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Anahtar Kelimeler:

SMSM, Alan yonlendirmeli kontrol,
2 DOF FOPI Kontrolor, Karinca
kolonisi optimizasyonu.

Giiniimiizde siirekli miknatishi senkron motorlarin (SMSM) tahrik sistemlerinde kullanimlari giderek
yaygin hale gelmektedir. Bu motorlarin kontrollerindeki gelismeler kullanildiklar1 servo sistemlerde
konum ve hiz takibinde iyilestirmeler saglamaktadir. Bu ¢alismada SMSM'nin uzay vektér modiilasyonlu
vektor kontrol yontemine dayali modeli Matlab/Simulink’te modellenmistir. Bu modelde kontrolor yapist
olarak iki serbestlik dereceye sahip kesir dereceli oransal integral (2-DOF FOPI) kontrol6r yapist
kullanilmugtir. Kontrolor parametreleri karmnca kolonisi optimizasyonu (KKO) ile belirlenmistir. Onerilen
kontroloriin  basarisint  gostermek amaciyla sonuglar geleneksel PI kontrolor ile esit sartlarda
karsilastirilmistir. Elde edilen simiilasyon sonuglar1 incelendiginde, 2-DOF FOPI kontroldriin SMSM'nin
alan yonlendirmeli kontroliinde geleneksel PI kontrolorden daha iyi performansa sahip oldugu
goriilmiistiir.
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* Sorumlu Yazar

Today, the use of Permanent Magnet Synchronous Motors (PMSM) in drive systems is becoming
increasingly common. The developments in the controls of these motors provide improvements in position
and speed tracking in the servo systems in which they are used. In this study, the model of PMSM based
on the vector control method with space vector modulation is modeled in Matlab/Simulink. In this model,
2-degree of freedom fractional order proportional integral (2-DOF FOPI) is used as the controller structure.
Controller parameters are determined by ant colony optimization (ACO). In order to demonstrate the
success of the proposed controller, the results are compared with the conventional PI controller on equal
terms. When the simulation results obtained are examined, it is seen that the 2-DOF FOPI controller has
better performance than the traditional Pl controller in the field oriented control of the PMSM.
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Giris

SMSM'lerin kullanimi, yiiksek performans isteyen
robotik sistemler veya havacilik ve uzay teknolojileri gibi
alanlarda her gegen giin artmaktadir. Ayrica endiistride
giic/hacim oranlarinin yiliksek olmasi, verimlerinin iyi
olmasi, firca kollektér yapisinin bulunmamasindan
dolay1 ariza ve bakimimin azligi, ses seviyesinin diisiik
olmasi, uyartimin sabit miknatislarla yapilmasi, reaktif
giice ihtiyag duymamalari, senkron hizda verimlerinin
kayma oranindan bagimsizlig1 gibi nedenlerden o&tiirii
asenkron motorlara nazaran daha ¢ok tercih edilmeye
baslanmis ve kullanimlar1 yayginlagmistir. Robot
teknolojisi, elektrikli araglar, uzay teknolojisi, asansorler,
pompalar gibi bir¢ok uygulamada yaygin olarak
kullanilmaktadir [1],[2],[3].

SMSM'nin kontroliinde genel olarak {i¢ yoOntem
kullanilir; skaler kontrol yontemi, vektdr kontrol yontemi
ve dogrudan moment kontrol (DMK) yontemi. Skaler
kontrol yontemi yapis1 basit, uygulamasi kolay ve fiyati
ucuz olmasina ragmen siiriicii performansi zayiftir. DMK
yontemi ile vektor kontrol yontemleri kontrol kalitesinin
iyl olmasi sebebiyle yiiksek performans gerektiren
uygulamalarda tercih edilmektedirler. Bununla birlikte
bu iki yontemin uygulanmasinda bir takim zorluklar
vardir [4]. Vektor kontrol yontemi, geleneksel kontrol
teorilerinden daha robust ve daha iyi bir dinamik yanit
sunar [5]. Vektor kontrol yontemi ayni zamanda alan
yonlendirmeli kontrol (AYK) yontemi olarak da
isimlendirilebilir. SMSM’lerin alan yonlendirmeli
kontroliinde, alana karsilik gelen d eksen akimi sifirda
tutulurken, q ekseni akimi ile motor momenti kontrol
edilir [2].

Bilgisayar teknolojilerindeki ve sayisal islemcilerdeki
gelisimler arastirmacilara kontrol yontemlerinde farkli
yapilari deneme imkant sunmustur. PID kontrolérlerin
genel olarak endiistride kullanimlar1 artmaktadir. Son
yillarda robotik sistemler, havacilik ve uzay teknolojileri
gibi alanlarda kullanilan sistemlerde konum ve hiz
kontroliiniin hassasiyeti onem kazanmustir. istenilen
performansin yakalanabilmesi igin farkli kontrol yapilari
teknolojik  gelismelerle  birlikte motor  kontrol
sistemlerine de uygulanabilir hale gelmistir. Son
zamanlarda kontrol alanmim genisligi ve reel diinyayi
daha iyi modellemesi gibi Ustiin 6zelliklerinden dolayz;
serbestlik derecesi birden farkli PID yapilari (6rnegin 2
DOF PID) ve kesir dereceli PID (FOPID) yapilar
arastirmacilarin dikkatini ¢ekmistir.

Giintimiizde, kesir dereceli yapilar kontrol alaninda
biiyiik ilgi gormektedir. Bunun nedeni kesirli diferansiyel
sistemlerin reel diinya modellerini tamsay1 dereceli
diferansiyel ifadelere gore daha iyi tanimlamalaridir [6],
[7]. Kesir dereceli kontrolor yapilar1 da hem akademik
hem de endiistriyel olarak biiyiik ilgi gormektedir [8]. Bu
kontrolor yapilarindaki integral ve tiirev terimlerinin
derecelerine getirilen ekstra serbestlik derecesi sayesinde
bu kontrolor yapilart hem tamsay1 dereceli sistemlerin
hem de kesir dereceli sistemlerin kontroliinde tam say1
dereceli PID kontrolére gore daha iyi yanitlar vermesini
saglamigtir [9]-[11]. Narayanaswamy ve arkadaglar
yaptiklar1 ¢aligmada sivi seviye kontrolii igin j-indeksi

optimizasyon yontemini kullanarak parametrelerinin
belirlendigi sivi seviye kontrolii i¢in kesir dereceli PI
kontrol modeli ile geleneksel Pl kontrol modelini
kiyaslamiglardir. Kesir dereceli PI modelinin daha iyi
sonug¢ verdigini gostermislerdir [12]. .Kesir dereceli
kontroldr yapilarinin parametre degerlerini belirlemek
icin literatiirde farkli metotlar sunulmustur. Hamamci
calismasinda kesir dereceli PID kontroldriin parametre
degerlerinin belirlenmesi i¢in kazang ve genlik marjlarmi
dikkate alarak kararlilik bdlgelerinin belirlenmesine
dayanan bir yontem sunmustur [9]. Deniz ve arkadaslari
calismalarinda kararlilik bolgesinin  belirlenmesine
yonelik yontemi tam say1 dereceli PI kontrolor yapisi igin
kullanmuglardir [13]. Kesir dereceli kontrolor yapilariin
parametre  degerlerinin  belirlenmesinde  ayrica
optimizasyon algoritmalarina dayali yontemler de
literatiirde sunulmaktadir. Yildinm ve arkadaslar
calismalarinda kesir dereceli kontroloriin parametre
tespitinde karinca kolonisi optimizasyon algoritmasini
kullanmuslardir [14]. Ates ve arkadaslar1 ¢alismalarinda
kesir dereceli PI kontroloriin parametre degerlerinin
belirlenmesinde degistirilmis yapay fizik optimizasyon
algoritmasini kullanmiglardir [15].

Geleneksel yontemlerin performansini artirmak igin
serbestlik derecesi birden farkli PID yapilar1 (2 DOF PID
gibi) literatirde ¢aligitlmistir [4], [16]-[18]. 2 DOF
kontrol yapist ile 1 DOF kontrol yapist
karsilastirlldiginda, 2 DOF yapist daha iyi performans
gostermektedir [16], [17]. Kaynak [18]’de kesir dereceli
PID kontrolér lizerine g¢alisiimis ve 2 DOF FOPID
yapisinin FOPID yapiya gore hassas ayar yapabilme
kolayligi sundugu gosterilmistir. Kaynak [4]’de 2-DOF
Pl kontroliin geleneksel Pl goére SMSM alan
yonlendirmeli kontroliinde daha iyi bir performans
gosterdigi yapilan ¢alismada sunulmustur. Calismada her
iki kontrolor parametrelerini  de parcacik siri
optimizasyon algoritmasiyla elde etmiglerdir. Kaynak
[19]°da, kesir dereceli kayan mod kontrol (FOSMC) ile
geleneksel kayan mod kontrol (SMC) yontemlerini
kargilagtirmis, hizli tepki vermek ve bozucu etkilere karsi
direngte FOSMC’nin daha iyi performans gosterdigini
ifade etmistir. Kaynak [20]’de, genetik algoritma ile
optimizasyon vyaparak 2 DOF PID Kkontrolorler
sistemlerini SMSM motorun AYK yontemi {izerinde
incelemistir. Kaynak [21]’da SMSM kontroliinde Kkesir
dereceli bir filtre tasarimi kullanmistir. Bu filtre ile
yiiksek frekansta giriltiiye ve disik frekansta
bozulmaya karsi daha iyi bir performans elde etmiglerdir.

Bu c¢alismada, SMSM’de AYK i¢in kullanilan hiz
kontrolorii ve iki adet gerilim kontrolérleri i¢in yukarida
avantajlart sunulan Kesir derece ve 2 serbestlik derece
yapilarma sahip 2 DOF FOPI kontrolor yapisi
kullanilmistir.  Caligmada kullanilan 2 DOF FOPI
kontrolorlerin parametreleri karinca kolonisi algoritmasi
optimizasyon yontemi yardimiyla belirlenmistir.
Calismada sunulan kontrolor yapist SMSM’de AYK igin
literatiirde ilk kez kullanilmistir. Kullanilan yonteme ait
sonuglar geleneksel PI kontroldrler ile ayni sartlarda
simiile edilerek kiyaslanmisgtir.
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SMSM’nin Matematiksel Modeli

SMSM'in matematiksel modeli i¢in literatiirde
genellikle d - g eksenin takimmna dayali matematiksel
model tercih edilmektedir. Bu modelde moment ve aki
bilesenleri ayr1 ayr1 kontrol edilebilir. Rotor konumuna
bagli olarak endiiktans degerinin degisimi motor ile ilgili
analizlerde zorluk ¢ikarmaktadir.d - g eksen modeli
kullanilarak endiiktans degisiminin getirdigi
zorluklardan kurtulup model daha basit hale gelir.
Boylece, SMSM'nin dinamik analizini yapmak kolaylagir
[22],[23].

. d 1)
Vd = RSld +qud - (L)rlpq

. d 2)
Vg = Rsig + &qu + w, ¥y

Burada, Vy d ekseni voltajidir, V, g ekseni voltajidir iy d
ckseni akimdir, i; g ekseni akimdir, ¥; d ekseni
akisidir, ¥; g ekseni akisidir, w, rotor hizidir ve R, stator
direncidir. ¥, ve ¥, seksen aki denklemleri asagidaki
gibi yazilir.

Vg =Laiqg+¥u (3)

¥ = Lqiq (4)

Burada ¥), miknatis akismi, L, Ve L, d - q
eksenlerindeki endiiktans degiskenlerini ifade
etmektedir. Denklem (3) ve (4), Denklem (1) ve
Denklem (2)’de yerine yazilirsa bu durumda d-q eksen
voltajlari,

. d. .
Vd = RSLd + Ld ald - (IJqulq (5)
. d. .
V, = Riig + L, Elq + wyLgig + 0¥y (6)

Elektriksel moment;
3, . .
T, = - [Paiy — ¥ia] (7)

seklinde yazilabilir.

Denklem (3)’deki ¥, ve Denklem (4)’deki ¥, Denklem
(7)’de yerine yazilirsa Denklem (8) elektriksel momenti
ifade eder.

3P 1y .
T, = 7[11"Mlq + (Lg — Lq)lqld] 8

Denklem (8)’de “¥yi,” miknatislarin iirettigi momenti,
“(Lq — Lg)iqiy” ise reliiktans momenti ifade etmektedir.
Yiizey miknatish SMSM’lerde Ly = L, kabul edilir.

Elektriksel moment denklemi Denklem (9)’daki gibi
yazilir;

3Py
T{,3 = 7[leMlq] (9)
T,-T, = d +B (10)
e L _]dtwr Wy

Denklem (10) hareket denklemidir. Burada T, yiik torku
J atalet momenti ve B ise siirtiinme katsayisidir.

SMSM'nin 2 DOF FOPI kontrolor ile Vektor
Kontrolii

SMSM'nin vektor kontroliinde makine akimlari, d - g
olarak vektorel iki eksene ayrilir. q ekseni akimryla
moment kontrol edilirken yiizeysel tip SMSM’lerde d
ekseni akimmin sifirda tutulmasiyla aki sabit miknatis
akisinda (¥),) sabit kalir [2]. Boylece vektor kontroliin
uygulanmastyla SMSM’nin kontrolii serbest uyartimli
DC motorun kontroliine benzetilir [22]. SMSM’nin
vektor kontroli i¢in tasarlanan 2-DOF FOPI
Matlab/Simulink modeli Sekil 3’de verilmistir.

Modelde gosterildigi gibi, 2-DOF FOPI hiz kontrol
cihazinin ¢ikigindan I, referans elde edilir. I, referans
degeri sifir alimir. Motor ¢ikisindan alinan I, I, I,
akimlarina Clarke ve Park doniigtimleri uygulanarak I
ve I, akimlar1 bulunur. Bulunan bu degerler referans I,
ve I, akimlariyla karsilagtirilip ilgili 2-DOF FOPI
kontrole girilir. Bu kontrol ¢ikislarindan ise gerekli
referans V,; ve V, gerilimleri elde edilir. Bu voltajlar,
motor i¢in gerekli i¢ fazl1 V,, V},, V. referans voltajlarinin
hesaplanmasi igin ters Clarke ve Park doniisiimlerinde
kullanilir. Hesaplanan ti¢ faz referans V,, V;,, V. gerilim
degerleriyle de PWM blogunda, voltaj kaynakli inverter
icin gerekli anahtarlama sinyalleri iiretilir. Sekil 3’de
verilen modelde gorildigi gibi, 2-DOF FOPI
denetleyicisi, hiz ve akim kontrol cihaz1 olarak
geleneksel PI denetleyicisi yerine kullanilmistir.

2 DOF FOPI Kontrolér Yapisi

Kontrol sistemlerinin serbestlik derecesi; bagimsiz bir
sekilde ayarlanmas1 miimkiin kapali transfer fonksiyon
sayist olarak tanimlanabilir [24]. Buna gore iginde
bagimsiz iki transfer fonksiyonu barindirtyorsa iki
serbestlik derecesine sahip PID (2 DOF PID) olarak
adlandirilabilir. Genel bir 2 DOF PID denklemi Denklem
(11)’de ve yapast ise Sekil 1°de verilmistir [20].

M@

Us)
KP

o a pn I a
| 7is | ./
¥) \Ij' *

+ NaTys
‘ s+ Ny

Sekil 1 2 DOF PID blok diyagrami
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Burada “Y)” sistem ¢ikis isaretini “K),” oransal kazanci
ifade ederken “b” ve “c” degerleri, sirasiyla 2 DOF PID
kontroloriiniin oransal (P) ve tiirevsel (D) kisimlariin
agirliklaridir.” T;” integral, “T;” tiirev zamanini; “N;”
filtre katsayisini, “R()” referans isareti, “U)” kontrol
isaretini tanimlamaktadir. Denklem (11)’i 2 DOF PI
yapisina getirmek i¢in T; =0, c=0 ve 0<b <1
olarak alimur.

Kesir dereceli sistemler tiirev ve integral ifadelerinin
iislerinin herhangi bir reel say1 olmasi veya tamsay1
olmak mecburiyetinin bulunmadig: durumlarda
diferansiyel denklemlerle diizenlenen sistemler olarak
tanimlanir [25]. Denklem (12)’de genel sekli verilmistir.

;—; Re(x) > 0,
D =41 Re(x) =0, (12)

[idt)™* Re(x) <0,

Denklem (12)’de x reel say1 kiimesinin herhangi bir

elemanidir. aDtx operant1 x’ in degerlerine bagl kesir
dereceli integral veya tiirev operanti olarak davranir. a
ve t degiskenleri, islemcinin integral iglemcisi olarak
hareket ettigi x < Osartinda integralin sinirlarini ifade
eder. Bu agiklama a’nin tamsay1 oldugu haldeki integral
ve tlirev iglemcilerini de i¢ine alan genel bir ifade olarak
sunulmaktadir [25]

Bu ¢alismada kullanilan kesir dereceli sistem
¢oziimlerinde MATLAB programinda kullanilan FOFT
toolbox kullanilmistir. 2 DOF FOPI denklemi Denklem
(13)’ deki gibi yazilir. Denklemdeki “A” kesir derecesini
ifade etmektedir.

Uy = Ky (b + 7"117) R(s) — K, (1+ Tl%) Yo (13)

Karinca kolonisi ile kontrolor

parametrelerinin belirlenmesi

Bu calismada 2 DOF FOPI i¢in gerekli parametrelerin
optimizasyonu karinca kolonisi optimizasyon teknigi ile
bulunmugtur. Bunun i¢in Matlab  programinda
optimization toolbox kullanilmigtir. Bu optimizasyon
teknigi sezgisel bir tekniktir ve popiilasyon merkezlidir.
Temelinde karincalarin yiyecek ararken ideal yolu nasil
tayin ettiklerini inceler. Karincalar gegtikleri yollara
feromen salgilayarak diger arkadaglarma da haber
verirler. Rastgele olan yiyecek arayisi dagiliminda en ¢ok
feromen bulunan yol daha ¢ok tecrilbe edilmis
oldugundan diger karincalar tarafindan da tercih edilir.
Yolu izleyen karinca sayisindaki artig ile beraber yoldaki
feromen yogunlugu bu yolu daha da cazip hale getirir[7].

Dorigo ve arkadaslart karmncalarin bu davraniglarini
matematiksel olarak modellemis ve ilk defa gezgin satici
problemi iizerinde denemislerdir. Olumlu sonuglar elde
edilmis ve giiniimiizde optimizasyon problemlerinin
¢oziimiinde  kullanilan  yaygmm  yapay  zeka
yontemlerinden biri olarak yerini almistir [26].

Karinca kolonisi optimizasyon algoritmasini 6 adimda
ifade etmek miimkiindiir [27].

Adim 1: Karincalar sehirlere rastgele olarak yerlestirilir.

Adim 2: Her karinca belirtilen alfa ve beta degerlerine
gore sehirleri dolasarak rotalari olustururlar.

Adim 3: Her karincanin rota mesafesi hesaplanir.

Adim 4: Karincalarin rota mesafelerine gore yollardaki
feromen degerleri artirilir.

Adim 5: Feromen buharlagsma degerine gore biitiin
yollardaki feromen degeri azaltilir.

Adim 6: Belirtilen nesil sayisina ulasilana kadar veya
hedef degere ulasilana kadar Adim 2’ye gidilir. Akis
semasi Sekil 2 ‘deki gibi verilebilir.

[ Basia ]
v

Koloni parametrelerini
belirle

v

Karincalari dagumlere
rastgele dagit

|

Feromon gtncellemesi
yap

v

Olasilik ve feromon
dedgerine bagh yeni
rotalar belirle

iterasyon
veya hedef dederine
ulagildr mi1?

)

Sekil 2 Karinca Kolonisi Akis Semasi

Hayir

Performans Kriteri

Bu makalede 2 DOF FOPI kontrolorlerin parametre
degerlerinin ayarlamak igin ¢ok amaglh bir performans
fonksiyonu sunulmustur. Burada sunulan fonksiyon artis
zamani t,., yerlesme zamani t;, maksimum asma My, ve
ITAE ifadelerinden olusur. Bu performans fonksiyonu
Denklem (14)’de verilmistir.

Ty = Wity +wats +w3My, + wyITAE (14)

Denklem (14)’de verilen performans fonksiyonunu
olusturan her ifadenin 6nemi fonksiyonda w; agirlik
katsayilar1 tarafindan ayarlanir. Bu katsayilarin oranlar
istenilen 6zelligi 6n plana ¢ikaracak sekilde segilir.
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Bu ¢aligma i¢in bu degerler w; =1, w, =1, w3 =1vew,
= 500 almmistir. Fonksiyonu olusturan ifadelerden
herhangi birine ait katsay1 degerinde yapilacak artig bu
ifade ile ilgili 6zellikte bir gelisme saglayacaktir. Fakat
dikkat edilecek diger husus ise fonksiyonu olusturan
diger ifadelerde bir azalma meydana gelebilecegidir [7].

Bu ¢alisgmada KKO ile belirlenen kontrolér parametreleri
Tablo 1’de verilmistir. Calismada kullanilan 2-DOF
FOPI kontrolorlii vektoér kontrol yénteminin Matlab /
Simulink modeli, Sekil 3’de verilmistir. Burada, SMSM
modellenirken denklem (1)-(10)’da verilen matematiksel
model kullamlmistir. Inverter icin ideal anahtar modeli
tercih edilmistir.

Tablo 1 KKO ile belirlenen kontrolor parametreleri

| GELENEKSEL PI | 2-DOF FOPI

W, Kontrolorii

ky 22.00143 64.7676

k; 0.0101 16.6767

b 0.9899

A 1.0172
1, kontroléri

k,1 260.0237 83.8383

ki1 1.0011 59.5959

b1 0.8384

1 0.3647
I, kontrolori

k,2 260.0231 23.2323

k;2 1.0024 31.3131

b2 0.4546

A2 0.2495

]

o ul
.
Z DOF FORI
2 DOF FOPI1

>

*
vy
#

2 OF FOP

I
.

Modelde, gerilim kaynakli inverterin kontroli i¢in uzay
vektdr modiilasyonu kullanilmistir. Uzay vektér PWM
yonteminin tercih nedeni kolayca uygulanabilirligi ve
sinizoidal PWM yonteminden daha az harmonik
bozulmaya sahip olmasidir [28]. Ayrica modelde
kullanilan motor parametreleri Tablo 2’de verilmistir.

