giving results competitive to, and
sometimes better than, the conventional theory.
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Anahtar Kelimeler 0z: Lojistik aglari, internet aglari, su ve kanalizasyon aglari, elektrik aglari gibi tiim
Cizge teori, aglar ¢izge teori yardimiyla modellenebilmektedir. Bu aglarin giivenilirligi,
Ayrit biitinlag, saglamligi, tasiyabilme Kkapasiteleri gibi benzer durumlar igin incelenmesi
Algoritmalar gerekmektedir. Bu incelemeler, cizge teorideki zedelenebilirlik parametreleri
yardimiyla  saglanabilmektedir.  Agirlikli  cizgeler yardimiyla, agirlhikh
zedelenebilirlik o6l¢iimleri kullanilabilmektedir. Agirlikli olmayan cizgelerde tepe
agirliklar: 1 olarak kabul edilmektedir. Boylece agirlikli zedelenebilirlik dl¢timleri
hem agirlikli hem de agirliksiz cizgeler icin ayirt edici olmaktadirlar. Bu makalede
ilk kez agirlhikli baglama sayist tamimi verilecektir. Bu kavram detaylica
aciklanmistir. Bu agirlikli baglama sayisi i¢in algoritma ve pseudo kod verilecektir.
Agirlikl cizgelerin bazi durumlarda daha iyi bir ayirt edici oldugu verilmistir. Bu
parametrenin bazi ¢izgeler i¢in 6nemi detaylica agiklanmistir.
On the Weighted Binding Number of Graphs
Keywords Abstract: All networks such as logistics networks, internet networks, water and
Graph theory, sewer networks, and electricity networks can be modeled with the help of graph
Edge integrity, theory. These networks need to be examined for similar situations such as
Algorithms reliability, durability and carrying capacity. These investigations can be achieved
with the help of vulnerability parameters in graph theory. With the help of weighted
graphs, weighted vulnerability measurements can be used. In unweighted graphs,
vertex weights are assumed to be 1. Thus, weighted vulnerability measurements are
discriminative for both weighted and unweighted graphs. In this article, the
definition of weighted binding number will be given for the first time. This concept
is explained in detail. The algorithm and pseudo code for this weighted binding
number will be given. It has been shown that weighted graphs are better
discriminators in some cases. The importance of this parameter for some graphs is
explained in detail.
1. Giris
Ag yapilarin elemanlarinin zarara ugramasi sonrasi
Aglarin; giivenligi, iyilestirilmesi, korunmas1 énemli durumlar i¢in zedelenme kavrami ortaya ¢ikmaktadir
calisma konularindandir. Aglarda olusabilecek [1]. Bir agin ya da yapinin merkezlerinin ya da baglanti
problemlere ¢o6ziim Onerileri i¢cin bu problemlerin hatlarinin zarar gordiikten sonra agin ya da yapinin
modellenmesi gerekmektedir. Bu problemleri ya da ag islevini yitirene kadar gosterdigi diren¢ ya da
yapilarint matematiksel olarak modellemek i¢in ¢izge dayanma glicline zedelenebilirlik denir [1].
teori kullanilmaktadir [1]. Cizge teoride, bir Zedelenebilirlik kavramini incelemek icin internet
modeldeki noktaya ya da merkeze tepe karsilik saglayicilart bir 6rnek olarak ele alinabilir. Cizgede;
gelmektedir ve benzer sekilde bir modeldeki kenar, her bir miisteri merkezi, miisteriler arasindaki hatlar
hat ya da baglantilara ayrit karsilik gelir. Cizge teoride da ayrntlar1 temsil etsin. Burada, internet
tepeler kiimesi V(G), ayritlar kiimesi E(G) olarak saglayicisinin tiim miisterilerine miimkiin olan en iyi
gosterilir [2]. Bu makalede kullanilan tanimlar [2] hizmeti sunmasi hedeflenmistir. internet saglayicisi,
kitabindan alinmistir. birtakim durumlardan dolay1 sorunlar
* llgili yazar: ersin.aslan@cbu.edu.tr Bu ¢alisma birinci yazarin yiiksek lisans tezinden retilmistir.
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yasayabilecektir. Ornegin sadece bir miisteride var
olan bir sikint1 biitiin herkese etki etmeyebilir. Ag
uygun bir sekilde ¢alismakta olup sadece miisterinin
sorunu giderilerek makul bir siirede sorun asilmis
olacaktir. Benzer sekilde bir mahallede birtakim
sorunlar oldugunda durum incelendiginde, sorunlarin
¢6zUmii i¢cin bu mahalleye yeni bir hat déosenmesi
¢o6zim olabilir veya mahallenin bakima alinmasi
durumlan ele alinmalidir. Burada 6nemli olan durum,
bu sikintinin ¢éziimiiniin zaman ve faaliyet agisindan
irdelenmesidir. Daha genel olarak il bazinda sorunlar
olusabilecektir. Coziim i¢in baska bolgelerden sikintili
ile internet akisi saglanabilmesi gibi vb. baska
¢ozlimler 6nceden iiretilecektir. Amacimiz, sorunlar
olusmadan o6nce bu durumlarn g6z ontine alip
yapilabilecek tiim ¢6ztiimleri hazir hale getirmektir.

Cizgilerde zedelenebilirlik kavrami igin ¢izgelerin
tepeleri, ayritlar;, komsuluk ve agirliklandirilma
durumlari incelenebilmektedir. Bunlarla ilgili olarak
bir¢ok zedelenebilirlik 6l¢iimleri ortaya ¢ikmistir.

Zedelenebilirlikte tepe durumlarini incelemek i¢in bir
ornek verelim. Internet ag icin merkez olarak
gosterilen misterileri ve internet saglayicilar
disiinelim. Miisterilerde var olan sikintilar ya da
internet saglayicillar1 igin bazi sikintilar ortaya
¢ikabilir. Burada birka¢ durum ortaya ¢ikar. Bunlar
yapl zarar gordikten sonra ka¢ pargaya boéliindd,
geriye kalan yapida hizmete devam eden en ¢ok kag
miisteriye sahip ya da ka¢ miisteri zarar gordi vb.
sorunlar olmaktadir. Bu sorunlar1 incelemek igin
baglantiillik sayis1 [1], sacilim sayist [3] gibi
zedelenebilirlik 6l¢climleri tanimlanmistir.

Zedelenebilirlikte ayritlarin durumlarim1 incelemek
icin bir 6rnek verelim. Lojistik tasima agini ele alalim.
Karayollarinda  ortaya c¢ikabilecek  durumlari
inceledigimizde yol yapim c¢alismalari, kazalar ya da
meteorolojik  hava durumlarina goére yollar
kapanabilmektedir. Bu tarz durumlarda merkezler
arasinda yollar hala var mi, ya da lojistik ag1 kag
par¢aya boliindii, ya da birbiriyle etkilesimli kag
merkez vardir? Bu tarz sorular1 arttirabiliriz. Bu
durumlarin yamitlar icin ayrit biitiinlik degeri [1],
ayrit sacilim sayisi [4,5] gibi zedelenebilirlik 6l¢ctimleri
tanimlanmistir.

Zedelenebilirlikte komsuluk durumlari i¢in inceleme
yaptigimiz durum olarak bir 6rnek verelim. Bilgisayar
aglar icin bazi durumlarda viriis girerek aga zarar
verdigi durumu ele alalim. Bu durumlarda merkez ve
agdaki bu merkeze komsu olan tim merkezler de
zarar gorlir. Bu durumlarda agda iletisim devam
ediyor mu, ya da ag ka¢ kisma bdliindii, ya da kag
merkez zarar gordil seklinde sorular iretilebilir. Bu
sorunlar i¢in baglama sayisi [6], komsu sa¢ilim sayisi
[7] gibi zedelenebilirlik 6l¢iimleri tanimlanmistir.

Cizgelerde tepeler agirliklandirilmis ise bu cizgelere
agirlikh cizgeler denir [2]. Zedelenebilirlikte agirlikhi
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ag yapilarimi incelemeyi bir 6rnek ile agiklayalim. Su
tasima agini ele alalim. Barajlar ya da su
kaynaklarindan tiim hane halkina ya da kullanicilara
su ulagsmasi gerekmektedir. Tasinan su miktarinin
hane halkina yetmesi gerekmektedir. Bunun icin var
olan aglarin merkezlerine agirlik verilerek ag i¢inde
tasima durumuyla birlikte miisterilere suyun ulasmasi
saglanmaktadir. Burada 6nemli olan barajlarin ya da
kaynaklarin  korunmasidir. Su hatlar1 zarara
ugradiginda su dagitiminin yine devam etmesi
gereklidir. Ayrica tasinan su miktarinin hane halkina
yetmesi gerekmektedir. Bu kaynaklar zarara
ugradiginda yine benzer sorunlar ortaya ¢ikmaktadir.
Bu sorunlara ¢6ziim bulmak i¢in agirlikli sagilim sayisi

[7], agrliklh  butinlik sayis1 [8] kavramlar
tanimlanmistir.
Yukarida  verilen  o6rnekler disinda  birgok

zedelenebilirlik parametreleri tanimlanmis ve bir¢ok
calisma yapilmistir [9-14].

2. Agirhikli Baglama Sayisi

Zedelenebilirlik parametreleri incelendiginde bazi
durumlarda var olan parametre ayirt edici 6zellikte
olamamaktadir. Ornegin sacilim sayis1 her durum igin
uygun sonu¢ Uretilemedigi icin tepelerin agirlikh
durumlar icin agirlikli sagilim sayisi Uretilmistir.
Benzer durumdan baglama sayisi i¢in bu gelistirme
yontemiyle agirlikli baglama sayisi ilk kez bizim
tarafimizdan verilecektir.

2.1. Tanim

Agirlikli baglama sayisinin tanimi asagida verilecektir.

Tamim 1. G baglantil, v eV(G) ve w:V->R=0
agirlik fonksiyonlu bir ¢izge olmak iizere agirhikhi
baglama sayisy; bind,,, (G) ile gosterilir ve tanimi

{W(N(S))}
w(s)

Burada S, ¢izgede secilen kiimeyi, w(S) = Y,esw(v)
ise c¢izgede secilen kiimedeki tepe kiimesindeki
agirliklar toplamini, N(S): ¢izgeden secilen tepelere
komsu olan tepeler kiimesini, w(N(S)) =
Yvens)W(v) ise cizgede secilen tepelere komsu
tepelerin agirliklarin toplamini ifade eder. Burada

F(G) = {ScCV(G)|S #@,N(©S) #V(G)}
olmalidir.

bind,,, (G) = Sreng?c)

(1)

Agirlikli - baglama sayisinda istenen ¢Ozlimiin
minimum olmasi istenmektedir.

2.2 Motivasyon

Baglama sayis1 ¢izgeler icin zedelenebilirlik

parametresi olarak kullanilsa da, bazi 6zel ¢izgeler icin
ayirt edici parametre olarak kullanilamamaktadir.
Agirliksiz  gizgelerde tepelerin agirhgit 1 kabul
edilmektedir. Agirlikli ¢izgeler, agirliksiz cizgeleri de
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icerdigi icin cogu cizge icin ayirt edici bir parametre
olarak kullanilabilmektedir.

Teorem 1 [6]. n = 1 cift tepeli yol ¢izgesi icin

bind(B,) =1, (2)
n tek tepeli yol cizgesi ise,
. _(n-1)
bind(B,) = — (3)
Teorem 2 [6]. n = 1 yildiz ¢izgesi i¢in
, 1
blnd(Kl,n) == (4)

Ornek 1. Agirliksiz yol cizgenin baglama say1 degeri
tlim c¢ift ve tek tiim durumlarda ayni degeri verecektir.
Ancak agirlikli baglama sayis1 durumunda agirlikli yol
cizgesi icin farkli degerler olacagindan ¢izgeler icin
ayirt edicidir.

Ornek 2. Agirliksiz yildiz gizge icin baglama sayisi her
durumda % olacak olup agirlikhh yildiz ¢izge icin
agirlikl baglama sayisi her durumda farkl olacaktir.

Ornek 1 ve 2’ den kolayca gériilebilecegi tizere agirlikh
cizgeler agirliksiz cizgeleri de igerdigi icin bircok
durumda daha iyi ayirt edici 6zellige sahiptir.

3. Agirhikli Baglama Sayisi Algoritmasi ve Pseudo
Kodu

Zedelenebilirlik parametrelerinin algoritmalariyla ya
da pseudo kodlaryla ilgili olarak simdiye kadar bir¢ok
¢alisma yapilmistir [15-18].

Bu bélimde yeni tanimladigimiz agirlikli baglama
sayisl icin bu parametrenin degerini bulan algoritma,
pseudo kodu ve karmasiklik degeri verilmistir.

3.1 Algoritma.

Agirlikli Baglama Sayisi (bind,,,) Algoritmasi

1. Girdi: G Cizgesi

2. G cizgesi i¢in Si se¢imlerinden tiim iterasyonlari
liret ve olusan sonuclari listeye (s_vertex_list) ekle.
(n=|V(G); | Si | = |s_vertex_list| = 2n -2)

3. Tim S;se¢im iterasyonunda;

3.1. Si se¢im iterasyonu igin, G c¢izgesine
uygulayip geriye kalan tepeleri hesapla ve
elde edilen sonuglar1 listeye ata
(cutted_vertex_list)

3.2. Tiim S; se¢im iterasyonunda;

3.2.1. Tim S; secim iterasyonu elemani igin;

3.2.1.1.Si se¢cim kiimesindeki iterasyon
icin elemanlarin komsuluklarin
bul ve bu tepeleri listeye
(n_vertex_list) ekle. (Gagj matrisi
kullanarak geriye kalan tepeler
icin  listelerde  komsuluklari
incele.)
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3.2.1.2. Komsuluk bitmis ise bu tepeyi
diger tepeler (other_vertex_list)
listesi elemani olarak ekle.
Komsu tepeler listesindeki (n_vertex_list)
ayni elemanlari temizle
Diger tepeler listesindeki (other_vertex_list)
ayni elemanlari temizle
F(G) agirhikli baglama sayis1 sartina uygun
olan Si se¢im iterasyonlarinda;
3.5.1.Si secim iterasyonundaki
toplamini hesapla. (w(Si))

3.5.2. Sisecim iterasyonundaki komsuluktaki
tepelerin toplam agirliklarini hesapla.
(W(N(S)))

3.5.3. Tantimdan w(N(S;);) / w(S;) oranini S;igin
bind,,,; degerini bulup hesapla ve
degeri listeye ekle (sample_bindw._list)

3.5.4.8;, n_vertex_list, bind,,; degerlerini
sample_result_list listesine ekle

3.3.
3.4.
3.5.

agirliklar

4. Hesaplanan bind,,,,; degerleri (sample_bindw._list)
icerisinden, minimum olani G ¢izgesi icin agirlikl
baglama sayisi (bind,,, )] degeri olarak sakla.

5. Cikti: G c¢izgesinin agirhikli baglama sayisini

(bind,,,) degeri olarak yaz.
3.2. Pseudo Kodu
Agirliklh Baglama Sayisi (bind,,,) Pseudo Kodu

Girdi: G, agirlikh ¢izge
Cikti: G cizgesi i¢in agirlikli baglama sayisini (bind,,,)
Basla
SET sample_bindw_list TO []
# Sikiimesi i¢in bind,,,,; hesaplamalarini saklar.
SET sample_result_list TO [] # S kiimesi igin S;,
#n_vertex_list ve bind,,,,; durumlarini saklar.
SET Gadj TO sample_list[sample_index][0].copy()
# G cizgesi icin adjoint matris
SET Gw TO sample_list[sample_index][1].copy()
# G cizgesinin agirliklari
SET sample_vertex_count TO len(Gadj)
# G cizgesi tepe sayisi
# Si se¢im iterasyonlart bulunmakta
SET iteration_vertex_list TO list(powerset(range(1,
sample_vertex_count + 1)))
FOR s_vertex_list IN iteration_vertex_list:
# (2n-2 kez calismaktadir)

SET n_vertex_list TO []
# Si kiimesinin komsuluklarini tutar (N(Si);)

SET other_vertex_list TO []
# Other, Ni'nin komgularini tutar (O(Ni)i )

# Si, kiimesi G’ye uygulandiginda cizgedeki geriye
#kalan tepeleri bul. (n? defa calismaktadir)

SET cutted_vertex_list TO
core.find_cutted_vertex(s_vertex_list,
sample_vertex_count)

FOR s_vertex_index IN range(0, len(s_vertex_list)):
# (n-1) defa uygulanir

SET s_vertex TO s_vertex_list[s_vertex_index]

# secilen tepe numarasini sakla Gadj icinde a index'i
#ile cutted_vertex'nolu tepe icin komsuluklari araniyor.
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FOR g_index IN range(0, sample_vertex_count):
# n defa calisir incelenen tepe, secilen tepeye KOMSU
# ise kosul sartlari saglanmali.
IF Gadj[s_vertex - 1][g_index] EQUALS 1 and g_index + 1:
# kosul saglandiginda: cutted_vertex numarali tepe,
# a + 1, ile komgsu tepedir
n_vertex_list.append(g_index + 1)

# n-1 komgu tepe listesine ekle
ELSE:
IF g_index + 1 not IN s_vertex_list and g_index + 1 IN
cutted_vertex_list:
# incelenenen tepe (g_index + 1); segilen kiimesine
#dahil degil ve secilen kiimede de komgu olan tepe
#degil ve geriye kalan tepeler dahil olma durumunda
other_vertex_list.append(g_index + 1)

# FOR3: end

# FORZ2: end

# n_vertex_list ile other_vertex_list listeleri icinden
# ayni elemanlar siliniyor.

SET n_vertex_list TO list(dict.fromkeys(n_vertex_list))
SET other_vertex_list TO
list(dict.fromkeys(other_vertex_list))

IF len(n_vertex_list) <sample_vertex_count:
# F(G) genel sartimiz

SET s_count TO len(s_vertex_list)
# secim kiimesi igin tepe sayisi
SET n_count TO len(n_vertex_list)
# komsuluk i¢in tepe sayisi
SET bind TO (n_count / s_count)
# bind degeri bulundu

SET Sw TO
core.calculate_s_vertex_weight(s_vertex_list, Gw)
# w(Si) (n kez)

SET Nw TO
core.calculate_n_vertex weight(n_vertex_list, Gw)
#w(Ni) (n kez)

SET bindw TO Nw / Sw # bind,,,,; degerini bul
sample_bindw_list.append(bindw)
# sonug listesine bind,,,,; degerini ekle
# FOR1: end
SET BINDw TO min(sample_bindw_list)
# G cizgesi icin bulunan bind,,,, degeri
# END of Program

Bu algoritmamizda tek bir sec¢im iterasyonundan
olusan karmagiklik 0(n?)’ dir. Var olan her se¢im
stratejisi dahil edildiginde elde edilen karmasiklik
degerimiz O(2™)’ dir. Buradan algoritma i¢in genel
karmasikligimiz O (2™)’ olacaktir.

4. Agirhikl Baglama Sayisi Algoritma Uygulamasi

Agirlikl Baglama Sayisi (bind,,,, ) hesaplamasi asagida
verilen 6rnek uygulama ile agiklanmstir.

Ornek 3. Sekil 1’de érnek olarak 6 tepeli, agirhkli bir
G cizgesi ele alinmistir. Bu ¢izgelerin tepelerinin
agirliklar sirasiyla vi= 13, v2= 64, v3= 45, va= 11,

vs= 77, ve=81 dir.
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Vi

Vs

D

V3

V4

@

V2

Vs

Sekil 1. Agirlikli G cizgesi.

Sekil 1’ deki 6 tepeli G ¢izgesi ele alindiginda, S; kiimesi
icin F(G) sartin1 saglayan iterasyonlarda incelenecek
kiime sayis1 Si = 26 - 2 = 62 olarak elde edilir. Tim Si
kiimeleri icin bind,,, degerleri bulunmaktadir.

Tim durumlar Tablo 1’ de verilmistir. Burada Si: secim
iterasyonlarini, N(S): secim kiimesinin
komsuluklarini, w(N(S))/w(S): agirliklar cinsinden
tanimdaki toplamlarinin oraminiy,  bind,, degeri
olacak sekilde asagida verilen Tablo 1'de
gosterilmistir. Tabloda, F(G) sartini saglamayan se¢im
iterasyonlari i¢in hesaplamaya tanimdan dolay1 dahil
edilmemistir.

Tablo 1. G gizgesinde agirlikli baglama sayisi ( bind,,, )
durumlari

= w(NES) |,
Si=S N(S) Jw(S) bind,,,
Si={wvi} {vs3} 45 /13 | 3.462
S2={vz} {vs3} 45 /64 | 0.703
Sz ={vs3} {vi,v2,va} | 88/45 | 1.956
Sa={va} {v3,vs,ve} | 203 /11 | 18.455
Ss={ vs) (vi} | 11/77 | 0.143
Se={vs} {va} 11/81 | 0.136
S7={v1, va} {vs3} 45 /77 | 0.584
_ {v3,v1, 2, 2.293

Se = {v1,vs} va} 133 /58
So ={v1, va} {vs,vs,v6} | 203 /24| 8.458
S10={v1, vs} {vs, va} 56 /90 | 0.622
Sui={vyve} {vs, va} 56 /94 | 0.596

a {3, v1, V2, 133/ 1.220
S12 ={ vz, v3} va) 109
S13 ={ vz, va} {v3,vs,ve} | 203 /75| 2.707
S14={ vz, vs} {v3,va} |56/141] 0.397
Sis={vz,ve} {v3,va} |56/145]| 0.386

_ {v1, vz, va, -
S16={ V3, va} Vs, vs, v} i
S17={vs, vs} {vi,v2,va} |88 /122 | 0.721
Sis={vs ve} {vi,v2,va} |88 /126 | 0.698

- {vs, vs, 6, 2.432
S19.= { v4, s} va} 214 /88

_ {3, Vs, 6, 2.326
Sa0.= {4, ve} va) 214 /92

_ 11/ | 0.070
S21={vs, ve} {va} 158

_ {v3,v1, V2, 133/ 1.090
S22 ={v1, vz, v3} v} 122
S23 ={v1, vz, v4} {vs,vs,v6} | 203 /88| 2.307
S2a ={v1, vz, vs} {vs,va} |56 /154 | 0.364
Ses={v1, vz, ve} {vs,va} |56 /158 0.354
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Sa6 = { v, s, v} {v3,v1, v2, - Ssg = { V1, V2, V3, V4, {3, v1, V2, -
V4, Vs, Ve } - V6 } V4, Vs, Ve } -
: {v3, V1, v2, 133/ 0.985 Sso ={ v1, v, v3, Vs, {v3, v, vz, 133/ 0.475
Sa7={v1, v3, vs} va} 135 ve} va} 280
_ {vs, vy, vz, 133/ 0.957 Se0 ={ V1, vz, v4, Vs, {v3, vs, ve, 214/ 0.870
S20 = {v1, V3, ve} va) 139 ve} ve) 246
Sao = { v, va, vs) { V3,V \:;, Ve, 211(;}1/ 2.119 ‘S,ZI} ={v1, v, V4, s, {V Z3;/\5/1;/:;, _ -
Ss0= { v, va, v {VS'VZ;' Ve, 211(;}5/ 2.038 fez ={wv2, 3, v4, Vs, Vs {‘/:3;/\5/1;116/? - -
Sz1={v1, s ve} {vs,v4} |56/171]| 0.327
V3, V1, V2, -
S32 = { vz, v3, va} E/;VS 1V6; } G cizgesi i¢cin tim se¢im kiimeleri ele alindiginda
{\;3, V’1. ve | 133/ | 0715 Tablo1'deki ~ veriler elde edilir.
S33 = { vz, v3, vs} vs) 186 bind,,, degerlerinden minimum olan deger ortalama
{va v1, vz, 133/ | 0.700 baglama sayisi olarak segilir.
Sza={v2,v3 Vv6} v} 190
( 214/ | 1.408 bind, ()
Sss = { v2, va, vs} V3, ";' Ve, 159 . 3.462,0.703,1.956,18.455,0.143,0.136,0.584,
V4 2.293,8.458,0.622,0.596,1.220,2.707,0.397,
_ {vs,vs,ve, | 214/ | 1372 0.386,0,0.721,0.698,2.432,2.326,0.070, 1.090,
S36={ V2, va, V6 }
va} 156 _ min 4 2:307.0.364,0354,0,0.985,0.957,2.119,2.038,
S37={ vz, vs, v6 } {vs,va} |56/222| 0.252 ~ ser(e)| 0.327,9,0.715,0.700,1.408,1.372,0.252, 0, @,
_ {v1, vz, va, - 0.433,1.266,0,0.668,0.655,1.297,1.266,0.238,
Sso={vs, v4 vs} vs,vs,ve) | - 0,0,0.616,1.176,0,,0.498,0.918,0,,
- ®,0.475,0.870,9, 0
S3z9={ V3, Vs, V6} E]:l;}:Z;}:;, i = 0.070
Sa0={vs3, Vs, V6} {v1,v2,va} |88/203| 0433 . o )
Bulunan degerler icinden Szi’nolu iterasyonun en
{vs, vs, ve, 214/ 1.266 o . oL .
Sa1={v4,vs, Ve } Vi) 169 kiiciik deger 0,070 oldugu goriilmektedir.
V3, V1, V2, -
Saz ={v1, vz, v3, v} {‘/43‘/5 1V6; ) 5. Tartisma ve Sonug
, v, vz, | 133 0.668 . .
Sa3 ={v1, vz, v3,vs} {ng‘g & 199/ Karsilasilan  problemler i¢cin bu problemleri
(va v va, 133/ | 0.655 ¢6zebilmek ya "da_\. ¢oziim 9ner1]§rl getirilmesi
Saa={v1,v2,v3,v6} v} 203 gerekmektedir. Glinlimiizde en énemli sorunlarindan
- biri bu problemleri modelleyebilmektir. Cizge teori
( 214/ | 1.297 b y &
Sas ={v1, vz, v4, v5} & Vi" ve 165 ' yardimiyla bu problemler modellenebilmektedir.
v Zedelenebilirlik  parametreleri ile  sorunlarla
{v3, vs, ve, 214 / 1.266 i . e .
Sae ={ V1, V2, Vs, ve} 169 karsilasilmadan 6nce modelin giivenilirligiyle ilgili
va} bilgi elde edilebilmektedir.
Sa7={v1,v2, Vs, ve} {vs,va} |56/235]| 0.238
Sag = { V1, V3, va, vs} {vs, v, vz, ) Zedelenebilirlik  parametreleriyle ilgili  olarak
V4, Vs, Ve } - aptigimiz yeni parametre vasitasiyla, cizgeler igin
yapug yeni p yla, ¢l1zg
Sao = { V1, v3, va, Ve } {vs, v, vz, . ayirt edici bir parametre elde edilmistir. Yeni
V4, Vs, Ve } - tammladiimiz agirhkli baglama sayisi, agirhikh ve
Ss0 = { v1, V3, Vs, Ve } {V3'V‘S' v2, 123136/ 0.616 aglrhksmk l(lier cizge igin degisken degerler
gostermektedir.
Ss1={v1, v, Vs, V6 } {vs, vs, vs, 214/ 1176
irhikli baglama sayisini hesaplayan algoritma ve
va} 182 Agirhkli bagl y hesaplayan algori
Ss2 = { V2, V3, va, s} {vs,vi, vz, - pseudo k(.x-iu olusturulmustur. Aglrllkll.baglarr.la say1sl,
Va, Vs, Ve } - Phyton dilinde detaylica yazilmis ve bir¢ok cizge icin
Ss3 = { v2, V3, V4, Ve } {vs, v, vz, - dogru c¢alistign gorilmistir.  Agirhikli  baglama
T Va4, Vs, Ve } - sayisinin  ayirt edilmesi icin  minimum olmasi
{vs,vi,v2, | 133/ | 0.498 gerekmektedir.
Ssa={Vv2,V3,Vs, Ve }
va} 267
Sss = { v2, v, Vs, Ve } {v3,vs,v, | 214/ | 0918 Algoritma boliimiinde aciklandig gibi,
o va} 233 algoritmamizda tek bir se¢im iterasyonundan olusan
Ss6 = { V3, va, V5, V6 } {v1, vz, va, - karmagikhk O(n?)’dir. Var olan her se¢im durumu
5 3V VS V6 V3, Vs, V6 } - stratejisi dahil edildiginde elde edilen karmasiklik
Ss7={v1, vz, V3, V4, {v3, vi, v2, - degerimiz O0(2™)" dir. Buradan algoritma icin genel
vs} V4, Vs, Ve } - karmasikligimiz O(2") olacaktir.
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Avantaj: Elde edilen sonuglardan; agirlikli baglama
sayisinin her durumda ayni gizgeler i¢in bile ayirt edici
ve daha hassas bir parametre oldugu goriilmektedir.
Agirhik  kavrami ile tiim durumlar detaylica
incelenebilir. Boylece olusturdugumuz parametrenin
yapilan ¢alismalar dogrultusunda iyi sonuglar verdigi
gorilmektedir.