Tablo 2 Kullanilan motor parametreleri

Parametreler
Nominal giig(kW) 1
Nominal hiz(dev/dak)
2000
Stator direnci(Ohm)
4,7
Stator endiiktasi(mH)
5,99
Eylemsizlik momenti(x10-4kg.m2
y (a0-akgma) |~
Stirtiinme kuvveti 0
Kutup say1s1 10

Arastirma ve Bulgular

MATLAB / Simulink programinda kurulan model, hem
2-DOF FOPI hem de geleneksel PI kontroldr igin farkli
hiz ve moment degerlerinde simiile edilmistir.
Baslangigta moment Ty=4 N.m ve referans hiz W =60
rad/s alinmistir. 0,5. saniyede yiik sabit tutularak referans
hiz 120 rad/s ¢ikarilmigtir. Sunulan kontrol ydnteminin
basarisini gostermek icin elde edilen sonuglar Sekil 4,5
ve 6’da sunulmustur. Sekil 4’te rotor hizi, Sekil 5’te
elektriksel moment ve Sekil 6’da g-ekseni akimi
gosterilmistir.

PhA CIRTTR s AL L

Walfa i Valla

PAWMEB el PAKIE  WER -

’—b'ec >
PAMC Ve b— Ty W

FWIIC >
E‘r&:-nllﬂhﬂbﬂ Livid 3FAZLI INVERETER

E
—

Vot |- Voata

L S —

o

 mwe

i labe

Sekil 3 2-DOF FOPI kontrolorlii vektor kontrol yontemi simuink modeli

5
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120 - 62+

Tablo 3 Kontrolér performanslarimn T,=4 N.m ve
Wiep=60,120 rad/s igin karsilastirilmast

w0~ O
58+
80

0.08 0.09 0.1 0.11 0.12

‘W(rad/s)

—Geleneksel PI

120----

60 : ;
115

40 - 110

—Onerilen Methot 058 059 0.6

0 1 1 1 1 1 1 1

0 01 02 03 04 05 06 0T 08 09
t(s)

Sekil 4 Gerilim kontrollii vektor kontrol yontemi T,=4
N.m ve W,..r=60,120 rad/s i¢in rotor hizi

—Geleneksel PI
— Onerilen Methot

Te(N.m)

0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

t(s)

Sekil 5 Gerilim kontrollii vektor kontrol yontemi T, =4
N.m ve W,..=60,120 rad/s igin elektriksel moment

15-

— Geleneksel PI
—Onerilen Methot

IqA)

001 02 03 04 05 06 07 08 09
t(s)
Sekil 6 Gerilim kontrollii vektor kontrol yontemi T,=4
N.m ve W,..r=60,120 rad/s i¢in q-ekseni akiminin
zamana gore degisimi

Sekil 4’te, hem 2-DOF FOPI hem de geleneksel Pl
denetleyicisinden elde edilen hiz sonuglar1 gosterilmistir.
Geleneksel PI kontrolore ait sonuglar mavi renkli ¢izgi
ile gosterilirken Onerilen metot kirmizi renkle ifade
edilmistir. Tablo 3’ de artis zamani, yerlesme zamani ve
ITEA kriteri sayisal deger olarak da sunulmustur.

Performans | Geleneksel | Onerilen | Yiizdelik
Kriteri Pl Metot | lyilesme
Artig Zamani 0,0692 0,0662 4,33
Yerlesme 0,0857 0,0821 4,20
Zamani
Maksimum 0 0 0
Asma
ITAE 1,6162 1,3960 13,62

Sekil 6’da akimin I, bileseninin, Sekil 4’te hizin ve Sekil
5’te momentin 2-DOF FOPI denetleyici tepkisinin
geleneksel Pl denetleyici tepkisinden daha iyi oldugu
goriilmektedir. Bu durum, Tablo 3'te verilen sonuglarla
da sunulmustur. Verilen kriterlerden artis zamani,
yerlesme zamani ve ITEA degerlerinin kiicikliga
Onerilen sistemin dinamik cevabinin daha iyi oldugunu
ifade etmektedir Ayrica Sekil 6’da, d eksen akimi sifir
referans degerinde tutulurken q eksen akimimin
SMSM'nin vektér kontrol stratejisine uygun olarak
elektriksel momenti takip ettigi goriilmektedir.

Sonu¢

Bu ¢aligmada, 2-DOF FOPI denetleyicisi, SMSM'nin
alan yonlendirmeli kontroliinde hiz ve akim kontrol
cihazi olarak kullanildi. Matlab / Simulink ortaminda
olusturulan SMSM'nin AYK modeli hem geleneksel PI
farkli calisma kosullarinda caligtirildi ve simiilasyon
sonuglart elde edildi. Simiilasyonlarda kullanilan hem
geleneksel PlI hem de 2-DOF FOPI denetleyicisinin
parametreleri KKO ile belirlendi. Elde edilen sonuglara
gore, SMSM’nin vektor kontrolii icin Onerilen 2-DOF
FOPI kontroloriiniin geleneksel PI kontroldriine gore
daha iyi performans verdigi gorilmiistiir. Ayrica 2-DOF
FOPI kontrolore sahip sistemin yerlesme zamani, artis
zamant ve ITAE degerleri geleneksel PI kontrolore sahip
sisteme gore performans agisindan daha iyi degerlere
sahip oldugu sunulmustur Bu ¢alismada 6nerilen 2-DOF
FOPI kontrolor yapist kullanilarak SMSM’nin vektor
kontrol siiriicii  performansinin artirilacagt  tespit
edilmigtir.
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Giiniimiizde, Insansiz Hava Araglari(THA) sinir giivenligi, sahil giivenligi, savunma, saldir1 basta olmak
lizere arama Kurtarma, zirai ilaglama, yangim sondiirme gibi genis bir kullanim alanina sahiptir. Bununla
beraber THA nin bazi gorevleri otonom bir sekilde yerine getirebilmesi ise bilgisayarli gorii sisteminin
buna entegresi ile olur. Bu alandaki uygulamalardan biri olan havadan nesne tespiti uygulamalari, uzaklik,
yakmlik kavramlarma bagl olarak farkli boyutlardaki nesneleri tespit edememe, yavas tespit, yanlis
tahminleme gibi cesitli hatalar icerebilir. Derin Ogrenme(DO) uygulamalar ile bu hatalar en aza
indirilebilir. Bu calismada VRAT[1] video setinden alman goriintiilerle YOLOv3 DO ag1 egitilmis ve daha
sonra DJI Mavic 2 Zoom IHA kamerasindan elde edilen goriintiilerle tekrar egitim yapilarak videodaki
araglarin ve yayalarin tespiti saglanmustir. Egitim ve test siireci Google Colab Tesla T4 GPU makinesinde
gerceklestirilmigtir. Modelin performans ilk ve ikinci egitim i¢in Loss, mAP 2.345, %79 ve 1.171, %70.09
olarak bulunmustur.
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Today, Unmanned Aerial Vehicles (UAV) have a wide range of uses such as border security, coast guard,
defense, attack, search and rescue, agricultural spraying, fire extinguishing. However, the ability of the
UAV to perform some tasks autonomously is possible with the integration of the computer vision system.
Aerial object detection applications, which is one of the applications in this field, may contain various
errors such as not being able to detect objects of different sizes, slow detection, wrong estimation,
depending on the concepts of distance and proximity. These errors can be minimized with Deep Learning
(DL) applications. In this study, the YOLOv3 DL network was trained with the images taken from the
VRATI1] video set, and retrained with the images obtained from the DJI Mavic 2 Zoom UAV camera to
detect the vehicles and pedestrians in the video. The training and testing process was carried out on the
Google Colab Tesla T4 GPU machine. The performance of the model for the first and second training was
found as 2.345, 79% and 1.171, 70.09% for loss, and mAP values.
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Giris

Insansiz Hava Araci (IHA), bir operator tarafindan uzaktan
kumanda edilebilen veya bir ucgus rotast boyunca otomatik
hareket edebilen, goreve iliskin faydali yiik tagiyabilen ve bir
takim gorevi otonom olarak yerine getirebilen bir hava aracidir
[2]. IHA lar baslangicta gozlem, saldir1 ve savunma amagch
tiretilip kullanilsa da giiniimiizde gozetleme, kesif, tasimacilik,
zirai ilaglama, yangin sondiirme, enerji nakil hatlariin bakim
ve kontrolii, muhabirlik, fotograf ve video ¢gekme gibi genis bir
kullanim yelpazesine sahiptir. Bu kullanim alanlarinin
bircogunda IHA 'nin otonom olmas1, yani bir insan gibi gbriip,
degerlendirip, karar verip, aksiyon almasi beklenir. Ozellikle
de yangim sondiirme, smir giivenligi, sahil giivenligi gibi kritik
durumlarda, mesafeden veya baska sebeplerden dolay1 komuta
merkezi ile iletisim aninda olusabilecek ve sonuglari tolere
edilemeyecek gecikmenin yasanmamasi adina, otonom karar
ve aksiyon mekanizmasi, iizerinde durulmasi gereken cok
onemli bir detaydir.

“Drone ile Cekilmis Videolarda Derin Ogrenme Tabanli insan
ve Arag¢ Tespiti” adli ¢alismada sinir ag1 olarak YOLOv3
DarkNet-53 kullanilmigtir. Agin 1000 adet resim ile egitilmis
ve %78 civarinda bir dogruluk oranina ulasilmistir [3].
“Insansiz Hava Araglarinin Derin Ogrenme Temelli Nesne
Tespiti ve Tanimas1” adl bir diger ¢alismada Faster-RCNN ve
YOLOv4’iin karsilastirilmast amaglanmistir. Tehdit edici
unsurlarin tespiti ve taninmasi i¢in IHA dan elde edilen 2595
adet askeri operasyon goriintiisii kullanilmistir. Nesne tespiti
ve taninmasinda Faster-RCNN mimarisinde yaklasik %93
dogruluk orani elde edilirken, YOLOv4 mimarisinde yaklasik
%88 oraninda dogruluk elde edilmistir [4]. DO tekniklerinden
YOLOV2 modeli kullanilarak [HA’lardan elde edilen
goriintiilerdeki araglarin tespiti lizerine yapilan ¢alismada %77
dogruluk orami elde edilmistir [5]. THA ile gercek zamanlh ve
bulut tabanli nesne tespiti igin Pascal VOC2012 veri seti ile
egitilen algoritmalardan Faster R-CNN ile %83.9, SSD300 ile
%81.6, SSD500 %82.6, YOLO ile %78.3 ve Fast YOLO ile
%79.4 dogruluk oranina ulagilmistir [6].

Calismanin kapsamu Derin Ogrenme (DO) algoritmalarindan
YOLOV3 algoritmasi kullanilarak IHA’dan alian goriintiideki
araglarin ve yayalarin tespitidir. Giris boliimiinde, bu alanda
yapilan benzer caligmalara, Materyal ve Metot bdliimiinde
kullanilan modelin basarim Olgiitlerinin hesaplanmasina ve
YOLOv3 mimarisine ve g¢alisma prensibine deginilmistir.
Deneysel Sonuglar ve Tartigma boliimiinde yapilan ¢aligmalar ve
elde edilen sonuglar tartisgilmistir. Son Boliimde, elde edilen
sonuglarin degerlendirilmesi yapilmistir.

Materyal ve Metot
DJI Mavic 2 Zoom Drone

Bu calismada, doner kanatli IHA olan DJI Mavic 2 Zoom Drone
kullanilmistir. 31 dk ugus siiresine sahip olan Mavic 2 Zoom
1/2.3-inch 12-megapixel sensor ve 4x zoom ile giiglendirilmis
Zoom Kamera, 2x optik zoom (24-48 mm) lense sahiptir [7].
Sekil 1°de, calismada kullanilan Mavic 2 Zoom Drone
goriilmektedir.
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Sekil 1. DJI Mavic 2 Zoom Drone [7]
YOLOvV3 Mimarisi ve Calisma Prensibi

Nesne tespit, tanima Ve takibi islemleri oldukc¢a zor siire¢lerdir.
Goriinti iizerinde kayan bir pencere olusturularak nesne aranir.
Bu arama islemi sirasinda, nesneyi tanimlayan Oznitelik
haritalarinin olusturulma islemleri ve smiflandirma islemleri
defalarca yapilir. Tiim bunlar agir hesapsal yiiktiir ve zaman
gerektir. Bununla beraber ozellikle tespit, tamima ve takip
islemlerinin havadan yapilmast durumunda uzaklik, yakinlik,
yiikseklik kavramlarina bagli olarak farkli boyutlardaki nesneleri
tespit edememe, yavas tespit, yanlig tahminleme gibi birkag hata
giindeme gelir.

YOLOv3, C/Cuda kullanilarak gelistirilmis olan, temel katman
sayisit 53 olan Darknet-53 framework’ii lizerinde ¢alisir. Bu
sayede oldukga yiiksek performans gosterir [8]. Darknet-53,
girdi olarak bir goriintii alan ve Oznitelik haritasin1 ¢ikaran,
YOLOV3 i¢in bir omurgadir [9]. Sekil 2°de YOLOvV3 ve diger
algoritmalarm COCOQO veri setinde 0.5 loU (mAP-50) ile
kargilagtirmasi goriilmektedir. Grafikten de anlasilacagi {izere
YOLO rakiplerine karsi siire ve dogruluk agisindan ¢ok iyi
durumdadir [10].

O[] w 150

inference time (ms)

Sekil 2. YOLOvV3 vs Diger Algoritmalar [11].

YOLOV3 algoritmas: ii¢ 6lgekte tahminler yapar. Sekil 3’deki
13x13 katmanm (Bolge 82) biiyiikk maske kullanan en biiyiik
tahmin 6lgegidir ancak kiigiik nesneleri tahmin edebilir. Sekil
4’deki 26x26 katmani (Bolge 94) orta maske kullanan orta
biiyiikliikteki tahmin Olgegidir, orta biiyiiklilkteki nesneleri
tahmin edebilir. Sekil 5’deki 52x52 katmani (Bolge 106) en
kiigiik tahmin &lgegidir, daha kiigiik bir maske ile daha biiyiik
nesneleri tahmin edebilir [9]. Yani Bolge 82, Bolge 94, Bolge
106, ii¢ farkli Olgekte (82, 94, 106) tahmin edilen farkli
biiyiikliikteki parametreleri temsil eder [12].
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Bununla beraber YOLO, farkli boyuttaki nesneleri, sabitleme
kutularint (Anchor Box) kullanarak 6grenir. Sabitleme
Kutulari, gelismis performans i¢in ayarlanmasi gereken en
onemli parametrelerden biridir. Algoritma ¢alisirken ¢ok fazla,
gereksiz sinirlayict kutular, bir nesne igin birden fazla
smirlayict kutu olusacaktir [13]. Bu durumda maksimum
olmayani Onleme (non-maximum suppression) denen bir
teknik uygulanir ve maksimum giiven puanina sahip sinirlayici
kutu digindaki sinirlayici kutular silinir. Bahsi gegen, hesapsal
yiik ve zaman problemlerin ¢ozlimiine yonelik bir mimariye ve
calisma prensibine sahip olmasi agisindan bu caligmada
YOLOV3 kullanilmistr.

Veri Seti

Veri Seti olarak Mavic 2 Zoom dan alinan videolar ve VIRAT
[1] tarafindan dretilen video veri setleri kullanilmigtir.
Videolar ffmpeg yazilimi ile frame’lere ayrilmig, Mavic 2
Zoom videolarindan 377 resim, VIRAT [1] videolarindan 500
resim, toplamda 877 resim kullanilmistir. Resimlerin
etiketleme islemi Labellmg [14] araci ile yapilmis olup,
yazilan bir kod blogu yardim ile %901 egitim seti, % 10’u
dogrulama (test) seti olacak sekilde rassal olarak ayrilmistir.

Modelin Basarim Olgiitleri ve Hesaplanmasi

Siniflandirma ¢aligmalarinda bir modelin basarisini 6lgmek ve
sayisal olarak ifade etmek igin dogruluk (accuracy), kesinlik
(precision), duyarlilik (recall) ve F1-score gibi metrikler
kullanilir. Ancak, bu ¢alismada nesnelerin siiflandirilmasina
ek olarak konumlarmin bulunmasi da amaglandigindan
basarim 0Ol¢iisii olarak bir sinif oldugu durumda ortalama
kesinlik degeri (Average Precision - AP) birden fazla sinif
oldugu durumlarda ise genel ortalama kesinlik degeri (mean
average precision - mAP ) kullanilir.

Dogruluk (Accuracy): Bir modelin basarisini 6l¢gmek i¢in ¢ok
kullanilan ancak tek bagina yeteli olmayan bir metriktir.

Nrp+Nrn

Accuracy = ——
Y Nrp+Npp+Nrn+Npn

@)
Kesinlik (Precision): Modelin yaptig1 “pozitif” tahminlerin,
gercekte kaginin “pozitif” oldugunu gosteren bir metriktir.
Presicion = —2 )
Nrp+Npp
Duyarliik (Recall): Modelin yapmast gereken “pozitif”
tahminlerden, gercekte kagini pozitif tahminledigini gésteren
bir metriktir.
Recall = —2 3)

Nrp+Npn

F1-score: Esit dagilmayan veri kiimelerinde hatali bir model
se¢imi yapmamak i¢in dogruluk (accuracy) yerine tercih edilen
bir metriktir. Fl-skoru, kesinlik degerinin ve duyarlilik
degerinin harmonik ortalamasi alinarak hesaplanir.

Presicion-Recall
F1 —score =2——F— (4)

Presicion+Recall

Ortalama Kesinlik Degeri (Average Precision): Ortalama
kesinlik degeri (AP), kesinlik-duyarlilik (precision-recall)
egrisi altinda kalan alandir. Modelin tahminlerinin ne kadar
dogru oldugunu o6lger, yani dogru olan tahminlerin yiizdesel
gosterimidir.

AP = [ p(r)dr ®)

Genel Ortalama kesinlik degeri (Mean average precision):
AP, her nesne sinifi i¢in hesaplanir. Sinif sayisinin birden fazla
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olmasi durumunda ise genel ortalama kesinlik degeri yani
mAP degeri hesaplanir. Bu da tiim nesne siniflarina ait AP
degerinin ortalamasidir.

Model mAP degerine gore degerlendirili, mAP modelin
hassasiyetinin iyi bir dl¢iisiidiir.
Z?’:lAP i

mAP = (6)

Deneysel Sonuclar ve Tartisma

Calismada kullanilacak olan Darknet-53 framework’ii
klonlanir ve derlenir. Bu islemin yapildig1 yerde “darknet”
adinda bir klasor olusur. Bu klasor egitim islemi i¢in Google
Colab’da kullanilacak olan klasordiir.

i) “darknet” klasori igerisine “custom_data” adinda bir klasor
olusturulur.

ii) “custom_data” klasorii igerisine “cfg” ve “images” adinda
iki  klasOr, “custom.names”, ‘“train.txt”, “test.txt” ve
“detector.data” adlarinda dort dosya olusturulur.

iii) “cfg” adli dosya, sinir aginin konfigiirasyon dosyasidir.

iv) “images” adli dosya igerisinde egitim ve test islemleri i¢in
kullanilacak olan resimler ve resimlerin etiketleri bulunur.

V) “custom.names” adli dosya igerisine agmn Ogrenmesi ve
tespit etmesi istenen objelerin smif isimleri “car” ve “person”
seklinde yazilir.

Vi) “train.txt” ve “test.txt” dosyalar1 igerisinde egitim ve
dogrulama i¢in kullanilacak olan “images” klasoriindeki
resimlerin yollar1 yazilir.

vii) “detector.data” adli dosya igerisine ise egitim esnasinda
ihtiya¢ duyulacak “custom.names”, “train.txt” ve “test.txt”
dosyalariin erigim yollari, sinif isimlerinin sayisi1 ve egitim

esnasinda egitilen agirliklarin tutulacagi dosyanin yolu yazilir.

Bahsi gegen “cfg” adli dosya igerisinde bazi konfiglirasyonlar
yapildiktan sonra, egitim islemi yapilmistir. Elde edilen mAP
degerleri Sekil 6’da gosterilmektedir.

AP

V‘Il
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Sekil 6. ilk Egitim mAP Grafigi

Sekil 6’deki mAP grafiginde de goriildiigii gibi ilk egitim
15.43 saat slirmiis, ortalama loss degeri 2.345 ve mAP degeri
%79 olacak sekilde bir basari elde edilmistir.

12

Ancak ilk egitim sonrast loss degeri istenen sekilde
kiiglilmediginden, ag yeniden egitime tabi tutulmus ve
Sekil 7°deki degerler elde edilmistir. Sekilden goriildugi
izere egitim yaklagik 5 saat siirmiis ve loss degeri 1’e
yaklagsmistir. Bununla beraber mAP degerinin 6nceki
degere kiyasla %71’ e diistiigli goriilmektedir.

rrrrr

Press ‘s’ to save : chart.pn mber

Sekil 7. Yeniden egitim sonras1t mAP grafigi

Egitim ve yeniden egitim siire¢lerinde kullanilan veri seti
sayilart ve egitim sonrasi elde edilen loss ve mAP degerleri
Tablo 1’de goriilmektedir.

Tablo 1: Egitim - yeniden egitim siire¢lerinde kullanilan veri setleri ile egitim
sonrasl elde edilen loss ve mAP degerleri

Veri | Egitim | Dogrulama Loss mAP

Seti Seti Seti Degeri | Degeri(%)
ik Egitim 500 450 50 2.345 79
Yeniden Egitim 377 339 388 1.171 70.9

Tablo 2’de, elde edilen mAP degerlerinin sonuglarinin bu
caligma ile neredeyse birebir ayni olan YOLOv3 DarkNet-53
kullanilarak ara¢ ve yaya tespiti yapan “Drone ile ¢ekilmis
Videolarda Derin Ogrenme Tabanli Insan ve Arag Tespiti adli
calisma [3] ile karsilastirma tablosu goriilmektedir.

Tablo 2. Calisma sonuglarinin [3] ile karsilastirilmasi.

Egitim | Ogrenme | Kiime | Loss mAP
Seti Katsayist | Boyutu | Degeri | Degeri(%)
ilk Egitim 500 0.001 32 2.345 79
Yeniden Egitim 377 0.001 32 1171 70.9
[3] 1000 0.001 64 -- 78.84
[3] 1000 0.001 128 -- 77.23

Tablodan da goriildigi gibi basari oram1 %70-80 arasinda
olmaktadir. Bununla birlikte egitim verisi arttik¢a bagar1 orani
arttirmakta ancak yapilan yeni egitimde bir O6nceki egitime
gore basar1 orani azalmaktadir.

Egitim ve Yeniden egitim sonrasi elde edilen agirliklar test
islemine tabi tutulduklarinda Sekil 8’de Ilk egitim sonrasi
olusan agirliklarin resim iizerinde test sonuglari, Sekil 9°da ise
Yeniden egitim sonrasi olusan agirliklarin resim {izerinde test
sonuglar1 goriilmektedir.
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Sekil 8. 1k egitim sonrasi olusan agirliklarin resim iizerinde test

edilmesi Sekil 12. Ilk egitim sonrasi olusan agirliklarin resim iizerindeki

tespitleri
Tablo 3. Sekil 12°deki tespitlerin siire ve yiizde bazli ag ¢iktist
Tahmin Siiresi(ms) 602.322
car %38
car %28
car %32
car %37

Sekil 9. Yeniden egitim sonrasi olusan agirliklarin resim {izerinde
test edilmesi

Sekil 10 ve Sekil 11°de ise Ilk egitim ve Yeniden egitim
sonrasit olugan agirliklarin video iizerinde test sonuclari
goriilmektedir.

Sekil 13. Yeniden egitim sonrasi olusan agirliklarin resim tizerindeki

tespitleri
Tablo 4. Sekil 13’daki tespitlerin siire ve yiizde bazl1 ag giktis1
Tahmin Siiresi(ms) 599.079
car %100
person %98
car %100
person %99

Tablo 5°de, Sekil 12, Tablo 3, Sekil 13 ve Tablo 4’deki ilk

egitilen agirliklar ile yeniden egitilen agirliklarin segilen resim

Sekil 10. Tlk Egitim sonrast olusan agirliklarm video iizerinde test iizerindeki tahmin sonuglarinin degerlendirmesi
edilmesi goriilmektedir.

Tablo 5. Egitim - yeniden egitim tahmin sonuglarmimn degerlendirilmesi

Tespit siiresi(ms) | Tahmin(%) Tahmin(%)
Siif 1 (Car)  Siuf 2(Person)

ilk Egitim 602.3 34 0
Yeniden Egitim 599.1 100 99
Sonuclar

Bu calismada, DO yontemi ile IHA’dan alinan video
goriintiilerindeki araglarin ve yayalarin tespiti amaglanmistir.

Sekil 11. Yeniden egitim sonrasi olusan agirliklarin video tizerinde IHA olarak DJI Mavic 2 Zoom Drone kullanilmistir. Mavic 2
test edilmesi Zoom 1/2.3-inch 12-megapixel sensdér ve 4x zoom ile
giiclendirilmis Zoom Kamera, 2x optik zoom (24-48 mm)

Ilk egitim sonrasi olusan agirliklar ile yeniden egitim sonrasi o
g safl a8 Y H lense sahiptir [7].

olusan agirliklar ayn1 resim ile test edilmek istendiginde Sekil

12 ve Sekil 13°de testin resim iizerindeki sonucu, Tablo 3ve DO algoritmasi olarak ESA mimarilerini kullanan ve nesne

Tablo 4’de ise testin siire ve yiizde bazinda ag ¢iktist tanima mimarileri arasinda en fazla 6ne ¢ikan Darknet-53

goriilmektedir. framework’ii  iizerinde ¢alisan YOLOv3  algoritmast
kullanilmustir.

Veri seti olarak Mavic 2 Zoom dan alinan video goriintiilerden
377 resim, VIRAT [1] tarafindan iretilen video

13
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datasetlerinden 500 resim, toplamda 877 resim kullanilmustir.

Video’yu, frame’lere aywrmak igin ffmpeg yazilimi
kullanilmistir. Resimlerin etiketleme islemi Labellmg [14]
aract ile yapilmis olup, %90°1 egitim, %10’u dogrulama (test)
seti olacak sekilde bir kod blogu yardimi ile rassal olarak
ayrimistir.

Algoritma Google Colab Tesla T4 GPU makinesi kullanilarak
egitilmistir. Egitim yaklasik 16 saat slirmiis olup, ortalama loss
degeri 2.345 ve mAP degeri %79 olacak sekilde bir bagarim
elde edilmistir.

DO Ag, ilk egitim setinde higbir sekilde benzeri olmayan
Mavic 2 Zoom ile elde edilen resimler (Sekil 9, Sekil 11, Sekil
12) ile test edilmistir. Bu test isleminde Sekil 9’deki spor
aletlerinin bir kismin1 yaya bir kismini da arag¢ olarak tespit
etmesi, Sekil 11°deki agaglar yaya olarak tespit etmesi ve
Sekil 12°deki oturan ve ara¢ igerisindeki yayalari tespit
edememesinden dolay: ilk egitim sonucunda olusan agirlik
degerleri yeniden egitim iglemine tabi tutulmustur. Egitim
yaklagik 5 saat siirmiis, loss degeri istendigi gibi azalip 1’e
yaklasmigtir. Bununla beraber mAP degerinin 6nceki degere
kiyasla %70.9’a diismesi istenmeyen ve beklenmeyen bir
durumdur.

Tablo 1°de yukarida bahsi gecen egitim ve yeniden egitim
sonrasi elde edilen sonuglar detayli bir sekilde goriilmektedir.
Bununla beraber Tablo 2’deki [3] referans nolu galisma ile bu
caligmanin degerleri incelendiginde, 6grenme katsayilarinin
iki ¢aligmada da ayni oldugu ancak kiime boyutu (batch) ile
kullanilan veri setlerinin farkli oldugu, bu calismadaki veri
setinin sayica daha az oldugu goriilmektedir. Bununla berber
[3] referans nolu ¢alismanin egitildigi ortam ve loss degeri ile
ilgili detaylar bilinmemektedir. Tablo 2’deki mAP degerleri
incelendiginde ise bu ¢alismanin ilk egitimi sonrasi elde edilen
mAP degerinin, [3] referans nolu ¢alismanin mAP degeri ile
aynt oldugu goriilmektedir. Ancak ilk egitim sonrasi elde
edilen agirliklarin detayli testi sonucu, yapilan bazi yanlis
tespitler, arastirmaciy1 yeniden egitim iglemine itmistir ancak
elde edilen sonug kismen beklendigi gibi olmayip mAP degeri
%70.9’a gerilemistir. Egitim setinin az olmasi ve calisma
boyunca Google Colab’da yasanan problem yani Google
Colab’da baglatilan egitimin tamamlanmadan sonlanmasi ise
tespit edilen sebepler arasinda gosterilebilir.

Sekil 9, Sekil 11, Sekil 12°deki yeniden egitim sonrasi olusan
agirliklarin resim {izerindeki tahmin sonuglari ile Sekil 8 ve
Sekil 10’deki ilk egitim sonrast olusan agirliklarin resim
iizerindeki tahmin sonuglari karsilagtirilmistir. Sonuglar ilk
bakista her ne kadar benzer gibi goriinse de ilk egitime kiyasla
ikinci egitimdeki tahmin oranlari daha da artmistir. Bu, ilk
egitim sonrasi olusan agirliklar ile yeniden egitim sonrasi
olusan agirliklarin ayni resim {izerindeki test sonuglarinda,
Sekil 12, Tablo 3, Sekil 13 ve Tablo 4’de c¢ok daha net
goriilmektedir.

Sekil 12 ve Sekil 13’de testin resim iizerindeki sonucu, Tablo
3 ve Tablo 4’de ise testin siire ve yiizde bazinda ag ¢iktisi
goriilmektedir. Tablo 5°de, ilk egitim sonrast olusan
agirliklarin ve yeniden egitim sonrasi olusan agirliklarin tespit
stireleri ile arag¢ ve yaya bazinda tespit oranlari goriilmektedir.
Test igin kullanilan resimdeki 2 aracin ve 2 yayanin tahmin
ortalama basarim ylizdeleri incelendigin arag ve yaya basarim
oranlarmin ilk egitimde %34 ve %0 iken yeniden egitimde
%100 ve %99 ile istenen sonuca erigmistir. Burada da ilk
egitim setine ¢ok daha farkli resimlerin eklenip, egitim setinin
daha da zenginlestirilmesi ve yeniden egitim yapilmasi1 Sekil
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13 ve Tablo 4’deki tahmin basariminin Sekil 12 ve Tablo
3’deki bagarimdan yiiksek olmasinin nedenlerinden biri olarak
gosterilebilir.

Sonug olarak, veri seti sayisinin arttirilmasi, konfigiirasyon
dosyasindaki parametrelerin daha iyi ayarlanmasi ve egitim
isleminin daha iyi bir makinede yapilmasi ¢ok daha iyi mAP
degeri ve loss degerine erisilmesine olanak tanir.

fleriki siiregte varilan sonuglar iizerinden bahsi gegen
calismanin iyilestirilmesi {izerinde ilerlenecek ve ek olarak
tespitlerin gergek zamanli (real time) yapilmasi iizerine
calisilacaktir.

Etik kurul onayi ve ¢ikar ¢catismasi beyani
Hazirlanan makalede etik kurul izni alinmasina gerek yoktur.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
catigsmasi bulunmamaktadir
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to coronaviridae family and a
change in the genetic sequence of SARS-CoV-2 is named as a mutation that causes to variants of SARS-
CoV-2. In this paper, we propose a novel and efficient method to predict SARS-CoV-2 variants of concern
from whole human genome sequences. In this method, we describe 16 dinucleotide and 64 trinucleotide
features to differentiate SARS-CoV-2 variants of concern. The efficacy of the proposed features is proved
by using four classifiers, k-nearest neighbor, support vector machines, multilayer perceptron, and random
forest. The proposed method is evaluated on the dataset including 223,326 complete human genome
sequences including recently designated variants of concern, Alpha, Beta, Gamma, Delta, and Omicron
variants. Experimental results present that overall accuracy for detecting SARS-CoV-2 variants of concern
remarkably increases when trinucleotide features rather than dinucleotide features are used. Furthermore,
we use the whale optimization algorithm, which is a state-of-the-art method for reducing the number of
features and choosing the most relevant features. We select 44 trinucleotide features out of 64 to
differentiate SARS-CoV-2 variants with acceptable accuracy as a result of the whale optimization method.
Experimental results indicate that the SVM classifier with selected features achieves about 99% accuracy,
sensitivity, specificity, precision on average. The proposed method presents an admirable performance for
detecting SARS-CoV-2 variants.

* Corresponding author

Introduction

SARS-CoV-2 detected in 2019 caused a disease called
COVID-19 by spreading rapidly around the world. The
spread of SARS-CoV-2 in many countries has led to
multiple SARS-CoV-2 variants and accurate detection of
SARS-CoV-2 variants is crucial to fight the COVID-19
pandemic. Early detection of SARS-CoV-2 is crucial to
prevent infection. Several methods have been released to
detect SARS-CoV-2. While some methods detect COVID-
19 from images belonging to people, others detect the
disease from genome sequences. Using genome sequencing
including four nucleotides, A, G, C, and T in 30, 000 bps is
preferred to monitor SARS-CoV-2 variants. Recent
dominant variants of SARS-CoV-2 are B.1.1.7, B.1.351,
P.1.,B.1.617,and B.1.1.529. The Alpha variant, B.1.1.7 [1]
was determined in the United Kingdom in the fall of 2020,
and it spreads about 50% more quickly than the original
SARS-CoV-2 [2]. Although current treatments against
Alpha variant are effective, the Alpha variant may cause
more severe COVID-19 disease. Beta variant, B.1.351 [3]
is diagnosed in South Africa and Gamma variant, P.1 [4]
first detected in Brazil at the end of 2020 spread less quickly
than Alpha variant; however, current treatments against
Beta and Gamma variants are less effective. Delta variant,

B.1.617 [5] first identified in India may cause more severe
disease when compared to the other variants. Furthermore,
Delta variant spreads about 100% more quickly than SARS-
CoV-2 [2]. It is not adequate information on whether it
causes more severe COVID-19 disease, or not. Finally,
Omicron variant, B.1.1.529 [6] was detected in South
Africa in November 2021.

Although several types of studies are released to diagnose
SARS-CoV-2 [7, 8, 9, 10, 11, 12, 13], there are a limited
number of algorithms for determining SARS-CoV-2
variants. Ahmed et al. [14] clustered Omicron variant by
analyzing mutations. Mohiuddin and Kasahara [15]
investigated Omicron variant and suggest possible
treatment strategies. Wang et al. [16] applied principal
component analysis to diagnose COVID-19 by analyzing
more than 20,000 RNA sequences. Khan et al. [17] applied
deep learning techniques to detect Omicron variant from
chest X-ray and computed tomography. Basu and Campbell
[18] classified COVID-19 variants by applying deep
learning models from genome sequences. They proposed
k-mer based long short-term memory model that is an
alignment-free method. Their method achieved an accuracy
of 92.5%. Mann et al. [19] classified SARS-CoV-2 variants
with mass spectrometry. They defined peptide signatures of
unique mass to detect SARS-CoV-2 main variants of
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concern. Recently, Togrul and Arslan [20] proposed a deep
learning method to detect SARS-CoV-2 variants and Arslan
[21] published a paper to detect SARS-CoV-2 variants in
Turkey.

Although there are many studies to detect SARS-CoV-2, a
limited number of studies have been published to detect
SARS-CoV-2 variants of concern. In this study, we
introduce a method for determining SARS-CoV-2 variants
from genome sequences. We list our contributions below:

e We proposed an accurate method to detect SARS-
CoV-2 variants from SARS-CoV-2 nucleotide

sequences

We describe 16 dinucleotide and 64 trinucleotide
features

Whale optimization algorithm that is a state-of-
the-art feature selection method is employed to
select most representative features

We evaluate the effectiveness of dinucleotide and
trinucleotide features, separately by using four

classifiers, k-nearest neighbor, multilayer
perceptron, support vector machines, and random
forest

We construct a large dataset including 223,326
SARS-CoV-2 genome sequences. The dataset
includes various types of SARS-CoV-2, Alpha,
Beta, Delta, Gamma, and Omicron

The proposed method accurately detects SARS-
CoV-2 variants of concern

The remaining part of this study is organized as follows.
The proposed method is introduced in Section 2.
Experimental results are evaluated and compared in Section
3. Finally, Section 4 includes the conclusion.

The Proposed Approach for Detecting SARS-
CoV-2 Variants

In this section, we introduce the proposed approach for
detecting SARS-CoV-2 variants. The fundamental steps of
the proposed approach are presented in Figure 1, and
detailed steps of the algorithm are also given in Algorithm
1. The algorithm receives complete genome sequences of
SARS-CoV-2 as the input. First, features separating SARS-
CoV-2 variants are extracted from complete human genome
sequences. In this step, we use dinucleotide occurrences or
trinucleotide occurrences as features separating SARS-
CoV-2 variants. The information in the sequence is stored
using four bases, which are adenine (A), thymine (T),
cytosine (C), and guanine (G). Dinucleotide is a sequence
of two nucleotides, and trinucleotide is a triplet of
nucleotides. There are 16 dinucleotide and 64 trinucleotide
patterns in total. Thus, we extract 16 dinucleotide features
and 64 trinucleotide features for each sequence in the
dataset. In this step, we propose to use trinucleotide features
since they represent the genome sequence at a higher level.
To determine the optimal trinucleotide subset, whale
optimization algorithm, which is a state-of-the-art method
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Figure 1. Main steps of proposed algorithm

for feature selection tasks is used. As a result of the whale
optimization algorithm, the occurrences of the
trinucleotides that are AAA, ACA, ATG, ACC, AGT,
AGC, AGG, CTA, CCC, TAT, TTC, TTT, TTG, TCT,
GTT, GTG, GCC, GCT, GGC, and GGT are excluded from
the feature set, and the remaining 44 trinucleotide
occurrences are used to differentiate SARS-CoV-2 variants.
We apply four types of machine learning classifiers to
evaluate the performance of the proposed features. Next we
briefly explain feature selection and classifiers performed in
this study.

Whale Optimization Algorithm (WOA) for Feature
Selection

We perform WOA to reduce the dimensionality of the data
with acceptable accuracy. WOA is a bioinspired algorithm
focused on hunting behavior of humpback whales [22]. This
method consists of three main steps. The first step is
encircling prey, and in this step, the method produces k
humpback whales which are randomly scattered in the
search space. The best whales are determined by evaluating
the position of each humpback whale. The second step is
exploitation phase, and humpback whales initiate to attack
using a bubble-net strategy in this step. Two strategies used
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in this step are shrinking encircling and spiral updating
position for bubble-net attacking. Each whale proposes a
subset of the features that are evaluated based on the
accuracy of the classifier. The last step is exploration phase,
and in this step, humpback whales look for prey for the
position of each other randomly. The main steps and the
pseudocode of the WOA can be found in [22].

Algorithm 1 Proposed approach for detecting SARS-
CoV-2 variants of concern

Inputs:

® Genome of human SARS-CoV-2:

genomicData

sequences

e Label of each SARS-CoV-2 sequence: Alpha, Beta,
Gamma, Delta, and Omicron

® SARS-CoV-2 sequence for testing: unknownSeq
Output: Determine the variant of unknownSeq
Trinucleotide Features:

1: for each sequence seq in genomicData do

2: Compute trinucleotide features

3: end for Feature Reduction
4: Apply whale optimization algorithm to reduce the
number of features

Parameter Tuning
5. Apply grid search to obtain best performing
hyperparameters of the classifier

Classification Step:
6: Compute trinucleotide features for unknownSeq

7. Perform the machine learning classifier (SVM is
suggested)

8: Determine the variant of unknownSeq

Applied Machine Learning Techniques

K-nearest neighbor (KNN) [23, 24] is a non-parametric
machine learning method. The method includes k
hyperparameter that represents the number of neighbors.
Data samples are classified with respect to k neighbors. The
accuracy of the method depends on two hyperparameters,
the selection of k and distance measures. We perform grid
search approach through 5-fold cross validation to define
optimum hyperparameters. In grid search approach, k value
is chosen between 1 and 10, and the possible distance
measures are manhattan, euclidean, and chebyshev.

Multilayer Perceptron (MLP) [25] is a type of artificial
neural network. In this study, a MLP model with one hidden
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layer is used. For optimal determination of the number of
neurons in the hidden layer and activation function, we
perform 5-fold cross validation with grid search. In grid
search, the number of neurons in the hidden layer is set to
50, 100, and 150, and the logistic sigmoid, hyperbolic
tangent as well as the rectified linear unit are used as the
activation functions.

Support Vector Machines (SVM) [26, 27, 28] is a machine
learning method used for solving classification and
regression problems. The goal is to construct a hyperplane
that separates data samples for the classification problems.
We use Radial Basis Function (RBF) for achieving non
linearity [29, 30]. The selection of RBF kernel parameter (y)
and penalty parameter (c) related to SVM model are crucial.
We determine these parameters by performing 5-fold cross
validation with grid search. The possible values of ¢ are {2-
5, 21, 2°} and the possible values of y are {2, 25, 21, 2%}.

Random Forest (RF) [31, 32] is an ensemble classifier that
constructs multiple decision trees and subset of training
samples are selected randomly. We perform grid search
with 5-fold cross validation for achieving the best results.

Results and Discussion

In this section, we conduct several experimental studies to
prove the efficacy of the proposed features discriminating
SARS-CoV-2 variants. All experiments are implemented
on a 64-bit Windows 10 Enterprise operating system
running on Intel i7-6700HQ CPU CPU @2.50 GHz
processor and 16GB RAM. All methods are implemented
using Python language.

Dataset

Our dataset includes SARS-CoV-2 genome sequences of
SARS-CoV-2 from the Global Initiative on Sharing All
Influenza Data (GISAID) database [33]. All genome
sequences in the dataset are complete and high coverage to
minimize sequencing errors. WHO Label, scientific name,
date of designation, and the number of sequences used in
this study are presented in Table 1.

Table 1. Variants of SARS-CoV-2

WHO Scientific Date of Number of
Label Name Designation sequences
Alpha B.1.1.7 October, 2020 |54,467
Beta B.1.351 December, 2020 | 25,455
Delta B.1.617.2 |October, 2020 |46,221
Gamma P.1 January, 2021 | 53,501
Omicron |B.1.1.529 | November, 2021 |43,682
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Performance Metrics

We perform multi-class classification since our dataset
includes seven variants of SARS-CoV-2. We perform 5-
fold cross validation technique to evaluate the performance
of the methods. In this approach, the dataset is divided in 5
parts. While four parts are used for training, the other one
part is used for resting. The method is continued until all
parts are tested. The performances of the classifiers are
measured using different metrics, which are precision,
sensitivity, specificity, and accuracy. We use macro-
averaging [34] to evaluate overall performance of a class as
shown in Table 2.

Furthermore, we show the confusion matrices for each
classifier separately. We illustrate the confusion matrix
focusing on Beta class labelling the tiles accordingly in
Figure 2.

Table 2. Performance measurements for evaluating classifiers

Performance Metric Formula Average
for each class ¢ Metric
Precision(Pre) TPF{P% 1 ZE:] Pre(i)
Sensitivity(Sen) % %ZL] Sen(i)
Specificity (Spe) % i ZLl Spe(i)
Accuracy(Acc) TP H’r:)[.:}:;r p"ﬂ TN 7 Yoo Acc(i)

In the KNN classifier, k is set to 3, and manhattan distance
is used. In the MLP method, the hyperbolic tangent function
is used as an activation function, and the number of neurons
in the hidden layer is 100. In the SVM method, ¢ is 512 and
y is 2. Finally, in RF, criterion is gini, maximum depth of
tree is 25, the minimum number of the sample leaf is 1, and
the minimum number of sample split is 3. The results of the
classifiers are obtained with respect to these parameters.

Figure 3 shows confusion matrices of machine learning
classifiers on the dinucleotide features extracted from the
genome sequences. The results of four classifiers are close
to each other. The MLP classifier achieves better
performance, and it correctly labels 52,752 of 54,467
genome sequences of Alpha variant, 23,549 of 25,455
genome sequences of Beta variant, 52,360 of 53,501
genome sequences of Gamma variant, 44,237 of 46,221
genome sequences of Delta variant, and 43,012 of 43,682
genome sequences of Omicron variant. Table 3 presents
both variant-based and average results of the machine
learning classifiers. As seen in Table 3, average results of
the machine learning classifiers are close to each other. The
average accuracy values of the classifiers vary between
0.98 and 0.99. Similarly, average specificity values are
about 0.99. On the other hand, average sensitivity and
precision values are lower when compared to average
accuracy and specificity values. Average sensitivity and
precision values vary between 0.94 and 0.96.