Dezavantantaj: Algoritmamizin, ¢ok tepeli cizgeler i¢in
sonuclar vermesi uzun zaman almaktadir.

Etik Beyani

*Bu ¢alisma birinci yazarin yiiksek lisans tezinden
tretilmistir.

Bu c¢alismada, “Yiiksekogretim Kurumlart Bilimsel
Arastirma ve Yayin Etigi Yoénergesi” kapsaminda
uyulmasi gerekli tiim kurallara uyuldugunu, bahsi
gecen yénergenin “Bilimsel Arastirma ve Yayin Etigine
Aykirt Eylemler” basligt altinda belirtilen eylemlerden
hicbirinin gerceklestirilmedigini taahhiit ederiz.
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Keywords Abstract: St37 steel hooks are used to attach glass fiber-reinforced concrete (GFRC)
COFFO_SiOU resistance, panels to the surface of buildings. The corrosion products formed on the surface of
Centrifuged hot-dip the hooks cause tensile stresses in the surrounding concrete, resulting in cracking

gi\;\;a?ti:;tion, and potentially decreasing the load-carrying capacity of the hooks. It is, therefore,
Hook ’ essential to protect these hooks from corrosion. Centrifugal hot-dip galvanizing

GFRC (CHDAG) is the preferred process, particularly for protecting small metal parts used
in outdoor applications. This study is the first one aiming to investigate the
protection effect of the CHDG coating on hooks used in the assembly of GFRC panels.
GFRC panel hooks are often used in three different configurations during the
assembly process. To evaluate this, the three most common hook assemblies were
tested: unmounted (A), hooks embedded in GFRC (PD), and mounted with the hot-
dip galvanized profile (KT). These were investigated for 96 hours at 35 +# 2 °C in a
continuous salt fog environment with 5 wt.% NaCl solution, according to ASTM
B117 standards. The cross-sectional morphologies of the St37 steel hook coated
with CHDG before and after the salt spray test were examined using a scanning
electron microscope (SEM) and energy-dispersive X-ray spectrometry (EDS). The
test results show the absence of red rust in all the test specimens, indicating that the
CHDG coating protects the tested hooks from corrosion. The formed ZnO layer
allows the repair of coating defects and provides physical protection of the coatings
against the penetration of aggressive ions.

GFRC Cephe Sistemlerinde St37 Celik Kancalar Uzerinde Santrifiijlii Sicak Daldirma
Galvaniz Kaplamalarin (CHDG) Korozyon Performansi ve Korunumu: Bir Vaka

Calismasi
Anahtar Kelimeler 0z: St37 celik kancalar, cam elyaf takviyeli beton (GFRC) panelleri binalarin
Korozyon direnci, ylzeyine tutturmak i¢in kullanilmaktadir. Kancalarin yiizeyinde olusan korozyon

Santrifijli sicak daldirma triinleri ¢evredeki betonda ¢ekme gerilmelerine neden olarak catlamalara yol

gi;‘;anilz_'k acmakta ve kancalarin yiik tasima kapasitesini potansiyel olarak azaltmaktadir. Bu
Kancge o nedenle, bu kancalari korozyondan korumak ¢ok dnemlidir. Santrifiij sicak daldirma

GFRC galvanizleme (CHDG), 6zellikle dis mekan uygulamalarinda kullanilan kiigik metal
parc¢alarin korunmasi igin tercih edilen bir islemdir. Bu ¢alisma, GFRC panellerin
montajinda kullanilan kancalar iizerinde CHDG kaplamanin koruma etkisini
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arastirmayi amaglayan ilk calismadir. GFRC panel kancalari, montaj islemi sirasinda
genellikle ii¢ farkli konfigiirasyonda kullanilmaktadir. Bunu degerlendirmek i¢in en
yaygin ii¢ kanca diizenegi test edilmistir: monte edilmemis (A), GFRC'ye gomiilii
kancalar (PD) ve sicak daldirma galvanizli profil ile monte edilmis (KT). Kancalar,
ASTM B117 standartlarina goére %5 NaCl ¢ozeltisi ile siirekli tuz sisi ortaminda 35 *
2 °C'de 96 saat stireyle incelenmistir. Tuz piiskiirtme testinden énce ve sonra CHDG
ile kaplanmis St37 celik kancanin kesit morfolojileri taramali elektron mikroskobu
(SEM) ve enerji dagilimli X-151m1 spektrometresi (EDS) kullanilarak incelenmistir.
Test sonuglari, tiim test numunelerinde kirmizi pas bulunmadigini gostererek CHDG
kaplamanin kancalar1 korozyondan korudugunu ortaya koymustur. Olusan ZnO
tabakasi kaplama kusurlarinin onarilmasina olanak tanir ve kaplamalarin agresif
iyonlarin niifuzuna karsi fiziksel olarak korunmasini saglamaktadir.

1. Introduction

Corrosion is a significant challenge in maintaining the
integrity and longevity of materials, particularly
metals like steel, which are widely used in critical
infrastructure. The deterioration of these materials
occurs due to chemical or electrochemical reactions
with their environment, leading to loss of structural
integrity and functionality [1-3]. To combat corrosion,
various protective strategies are employed, including
cathodic and anodic protection, protective coatings,
and the use of inhibitors [4-6].

St37 carbon steel is commonly employed in the
construction industry due to its advantageous
mechanical characteristics, ease of fabrication, and
economic feasibility [7,8]. A notable area of
application involves the use of St37 steel hooks to
connect or support GFRC components. These hooks
play a crucial role in transferring loads and securing
prefabricated concrete panels to the main structural
framework. Since GFRC panels are frequently used in
exterior fagade and cladding systems, the durability of
the embedded steel elements under environmental
exposure becomes a key concern. In particular,
corrosion in humid or saline atmospheres can
significantly compromise the structural reliability of
these connectors. Therefore, implementing effective
corrosion protection strategies is essential. Among
these, hot-deep galvanizing is a highly effective
method, offering both barrier and sacrificial
protection by forming a durable zinc coating that
shields the steel from corrosive attack, thereby
extending its service life in aggressive environments
[9-11].

Hot-dip galvanizing is an established surface
treatment technique in which steel components are
coated by immersion in molten zinc, resulting in a
continuous and adherent protective layer. The process
ensures a strong metallurgical bond between the zinc
coating and the steel substrate, enhancing the
material’s resistance to oxidation and corrosive
environments. Hot-dip galvanizing is typically
employed for coating larger metallic components,
whereas the centrifugal hot-dip galvanizing (CHDG)
technique is specifically developed for smaller-sized
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parts. This method involves spinning the steel item
within a crucible to apply centrifugal force, which
facilitates the removal of surplus zinc from the surface.
This approach results in a thinner, more evenly
distributed zinc coating that enhances both the quality
and durability of the protective layer [2].

CHDG is a process that involves immersing steel in
molten zinc at approximately 450°C. This method not
only provides a robust metallurgically bonded coating
but also enhances the corrosion resistance of steel
through a dual protective mechanism. The zinc coating
acts as a physical barrier against corrosive agents
while also serving sacrificially; it corrodes
preferentially to protect the underlying steel from
corrosion even if the surface coating is compromised
[12-16].

The application of CHDG is prevalent across various
industries such as automotive, construction, and
appliances due to its numerous advantages, including
strength, formability, low weight, cost-effectiveness,
and recyclability. Research has demonstrated the
effectiveness of CHDG in improving the corrosion
resistance of steel grades like St37 under various
environmental conditions [17-20].

Previous studies have shown that spin hot-deep
galvanizing coatings, commonly used on small
components such as screws and bolts, not only
enhance mechanical strength but also alter the failure
mechanism, leading to detachment of the zinc layer
under stress [21]. In a study, the application of four
different oxide-based coatings to St37 low-carbon
steel via plasma spraying was found to significantly
improve its surface properties [22]. A recent study
investigated the application of tungsten carbide and
chromium carbide-nickel chromium coatings on St37
steel surfaces using the High Velocity Oxy-Fuel (HVOF)
spraying technique, revealing notable improvements
in the mechanical and tribological properties of the
coated material [23]. Another study examined the
application of a nanoceramic sealant over white zinc
coatings to improve the durability of metallic
fasteners exposed to corrosive environments.
Although the sealant significantly reduced the
corrosion rate, its poor adhesion resulted in limited
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wear resistance [24]. A ZnAl coating was applied to
SKL14 tension clamps to improve corrosion
resistance. While uncoated samples rusted completely
within 1 hour, the coated samples showed only ~3%
rust after 720 hours in 5% NaCl, demonstrating a
significant improvement in durability [25].

CHDG and other advanced coatings offer a versatile
approach to corrosion control [26]. By understanding
the mechanisms behind these protective strategies -
whether through physical barriers or electrochemical
modifications- engineers can make informed
decisions regarding material selection and treatment
processes. This knowledge is vital for ensuring the
longevity and reliability of structures exposed to
corrosive environments [27].

Through rigorous testing methods such as the Neutral
Salt Spray Test (NSS) under controlled conditions, this
research aims to elucidate the performance
characteristics of CHDG-coated steel in real-world
scenarios [28]. The findings will not only advance
theoretical knowledge but also provide practical
insights for industry applications where corrosion
poses a persistent threat.

While CHDG is a well-known method for enhancing
the corrosion resistance of small steel components,
limited research exists on its performance when
applied to St37, particularly in structurally critical
applications like GFRC panel anchorage. In our
previous study, CHDG-coated nut samples were
subjected to a 13-day corrosion test following ASTM
B117,and SEM-EDS analyses confirmed the protective
effectiveness of the zinc layer. The formation of a
stable zinc patina through sequential reactions with
oxygen, moisture, and carbon dioxide contributes
significantly to long-term corrosion resistance [2].

This study specifically investigates how CHDG-coated
St37 steel hooks used in GFRC panel assemblies can
mitigate corrosion risks associated with their
deployment in outdoor environments. Since corrosion
products can induce tensile stresses leading to
cracking in surrounding concrete structures,
understanding and enhancing protective measures for
these hooks is essential for maintaining their load-
carrying capacity and overall structural integrity.

2. Material and Method
2.1. Test specimens

The specimens examined in this study consisted of
St37 steel hook units categorized as follows:
unmounted hooks (referred to as A), hooks embedded
in GFRC panels (referred to as PD), and unmounted
hook sets (referred to as KT).

These hook units were selected due to their
prevalence in various engineering and construction
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applications. Each specimen was carefully prepared to
ensure uniformity in surface conditions and
dimensions (Figure 1).

2.2. Methods
2.2.1. Test standards

The corrosion resistance evaluation followed the
ASTM B117 standard [29] (Table 1), utilizing the
Neutral Salt Spray Test methodology. This standard is
widely recognized for its applicability in assessing the
corrosion performance of materials exposed to
corrosive atmospheres.

Figure 1. General view of the specimens before the test

Table 1. The ASTM B117 standard

Test Intermediat Test
Test Name e Control Duratio
Standard .
Time n
Ne‘;tr:; Salt ASTM 48 and 72 96
p_ y B117 hours hours
experiments

2.2.2. Test conditions

To replicate corrosive environmental conditions, the
hook units were subjected to controlled conditions
within a Salt Fog Test Chamber MT-SIS-087 (Q-LAB).
The test chamber was maintained at a temperature of
35+2°C and a relative humidity of 50+5% in a 5% NaCl
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environment, by ASTM B117 requirements (Figure 2).
The 5% NaCl solution was prepared using deionized
water and analytical grade sodium chloride. The
specimens were exposed to the salt spray for 96 hours.
Visual inspections were conducted at 48 and 72 hours.

Figure 2. Salt spray test chamber

2.2.3. Visual assessment

The data collected from visual assessments were
analyzed to determine the corrosion resistance
exhibited by the CHDG St37 steel hook units. The
specimens used in the test are named and sized as
shown in Table 2.

Table 2. St37 steel hook units used in the test

Specimens Names Size

8 cm vertical, 11 cm horizontal

A length with L-shaped sample
PD 25x25 cm

8x4 cm
KT

15x4 cm

2.2.4. SEM-EDS analysis

The FEI Quanta FEG 250 model scanning electron
microscope (SEM) with an energy dispersive X-ray
spectroscopy (EDS) detector was used to observe the
changes that occurred on the surfaces of the metals
and to determine the elemental composition of the
St37 steel hook before and after the salt spray
experiments.

3. Results

3.1. Visual assessment findings
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Upon completing the 96-hour neutral salt spray test,
visual assessments of the St37 steel hook units with
CHDG coatings revealed distinct corrosion behaviors
across different specimen categories.

Observations included the presence of white rust,
discoloration, and the absence of red rust. The extent
of corrosion was evaluated on a percentage scale
based on the surface area exhibiting corrosion-related
phenomena. Visual inspection after the salt spray test
revealed that specimens A and KT exhibited white rust
and blackening on 40-50% of their test surfaces, while
specimen PD exhibited these effects on 20-30% of its
surface. Importantly, no red rust was observed on any
specimen.

3.1.1. Hook units (A)

Figure 3 shows the appearance of the St37 steel hook
unit-A before the neutral salt spray test. For hook unit
A, visual inspections revealed corrosion primarily
affecting 40% to 50% of the total surface area. White
rust formation and localized discoloration were
observed. Notably, there was no evidence of red rust
on the samples, indicating a significant level of
corrosion resistance (Figures 4, 5 and 6).

Figure 3. Appearance of unit-A before the salt spray test

Figure 4. Appearance of unit-A after the 48th hour interim
control

Figure 5. Appearance of unit-A at the 72nd hour interim
control
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Figure 6. Appearance of unit-A after the 96t hour
3.1.2. Embedded hooks (PD)

The appearance of the St37 steel hook unit-PD before
the neutral salt spray test is shown in Figure 7. In
contrast to unit-A, the embedded hooks, PD, exhibited
corrosion effects covering approximately 20% to 30%
of their respective surfaces. The rust amount

increased as the salt spray exposure time extended.
Before and after the salt spray test results are shown
in Figures 8, 9, and 10.

Figure 7. Appearance of unit-PD before salt spray test

Figure 8. The appearance of unit-PD, after the 48th hour

Figure 9. The appearance of unit-PD, after the 72nd hour

Figure 10. The appearance of unit-PD, after the 96th hour

White rust formation and localized discoloration were
again noted, while the absence of red rust suggested
moderate corrosion resistance. The metal parts
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embedded in the concrete panel were tested for
corrosion due to water-salt penetration using
‘bonding pad test’ device. It was observed that the
parts separated under a force of 350 kN. No
discoloration due to corrosion was detected on the
removed metal anchor element (Figure 11).

3.1.3. Hook sets (KT)

Figure 12 shows the appearance of the St37 steel hook
sets before the neutral salt spray test. The hook sets
exhibited similar corrosion patterns to the hook units,
with approximately 40% to 50% of the surface area
affected. White rust and localized discoloration were
observed, but red rust was not evident (Figures 13, 14,
and 15).
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Figure 11. No rust was observed on embedded parts after
severe corrosion

Figure 14. The appearance of the hook sets after the 72nd
hour interim control

Figure 12. The appearance of the hook sets, before the salt
spray test

Figure 15. The appearance of the hook sets after the 96t
hour interim control

Figure 13. The appearance of the hook sets, after the 48th
hour interim control

The results from visual assessments indicate that all
specimens exhibited varying degrees of corrosion
resistance. The absence of red rust across all specimen
categories suggests that the CHDG coatings effectively
protected against severe corrosion.
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3.2. SEM-EDS analysis

The cross-sectional SEM images were obtained for the
St37 steel hook coated by the CHDG method before
(Figure 16) and after (Figure 17) the salt spray test,
and the compositional analysis was performed by EDS.

Galvanic protection through the CHDG process
enhances the overall corrosion resistance of zinc by
keeping the steel passive while allowing Zn to form
ZnO (Figure 18) [30]. The protective capabilities of the
CHDG coating are attributed to three main effects: the
barrier effect, the galvanic protection, and the self-
healing ability. These properties enable their
widespread use in industry by significantly extending
the lifespan of metals in corrosive environments. The
barrier effect occurs when zinc coatings prevent direct
contact between the underlying metal and the
corrosive environment, inhibiting the ingress of water
and oxygen, thereby effectively reducing corrosion
rates. This effect is primarily achieved by coatings that
prevent corrosive agents from reaching the metal
surface. Notably, even if the zinc coating is damaged,
the barrier effect continues to provide protection
against environmental factors [31].

Figure 16 shows that the coating thickness of the St37
steel hook coated by the CHDG method before the
experiment was 82.79 um. The results of the EDS and
elemental mapping analyses showed that the metal
surface was coated with Zn. The EDS analysis
performed on Spot 1 showed a composition of 89.4%
Zn, 7.6% Fe, and 3.1% O, while the results from Spot 2
showed a Fe ratio of 97.3% and an O ratio of 1.3%,
with no Zn detected. Examination of the SEM images
taken from the section after the corrosion test
revealed that the coating thickness had increased to
135.83 pm (Figure 17). The increase in the thickness
of the zinc (Zn) layer can be attributed to the
formation of oxide layers on the surface. EDS analysis
of the cross-section of the St37 steel hook after the salt
spray test revealed the elemental composition at Spot
1 as follows: 39.2% Zn, 55.2% 0, and 0.5% Fe. The EDS
results obtained from Spot 2 showed a composition of
71.5% Zn, 19.2% O and 5.8% Fe. In contrast, the EDS
results from Spot 3 showed a different composition
consisting of 94.7% Fe and 1.6% O, with no detectable
zinc present. Based on the EDS and elemental mapping
results, it was observed that distinct oxide layers had
formed on the upper surfaces of the coating. These
results indicate a significant chemical transformation,
probably due to oxidation processes during the test or
environmental exposure. Elemental mapping clearly
highlighted the distribution of oxygen across the
surface, indicating that oxide formation was
concentrated in the upper regions of the coating.
According to the EDS results from Spot 1 and Spot 2 in
Figure 16 and Figure 17, the increase in O ratio
(52.1%) and decrease in Zn (50.2%) ratio on the St37
steel hook’s surface could be attributed to the
formation of various oxide and hydroxide layers.
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Potential substances that might be responsible for the
corrosion layer seen on the CHDG-coated surface
include zinc oxide (ZnO), zinc hydroxide chloride
hydrate (Zns(OH)gCl,-H,0), and zinc carbonate
hydroxide (Zns(CO3)2(OH)s) [32]. Among these
compounds, white rust—which is largely made up of
zinc hydroxide (Zn(OH);) and basic zinc salts like
Zns(OH)gCl,-H,0—typically occurs in environments
with high humidity and low oxygen levels. Although
white rust can serve as a temporary shield initially, it
is generally viewed as an unfavorable corrosion
product in the long run due to its porous and weakly
attached quality. In contrast to stable and tightly
bonded ZnO layers, which provide long-lasting
protection, white rust has poor adhesion and barrier
characteristics, ultimately diminishing the overall
effectiveness of corrosion resistance over time [33].
Still, the findings from this study indicate that the
CHDG technique successfully safeguards the St37 steel
hook from corrosion, as demonstrated by the lack of
red rust on all the specimens tested [34].

4., Discussion and Conclusion

The results of this research confirm that CHDG
coatings significantly enhance the corrosion
protection of St37 hooks used in GFRC panel fagades.
The absence of red rust in all samples tested highlights
the effectiveness of CHDG in corrosive environments.
A noteworthy observation was the thin ZnO layer
formed on the surface of the coated hooks, which not
only covers any cracks but also provides self-healing
properties to areas where the coating may have
deteriorated. This uniform thickness of the ZnO layer
ensures prolonged protection for the steel substrate,
even when the coating experiences surface damage or
interruptions. The SEM-EDS analysis reveals the
morphology of the samples and elemental
distribution, demonstrating that the CHDG method is
an effective way to safeguard St37 steel hooks against
corrosion.

These findings hold considerable practical
implications for materials engineering and design,
especially in applications where corrosion poses a
critical challenge. The incorporation of CHDG coatings
in infrastructure and construction can greatly extend
the service life and structural integrity of vulnerable
components exposed to harsh climatic conditions.
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Figure 16. SEM-EDS analysis of the cross-section of CHDG coated St37 steel hook before salt spray test; a) thickness of the
coating, b) SEM image (200 pm), c) elemental mapping, d) EDS spectrum
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Figure 17. SEM-EDS analysis of the cross-section of CHDG coated St37 steel hook after salt spray test; a) thickness of the
coating, b) SEM image (200 pm), ¢) elemental mapping, d) EDS spectrum
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Figure 18. The formation of ZnO on the surface of steel coated with CHDG in a corrosive environment

Future research should focus on exploring the long-
term performance of CHDG-coated components in a
variety of environmental conditions to validate and
expand upon existing findings. To achieve this, it
would be beneficial to apply simulated real-world test
protocols involving cyclic changes in temperature,
humidity, etc. and electrochemical corrosion
measurement methods. Such dynamic environmental
testing will provide valuable data on the durability of
the coatings, while also elucidating the effect of
increased ZnO film thickness on corrosion resistance
and structural integrity. To effectively demonstrate
the advantages of CHDG coatings, future studies
should also include comparative analyses with
uncoated (bare) St37 steel facades. Results obtained
under identical environmental and mechanical
conditions will reveal the protective benefits provided
by the coating.

This study clearly demonstrates that CHDG coatings
significantly improve the corrosion resistance of St37
steel hooks used in GFRC fagades, providing durable
solutions for the construction industry and paving the
way for future research in this field.
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Anahtar Kelimeler 0z: “Demirkap: Tiineli” Akdeniz bélgesini daha kisa bir yol giizergahi ile I¢
Demirkapi Tiinel, Anadolu’ya baglayan Antalya-Konya yol giizergahi iizerinde Antalya Ibrad ilgesi
RMR, sinirlarinda insa edilmistir. Tiinel giizergahinda kazi sirasinda gecilen birimlerin
Q kaya kiitle siniflandirmasi bu ¢alismanin ana konusunu olusturmaktadir. Anamas-
RMQR, ) . i . ! . )

Simiflama Aksek.l Otoktonuna ait kaya blrlmle{mden. o!us?n tu.nel guzergahl, yerinde yapilan
jeolojik calismalar ve kayalarin miithendislik 6zelliklerine gére benzer davranis
gosteren bolgelere ayrilmis ve her bir bolgeye ait en iyi, en kotii ve ortalama
kosullar1 temsil eden jeomekanik 6zellikler detayh bir sekilde ortaya konmustur.
Elde edilen jeomekanik verilere dayali olarak her yapisal bolge icin RMR, Q ve
RMQR kaya Kkiitlesi siniflama sistemleri kullanilarak siniflama sistemleri
uygulanmistir. Buna gére RMR ve Q sistemleri diisiik dayanim ve ayrisma
durumunun goézlendigi alanlarda uyum sergilerken RMR ve RMQR nispeten daha
yuksek ve az ayrismis bolgelerde benzer kaya tanimlama sinifinda yer almaktadir.
Ayrica saha ¢alismalariyla ve RMR ile Q degerleri ayr1 ayri kullanilarak ampirik
yontemle elde edilen RMQR kaya siniflandirmalarinin genellikle ayni tanimlama
araliginda yer aldig belirlenmistir.

Application of RMR, Q and RMQR Rock Mass Classification Systems to Demirkapi
Tunnel (Ibradi-Antalya)

Keywords Abstract: The "Demirkapi Tunnel" has been constructed on the Antalya-Konya

Demirkapi Tunnel, route, which connects the Mediterranean region to Central Anatolia, within the

RMR, borders of Antalya's ibradi district. The rock mass classification of the units

EM R encountered during excavation along the tunnel route constitutes the main focus

Classif'ication of this study. The tunnel route, consisting of rock units belonging to the Anamas-
Akseki Autochthon, has been divided into regions exhibiting similar behavior
based on geological studies and engineering characteristics of rocks observed on-
site. For each region, geomechanical properties representing the best, worst, and
average conditions have been detailed. Based on the obtained geomechanical data,
rock mass classification systems such as RMR, Q, and RMQR have been applied for
each structural zone. The RMR and Q systems showed consistency in areas
characterized by low strength and weathered rock, whereas RMR and RMQR
yielded similar rock classification results in relatively stronger and less weathered
zones. Additionally, it was determined that the RMQR rock classifications obtained
through field studies, as well as those empirically derived using RMR and Q values
separately, generally fall within the same classification range.