Table 3. Performances of the machine learning classifiers
using dinucleotide features

Method SARS-CoV-2 | Variant based results Average results
Variant Acc | Sen | Spe [ Pre | Acc | Sen | Spe | Pre
Predicted Label Qéf:a 0.98 | 0.97 [ 0.99 | 0.96
. 0.98 | 0.93 | 0.99 | 0.93
Alpha Beta Gamma Delta Omicron KNN gg[‘:ﬂma 0.99 | 0.98 | 0.99 | 0.97 | 0.99 | 0.96 | 0.99 | 0.96
) 0.98 | 0.95 | 0.99 | 0.96
= Alphal TN FP TN N TN Omicron 0.9 | 0.93 | 0.9 | 0.98
e
S Betal FIN TP FN  FN  FN Ao
= G Beta 0.98 | 0.97 | 0.99 | 0.96
= dimmd TN FP TN TN TN Gamma 0.98 | 0.93 099 | 0.94
*3 Deltal TN FP N ™ ™ MLP | Do 0.99 | 0.98 | 0.99 | 0.98 | 0.99 | 0.96 | 0.99 | 0.96
g ) Omicron 0.98 | 0.96 | 0.99 | 0.96
Omicron| TN FP TN TN N 099098 |1 0.98
. . . Alpha 0.97 | 0.95 | 0.98 | 0.94
Figure 2. Confusion matrix for the class Beta Beta 0.98 | 0.89 | 0.99 | 0.91
SVM | Gamma 0.98 | 0.96 | 0.99 | 0.97 | 0.98 | 0.94 | 0.99 | 0.94
. | | Delta 0.97 | 0.93 | 0.98 | 0.94
Experimental Results Omicron 0.9 | 0.98 | 0.99 | 0.96
_ ) £ipha 0.98 | 0.97 | 0.99 | 0.97
In this section, we evaluate and present results of the Gamma 0.98 | 0.92 | 0.99 | 0.95
machine learning classifiers using dinucleotide and | RF Delta o oo | 000 | oan | 099 | 096 09910
trinucleotide features, separately on the dataset including Omicron 0.99 | 0.99 | 0.99 | 0.97

variants of the SARS-CoV-2.

Results of the machine learning classifiers on dinucleotide
features

In this part, we evaluate results of machine learning
classifiers to prove the effectiveness of the dinucleotide
features to predict SARS-CoV-2 variants. The
hyperparameters of the classifiers are determined by grid
search with 5-fold cross validation.

20

Results of the machine learning classifiers on trinucleotide
features

In this part, we evaluate results of machine learning
classifiers to prove the effectiveness of the trinucleotide
features to predict SARS-CoV-2 variants. The
hyperparameters of the classifiers are determined by grid
search. In the KNN classifier, k is set to 1, and manhattan
distance is used. In the MLP method, the hyperbolic tangent
function is used as an activation function, and number of
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Figure 3 Confusion matrices of machine learning classifiers on the dinucleotide features

neurons in the hidden layer is 100. In the SVM method, ¢ is
512, yis 2°, and radial basis function is used. Finally, in RF,
criterion is gini, maximum depth of tree is 25, the minimum
number of the sample leaf is 1, and the minimum number of
sample split is 3. The results of the classifiers are obtained
with respect to these parameters.

Figure 4 shows confusion matrices of machine learning
classifiers on the trinucleotide features extracted from the
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genome sequences. The SVM classifier achieves the best
results and it correctly labels 54,310 out of 54,467 genome
sequences of Alpha variant, 25,294 out of 25,455 genome
sequences of Beta variant, 53,457 out of 53,501 genome
sequences of Gamma variant, 46,146 out of 46,221 genome
sequences of Delta variant, and 43,661 out of 43,682
genome sequences of Omicron variant.
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Figure 4. Confusion matrices of machine learning classifiers on the trinucleotide features

Table 4 presents variant-based and average results of the
machine learning classifiers when trinucleotide features are
used. As seen in Table 4, the machine learning classifiers
with trinucleotide features have an admirable performance.
The average accuracy and specificity values of the
classifiers are close to 1.0. Average sensitivity and precision
values vary between 0.99 and 1.0. When compared to

dinucleotide features, sensitivity and precision values are
significantly improved with trinucleotide features.

22



DUJE (Dicle University Journal of Engineering) 14:1 (2023) Page 17-26

Table 4. Performances of the machine learning classifiers
using trinucleotide features

SARS- | Variant based results | Average results
Method \(;0\('2 Acc | Sen | Spe | Pre | Acc | Sen | Spe | Pre
ariant
Qﬂa 1 |099|1 |099
Gamma 1 0991 0.98
KNN 1 1 1 1 1 0991 0.99
Delta
Omicron 1 1 1 L
1 1 1 1
'éé‘t’;‘a 1 |1 |1 |1
Gamma 1 0991 0.99
MLP 1 1 1 1 1 1 1 1
Delta
Omicron 1 1 1 L
1 1 1 1
Alpha 1 1 1 1
Beta 1 0991 0.99
SVM Gamma |1 1 1 1 1 1 1 1
Delta 1 1 1 1
Omicron | 1 1 1 1
Qé'i’:a 1 {1 |1 |oge
Gamma 1 0981 0.99
RF 1 1 1 1 1 0991 0.99
Delta
Omicron 1 1 1 L
1 1 1 1

Feature Selection using Whale Optimization Algorithm

The trinucleotide features identify SARS-CoV-2 variants
more accurately than dinucleotide features. In order to
choose the most relevant trinucleotide features and reduce
dimensionality of the dataset, we use the WOA. As a result
of the WOA, the trinucleotides occurrences that are AAA,
ACA, ATG, ACC, AGT, AGC, AGG, CTA, CCC, TAT,
TTC, TTT, TTG, TCT, GTT, GTG, GCC, GCT, GGC, and
GGT are excluded from the feature set, and the remaining
trinucleotide occurrences are used to detect SARS-CoV-2
variants. Thus, the initial set of 64 features is reduced to 44.
Table 5 presents variant-based and average results of the
machine learning classifiers when 44 trinucleotide features
are used. When the SVM classsifier with 44 trinucleotide
features is used, an average accuracy, precision, sensitivity,
and specificity is ~ 1.0. Furthermore, Table 6 presents
average results of classifiers using trinucleotide features for
full set of features (64 features in total) and reduced set of
features (44 features in total). The results of full set and the
reduced set of features are close to each other.

We present the total number of incorrectly classified
instances for each classifier when 16 dinucleotide, 64
trinucleotide, and 44 selected features are separately used in
Figure 5. As can be seen in Figure 5a, the number of
genome sequences that are incorrectly classified
remarkably decreases when the trinucleotide features are
used. For instance, the SVM classifier with trinucleotide
features misclassifies 157 out of 54,467 genome sequences
of Alpha variant, 161 out of 25,455 genome sequences of
Beta variant, 44 out of 53,501 genome sequences of Gamma
variant, 75 out of 46,221 genome sequences of Delta
variant, and 21 out of 43,682 genome sequences of Omicron
variant. In total, it misclassifies 458 out of 223,326 genome
sequences. Furthermore, the results of 64 trinucleotide
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features and 44 selected features are close as shown in
Figure 5b.

Table 5 Performances of the machine learning classifiers
using 44 trinucleotide features

SARS- | Variant based results | Average results
Method | CoV-2
Variant Acc | Sen | Spe | Pre | Acc | Sen | Spe | Pre
Abha 11 loge|1 |09
Gamma 1 0981 0.98
KNN Delta 1 1 1 1 1 099 |1 0.99
Omicron 1 09911 1
1 1 1 1
e T s
Gamma 1 0991 0.99
MLP 1 1 1 1 1 1 1 1
Delta
Omicron 1 1 1 L
1 1 1 1
Alpha 1 1 1 1
Beta 1 099 |1 0.99
SVM Gamma |1 1 1 1 1 1 1 1
Delta 1 1 1 1
Omicron |1 1 1 1
g‘é‘t’:a 1 |o99|1 |[0.99
1 098 |1 0.99
RF Gamma | 1 11 |1 0991 |099
Delta
Omicron 1 1 1 L
1 1 1 1

Table 6. Average results of classifiers using trinucleotide
features for full set of features and reduced set of features

Full set of features Reduced set of features
Method Average(%o) Average(%o)
Acc | Sen | Spe | Pre | Acc | Sen | Spe | Pre
KNN 1.0 [ 099 |10 | 099 [10 [ 099 | 1.0 [ 0.99
MLP 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
SVM 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
RF 1.0 [ 099 |10 | 099 [ 10 [099 | 1.0 | 0.99
01 D - 8
I Dinucleotide % 00 Full set
10 00 Trinucleotide £ [0 Reduced set
E1,500 -
ja=1
1 a &
'%1,000

2
o
=
S

L1

KNN MLP SVM RF KNN MLP SVM RF

# of incorrectly classified instances

# of incorrectly ¢

@ ®)

Figure 5. Incorrectly classified instances for each classifier

Comparison with Existing Methods Detecting SARS-
CoV-2 Variants

Table 7 analyzes the performances of the methods detecting
SARS-CoV-2 variants in the literature. Jamil and Rahman
[17] proposed a deep learning approach to detect SARS-
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CoV-2 variants, Alpha, Beta, Gamma, and Delta from CT
scans and X-ray images. They used five convolution units
with a rectified unit as an activation function. They reported
accuracy results for each variant. Their prediction
accuracies are 99.7%, 99.6%, 99.6%, 98.6% for detecting
Alpha, Beta, Gamma, and Delta variants, respectively on X-
ray images. Ali et al. [16] proposed to use k-mer based
features to detect SARS-CoV-2 variants. Then they applied
lasso regression and ridge regression methods, which are
feature selection methods to reduce the dimension of the
dataset. As a result of lasso regression, they used 964
features out of 4977 to predict SARS-CoV-2 variants. K-
means clustering with lasso regression achieved F1-scores
of 99.87%, 27.05%, 99.91%, 99.98%, and 97.04% for
identifying Alpha, Beta, Delta, Gamma, and Epsilon
variants, respectively. Their method failed to predict Beta
variants. Togrul and Arslan [20] performed CNN to detect
features that discriminate variants of SARS-CoV-2. After
feature extraction, they used various types of ML
algorithms including SVM, KNN, RF, and MLP. Their
experimental results achieved about 100% accuracy on the
dataset including 1000 sequences of each variants of
concern when 1563 features are used. Main disadvantage of
their method was the use a large number of features, which
required a lot of time. Arslan [21] used nucleotide
frequencies to diagnose SARS-CoV-2 variants. Their
method reached a relatively low accuracy (94%) on average
using a dataset including fewer sequences from Turkey
when four features are used.

Table 7. Comparison of the methods identifying SARS-
CoV-2 variants

Study Method Fetaures Image Dataset

1345 Alpha
10,192 Beta
6,012 Gamma
3,616 Delta

# of Amino
Acid Sequence

13,966 Alpha
1,727 Beta
7,551 Delta
26,629 Gamma
12,784 Epsilon

1000 Alpha
1000 Beta
1000 Gamma
1000 Delta
1000 Omicron
436 Alpha
357 Beta

110 Gamma
500 Delta

# of Amino
Acid Sequence

54,467 Alpha
25,455 Beta
53,501 Gamma
46,221 Delta
43,682 Omicron

Acc(%)
99.7
99.6
99.6
98.6

Jamil and
Rahman
[17

Vocabulary

CNN of features

# of

Study Fetaures

Method Acc(%)

99.87
27.05
99.91
99.98
97.04

100
100
100
100
100

Ali et al.
[16]

K-means with

Lasso Regression 964

Togrul
and
Arslan
[20]

CNN,KNN,MLP,

SVM, RF 1563

Arslan

[21] KNN

4

# of

Method Fetaures

Study Acc(%0)

100
100
100
100
100

44
trinucleotide

Proposed

Method SVM with WOA

When we compare the proposed method with these
methods, the dataset used in this study is larger and includes
current SARS-CoV-2 variants of concern. Moreover, most
of the methods shown in Table 7 are more expensive than
the proposed method since our method predicts SARS-
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CoV-2 variants by using fewer number of features. The
proposed method can accurately predict current SARS-
CoV-2 variants of concern, and achieves an accuracy of
100%.

Conclusion

Emerging variants of SARS-CoV-2 causes a devastating
effect on human health. Determining variants of SARS-
CoV-2 is crucial to follow correct treatment strategy and
taking under control to contagious of the virus. In this
study, we introduce a method to determine SARS-CoV-2
variants. We determine 16 dinucleotide and 64 trinucleotide
features representing the whole genome sequences. The
WOA is applied to select the most relevant features and
reduce the dimensionality. The proposed method reaches
full accuracy for detecting current SARS-CoV-2 variants of
concern when the SVM classifier with 44 trinucleotide
features are employed. In future, we will investigate effect
on SARS-CoV-2 variants on patients with any types of
cancer to decrease the date ratio of COVID-19.
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Introduction

Truss bar optimization has become a very popular topic in
recent years. Three bar truss (TBT) design problem,
which is a classical engineering problem, can be defined
as the process of finding the best parameters that give the
minimum value of an objective function and also satisfy
certain constraints [1, 2].

Why does it use metaheuristic algorithm? Because the
metaheuristic algorithm's characterized like flexible
structure, simple working because of non-derivative
process, and don’t suffer early converge which is ensure
better optimizer than deterministic algorithm [3]. In the
previous works have been studied on three bar truss
design optimization problem optimized by metaheuristic
algorithms [4-6]. While it has been demonstrated in this
study that the artificial gorilla troops algorithm (GTO) is
a competitive algorithm by testing it through the
CEC2019 benchmark functions, the same results have
been achieved with different functions in previous
studies [7]. Real-world problem such as renewable
energy source [8, 9], computer science [10], engineering
optimization problems [11], power system stabilizer
[12], industrial product design [13], and neural networks
optimized [14] was solved with GTO algorithm and
improved or hybrid variants of GTO at the used previous
works. In this paper, three bar truss design problem will

be discussed. Thus, the ability of the GTO algorithm to
solve classic design problems will be revealed.

In this paper, the GTO algorithm is compared with the
golden eagle optimizer (GEO) [15], sine cosine
algorithms (SCA) [16], and harris hawks optimization
(HHO) [17] which are also used in optimizing design
problems [18-20]. In addition to these algorithms, the
statistical results of the previously studied particle swarm
optimization (PSO) and genetic algorithm (GA) classical
algorithms were compared with the GTO algorithm [21].

This paper is including five sections. Firstly, section was
by introduction, secondly section on introductory of
problem, third section contain GTQ's structure, fourth
section competitional power of GTO via CEC2019, and
optimize of problem. Finally, section is contained
discussion and conclusions.

Three bar truss design optimization problem

The aim of this problem is to design a truss structure that
minimizes maximum node displacement without
violating constraints such as buckling, stress, and
bending, as shown in Figure 1 [1, 2, 21, 22].

Equation (1) will be optimized,
minf(x) = (2V24; + 4,).1 (1)


mailto:e.eker@alparslan.edu.tr

DUJE (Dicle University Journal of Engineering) 14:1 (2023) Page 27-33

g1, 9., and, gz are inequality constraints below that
Equations (2-4) for Equation (1).

2V24, + 4,
9= V247 + 24,4, (2
4
92 = 247 1 24,4, Pso @)
1
93 €))

=mP <o
where
0<A4,<1,0<4,<1,10=100cm,
oc=2KN/cm?,and P = 2KN/cm?.

¥
Figure 1. Three bar truss model [22]

Gorilla Troops Algorithm

Acrtificial Gorilla Troops Algorithm (GTO) is a swarm-
based algorithm based on leadership and community
relationships in the community life of gorillas. The tasks
of the male leader gorilla are to lead the swarm in many
aspects such as defending against danger, finding food
and making decisions. The swarm consists of male and
female adult gorillas and offsprings. The mathematical
modeling of the GTO metaheuristic algorithm, which is
inspired by the swarm-based behavior of gorillas in their
collective life in nature, consists of the following stages
[7,10].

Exploration (Diversification) phase

The gorilla troops are led by a gorilla called the
silverback. In this regard, each candidate solution found
is called a silverback solution. There are three main
movements at this stage. For this, the position of the p
parameter is decisive and takes values between 0 and 1.
The first movement refers to the movement towards the
unknown when k < p, the second movement towards the
group when k > 0.5, and the last movement to a known
position when k < 0.5. Equation 1 expresses these three
different situations in the exploration phase.
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ky x (ub —1b) + b k<p
G (Xpew) =1 Xi(ky = U) +V.R k=05} (5)

X;—V(VX = GX) + ks (X — GX))) k<05

where G (X,,.,,) indicates the candidate position vector of
the gorilla at the next iteration, and X is the present vector
of the gorilla[1]. k, k4, k,, and k5 random values between
O0and 1. ub and Ib indicates upper bound and lower bound
of the variables, respectively. X; and GX; are random
selected candidate position vectors in the group.

Equations (6), (7), and (8) calculate U, V, and R,
respectively.

U=F <1 - “L) 6)
Maxiter

F =cos(2t,) +1 (7

V=Uk (8)

where iter and Maxiter indicates current iteration and
maximum iteration, respectively. Initially, variation
values will be generated over a wide range, while varying
variation values will decrease towards the final
optimization stage. t, and k is a random value that is in
interval [0,1]. Equation (6) display how to solving
problem, and Equation (8) indicates silverback’s
leadership is simulated. R in the Equation (1) is solved at
Equation (9).

H=2ZX, 9)
Z=[-C,C] (10)

At the end of the exploration phase, a group study
covering all GX solutions are conducted. If the cost is
assumed to be GX < X, wrote X instead of GX and this
best solution is considered silver back.

Exploitation (Intensification) phase

During the exploitation phase of the GTO algorithm, two
behaviors develop: following the lead gorilla, called the
Silverback, and competing for adult females. The U
parameter is used for both tracking and competition.

Using a w control parameter, U = w will follow
Silverback and U < w will compete with females.
GXnew = V.mX = Xsiwerback ) U =W (11)
1
1 7\a
= fr=— 12
" <‘NZ§V=1 GX; > (12)
q=2" (13)

X is the vector of the silverback, X;iperpack 1S the vector
of the silverback while the best location. GX; indicate is
derived from to exploration phase to the vector position of
each candidate gorilla at the present iteration. N indicates
the sum of gorillas Equation (13) is also utilized to
estimate g, and Equation (8) is also utilized to determine
V in Equation (13).

G Xnew) = Xsiwervack — Ksiwerback — X)®.a, U <w(14)
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d=2.ks—1 (15)
A=vy.0 (16)

_ Ny, s=0.5
b= {NZ, $§<0.5 n

where @ refers to impact force, ks is a random variable
from interval [0,1]. A is coefficient vector that violence
degree in conflict. A value must be assigned to parameter
y before the optimization operation. 6 is simulate the
impact of force on the solution’s dimensions. s is a
random variable from interval [0,1]. If s is larger than or
equal 0.5, 8 is a random size from the normal distribution
and the problem’s bounds; if s is less than 0.5, 8 is a
random value from the normal distribution.

Experimental Conclusion

The CEC2019 function was utilized for benchmarking
algorithms. Performance assessment of the algorithms has
been performed out using the challenging benchmark
functions from CEC2019 test suite as shown that Table 1
[23]. This test set includes highly difficult and complex
composition functions.

In this paper, GTO algorithm is compared with the GEO,
SCA, HHO, PSO and GA algorithms. However, since
GA and PSO algorithms are classically successful
algorithms, the experimental results were taken from a
different source, only the results were compared in Table
2, and the convergence curve was not drawn.

The MATLAB 2021 package program was used for
benchmarking and quality testing of the algorithm, and
each function was run 30 times to reach a fair solution.
500 iterations were performed using 30 search agents in
each run.

When Table 2 is examined, it is seen the GTO algorithm
which is the second algorithm after the PSO algorithm
as a result of the F4 and F10 functions, and the second
algorithm after the GA algorithm as a result of the F6
function, as well. For the F7 function, the GTO has
achieved very good success, as can be seen in many
different studies, since the problem of early convergence
and local optimum has been observed [24]. In other
functions except F4, F6 and F10, the GTO algorithm has
achieved good success. As a result of all these
experimental observations, it can be stated that GTO can
be a competitive algorithm.

Whether the GTO algorithm has the problem of early
convergence or local optima and its comparison with
other algorithms can also be examined through
convergence curves. In this context, when Figure 2 is
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observed, it will be seen that the GTO algorithm
converges better than other algorithms.

500 iterations and 30 search agents were used to optimize
TBT. A fair result was tried to be achieved with 30
independent runs. When the Table 3 is examined, it can
be seen that all optimal values for TBT are provided by
the GTO algorithm. When the Table 4 is examined, it can
be observed that the GTO algorithm achieves the best
result for the A2 parameter. On the other hand, it can be
observed that the SCA algorithm is relatively more
successful in optimizing the Al parameter. However,
when the box plot of the optimal values obtained as a
result of independent runs is drawn in Figure 3, it can be
observed that the GTO algorithm produces very close
consistent values, while the SCA algorithm has both
extreme values and the distance between the lowest result
and the highest result is longer. In Figure 4, it can be
observed that the GTO algorithm converges steadily, but
the SCA algorithm suffers from early convergence and
local optimum, while the GEO algorithm converges
relatively late and cannot optimize TBT as much as the
GTO algorithm.

Table 1. Parameters of CEC 2019

Functions Dimen Bounds Fitting
sion Value
Storn’s Chebyshev Polynomial 9 [-8192, 8192] 1
Fitting Problem (F1)
Inverse Hilbert Matrix Problem 16 [~16384, 16384] 1
(F2)
Lennard—Jones Minimum 18 [-4,4] 1
Energy Cluster (F3)

Rastrigin’s Function (F4) 10 [-100, 100] 1
Griewangk’s Function (F5) 10 [=100, 100] 1
Weierstrass Function (F6) 10 [=100, 100] 1

Modified Schwefel’s 10 [-100, 100] 1
Function(F7)
Expanded Schafer’s F6 10 [-100, 100] 1
Function (F8)
Happy Cat Function (F9) 10 [=100, 100] 1
Ackley Function (F10) 10 [=100, 100] 1
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Table 2. Superiority of GTO Algorithm

F.no  Metric GTO GEO SCA HHO PSO [21] GA [21]
F1 Best 3.5580E+04  6.2980E+10  7.3504E+05  4.3994E+04  3.6316E+06 1.2909E+09
Std 7.6777E+02  5.4913E+11  8.1749E+09  5.0620E+03  5.2101E+08 2.0443E+10
Rank 1 6 3 2 4 5
F2 Best 1.7343E+01  1.9210E+03  1.7401E+01  1.7350E+01  1.7343E+01 1.7359E+01
Std 5.0593E-16  6.2141E+03  9.2037E-02  7.6000E-03  5.0593E-15 1.4505E+01
Rank 1 6 5 3 2 4
F3 Best 1.2702E+01  1.2703E+01  1.2702E+01  1.2702E+01  1.2702E+01 1.2702E+01
Std 3.0336E-15  7.0309E-04  1.2331E-04 6.3218E-06  3.6134E-15 2.8453E-07
Rank 1 6 5 4 2 3
F4 Best 2.0894E+01  4.9688E+03  3.5718E+02  1.0431E+02  2.9849E+00 5.4231E+01
Std 4.7402E+01  5.5859E+03  6.7346E+02  8.8490E+01  9.5931E+00  4.8556E+01
Rank 2 6 5 4 1 3
F5 Best 1.0123E+00  3.2463E+00  2.0538E+00  1.4616E+00  1.0271E+00 1.0800E+00
Std 6.4709E-02  8.3273E-01  9.1901E-02  05.725E-01  8.6000E-02 1.0100E-01
Rank 1 6 5 4 2 3
F6 Best 4.1927E+00  1.1034E+01  9.7940E+00  7.3419E+00  5.4320E+00 3.5465E+00
Std 1.2005E+00  9.1232E-01  6.3686E-01  1.0071E+00  1.4167E+00 8.2840E-01
Rank 2 6 5 4 3 1
F7 Best 3.0353E+01  1.0779E+03  3.7643E+02  9.4918E+01  -6.4755E+01  -1.5598E+02
Std 14287E+00  2.1711E+02  1.9093E+02  2.2215E+02  1.0307E+02 1.5239E+02
Rank 1 6 5 3 2 4
F8 Best 2.8489E+00  6.4394E+00  5.3351E+00  4.5395E+00  3.2864E+00 3.3511E+00
Std 9.3211E-01 3.6854E-01  4.2444E-01  4.9910E-01  7.5560E-01 7.4110E-01
Rank 1 6 5 4 2 3
F9 Best 2.3368e+00  1.1325E+03  2.1582E+01  2.6864E+00  2.3430E+00 2.5288E+00
Std 1.2978e-01 8.1371E+02  1.0718E+02  6.2550E-01 1.3400E-02 3.2930E-01
Rank 1 7 6 4 2 3
F10  Best 2.0133e+00  1.7165E+01  2.0277E+01  2.0033E+01  1.9644E-11 2.7150E+00
Std 3.2835e+00  5.8992E-01  1.0435E-01  1.1980E-01  3.6939E+00 3.1609E+00
Rank 2 4 6 5 1 3
Table 3. Optimal value (minf (x)) of TBT
Algorithms Metrics
Mean value Minimum value Std. Dev. value Rank
GEO 2.6395E+02 2.6395E+02 8.3691E-02 4
SCA 2.6851E+02 2.6390E+02 8.0421E+00 6
HHO 2.6402E+02 2.6390E+02 1.8426E-01 5
GTO 2.6389E+02 2.6389E+02 3.2661E-06 1
PSO [21] 2.6390E+02 2.6390E+02 5.3917E-05 2
GA [21] 2.6391E+02 2.6390E+02 2.5206E-02 3
Algorithms Parameters Rank
Al A2 Al A2
GEO 7.8910E-01 4.0710E-01 4 2
SCA 6.1311E-01 6.1178E-01 1 4
HHO 7.8847E-01 4.0883E-01 2 3
GTO 7.8867E-01 4.0630E-01 3 1
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Figure 2. Convergence curve of F1-F10 functions

Boxplot

Fitting Values

N N
D ~N
o o

N
[}
(2]

- -

N
2]
'S

. =

GEO

SCA HHO GTO

Figure 3. Boxplot of TBT

fmin Convergence Curve

280

GEO

SCA
HHO |
—-—--GTO

278

276

274
% 272
=

270

268

266

I

264 3=
50

100 150 200 250

Iteration

Figure 4. Converge curve of TBT
Conclusion

300 350 400 450 50¢

In this study, it was observed that the GTO algorithm
successfully optimized the CEC2019 test set. In the light
of statistical measurements, it has been shown that the
GTO algorithm can compete with the swarm-based SCA
and GEO algorithms selected from different areas, the
classical PSO and GA algorithms, and the HHO
algorithm, one of the contemporary algorithms. It has
been observed that the GTO algorithm can more
successfully optimize TBT, which is one of the
constrained design optimization problems, by competing
with other algorithms in the presence of statistical
measurements. Despite its recent introduction to the
literature, it has been tried to observe that GTO is a
modern metaheuristic algorithm that has been successful
in many different areas. Successful results can be
obtained in many areas by applying different strategies to
develop the GTO algorithm.
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El hareketinin siniflandirilmasi, 6zellikle inme rahatsizlig1 gegiren kisilerde nororehabilitasyon amagli
beyin bilgisayar arayiizii (BBA) modellerinin gelistirilmesinde biiyiik 6nem arz etmektedir. Ancak, el
hareketi odakli BBA modellerinin gelistirilmesinde kullanilan kas ve beyin aktivitesi Ol¢lim
modalitelerinin tek bagslarma kullanilmasinda, nérolojik adaptasyon ve bazi hasta gruplarinin
noromuskiiler hastalik barindirmasi gibi gesitli problemler bulunmaktadir. Bu ¢alismada bir kavrama
kuvveti gorevi aracihigi ile gerceklestirilen el hareketinin sonucu elde edilen islevsel yakin kizilalti
spektroskopisi (IYKAS) ve elektromiyografi (EMG) sinyalleri kullanilarak el hareketinin siniflandirilmasi
gergeklestirilmistir. Bu sinyallerden ¢ikartilan 6znitelikler, L1 norm tabanl bir destek vektdr makinesi
(DVM) ile segildikten sonra, K-en yakin komsuluk, dogrusal ve radyal temelli DVM, Gradyan Artirma,
Adaboost, Naive Bayes, Dogrusal Diskriminant, Kuadratik Diskriminant ve Lojistik regresyon
siniflandiricilarina verilmistir. Siniflandiricilarin bagarimi, bir katilimeryr disarida birak (leave-one-
subject-out) capraz gegerliligi uygulanarak gergeklestirilmistir. Siniflandiricilar arasinda en yiiksek
dogruluk yiizdesi, iYKAS ve EMG odakli 6zniteliklerden faydalanilarak, Dogrusal Diskriminant metodu
ile %84 olarak bulunmustur. Sonuglarimiz bize islevsel yakin kizilalti spektroskopisi ve elektromiyografi
verilerinin el hareketinin smiflandirilmasinda kullanilabilecegini ve bunun BBA sistemlerine de entegre
edilebilecegini ortaya koymaktadir.
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Classification of hand movement is of great importance in the development of brain-computer interface
(BCI) models for neurorehabilitation, particularly in stroke patients. However, there are various problems
in the application of muscle and brain activity measurement modalities used in the performance of hand
movement-oriented BCI systems, such as neurological adaptation and neuromuscular disease in some
patient groups. In this study, classification of hand movement was performed using functional near infrared
spectroscopy (fNIRS) and electromyography (EMG) signals obtained as a result of hand movement
performed through a grip strength task. Features extracted from these signals are given to K-nearest
neighbor, linear and radial basis SVM, Gradient Boost, Adaboost, Naive Bayes, Linear Discriminant,
Quadratic Discriminant and Logistic regression classifiers after they are selected with an L1 norm-based
support vector machine (SVM). The performance of the classifiers was achieved by applying the leave-
one-subject-out cross-validation. Among the classifiers, the highest percentage of accuracy was found to
be 84% with the Linear Discriminant method, using iYKAS and EMG focused features. Our results reveal
that functional near-infrared spectroscopy and electromyography data can be used to classify hand
movement and can be integrated into BCI systems.
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Giris

Beyin-bilgisayar arayiizleri (BBA) veya Beyin-makine
araylzleri insanlarin dig diinyadaki nesnelerle
haberlesmesi i¢in kullanilan donanimsal ve yazilimsal bir
haberlesme sistemidir [1]. BBA’nin basta tip [2] olmak
tizere, endistriyel [3], sosyal arastirmalar [4] ve
nororehabilitasyon [5-7] gibi ¢esitli uygulama alanlari
bulunmaktadir. Sistemsel olarak BBA, islevsel manyetik
rezonans goriintilleme (iMRG) [8], Elektroensefalografi
(EEG) [9], islevsel yakin kizilaltt spektroskopisi
(iYKAS) [10] ve magnetoensefalografi (MEG) [11] gibi
cesitli invaziv olmayan norogoriintilleme teknikleri
kullanilarak elde edilen sinyallerin, belirli 6n igleme
asamalarindan gecirildikten sonra, bu sinyallerden
¢ikartilan Ozniteliklerin yapay zeka yontemleri ile
smiflandirilmast ve bu smiflandirma sonucunda ortaya
¢ikan cevabm (0rn: el hareketini gerceklestirme) dis
diinyadaki nesnelerle haberlesmesi siirecini igerir.
BBA’lerinde bu noérogoriintileme modalitelerinin
icerisinde iYKAS son yillarda gittikce popilerlik
kazanmaktadir [10]. Bunun en 6nemli sebebi, iYKAS
sistemlerinin iMRG’ye kiyasla daha ucuz, taginabilir ve
zamansal ¢ozlniirliigiiniin yiiksek, EEG’ye nazaran ise
uzaysal ¢Oziiniirligiiniin yiiksek ve her iki modaliteye
kiyasla hareket artifaktlarina karsi daha az duyarh
olmasidir [12].

iYKAS, yaklagik olarak 600-1000 nm araligindaki yakin
kizil  alti 151k spektrumunda insan  beynindeki
damarlardaki HbO ve Hb’nin olgililmesinde kullanilan
optik bir sistemdir. iYKAS kullanilarak genellikle,
kaynak-dedektér mesafesine bagli olarak kafatasi
ylizeyinin yaklasik 2-3 c¢m altinda bulunan kortikal
yapilarda hemodinamik cevap gozlemlenir. Bunun
yanisira, bu spektranin i¢inde hemodinamik aktivitenin
olusmasi, oksihemoglobin (HbO)-ve
deoksihemoglobin’nin (Hb) uygulanan yakin kizil alti
15182 karsi davranigt ile dogrudan iligkilidir. BBA
modellerinde iYKAS, ozellikle EEG ile birlikte
kullanildigi durumlarda genellikle tek bir modalite ile
kullanildigi durumlara nazaran daha yiiksek dogruluk
sonuglart raporlanmaktadir [10]. Bununla birlikte
BBA’lerinde kullanilan EEG sistemlerine ek olarak
ozellikle ndrorehabilitasyon uygulamalarinda
elektromiyografi (EMG) de bu sistemlere veri saglayici
olarak siklikla kullanilmaktadir [13-15].

BBA modellerinin egitilmesinde kullanilan, beyin ve
kaslardan alinan sinyaller tek baslarina ¢esitli problemler
icermektedir. Beyinden elde edilen sinyaller genellikle
katilimeilara 6zel bir nérolojik adaptasyon gerektirmekte
ve bu adaptasyon gergeklesmedigi siirece genellikle BBA
sistemlerinde ¢ok diigiik siniflandirma dogruluklar elde
edilmektedir [16]. Ote yandan, kastan elde edilen
sinyallerde ise bazi hastalik gruplarmin ndéromuskiiler
hastaliklar da  barindirabileceginden ozellikle
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elektrofizyolojik cevaplarda bu hastaliklara bagh
anomaliler gosterebilecektir [17, 18]. Bu handikaplar
aragtirmacilar1 kas ve beyinden elde edilen sinyalleri
birlikte kullanilabilecek yaklasimlar olusturarak BBA
modelleri egitilmesine yonlendirmistir. Bu c¢aligmalar
icerisinde, klasik yaklasim olan kas ve beyinden alinan
verilerden ¢ikartilan 6znitelik fiizyonu da kullanilirken
[19-23], ayn1 zamanda bu yaklasimdan bagimsiz olarak
EEG ve EMG sinyallerinden ¢ikartilan kortikomuskiiler
koherans da kullanilmigtir [15, 17]. Bu ¢aligmada uzaysal
¢oziiniirliigii EEG’den daha yiiksek olan iYKAS sistemi
ve EMG’den toplanmis sinyaller kullanilarak el sikma
hareketinin sag ya da sol el tarafindan yapildiginin
siniflandirilmast  islemi  gergeklestirilmistir.  Onceki
yillarda yakin kizilaltt spektroskopisi ve EMG
calismalar1 genel olarak kas oksijenasyonunun gergek
zamanli Ol¢limii tizerine kullamilmustir [24]. Ancak,
literatlirde bildigimiz kadar1 ile iYKAS ile EMG’nin
birlikte kullanildigi, bir BBA modeli gelistirmeye
yonelik bir calisma bulunmamaktadir. Bunun igin,
calismamizda, dokuz makine Ogrenmesi algoritmasi
kullanarak, sadece iYKAS odakli &znitelikler, sadece
EMG odakli 6znitelikler ve hem iYKAS hem de EMG
odakli Ozniteliklerin  kullanildigt BBA  modelleri
gelistirmeye calisarak, modalitelerin ve algoritmalarin
bagarim {izerine etkisini gézlemlemeye ¢aligtik.

Yontem

Bu caligmada Hibrid Dinamik Grip (Hybrid Dynamic-
Grip, HYGRIP) veri seti kullanilmistir [25]. Bu veri seti
14 saglikli sag-el dominant katilimcidan, bir motor
kontrol gorevi esnasinda toplanan iYKAS, EEG, EMG,
dinamometre kullanarak el sikma kuvveti ve solunum
verisini i¢cermektedir. Bu ¢alismada sadece EMG ve
iYKAS verisi kullanmilmigtir. Verilerin 6n-igleme ve
Oznitelik ¢ikarim asamalarindan MATLAB (Mathworks
Co., MA, ABD) programlama dili kullanilmis olup,
siniflandirma asamalarinda, Python tabanl bir kiitiiphane
olan scikit-learn kullanilmistir [26].

Deneysel Tasarim

Calismada kullanilan veri bir motor kontrol deneyi
esnasinda elde edilmistir.. Bu deneyde hem sag hem sol
el kullanilarak, 10 kez (5 sag el / 5 sol el) 21 saniyelik
blok igerisinde bir dinamometrenin sikilmasi gorevi
gergeklestirilmistir. Her bir 20 saniyelik blok igerisinde
10 kez (1.55 saniye sikma / 0.55 saniye dinlenme) sikma
deneyi her iki el icin gergeklestirilmistir. Deneysel
tasarim sekil 1. de gdsterilmektedir.

EMG Sinyal Kaydi ve On-isleme

EMG sinyal kaydi ActiChamp sistemi araciligi ile
gergeklestirilmistir (Brain Products, Berlin, Almanya).
Sinyalin 6rnekleme frekansi 4 kHz dir. EMG sinyali i¢in
bir aktif biri referans olmak iizere iki elektrot kullanilmis
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Kavrama kuvveti gorevi

Hem sag hem sol el igin
minimum 10 maksimum 13 kez

Dinlenme
15-21 sn

Dinlenme
15-21 sn
21sn
2,5sn
Sesli uyan
(Sag ya da sol el)
1,55 sn

|
|2

Kasilma

Gevseme

Sekil 1. Deneysel tasarim.

olup, bu elektrotlar flexor digitorum superficialis kasinin
lizerine yerlestirilmistir. Elde edilen EMG sinyalleri, ilk
olarak 50 Hz sehir sebeke geriliminden 2. derece bir
sonsuz dirtii tepkisi (Infinite Impulse Response-1IR)
filtre kullanilarak armdirilmistir.  Bu  islem  igin
MATLAB’daki iirnotch fonksiyonundan
faydalanilmigtir. Daha sonra 5-450 Hz’lik 4. derece bir
butterworth band gegiren filtre kullanilarak sinyalin
yiksek frekanslardaki giiriiltiileri yok edilmistir. Bu
islemlerden sonra, EMG sinyalimizin mutlak degerini
alarak tam dalga dogrultmasi (full-wave rectification)
gercgeklestirilmigtir. Tam dalga dogrultmasindan sonra
sinyalimiz 1 saniyelik hareketli ortalama filtre (moving
average filter) ve 5 saniyelik hareketli ortalama karekokii
(Root Mean Square) alinarak ile yiiksek frekansh
bilesenler bastirilmistir.

IYKAS Sinyal Kayd1

iYKAS sinyalleri, NIRScout iYKAS sistemi (NIRx
Medizintechnik GmbH, Berlin, Almanya) kullanilarak
toplanmustir. Sistemin, 6l¢iim aldig1 dalga boylar1 760
nm ve 850 nm iken, Ornekleme frekans: 12.5 Hz’dir.
Yakmn kizilalti 151k kaynag ile dedektorler arasindaki
mesafe 3 cm’dir. Dedektorlerden alinan optik yogunluk
degisimleri uyarlanmis Beer-Lambert yasasi [27]
kullanilarak oksihemoglobin (AHDbO) ve
deoksihemglobin (AHb) konsantrasyon degisimleri elde
edilmistir. Uyarlanmis Beer-Lambert yasasinda, 1,ve 4,
her 760 ve 850 nm dalga boylarini, d kaynak-dedektor
aras1 mesafeyi, DPF fotonlarin dokuya gonderildikten
sonra doku igerisinde katettigi ortalama mesafenin
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kaynak dedektor mesafesine oranini, AOD optik

yogunluk degisimini, € emilim katsayisin1 gosterdiginde,

AHbO ve AHD yi elde etmek i¢in;
AOD,M] _|efs dDPF e, d DPF 2 Hb |
AOD 1 |efz d DPF &z, d DPF|'AHDO @)

esitligini  kullaniriz.  Burada degisim kavraminin
kullanilmasindaki temel amag, deney baslamadan 6nce
elde edilecek olan referans HbO ve Hb degerlerinin
deney basladiktan sonra degisim miktarii temsil
etmektir. DPF degeri bu ¢alismada 760 nm igin 5.98, 850
nm igin 7.54 olarak kullanilmustir.

IYKAS On-isleme

Toplanan iYKAS sinyallerinin 6ncelikle kalite kontrolii
gerceklestirildi. Bunun i¢in her katilimcinin ayri ayri
kanallarinin  Welch metodu ile gii¢ spektrumlari
incelenerek kanallarda kalp atimma karsilik gelen
yaklagik 1-1.5 Hz arasinda bir gii¢ spektrumunun olup
olmadigr kontrol edilmistir [30, 31]. Bu durum
kanallardaki kafatasi-optod kuplajinin basarili bir sekilde
yapildigi1  gostermektedir. Kalp atimmin  giic
spektrumunda temsiliyeti olmayan kanallar ihmal
edilmistir. Sinyal kalitesinin kontroliinden sonra dalgacik
donilisiimii tabanli filtreleme gercgeklestirilerek iYKAS
sinyallerinde goriilen hareket artifaktlar1 yok edilmistir
[32]. Kalp atimi ve solunum gibi fizyolojik giiriiltiileri
yok etmek i¢in 0.001-0.3 Hz kesim frekanslar1 olan 2.
derece bir bant gegiren butterworth filtre kullanilmistir.
Ornek bir 6n-isleme sonucu Sekil 2.’de gosterilmektedir.
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Sekil 2. iYKAS &n isleme 6rnegi. Ustteki grafikte ham, alttaki grafikte filtrelenmis AHbO sinyalleri
goriilmektedir.

EMG ve iYKAS sinyallerde 6n isleme tamamlandiktan
sonra tiim uyaranlar (sag el ve sol el) icin EMG ve
iYKAS tepkileri, 2 sn uyaran 6ncesi (pre-stimulus) ve 30
saniye uyaran sonrasi (post-stimulus) olmak {izere
¢ikartilmistir. Sekil 1.’de gosterilen deneysel tasarimda
21 saniye siiren kavrama kuvveti goérevinden, 9 saniye
daha uzun bir uyaran sonrasi veri alinmasinin sebebi
iYKAS sinyallerinin uyaran oncesi haline dénmiis
halinin elde edilmesi igindir. 14 katilimcidan toplamda
328 (164 sag, 164 sol) tane uyaran sonrasi cevap elde
edilmistir.

IYKAS Kanal Konfigiirasyonu

Optodlar, merkezi EEG 10-20 sistemindeki C3 ve C4
kanallarina denk gelecek sekilde 3 x 3 olarak iki grid
seklinde iki yarimkiireye yerlestirilmistir. C3 ve C4
elektrot  pozisyonlarinin  primer motor  korteks
bolgelerine kargilik geldigi ge¢mis ¢alismalardan
bilinmektedir [28, 29]. Her bir grid’de 5 tane kaynak ve
4 tane de dedektor olarak toplamda 10 kaynak ve 8
dedektorden 6lglim alinmaktadir. Kanal konfigiirasyonu
Sekil 3°de gosterilmektedir.

Oznitelik Cikartimi ve Secimi

Oznitelik gikartimi her bir el sikkma denemesinde (sag el
ve sol el) IYKAS igin her bir kanaldan elde edilen
sinyallerin ilgili 6n isleme siire¢lerini tamamladiktan
sonra,

Maksimum AHbO degeri

Minimum AHb degeri

AHbO ve AHb’nin standart sapmasi

AHbO ve AHb’nin ¢arpiklik (skewness) degeri
AHbO ve AHb’nin basiklik (kurtosis) degeri
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e Ortalama AHbO ve AHb degeri

1YKAS tabanli 6znitelikler tiim kanallardan (24 kanal)
alindi. Dolayist ile toplamda 240 tane 6znitelik sadece
iYKAS sinyallerinden c¢ikartildi. Bu Ozniteliklere ek
olarak EMG sinyalinin;

Maksimum genlik degeri
Ortalama genlik degeri
Standart sapmast
Carpiklik (skewness) degeri

e Basiklik (kurtosis) degeri
cikartilmig olup toplamda 245 tane tane Oznitelik elde
edildi. Dolayisi ile siniflandirma igin 6znitelik segimi
yapacagimiz dznitelik vektoriimiiziin boyutlar1 328 x 245
olmus oldu. Oznitelik vektoriinii olusturduktan sonra, ug
degerleri normalize etmek i¢in tim Ozniteliklere Z-skor
normalizasyonu uygulandi. Oznitelik segimi icin L1
cezalandirma yaklagimi tabanli bir Oznitelik se¢imi
gergeklestirdik ve yontem olarak dogrusal destek vektor
makinesini (DVM) kullandik [33]. DVM kullanilarak
Oznitelik se¢iminin temel yaklagimi; diizenleme
parametresi ( C ) seyrekligi kontrol etmektedir. Diisiik bir
C degeri daha az Oznitelik se¢imi anlamina gelir. Burada
da diizenleme parametresi C=0.01 olarak alinmstir. L1
normlu DVM kullanarak dznitelikler segerken, eger veri
Setimize ¢ tane Orneklem iceren D der isek;
={GsiWlsi €R% L € (1, 4D}, (2)

Denklem 2’de, s; d tane Ozniteligi olan i. drnegi ve [;
karsiligi olan smif etiketini gostermektedir. s; d boyutlu
satir  vektorii  olarak  gosterilmektedir  s; =
[Si1) Siz) Sizy e - Sig]- Denklem 2. de ifade ettigimiz
iizere eger bu problem iki sinifi siniflandirma problem
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olarak varsayarsak, DVM’nin ayirt edici hiperdiizlemi
denklem 3’deki gibi gosterilir.