1. Giris uluslararas1 ulasimda, petrol-gaz gibi akiskan

tasinmasinda, i¢me, sulama, kullanma suyu

Ulkelerin gelismislik diizeylerinin artmasi mevcut iletiminde, yeralti santralleri ve depolama amach

ulasim imkanlarinin standartlarmin da artmasini cesitli miihendislik projelerinde yeralti kazilar

gerektirmektedir. Bu nedenle, sehir ici, sehirlerarasi, yapilmaktadir. Yeralti kazilarinda, gilizergah secimi,

*Sorumlu yazar: mmbeyhan@gmail.com
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en kesit ve boy Kkesit belirlenmesi sirasinda yapilan
on inceleme asamasinda miihendislik jeolojisi ve
jeoteknik calismalar énem kazanmaktadir. Ozellikle
yeralti kazilarinda, kaya kiitlesi siniflamalar1 6n
inceleme, fizibilite c¢alismalar1 ile uygulama
projelerine temel olusturmaktadir. Ulkemizin daghk
yapist nedeniyle, bircok bodlgede zaman ve maliyet
tasarrufu saglamak amaciyla tiinel agilmasina ihtiyag
duyulmaktadir. i¢ Anadolu’'yu Akdeniz’e baglayan
yollardan bir tanesi olan Konya-Seydisehir-Akseki-
Manavgat-Antalya yolu engebeli bir yapiya sahip olup
kara yolu ile gecilmesi olduk¢a mesakkatlidir.
Karayollar1 Genel Midirligi (KGM) tarafindan
Konya ilinin Antalya’ya baglanmas: i¢in planlanan
proje kapsaminda mevcut durumda toplam 304 km
uzunlugunda olan yol, planlanan tiinel ve yapilan
yollar ile Konya - Antalya giizergdhini yaklasik olarak
100 km kisaltmaktadir [1]. Baslar ve Beydigin
(ibradi-Antalya)  koyleri  arasinda  planlanan
Demirkap: tiineli (Km:33+832-38+740) ve Tasagil-
ibrad1 yol giizergahi Sekil 1’de sunulmustur.

|

o
KOCAALILER

SEYDISEHIR

DEREBUCAK

TUNEL GIKISI

KM:38+740

BESKONAK

Sekil 1. Calisma alaninda Demirkapi tiinelinin yeri

Tiinel agma asamasinda destekleme c¢alismalarinin
gerceklestirilmesi projenin duraylilifi agisindan
onemlidir. Destek calismalarinin kaya yapisina bagh
olarak kullanilacak destekleme ekipmanlar1 projenin

maliyetine etki etmektedir. Bu sebeple destek
hesaplamalarinda  tlinel glzergahindaki kaya
siniflamalarinin dogru sekilde  belirlenmesi

gerekmektedir. Kaya kiitle siniflama sistemlerinden
ulasilabilen ilk siniflama, Agricola [2] tarafindan 1556
yilinda énerilen nitel bir simflamadir [3]. Ozellikle
tlinel tasarimi i¢in  destek  gereksinimlerini
belirlemeye  yonelik ampirik  bir  yaklasimi
sistemlestirmeye c¢alisan Ritter'in [4] ¢alismasi,
Terzaghi [5] ve Stini'nin [6] siniflandirmalari, modern
kaya  siniflandirma  sistemlerinin  temellerini
olusturmustur. Yeralti kazilarinin sayisinin artis
gostermesi ve buna bagh olarak veri miktarinda
ortaya ¢ikan artis, smmiflama  sistemlerinin
¢ogalmasina olanak saglamistir. Bieniawski [7], [8],
tarafindan oOnerilen Kaya kiitle derecelendirmesi
(RMR) ve Barton vd [9] tarafindan gelistirilen Q
sistemi  yaygin olarak  kullanilan  siniflama
sistemleridir. Yakin zamanda ise Aydan vd [3]
tarafindan Kaya Kiitlesi Kalite Derecelendirmesi
(RMQR) sistemi ortaya konulmustur. Yazarlar
tarafindan  6nerilen bu yeni  smiflamanin
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kullanilabilirligi pek ¢ok arastirmaci tarafindan

irdelenmistir [10], [11], [12].

Bu calismada, Demirkap: tiineli (ibradi- Antalya)
glizergahini litolojik, yapisal, miihendislik ve diger
ozellikler bakimindan benzer davranis gosteren
yapisal boélgelere ayirarak, her yapisal bolge icin
farkli kaya kiitle siniflama sistemlerinin (RMR, Q,
RMQR) uygulanmasi amag¢lanmistir.

2. Materyal Metot
2.1 Jeoloji

Akdeniz Bolgesi kiyilari, Toros Daglar tarafindan
mevcut géorimunu almistir. Toros Daglari'nin Antalya
Korfezi cevresindeki kismi Bati Toroslar, Antalya
sinirlarindan yaklasik Mersin'e kadar uzanan boélimi
Orta Toroslar, Giineydogu Anadolu Bolgesi'nde yer
alan kismi ise Giineydogu Toroslar veya Dogu
Toroslar olarak tanimlanmaktadir. Toros Daglar,
otokton birimler ile bu birimler {izerinde yer alan bir
dizi allokton birimleri kapsar. Buna bagh olarak,
Akdeniz kiyisina paralel uzanan ve “nap” olarak
tanimlanan bir dizi tektonik Dbirlik bdlgenin
morfolojisini belirlemektedir (Sekil 2).

Orta Toroslar boélgesinde kalan inceleme alani,
Anamas-Akseki  otoktonunun  giineyinde  yer
almaktadir. Tektonik hareketliligin yogun oldugu
bolgede yer alan inceleme alani Anamas-Akseki
Otoktonu ile Antalya Naplariin sinir boélgesindedir.
Platform  ¢Okellerden  olusan  Anamas-Akseki
Otoktonu tizerine, Orta Eosen sonrasi tektonizmaya
baghh olarak, Akseki blogu Akdag Yelekdag blogu
iizerine yerlesmis, Akdag Yelekdag Blogu ise Pirnos
Tepedag iistiine tektonik olarak yerlesmistir [10].

)

‘ [] Anamas-Akseki
i =— Otoktonu

Antalya Naplari

| Alanya Nap:
] Hadim Nap:

["T] miyosen-kuvaterner

Akdeniz

Sekil 2. Bat1 Toroslardaki tektonik birimleri gosterir harita
[13]

Inceleme alaninda, temelde ince-orta tabakali
kahverengi ve sari renkli kumtasi ve seyllerden
olusan Kasimlar formasyonu (TRk) yer almaktadir.
Ustte dolomit ve dolomitik kirectasindan olusan
dagilgan yapida gri-acik gri renkli Mentese dolomiti
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(TRm) ve Mentese dolomitinin {stiinde Leylek
kirectasi (TRI) bulunur. Sari, pembe, gri renkli, tabaka
kalinligt  orta-kalin, bol megalodont fosilli
kirectaslarindan olusan Leylek kirectasinin iizerinde
yer alan Uzimdere formasyonu ile gecislidir.
Uztimdere Formasyonu'nun tizerinde, kalsitiirbidit ve
mikritlerden meydana gelen Dumanli Formasyonu
yer almaktadir [14]. Calisma alanina ait diisey kesit
Sekil 3’te sunulmustur.
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Sekil 3. Arastirma alani ve cevresine ait genellestirilmis

diisey kesiti
Saha calismalarinda, tiinel giizergah1 ve yakin
cevresine ait jeolojik birimlerin  stratigrafik

konumlar1 ve litolojik o6zellikleri belirlenmis ve
1/25000 olgekli jeoloji-miithendislik jeolojisi haritasi
ile tlinel glizergahina ait miithendislik jeolojisi kesiti
hazirlanmistir (Ek A)

2.2. Kaya kiitle siniflamalari
Yapilan ¢alismada, Demirkap: tlinel glizergahi igin
olusturulan her yapisal bolgeye RMR, Q ve RMQR

siniflama sistemleri uygulanmistir.

Jeomekanik siniflama olarak da bilinen RMR kaya

kiitlesi siniflama  sistemi, Bieniawski (1973)
tarafindan ortaya konmustur [7] ve ilerleyen yillarda
bircok calisma ve wuygulama sonuglarindan

yararlanarak simiflama sistemi 1989 yilinda yapilan
degisiklikler ile son halini almistir [8]. RMR kaya
kiitlesi siniflama sistemi kullanilarak kaya dayanimi,
kaya karot kalitesi, stlreksizliklerin o6zellikleri, su
durumu gibi 6zellikler yardimui ile kaya kiitlesi yeralti
kazilarinda kazi-destek sistemlerinin belirlenmesi
icin siniflandirilmaktadir.

454

Bir baska simiflama sistemi olan Q kaya Kkiitlesi
siniflama sistemi, ilk kez Barton (1976) tarafindan
ortaya konulmustur [9]. Q smiflama sistemi, kaya
kiitlesinin jeomekanik 6zelliklerinin belirlenmesi ve
yeralti  kazilarinda  kazi-destek  sistemlerinin
belirlenmesinde kullanilmaktadir. Zaman iginde Q
sistemi temel parametreleri degismemis ancak
gerilme azaltma faktori degistirilmistir. Bunun
nedeni yiiksek basing ve gerilme etkisi altindaki
saglam kayalar, eski siniflamanin SRF degeriyle
hesaplanan Q degerine dayali destek sistemlerine
kiyasla daha fazla destege ihtiyac duymaktadir. Q
siniflama sisteminin parametreleri; RQD,
slireksizliklerin piiriizliliik ve alterasyon 6zellikleri,
su ve gerilme azaltma faktorleridir [16].

RMQR siniflama sistemi, Aydan vd [3] tarafindan
ortaya konulan yeni sayilabilecek bir siniflama
sistemidir RMR ve Q kaya Kkiitlesi siniflama
sistemlerinin bir birlesimi olarak nitelendirilebilecek
Onerilen sistem, kayanin bozunma derecesi,
streksizliklerin sayisi, araligi, miktari, streksizlik
durumu gibi 6zellikleriyle su durumunu icermektedir

[1].
2.3. Tiinel miihendislik jeolojisi

Akdeniz bolgesinde 6nemli bir ticaret limani bulunan,
tarim ve turizm merkezi olan Antalya’nin diger illere
baglantisin1 saglamak amaci ile KGM tarafindan
Antalya-Konya  arasinda bir yol giizergahi
planlanmistir. Bu yol giizergahinin, Antalya ili, Ibradi
ve Manavgat llgeleri arasinda Baslar-Tasagil Kéyleri
arasinda morfolojik zorluklar nedeni ile uzunlugu
4908 km ve boyutlar1 12X12 m olan Demirkap:
Tiineli insaat1 tasarlanmistir [18]. On projelendirme
asamasinda tiinel glizergahi boyunca KGM tarafindan
5 adet temel sondaj yapilmistir [18].

Bu ¢alisma kapsaminda, Demirkapi Tiinel glizergahini
da icine alan bir alanda yer alan jeolojik birimlerin
stratigrafik, litolojik ve yapisal ozellikleri ile
gilizergahta yer alan kaya birimlerinin
siireksizliklerinin ~ miihendislik  6zellikleri olan
konum, aralik, agiklik, devamlilik, dolgu gibi
ozellikleri ISRM  (1981) standartlarina gore
belirlenmistir. Ayrica proje asamasinda yapilan temel
sondaj ve laboratuvar verileri de kullanilarak
giizergahin jeoteknik degerlendirmesi yapilarak
Demirkapr  Tiinel  glizergah;, kaya  Kkiitlesi
siniflamalarindan RMR, Q ve RMQR smiflama
sistemlerine gore siniflandirilmigtir.

Tlinel glizergah1 boyunca yapilan ¢alismalar,
hazirlanan jeoloji haritas1 ve tiinel kaz1 aynalarinda
yapilan gozlemler kullanilarak tiinel giizergahina ait
mithendislik jeolojisi boy kesiti hazirlanmistir.
Hazirlanan Kkesit, jeoteknik hesaplamalara esas tegkil
etmesi acisindan giizergah giris ve ¢ikis aynalar1 ayri
olmak tlizere, benzer litolojik, yapisal, miihendislik
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ozelliklerine gore yapisal bolgelere ayrilmistir (Tablo
1, Ek B).

Tablo 1. Demirkapi Tiinelinde ayrilan yapisal bélgeler

Yapisal Bélgeler (Km) Litoloji

Tiinel Girig 0+000-0+250 Al Kasimlar Frm.
0+250-0+975 A2 Kasimlar Frm.
0+975-1+670 Bl Leylek Kirectasi
1+670-1+690 A3 Kasimlar Frm.
1+690-1+700 D Fay Zonu
1+700-2+220 A4 Kasimlar Frm.
2+220-4+250 B2 Leylek Kirectasi
4+250-4+640 C1 Uziimdere Frm.

Tiinel Cikis 4+640-4+908 Uziimdere Frm.

Kaya kiitlelerinin tanimlanabilmesi icin
stireksizliklerin konum, stireksizlik araligy, stireksizlik
devamliligi, purizlilik durumu, agiklik, dolgu
malzemesi durumu, bozunma derecesi ve su durumu
gibi miithendislik 6zellikleri incelenmistir. Siireksizlik
Olciimleri sirasinda, jeolog pusulast kullanilarak
siireksizliklerin konumu, egim yoni ve egim
miktarlari belirlenmistir (Sekil 4).

Sekil 4. Dumanli formasyonuna ait siireksizlikler

3. Bulgular

Sondaj c¢alismalari: Calisma alaninda, KGM [18]
tarafindan proje oncesi asama kapsaminda 4’1 tiinel
giris ve ¢ikisinda olmak tizere 5 adet sondaj

gerceklestirilmistir (Tablo 2).

Tablo 2. Demirkapi tiineli sondaj yeri ve derinlikleri

Sondajin
Sondaj No. Sondajin Yeri Derinligi
(m)
. ) Tiinel Girisi (sag yamag,
Sondaj Kuyusu -1y 23, 860) 30.0
. B Tiinel Girisi (sol yamag,
Sondaj Kuyusu -2y 23, 860) 30.0
Sondaj Kuyusu -3 Km:38+695 70.0
. ) Tiinel Cikis1 (sag yamag,
Sondaj Kuyusu-4 257 690) 55.0
. ) Tiinel Cikis1 (sag yamag,
SondajKuyusu-5 357 690) 55.0

On etiit sirasinda yapilan sondajlardan alinan
numunelerden proje firmasi tarafindan yapilan
deneysel c¢alismalar incelenmis, kaya kiitlesi
siniflamalarinda kullanilabilecek nokta yiik deney

sonuglart degerlendirilmis ve sonuclar Tablo 3’te
verilmistir.

Tablo 3. Yapisal bolgelere gore degerlendirilen nokta ytik
dayanim deney sonuglari

Yapisal Is(50) En Is(50) En kotii Is(50)
Bolge iyi kosul kosul Ortalama kosul
(Km) (MPa) (MPa) (MPa)

Al 2,53 1,12 2,03
A2 2,53 1,12 2,03
B1 5,07 3,95 4,58
A3-A4 2,53 1,12 2,03
B2 5,07 3,95 4,58
C1 3,51 1,98 2,58
C2 3,51 1,98 2,58
Konum: Tiinel glizergahinda yer alan kaya

birimlerinde gozlenen eklem ve tabakalara ait egim
ve egim yonleri 6lciilmis her bir yapisal bolge icin
ayrt ayri konum verileri stereografik izdiisim
diyagramlar1 kullanilarak belirlenmistir (Sekil 5).
Yapisal bolgelere ait stireksizlik konumlari ise Tablo
4'te sunulmaktadir.

N Tunel Ekseni |
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500 - 210
210 420

630
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21.00

420
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20.20%

Pole Vectors

Fisher

10%

Pole Vectors
21 (21 Entries)
Lower

Equal Angle

'YAPISAL BOLGE: 0+000.00-0+250.00
HAKIM YONELMELER: 217/ 47

Sekil 5. Al yapisal bolgesine ait 6rnek kontur diyagrami

Tablo 4. Yapisal bolgelere ait hakim stireksizlik egim ve
egim yonii 6zellikleri

Birinci ikinci Ugiincii
Yapisal Eklem Seti Eklem Seti Eklem Seti
Bolge o PP
(egim / egim yonii)

Al 44 /037 32/032

A2 47 /057 55/108

B1 47 /057 55/018
A3-A4 42 /049

B2 14 /138 23 /102

C1 44 /232 26 /058

C2 42 /191 34 /250 45 /101

Aralik: iki siireksizlik yiizeyi arasindaki mesafeyi
ifade eden siireksizlik aralig1 i¢in yapisal bolgelere ait
sonuglar Tablo 5’te verilmistir.

Tablo 5. Yapisal bolgelere ait stireksizlik aralik 6zellikleri
ve tanimlamalari
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Yapisal En iyi En kotii Ortalama
Bolge kosullar kosullar kosullar
(Km) cm Tamm ¢y Tamm cm  Tamim
Al 6-20 YA <2 CDA 2-6 DA
A2 2-6 DA <2 CDA 2-6 DA
; 6- 20-
B1 >60 IDGA 20 YA 60 ODA
A3-A4 6-20 YA <2 CDA 2-6 DA
B2 60-200 GA <2 CDA 6- YA
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20
C1 6-20 YA <2 CDA 2-6 DA
Cc2 20-60 ODA <2 CDA 2-6 DA

*CDA: Cok Dar Aralikli, DA: Dar Aralikli, YA: Yakin Aralikl,
ODA: Orta Derece Aralikh, GA: Genis Aralikli, IDGA: ileri
Derece Genis Aralikli

Devamlilik: Bir siireksizligin yilizeydeki izinin
uzunlugu olgiilerek belirlenen devamlilik 6zelligi, bir
streksizligin yeraltindaki uzaniminin tahmininde de
kullanilan bir ol¢iidiir ve yapisal bolgelere ait
sonuclar Tablo 6’da verilmistir.

Tablo 6. Yapisal bolgelere ait stireksizlik devamlilik
ozellikleri ve tanimlamalari

Yapisal En iyi En kotii Ortalama
Bolge kosullar kosullar kosullar
(Km) mm Tamm mm Tanim mm Tanim

Al <1 CDD <1 CDD <1  CDD
A2 <1 CDD <1 CDD <1 CDD
B1 <1 ¢CDD 3-10 oD 1-3 DD
A3-A4 <1 ¢DD <1 CDD <1 ¢DD
B2 <1 CDD 3-10 oD 1-3 DD
C1 <1 CDD 1-3 DD 1-3 DD
c2 <1 CDD 1-3 DD 1-3 DD

*CDD: Cok Dusiik Devamlilik, DD: Duisiik Devamlilik, OD:
Orta Devamlilik

Aciklik: Saha calismalari sirasinda, siireksizliklerin
alt ve ust kisimlarinda iki yiizey arasindaki dik
mesafe olclilerek belirlenen siireksizlik agikliklarina
ait sonuglar Tablo ‘de verilmistir.

Tablo 7. Yapisal bolgelere ait siireksizlik acikliklar1 ve
tanimlamalari

v 1 En ivi kosull En koti Ortalama
I n iyi kosullar
a? sa yrios kosullar kosullar
Bolge
mm Tam 1y Tanm mm Tam
(Km) m
m
Al <0,1 CSA 1-10 CGA 0,5-2,5 AA
A2 <0,1 CSA 1-10 CGA 0,5-2,5 AA
10- ODG
B1 0,25-0,5 KAA 100 AGA 2,5-10 A
A3-A4 <0,1 CSA 1-10 CGA 0,5-2,5 AA
10- 0ODG
B2 0,25-0,5 KAA 100 AGA 2,5-10 A
C1 0,1-0,25 Siki 1-10 CGA 0,5-2,5 AA
Cc2 0,25-0,5 KAA 1-10 CGA 0,5-2,5 AA

*(CSA: Cok Siki Agiklik, KAA: Kismen Agik Aciklik, CGA: Cok
Genis Acgiklik, AGA: Asir1 Genis Aciklik, AA: Agik Acgiklik,
ODGA: Orta Derecede Genis Agiklik)

Dolgu: Saha calismalar1 esnasinda, siireksizliklerin
acikliklarinin kalsit, kil, silt, bres dolgulu oldugu ve
yer yer bosluklarin yer aldigi gozlenmistir. ISRM
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tarafindan onerilen siniflamaya gore dolgu durumu
degerlendirilmistir [19].

Buna gore, tiinel girisi olan A1, A2, A3, A4, C1 ve C2
yapisal bolgelerinde stireksizliklerin dolgu
durumunun S4 siniflamada yer alan “Sert zemin”, B1
ve B2 yapisal bolgelerindeki kire¢taslarinin da kalsit
dolgulu oldugu ve R3 “Orta Derecede Saglam Kayacg”
kategorisinde oldugu degerlendirilmistir.

Su durumu: Sireksizliklerin su durumu kazi
aynasinda tabaka ve eklemlerde yapilan gozlemlere
gore degerlendirilmistir [19]. A1l ve A2 yapisal
bolgelerindeki su durumu “dolgu malzemesinin
yikanmis - 1slanmis olduguna iliskin izler ve siirekli
su akisi izleniyor” sinifinda, B1, A3, A4, B2, C1 ve C2
yapisal bolgelerindeki su durumu ise “Dolgu
malzemesi asir1  derecede konsolide olmus
malzemeden olusuyor ve gecirgenliginin az olmasi
sebebi ile 6nemli bir akisi goézlenmiyor” olarak
degerlendirilmistir.

Siireksizlik yiizeyi: Sireksizlik kaya duvarinin
ayrisma durumunun da bir 6l¢iisii olan stireksizlik
yuzeyi durumu, yapisal bolge Al, A2, A3, A4, C1 ve
C2’'de “Orta derecede bozunmus”, yapisal bolge B1 ve
B2’de “Bozunmamis” ve “Az bozunmus” olarak
belirlenmistir [19].

3.1. Demirkapi Tiineli'nin jeoteknik 6zelliklerinin
degerlendirmesi

Demirkapr Tiineli'nin jeoteknik ozellikleri; tiinel
glizergahi ile yakin cevresindeki jeolojik birimlerin
stratigrafik, litolojik ve yapisal ozellikleri ile
mithendislik nitelikleri, sondaj ve laboratuvar
verilerinin degerlendirilmesiyle belirlenmistir. Elde
edilen biitiin veriler yardimi ile yapisal bolgelere
ayrilan tiinel glizergahinda bulunan birimlerin
jeomekanik o6zellikleri siniflama ve tanimlamalar
yardimi ile ortaya konulmustur [19]. Her yapisal
bolge icin ayr1 ayr kaya kiitle siniflama sistemleri
uygulanmistir. Oncelikle benzer davranis
ozelliklerine gore ayrilmis olan her bir yapisal bolge
RMR, Q, RMQR kaya smiflama sistemine gore en iyi,
ortalama, en Kkotii kosullar dikkate alinarak
smiflandirilmistir. Elde edilen sonuglar Tablo 8 ile
Tablo 10 arasinda verilmistir.
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Tablo 8. RMR sistemi i¢in kaya kiitle siniflar
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*Parantez i¢indeki sayilar siniflama puan degerlerini géstermektedir.
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Tablo 9. Q sistemine gore kaya kiitle simiflamasi
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1) derinligi > 50 m) (2.5)
Diizveya Az Kilsiz, Saglam kayada
En kotii 10 IETDE (6) dﬁzlemysel ayrisma Kuru yapilan kaz, veya bir kesmg zonu (ykam 0,166 Cok zayif
ucuk sizmalar (1 o ies ayac
kiigiik 1 ' k:
(1) (2) derinligi < 50 m) (5)
e e Az Kil iceren/ayrismis,
En iyi 48 IETDE (3) l;;)ruzlu ayrisma Ell:rzky zllzlrl;:l;aa,)veya bir kesme zonu, (kazi 4,8 k(;rt:
) ¢ derinligi < 50 m) (5) ya¢
Bir eklem . Az Kil igeren/ayrigmis,
A3- takimive Pirizli Kuru yapilan kazi, veya . Zayif
A4 Ortalama 23 dagilan  (3) ayrisma Kiigiik sizmalar (1) bir kesme zonu, (kazi 2,3 Kava
eklegm ) 2) ¢ derinligi <50 m) (5) ya¢
Bir eklem Dizveya — Orta Kuru yapilan kazi, veya Kil igeren/ayrismis, Cok zayif
En kotii 10 dizlemsel ayrisma ura yap »Vey bir kesme zonu, (kaz 0,25 Y
takimi (2) (1) (4) kiictik sizmalar (1) derinligi < 50 m) (5) kayac
Piirizli Yuzeysel Kuru yapilan kazi, veya Kilsiz, Saglam kayada
En iyi 73 IETDE (6) kirlenme uru yap vy bir kesme zonu, (kazi 14,6 lyi kayac
3) 1) kiigiik sizmalar (1) derinligi > 50 m) (2.5)
P, Yiizeysel Kilsiz, Saglam kayada
B2  Ortalama 50 IETDE (6) l(—";)ruzlu kirlenme ]]<(1111r1l1]ky ;l;lrlr‘?;;aa')veya bir kesme zonu, (kazi 10 lyikayag
1) ¢ derinligi > 50 m) (2.5)
P, Az Kil iceren/ayrismis,
En kotii 10 IETDE (6) l(’;)ruzlu ayrisma ]I:':lr:;ky :ll[;ﬂnil;;aa,)veya bir kesme zonu, (kaz 0,5 C(l)(l;zgylf
@) s derinligi <50 m) (5) ya¢
P, Yiizeysel Kil iceren/ayrismis,
En iyi 53 IETDE (6) l(’;)ruzlu kirlenme ]I:;l;lllky :ll[;ﬂnil;;aa,)veya bir kesme zonu, (kaz 53 k(;l;:g
(1) derinligi < 50 m) (5)
Diiz, veya Az Kil igeren/ayrismis,
C1 Ortalama 20 IETDE (6) diizlemsel ayrisma ]]{(Srll:ky ;;;lr?;lall(raa,)veya bir kesme zonu, (kazi 0,333 (,‘(l)(l;z:ylf
1) @) ¢ derinligi < 50 m) (5) ya¢
) Diiz, veya Az Orta diizeyde su gelisiveya  Kil iceren/ayrismis, Gok zayif
En kotii 12 IETDE (6) diizlemsel ayrisma basing, eklem dolgular1 yer bir kesme zonu, (kaz1 0,132 Kava
(1) (2) yer yikanmasi (0,66) derinligi <50 m) (5) yag
- P, Az Kil iceren/ayrismis,
En iyi 56 UFE?E l(:’;)ruzlu ayrisma ]]il;rll:ky ggﬁ;;aa)v cya bir kesme zonu, (kaz 1,4 lf:y;f
2) ¢ derinligi <50 m) (5) ya¢
- P, Az Kil iceren/ayrismis,
Cc2 Ortalama 26 UF&?E E’;)ruzlu ayrisma E::rll:ky ggﬁ;;aa)v €ya bir kesme zonu, (kaz1 0,65 C(l){l;z:ylf
2) s derinligi < 50 m) (5) yag
- Diiz, Az Kil iceren/ayrismis,
En koti 13 tgi;ll(lle(gl) diizlemsel ayrisma lljllllrll:ky ;zlrl:;;aa; €ya bir ]Eesme/zgmf, (kim 0,144 C(;{l;z:ylf
1 @) § derinligi < 50 m) (5) ya¢