WTSi +b= li (3)

Bu denklemde, w agirlik vektorii ve b yanliligi (bias)
temsil etmektedir. Hedefimiz bu hiperdiizlemin marjin

mesafesi olan (”27”) degerini w’yi minimize ederek
maksimize etmektir. Bunu gergeklestirmek i¢in maliyet
fonksiyonumuz denklem 4’de gosterilmektedir.

min € 56§, bisp 1) + 5 Iwlly - (4)

{li(WTSi +b)=1-¢Ww,b;s;, 1)
E(W’ b; Si’ ll) 2 0’ l = H

Bu denklemlerde, s;,l;’ye bagh olan & gevsek
degiskendir. Bu noktada, k sayida optimal 6znitelik d
tane Oznitelik arasindan ¢ikarmamiz gerekmektedir (1 <
k < d). Bunu gergeklestirirken her bir Ozniteligin
karsihik geldigi agirligi goz Oniine aliriz. Eger bu
agirliklar 0°dan biiyiik ise bu Oznitelikler segilir. Daha
sonra, optimizasyon problem denklem 5’deki gibi
tanimlanir.

c
1
migl Cz max (0,1 — L;(wTs; + b))% + 3 lwlly (5)
w, -

=1

Her Oznitelik i¢in w bulduktan sonra, w =0 olan
Oznitelikleri 6znitelik matrisimizden ¢ikarttik.

+ elektrod

=
- elektrod ég//{,{’

A ZTNL B

91:0200

13 18 23

1
Cz14 19 24 Flexor digitorum superficialis kasi

2 7 2
| @10@5@ 079229
\ eyl
3cm
. Kaynak
| @ Dedektsr

. EEG elektrot pozisyonu
@ EMG elektrodu

Sekil 3. A) iYKAS optodlarinin kafa yiizeyinde
dizilim konfigiirasyonu. B) EMG elektrotlarinin flexor
digitorum superficialis kast lizerinde yerlesimi.

Siniflandirma

Oznitelik seciminden sonra, ¢alismamizda sag ve sol el
hareketini siniflandirmak igin K-en yakin komsuluk (K-
EYK), dogrusal ve radyal temelli DVM, Gradyan
Artirma (GA), Adaboost, Naive Bayes (NB), Dogrusal
Diskriminant, Kuadratik Diskriminant ve Lojistik
regresyon  yaklagimlari  kullamlmugtir.  Oznitelik
¢ikarimimi ve seg¢imini yaptiktan sonra elde edilen
Oznitelik vektorii {izerinde siniflandirma islemini
gercgeklestirilirken, bir katilimeiyr disarida birakmali
capraz gegerlilik yontemi (leave-one-subject-out cross-
validation - LOSOCV) uygulanmistir. Bu yontemde
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klasik birini disarida birak ¢apraz gegerliginden farkli
olarak ilgili katilimecidan elde edilen tiim veri test verisi
olarak kullanilirken, diger katilimcilardan elde edilen
veriler egitim verisi olarak kullanilir. LOSOCV’yi
kullanmaktaki temel amag, siniflandiricinin her bir
katihimer i¢in performansini gézlemlemektir ve BBA
calismalarinda modelin basarimini test etmek igin
siklikla  tercih  edilen  bir c¢apraz  gecerlilik
yaklagimidir[34-36]. Bununla birlikte ¢aligmamizda
duyarhilik (sensitivity) ve 6zgiilliikk (specificity) sonuglari
hesaplanirken  Tablo 3. deki gibi bir karisiklik matrisi
(confusion matrix) uygulanmigtir. Bu karisiklik
matrisinde dogru pozitif (DP), yanlis pozitif (YP), dogru
negatif (DN) ve yanlig negatif (YN) sag ve sol el i¢in
tablodaki gibi temsil edilmistir. Duyarlilik hesaplamasi
yapilirken tiim sol el siniflarinin % kagini sol el olarak
siiflandirdig1 (DP/(DP +YN)) ve 6zgiilliik hesaplamasi
yapilirken (DN/(DN +YP)) tim sag el smiflarinm %
kagin1 sag el olarak siniflandirdigi belirlenmistir.

Tablo 3. Karigiklik Matrisi

Gergek Sonug
Sol El Sag El
Model Sonucu
Sol El DP YP
Sag El YN DN
Sonuclar

Oznitelik secimimiz sonrasi ¢alismamizda toplamda 6
tane Oznitelik se¢imi gerceklestirdik. Bu kullanilan
Oznitelikler Tablo 1.’de gosterilmektedir.

Tablo 1. L1 norm tabanli DVM tarafindan segilen

oznitelikler
MODALITE KULLANILAN
OZNITELIK
IYKAS e Kanal 15 (C4
superior
horizontal-
anterior) ortalama
AHDb
e Kanal 16 (C4
superior
horizontal-
coronal) ortalama
AHDb
e Kanal 19 (C4
horizontal-
posterior coronal)
Maksimum AHbO
e Kanal 20 (C4
inferior horizontal
anterior)
maximum AHbO
EMG e  Maksimum EMG
genligi
e EMG Zaman
serisinin basiklik
degeri
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Oznitelikler ¢ikartildiktan sonra hem iYKAS, hem EMG,
hem de her iki modaliteden alinan Oznitelikler
birlestirilerek ~ dokuz  smiflandirma  algoritmasi
kullanilarak smiflandirma islemleri gerceklestirilmistir.
Tablo 1°de gosterilen iYKAS tabanli 6zniteliklerden elde
ettigimiz siniflandirma sonuglari Tablo 2.’de ve Sekil
4.’de verilmistir. Buna gore, iYKAS tabanli 6znitelikler
kullanilarak bulunan en yiiksek ortalama dogruluk, % 61
oraninda dogrusal DVM, Radyal tabanli DVM, Dogrusal
Diskriminant ve Lojistik Regresyon kullanilarak
bulunmustur. Diger smiflandiricilara da bakildiginda
genel olarak dogruluk degeri % 50 — 61 arasinda

degismektedir. Bu tek basma diisiik bir siniflandirma
yiizdesidir. Ote yandan Tablo 1.’de verilen EMG tabanli
Ozniteliklerden elde ettigimiz sonuglar Tablo 2.’de ve
Sekil 5.°de verilmistir. EMG tabanli Ozniteliklerle ile
gerceklestirilen smiflandirma sonucunda, ortalama en
yiksek dogruluk degeri %83  olarak Dogrusal
Diskriminant algoritmasi tarafindan bulunmustur. EMG
kullanilan &znitelikler ile yapilan siniflandirmalarda
bulunan dogruluk degerleri % 61-83 arasinda
bulunmugtur. Buradan kiyaslandiginda EMG tabanl
Ozniteliklerin ayirt ediciligi iYKAS tabanli 6zniteliklere
nazaran daha yiiksektir.

Tablo 2. Simiflandirma iglemi sonrasi tiim katilimeilar igin ve ortalama dogruluk sonuglari. K-EYK: K-en
yakin komsuluk, D-DVM: Dogrusal Destek Vektor Makinesi, RT-DVM: Radyal Tabanli Destek Vektor
Makinesi, GA: Gradyan Arttirma, NB: Naive Bayes, DD: Dogrusal Diskriminant, KD: Kuadratik
Diskriminant, LR: Lojistik Regresyon. Ort.: Ortalama. Std.: Standart sapma, Alg: Algoritma, Mod.:

Modalite
Katilimcilar
Alg. Mod. K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11l | K12 | K13 | K14 Ort.+ Std.
iYKAS | 0.60 0.57 0.42 0.42 0.53 0.61 0.65 0.35 0.60 0.40 0.60 | 042 | 0.46 | 0.38 | 0.50+0.10
K- EMG 0.45 0.50 1.00 0.50 1.00 1.00 0.80 0.80 1.00 0.70 050 | 046 | 096 | 1.00 | 0.76+0.23
EYK | iYKAS
+ 0.75 0.61 0.88 0.61 0.73 0.84 0.90 0.85 0.95 0.75 0.70 | 053 | 0.80 | 0.88 | 0.77+0.12
EMG
iYKAS | 0.75 0.69 0.61 0.38 0.61 0.80 0.65 0.70 0.50 0.75 0.53 | 050 | 0.50 | 050 | 0.61+0.12
D- EMG 0.50 0.50 1.00 1.00 1.00 1.00 0.80 0.25 1.00 0.80 045 | 050 | 0.96 | 1.00 | 0.76+0.26
DV -
M iYKAS
+ 0.80 0.65 0.92 0.65 0.73 1.00 1.00 0.40 0.90 0.55 0.75 | 0.76 | 0.88 | 0.84 | 0.77+0.17
EMG
iYKAS | 0.75 0.69 0.61 0.38 0.61 0.65 0.80 0.65 0.70 0.50 0.75 | 053 | 050 | 050 | 0.61+0.12
RT- EMG 0.50 0.50 1.00 1.00 1.00 1.00 0.80 0.25 1.00 | 0.80 0.45 0.50 | 0.96 | 1.00 | 0.76+0.26
DV -
M iYKAS
+ 0.80 0.65 0.92 0.65 0.73 1.00 1.00 0.40 0.90 0.55 0.75 | 0.76 | 0.88 | 0.84 | 0.77+0.17
EMG
iYKAS | 0.65 0.61 0.38 0.42 0.53 0.61 0.45 0.50 0.65 0.45 0.70 | 046 | 053 | 0.38 | 0.52+0.10
EMG 0.50 0.50 0.50 0.50 1.00 1.00 0.85 0.85 1.00 0.25 050 | 050 | 0.46 | 1.00 | 0.67+0.26
GA iYKAS
+ 0.50 0.50 0.50 0.50 0.76 1.00 0.85 0.80 1.00 0.70 0.50 | 050 | 0.46 | 1.00 | 0.68+0.21
EMG
iYKAS | 0.55 0.69 0.34 0.46 0.57 0.38 0.60 0.35 0.55 0.50 0.70 | 0.30 | 053 | 0.42 | 0.49+0.12
Ada EMG 0.50 0.50 1.00 0.50 0.50 0.50 0.85 0.50 1.00 0.30 050 | 050 | 0.46 | 1.00 | 0.61+0.23
Boos —
t iYKAS
+ 0.50 0.50 1.00 0.61 0.84 1.00 0.85 0.80 1.00 0.60 040 | 050 | 0.80 | 1.00 | 0.74+0.19
EMG
iYKAS | 0.70 0.73 0.61 0.34 0.50 0.73 0.60 0.70 0.65 0.50 0.80 | 0.57 | 0.50 | 0.50 | 0.60+0.10
EMG 0.50 0.50 1.00 1.00 1.00 1.00 0.85 0.75 1.00 0.85 0.35 | 0.50 | 0.96 | 1.00 | 0.80+0.20
NB iYKAS
+ 0.65 0.46 0.96 0.57 0.92 0.92 0.90 0.85 1.00 0.85 040 | 0.69 | 0.92 | 0.96 | 0.79+0.10
EMG
iYKAS | 0.70 0.69 0.61 0.38 0.53 0.69 0.65 0.60 0.65 0.65 0.80 | 0.61 | 0.50 | 0.50 | 0.61+0.11
EMG 1.00 0.50 1.00 1.00 0.84 1.00 0.90 0.80 1.00 0.70 050 | 050 | 0.92 | 1.00 | 0.83+0.23
DD iYKAS
+ 0.85 0.73 0.92 0.65 0.76 0.96 1.00 0.90 0.90 0.70 080 | 0.76 | 0.88 | 0.92 | 0.84+0.20
EMG
iYKAS | 0.70 0.73 0.50 0.34 0.61 0.65 0.55 0.65 0.65 0.60 0.80 | 0.65 | 0.53 | 0.46 | 0.60+0.11
EMG 0.50 0.50 1.00 1.00 1.00 1.00 0.85 0.75 1.00 0.85 0.35 | 0.50 | 0.96 | 1.00 | 0.80+£0.23
KD -
iYKAS
+ 0.40 0.69 0.92 0.69 0.96 0.96 0.90 0.85 1.00 0.85 040 | 0.61 | 0.92 | 1.00 | 0.79+0.20
EMG
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iYKAS | 0.70 0.69 0.61 0.38 0.53 0.69 0.65 0.60 0.65 0.65 0.80 | 0.61 | 0.50 | 0.50 | 0.61+0.10
EMG 1.00 0.50 1.00 1.00 0.96 1.00 0.75 0.75 1.00 0.70 0.45 | 050 | 0.96 | 1.00 | 0.82+0.21
LR iYKAS
+ 0.85 0.53 0.96 0.73 0.96 1.00 0.85 0.90 0.95 0.75 055 | 0.76 | 0.88 | 0.96 | 0.83+0.14
EMG
iYKAS Sag / Sol El Sikma Siniflandirma Dogruluklar
0.8
0.7
~ — 4
50.6 - T
=
.
gj —_—
00.5 -1 R —
0.4 _ _oy
0.3 -
K-EYK D-DVM RT-DVM GA AdaBoost NB DD KD LR

Sekil 4. Sadece iYKAS sinyallerinden elde edilen 6znitelikler kullanilarak gergeklestirilen siniflandirma sonuglarinin
keman grafigi ile gosterimi. Siyah ¢izgi ortalama degeri gostermektedir. Keman grafiginde, simetrik olarak 14
katilimcidan alinan dogruluk degerlerinin istatistiksel dagilimi goriilmekte olup, ortalama deger ile ortanca deger
hemen hemen birbirine yakindir. K-EYK: K-en yakin komsuluk, D-DVM: Dogrusal Destek Vektor Makinesi, RT-
DVM: Radyal Tabanli Destek Vektor Makinesi, GA: Gradyan Arttirma, NB: Naive Bayes, DD: Dogrusal
Diskriminant, KD: Kuadratik Diskriminant, LR: Lojistik Regresyon

EMG Sag / Sol El Sikma Siniflandirma Dogruluklari
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0.9
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30.7
=1
50.6
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0.4
0.3

K-EYK D-DVM RT-DVM GA

AdaBoost

NB DD KD LR

Sekil 5. EMG sinyallerinden elde edilen dznitelikler kullanilarak gergeklestirilen siniflandirma sonuglarinin keman
grafigi ile gosterimi. Siyah ¢izgi ortalama degeri gostermektedir. Keman grafiginde, simetrik olarak 14 katilimcidan
alian dogruluk degerlerinin istatistiksel dagilimi goriilmektedir. K-EYK: K-en yakin komsuluk, D-DVM: Dogrusal

Destek Vektor Makinesi, RT-DVM: Radyal Tabanli Destek Vektor Makinesi, GA: Gradyan Arttirma, NB: Naive

Bayes, DD: Dogrusal Diskriminant, KD: Kuadratik Diskriminant, LR: Lojistik Regresyon

Ote yandan hem iYKAS hem de EMG tabanli
Ozniteliklerin flizyonu sonucu Tablo 1°de gosterilen
toplam 6 6znitelik kullanilarak elde edilen siniflandirma
sonuglar1 Tablo 2. ve Sekil 6’da gosterilmektedir. Her iki
modalite kullanildiginda ise en yiiksek dogruluk degeri
%84  olarak  Dogrusal Diskriminant algoritmasi
kullanilarak ~ bulunmustur. Bununla birlikte tim
algoritmalarda iYKAS ve EMG tabanli 6zniteliklerin
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kullanilmas1 sonucu elde edilen dogruluk degerleri
IYKAS tabanli 6zniteliklerin kullanilmasi sonucu elde
edilen dogruluk degerlerinden daha yiiksek bulunmustur.
Ote yandan, dokuz algoritmanin yedi tanesinde iYKAS
ile EMG tabanli 6zniteliklerin kullanilmasi, EMG tabanli
Ozniteliklerden elde edilen dogruluk degerlerinden daha
yiiksek dogruluk degerleri bulurken, Naive Bayes ve

Kuadratik  Diskriminant

algoritmalarinda  sadece
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EMG’nin  kullanilmast dahi basarili  bir sonug
vermektedir. Istatistiksel olarak karsilastirildiginda
sadece AdaBoost algoritmasinin kullanilmasinda iYKAS
ile EMG kaynakli 6zniteliklerin sagladiklar1 dogruluk
degeri, sadece EMG kaynakli dzniteliklerin sagladig
dogruluk degerinden anlamli olarak daha yiiksektir
(t(13)=-2,569, p =0.023).

Dogruluk degerlerinin yant swa 14 katilimcidan
LOSOCYV sonucu alian ortalama duyarlilik ve 6zgiillik
sonuglart da Tablo 4.’de verilmistir. Sonuglara gore en
yiksek dogruluk elde ettigimiz iYKAS ve EMG
Ozniteliklerini  kullanan  dogrusal  diskriminant

smiflandiricist ile %80 oraninda duyarlilik ve %87
oraninda Ozgiilliik elde ettik. Tiim smiflandiricilar ve
modaliteler igerisinde en yiiksek elde ettigimiz duyarlilik
sonucu dogrusal diskriminant ile %80 iken, Gradyan
Arttirma siniflandiricist ile %91 oraninda bir 6zgiillik
elde ettik. Ancak Gradyan Arttirma siiflandiricisinin
duyarlilik orani her ii¢ 6znitelik seti icin de ¢ok diigiik
degerlerde oldugu i¢in bu smiflandirict daha ¢ok sag el
verisini siniflandirmada duyarl bir siniflandirict olarak
gbze carpmustir. Dolayist ile optimal diizeyde
bakildiginda dogrusal diskriminant siniflandiricisinin
her iki siniftan da veriyi %80 ve iistii bir basarim ile
smiflandirdigint séylemek miimkiindiir.

iYKAS + EMG Sag / Sol El Sikma Siniflandirma Dogruluklari

1.0 - - -

Dogruluk
e © ©
N 0 ©

o
)

et
(7))

0.4 - -

K-EYK D-DVM RT-DVM GA

AdaBoost

NB DD KD LR

Sekil 6. iYKAS ve EMG sinyallerinden elde edilen 6znitelikler birl gerceklestirilen siniflandirma sonuglarimin keman
grafigi ile gosterimi. Siyah ¢izgi ortalama degeri gostermektedir. Keman grafiginde, simetrik olarak 14 katilimcidan
alinan dogruluk degerlerinin istatistiksel dagilimi goriilmektedir.. K-EYK: K-en yakin komsuluk, D-DVM: Dogrusal
Destek Vektor Makinesi, RT-DVM: Radyal Tabanli Destek Vektor Makinesi, GA: Gradyan Arttirma, NB: Naive
Bayes, DD: Dogrusal Diskriminant, KD: Kuadratik Diskriminant, LR: Lojistik Regresyon

Tartisma

Calismamizda, en yiiksek dogrulugu, IYKAS ve EMG
bazli 6znitelikler ile Dogrusal Diskriminant algoritmasini
kullanarak %84 olarak elde ettik. Bununla birlikte tiim
algoritmalarda EMG ile iYKAS’1n birlikte kullanildig:
smiflandirma  sonuglarinda  iYKAS’m  dogruluk
degerlerine  kiyasla dogruluk yiizdesinde artis
gozlemledik. Calismamizda iYKAS odakli 6zniteliklere
baktigimizda sag motor korteks’e yakin bolgelerde
AHbO ve AHb odakli 6znitelikler kullanilmistir. AHbO
zaman serileri agirlikli olarak BBA sistemlerinde
Oznitelik saglayici olarak kullanilmaktadir [10]. Bunun
en temel sebebi AHb’e nazaran yiiksek bir sinyal-
giriiltii-oran1 (SGO) olmasidir [37-40]. Ancak bunun
yanisira, AHb zaman serilerinin diigiik SGO’lar1 olmasi
da ekstraserebral ve intraserebral artifaktlardan az
diizeyde etkilenmesinden kaynaklanabilir, bu da sag ve
sol el arasindaki siniflandirmanin saglanmasinda etkili
olabilir [41]. Bununla birlikte, siniflandirmada kullanilan
EMG bazli 6znitelikler maksimum EMG genligi ve EMG
zaman serisinin basiklik (kurtosis) degeridir. Bu
oznitelikler dnceki yillarda yapilan EMG tabanli makine
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O0grenmesi ¢aligmalarinda en siklikla faydalanilan
Ozniteliklerdendir  [42]. Smmiflandirma  skorlarina
baktigimizda, EMG’nin iYKAS ile birlikte kullanilmasi
efektif bir el sikma hareketi odakli bir BBA gelistirmek
icin yeterli olabilirken, algoritmaya bagl olarak sadece
EMG de yeterli olabilmektedir. iYKAS tek bagina BBA
modelleri gelistirmek ig¢in, 0Ozellikle motor icraatgi
gorevler (motor execution) siklikla kullanilmaktadir [43-
46]. Bu ¢alismada, en temel fark bir dinamometre ile el
sikma gorevi gergeklestirilmistir. Benzer bir ¢alismada,
sag ve sol el hareketlerinin bir dinamometre ile sikilmasi
sonucu elde edilen EEG sinyallerinden 8-30 Hz
sensorimotor olaya iligkin desenkronizasyon Verisi
kullanilarak yapilan el sikilmasimin kuvvet tahmini
dogrulugu sag el kullanilarak %55, sol el kullanilarak
%353 olarak bulunmustur. Katilimcilara, sag ve sol elleri
ile dinamometre sikma paradigmasi uygulanan bagka bir
calismada, sadece i1YKAS sinyalleri kullanilarak
gelistirilen bir derin 6grenme modeli ile %80 oraninda
sag / sol el sikma tahmin edilmistir [47]. Benzer baska
iYKAS ve EMG calismasinda ise sag ve sol el sikma
arasindaki fark klasik dogrusal modellerle istatistiksel
yontemlerle ayirt edilememistir [48].
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Tablo 4. Siniflandiricilarin LOSOCYV sonucu
duyarlilik (sol el siniflandirma) ve 6zgiilliik (sag el
siniflandirma) ortalamalar1

Siniflandirici Modalite Duyarhilik | Ozgiillik
IYKAS 0.53 0.47
KEYK _EMG 0.64 0.88
TYKAS -+ 0.79 0.75
EMG : :
IYKAS 0.72 0.51
D-DVM _EMG 0.64 0.89
TYKAS -+ 0.72 0.82
EMG : :
TYKAS 0.72 0.51
RT-DVM _EMG 0.64 0.89
IYKAS + 0.72 0.82
EMG : :
TYKAS 0.51 0.52
EMG 0.35 0.91
GA i
TYKAS +
EMG 0.45 0.90
IYKAS 0.51 0.48
AdaBoost _EMG 0.28 0.94
IYKAS =+ 0.59 0.89
EMG : :
IYKAS 0.58 0.61
NB 1Y|;|\12 y 0.71 0.89
EMG 0.75 0.82
IYKAS 0.62 0.60
DD 1Y|;|\12 y 0.78 0.88
EMG 0.80 0.87
IYKAS 0.61 0.58
EMG 0.71 0.89
KD g
TYKAS +
EMG 0.75 0.83
IYKAS 0.62 0.60
LR EMG 0.78 0.86
TYKAS +
EMG 0.80 0.86

Calismamizda buldugumuz %84 dogruluk, daha once
bulunan dogruluk oranlarindan daha yiiksektir. Ayrica
tek bir modaliteden elde edilen dogruluk degerlerinden
daha yiiksek bir dogruluk degeri her iki modaliteden elde
edilen Ozniteliklerden elde edilmistir. Bu da her iki
modalitenin birlikte kullanilmasimnin avantajli olacagimi
gostermektedir. Ote  yandan, bireysel diizeyde
smiflandirma sonuglarina baktigimizda, siniflandirma
skorlari arasinda yiiksek bir degiskenlik
gozlemlenmektedir. Siniflandirict dogruluklari
arasindaki %10 -26 arasinda bir degiskenlik
goriilmektedir. Bu degiskenlik iYKAS sisteminden elde
edilen AHbO ve AHb sinyallerinin hem katilimc1 bazinda
(intra-subject) hem de grup bazinda (inter-subject) bir
degiskenligin olmasindan  kaynaklanabilir. Bu
degiskenlik genel olarak, dikkat ve hafiza yiikii gibi
psiko-fizyolojik faktorlerin elde edilen sinyallere
katkisindan kaynaklanabilir [49]. Ote yandan bazi
smiflandiricilarin sag ve sol el kavrama kuvvetinden elde
edilen Oznitelikler sonucu spesifik olarak bir eli
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siniflandirmaya daha yatkin oldugu gdzlemlenmistir.
Ancak en yiiksek dogrulugu buldugumuz dogrusal
diskriminant algoritmasi bize hem sag elde hem de sol el
de %80 ve iistli bagarim vererek her iki elin kavrama
kuvveti sonucu elde edilen EMG ve ITYKAS aktivitesini
basari ile smiflandirmistir.