* [ki eklem takimi ve rastgele dagilan eklemler
* U¢ eklem takimu ve rastgele dagilan eklemler
*Parantez icindeki sayilar siniflama puan degerlerini gostermektedir.
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Tablo 10. RMQR siniflama sisteminde kaya kiitle sinifi

o = =
7] BT = = -
5 : g E : : : g
[3) 7] [77) — = =} = =
=0 g 3 - % E 5 5 o~ @
2 E E 2 S S =5 & 2 5 =4 z
—_— N > < 7R =2 = = L = 3
= g £ 25 5 = £ £ = <
4] X s [ 7] 7] i = I
o 3 = = =< < ] >
] N = 3] [3) 5]
3l [=] [72] = S = = M
& 3 3 a a
En iyi AB (9) IES (12) 48 (4) Purizla (15) Nemli (7) Diusiik (4) 51 Orta kayag
Al Ortalama ODB (6) IES (12) 22 (0) Piirtzli (15) Nemli (7) Orta(3) 44 Orta kayag
- ; Ayrismis ve
En kéti 0DB (6) iES (12) 000) ‘floulu(y) 'SkG)  Orma@) 33 Zayif kayag
Eniyi AB (9) iES (12) 50 (4) Parizli (15) Nemli(7) Dusik (4) 51 Orta kayag
A2 Ortalama ODB (6) [ES (12) 23 (1) Piruzlid (15) Islak (5) Orta (3) 42 Orta kayag
. ; Ayrismis ve
En koéti ODB (6) IES (12) 0(0) dolgulu (7) Islak (5) Orta (3) 33 Zayif kayacg
Eniyi  Lekeli (12)  iES(12)  70(4) * ‘(’;‘%‘Zl” Kuru(9) Kilcal (5) 64 iyi kayag
B1 Ortalama  AB(9) iBs(12)  45(4) M ‘(’5‘;‘”” Kuru (9) Kilcal (5) 61 iyi kayag
En kotii AB (9) iES (12)) 0(0) Piirtizlii Nemli (7) Diisiik 47 Orta kayac
En iyi AB(9) BES (16) 48 (4) Purtzla (15) Kuru(9) Distk (4) 56 Orta kayag
A3-A4 Ortalama AB(9) BES (16) 23 (1) Pirizli (15) Kuru(9) Digiik (4) 54 Orta kayag
- Ayrismis ve
En kotii ODB (6) BES (16) 0(0) dolgulu (7) Kuru (9) Orta (3) 41 Orta kayac
En iyi AB (9) UES (8) 56(4) 17 ‘(’;;‘)‘Zlu Kuru(9) Diisik(4) 56 oOrta kayac
B2 Ortalama ODB (6) UES (8) 26 (1) Pirizli (15) Kuru(9)  Disiik (4) 43 Orta kayag
En kotii ODB (6) UES (8) 13 (1)  Pirizli (15)  Kuru (9) Orta (3) 42 Orta kayac
En iyi Lekeli (12)  IES(12) 734) M ‘(’;‘;‘Zlu Kuru(9) Kical (5) 64 iyi kayag
¢ Ortalama AB (9) {ES (12) so4) A ‘(’;‘g‘zm Kuru(9) Kical (5) 61 fyi kayag
En kétii ODB (6) iES (12) 0(0) Pirizli (15) Islak(5) Disik (4) 42 Orta kayag
Eniyi AB (9) iES (12) 534) A% ‘(’;‘;‘)‘Z]“ Kuru(9) Disik (4) 60 Orta kayag
€z Ortalama  ODB (6) [ES(12)  20(1) Pirizli (15) Kuru(9) Disik (4) 47 Orta kayag
En kotii ODB (6) IES (12) 12 (1)  Pirizli (15) Nemli(7)  Orta (3) 44 Orta kayac
*0DB: Orta Diizeyde Bozunmus; AB: Az Bozunmus, BES: Bir eklem seti, IES: 1ki eklem seti, UES: Ug eklem seti
*Parantez icindeki sayilar siniflama puan degerlerini gostermektedir.
Tiinel glizergahi icin Gi¢ farkll siniflama sisteminden siniflama  sistemleri arasindaki benzerlik ve
yararlanilarak elde edilen puanlar, her birinin kendi farkliliklar ortaya konmus, siniflama sistemine

Olciitlerine gore yorumlanmis ve siniflama sonuglari
tek bir tabloda bir araya getirilerek karsilastirmali bir
degerlendirme imkani  sunulmustur. Bodylece,

yonelik daha biitiinciil bir degerlendirme yapilmasina
olanak saglanmistir (Tablo 11).

Tablo 11. RMQR, Q ve RMQR siniflama sistemlerine ait tanimlama ve puanlar

Yapisal Bolgeler Kosullar RMR Q RMQR

(Km) Tanmimlama Puan Tammlama Puan Tammlama Puan

En iyi Orta kaya 50 Zayif kayacg 2.4 Orta kayag 51

Al Ortalama Zayif kaya 33 Cok zayif kayag 0.183 Orta kayag 44

En kotii Zayif kaya 25 Son derece zayif kayac 0.083 Zayif kayac 33

En iyi fyi kayac 61 Orta kayag 5 Orta kayag 51

A2 Ortalama Zayif kayacg 33 Cok zayif kayacg 0.253 Orta kayag 42

En kotii Zayif kayac 22 Cok zayif kayac 0.11 Zayif kayac 33

En iyi fyi kayac 76 fyi kayac 10 fyi kayac 64

B1 Ortalama Orta kayac 53 Orta kayac 9 fyi kayac 61

En kotii Zayif kayac 31 Cok zayif kaya¢ 0.166 Orta kayac¢ 47

En iyi Orta kayacg 57 Orta kayag 4.8 Orta kayag 56

A3-A4 Ortalama Zayif kayacg 33 Zayif kayacg 2.3 Orta kayag 54

En kot Zayif kayac 25 Cok zayif kayac 0.25 Orta kayac 41

En iyi fyi kayag 75 fyi kayac 14.6 Orta kayag 56

B2 Ortalama Orta kayag 53 fyi kayag 10 Orta kayag 43

En kotii Zayif kayac 27 Cok zayif kaya¢ 0.5 Orta kayac 42

En iyi Orta kayac 56 Orta kayac 5.3 Iyi kayac 64

c1 Ortalama Zayif kayacg 35 Cok zayif kayag 0.333 fyi kayac 61

En kotii Zayif kayac 23 Cok zayif kaya¢ 0.132 Orta kayac¢ 42

En iyi kosul Orta kayac 60 Zayif kayacg 1.4 Orta kayag 60

Cc2 Ortalama kosul Zayif kayac 40 Cok zayif kayag 0.65 Orta kayag 47

En kotii kosul Zayif kayac 29 Cok zayif kaya¢ 0.144 Orta kayacg 44
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Tablo 11’e gore Al, A2, A3-A4, C1 ve C2 yapisal
bolgelerinde RMR ve Q sistemi tarafindan Onerilen
tanimlamalarin 6zellikle ortalama ve kotii kosullarda
daha uyumlu oldugu goriilmektedir. S6z konusu
yapisal bolgeler icin yapilan nokta yiik deneylerinde
diger yapisal bolgelere kiyasla daha diisiik dayanim
degerleri sunmakta olup bu bdlgelerin ayrisma
diizeyleri yapilan saha ¢alismalarinda gé6zlenmistir.
Diger yandan RMR ve RMQR sistemleri iyi kosullarda
daha uyumlu oldugu belirlenmistir. B1 ve B2 gibi
dayanimi yiiksek ve ayrisma diizeyi diisiik olan
bolgede li¢ siniflama sistemi de birbiriyle nispeten
daha benzer tanimlama sergilemistir.

RMR, Q ve RMQR sistemlerinin birbiri arasinda
ampirik iliskiler kullanilarak elde edilmesine olanak
saglayan ampirik iligkiler gelistirilmistir. Aydan vd.
[3] RMR ve Q siniflama sistemi puanlar kullanilarak
RMQR degerinin elde edilebilecegini belirtmistir.
Bieniawski [20]. Q kullanarak RMR elde edilmesine
yonelik bir iliski ortaya koymustur. Arastirmacilar
tarafindan onerilen esitlik asagida sunulmustur.

RMQR = 100 RMR (1)

QR = RMR + 1.1(100 — RMR)
RMQR = 16.7log(Q) + 50 (2)
RMR =91n(Q) + 44 3)

Q sistemi ve RMQR sistemi kullanilarak RMR
degerleri elde edilmis ve bu sonuclar sahadan elde
edilen RMR degeri ile kiyaslanmistir (Sekil 6). Buna
gore Q puanindan elde edilen RMR degeri tim
kosullarda yakin sahadan belirlenen RMR sistemi
bazi aykiri sonuglar olmakla beraber yakin puanlama
degeri sunmaktadir (Sekil 6.a). RMQR degeri ile elde
edilen RMR degerleri, saha verilerine dayali RMR
degerlerine kiyasla genel olarak daha diisiik sonug
verdigi goriilmektedir (Sekil 6.b).

RMR (Saha)- RMR (Q'dan Belirlenen)

AMR (Q Sisteminden Belirlenen)
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RMR (Saha)- RMR (RMQR'dan Belirlenen)

RMR (RMQR Sisteminden Belirlenen)

Sekil 6. Q sistemi ve RMQR sistemi kullanilarak belirlenen
RMR degerlerin karsilastirilmasi

Yukaridaki denklemlerde yapilan saha
calismalarindan RMR degeri ve Q degeri kullanilarak
RMQR degerleri ayrica belirlenmistir (Sekil7 ).

En lyi Kosullarda RMQR
Karsilastirmasi
100

80

60

40

RMQR Degeri

20

Al A2 B1 A3-Ad B2 C1 c2

m Saha Caligmalarryla Belirlenen RMOR
= RMR Kullanilarak Belirlenen RMQR
Q Kullanilarak Belirlenen RMQR

Ortalama Kosullarda RMQR
Karsilagtirmasi

el

Al A2 c1 c2

RMQR Degeri
=
o

® Saha Calismalariyla Belirlenen RMQR
® RMR Kullanilarak Belirlenen RMQR
Q Kullanilarak Belirlenen RMQR

En Kotl Kosullarda RMQR
Karsilagtirmasi

80

60

. EEEEH
0

20
Al A2 B1 A3-A4 B2 c1 c2

RMQR Degeri

B Saha Caligmalariyla Belirlenen RMQR
® RMR Kullanilarak Belirlenen RMQR
Q Kullanilarak Belirlenen RMQR

Sekil 7. Arastirmadan belirlenen RMQR ile RMR ve Q
sistemi  kullanilarak belirlenen RMQR degerlerinin
karsilastirilmasi

Sekil 7’ye gore arastirmada elde edilen RMQR degeri
ile RMR ve Q puanlar kullanilarak elde edilen RMQR
degerleri en iyi, ortalama ve kot kosullarda elde
edilen puanlama degeri kismen birbirinden farkli olsa
da biiyiik 6l¢lide ayni tanimlama araliginda kaldigi
gorilmistiir. Ayrica sahada yapilan ¢alismalarla elde
edilen RMQR degeri ile Q puani kullanilarak Aydan
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vd. [3] tarafindan onerilen ampirik yontem ile
belirlenen RMQR degerinin tiim kosullarda oldukca
yakin puanlama degeri sundugu belirlenmistir.

Kullanillan 1{i¢ sistemde nadir de olsa bazi
puanlamalarin birbirinden olduk¢a farkli ¢ikmasi,
yapisal bolgeye ait zemin kosullarina goére her
siniflama sistemin parametreler arasindaki belli bash

farkliliklardan kaynaklandig: seklinde
yorumlanmistir.

4. Tartisma ve Sonug¢

Bu arastirma c¢ercevesinde, Antalya il sinirlari

icerisinde yer alan Tasagil (Manavgat) yolu ile Baslar
(ibrad1) yolunun, Km: 33+832,199 - 38+740 arasinda
bulunan Demirkap: tiinel glizergdh1 ve g¢evresinin

jeolojik, miihendislik jeolojisi ozellikleri ortaya
konulmustur.
incelenen alanda, yas sirasina gore, Kasimlar

formasyonu (Anisiyen-Noriyen), Mentese dolomiti
(Noriyen-Resiyen), Leylek Kkire¢tasi (Resiyen),
Uziimdere formasyonu (Resiyen-Erken Liyas), yash
Dumanli formasyonu (Kampaniyen-Maastrihtiyen) ve
son olarak aliivyon (Kuvaterner) yiizeylemeleri
gozlemlenmektedir.

Demirkap tiinel hattinin biiytik bir bélimi Leylek
kirectasi ve Mentese dolomiti birimlerinden
gecmekte olup, bu birimler tiinel glizergahin orta
kisimlarinda yer almaktadir. Tiinel giris kisminda
Kasimlar formasyonu, cikis kisminda ise Uziimdere
formasyonu yer almaktadir.

Tilnel glizergahi, tiinel giris ve c¢ikis noktalari, fay
hatlar1 ve formasyon gibi unsurlar dikkate alinarak
benzer davramis gosteren farkli yapisal bolgelere
ayrilmis; bu bolgelerde RMR, Q ve RMQR siniflama
sistemleri uygulanarak en iyi, en kotii ve ortalama
kosullar ortaya konulmustur.

Yapilan c¢alismada, yapisal bolgelere yonelik
gerceklestirilen RMR ve RMQR siniflama sistemleri,
kismen benzer kaya tanimlamalari sunarken, Q
sisteminin ayni yapisal bolgelerde ¢ogunlukla daha
diisiik tanimlama iceren ve siniflama kategorilerine
girdigi gézlemlenmistir.

RMR ve Q sistemleri, 6zellikle ortalama ve Kkoti
kosullardaki A1, A2, A3-A4, C1 ve C2 yapisal
bolgelerinde daha uyumlu sonuglar vermektedir. Bu
bolgelerde diisiik dayanim ve diger bolgelere gore
daha fazla ayrisma gozlenmistir. Ote yandan, iyi
kosullarda RMR ile RMQR sistemleri daha
uyumludur. Yiiksek dayanim ve diisiik ayrismaya
sahip B1 ve B2 bolgelerinde ise ii¢ siniflama sistemi
birbirine daha yakin sonuglar sunmustur.

Farkli yontemlerle hesaplanan RMQR degerleri,
puanlama degerinde farklhiliklar go6stermelerine
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ragmen genellikle aym siifi  tanimlama

araliginda yer almistir.

kaya

Yapisal bolge tanimlamasinda Km:1+690-1+700 arasi
Fay Zonu (D) olarak ayirtlanmistir. Fay zonlar1 kazida
ve desteklemede risk tasiyan bolgeler olup, daha
detayl yontemler kullanilarak degerlendirilmektedir.
Bu calismada kaya kiitlesi smiflamalar1 tzerinde
duruldugu i¢in fay zonu hesaplamada kapsam disi
birakilmistir.

Bu ¢alismada siniflama sistemleri (RMR, Q ve RMQR)
kullanilarak kaya sinifi tanimlamalarinin birbiriyle
iliskisi ve uyumu irdelenmis olup destek sistemleriyle
ilgili bir degerlendirme icermemektedir. Ozellikle,
tiinel glizergahlarinda yapilan kaya  kiitlesi
siniflamalar1 icin saha verilerinin elde edilmesinin
o6nemli oldugu ve yaygin olarak kullanilan kaya
kiitlesi siniflama sistemlerinin karsilastirmali olarak
kullanilmasinin destek sistemlerinin belirlenmesinde
daha dogru sonuclar elde edilmesinde yardimci
olacagl sonucuna varilmistir.

TesekKkiir

Saha calismalarinda gostermis olduklar1 anlayistan
dolay1 Demirkap: tiineli c¢alisanlarina ve proje
verilerini kullanmamiza olanak saglayan KGM
Antalya 13. Bolge Miidiirligii'ne tesekkiir ederiz.
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EKLER

Ek A. Bolgenin jeoloji haritasi [1]
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Ek B. Yapisal bolge ayirimi [1]
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Anahtar Kelimeler 0z: Bu calismanin amaci, pandemi siireclerinde hastalik siiphesi tasiyan saghkh
Covid-19, ' bireyler (S- susceptable), hastaliga yakalanan bireyler (I- infected) ve iyilesen ya da
SIR Yayilim Modeli, vefat eden bireylerden (R- recovered) olusan S-I-R gruplarinin sayisini tahmin

Gauss Regresyonu,
Fourier Regresyonu,
Siniis Regresyonu,
Diferansiyel Denklem
Tabanli Regresyon

etmek icin farkli regresyon modellerinin performansini degerlendirmektir.
Tirkiye'deki COVID-19 verileri Tiirkiye Cumhuriyeti Saghk Bakanligi'nin resmi
internet sitesinden alinmistir. Calismada kullanilan veri seti, pandeminin
baslangicindan itibaren secilen zaman dilimini kapsamakta ve giinliik S-I-R grup
sayilarini icermektedir. Polinom regresyonu, Fourier regresyonu, Gauss regresyonu
ve sin toplami regresyonu gibi farkli regresyon modelleri incelenmis ve tahmin
performanslari analiz edilmistir. Ayrica, Chebyshev polinomlarina dayali dogrusal
olmayan bir denklem sistemi olan SIR modelinin diferansiyel ¢oziimleri ile
karsilastirilmigtir. Performans Olciitleri olarak R? (RSquare- Determination
Coefficient) ve Ortalama Hatanin Karekokii (RMSE- Root Mean Squared Error)
kullanilmistir. Sonuglar, farkli regresyon modellerinin S-I-R gruplarinin sayisini
tahmin etmedeki performansini degerlendirerek pandemi siireclerinin analizi i¢in
en uygun modelin belirlenmesine katki saglamaktadir.

Prediction of S-I-R Groups in Pandemic Processes: A Performance Analysis of Various
Regression and Differential Models

Keywords Abstract: The aim of this study is to evaluate the performance of various regression
Covid-19, models in predicting the number of individuals in the S-I-R groups during pandemic
SIR Spread Model, processes: susceptible individuals (S), infected individuals (I), and those who have

Gaussian Regression,

; . recovered or passed away (R). The COVID-19 data used in the study were obtained
Fourier Regression,

Sine Regression, from the official website of the Ministry of Health of the Republic of Tiirkiye. The

Differential Equation Based dataset covers a selected time period starting from the onset of the pandemic and

Regression includes daily counts of the S-I-R groups. Various regression models, such as
polynomial regression, Fourier regression, Gaussian regression, and sine sum
regression, were analyzed and their prediction performances were evaluated.
Additionally, these models were compared with the differential solutions of the SIR
model based on Chebyshev polynomials, which constitutes a nonlinear system of
equations. The performance metrics used in the evaluation were the coefficient of
determination (R?) and the root mean squared error (RMSE). The results contribute
to identifying the most appropriate model for analyzing pandemic dynamics by
assessing the effectiveness of different regression approaches in predicting S-I-R
group counts.
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1. Giris

Salgin hastaliklarin taninmasi ve kontrol altina
alinmasi, insan saghginin korunmasinda énemli bir
unsurdur. Bu sebeple SIR modeli epidemiyolojideki en
onemli araglardan biri olarak 6éne ¢ikmaktadir. 1927
yilinda Kermack ve McKendrick [3] tarafindan ortaya
atilan SIR modeli, salgin hastaliklarin nasil yayildigini
ve yonetilebilecegini anlamada temel bir model
olmustur. Basit olmasina ragmen SIR modeli, kisa ve
uzun vadeli salgin dinamiklerini tanimak icin gii¢lii bir
model sunar. Nifusu ii¢ ana gruba ayirir: Duyarh
bireyler (S), enfekte bireyler (I) ve iyilesmis ya da
vefat etmis bireyler (R). Bu basit smiflandirma,
hastaligin nasil yayildigin1 ve popiilasyon iizerindeki
etkisini modellerken matematiksel analiz ve
tahminler i¢in alt yap1 olusturur.

SIR modeli, ¢ok sayida arastirmacinin gesitli salgin
hastaliklar1 incelemesine ve modellemesine imkan
saglamistir. Bu modelin uygun parametre ¢éziimleri,
hastalik dinamiklerinin daha iyi anlasilmasina ve etkili
miidahale stratejilerinin  gelistirilmesine olanak
saglamaktadir. Bhattacharya ve arkadaslari [1]
hastaligin yayllma oranini ve pandeminin potansiyel
boyutunu degerlendirmek icin SIR modelini ve
varyasyonlarini incelemistir. COVID-19 pandemisi
stresince, SIR modeli ve tiirevleri, viriisiin yayilma
dinamiklerini anlamak ve kontrol stratejileri
gelistirmek acisindan kritik bir rol oynamistir.
Ornegin, Uddin ve Algehyne [13] COVID-19'un
yayllmasini modellemek i¢in diferansiyel denklemler
kullanmis ve zaman i¢inde koruma, maruz kalma ve
6liim oranlarindaki degisiklikleri incelemistir. Zhu ve
Shen [14] gibi diger arastirmacilar, pandeminin
dinamiklerini  degerlendirmek ve  miidahale
stratejilerine rehberlik etmek i¢in SIR modeline dayal
varyasyon modeller gelistirmistir. Ayrica SIR
modelinin yaklasik ¢o6ziimleri Hermite serileri
kullanilarak elde edilmistir [10].

Genis ¢apta kabul géren SIR modeli, hastalik yayilimini
anlamak ve kontrol stratejileri gelistirmek icin
matematiksel biyoloji ve epidemiyoloji alanlarinda
temel bir ara¢ olmaya devam etmektedir. Bu model,
salginlarin  kontroliindeki zorluklar1 asmada ve
gelecekteki olasi salginlara karsi daha etkin hazirlik
yapmada 6nemli katkilar sunmaktadir.

Yapay zeka algoritmalarinda, veriler arasindaki
iliskilerin modellenmesinde polinom ¢ekirdekli
regresyon algoritmalar1 yaygin bicimde tercih
edilmektedir. Ancak bir¢ok durumda, yalnizca tek bir
girdi degiskeni kullanan dogrusal regresyon
yontemleri, 6zellikle giinliik yasamdan elde edilen
verilerle olusturulan modellerde yeterli tahmin
dogrulugu saglayamamaktadir [8]. Bu durum,
arastirmacilarl birden fazla girdi degiskenini ayni
anda degerlendiren dogrusal olmayan regresyon
tekniklerine ydnlendirmistir [6,9]. Bununla birlikte,
bu tiir modellerin dogrudan veya optimizasyon siireci
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olmadan uygulanmasi, regresyon analizlerinde
istenilen basari diizeyine ulasilmasini
engelleyebilmektedir. Ozellikle bazi veri kiimelerinde,
modelin performansim1 artirmak amaciyla polinom
derecesinin yiikseltilmesi ya da algoritmada kullanilan
parametrelerin optimize edilmesi gerekmektedir.
Ancak, polinom derecesinin artirilmasi modelin
yapisini daha karmasik hale getirebilmekte ve asiri
uyum (overfitting) riskini beraberinde getirmektedir

[11,12]. Bu durum, yazihm algoritmalarinin
verimliligini azaltmakta ve islem siliresini 6nemli
Olcide artirmaktadir. Buna karsin, parametre
optimizasyonu ile desteklenen parametrik

matematiksel modeller kullanan algoritmalar, daha
yliksek basari orani ve islem hiziyla 6ne ¢ikmaktadir
[15,16].

Regresyon modelleri, girdi ve ¢kti degiskenleri
arasindaki matematiksel fonksiyonlar aracilifiyla
strekli degiskenlerin yanitlarin1 tahmin eder [6,8].
Regresyon modellemesi, bagimli degisken ile bagimsiz
degisken arasindaki iliskinin bir fonksiyon ile temsil
edilmesidir [6,9]. Bu fonksiyonun temel amaci,
modellenen sistemle ilgili tanim kiimesindeki
degerlere dayanarak tahminleri hesaplamaktir [6].
Literatiirde bircok regresyon modeli olup, bu
modellerden polinom regresyon, Fourier regresyon,
Gaussian regresyon, sin regresyon ve diferansiyel
denklem tabanli regresyon bu c¢alismada tercih
edilmistir[9,12].

Bu calismanin amaci, pandemi streclerinde S-I-R
gruplarindaki bireylerin sayisini tahmin etmek igin
farkli  regresyon modellerinin  performansini
degerlendirmektir. Bu amacla polinom, Fourier,
Gaussian, Sinus ve diferansiyel denklem bazl ¢esitli
regresyon modelleri Tiirkiye'deki COVID-19 verileri
kullanilarak incelenmis ve tahmin performanslari
karsilastirilmistir. Bu calisma, pandemi siireglerinin
analizinde en uygun tahmin modelinin belirlenmesini
amaglamaktadir.

2. Materyal ve Metot

Bu c¢alismada kullanilan COVID-19 verileri, Tiirkiye
Cumbhuriyeti Saghk Bakanlhigi'min resmi internet
sitesinden elde edilmistir [2]. Saghk Bakanlgi,
pandeminin baslangicindan bu yana Tiirkiye'deki
giinliik vaka, iyilesme, test ve 6liim sayilar gibi gesitli
istatistikleri yayinlamistir. Bu veriler, Tirkiye'deki
pandeminin seyrini anlamak i¢in ¢ok Onemlidir.
Analizde  kullanmilan  veri  seti, pandeminin
baslangicindan itibaren segilen zaman dilimini
kapsamakta ve li¢ ana gruba ayrilan niifus bilgilerini
icermektedir:  hastaliktan siiphelenilen saglkh
bireyler (S), hastaliga yakalanan bireyler (I) ve
iyilesen yada vefat eden bireyler (R).

Bu ¢alismada, Tirkiye'de COVID-19 pandemisi
sirasinda li¢ ana grubun (S, I, R) sayisini tahmin etmek
icin farkli regresyon modelleri incelenmistir. Bu
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modeller arasinda polinom regresyonu, Fourier
regresyonu, Gauss regresyonu, sinus regresyonu ve
diferansiyel bazli regresyon yer almaktadir. Her model
belirli matematiksel formiillere gére dzellestirilmis ve
veri setine uygulanmistir.

Modellerin performansi R? (Determination
Coefficient), RMSE (Root Mean Squared Error) ve
MAPE (Mean Absolute Percentage Error) gibi
istatistiksel Olciitler kullanilarak
degerlendirilmektedir. R? degeri modelin bagimsiz
degiskenlerin hedef degiskeni ne kadar iyi agikladigini
Olcen bir istatistikti. RMSE degeri ise modelin
tahminlerinin ger¢ek degerlerden ne kadar saptiginin
bir gostergesidir. MAPE (Mean Absolute Percentage
Error) ytzdelik hata miktarin1 gostermekte olup
tahmin hatalarinin gercek degerlere gore ytizdesel
biiytikligini ifade eder. Bu metrikler modeller
arasinda Kkarsilastirma yapilmasini ve en uygun
modelin sec¢ilmesini saglamistir.

2.1. Matematiksel modelleme

Bu ¢alismada polinom regresyon (1), gauss regresyon
(2), sigmoidal lojistik regresyon (3), fourier regresyon
(4) ve sinus regresyon (5) modelleri kullanilmistir.
Her bir model, hastaligin yayilma dinamiklerinin farkli
yonlerini ve karakteristiklerini yansitmada 6zgiin
yeteneklere sahiptir. Ornegin, Fourier serisi
mevsimsel degisimleri ve periyodik yapilar etkili
bicimde modelleyebilirken; Gauss modeli, veri
setindeki tepe noktalarini ve yogunluk dagilimini
temsil etmede giicliidiir. Sinlis toplami1 modeli ise,
periyodik olmayan dalgalanmalara odaklanarak daha
karmasik dalga bigcimlerini yakalayabilme
kapasitesine sahiptir.

y=ay+ ax + ax*+ -+ a,x" (1)
3
(x— bi)z
fm=2mwpﬂ—?—) 2)
foy=da+ 278
- T b 3
1+’ .
fX)=y=a+ Z a;cos (iwx) + b;sin (iwx)  (4)
15=1
fx) = Z a; sin (b;x + c;) (5)

i=1
2.1.1. Polinom regresyon

Polinom regresyon, bagiml bir degisken ile bir veya
daha fazla bagimsiz degisken arasindaki iliskiyi ifade
etmek i¢in polinom fonksiyonlar1 kullanarak bir
regresyon modeli olusturma yontemidir. Genel olarak,
n. dereceden bir polinom regresyon modeli asagidaki
gibidir:
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y =ay+ a;x + ax? + -+ ayx™ (6)
Burada, ay, a;,ay,...,a, katsayilar: modelin
Ogrenilen parametreleridir ve degerleri regresyon
analizi ve dogrusal denklem sistemleri ile hesaplanir.
Polinom regresyonu uygularken modelin derecesini
segcmek dnemlidir. Bunun nedeni, diisiik dereceli bir
modelin veri setinin karmasikligini yakalayamamasi
ve benzer sekilde yiiksek dereceli bir modelin asir1
uyuma yol acgabilmesidir. Bu model, degiskenler
arasindaki karmasik veya dogrusal olmayan iligkileri
modellemek i¢in kullanilir.

2.1.2. Gauss regresyonu

Gauss regresyon modeli kullanilarak, veri setindeki
cesitli egilimleri ve diizensizlikleri modellemek i¢in
Gauss fonksiyonlarinin kombinasyonu kullanilmistir.

3
fm=2mwpc N

i=1 t

(x— bi)z) %

Bu formiildeki a,, a, ve a; katsayilar1 her bir Gauss
fonksiyonunun yiiksekligini belirlerken, by, b, ve b
katsayilari fonksiyonun merkezini, yani x eksenindeki
tepe noktasinin konumunu ayarlar. ¢y, c, ve c;3
katsayilari fonksiyonun genisligini kontrol eder.
Gauss regresyon modeli, oOzellikle zaman serisi
verilerindeki karmasik egilimleri ve dalgalanmalari
yakalama kabiliyeti nedeniyle pandemi gibi dinamik
ve hizli degisen durumlari modellemek i¢in en uygun
secimlerden biridir. Bu modelin yiiksek dogrulugu ve
diistik hata orani, saglikli bireylerin sayisim1 tahmin
etmede biiylilk basar1 saglamis ve pandemi
yonetiminde kullanilan ©6nemli modellerden biri
olmustur. Dolayisiyla, saglik politikalar1 ve miidahale
stratejileri gelistirilirken bu matematiksel modellerin
kullanilmasi daha dogru ve etkili kararlar alinmasina
yardimci olmaktadir.

2.1.3. 4-Parametreli sigmoidal lojistik regresyon

4-P  Sigmoidal lojistik regresyon modelinin
matematiksel ifadesi asagida verilmistir.
a—d
fX)=d+——= (8)

1+ ()

Bu modelde a parametresi fonksiyonun iist sinirini, d
parametresi ise fonksiyonun alt sinirini temsil
etmektedir. ¢ parametresi egimin derecesini belirler.
b parametresi x ekseni boyunca kayma miktarini
temsil eder ve egrinin orta noktasinin yerini belirler.
Bu model, belirli bir duruma veya kosula duyarl niifus
oraninin belirli bir zaman araliginda nasil degistigini
modellemek i¢in  kullanilabilir. a,b,c ve d
parametreleri, modelin hastalik yayilimi tzerindeki
etkilerini yansitacak sekilde optimize edilir. 4-P
sigmoidal lojistik model, bir hastaligin yayilma hizinin
baslangicta yavas oldugu, orta derecede hizlandig: ve
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sonunda bir doygunluga wulastigt durumlar

modellemek i¢in 6zellikle uygundur.
2.2.4. Fourier regresyonu

Fourier regresyonu, periyodik bir fonksiyonu siniis ve
kosiniis terimlerinin toplami olarak ifade eden bir
regresyon yontemidir. Genel olarak Fourier regresyon
modeli denklem 9'da verilmistir:

f)=y=ay+ Z a;cos (iwx) + b;sin (iwx)  (9)
i=1

Model, mevsimsel etkileri, yayilma dénemlerindeki
artis ve azalislar1 ve hastalik verilerinde gézlemlenen
diger periyodik ozellikleri yakalamay1
amagclamaktadir. Her bir terim, farkhi frekanslarda
hastaligin yayilma dinamiklerindeki dalgalanmalari
temsil etmektedir. Bu, modelin hastalik vakalarinin
zaman icinde nasil degisebilecegini daha kesin bir
sekilde tahmin etmesini saglar.

a, terimi veri setinin genel ortalamasini ifade eder ve
sabit bir degerdir. Cosinus ve Sinus terimleri farkli

frekanslardaki dalgalanmalar1 modellemek icin
kullanilir ve ay by a, by az bs katsayilari
dalgalanmalarin  genliklerini  (yiikseklikleri ve

derinlikleri) belirler. w dalganin agisal frekansini
ifade eder.

2.2.5 Siniis toplamlar:1 modeli

Siniis toplam modelleri, bir dizi siniis fonksiyonunun
toplami olarak temsil edilir. Bu model Fourier serisine
benzer, ancak genellikle daha basit bir formdadir ve
belirli sayida terimle sinirlidir. Bu model, hastalik
verilerinin periyodik olmayan ancak dalgalanan
karakterini modellemek i¢in kullanilabilir. Sinis
toplam modeli, hastalifin zamana gore degisen
yayillma oranini yakalayabilir.

5

fx) = Z a;sin (b;x + c;)

i=1

(10)

Modelin her bir bileseni, farkli frekanslarda hastaligin
yayllmasindaki dalgalanmalan ifade eder. Ozellikle,
hastalik  vakalarinin zaman icinde nasil
degisebilecegine dair daha ayrintili bir analiz saglar.

a; (i=1,2,..,5) katsayilar1 dalgalanmalarin genliklerini
gostermektedir. b; (i=1,2,..,5) katsayilari
dalgalanmalarin frekanslarin belirler. Bu, hastaligin
yayillma hizindaki periyodik degisikliklerin ne siklikla
meydana geldigini gosterir. ¢; (i=1,2,...,5) sabitleri
dalgalanmalarin zaman eksenindeki konumunu, yani
her bir dalgalanmanin baslangi¢ noktasini belirler.

2.2.6 SIR modeli
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SIR salgin modeli matematiksel olarak dogrusal
olmayan adi diferansiyel denklemler kiimesi asagidaki
formiiller ile temsil edilebilir

ds(z) a
——==——S8)!
0 5010
dl(t) a
2N Z8(e) 1) -
= 5 S010)- o) (an
dR(t) _
a yl(t)
Burada S(0) =S,,1(0) =1, R(0) =R, baslangi¢

kosullarive P = S(t) + I(t) + R(t) dir.

[2]'de bildirilen ilk tarih 4 Nisan 2020 oldugundan, Sy,
Io ve Ro'nin baslangi¢ degerleri olarak 4 Nisan 2020'de
Tiirkiye'deki stipheli kisi sayis1 ile enfekte ve
iyilesen/vefat eden kisi sayisi alinmistir. Popiilasyon
biiytikligilintin 84.000.000, enfekte kisi sayisinin 3013
ve iyilesen/vefat eden Kkisi sayisinin 378 (giinde 76
6lim ve giinde 302 iyilesme) oldugu varsayildiginda,
duyarli birey sayis1 83.996.609'dur. Bireylerin COVID-
19'a maruz kaldigindan siipheleniliyorsa o6nerilen
karantina stiresi 14 giin oldugundan dolay1 bulasma
orani a=1/14%0,0714 olarak alinmaktadir. 4 Nisan
2020'de enfekte olan toplam kisi sayis1 23934 ve
iyilesen/vefat eden toplam kisi sayis1 1287 (toplam
501 6lim ve toplam 786 iyilesen hasta) oldugundan,
iyilesme oram u=1287/23934~0.0538'dir [7].

3. Bulgular
3.1. Duyarl birey sayisi (S) ve zaman modeli

Hastalik siiphesi tasiyan saglikli bireylerin sayisini
tahmin etmek icin farkli regresyon modelleri
gelistirilmis ve bu modellerin performanslari
karsilastirilmistir. Polinom, Gauss ve sigmoidal lojistik
regresyon modelleri sec¢ilen zaman dilimi i¢in Tiirkiye
ornekleminde gelistirilmis ve her modelin R%, RMSE,
MAE ve MAPE gibi hata 6lciitleri ayrintili olarak analiz
edilmistir. Polinom regresyon modeli 0.99926'lik
yliiksek RZ degeri ve 2519.7'lik kok ortalama kare
hatast (RMSE) ile karakterize edilirken, gauss
regresyon modeli 0.99993'lik en yiliksek R-kare
degeri ve 813.97'lik en diisiik RMSE degeri ile daha iyi
performans  gostermektedir. Sigmoidal lojistik
regresyon modeli 0.99842 R? ve 3658.6 RMSE
degerine sahiptir.

Ote yandan, polinom ve sigmoidal lojistik regresyon
modelleri de yeterli bir performans sergilemis, ancak
Gauss regresyon modeli daha yiliksek tahmin
dogrulugu ve daha diisiik hata degerleri ile 6ne
cikmistir. Bu sonuglar, pandemi stirecinde kullanilan
matematiksel modellerin se¢iminde Gauss
regresyonunun tercih edilebilecegini ve daha etkili
tahminler saglayabilecegini gostermektedir.
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Tablo 2. S-t regresyonu hata ve yaklasim degerleri

Regresyon | MAE MAPE | RMSE
Modeli

polinom 0.99926 | 2057.33 | 0.0025 | 2412.4
(derece=4)

gaussian

(terim 0.99993 | 597.84 0.00071 | 750.44
sayisi=3)

4 parametreli

lojistik 0.99842 | 3051.4 0.0036 3534.6
(sigmoidal)

Uzman gortusleri, pandemi slirecinde S

parametresindeki azalmanin devam edeceginin altini
¢izmektedir. Bu dogrultuda, secilen zaman aralifinda
S parametresindeki azalma oranina bagli olarak Gauss
regresyon fonksiyonu en uygun model olarak
bulunmustur. Farkli regresyon modellerinin etkin bir
sekilde kullanilabilecegi ve uzman gorislerinin bu
slrecte hayati bir rol oynadig1 da belirlenmistir. SIR
modelinin Chebysev polinomundan yararlanilarak
elde edilen yaklasik degerlerin gercek degerleri
saglamadigl da gézlemlenmistir [7].
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3.2. Enfekte birey sayisi (I) ve zaman modeli

Turkiye'deki vaka c¢alismasi, hastalik tahmininde
farkli zaman serisi regresyon modellerinin
performansini degerlendirmeyi amaglamistir. Belirli
bir zaman araliginda hastaliga yakalanan bireylerin
sayisinl tahmin etmek icin Fourier, Gauss ve Sinis
regresyon modelleri kullanilmis ve her bir modelin
performansi hata oranlari ve yaklasim degerleri
acisindan degerlendirilmistir.

Calismada kullanilan Fourier regresyon modeli,
zaman serisi verilerindeki periyodik degisiklikleri
yakalamak i¢in yeterli bir yontemdir. Hastalik
yayiliminin tepe noktalarini ve dagilimini modellemek
icin Gauss regresyon modeli kullanilirken, daha
karmasik periyodik yapilar1 modellemek icin Siniis
regresyon modeli tercih edilmistir. Modeller
arasindaki performans farklarini géstermek i¢in her
bir modelin hata ve yaklasim degerleri Tablo 3.'de
detayli olarak gosterilmistir. Bu degerlendirmeler
sayesinde hastalik yayilma senaryolari i¢cin en uygun
modelleme tekniklerinin belirlenmesi ve tahminlerin
dogrulugunun artirilmasi amaglanmaktadir. Boyle bir
analiz, saglik sektoriinde daha bilingli planlama ve
kaynak tahsisi i¢in olduk¢a 6nemlidir.

Tablo 3. [-t regresyonu hata ve yaklasim degerleri

Regresyon | gy MAE MAPE | RMSE
Modeli

fourier

(terim 0.9134 | 270.4982 | 13.1367 | 403.0680
sayis1=3)

gaussian

(terim 0.9200 | 259.0115 | 13.1867 | 387.3738
sayis1=3)

sinus

(terim 0.9392 | 262.1306 | 17.8995 | 337.8367
sayisi=5)

Uzman  goriisleri, pandemi  siirecinde “1”7
parametresinde  artan/azalan/kararli  durumlar

arasinda bir gecis olabilecegini vurgulamaktadir. Bu
kapsamda se¢ilen zaman araliginda “I” parametresinin
azalma hizina bagh olarak Siniis regresyon
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fonksiyonunun toplaminin en uygun model oldugu
tespit edilmistir. Farkli regresyon modellerinin etkin
bir sekilde kullanilabilecegi ve uzman goériislerinin bu
stirecte kritik rol oynadigi da goriilmiistir. SIR
modelinin Chebyshev polinomu kullanilarak elde
edilen yaklasik degerlerin gercek degerleri
saglamadig1 da gozlemlenmistir [7].
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Pandemi siireci, 0Ozellikle saglik verilerinin
anlamlandirilmasinda bir¢ok bilimsel ve istatistiksel
analiz yonteminin test edildigi ve karmasik modellerin
on plana ¢iktig1 bir donemdir. Bu dénemde “I” ve “S”
parametreleri gibi kritik degiskenlerin dinamiklerini
anlamak, pandeminin yayilimini ve etkilerini tahmin
etmek icin hayati onem tasimaktadir. Uzmanlar,
pandemi siiresince “I” parametresinin zaman icinde
artma, azalma ya da sabit kalma gibi farkli durumlar
arasinda gecis yapabildigini ve bu gecislerin
pandeminin seyrini anlamada ©nemli bilgiler
verdiginin altin1 ¢izmektedir. Bu kapsamda, “S”
parametresinin belirli bir zaman araligindaki azalma
oraninin, Sinlis regresyon fonksiyonu kullanilarak
modellenmesinin en uygun yaklasim oldugu tespit
edilmistir. Bu fonksiyon, “S” parametresinin azalma
hizindaki degisimleri dikkate alarak pandemi
siirecindeki egilimleri yakalayabilen esnek bir
modelleme kapasitesine sahiptir.

Ote yandan, farkh regresyon modellerinin pandemi
verileri lizerinde etkin bir sekilde kullanilmasi, bu
sirecte veri analizi stratejilerinin c¢esitliligini
gostermektedir.  Dogrusal  regresyon, lojistik
regresyon ve makine 6grenmesi tabanli regresyon
modelleri gibi ¢esitli yaklasimlar = pandemi
dinamiklerinin karmasikligini ve degiskenligini
anlamak icin 6nemli araglar olarak ortaya ¢ikmistir.
Bu modeller o6zellikle “I” ve “S” parametreleri gibi
kritik degiskenlerin zaman icindeki davranislarini
analiz etme ve tahmin etme agisindan
degerlendirmektedir. Uzman goriisii, model se¢imi ve
uygulamasinda kritik bir rol oynar ve pandemi
stirecinde bilimsel analizlerin degerlendirilmesinde
o6nemli rol oynar. Bu durum, pandemi gibi kiiresel
saglik  krizlerinin = yodnetiminde multidisipliner
yaklasimlarin ve bilimsel isbirliginin 6nemini bir kez
daha gostermektedir.

3.3. lIyilesen/Vefat birey sayis1i (R) ve zaman
modeli

Tiirkiye'de pandemi boyunca hastaliktan kurtulan
veya iyilesen bireylerin sayisin1 tahmin etmek igin
regresyon modellerinin iyilestirilmesi ve bu
modellerin performansini karsilastiran veriler Tablo
4.'de verilmistir. Fourier, Gaussian ve Siniis regresyon
modelleri kullanilarak yapilan analizler, bu modellerin
hastaligin yayilmasini ve etkisini modellemedeki
etkinligini degerlendirmektedir. Fourier modeli
0.9825 R? ve 243.2374 RMSE ile yiiksek bir uyum
gosterirken, bunu 0.9739'luk biraz daha disiik R? ve
303.9395 RMSE ile Gauss modeli takip etmektedir.
Siniis modeli bu 6zel durumda en iyi performansi
gostermis, 0.9898 R2 degeri ve 197.4230 RMSE degeri
ile analiz edilen modeller arasinda en yiiksek uyum ve
en diisiik hata oranini sergilemistir. Bu sonuglar, farkl
regresyon modellerinin pandemi verileri tizerindeki
etkisinin kapsaml bir sekilde anlasilmasi i¢in 6nemli
bir temel olusturmaktadir.



H. Armagan vd. / Pandemi Siireglerinde S-I-R Gruplarinin Tahmini: Farkli Regresyon ve Diferansiyel Modellerin Performans Analizi

Tablo 4. R-t regresyonu hata ve yaklasim degerleri

Regresyon | p, MAE MAPE | RMSE
Modeli

fourier
(terim
sayisi=7)

0.9825 | 156.8949 | 9.4161 208.2961

gaussian
(terim
saylisi=6)

0.9739 | 198.2659 | 13.0551 | 254.2940

sin toplami

(terim 0.9898 | 116.7696 | 7.7674 159.1675

sayisi=7)

Tablo 4.'de sunulan hata ve yaklasim degerleri,
modellerin hastalik verileri iizerindeki tahmin
yeteneklerini somut bir sekilde gostermektedir. Bu
karsilastirmali analiz, pandemi sirasinda hastaligin
yayllma dinamiklerini ve niifus lizerindeki etkisini
anlamada matematiksel ve istatistiksel modellerin
onemini géstermektedir. Ozellikle Siniis modeli en
diisiik RMSE ve en ytliksek Rz degerine ulasarak zaman

serisi  verilerindeki  periyodik  dalgalanmalari
yakalamadaki Ustiinligiiniic ortaya koymaktadir.
Dolayisiyla, bu modeller pandemi miidahale

stratejilerinin planlanmasi ve uygulanmasinda énemli
bir rol oynamaktadir. Ayrica SIR modelinin Chebysev
polinomu kullanilarak elde edilen yaklasik degerlerin
gercek degerleri saglamadig1 goriilmiistiir [7].
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3.4. Duyarl birey sayisi - enfekte birey sayisi -
iyilesen/vefat birey sayisi ve zaman modeli

Bu analizde, Tiirkiye'de pandemi siiresince hastaliga
duyarli saglikli bireyler (S), hastaliga yakalanan
bireyler (I) ve iyilesen/vefat bireyler (R) gibi temel
gruplarin sayisini tahmin etmek icin polinom
regresyon modeli kullanilmistir. Polinom regresyon
modeli, pandemi sirasindaki veri setlerinin
karmasiklig1 ve bu verilerde gozlemlenen dogrusal
olmayan iligkiler nedeniyle secilmistir. Modelin R?2
degeri 0,9648 olarak hesaplanmis ve RMSE degeri
16667.2364 olarak belirlenmistir. Bu degerler
modelin veri setine ne kadar iyi uydugunu ve
tahminlerinin gercek verilere ne kadar yakin
oldugunu gostermektedir. Bu sonuglar, polinom
regresyon modelinin Tirkiye oOrneginde pandemi
stirecindeki S-I-R gruplarinin sayisini tahmin etmede
o6nemli bir rol oynadigini gostermektedir.

Tablo 5.S-I-R regresyonu hata ve yaklasim degerleri

Regresyon | p, MAE MAPE | RMSE
Modeli

polinom

(derecex=3 | 0.9648 | 13835.1047 | 0.0165 | 16667.2364
ve y=3)

Tablo 5.'de ayrintili olarak verilen hata ve yaklasim
degerleri, polinom regresyon modelinin
performansinin daha iyi anlasilmasini saglamaktadir.
Polinom regresyon, ozellikle pandemi verileri gibi
karmasik ve zamanla degisen veri setlerinde dogrusal
olmayan iliskileri yakalama kapasitesi nedeniyle
secilmistir. Modelin yliksek R2 degeri, veri setinin
biiylik bir bélimiinii basariyla agiklayabildigini ve
genel egilimleri yakalayabildigini gostermektedir.
Bununla birlikte, RMSE degerinin biiytikliigli, modelin
bazi tahminlerde 6nemli hatalar yapabilecegine isaret
edebilir ki bu, o6zellikle biyiik niifuslu ilkelerde
pandemi yonetimi i¢in dikkate alinmasi gereken bir
faktordiir. Bu tiir modellerin gelistirilmesi ve
degerlendirilmesi, pandemi miidahale stratejilerinin
planlanmas1 ve uygulanmasi icin degerli bilgiler
saglar, boylece daha etkili saglik politikalar1 ve
miidahaleleri gelistirilebilir.
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3.5. Regresyon modellerinin S-I-R gruplarina goére
genel karsilastirmasi

Regresyon modellerinin S-I-R parametrelerine gore
karsilastirmali analizi, her parametre ic¢in farkh
modellerin 6ne ¢iktigini1 gostermektedir. Duyarl birey
sayisl1 (S) icin Gauss regresyon modeli, en yitksek R?
(0.99993) ve en diisiitk RMSE (750.44) ile en basarili
model olmustur. Enfekte birey sayisi (I) i¢in siniis
toplam regresyon modeli, en yiiksek R* (0.9392) ve en
diisik RMSE (337.8367) degerleriyle en iyi tahmini
saglamistir. lyilesen/vefat eden birey sayisi (R)
tahmininde ise siniis toplam regresyon modeli en
yiiksek basariy1 gostermistir (R* = 0.9898, RMSE =
159.1675). Genel S-I-R tahmininde kullanilan polinom
regresyon modeli, yiiksek R? (0.9648) sunmasina
ragmen alt gruplara gore daha yliksek hata
degerlerine sahiptir. Bu sonuclar, her bir S-1-R bileseni
icin ayr1 ve wuygun model se¢iminin tahmin
dogrulugunu artirdigini ortaya koymaktadir.
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4. Tartisma ve Sonug¢

Bu calismada SIR modeli ile farkli regresyon modelleri,
aymi  S-I-R  zaman serisi verileri {zerinde
karsilastirilmistir. SIR modeli diferansiyel denklemler
araciliglyla niifus gruplarimin  degisim hizlarim
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modelleyen siirekli yapili bir sistem iken; regresyon
modelleri, dogrudan goézlemsel verilere dayali zaman
serisi tahminleri uiretmektedir. Modellerin
matematiksel temelleri farkli olsa da, her biri ayni
tarihsel veri seti ve baslangi¢ kosullariyla calistirilmis;
boylece S(t), I(t) ve R(t) degerlerine iliskin tahminler,
ortak hata élgiitleri (R%, RMSE vb.) ile nesnel bicimde
degerlendirilmistir. Bu yaklasim, modellerin teorik
yapilarindan ziyade, tahmin dogruluklarini esas
alarak uygulama diizeyinde Kkarsilastirilabilirligini
saglamaktadir.

Bu c¢alismanin sonuclari, pandemi siireci boyunca
farkli regresyon modellerinin kullanilmasinin S-I-R
verilerinin tahmini icin etkili yontemler oldugunu
gostermektedir. Ozellikle Gauss regresyon modeli, “S”
parametresinin tahmininde en yliksek dogruluk ve en
dusiik hata degerleri ile 6ne ¢gikmaktadir. Bu sonuglar,
pandemi yonetimi ve stratejileri icin matematiksel
modellerin seciminde Gauss regresyonunun tercih
edilebilecegini ve daha gilivenilir tahminler
iretebilecegini gostermektedir. Buna ek olarak, Siniis
regresyon modelinin “I” parametresinin tahmini icin
en uygun secenek oldugu gorilmistir. Bu model,
pandemi sirasinda hastaliga yakalanan bireylerin
sayisint daha iyi yakalayarak dogru bir tahmin
kabiliyeti saglamaktadir. Bu sonuclar, pandeminin
seyrini ve etkilerini anlamak icin farkli regresyon
modelleri kullanmanin daha dogru tahminler
iirettigini gdstermistir. Son olarak, polinom regresyon
modeli, pandemi sirasinda S-I-R verilerinin tahmin
edilmesinde etkili bir secenek olarak gériinmektedir.
Bu model, pandemi miidahale stratejilerinin
planlanmas1 ve yiriitilmesinde 6nemli bir rol
oynayabilir. Bununla birlikte, biiyiik niifuslu iilkelerde
tahminlerde bazi hatalar olabilecegi g6z Oniinde
bulundurulmalidir. Bu ¢alisma, pandemi miidahale
stratejilerinin gelistirilmesi ve uygulanmasinda veri
odakli yaklagimlarin 6nemini arz etmektedir.
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Abstract: Wood is widely used in the construction sector as a natural, renewable,
and sustainable material. It stands out with its features such as requiring little
processing, low waste production and being environmentally friendly. Its use,
especially for structural purposes, is increasing with developing technology.
Laminated laminated timber is an industrial product consisting of wood layers
combined parallel to the grain direction. Wooden structures need repair and
reinforcement over time. Traditional methods include applications such as steel or
aluminum plates and wood patches, but these methods are both costly and
ineffective in all cases. At this point, fiber-reinforced polymer (FRP) composites
offer an alternative solution. FRPs have the advantages of high strength and
stiffness-to-weight ratios, low maintenance costs, and easy installation. Studies on
strengthening wooden structures with FRP have generally focused on the bending
strength of beams. In this project, laminated timber beams produced from spruce
wood were strengthened with carbon, glass, and aramid fiber reinforcements, and
their bending behaviors were examined. The results show that carbon fiber-
reinforced polymers provide the highest performance. Glass and aramid fibers show
certain improvements but have not been found to be as effective as carbon fiber-
reinforced polymers in improving flexural properties. This suggests that the
reinforcement material to be used in structural elements should be carefully
selected according to the targeted performance characteristics.