Sonuclar

Bu c¢alismada, iYKAS ve EMG olgiim sistemleri
kullanilarak el stkma odakli bir BBA sisteminin bagarimi
incelenmistir. Calismada hem iYKAS tabanli, hem EMG
tabanli Oznitelikler ile dokuz tane farkli smiflandirma
algoritmast kullanilarak hem algoritmalar arasindaki
sonuglar hem de modalitelerden elde edilen 6zniteliklerin
etkinligi elde edilen dogruluk skorlarma gore
karsilastirilmistir. Onerilen modaliteler ve &znitelikler,
ozellikle inme gibi hastaliklarda néororehabilitasyon
amacl kullanilabilecek néromuskiiler BBA
yaklagimlarini gelistirme konusunda ileriki ¢aligmalara
fikir vermesi bakimindan onemli oldugu
diistiniilmektedir. Literatiirde daha once herhangi bir
EMG ve iYKAS tabanli BBA  ¢alismasi
bulunmadigindan  bu  ¢ikartilan  Oznitelik  ve
algoritmalarin ozelliklerinin basarimlarinin
kargilagtirilmasi igin ileriki yillarda bu alanda yapilacak
calismalara ihtiyag vardir.

Etik Kurul Onay1 ve Cikar Catismasi Beyani

Hazirlanan makalede etik kurul izni alinmasina gerek
yoktur ve herhangi bir kisi/kurum ile c¢ikar catismasi
bulunmamaktadir.
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Mild Cognitive Impairment (MCI) is a risk of cognitive decline, commonly referred to as a transitional
stage between normal cognition and dementia. Patients with MClI typically progress to Alzheimer's disease
(AD), which causes cognitive deficits such as deterioration of their thinking abilities. This study aims to
detect MCI patients using electroencephalography (EEG) signals. The EEG dataset used in this study
consists of EEG signals recorded from 18 MCI and 16 control groups. Firstly, EEG signals were denoised
using multiscale principal component analysis (multiscale PCA). Then, 36 features were extracted from
the EEG signals using the discrete wavelet transform leader (DWT leader) feature extraction method.
Finally, using the extracted feature vectors, control groups, and MCI groups were classified by ensemble
learning algorithms. As a result, AdaBoostM1 algorithm gained the highest performance with 93.50%
accuracy, 93.27% sensitivity, 93.75% specificity, 94.38% precision, 93.82% fl-score, and 86.97%
Matthews correlation coefficient (MCC). By achieving quite satisfactory accuracy, this study proves that
the ensemble learning algorithm can also be used for MCI detection.
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Introduction

MCIl is a stage between normal brain aging and dementia. It
is a condition in which patients have a decline in short-term
memory, along with forgetfulness about recent events.
However, without obvious impairment in everyday
functioning [1-2]. Age-related diseases are becoming more
common around the world as a result of the progressive
increase in lifespans. The most popular among age-related
diseases are the MCI and AD. MCI is the early stage of
dementia that could also be referred to the “mild cognitive
disorder” classification category under the International
Classification of Diseases by the World Health
Organization [3-4].

Patients with MCI typically develop AD and those patients
normally experience problems with motor, cognitive, and
behavioral symptoms. Furthermore, they face difficulties in
adapting to changes and external stressors. Consequently,
this could lead them to a need for a caregiver due to their
behavioral disturbances [5]. Therefore, MCl is a crucial step
for the early identification of AD. This is because patients
with MCI are more likely to develop AD than those without
MCI. For that reason, early diagnosis will help patient
selection for upcoming clinical trials. It will also motivate
the patients to implement a new lifestyle. Furthermore, it

can assist the patient’s family and the patients themselves
in considering financial planning for future care needs. This
is because MCI rates are increasing rapidly with 5% of the
general population and around 15% developing dementia
each year [3, 6-7].

For the detection of MCI, patients are generally checked in
medical care using magnetic resonance imaging. This
method is cost-effective and less effective in the early
detection of MCI as its performance is limited to the late
stage of dementia. Another technique used is positron
emission tomography which is the most popular
neuroimaging technique for diagnosing dementia. This
method can show the presence of the amyloid protein, a
protein in the brain that is associated with dementia, and
neurometabolic abnormalities in the brain. However, this
diagnosis requires special equipment which is expensive to
perform. Moreover, it involves exposure to radiation which
is harmful [2]. To avoid the expensive common diagnosis
techniques mentioned above, recently, researchers are
developing predictive modeling techniques. This is done by
using the information of the brain activity of the patient,
collected from EEG devices. Moreover, machine learning
methods are also used due to their efficiency and low cost
for the detection of MCI and AD.
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Various investigations have been carried out for the early
diagnosis of MCI. Kashefpoor et.al (2019) developed a new
supervised dictionary-learning model called Correlation-
based Label Consistent. This method is based on the
analysis of the EEG signals using k-means and the singular
value decomposition method. First, they extracted spectral
features from the EEG signals applied frequency and time
domains. After that, they started voting between the labels
to have a final label for all the channels of each EEG signal.
As a result, they achieved an accuracy of 88.9% [8]. Alvi
et.al (2022) proposed a Long Short-Term Memory (LSTM)
based framework for the early detection of MCI from EEG
signals. To conclude their model performance, they
designed 20 different LSTM models with 5-fold cross-
validation and as a result, they achieved an accuracy of
91.41% [9]. Jamaloo et.al (2020) investigated the frequency
bands of the EEG signals to distinguish between MCI and
healthy subjects using hidden markov model. A model with
hidden states. Firstly, they divided the EEG signals into 5
based on standard frequency bands, the delta (0.5-4 Hz),
theta (4-8 Hz), alpha (8-12 Hz), beta (12-25 Hz), and
gamma (25-35 Hz). After that, using leave one out cross-
validation method, they divided them into train, test, and
validation sets. As a result, they have seen and concluded
that the alpha and gamma frequency bands produced the
highest classification accuracy with %95.9 + 0.4 alpha and
%97.2 £ 0.5 Gamma [10].

Different from the above studies, a new model was
proposed using ensemble learning algorithms that detect
MCI patients using EEG signals. The accomplishments of
this article are listed below.

MCI and healthy subjects were classified with ensemble
learning algorithms using feature vectors of the EEG
signals that were extracted using the DWT leader
feature extraction method.

The best performance model was chosen after
evaluating all the ensemble learning algorithms models.

As a result, the proposed model was able to enhance
classification accuracy.

Material and Method
Proposed Method

This study is carried out by first capturing the EEG signals
of the subjects using an EEG cap. Then the EEG signals of
each of the subjects were segmented into three parts of 10
minutes each. After the segmentation process, the EEG
signals were explored using Multiscale PCA. This is
because it looks for the subspaces that maximize the sum of
all squared pairwise distances between data projections
[11]. Then DWT leader feature extraction method has been
used to extract the feature vectors of the EEG signals.
Subsequently, 36 features were extracted using the DWT
leader.

After that, ensemble learning algorithms such as bagging,
AdaboostM1, Gentle Boost, Logit Boost, LP Boost, Robust
Boost, RUS Boost, and Total Boost ensemble learning
algorithms were used. These algorithms have been used to
classify the subjects using the spectral feature vectors that
have been extracted in the feature extraction step. After
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classifying them, the performances of all the algorithms are
analyzed to examine the algorithm with the highest
performance. As well as to reach a conclusion of which
algorithm was efficient in detecting MCI. Moreover, the
implementation steps of the proposed model are shown in
Figure 1.

Raw EEG Signals —) Segmentation
b o !
Multiscale PCA
Ensemble Learni l
ik 10-Fold Cross
Validation
- Gentle Boost - LP Boost o B -_ 4
- Logit Boost - Adaboosthyy | &= CLLLL L] W=
- Robust Boost - RUS Boost m - .
- Total Boosts - Bagging l
Feature Extraction
l Discrete Wavelet
Output Transform Leader
- Healthy -MCI

Figure 1: The implementation steps of the proposed
model.

Dataset

To conduct this study, a dataset that is publicly available on
the internet that consists of EEG signals from 34 subjects
(16 control and 18 MCI) has been used [8]. Where each
participant had at least completed their upper or elementary
education, and their ages ranged from 40 to 77. Each
participant's EEG was continuously recorded for 30 minutes
with a skin-electrode impedance of less than 5k and a 256
sampling rate. In addition to 19 electrodes positioned
according to the 10-20 International System (Fp1, Fp2, F7,
F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1,
and 02). Moreover, Mini-Mental State Examination
(MMSE) tests were also conducted. Considering the score
of MMSE between 21 and 26 as an MCI patient and scores
greater than that being healthy. Additionally, the study
process of the EEG signals has gained ethical approval from
Isfahan University of Medical Sciences' deputy for research
and technology. Moreover, written consent was taken from
the participants concerning the description of the study
procedure [8]. Figure 2 depicts electrode positioning for the
international 10-20 system.
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Figure 2: International 10-20 system electrode placement
system.

Segmentation Process and Multiscale PCA

In the segmentation process, each of the 34 participants of
the EEG recordings consists of 30 minutes with 256
sampling rates. Meaning that there are 19 electrodes with
460800 (256 x 60 x 30) rows for each participant.
Therefore, processing this enormous dataset requires
computational support and requires an expense of time. For
that reason, we have segmented each of the recordings into
three segments where each segment consisting of 10
minutes. As a result, there are 3 segments for each subject
and a total of 102 segments is produced with a size of
153600 (256 Hz x 60 seconds x 10 minutes) samples x 19
channels. Correspondingly the total number of the dataset
is 1938 (3 segments x 34 subjects x 19 channels). The
segmentation process was carried out to increase the
number of dataset data so that the developed dataset can be
practical and computationally efficient. Moreover, the
dataset is segmented to restore the spectral and temporal
characteristics of EEG. Furthermore, to prevent data loss
when feature extraction is performed on the EEG signal
which has a very large length [12-13]. EEG signals are
nonstationary and this means that they are vulnerable to
noises. Therefore, there must be a method to eliminate or
reduce the noise from the signals. This can be done using
de-noising methods such as band-pass filtering and PCA.
However, the use of the filtering technique depends on the
nature of the signals. Accordingly, in this study as the
signals are based on wavelets, multiscale PCA was used.
After segmenting the dataset, the multiscale PCA was used
which is the combination of potential PCA and orthonormal
wavelets. The orthonormal wavelets are responsible for
splitting the stochastic processes and the PCA for extracting
the relationship between multiple variables [12].

K-Fold Cross Validation

For the division of the dataset into training and test sets, the
k-fold cross-validation method has been used. K-fold cross-
validation is a technique to evaluate the results produced by
the model by dividing the dataset into a training set to train
the model and a testing set to evaluate it [14]. It is used to
achieve an unbiased estimate of the model performance by
dividing the dataset into k subsets of equal size. Therefore,
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building models k times and every time removing out one
of the subsets from the training set and then using it as the
test set. It is also used to minimize errors in the model [15].
The characteristics of the dataset are shown in Table 1.

Table 1. The characteristics of the dataset.

Class Number of Total number of datasets
subjects
MCI 18 1026
Healthy 16 912
Total 34 subjects x 19 channels x 3 segments =1938

Discrete Wavelet Transform Leader (DWT Leader)
Feature Extraction

Feature extraction methods are used to minimize irrelevant
features. Thereby only extracting the important features
from the EEG signals to increase the performance of the
classification model and avoid overfitting of the data which
could happen without feature extraction [16-17]. EEG
signals are non-stationary and obtaining frequency
information during brain activity is a challenging process.
This is due to electromagnetic interference between the
oscillators' high frequency and the low frequency produced
by eye blinks. Thus, classifying the raw signals eventually
affects the accuracy of the model [16]. Therefore, in this
study DWT leader feature extraction method was used to
extract the most important features and to estimate the
singularity of the spectrum. Wavelet transform is used for
time-frequency analysis. Whereas, DWT is a feature
extraction method that analyzes the signal with different
resolutions by breaking down the approximation and
detailed coefficient signals in different frequency bands.
When resolving high-frequency components in a minor
window, the DWT method requires large time windows to
solve low-frequency components. Because the signal
consists of both low and high frequency components it
attempts to provide the best resolution in terms of both time
and frequency [18]. Recently, a new form called DWT
leader was built from DWT by Jaffard and his co-workers.
DWT leader is a method that works well with non-
stationary and non-linear signals [19]. DWT leader is the
local suprema of the wavelet coefficient of the signal. This
method was introduced to improve the usual wavelet
methods. This method uses wavelet analysis to estimate the
multifractal spectrum which is a tool for the analysis of
fluctuations. Given that it describes the unique behavior of
a signal. The DWT is an effective time-frequency analysis
tool and its wavelet coefficients are suitable measurements
to examine its regularity. However, its drawback is that it
fails for signals with fluctuating singularities. The wavelet
leader method fixed that drawback. Moreover, DWT leader
has low computational complexity and offers robust and
fast estimation. Furthermore, it performs better and is more
effective than DWT at capturing oscillating signals [20-23].
The DWT of a signal X(t) is shown in equation 1, whereas
the local supremum of the wavelet coefficients in the dyadic
cube is known as the DWT leader and it is shown in
equation 2 [19].
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dy G, k) = | X(@®)27ypQ 77t — k)dt )

/

Ly(, k) = SUPA’:r|dX,A| (2)
Whereas, A is the dyadic interval and the I' is the dyadic
cube and their equations are as follows [19].

A= [k.27,(k +1)27] 3)

r= 32. = Ajk—l U ljk U )'jk+1 (4)
In this study, using the DWT leader as a feature extraction
method, 36 features were extracted from the EEG signals.

Ensemble Learning Classification Algorithms

Ensemble learning is referred to as multiple classifier
systems where multiple learners are trained and combined
to address a learning problem [24]. Ensemble learning helps
improve model performance. It is the most well-known and
comprehensive machine learning field. This is due to its
better performance than machine learning algorithms [25].
The framework of the ensemble learning method works by
first training a group of learners individually. Then merging
them through some strategies thereby gaining high
performance. Whereas the reason behind its high
performance is that, the generalization ability of an
ensemble group of learners is stronger than that of an
individual learner [24].

Boosting

Boosting algorithms begin their process by first training a
base learner and then modifying the distribution of the
training samples. This depends on the base learner's
performance so that samples that were mistakenly classified
would be given more focus by subsequent base learners.
The training sample distribution is again modified once the
second base learner has been trained using the first base
learner's adjusted training samples. Moreover, the process
is repeated again and again until a certain number of base
learner’s “T” has been reached. As a result, the base learners
are combined and weighted [24]. AdaBoost is the most
popular boosting algorithm where the additive model
boosting equation is shown in equation (5).

T

HE) = ) ahy()

t=1

)

Where o is the target t, h; (X) is the chosen base learner at
each stage to minimize the loss function [24].

Bagging

Bagging is an effective and useful ensemble learning
algorithm used in classification and regression models [26].
It generates sampling subsets by randomly picking and
copying one sample from the original dataset to the
sampling subset. Then the process is repeated several times.
Then using those subsets, the base classifiers are trained and
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combined, where the training of the basic algorithm is
performed in a parallel way [24, 26]. The combining
method uses the simple voting approach for classification
problems. While for regression tasks, it uses the simple
averaging method. The equation of the bagging algorithm
is shown in equation (6).

T
HOM () = argargmax ) [(h () =y). ()
YEY

t=1
|(x € D)

Where, D:represents the set of samples used by the learner
hy, and H° (x) represents the prediction of sample x of out-
of-bag. Thereby, only taking into consideration of the
predictions made by base classifiers that did not use the
sample x for training [24].

Performance Evaluation Metrics

The efficiency of a model that is proposed for the
classification depends on counting all the correct
predictions that are made from all the predictions that were
made [27]. Therefore, to assess how well the classification
model performed at predicting whether the subject had MCI
or not, performance evaluation metrics using confusion
matrix parameters were used and their equations are shown
below. Where TP, FN, FP, and TN stand for True Positive,
False Negative, False Positive, and True Negative
respectively. Moreover, the values of TP and TN represent
how many samples were correctly identified whereas the
values of FP and FN represent how many samples were
misclassified.

Precision (Prec)=TP/(TP+FP) 0
Accuracy (ACC)=(TP+TN)/(TP+FP+FN+TN) ©)
Sensitivity (Sens)=TP rate =TP/(TP+FN) 9)
Specificity (Spec)=TN rate= TN/(TN+FP) (10)
F1-score=2TP/(2 TP+FP+FN) (1)
MCC:\/ (TN+FN§I;I:;+:"PP;XI?1’";\(:]I:E)X(FN+TP) (12)

Experimental Results and Discussion

After segmenting the dataset of the 34 participants into 3
segments, a total of 1938 (3 segments x 34 subjects x 19
channels) datasets were generated. Then using multiscale
PCA the signals were explored and important features were
extracted from the signals by the DWT leader. Following
the next step is the dataset division. The dataset was divided
using the k-fold cross-validation method. Where k=10,
meaning one-tenth for testing and the rest for training the
model. Thus, repeating the process ten times, each time
using a different tenth for testing. After dividing the dataset,
the model was trained with the training set and tested with
the testing set. Then ensemble learning algorithms were
used to classify the MCI subjects from the healthy subjects.
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To check whether the classification of the subjects was
accurately classified or not, confusion matrix parameters of
ensemble learning algorithms such as bagging,
AdaboostM1, Gentle Boost, Logit Boost, LP Boost, Robust
Boost, RUS Boost, and Total Boost were calculated and the
outcome of each algorithm is shown in Table2.

Table 2. Confusion matrix parameters of Ensemble
Learning methods.

Learﬁ?{fgmfho i TN FN FP TP TPHTN  FPFN

Bagging 857 207 55 819 1676 262
AdaboostM1 855 69 57 957 1812 126
Gentle Boost 841 191 71 835 1676 262
Logit Boost 791 154 121 872 1663 275

LP Boost 841 305 71 721 1562 376
Robust Boost 797 193 115 833 1630 308
RUS Boost 791 184 121 842 1633 305
Total Boost 752 153 160 873 1625 313

After analyzing the confusion matrix parameters of the
ensemble learning algorithms that are shown in Table 2, it
is seen that the AdaboostM1 algorithm has the highest
proportion of correctly classified samples with 1812 and
126 inaccurately classified samples. Moreover, to evaluate
the performance of the algorithms they were assessed with
the evaluation performance metrics namely, sensitivity,
specificity, precision, fl-score, MCC, and accuracy, and
their values are shown in Table 3.

Table 3. Performance evaluation metrics of Ensemble
Learning methods.

Ensem_ble F1-
Learning Sens.  Spec.  Prec. score MCC ACC
Methods
Bagging 79.82 9397 9371 86.21 74.02 86.48
AdaboostM1 ~ 93.27 93.75 9438 93.82 86.97 93.50
Gentle Boost  81.38 9221 9216 86.44 73.63 86.48
Logit Boost 8499 86.73 87.81 86.38 71.62 8581
LP Boost 70.27 9221 91.04 7932 6345 80.60
Robust Boost ~ 81.19 87.39 87.87 8440 6848 84.11
RUS Boost 82.07 86.73 87.44 8467 68.68 84.26
Total Boost 85.09 8246 8451 8480 67.57 83.85

Table 3 was examined to check the best performance among
the ensemble learning algorithms based on their accuracy
value. After examining their accuracy, it is seen that the
AdaboostM1 algorithm had the highest accuracy with
93.50%. Stating that the AdaboostM1 algorithm was the
best algorithm for classifying MCI from healthy ones
among the other algorithms. In Figure 3, the accuracy
values of ensemble learning methods are given.
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Figure 3: Accuracy performance of the classification
algorithms.

AdaboostM1 algorithm had the highest accuracy (93.50%)
among the other algorithms. The reason why AdaboostM1
gained the highest accuracy among the rest of the
algorithms is due to its higher prediction accuracy. The
AdaboostM1 algorithm is a powered variant of the
Adaboost  algorithm.  AdaboostM1  improves the
performance of classifiers for less classification errors.
Also, the advantages of AdaboostM1 over other ensemble
learning algorithms are its strong theoretical foundation,
simplicity in implementation, high prediction accuracy, and
overfit protection by training on small subdivisions of
training data and weighted training data. In addition,
AdaboostM1 employs an exponential loss function and
provides the ability to identify complex composite
classifiers from small amounts of data [28-29]. Given the
benefits listed above regarding the AdaBoostM1 algorithm,
it is preserved to be the best classifying algorithm for the
detection of MCI. Moreover, previous studies based on
MCI detection using EEG signals were compared with this
study and this is shown in Table 4.