Tabakalar Arasina Yerlestirilen Farkli FRP Tiirlerinin Lamine Kerestelerin Egilme

Ozellikleri Uzerine Etkisi

Anahtar Kelimeler
Ahgap,

FRP,

Giiglendirme,
Tabakalar arasi,
Kompozit

0z: Ahsap, dogal, yenilenebilir ve siirdiiriilebilir bir malzeme olarak yapi
sektoriinde yaygin bicimde kullanilmaktadir. Az islem gerektirmesi, diisiik atik
iretimi ve cevre dostu olusu gibi 6zellikleriyle 6n plana ¢ikmaktadir. Gelisen
teknolojiyle birlikte 6zellikle yapisal amaglh kullanimi artmaktadir. Tabakali lamine
kereste, lif yoniine paralel olarak birlestirilmis ahsap katmanlardan olusan
endistriyel bir triindir. Ahsap yapilar zamanla onarim ve giliclendirmeye ihtiyag
duymaktadir. Geleneksel yontemler ¢elik veya aliminyum plakalar, ahsap yamalar
gibi uygulamalar icermektedir ancak bu yontemler hem maliyetli hem de her
durumda etkili degildir. Bu noktada fiber takviyeli polimer (FRP) kompozitler
alternatif bir ¢6ziim sunmaktadir. FRP’ler yiiksek mukavemet ve sertlik-agirlik
oranlari, diisitk bakim maliyeti ve kolay kurulum avantajlarina sahiptir. Ahsap
yapilarin FRP ile giiclendirilmesine yonelik calismalar genellikle kirislerin egilme
dayanimi lizerinde yogunlasmistir. Bu projede, ladin odunundan tiretilmis tabakali
lamine kereste kirisler, karbon, cam ve aramid fiber takviyeleri ile gli¢clendirilmis ve
egilme davranislari incelenmistir. Sonuglar, karbon fiber takviyeli polimerlerin en
ylksek performansi sagladigini gostermektedir. Cam ve aramid fiberler belirli
iyilestirmeler gostermektedir ancak egilme 6zelliklerinin gelistirilmesinde karbon
fiber takviyeli polimerler kadar etkili olmadigi belirlenmistir. Bu da, yap:
elemanlarinda kullanilacak takviye malzemesinin, hedeflenen performans
ozelliklerine gore dikkatle secilmesi gerektigini ortaya koymaktadir.
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1.Introduction

Wood is a natural and renewable resource that is one
of the oldest construction and production materials in
human history and still maintains its importance
today [1-3]. Thanks to its natural fiber structure,
aesthetic appearance, workability, and environmental
friendliness, it offers a wide range of uses from the
construction sector to furniture production, packaging
to interior decoration. In addition, its low carbon
footprint and the fact that it requires less energy in
production processes make wood preferred in terms
of sustainability [4-9]. However, natural wood
materials have some limiting features such as
sensitivity to environmental factors, dimensional
instability, differences in mechanical strength, and
deformation that may occur over time. This situation
has created a need for more controlled and
performance-enhanced wood materials in
engineering applications. Developed in line with this
need, laminated timbers (laminated timbers) are
engineering products with homogeneous properties,
formed by combining wooden lamellae arranged in
different directions using adhesives [10,11].
Laminated timbers minimize the disadvantages of
natural wood, while increasing its mechanical
properties, making it possible to obtain more durable
and form-preserving structural elements. At the same
time, it offers structural solutions that provide
strength without compromising aesthetics in
architectural designs where large openings must be
crossed. Laminated timbers exhibit superior
properties, especially in terms of bending resistance,
shaping ability, and crack resistance, and are therefore
widely wused in many different engineering
applications such as bridges, roof beams, and sports
hall frames. However, in recent years, the tendency to
create hybrid structures with different materials has
increased to further increase the existing performance
[12-19].

The most important of these hybrid structures is the
combination of fiber-reinforced polymers with wood
materials. Fiber-reinforced polymers are composite
materials reinforced with different types of fibers
(glass, carbon, aramid, etc.) that provide high
mechanical strength and rigidity despite their low
density [20, 21]. These materials generally contain
thermoset resins such as epoxy, polyester, or vinyl
ester as the matrix phase, and the bond between this
matrix and the fiber determines the overall strength of
the structure [22]. Due to their properties such as high
chemical resistance, long-term performance under
fatigue, and corrosion resistance, FRPs are widely
used in many high-tech fields such as aviation,
automotive, defense industry, marine, and sports
equipment. These qualities have brought the use of
FRPs to the fore in the construction sector in recent
years, especially in structural reinforcement and
strength-increasing works [23-25].
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Reinforcement of wooden structural elements with
fiber-reinforced polymers is one of the most striking
innovations in this field. Due to its natural structure,
wood is affected by various environmental conditions
(humidity,  temperature changes, biological
deterioration, etc.), and its mechanical properties may
decrease over time [26,27]. Traditional wooden
elements require various interventions to maintain
structural integrity, especially in loading conditions
such as bending, tension, and compression. The use of
FRPs with wood is not only limited to increased
strength; it also allows for the construction of lighter,
more flexible, and longer-lasting structures. Their
lower weight compared to traditional steel or concrete
reinforced systems creates advantages in terms of
ease of transportation and assembly; they stand out as
an important alternative especially in restoration of
historical structures or wooden architectural
applications where aesthetics is at the forefront [28,
29]. In addition, the integration of composite
reinforcements into the structure can contribute to
the improvement of seismic performance by
increasing the energy absorption capacity of the
structure. Various studies on the reinforcement of
wood laminated timber (glulam) with fiber reinforced
polymers (FRP) show that this method significantly
increases structural performance [30-33].

The reinforcement of glulam beams using fiber-
reinforced polymers has been extensively explored in
recent decades. One of the early implementations of
FRP in timber structures involved the restoration of
damaged hardwood utility poles in the mid-1990s
using e-glass/epoxy laminates. Similarly, FRP
composites were employed to strengthen timber piles,
as demonstrated by Lopes Anido et al. (2003) [34].
Their study created hybrid glued-laminated timber
elements by embedding thin layers of E-glass/epoxy
composite between wooden laminations. Micelli et al.
(2005) [35] investigated how the inclusion of CFRP
rods could enhance the performance of glulam beams.
Their findings revealed that the beams' ultimate load
capacity and stiffness improved by 26-82% and 8-
19%, respectively. Complementing this, De et al
(2005) [36] conducted pull-out tests on CFRP rods
bonded to glulam using epoxy resin to evaluate the
effectiveness of the bond. Their research considered
various factors such as rod surface texture, bonded
length, and wood grain orientation, which later
informed the development of a localized bond-slip
model. In another contribution, Johnsson et al. (2006)
[37] performed four-point bending tests on ten glulam
specimens, each reinforced with rectangular
pultruded CFRP bars. Their results, benchmarked
against analytical models, indicated a significant
enhancement in short-term flexural load capacity
ranging between 49% and 63%. Further
advancements in timber reinforcement include
Gentry's (2011) [38] proposal to use transversely



Y. Simsek Tiirker et al. / Effect of Different Types of FRP Placed Between Layers on Flexural Properties of Laminated Timber

placed FRP pins across glulam layers to improve shear
resistance. Test outcomes showed that glulam
specimens reinforced in this way exhibited more
consistent mechanical behavior compared to their
unreinforced counterparts. Additionally, Gilfillan et al.
(2003) [39] examined Sitka spruce beams reinforced
with both steel and composite materials under short-
and long-term mechanical loading. Their experiments
demonstrated that the incorporation of FRP materials
notably increased the structural strength of the
beams. Ghoroubi et al. (2022) [40] developed a
generalized material model for wood-to-wood joints
by experimentally analyzing the load-displacement
behavior of connections with varying lengths, using
both adhesives and mechanical anchors. The model
enhances the accuracy of structural analyses involving
such joints when implemented in finite element
software. Karagoz Isleyen et al. (2023) [41]
investigated the impact response of glued timber
beams reinforced with CFRP strips. Through dynamic
testing and numerical modeling with ABAQUS, the
study demonstrated that FRP reinforcement
significantly improves the structural performance of
wooden beams under rapid loading conditions.

As a result, the use of fiber-reinforced polymers
together with wood structures enables the integration
of modern engineering solutions into traditional wood
construction systems; it is considered an important
innovative approach both in new building designs and
in the reinforcement of existing structures. In this
context, the effect of composite structures to be
obtained by strategically positioning fiber-reinforced
polymers in laminated timbers, especially on bending
performance, is of great importance. In this study, the
effects of different types of FRPs placed between
laminated timbers on the bending properties of
laminated timbers were experimentally investigated.

2. Material and Methods
2.1. Material

The spruce wood (Picea abies) used in the preparation
of composite beams was supplied by Yuceer Kereste
located in Isparta Province. In the selection of the
timber, care was taken to ensure that it was not
subject to physical and microorganism damage. To be
used in the production of composite beams,
20x100x1300 mm spruce timbers were obtained by
sawing with a circular sawing machine. After the
beams were stacked, they were kept in the air
conditioning room with 20+2°C temperature and
65+5% relative humidity conditions until they
reached 12% humidity. The characteristics of the
spruce wood species used in the study are given in
Table 1.

Table 1. Mechanical properties of spruce timber according
to DIN 1052:2008 [42] (values in MPa)
| Properties

Value |
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Bending 11
Tensile (Parallel) 8.5
Tensile (Vertical) 0.2

Compression (Parallel) 8.5
Compression (Vertical) 25-3
Modulus of Elasticity 11,000

(Parallel)

Modulus of Elasticity 350

(Vertical)

Shear Modulus 550

The image of carbon, aramid, and glass FRP polymer
fabrics used between the layers to improve the
mechanical properties of glulam composite beams is
given in Figure 1. FRP fabrics and chemical materials
used for bonding were supplied by UNALTEKNIK®
company [43].

Figure 1. FRP fabrics, (A): Carbon, (B) Aramid, (C) Glass

2]

In the control samples, Polyvinyl acetate (PVAc-D4)
glue was used to bond the layers. The manufacturer's
recommendations were followed in bonding the
layers. Technical specifications for use of the glue are
given in Table 2.

Table 2. Technical specifications for use of the glue

Technical Properties Value
pH 2.5
Adhesion strength 27.6 N/mm?2
Viscosity (20°C) 14000+1000 MPa
Density 1.1+0.02 g/cm?
Gluing time (at 21°C) 5-6 minutes

In the reinforcement stage with fiber-reinforced
polymers, a primer and epoxy adhesive specially
produced for FRP fabrics were used.

2.2. Method
2.2.1. Preparation of test samples

The test samples were prepared according to the
standard “TS EN 408: 2010+A1: 2014-04 Construction
Timber and Glued Laminated Timber - Determination
of Some Physical and Mechanical Properties”. PVAc-
D4 adhesives were used during the production of
composite beams from 20 mm thick air-dried solid
timber. 3-layer composite beams were produced, with
interlayers reinforced with carbon, aramid, and glass
fabrics and without interlayer (control). While
producing control samples, glue solution was applied
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to both surfaces of the layers with a brush at a rate of
180-200 gr/m2. The application of FRP fabrics to the
intermediate layers was carried out in several stages.
First, the FRP fabrics to be used were cut with a pair of
scissors, considering the dimensions of the surface to
be applied. Before starting the FRP application, the
wooden surface was cleaned with a brush, and dust
and dirt were removed and made clean. Then, a primer
coat was applied to the surface with a low-viscosity
epoxy resin, filling the pores of the wood and
increasing its adhesion ability. After the primer had set
for approximately 2 hours, the epoxy adhesive was
applied evenly to the area where the fabric would be
placed. The epoxy solution was applied to the solid
bonding surfaces with a roller and at a rate of 200
g/m2. Then, the fiber fabric was carefully placed on the
surface without creating wrinkles or air bubbles. The
fabric was pressed with a roller to ensure that it
completely adhered and settled on the surface. Finally,
epoxy was applied to the fabric again to ensure that
the fibers were completely saturated, and a

transparent, shiny surface was obtained. Figure 2
shows the stages of FRP application to layered
composite intermediate layers.

Figure 2. FRP application stages (A) Sizing the FRP fabrics,
(B) Applying primer to the surface, (C) Pouring the epoxy
adhesive into the mixing container, (D) Applying adhesive
to the surface, (E) Placing the FRP fabric on the surface, (F)
Applying the same application to the second intermediate
layer

Temperature and humidity control are important in
this process. The application should generally be
carried out between 15-25°C. In the bonding process,
after the surfaces are glued and waited for 5-6 minutes
(open time), the press pressure; approximately 1.2
N/mm?, the pressing time; 8 hours (closed time) was
applied cold, by adjusting the hydraulic press machine
with pressure indicator to apply 1.2 N/mm?2 pressure
cold. The schematic view of the beams prepared
within the scope of the study is given in Figure 3.
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Figure 3. Schematic view of the cross-sections of the
produced beams

Carbon Glass

Within the scope of the study, experiments were
carried out on a total of 12 beams by producing 3 beam
elements from each. The properties and codes of the
produced beams are given in Table 2.

Table 2. Properties and codes of produced beams

Code Layer Glue Reinforcement FRP
Number type Type
UR 3 PVAc-D4 - -
C-R 3 PVAc-D4 + Carbon
A-R 3 PVAc-D4 + Aramid
G-R 3 PVAc-D4 + Glass

2.2.2. Conducting experiments

In this study, the experiments of the beams subjected
to bending tests were carried out in Stileyman Demirel
University Natural and Industrial Research and
Application Center. The beams were subjected to a
static 4-point bending test with a loading rate of 8
mm/min by GB/T 26899-2011[44]. Bending loading
persisted until either a sudden increase in loading,
signifying failure, was detected by the loading
instrument, or substantial damage was visually
observed. To prevent the timber from crushing,
supports and loading points, constructed from steel
cylinders with a diameter of 20 mm, were utilized for
beam testing. Both unreinforced and reinforced beams
underwent testing following the same experimental
procedure as the initial tests. This was done to ensure
a fair comparison of the beam capacities. The image of
the beams subjected to bending placed in the bending
apparatus is shown in Figure 4 (A). The load-
displacement results obtained because of the
experiments are recorded on the computer given in
Figure 4 (B). Maximum load-carrying capacity,
bending strength, and elasticity modulus values were
obtained from the obtained load-displacement graphs.

E : {
i

Figure 4. (A) Placing the sample in the device, (B) Computer
screen where the results are read
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Equation 1 and Equation 2 are used to determine the
modulus of elasticity (MOE) and flexural strength
(MOR) from the bending test results [45]:

AP (1 — s)(21% + 2ls — s?)

MOE =
8Aybh?

Where Ay is the corresponding displacement of AP, b
is the width of the specimen, h is the depth Pmax is the
maximum load, | is the span of the specimen between
supports, and s is the span between the loads. AP is the
difference between the upper and lower loads in the
proportional limit.

3. Results and Discussion

In this study, a total of 12 samples were studied, 3
from each series in 4 different series. The load-
displacement curves of each sample produced in the
study are given in Figure 5. MOE and MOR values
obtained because of subjecting composite beams to
bending tests are given in Figure 6 and Figure 7.
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Figure 5. Load-displacement curves
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Figure 6. MOE values of composite beams

Figure 6 presents the comparative values of modulus
of elasticity (MOE) of wood composite samples
reinforced with different types of reinforcement and
unreinforced. Samples were tested with three
repetitions and the average MOE values for each group
are shown in the form of a column chart. Unreinforced
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samples (UR-1, UR-2, UR-3) have an average MOE
value of approximately 9500 MPa. This value stands
out as the lowest level compared to all other
reinforced groups. This shows that fiber
reinforcement makes a positive contribution to the
modulus of elasticity. Glass fiber reinforced samples
(G-R-1, G-R-2, G-R-3) show a slight increase compared
to unreinforced samples, with the MOE value being
approximately 9550 MPa. This increase reveals that
the contribution of glass fiber has a limited but
positive effect on elasticity. Aramid fiber-reinforced
samples (A-R-1, A-R-2, A-R-3) reached an MOE value
of approximately 9610 MPa. This value is higher
compared to glass fiber-reinforced samples, indicating
that aramid fiber increases the elastic modulus more
significantly. The samples with the highest MOE value
were observed in the carbon fiber reinforced group (C-
R-1, C-R-2, C-R-3). The samples exhibited an MOE
value of approximately 9800 MPa, indicating an
increase of approximately 3% compared to the
unreinforced samples. This result shows that carbon
fiber is the most effective reinforcement material in
increasing the elastic modulus.

UR-1 UR-2 UR-3 G-R-1 G-R-2 G-R-3 A-R-1 A-R-2 A-R-3 C-R-1 C-R-2 C-R-3
Beam Code

Figure 7. MOR values of composite beams

MOR (MPa)
N T
= 2 B g8 g 8 &

W

The flexural strength (MOR) values in the figure show
significant differences between reinforced and
unreinforced wood composite samples with different
reinforcement materials. Unreinforced samples (UR
series) have an average MOR value of approximately
31 MPa, which is the lowest among all samples. In
glass fiber reinforced samples (G-R series), MOR
values are approximately 34.5 MPa. This shows that
glass fiber reinforcement is effective in increasing
flexural strength, but the contribution is limited. There
is an increase of approximately 11% compared to
unreinforced samples. Aramid fiber reinforced
samples (A-R series) exhibit a higher flexural strength
compared to glass fiber samples, with an average MOR
value of 37 MPa. An increase of approximately 19%
compared to unreinforced samples shows that aramid
fiber makes a more effective contribution to the
composite structure. Carbon fiber reinforced samples
(C-R series) show an average MOR value of 39 MPa,
and the highest bending strength is obtained in this
group. This situation reveals that carbon fiber is the
most effective reinforcement material in increasing
structural strength. An improvement of approximately
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26% was achieved compared to unreinforced samples.
Karaman (2021) [46] investigated the bending
moment resistance of T-type, two-pin dowel joints.
Joints made with dowels obtained from Scotch pine
(Pinus sylvestris), hornbeam (Fagus orientalis),
chestnut (Castanea sativa), and oak (Quercus petraea)
were tested after being reinforced with basalt and
fiberglass knitted fabrics. It was observed that single-
and double-layer reinforcements made with fiber-
reinforced fabrics increased the mechanical
performance of furniture fasteners. The highest
bending moment values were obtained in samples
using oak dowels, and it was determined that oak
dowels provided 13% higher bending moment
resistance than hornbeam dowels, 32% higher than
chestnut dowels, and 43% higher than Scotch pine
dowels, respectively. Furthermore, among the
reinforcement types, the highest bending moment
resistance was found in samples reinforced with
basalt knitted fabric, while the lowest resistance was
found in unreinforced (control) samples. In general,
according to the results of the bending tests, it was
determined that the wood type was 3% effective, the
dowel type was 43% effective, and the reinforcement
fabric type was 72% effective. In another study,
Karaman et al. (2021) [47] aimed to determine the
four-point bending strength and modulus of elasticity
in bending of laminated materials obtained from black
pine wood reinforced with aramid fiber and
individually bonded with epoxy or polyurethane
adhesives. As a result of tests performed on samples
prepared by TS 5497 EN 408 (2006) standard, it was
determined that the highest static bending strength
value (83.94 N/mm?) was obtained in samples
prepared with aramid fiber reinforcement in
interlayers and using epoxy glue. Similarly, the highest
value in terms of modulus of elasticity in bending was
also determined to be in samples with interlayer
epoxy and aramid fiber reinforcement (10311.62
N/mm?). In addition, it was observed that samples
prepared in the direction parallel to the gluing line
exhibited higher mechanical performance compared
to those in the perpendicular direction. It has been
demonstrated that larch laminated wood materials
reinforced with aramid fiber can be used as structural
elements in the construction industry. In another
study, Karaman (2024) [48] investigated the effects of
sessile oak (Quercus petraea) laminated timber
reinforced with basalt fabric (BFRPWF) and plaster
mesh (PSM) on air-dry density and compressive
strength parallel to the grain . Single-component
polyurethane (PUR) adhesive was used as the
adhesive, and the reinforcement materials were
placed between the wood layers. Three different
sample groups were tested in the study: unreinforced
laminated oak timber (LOL), BFRPWF-reinforced
laminated oak timber (LOL-BFRPWF), and PSM-
reinforced laminated oak timber (LOL-PSM). The
findings revealed that both air-dry density and
compressive strength increased with reinforcement
applications. In particular, it was determined that the
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samples in the LOL-BFRPWF group exhibited higher
mechanical performance than the samples in the PSM-
reinforced and control groups. Karaman (2024) [48]
study shows that laminated oak timber reinforced
with BFRPWF and PSM offers a potential use in both
the furniture industry and building materials. It is also
seen that similar results were obtained by Yildirim et
al. (2018) [49], Karaman and Yildirim (2021) [50] and
Yildirim et al. (2021) [51]. The average maximum
load-carrying capacity, maximum displacement, MOE,
and MOR values of each series are given in Table 3.

Table 3. Average Max. load, max. displacement, MOE and
MOR values

Beams Ilj/([)z)((i Defll/:z)t(ion MOE MOR
Code (kN) (mm) (MPa) (MPa)
UR 23.10 28.10 9504 31.24
G-R 27.54 31.42 9543 34.39
A-R 29.54 33.87 9617 37.04
C-R 31.52 34.65 9794 39.21

In this study, the mechanical performances of
unreinforced (UR) and beam specimens reinforced
with different fiber reinforcements (glass fiber: G-R,
aramid fiber: A-R, carbon fiber: C-R) were
comparatively investigated. The obtained data
revealed that all reinforced specimens showed
significant improvements in terms of both carrying
capacity and deformation ability compared to the
unreinforced reference specimen. While the maximum
load carrying capacity was 23.10 kN in the UR
specimen, this value increased by 19%, 28% and 36%
in the G-R, A-R and C-R specimens, respectively,
reaching 27.54 kN, 29.54 kN and 31.52 kN. Similarly,
an increase was also observed in the maximum
deflection values; this reveals the effect of
reinforcement applications on increasing the ductility
of the beams. Limited but stable increases were
recorded in all reinforced specimens in terms of
modulus of elasticity (MOE); The highest value was
obtained in the carbon fiber reinforced sample with
9794 MPa. When evaluated in terms of modulus of
rupture (MOR), the most remarkable increase was
observed in the C-R sample with a rate of 25%.

4. Conclusion

In this study, the mechanical performances of
unreinforced (UR) and reinforced beams with
different fiber reinforcements were evaluated
comparatively. The results obtained are given below.

e Fiber reinforcement significantly improved the
important mechanical properties of the beams such
as modulus of elasticity (MOE), fracture strength
(MOR), load-carrying capacity, and deflection.
Reinforced samples exhibited a significant increase
in performance in all tests compared to unreinforced
reference samples.
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The obtained data in terms of modulus of elasticity
show that fiber reinforcement contributes to the
rigidity of the beams. In unreinforced samples, the
average MOE value remained at the lowest level, while
in fiber-reinforced groups, the MOE values of glass,
aramid, and carbon fibers increased significantly,
respectively. Glass fiber-reinforced samples showed a
limited but positive increase compared to
unreinforced samples, providing an improvement of
approximately 1-2% in the modulus of elasticity. In
aramid fiber samples, this increase became more
pronounced, and an improvement of approximately
3% was observed. The samples with the highest
modulus of elasticity were found in the carbon fiber
reinforced group, which showed an increase of
approximately 3-4% compared to the unreinforced
samples. These findings reveal that carbon fiber is the
most effective material in increasing the modulus of
elasticity.

The analyses made in terms of MOR show that fiber
reinforcement significantly increases the bending
strength. While the average MOR value was at the
lowest level in unreinforced samples, glass fiber-
reinforced samples provided a certain improvement
by increasing this value by approximately 11%.
Aramid fiber-reinforced samples reached a higher
MOR value compared to glass fiber samples, showing
an increase of approximately 19%. Carbon fiber-
reinforced samples achieved the highest MOR value
among all groups and provided an improvement of
26% compared to unreinforced samples. This result
shows that carbon fiber is the most effective fiber type
in increasing the bending strength.

Glass and aramid fibers also can increase the bending
strength, but carbon fiber makes a more significant
contribution in this area.

The effect of fiber reinforcement was also observed in
the evaluations made in terms of carrying capacity.
The carrying capacity of unreinforced samples
increased by 19% compared to glass fiber-reinforced
samples, 28% compared to aramid fiber-reinforced
samples, and 36% compared to carbon fiber-
reinforced samples. These findings show that fiber
reinforcement plays an important role in increasing
the carrying capacity and that carbon fiber is the
material that increases this capacity the most.

Increase in maximum deflection values was observed,
which shows that fiber reinforcements contribute to
increasing the ductility of the beams.

In conclusion, this study shows that fiber
reinforcement provides significant benefits, especially
in structural reinforcement applications. Carbon fiber
stood out as the most effective reinforcement material
by showing the highest performance in all tests.
Although glass and aramid fibers provided certain
improvements in terms of elastic modulus and
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fracture strength, respectively, they were not as
effective as the performance increase provided by
carbon fiber. These findings emphasize that the
selection of reinforcement material to be used in
structural elements should be made carefully
according to the targeted performance properties. The
use of fiber reinforcements offers great advantages,
especially in structural elements where bearing
capacity and bending strength are important. In
addition, it is concluded that fiber reinforcements are
an effective method for improving the mechanical
properties of composite structures and have
significant potential in various application areas.
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Keywords Abstract: Radiology reports often contain clinically critical yet complex information
Medical Report which, when presented in raw narrative form, can be difficult for physicians to
Summarization,

interpret efficiently. To address this challenge, we propose a Retrieval-Augmented
Generation (RAG) approach for medical report summarization that integrates a
FAISS-based semantic search engine with a lightweight T5 generative model. In the

Retrieval-Augmented
Generation (RAG),
FAISS Semantic Search,

T5 Transformer Model proposed methodology, the “Findings” sections of radiology reports from the
Clinical NLP, MIMIC-IIT dataset are encoded using Sentence-BERT. These embeddings are then
Radiology Report Analysis indexed with FAISS to retrieve semantically similar cases. The retrieved context is

concatenated with the original “Findings” and subsequently passed to the T5 model
to generate the corresponding “Impression” summary.

Experimental results demonstrate the effectiveness of the model in terms of both
lexical accuracy and semantic consistency. The system achieved ROUGE-1 of 0.5299,
ROUGE-2 0f 0.4206, METEOR of 0.5018, and a compression ratio of 0.9213. Domain-
specific validation further confirmed performance through FactCC (0.5463),
CheXpert Label Agreement (0.6194), and Medical Concept Overlap (0.5552).
Training dynamics revealed stable convergence across seven epochs, with
continuously decreasing validation loss and no evidence of overfitting.

Qualitative examples indicate that the model produces fluent and clinically coherent
summaries, though occasional factual hallucinations highlight areas for further
refinement. Overall, the proposed FAISS+T5 framework effectively overcomes key
limitations of traditional summarization methods by integrating contextual
retrieval with generative modeling. The approach provides a scalable, interpretable,
and domain-specific solution for clinical text summarization, showing strong
potential for real-world implementation in decision support systems.

Faiss indeksleme ve T5 Déniistiiriiciileri ile Radyoloji Rapor Ozetleme icin Hibrit Bir
Erisim ve Uretim Cercevesi

Anahtar Kelimeler 0z: Radyoloji raporlari, ham anlati bigiminde sunuldugunda hekimler igin klinik
lebi Rapor Ozetl_e[ne, _ acidan kritik fakat karmasik bilgilerin yorumlanmasimi zorlastirabilmektedir. Bu
Getirmeli Destekli Uretim soruna ¢6zliim olarak, bu ¢alismada FAISS tabanli bir semantik arama motorunun

l(:i?SGS)‘Tabanll Anlamsal kiigik boyutlu bir T5 uretici modelle entegre edildigi Retrieval-Augmented
Arama, Generation (RAG) yaklasimi 6nerilmektedir. Onerilen metodoloji, MIMIC-III veri
T5 Déniistiiriicii Modeli, setindeki radyoloji raporlarinin “Bulgular” béliimlerini Sentence-BERT modeli ile
Klinik Dogal Dil isleme, gomerek temsil etmekte; ardindan FAISS araciigiyla bu gomiiler tzerinden
Radyoloji Raporu Analizi semantik olarak benzer vakalar1 geri getirmektedir. Geri getirilen baglam, orijinal

“Bulgular” béliimiiyle birlestirilmekte ve T5 modeline beslenerek ilgili “Izlenim”
ozeti Uretilmektedir.

Deneysel sonuglar, modelin hem sézciiksel dogruluk hem de semantik tutarlilik
acisindan etkili oldugunu gostermektedir. Model, ROUGE-1'de 0,5299, ROUGE-2’de
0,4206, METEOR’da 0,5018 ve sikistirma oraninda 0,9213 degerlerine ulagmistir.
Ayrica alana 6zgli degerlendirmeler, FactCC (0,5463), CheXpert Label Agreement
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(0,6194) ve Medical Concept Overlap (0,5552) puanlari ile dogrulanmistir. Model,
yedi donem boyunca siirekli azalan dogrulama kaybi sayesinde asir1 uyum
gostermeden istikrarl bir yakinsama saglamistir.

Niteliksel 6rnekler, modelin akic1 ve klinik olarak tutarli ézetler iiretebildigini

ortaya koymaktadir.

Bununla birlikte, zaman zaman goriilen gercek disi

haliisinasyonlar, gelistirilmesi gereken yonleri isaret etmektedir. Genel olarak
onerilen FAISS+T5 yaklasimi, baglamsal geri alma ve liretim siireclerini entegre

ederek geleneksel

Ozetleme yontemlerinin temel sinirlamalarini

asmakta;

6lceklenebilir, yorumlanabilir ve alana 6zgii bir ¢6ziim sunarak klinik karar destek
sistemlerinde uygulanabilirligi acisindan umut vaat etmektedir.

1. Introduction

Medical report summarization is essential for
improving healthcare communications by enabling
efficient interpretation of patient histories,
diagnostics, and treatments. Growing levels of medical
data, particularly through the application of EHRs and
health IT, require sophisticated methods for
identifying relevant information without
overwhelming clinicians. Laborious manual analysis
of complex, lengthy medical narratives burdens
healthcare professionals, which prompts a movement
towards automated medical report summarization.

Transformer models of natural language processing
(NLP) and deep learning have been shown to be a key
enabler of the organization and summarization of
unstructured clinical data. Such technologies have
their value emphasized by [1] in their translation and
anonymizing of medical text without loss of meaning.
Such technologies enable clinicians to have immediate
access to relevant summaries for decision-making and
communication purposes.

Automated summary decreases human error in
manual documentation and increases patient safety
through clear unambiguous communication of crucial
content at transitions of care. [2] note that the
integration of narrative and structured data increases
the completeness of clinical knowledge. Furthermore,
the creation of patient-centered, concise summaries of
complex radiological narratives increases
comprehension and adherence therapy,
demonstrated by [3].

to

While beneficial, traditional summarization
techniques suffer from weak performance on
specialized vocabularies and contextual
interdependencies of medical discourse. [4] note that
whereas gigantic clinical data had the promise of
informing better patient care, they need to be
effectively summarized. [5] further says that patient-
level summary of information remains problematic,
thus limiting its usefulness in clinical decision-
making.Such shortcomings are further exacerbated by
variation of style of reports of medical specialties, for
which  traditional = models cannot reliably
accommodate.
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To address these weaknesses, Retrieval-Augmented
Generation (RAG) methods have been proposed as a
more robust alternative. Unlike extractive or pure
abstractive summarization, RAG integrates external
knowledge retrieval with generative models, ensuring
that summaries are not only fluent but also factually
consistent and contextually enriched. In radiology,
where subtle terminology differences (e.g., pulmonary
edema vs. pleural effusion) can drastically change
interpretation, this grounding mechanism offers a
clear advantage. [6] show that knowledge graph
integration increases clinical usability of radiology
summaries, while [7] and [8] highlight that retrieval-
enhanced models surpass standard NLP in capturing
nuanced clinical details.

Concrete clinical scenarios illustrate these benefits.
For example, in emergency care, a radiologist may
require a concise impression that is cross-validated
against similar prior cases to reduce diagnostic
ambiguity under time pressure. Similarly, in
longitudinal monitoring of chronic diseases, RAG can
retrieve relevant historical reports, helping physicians
detect subtle progression or stability of findings,
which improves treatment planning and patient
safety. By supporting such use cases, RAG aligns
directly with the needs of clinical decision support
systems, reducing cognitive load and ensuring
continuity of care [16], [17].

This work proposes a FAISS + T5 based radiology
report summarization pipeline on the MIMIC-III
dataset. "Findings" sections are embedded with
Sentence-BERT and indexed with FAISS for fast
retrieval of semantically similar cases. These relevant
cases in context direct the T5 model during the
summary of the "Impression" section. This
architecture assists in creating summaries relevant in
the context and clinically significant by aggregating on
case knowledge from the past in contrast to current
approaches.

Briefly, FAISS + T5 model offsets critical weaknesses
of classical medical summary by enhancing semantic
coherence, flexibility, and real-time specificity.
Facilitating the integration of new medical knowledge
and scaling to large models or retrieval methods (e.g.,
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DPR, BM25), it shows a very promising path for
clinical decision-making systems. Lastly, Retrieval-
Augmented Generation is a paradigm-changing
achievement of medical NLP that can deliver highly
accurate, context-aware summaries benefitting
patients and clinicians.

Extraction of medical reports has changed drastically
with advancements in natural language processing
(NLP) and machine learning. Various techniques have
been employed to automatically improve the
efficiency and accuracy of extractive summarization.
Traditional extractive methods of summarization
involve the choosing of most significant sentences in
full from the documents. Such methods tend to rely on
algorithms of the type TF-IDF (Term Frequency-
Inverse Document Frequency), LexRank, or clustering
techniques to extract primary pieces of information
from the documents [9]. Inasmuch, the classical
methods tend to output summarized forms of
documents, which lack deeper meaning and
contextual meaning of the medical terminologies and
conceptual relation, thereby suffering loss of critical
information required for decision-making at a clinic.
Abstractive summarization methods, on the other
hand, create original sentences that sum up the
content of the original work. Transformer architecture
models like BART and GPT-3 have, however, more
recently dominated the medical sector due to their
ability of creating coherent and contextually rich
summaries [10], [11]. Such models, however, have a
tendency of requiring large quantities of data fine-
tuning of a certain domain for the created summaries
to be relevant and correct. In addition, studies
currently running affirm that most models today can't
fetch data in real time, which limits contextual
knowledge of the reports being summarized [8].

The FAISS + T5 model approach being proposed here
differs from the typical summarization methods
through the integration of retrieval-based processes
with generative models. Inasmuch, through the usage
of the FAISS (Facebook Al Similarity Search) library
for knowledge retrieval, the proposed approach helps
facilitate an enhancement of the work of
summarization by allowing the model to integrate
external contextually relevant knowledge before
being used to produce summaries. This enables the T5
(Text-to-Text Transfer Transformer) model not only
to compose good summaries but also contextually
appropriate representations of the intricate relations
inherent in medical reports.

In the initial phase of the FAISS + T5 approach,
Sentence-BERT is employed to convert the "Findings"
sections of radiological reports to embedding vectors
that can be used for fast matching and retrieval of
similar findings based on contextual similarity by the
FAISS retrieval system [12]. This step is critical since
it allows the output of the model for summarization to
be derived based on relevant medical expertise, thus
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improving considerably the contextual depth and
correctness of the summaries being produced.

Integration of retrieval mechanisms along with the
process of generative summarization adds a number
of unique contributions to the proposed FAISS + T5-
based method compared to classical methods. First,
the method fortifies contextual understanding by
conducting retrieval of semantically relevant content
prior to the generation stage. This allows the model to
encapsulate more effectively the rich and multi-
dimensioned nature of medical vocabulary and
contextual relations of radiological reports [8], [13].
Secondly, through the addition of a retrieval-based
module, the method strengthens semantic integrity by
maintaining substantial content details and
conceptual relations throughout the process of
summarization [1], [7]. Finally, the suggested
architecture shows a very great degree of scalability
and mutability. It can be improved through the
addition of more powerful forms of the generative
model—such as T5-large, BioGPT, or BART—and
paired with more complex forms of retrieval
mechanism like Dense Passage Retrieval (DPR) or
BM25 [14], increasing its application for a range of
clinical decision-making systems [1]. Further, the RAG
architecture ensures real-time relevancy through
provisions for admission of latest clinical findings in
the output of the summary [15]. This increases the
assurance of healthcare professionals receiving
context-enriched summaries compatible with the
most contemporary knowledge of medicine,
accordingly adding value to the quality of healthcare
[2], [3]. In its entirety, the FAISS + T5-based method
forms a robust and looking-forward architecture that
effectively remedies the challenge of medical text
summarization by the joint integration of retrieval and
generation mechanisms.

In light of the existing literature, the proposed
FAISS+T5 framework explicitly addresses several
unresolved gaps. Previous studies in radiology report
summarization have largely relied on extractive
methods such as TF-IDF or LexRank, which fail to
capture the semantic richness and contextual
interdependencies of clinical narratives. Abstractive
Transformer-based approaches (e.g., BART, GPT-3)
improve fluency but require extensive domain-
specific fine-tuning and lack real-time contextual
grounding. Furthermore, most prior work has
evaluated performance using only general-purpose
metrics, without incorporating clinically oriented
measures that reflect factual consistency or diagnostic
validity. Finally, existing models rarely structure the
summarization process around the “Findings —
Impression” transformation, which directly reflects
the diagnostic workflow of radiologists. By integrating
semantic retrieval with generative modeling, aligning
inputs and outputs with real-world reporting practice,
and employing domain-specific evaluation metrics,
the FAISS+T5 framework not only advances
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methodological innovation but also provides a
clinically meaningful solution that directly responds to
these limitations in the literature.

2. Material Method and Experiment Settings
2.1. Dataset description

This work employs the MIMIC-III Radiology Report
database, which is a publicly available clinical
database widely used for medical NLP. There are
several structured sections in a regular report of the
database with “Findings” and “Impression,” of which
the former can be utilized to describe radiological
findings and the latter for the final interpretation of a
radiologist or a summary. In the current work, the
“Findings” section is adopted for the input text, while
the “Impression” section is adopted for the target
summary.

During preprocessing, several criteria were
systematically applied to ensure data quality and
clinical consistency. Reports with missing or null
values in either the “Findings” or “Impression” section
were excluded. Duplicate entries and records with
truncated or inconsistent formatting were also
removed. In addition, extremely short reports (fewer
than 10 words in either field) were discarded, as they
lacked sufficient clinical information for meaningful
summarization. After these filtering steps, the dataset
was reduced from the initial 95,689 reports to 82,485
valid samples. These were subsequently divided into
training (80,282 samples), validation (17,203
samples), and test (17,204 samples) subsets using a
stratified 70/15/15 split to preserve the distribution
of clinical findings across all partitions.

This preprocessing ensured that only clinically
informative, well-structured, and semantically rich
narratives were retained, thereby enhancing the
reliability of both the embedding-based retrieval stage
and the generative summarization process.

2.2. Text embedding and semantic indexing with
FAISS

To enable efficient semantic retrieval, we employed
the Sentence-BERT model all-MiniLM-L6-v2 to encode
the “Findings” texts into dense vector representations.
This model maps each sentence into a 384-
dimensional vector, capturing the contextual
semantics of the medical content. All embedding
operations were carried out using the sentence-
transformers library.

The resulting embeddings were indexed using FAISS
(Facebook AI Similarity Search), a high-performance
library for similarity search and clustering of dense
vectors. A flat L2 index (IndexFlatL2) was utilized to
compute Euclidean distance between embeddings.
This configuration allows fast nearest-neighbor
retrieval, which is essential for real-time generation
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tasks. For each “Finding” input, the top 3 semantically
similar “Findings” were retrieved from the FAISS
index and concatenated with the original input to
provide rich contextual grounding for the generative
model.

2.3. Input construction for summarization

The summarization input to the model consisted of the
original “Finding” text concatenated with the three
retrieved similar “Findings,” forming an extended
context window. This composite input was tokenized
using the T5Tokenizer with a maximum input length
of 512 tokens. The target “Impression” texts were also
tokenized with a maximum length of 200 tokens.

All of the dataset samples were converted in advance
to token IDs, attention masks, and label sequences
through data structures compatible with PyTorch.
Truncation behavior and dynamic input creation was
provided for by a custom RAGDataset class, and the
data were loaded using DataLoader with shuffling on
and memory pinning on.

2.4. Generative model and training configuration

The Hugging Face Transformers library's T5-small
model was used as the generative backbone for this
work. Fine-tuning was carried out for translating
longer input sequences comprising the original
“Finding” paragraph along with the automatically
fetched contextual findings to their respective
“Impression” summaries. Training was carried out by
utilizing the deep learning platform of PyTorch and
benefited from automatic mixed-precision (AMP)
training for computational efficiency on GPU.

Further, the model was optimized by the AdamW
optimizer with a base learning rate of 3e-5. A StepLR
schedule was implemented for the learning rate with
a gamma (decay factor) of 0.9 for adjusting the
learning dynamics during epochs. A CrossEntropyLoss
training objective was used by excluding the padding
tokens in particular for loss computation for right
updates of the gradients. Training was done for seven
epochs at a batch size of 16 samples in each iteration.
Figure 1 shows the diagram of the RAG + T5 model
used in the work.
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Figure 1: FAISS + T5 Workflow

The pseudocode for the model is provided in LaTeX
format and as a flowchart in Figure 2.

\begin{algorithm}[H]

\caption{Retrieval-Augmented Medical Report
Summarization (FAISS + T5)}

\KwIn{Radiology report section SFS (Findings)}
\KwOut{Generated summary SIS (Impression)}

\textbf{Step 1:} Encode SFS$ using Sentence-
BERT to obtain embedding SE_FS\\

\textbf{Step 2:} Query FAISS index with SE_FS
to retrieve top-$k$ nearest neighbors

SF_{NN}$\\

\textbf{Step 3:} Concatenate SFS with retrieved
texts SF_{concat} = F \parallel F_{NN}$\\

\textbf{Step 4:} Tokenize SF_{concat}$ and
feed into pretrained T5 model\\

\textbf{Step 5:} Decode T5 output to generate
impression SIS\\

\Return SIS

\end{algorithm}
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Figure 2: Workflow of the FAISS-T5 retrieval-augmented
medical report summarization pipeline. The ‘Findings’
section is embedded via Sentence- BERT and used to
retrieve similar past reports via FAISS.

Throughout training, validation loss was monitored at
the end of each epoch to evaluate model
generalizability. The model state yielding the lowest
validation loss was preserved as the best checkpoint
and stored under the name best_model.pt for
subsequent inference and evaluation procedures. This
training configuration was chosen to strike a balance
between model complexity, training time, and
performance, particularly given the domain-specific
nature of clinical text summarization.

2.5. Evaluation metrics

To comprehensively evaluate the quality of the
generated summaries, both syntactic fidelity and
semantic consistency were assessed using a diverse
set of evaluation metrics. Lexical similarity was
primarily measured using the ROUGE metric family—
including ROUGE-1, ROUGE-2, ROUGE-L, and ROUGE-
Lsum—which capture n-gram overlaps and sequence-
level alignment between the generated and reference
summaries. Additionally, BLEU and METEOR scores
were employed to evaluate fluency, grammaticality,
and surface-level correspondence, particularly
focusing on precision and synonymy.

Beyond surface similarity, several metrics were
integrated to assess semantic soundness. The
Compression Ratio was computed to measure the
conciseness of the generated summaries in relation to
the original references, reflecting the model's ability to
distill key information. FactCC, a factual consistency
classifier based on the ynie/roberta-large-nli model,
was utilized to estimate the semantic alignment
between each generated summary and its
corresponding input, thereby capturing hallucinations
or factual deviations.
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To evaluate domain-specific semantic accuracy,
CheXpert Label Agreement was introduced. This
metric quantifies the overlap of clinically significant
disease labels (e.g., “cardiomegaly,” “pleural effusion”)
between predictions and references, thereby
assessing diagnostic relevance. In addition, Medical
Concept Overlap was calculated using cosine
similarity over CountVectorizer representations,
capturing the alignment of shared clinical terminology
between generated and reference texts.

All metrics were computed over the test set. Where
applicable, implementations from the Hugging Face
evaluate library were employed; for others such as
CheXpert Label Agreement and FactCC, custom
Python-based evaluation scripts were developed.

3. Results

The performance of the proposed FAISS + T5-based
Retrieval-Augmented  Generation model was
evaluated quantitatively using multiple metrics and
qualitatively  through representative example
predictions.

3.1. Quantitative evaluation

The model demonstrated strong performance in both
syntactic and semantic dimensions. Table1 shows the
success metrics and values. ROUGE scores revealed
high n-gram and sequence-level overlap with the
reference summaries, achieving ROUGE-1 of 0.5299,
ROUGE-2 of 0.4206, ROUGE-L of 0.5126, and ROUGE-
Lsum of 0.5125. The BLEU score was 0.2199, with
relatively high unigram and bigram precision,
reflecting lexical alignment despite moderate length
compression (brevity penalty = 0.66). Additionally,
METEOR, which accounts for synonymy and word
order, achieved a notably high score of 0.5018,
underscoring the fluency and coherence of the
generated summaries.

Tablel: Performance Metrics

Metric Value
ROUGE-1 0.5299
ROUGE-2 0.4206
ROUGE-L 0.5126
ROUGE-Lsum 0.5125
BLEU 0.2199
L Precision @1-gram 0.5568
L Precision @2-gram 0.3726
L Precision @3-gram 0.2818
L Precision @4-gram 0.2110
L Brevity Penalty 0.6599
L Length Ratio 0.7064
L Translation Length 185268
L Reference Length 262287

488

METEOR 0.5018
Compression Ratio 0.9213
FactCC (Factual Accuracy) 0.5463
CheXpert Label Agreement 0.6194
Medical Concept Overlap 0.5552

To verify that the observed improvements were not
due to random variation, statistical significance
testing was conducted on ROUGE, BLEU, and METEOR
scores. Bootstrap resampling with 1,000 iterations
was applied to estimate 95% confidence intervals, and
pairwise comparisons with baseline models were
performed using the Wilcoxon signed-rank test. The
analysis confirmed that the improvements achieved
by the proposed FAISS+T5 framework were
statistically significant (p < 0.05) across all primary
metrics, thereby supporting the robustness of the
reported performance.

From a semantic evaluation perspective, the model
achieved a FactCC score of 0.5463, indicating
moderate factual alignment between generated and
reference texts. The CheXpert Label Agreement, which
evaluates the overlap of clinical findings at the label
level, reached 0.6194, suggesting that the model
captured key diagnostic information in most cases.
Furthermore, the Medical Concept Overlap, calculated
via cosine similarity over domain-relevant terms,
yielded a score of 0.5552, reinforcing the model's
ability to preserve clinically meaningful content. The
compression ratio was found to be 0.9213, indicating
that the generated summaries retained conciseness
while preserving essential information.

3.2. Training convergence

The model's training dynamics over seven epochs
reveal a consistent and smooth convergence pattern
for both training and validation loss values, as
depicted in Figure 3. Initially, the training loss started
at 0.4389 and underwent a sharp decline to 0.1917
after the first epoch. This early drop suggests rapid
adaptation of the model parameters to the task under

the influence of retrieval-augmented
contextualization.
Each epoch yielded marginal yet consistent

improvements in both metrics, indicating stable
learning and effective utilization of retrieved
contextual information. Notably, the validation loss
continued to decrease monotonically throughout all
epochs, without signs of overfitting, culminating in the
best model checkpoint at Epoch 7, with a validation
loss of 0.1371.

This convergence behavior highlights the reliability
and generalization capability of the FAISS-augmented
T5-small architecture when applied to medical report
summarization, validating the benefit of semantic
retrieval in guiding the learning process.
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Figure 3: Training and Validation Loss Graph
3.3. Qualitative analysis

Sample predictions from the test set reveal that the
model is capable of producing fluent and clinically
coherent summaries. In many cases, the output
preserved essential findings and mirrored the
diagnostic intent of the reference impression. For
instance:

. Reference: "Malpositioned right IJ central
venous catheter with tip terminating within the
axillary vein."

Prediction: "Right IJ central venous catheter
terminates at the axillary vein."

. Reference: "No acute cardiopulmonary
process."

Prediction: "No acute cardiopulmonary
process."
These examples demonstrate near-perfect

paraphrasing. However, in certain complex cases, the
model introduced clinically plausible but extraneous
information. For example:

. Reference: "No significant interval change.
Persistent, stable cardiomegaly without pulmonary
edema."

Prediction: "Mild bibasilar atelectasis."
. Reference: "Stable scarring in the lungs as
better assessed on prior CT chest. No definite signs of
superimposed pneumonia.”

Prediction: "No acute intrathoracic process."

While still medically reasonable, such discrepancies
reflect instances of partial factual inconsistency—
likely contributing to the mid-range FactCC and
CheXpert scores.

3.4 Error analysis of factual consistency

Although the proposed FAISS+T5 framework
demonstrates promising performance across multiple
evaluation dimensions, the FactCC score remained
relatively modest (~0.54). This outcome indicates
that, while the generated summaries were often
coherent and clinically plausible, a non-negligible
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proportion contained factual inconsistencies when
compared with their source reports. A deeper analysis
of these errors was therefore conducted to identify
their nature and potential causes.

Hallucination categories. Through qualitative
inspection, the observed inconsistencies were
categorized into five principal error types:

1. Negation and uncertainty errors
instances where expressions such as “no
evidence of effusion” or “cannot exclude
pneumonia” were incorrectly transformed
into affirmative statements.

Entity or finding substitution - replacement
of a clinically relevant concept with a related
but incorrect term, for example pleural
effusion being substituted with pulmonary
edema.

Temporal misattribution confusion
between stability and change over time, such
as rephrasing “stable cardiomegaly” as
“progressive cardiomegaly”.

Severity drift - incorrect adjustment of the
magnitude of a finding, such as “mild
atelectasis” being elevated to “atelectasis”
without qualification.
Retrieval-induced hallucinations
spurious details imported from semantically
similar but clinically divergent neighbors
retrieved by FAISS.

Illustrative examples include cases where the model
predicted “mild basilar atelectasis” despite the original
input stating “no acute cardiopulmonary process”, or
where “stable cardiomegaly without pulmonary
edema” was altered to “cardiomegaly with pulmonary
edema.” These examples demonstrate that errors
typically arise not from lack of fluency but from subtle
semantic shifts that alter clinical meaning.
Underlying causes. Several factors contributed to
these inconsistencies. First, the retrieval stage
occasionally introduced extraneous but plausible
neighbor findings, which, when concatenated with the
original input, biased the generative model towards
incorrect details. Second, the truncation of long
sequences to fit within the model’'s token limit
sometimes removed qualifying phrases (e.g., “cannot
exclude”), leading to loss of nuance. Third, the FactCC
verifier itself is trained on general-domain natural
language inference and does not fully capture
radiology-specific patterns such as hedging, negation,
or longitudinal comparison, which may both expose
and under-score clinically faithful outputs. Finally, the
absence of explicit factuality-aware objectives during
training left the generative process guided only by
cross-entropy loss, without constraints to penalize
contradictions.

Future directions. To mitigate these errors, several
strategies can be considered. Incorporating label-
aware retrieval filtering or re-ranking (e.g., guided by
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CheXpert labels) may reduce neighbor leakage.
Constrained decoding techniques could enforce
preservation of negation and uncertainty cues. In
addition, the integration of post-generation
verification modules—such as radiology-specific NLI
or label-based consistency checks—can help detect
and suppress hallucinations. Finally, extending
training with factuality-aware auxiliary losses would
further strengthen alignment between generated
summaries and source findings.

In summary, the relatively low FactCC score reflects
the interplay between retrieval noise, clinical
language complexity, and limited factual constraints
during generation. A structured error taxonomy not
only clarifies the nature of hallucinations but also
informs concrete methodological improvements
aimed at enhancing factual consistency in future
iterations of the model.

4., Discussion and Conclusion

The proposed study offers several distinctive
contributions to the field of radiology report
summarization. At its core, the framework introduces
a hybrid Retrieval-Augmented Generation (RAG)
architecture that combines Sentence-BERT
embeddings, FAISS-based semantic retrieval, and a T5
generative backbone. This integration moves beyond
the limitations of purely extractive or abstractive
methods by simultaneously ensuring factual
consistency, semantic depth, and fluency in generated
summaries.

A further contribution lies in the alignment of the
model with clinical practice, as the task is structured
around the “Findings — Impression” transformation
that mirrors the diagnostic workflow of radiologists.
By retrieving semantically similar findings and
embedding them into the generative process, the
system produces outputs that are not only technically
accurate but also directly usable within real-world
reporting scenarios.

In addition, the study advances the evaluation
landscape by employing a multi-dimensional
assessment strategy. Beyond widely used lexical
metrics such as ROUGE, BLEU, and METEOR, the
framework integrates domain-specific measures
including FactCC for factual consistency, CheXpert
Label Agreement for diagnostic relevance, and
Medical Concept Overlap for clinical terminology
alignment. This combination of general and
specialized metrics provides a more rigorous
validation of clinical applicability than has typically
been reported in prior studies.

Finally, the architecture is designed with scalability
and extensibility in mind. The FAISS retrieval layer
supports the seamless incorporation of more
advanced retrievers such as Dense Passage Retrieval
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(DPR) or BM25, while the generative backbone can be
upgraded to larger or domain-specific models such as
BioGPT or ClinicalT5. This modularity ensures that the
proposed framework can evolve alongside advances
in both retrieval technologies and generative
modeling.

Taken together, these contributions establish the
FAISS+TS5 pipeline not only as a technically innovative
approach but also as a clinically meaningful solution
with strong potential for integration into decision
support systems in radiology.

4.1. Strengths and implications

The experimental results revealed that the integration
of retrieved semantically similar “Findings” into the
input significantly enhanced the contextual richness
and specificity of the generated “Impression”
summaries. High ROUGE and METEOR scores
confirmed the lexical fidelity and fluency of the
generated outputs, while metrics like FactCC,
CheXpert Label Agreement, and Medical Concept
Overlap provided evidence of domain-specific
semantic alignment. Importantly, the model
maintained a high compression ratio (~0.92),
suggesting its capability to produce concise yet
informative summaries, which is critical in high-
volume clinical workflows.

The learning curve exhibited stable and monotonic

convergence, with validation loss continuously
decreasing throughout all epochs, indicating
generalization without overfitting. This trend

underscores the benefit of enriching input data with
retrieved contextual cases, especially in scenarios
where the target output is brief but semantically
dense, as is typical in radiology impressions.

4.2. Limitations

While powerful, the model had some weaknesses.
First, although the accessed knowledge supplemented
the input, it at times came along with redundant or
clinically irrelevant context, which might result in
lower FactCC scores for more complex cases. Second,
the requirement for T5-small, being computationally
less expensive, might have constrained the model’s
ability for more granular clinical detail compared to
other larger generative models like T5-large, BioGPT,
or BART. Lastly, the FAISS retrieval system, depending
only on semantic similarity by virtue of semantic
space, lacks domain-specific weighting, which might
result in clinically less relevant retrievals.

Qualitative analysis also revealed occasional factual
hallucinations or under-specification, most
prominently for uncertain or multi-finding stories.
These failures point to the necessity of enhancing
factual grounding in future models, potentially by
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including structured knowledge bases or supervised
retrieval filtering mechanisms.

4.3. Conclusion

This study presents a scalable and interpretable
framework for radiology report summarization using
retrieval-augmented generation. By leveraging prior
case context retrieved via FAISS and combining it with
the generative capabilities of T5, the system effectively
bridges lexical and semantic summarization needs in
the clinical domain. The approach demonstrates
significant improvements over traditional abstractive
models, especially in preserving factual integrity and
clinical terminology, making it a strong candidate for
integration into real-world medical documentation
pipelines.

Building on these findings, future work may explore
several directions. Integrating advanced retrieval
techniques such as Dense Passage Retrieval (DPR),
BM25 hybrid scoring, or domain-adaptive retrievers
could yield more clinically coherent contextual inputs.
On the generative side, leveraging larger encoder-
decoder architectures or domain-pretrained models
like BioBART or ClinicalT5 may further improve
summarization accuracy, especially in edge cases.

Moreover, integrating explanation modules, attention
heatmaps, or counterfactual evaluation can improve
interpretability—an important consideration in
clinical decision support systems. Evaluating the
model on broader datasets (e.g., discharge summaries,
pathology reports) and in multilingual settings may
also increase generalizability and practical
deployment potential.
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Keywords Abstract: This study aims to investigate the thermal performance of ABS, PLA, and
Thermal stress, TPU polymer composite materials produced using 3D printing technology under
Thermal analysis, high-temperature conditions through simulation and experimental methods.
gfi Steady-state and transient analyses conducted using CAD software evaluated the
TPU’, materials' temperature distribution, thermal stress, and deformation behavior. The
Optimization findings indicate that temperature variations directly influence the mechanical
durability of polymers and that critical stress concentrations may shorten the
material's service life. Notably, TPU exhibited higher deformation levels, while PLA
was found to be sensitive to pronounced temperature gradients, and ABS
demonstrated a more uniform stress distribution. Optimization recommendations
suggest that improvements in production parameters and design can reduce
thermal stresses by 15-25%. These results provide valuable insights for developing
more durable and long-lasting designs in industrial applications of polymer
composites.
3D Baski ile Uretilen Polimer Kompozit Malzemelerin Termal Performansinin
Simiilasyonu ve Optimizasyonu
Anahtar Kelimeler 0z: Bu caligmada, 3B baski teknolojisi kullamlarak iiretilen ABS, PLA ve TPU polimer
Termal stres, kompozit malzemelerin yiiksek sicaklik kosullarindaki termal performanslarinin
Termal analiz, simiilasyon ve deneysel yontemlerle incelenmesi amac¢lanmistir. CAD yazilimi
ABS, kullanilarak gergeklestirilen kararli durum ve gecis analizleri, malzemelerin sicaklik
PLA, dagiliminy, termal stresini ve deformasyon davranisini degerlendirmistir. Bulgular,
TPU, sicaklik degisimlerinin polimerlerin mekanik dayanikliligini dogrudan etkiledigini
Optimizasyon ve kritik stres konsantrasyonlarinin malzemenin hizmet émriinii kisaltabilecegini
gostermektedir. Ozellikle TPU daha yiiksek deformasyon seviyeleri sergilerken,
PLA'min belirgin sicaklik gradyanlarina duyarlh oldugu ve ABS'nin daha diizgiin bir
stres dagilimi gosterdigi bulunmustur. Optimizasyon oOnerileri, iretim
parametrelerinde ve tasarimda yapilan iyilestirmelerin termal stresleri %15-25
oraninda azaltabilecegini gostermektedir. Bu sonuclar, polimer kompozitlerin
endiistriyel uygulamalarinda daha dayanikli ve uzun 6miirlii tasarimlar gelistirmek
icin degerli bilgiler saglamaktadir.
1. Introduction By employing the layer-by-layer additive

manufacturing principle, 3D printers facilitate the
3D printing technology has brought revolutionary rapid production of physical prototypes. This

advancements to prototyping and industrial capability leads to significant time and cost savings
manufacturing processes in recent years. This during product development processes. Furthermore,
technology enables the transformation of digital the technology supports customization, enabling
models into physical objects, providing speed and manufacturers to respond swiftly to customer
flexibility in design and production processes [1]. One demands and produce personalized products. For
of its key advantages over traditional manufacturing instance, in the aerospace industry, 3D printers are
methods is the ability to produce complex geometries extensively used to manufacture lightweight and
quickly and cost-effectively [2]. durable components [3].

*Corresponding author: selimbacak@isparta.edu.tr
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Polymer composites hold a significant place among
engineering materials due to their lightweight nature,
high strength, and customizable properties. With their
low density and superior mechanical performance,
they are widely used in the aerospace, automotive, and
construction industries. Moreover, their production
does not require high temperatures or pressures,
making it relatively easier to manufacture complex-
shaped components [4].

Despite these advantages, the thermal performance of
polymer composite materials produced by 3D printing
under high-temperature conditions is often
overlooked. This aspect is critical for ensuring
material durability and long-term use. Polymer
composites exposed to elevated temperatures are at
risk of deformation due to thermal expansion and
stress. Therefore, understanding how 3D-printed
specimens respond to temperature variations is
essential [5].

The thermal properties of polymer composites play a
crucial role in assessing their behavior under high-
temperature conditions. Table 1 presents the thermal
conductivity and thermal expansion coefficients of
commonly used polymer materials, including ABS,
PLA, and TPU.

Table 1. Thermal properties of polymer composites

Specific Thermal
Thermal !
i .. Heat Expansion
Material Conductivity . ns
(W/mK) Capacity Coefficient
(/g°C) (um/m°C)
ABS 0.17 1.3 90
PLA 0.13 1.2 68
TPU 0.24 1.8 150

The ABS material exhibits a low thermal conductivity
of 0.17 W/mK and a thermal expansion coefficient of
90 pum/m°C. This indicates that ABS undergoes limited
expansion at high temperatures but has low thermal
resistance [6]. PLA, with a lower thermal conductivity
of 0.13 W/mK and a thermal expansion coefficient of
68 um/m°C, demonstrates a more stable thermal
performance [7]. On the other hand, TPU features
relatively higher thermal conductivity at 0.24 W/mK
and a thermal expansion coefficient of 150 um/m°C.
These values suggest that TPU’s elastic structure leads
to greater expansion in response to temperature
changes [8].

These properties are critical factors that must be
considered during material selection and design
processes. In particular, understanding how 3D-
printed composite materials respond to thermal
stresses and deformation requires a comprehensive
analysis of these thermal properties.

This study aims to investigate the thermal behavior of
ABS, PLA, and TPU materials under varying
temperature conditions. Through thermal analysis
and simulations conducted using CAD software, the
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study will evaluate potential deformations and
thermal stresses within the specimens.

Symbols and Abbreviations;

ABS Acrylonitrile Butadiene Styrene

PLA Polylactic Acid

TPU Thermoplastic Polyurethane

CAD Computer Aided Design

FEA Finite Element Analysis

ASTM American Society for Testing and Materials
°C Degree Celsius

W/mK  Watt per meter-Kelvin

um/m°C  Micrometer per meter-Celsius

h : Convective heat transfer coefficient (W/m?K)
€: Emissivity (-)

2. Material and Method
2.1 Modeling with CAD software

Some powerful software widely used for computer-
aided design (CAD) and engineering analysis [9]. In
this study, 3D models of tensile test specimens were
created using CAD, following the ASTM D638-1V
standard. The specimen geometry was designed
according to the dimensions specified by the standard:
a total length of 115 mm, narrow section width of 6
mm, thickness of 3.2 mm, grip section width of 19 mm,
gauge length of 33 mm, and a fillet radius of 14 mm
[10].

During the modeling process, correctly defining
material properties is crucial. The thermal
conductivity, specific heat capacity, and thermal
expansion coefficients of polymers such as ABS, PLA,
and TPU were assigned to the model using the CAD
software material library. This ensured that the
thermal analysis produced realistic and reliable
results [11].

Additionally, the necessary boundary conditions for
thermal analysis were defined within the model. For
instance, fixed temperatures were applied to specific
surfaces of the specimen, and convection coefficients
were assigned to simulate heat transfer with the
environment. These boundary conditions are critical
for accurately simulating the specimen's real working
conditions [12].

In other study, proposed a novel model for predicting
the tip displacement of MEMS-based piezoelectric
cantilevers with varying layer thicknesses and lengths.
The modeling was conducted using COMSOL
Multiphysics, = accompanied by  experimental
validation [13].
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Figure 1. CAD model of the ASTM D638-1V standard
specimen

2.2 Thermal analysis simulation

The CAD software simulation module provides
comprehensive tools for conducting thermal analyses.
In this study, both steady-state and transient thermal
analyses were performed to investigate the thermal
behaviour of the specimens [14].

ABS Temperature Distribution

Y Coordinate (mm)
Y Coordinate (mm)

4
X Coordinate (mm}

6

4
X Coordinate (mm)

PLA Temperature Distribution

6

In steady-state analysis, a constant temperature
distribution within the specimen is assumed, and the
resulting heat flux and temperature distribution are
calculated. Conversely, transient analysis examines
the specimen’s thermal response under time-
dependent temperature conditions, allowing for an
understanding of how the specimen reacts to sudden
temperature changes [15].

The thermal analyses consider the primary heat
transfer mechanisms: conduction, convection, and
radiation. CAD simulation models these mechanisms
to compute the temperature distribution and thermal
stresses within the specimen. Specifically, convection
and radiation boundary conditions were applied to the
specimen's surfaces to simulate heat exchange with
the environment [16].

The analysis results provided critical insights into the
specimen’s temperature distribution, thermal
stresses, and potential deformation zones. These
findings form the basis for evaluating the thermal
performance of 3D-printed polymer composite
materials and guiding design optimization efforts.
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Figure 2. Steady-State temperature distribution of the specimen

The steady-state temperature distribution of the
specimen for ABS, PLA, and TPU materials is
presented in Figure 2, with the surface temperature
profile of each material illustrated using a colour scale:
ABS: Exhibits a moderate temperature
distribution, with temperature gradients
more evenly spread.

PLA: Displays a slightly more concentrated
temperature distribution at elevated levels.
TPU: Contains regions with higher
temperatures and is more sensitive to sudden
temperature changes.

3. Results and Discussion

This section presents the findings derived from
simulations and experimental measurements. The
results cover the temperature distribution on the
specimen, the thermal stresses and deformations
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caused by this distribution, and optimization
recommendations regarding design and production
parameters.

In the numerical simulations, detailed boundary
conditions were applied to accurately represent the
thermal environment of the specimen. The upper
surface was subjected to a constant temperature of
100 °C, simulating the external heating effect, whereas
the bottom surface was maintained at ambient
temperature (25 °C) to account for conductive heat
dissipation. The lateral surfaces were exposed to
convective heat transfer with a coefficient of h = 10
W/m?K, determined from natural convection
correlations in air for surfaces of comparable size and
geometry. In addition, radiative heat transfer was
included by assigning an emissivity value of € = 0.9,
which is a typical emissivity for polymer-based
composite surfaces [17]. These parameters were
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selected to ensure that conduction, convection, and
radiation were simultaneously considered in the
thermal response of the model.

3.1 Temperature distribution

3.1.1 Temperature variations on the surface and
interior

Finite Element Analysis (FEA) or similar thermal
analysis methods were used to examine scenarios

éﬁBS Surface Temperature Distribution

w

E‘PLA Surface Temperature Distribution

where the specimen was exposed to specific
temperatures. Simulation results indicate that rapid
temperature changes are observed on the surface of
the specimen, while the temperature within the
interior propagates more slowly. This difference
directly influences the distribution of thermal stresses
within the material. Figure 3 illustrates the surface
temperature distribution of the specimen using a color
scale. Red tones indicate regions with the highest
temperatures, while blue tones represent areas with
the lowest temperatures.
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The surface temperature distribution for ABS, PLA,
and TPU materials is characterized as follows:
e ABS Surface: Exhibits a more uniform and
widespread temperature profile.
e PLA Surface: Shows more
temperature variations, with
transitions across the surface.

distinct
sharper

ABS Temperature Change

Y Coordinate (mm)

12.6

X Coordinate (mm)

Figure 3. Surface temperature distribution of the specimen

PLA Temperature Change
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e TPU Surface: Contains steeper temperature
gradients and is more sensitive to sudden
changes across the surface.

Figure 4 presents the temperature variations over
time at different depths (e.g., 0.5 mm, 1 mm, and 2
mm). The graph indicates that regions closer to the
surface respond more rapidly to temperature
increases, whereas the interior regions warm up more
gradually.
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Figure 4. Temperature variations over time at different depths
e PLA: PLA responds more quickly to

The temperature variation graphs for ABS, PLA, and
TPU materials at different depths are characterized as
follows:
e ABS: The regions close to the surface (0.5
mm) show a rapid temperature increase,
while deeper regions (1 mm and 2 mm)
experience slower temperature changes.
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temperature changes, but as the depth
increases, the response becomes delayed.

e TPU: TPU exhibits a fast response on the
surface, whereas the temperature changes in
the interior regions take longer to stabilize.
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3.1.2 Comparison of experimental and simulation
data

The temperature distribution results obtained from
simulations were compared with experimental
measurements. Infrared thermal cameras and
embedded thermocouples (for measuring interior

temperatures) were used for experimental data
collection. Table 2 compares the maximum and
average temperature values from the experimental
measurements and simulation results. The table
demonstrates that the simulation results are in good
agreement with the experimental data, with a
deviation of around 0.9-1.3%

Table 2. Comparison of maximum and average temperature values from experimental and simulation data

. Simulation Experimental Simulation Difference
Experimental : .
. . Maximum Average Average Difference (%)
Materials Maximum
o~ Temperature Temperature Temperature (%) (Max) (Average)
Temperature (°C) ., o o
(Y (Y (&Y
ABS 220 218 210 208 0.90 0.95
PLA 225 223 215 213 0.88 0.93
TPU 230 227 220 218 1.30 0.90

These results demonstrate the reliability of the
thermal analysis method employed and contribute to
the accuracy of the subsequent stress and deformation
calculations.

3.2 Thermal stresses and deformation

3.2.1 Stress analysis

5 ABS Thermal Stress Distribution
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Figure 5. Distribution of thermal stresses on the specimen

The thermal stress distribution on the specimen for
ABS, PLA, and TPU materials is characterized as
follows:

e ABS: Thermal stresses are more uniformly
distributed, though stress concentrations are
observed in critical areas.

e PLA: Certain regions exhibit higher stress
concentrations, indicating that the material
may be more susceptible to crack initiation.

e TPU: Displays more pronounced stress
accumulation, particularly in transition
zones, posing a higher risk of material failure.
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PLA Thermal Stress Distribution
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Temperature fluctuations cause expansion and
contraction within the material, leading to thermal
stresses in various regions. Critical areas, such as
sharp geometric corners, holes, or narrow channels in
the specimen, have been identified as regions of high
thermal stress concentration. Figure 5 illustrates the
distribution of thermal stresses on the specimen. The
color scale represents the stress values (MPa),
showing that the highest stresses are concentrated in
the material transition zones
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Regions with the highest stresses are potential sites
for crack initiation, which could adversely affect the
material's service life and mechanical durability.

3.2.2 Deformation analysis

When thermal stresses exceed a certain threshold,
they can lead to either elastic or permanent
deformation. Simulation results indicate that plastic
deformation occurs in certain regions of the specimen.
Figure 6 illustrates the variation of total deformation
over time at different locations (e.g., critical points
selected along the X, Y, and Z coordinates).
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Figure 6. Total deformation values over time at different locations

The time-dependent total deformation behavior for
ABS, PLA, and TPU materials is described as follows:
ABS: Deformation shows a rapid initial
increase and stabilizes over time. Although
variations exist among regions X, Y, and Z,
ABS generally exhibits lower overall
deformation levels.

PLA: PLA experiences more pronounced
deformation, particularly in region X, where
deformation accumulates over time. This
indicates that PLA is more sensitive to stress
concentrations.

TPU: TPU shows rapid initial deformation,
gradually reaching equilibrium over time.
This behavior is attributed to its elastic
properties, resulting in the highest overall
deformation levels.

Table 3 presents the maximum deformation values
measured or calculated in different regions of the
specimen. Notably, deformation levels in critical areas
are observed to be close to the material’s threshold
limits.

Table 3. Maximum deformation values in different
regions of the specimen

Region ABS (mm) PLA (mm) TPU (mm)

X 0,15 0,22 0,35
Y 0,12 0,18 0,28
Z 0,1 0,15 0,25
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It has been observed that PLA and TPU exhibit higher
deformation levels, with TPU reaching the highest
values due to its elastic nature. The results of the
deformation analysis indicate the need for structural
improvements in specific regions of the design. Failure
to address these issues could lead to unwanted
failures or performance degradation during long-term
use.

3.3 Optimization recommendations

Homogenizing the thickness distribution and
introducing support structures at regions where
abrupt changes in thickness occur (transition points
from narrow to wide sections) help reduce stress
concentrations. As observed in Figure 5, this leads to a
reduction in the maximum stress values in critical
areas. Additionally, the maximum deformation levels
in regions prone to plastic deformation are also
reduced.

Parameters such as heating/sintering temperatures,
printing speed and layer thickness applied in the
additive manufacturing (3D printer) process directly
affect the thermal behavior of the sample. Thinner
layers ensure that the interlayer bond is more
homogeneous and the internal stresses are more
evenly distributed. However, it also brings
disadvantages such as increased printing time. Low
print speeds allow more uniform cooling of the
material and reduce stress build-up. Higher printing
temperatures can be expected to improve material
fluidity; However, shrinkage effects occurring during
the cooling phase must be controlled



S. Bacak et al. / Simulation and Optimization of the Thermal Performance of Polymer Composite Materials Produced by 3d Printing

5AE’»S Opt. Thermal Stress Distribution

Y Coordinate (mm)
Y Coordinate (mm)

0

0 2 4 6

X Coordinate (mm)

8 10 0 2 4

E‘PLA Opt. Thermal Stress Distribution

6

X Coordinate (mm)

5TPU Opt. Thermal Stress Distribution

4
3
2

0.33
1

0.24
00 2 4 6 8 10 015

X Coordinate {(mm)

o
o
©

[=} o
wn [
= o

o
=
N

Y Coordinate (mm)
Stress (MPa)

8 10

Figure 7. Thermal stress distribution on the specimen after optimization

The optimized thermal stress distribution for ABS,

PLA, and TPU materials shows significant
improvements (Figure 7):
e ABS: Stress concentrations have been

reduced by 15%, resulting in a more uniform
stress distribution.

PLA: High-stress regions have been reduced
by 20%, effectively lowering the risk of crack
initiation.

TPU: Stress levels have been reduced by 25%,
minimizing the risk of failure due to elastic
deformation.

These optimizations contribute to enhanced
mechanical durability and thermal performance of the
materials, particularly in critical regions.

The statement that “stress was reduced by 25% in
certain regions” refers specifically to the optimization
scenario in which thermal boundary conditions of 100
°C (top surface) and 25 °C (bottom surface) were
applied. This reduction was identified in the central
region of the specimen, where thermal stresses were
most pronounced. The optimization was achieved
through geometrical modification and mesh
refinement in the finite element analysis.

It should be noted that all analyses in this study were
performed on small-scale ASTM standard specimens.
While this approach provides controlled and
repeatable conditions for evaluating the thermal and
structural behavior of the material, it also introduces
a limitation. The results obtained from such small-
scale samples may not be directly generalized to
industrial-scale applications, where larger geometries
and more complex boundary conditions are involved.
Therefore, caution should be exercised when
extrapolating the findings of this work to real-world
engineering structures.

The additive manufacturing process inherently
introduces mechanical anisotropy due to the layer-by-
layer deposition of material. Interlayer adhesion is a
critical factor influencing the structural and thermal
performance of polymer composites. In the present
study, isotropic material behavior was assumed for
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simplification purposes. However, this assumption
constitutes a limitation, as it does not fully capture the
anisotropic characteristics commonly observed in 3D-
printed components.

4. Conclusion

The simulation and experimental verification studies
have revealed the behavior of the sample under
certain thermal conditions. The findings show that the
stress and deformation levels of the sample, especially
in high-temperature regions, are approaching critical
values. This suggests that the sample possesses a
certain level of resistance to thermal loads
encountered in its intended application areas.
However, if the design or production parameters are
not optimized, long-term wusage may result in
performance loss.

The material's operating capacity within certain
temperature ranges is significantly consistent with
experimental and simulation data. It has been
observed that this resistance can be enhanced by
implementing additional design solutions focusing on
critical regions. The stress analysis indicates that
thermal stress concentrations are localized in specific
areas of the sample, leading to potential deformation
and crack initiation points. The results emphasize the
need to strengthen these regions with structural
improvements.

The layered structure and interlayer bond strength of
parts produced through additive manufacturing (3D
printing)  significantly influence the thermal
performance of the material. Therefore, correctly
selecting production parameters, such as printing
speed, layer thickness, and printing temperature, can
help reduce stress concentrations that may develop
when the sample is exposed to high-temperature
conditions.

Several limitations associated with the simulation and
experimental methods used in this study indicate that
caution is needed when interpreting the results. One
limitation is related to the modeling approach. The
simulations largely assume that the material is
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homogeneous and isotropic, even though 3D-printed
parts often exhibit different mechanical properties
between layers. This can affect the distribution of
stresses and deformations. Additionally, the analysis
scenarios employed constant or uniform thermal
loads, whereas real applications may involve varying
thermal loads over time.

Another limitation concerns the sensitivity of
measurement devices. Infrared thermal cameras and
thermocouples may have limited sensitivity,
particularly when dealing with high-temperature
gradients or thin samples. Moreover, the size of the
sample may not fully represent industrial-scale
applications, making direct scaling of the results
potentially misleading.

Differences in production parameters and device
types also pose limitations. This study tested a specific
type of 3D printer and a limited number of printing
parameters. Material properties and print quality may
vary across different brands or models of printers.
Additionally, the study focused on a specific polymer
composite type, and the results may vary for different
types of matrix or reinforcement materials.

Considering these limitations, the results may not
always be directly generalizable to different scales or
production conditions. However, the data collected in
this study provide a valuable foundation for
understanding the thermal resistance of polymer
composites. Based on these findings, future research
should investigate various material and reinforcement
types, including polymer composites enriched with
different fibers or particles, to build a broader data set.
Multi-scale modeling could further enhance
understanding by examining thermal behavior not
only at the macroscopic level but also at the
microscopic or meso scale, revealing the effect of
interlayer bonding.

The comprehensive investigation conducted in this
study revealed the behavior of 3D-printed polymer
composite  materials under high-temperature
conditions and demonstrated the critical role of
design, material selection, and production parameters
in improving thermal durability.

This study demonstrates comprehensive laboratory
demonstrations of the thermal-mechanical behavior
of polymer composites produced with 3D printing.
The findings demonstrate that stress reduction and
thermal stability can be achieved with appropriate
design and limiting strain. However, industrial
processes and long-term processing remain
necessary. Future work could explore methods that
provide larger-scale stability solutions, address the
need to monitor and suppress anisotropic material
distributions, and develop designs specific to sectors
such as automotive and construction.
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