Table 4. A comparative analysis with relevant literature

studies.
Signal - Best
Study Processing Subjects Classifier ACC
Ruiz- Spectral and 37 AD,
Gomez et non-linear 37 MClI, MLP 78.43%
al. [30] analyses 37 healthy
RP 19 MCI,
[P;f]a el and sk 37 AD, LDA  79.2%
29 healthy
Hadiyoso &  Hjorth 5 healthy o
Tati [32] Descriptor 5 MCI KNN 80.00%
Linear QEEG
Hadiyoso et  based power 16 healthy N
al. [33] spectral 11 MClI KNN 81.5%
features
Kashefpoor  Spectral 16 healthy NF with 88.89%
etal. [34] features 11 MClI KNN
Proposed 16 healthy Adaboost
model DWT leader 18 MCI M1 93.50%

RP: Relative power; SF: Spectral flux; NF: Neuro fuzzy; MLP: Multi-
layer perceptron; KNN: K-nearest neighbors.
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Several studies explored the detection of MCI using
different methods, five of them are mentioned in this study
for comparison. The study of Ruiz-Gémez et.al proposed a
model using three different classification models with
spectral analyses and non-linear analyses for the extraction
of spectral features from the EEG signals. As a result, they
have maintained to achieve an accuracy of 78.43% with the
MLP model. The study of Poza et.al developed a model
using LDA with RP to analyze the conventional EEG
frequency bands and SF to explore the Spatio-temporal
fluctuations. As a result of their research, they attained
79.2% accuracy. The studies of [33] and [34] used the same
dataset that is used in this study. However, the study of [33]
used a different technique for the signal processing of the
EEG signals by using linear QEEG based power spectral
features. However, the study of [32] used small dataset that
consist of only 10 subjects, with 17 subjects less than that
of study [33], [34], and 24 subjects less than that of this
study. Besides that, they used a hjorth descriptor for their
signal processing and they also used the same classifier that
used study [33], the KNN classifier. However, the study of
[33] gained a higher accuracy than the study of [32] with an
accuracy of 81.5%, 1.5% greater than that of [32]. While
the study of [34] used spectral features for signal processing
as in this study. However, they have extracted 19 spectral
features from each of the 19 channels for each of the
participants. After that, they classified them using the NF
system with the KNN classifier, thereby achieving an
accuracy of 88.89%. The study of [30] and [31] used a
different dataset than the dataset used in this study and study
[32], [33], and [34]. Moreover, the number of their subjects
is quite higher than the number of the subjects of this study
and the study of [32], [33], and [34]. With the comparison
of previous studies using the same dataset and using a
different dataset, it is clear that this study outperformed all
these works and maintained to achieve an accuracy of
93.50%. The cause behind the high accuracy is the
employment of ensemble learning algorithms. This is
because ensemble learning algorithms improve model
performance by independently training a group classifier.
After that, it combines them using specific techniques,
which is why it outperforms machine learning algorithms.

CONCLUSION

To conclude, an ensemble learning-based model has been
proposed with DWT leader as a feature extraction method
to extract the feature vectors of the EEG signals. After that,
we classified them using ensemble learning algorithms,
namely Bagging, AdaboostM1, Gentle Boost, Logit Boost,
LP Boost, Robust Boost, RUS Boost, and Total Boost. The
confusion matrix parameters of the ensemble learning
classification algorithms were calculated. The performance
results of the ensemble learning algorithms were compared
with performance evaluation metrics. As a result of the
comparison, it is noticed that the AdaboostM1 algorithm
gained the highest accuracy among them. It has achieved an
accuracy of 93.50%, 93.27% sensitivity, 93.75%
specificity, 94.38% precision, 93.82% fl-score, and
86.97% MCC. Using ensemble learning algorithms with
DWT leader, we have developed a new model that can be
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used for the detection of MCI. This model also
demonstrates that the ensemble learning algorithm can be
used to detect MCI and gain quite a high accuracy.
Moreover, this finding suggests that an ensemble learning
algorithm-based model can help physicians to differentiate
MCI from healthy groups.
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Introduction

With the rapidly developing technology and increasing world
population, the demand for the electrical energy continues to
increase day by day. Therefore, renewable energy sources
have gained more importance. These can be classified as wind
energy, hydroelectric, solar energy, biomass, and geothermal.
Today, approximately 30% of the energy consumed
worldwide is met by using renewable energy sources, and
17% of this is energy obtained from the wind [1].

In Wind Power Plants (WPP) which have an important share
in terms of the energy production, obtaining maximum output
power at variable wind speeds is the most important factor in
terms of the efficiency. Switched Reluctance Generators
(SRG), which have been increasingly used in these power
plants, come to the fore with their significant features such as
providing flexibility in the control under variable speed
conditions and operating in a wide speed range, lower copper
losses because of without windings in the rotors, simple
structure, flexible control [2-5]. However, torque ripple is
occurred in the SRGs due to working as switching logic.
Therefore, switching angles of the phases must be set
optimally to work as a generator. Determining right
optimization techniques will increase the use of the SRGs in
the WPPs.

The power of a wind turbine depends on the mass and
rotational speed. To obtained the maximum power from the
wind turbine, optimal tip speed ratio should be set [3].
Therefore, there are three common MPPT methods in the
literature which are Perturb and Observe (P&O), Power
Signal Feedback (PSF), and Tip Speed Ratio (TSR). In this
paper, TSR method is used. This control method is based on
the principle of controlling the shaft speed to maintain the
optimum value of the blade tip speed ratio at any wind speed.
The reference shaft speed value obtained from the wind speed
is compared with the instantaneous shaft speed value and sent
to the controller. With the help of the power electronics
circuit, the switching process is performed so that the
instantaneous shaft speed reaches the required reference shaft
speed value.

In the literature, the studies realized on this field are examined
in detail. First of all [6] presents an output power optimization
method of the SRG for the wind turbine applications. To
obtain an optimal power generation, DC bus voltage level and
phase voltage switching angles are taken as the control
variables. For this reason, a Differential Evolution (DE)
algorithm is used to determine the optimal control variables
under multiple operating conditions. The proposed method is
tested on a SRG prototype. It is observed that the DE
algorithm is proper for the optimal power generation. In [7],



DUJE (Dicle University Journal of Engineering) 14:1 (2023) Page 55-64

the performance of a SRG is optimized for variable speed
wind generation systems. The parameters of a driver affect the
power generation, torque ripples, and the losses. Therefore,
optimal parameters of the SRG must be selected for the
operation in a wide speed range. These are obtained by
minimizing the cost functions in the realized simulations. The
simulation results are validated by comparing the
experimental results which are obtained from a wind turbine
system. In another study [8], the control of an 8/6 pole SRG
with four phases is realized. Torque ripple is minimized by
using an Artificial Neural Network (ANN) algorithm.
Besides, a new MPPT approach is proposed for the SRG by
modifying the classical Hill Climb Searching technique.
Thanks to this method, Total Harmonic Distortion is also
reduced about 1.45% by utilizing a multi-level diode clamped
inverter. A control of the SRG used in the wind power systems
is carried out for variable speeds in [9, 10]. A simulation and
real-time implementation of the SRG driver are realized by
using MATLAB/Simulink and DS1103 Ace kit digital signal
processor. The phases currents and output voltage curves of
the SRG are examined in the simulations. The simulation
results are validated by the experimental results. In [11], a
maximum power control method is also proposed for the
SRGs used in the wind turbines. To increase the efficiency of
the SRG, the switching angle is optimized in the simulations.
Then, the simulation results are tested on a 3 kw prototype
SRG and the presented algorithm is validated by comparing
with each other. Authors in [12, 13] examine the performance
of the SRG in variable wind generation systems. Two Direct
Power Controls (DPC) which are hysteresis of the SRG phase
current for low speed and a single pulse of the current for the
high speed operation moods are presented. The results of the
DPCs are compared with the Sliding Mode (SM) and PI
controllers. It is seen that commutation of the DPCs is
occurred with a smooth transition and the operation of the
SRGs can be a self-excited mode. The design and control of
the SRG are explained to obtain maximum output power and
decrease the torque ripple in [14-16]. Phase self-inductance,
DC bus voltage, shaft speed, and the switching angles are the
design and control parameters in the system. The output
powers of 1 Hp and 3 kW generators are handled in the
simulations. The switching control is realized by using the
DPC and hysteresis control methods. By increasing the
efficiency and reducing the torque ripple, the simulation
results are validated by the experimental studies. In [17],
three-phase SRG is developed for the wind power
applications. The transient phase current and energy analyses
of the SRG are examined. By setting the switching angles, the
closed-loop output power control of the SRG is realized based
on the fuzzy logic algorithm. The proposed method is tested
on a 500 kW SRG prototype. It is observed that this control
approach provides a good performance with 2.2% error. In
[18-20], maximum power extraction is studied for a SRG used
in the wind turbines by controlling the firing angles. In this
studies, turn-on and turn-off angles are optimally set by using
PSO and PI controller. By this approaches, high efficiency and
power, low torque ripple are provided to verify the proposed
approach, the simulation results are compared with the
experimental results obtained from a prototype SRG.

As seen from the literature, there are many studies in the field
of obtaining maximum output power in the WPPs where
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conventional generators are used. However, the applications
where the Switched Reluctance Machines (SRMs) are mostly
operated as a motor are placed. Recently, the studies on the
operation of the SRMs as a generator and their performance
have also started to gain importance. Therefore, in this paper,
a study on the WPP using a SRG which has an important share
in the renewable energy sources in terms of the generation is
realized. The SRG is preferred due to eliminating many
disadvantages of traditional generators. An MPPT is carried
out using the blade tip speed ratio method for a variable speed
wind turbine system with 8/6 poles 4 phase SRG and a rated
output power of 745 W. In addition to the significant
advantages of the SRGs, there is a drawback which is the
torque ripple. To solve this problem, an optimization of the
SRG is also realized by determining optimum turn-on and
turn-off angles. The results obtained from the optimized
system are compared with that of the unoptimized system. It
is observed that the optimized system works more stable for
different wind speeds and follows the maximum output power
with a great accuracy. Contrary to the studies in the literature
used a lot of optimization methods such as the DE, SM, PI,
DPC, and ANN, the power gain is also examined for different
wind speeds by the proposed optimization method in this
study. It is observed that the highest power gain is obtained as
35.45% for the 12.5 m/s wind speed. As a result, it has
contributed to the literature on the widespread use of the SRGs
in the WPPs by operating more efficiently and maximizing the
output power of the WPPs produced using the SRG.

The paper consists of seven parts. Firstly, topology,
inductance profile, power converter circuit of the SRGs are
handled in Section 2. Then, control of the SRGs is defined in
Section 3. The characteristics of a wind turbine are explained
in Section 4. After that, power optimization and
MATLAB/Simulink model of the SRG are carried out in
Sections 4 and 5. The simulation results and discussions are
given in Section 6. The general conclusions are explained in
the last Section 7.

Switched Reluctance Generators
Topology

Switched Reluctance Generators (SRGs) are simple electrical
machines since they have a stator and rotor with salient poles
and only windings on the stator, there are no windings or
permanent magnets on the rotor [21]. Due to significant
properties of the SRGs such as simple structure, robustness,
low manufacturing and maintenance costs, high performance
and working in the variable speed range, they are a proper
candidate for the wind applications [22, 23].

Inductance profile of the SRGs

In the SRMs, as the number of the phases increases, the torque
ripple decreases. However, this causes rising the number of
solid-conductor elements in the driver circuit. Thus, the cost
also increases. To determine the direction of the rotation at the
time of acceleration and start by itself as a motor, the SRM
must have at least three-phase and the number of stator and
rotor poles must be different to accelerate. Hence, in this
study, an 8/6 pole 4-phase SRG is preferred as a generator as
seen in Fig. 1.
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Figure 1. Four-phase 8/6 pole SRG

The variations of the phase inductance for the phase A of an
8/6 pole 4-phase SRG based on the rotor position and the
phase currents are shown in Fig. 2.

Inductance

Aligned Position

l3>1>1; | Direction of the rotation

Unaligned

Rotor Position
Bua

Figure 2. Variation of the phase A inductance of 8/6 pole 4
phase SRG according to the rotor position and phase current

As shown in the Fig. 2, the value of the phase inductance is
the minimum in the unaligned position and it is the maximum
when it approaches the aligned position. The phase
inductance also changes based on the phase current. While
the value of the inductance is the highest at the phase current
I1, it is the minimum at the phase current I; due to the
saturation.

Power converter circuit for the SRG

In the operation of the SRGs, the phases of them must be
energized sequentially and a driver must be used to ensure the
current flowing from the phases based on the rotor position.
In the literature, there are various driver circuits for the
control of the SRGs. In this study, an Asymmetric Half
Bridge (AHB) converter is preferred as shown in Fig. 3.

]
Vi A B C D

De Ds
Se Se

]
SL|

D: D7

2 Load

Figure 3. Asymmetric half bridge type converter structure of
the 8/6 pole 4-phase SRG
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In the AHB circuit, different switching modes of the SRG
driver are shown for the phase A in the Fig. 4.

¢) Generating Mode

a) Exciting Mode b) Freewheeling Mode

Figure 4. Different switching modes of the SRG driver for
the phase A

As seen from the Fig. 4 (a), the exciting mode is a motor
operation which is the positive torque region. In this mode,
the current flows from the voltage source through the S; and
S, switches and the inductance of the phase A (La). D1and D,
diodes are off. In Fig. 4 (b) which is the freewheeling mode,
only one of the switches S; or Sy is on and the other is off.
This operation mode is used for low and medium speed
applications. In Fig. 4 (c) which is the generating mode, both
switches S; and S; are off and the current flows from the Dy
and D diodes and La to the voltage source. The value of the
inductance reduces and the generator current is produced.
Thus, this is the negative torque region.

According to the one phase equivalent circuit of the SRG, the
phase voltage can be written as follows

dy

dt

V =Ri+ (1)

where V, R, i, and y are one phase voltage, the phase
resistance, phase current, and the magnetic flux, respectively.

The magnetic flux can be explained as follows
w=L(,0).i 2

When the equation of the phase voltage is rearranged, Equation
7 is obtained as follows

i L
V= R.i+Ld—+id—0d—

dt do )

where d@/dt, 6, and L are the rotational speed, the rotor position,
and the phase inductance, respectively.

Lastly, the phase voltage is obtained as follows

(4)

o di
V =Ri+L—+e
dt

where e is the back electromotive force.

By neglecting the magnetic saturation, the torque produced by a
phase can be defined as follows [22]
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Control of the SRG

In the controlling of the SRGs, main quantities are the
excitation time, operating speed, and excitation voltage. In
applications where the load is connected directly to the
converter as shown in the Fig. 5, a controlled voltage must be
supplied to the load. To keep the generated voltage constant
in case of a change in the load, a control system is used by
comparing the reference voltage with the load voltage. In this
system, the error value obtained from the voltage difference is
passed through a PI controller and the reference current value
is obtained. Then, this current is compared with the actual
phase current value at the output of the machine to keep the
phase current at the desired value. The obtained error is
controlled by the PI current controller. This method called as
the voltage control method is important for some applications
such as automotive and aerospace where the DC bus voltage
must be kept at a constant value.

Vv,
ef + Driver

Controller

V/oad [
6, w
Load

Figure 5. The block diagram of the SRG voltage control
method

SRG Driver

ryvyy

Position
Sensor

Besides in the power control method, the power produced by
the SRG must be directly controlled. The SRG is connected to
the electrical network via DC/AC converter. To implement
these control methods, the AHB converter circuit can be
activated by three methods which are Pulse Width Modulation
(PWM), a current hysteresis regulator and single-pulse
operation.

The Characteristics of a Wind Turbine

A wind turbine converts the wind kinetic energy into the
mechanical energy with the movement of turbine blades. The
mechanical torque Ty applied to the wind turbine shaft can be
expressed by [9]

Vn? 6)

1 Cp(4)
T =—pAR
UYL

where p, A, R, Cp, 4, and Vy are the air density whose value is
1.244 kg/m?, area swept by the blades, the turbine blade
radius, turbine power coefficient, tip speed ratio, and wind
speed, respectively.

The wind power can be explained by

1 3
Pm:EpCpAVr

()

The turbine power coefficient is given as follows
Cs
Cp(4 ) :Cl(z—c3ﬂ—c4)e ! +Cq A (8)

where the parameters indicated by the index C are the design
parameters of the turbine and f is the blade pitch angle. C, is a
non-linear function of the blade pitch angle.

The tip speed ratio 4 can be calculated as follows

1 1 0.035

J A+0088 534 ®)

The variations of the 1 and C,, for different $ values are shown in
Fig. 6.

—p=0
—p=5 -
=10
—p=15
—p=20
=25
—p=30 | |

o
°
2

Power Coefficient (C

0 2 4 6 8 10 12 14 16 18 20
Tip Speed Ratio (A)

Figure 6. The change of the power coefficient versus the tip
speed ratio [23]

It is observed from the Fig. 6 that setting the power coefficient
at an appropriate value depends on keeping the 5 and 1 within a
certain range. Thus, the design parameters of the turbine are
selected as C;=0.5176, C,=116, Cs;=0.4, C,=5, Cs=21,
C6=0068, and Cpmax=048

In this study, a wind turbine with a nominal output power of 745
W is designed, and R and A are calculated. Accordingly, the
relationship between the turbine speed and output power of
the designed wind turbine at different wind speeds is shown
in Fig. 7.

Turbine Power Characteristics (Pitch angle beta = 0 deg)
T T

Max. power at base wind speed (12.5 m/s) and beta = 0 deg

= =—12:6-m/s

42 If‘n/s

Turbine output power
(pu of nominal mechanical power)

Turbine speed (pu of nominal generator speed)

Figure 7. The power characteristics of the designed 745 W
wind turbine

As seen from the Fig. 7, the maximum power can be obtained by
the turbine speed of 1 pu and the wind speed of 12.5 m/s.
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The turbine blade radius can be found by

R =

T

(10)

Accordingly, the turbine rotor speed can be calculated as
follows

w=—T (11)

The Power Optimization of the SRG

The output power of the SRGs depends on the excitation
current, excitation voltage, rotor position, and rotor speed
parameters. To increase the efficiency obtained from the
SRGs, optimal control of these parameters is required. For
this reason, commonly used control methods are the Angle
Position Control (APC), Soft-Chopping Current Control
(SCCCQ), and Voltage Chopping Control (VCC). In this study,
the APC method is used due to significant advantages which
are wide torque setting range, enabling more than one phase
to conduct at the same time, and increasing the efficiency by
finding the optimum switching angles where minimum
torque fluctuation occurs. This method is based on
controlling the phase currents by adjusting the turn-on/turn-
off angles at the constant voltage applied to the phase
winding. Hence, the output power can be adjusted.

MATLAB/Simulink Simulation Model of the
SRG used in the Wind Turbine

In this study, a MATLAB/Simulink model of the WPP and
optimization of an 8/6 pole 4-phase SRG having 745 W nominal
power used in the model are realized. The parameters of the SRG
used in the MATLAB/Simulink model are given in Table 1.

Table 1. The parameters of the SRG.

SRG Parameters Values
Stator Resistance 2.15Q
Moment of Inertia 0.004 kg.m?
Maximum Inductance 250 mH
Minimum Inductance Position 0.5mH
Rated Current 5A
Rated Flux Connection 0.3Vs
Stator Resistance 2.15Q
Moment of Inertia 0.004 kg.m?
Maximum Inductance 250 mH
Minimum Inductance Position 0.5 mH

Initially, the system is designed without using any
optimization. Then, MATLAB/Simulink model of a WPP is
realized by using an APC optimization method. The results
of both systems are given comparatively.

Designed model without using optimization

A MATLAB/Simulink model of the system is created by a
simple controller without any optimization. The block
diagram of the designed system is given in Fig. 8.
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Figure 8. The block diagram of the designed system without
using any optimization

In the designed system in the Fig. 8, a MPPT controller and a
speed controller blocks are included. The reference speed
obtained from the MPPT controller is compared with the
actual speed in the speed controller block. The reference
current value is obtained by passing a Pl control. Then, it is
sent to the simpler controller block, where the opening and
closing angles are entered manually and the switching signals
are generated by obtaining the position information from the
SRG speed. A new reference current value is created by
multiplying the switching signal and the reference current
value. This new reference current is compared with the actual
value of the phase current, and the fault current is passed
through a relay. After that, the switching signals are generated
for the AHB converter at the relay output. These are sent
directly to the lower and upper row switches of each phase in
the AHB converter.

Designed model with using optimization

In this study, an optimization of the WPP is realized by using
the APC method. The block diagram of the designed system
is shown in Fig. 9.

Wind Turbine
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Excitation Bus ion Bus
Aowual m’i T~ ® | Chosper
shevd PHASE B Controlled
pee [ PHASEA T Load
AHB
MPPT 2], 2], 2} 2], Gate
Controller Drive
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L | Voltage
RotorAngulr |, Controller
osition
Actual Phase b
Rotor Commutation L_.{ Generated
d Output
Reference Spee Controller Phase Enable Power
Shaft =5 | | is Current
Speed Speed | Controller
ref

Controller

Figure 9. The block diagram of the system designed by the
APC method

As shown in the Fig. 9, this APC method that the switching
angles change continuously depending on the speed is applied
to minimize the torque ripple and keep the phase currents in
the desired range. Then, a MATLAB/Simulink model of the
system is realized by using the block diagram in Fig. 10.
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=

Figure 10. MATLAB/Simulink model of the WPP using an
optimization method

In the Fig. 10, the wind speed is first detected by the MPPT
controller block and the optimum SRG speed is calculated to
obtain the maximum output power. The calculated optimum
speed is used by the speed controller block as the reference
speed and the speed error is obtained by comparing the actual
SRG shaft speed with the reference speed. The speed error is
converted to the reference current using a PI control. Then, the
reference current is used by the hysteresis current control loop.

Results and Discussions

In this paper, MATLAB/Simulink results of the 8/6 pole 4-phase
SRG are obtained for 30 V supply voltage, 8on=15" and 0,=30°,
and 1500 rpm SRG speed (157 rad/s). As a result of the
simulations, the current, voltage, inductance, and switching
signal curves for all phases of the SRG are examined for the
optimized and unoptimized systems. In the model, the
variations of the wind speeds applied to the turbine inlet of
both systems are shown in Fig. 11.

\ =12.5m/s

wind

Wind Speed (m/s)

5
Time (s)

Figure 11. Variation of the wind speeds applied to the
entrance of the system

For the wind speeds given in Fig. 11, the SRG shaft speeds
which the maximum turbine output power will be obtained are
given in Table 2.

Table 2. The SRG speeds required for the MPPT

Wind Turbine Turbine Turbine SRG
Output Output Shaft

Speed Speed for
mis) Prax (PU) Power Power Speed
( Pout (P) Pou (W)  (rpm)
8.6 0.7 0.32 238 1377
125 1 1 745 2000
13.8 1.1 1.35 1005 2210
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As seen from the Table 2, the wind turbine output power
should be 1 pu corresponding to 745 W at a wind speed of
12.5 m/s and the wind turbine shaft speed should be 1 pu
corresponding to 2000 rpm. According to these wind speeds,
the SRG shaft speed adjusted by the MPPT controller is
obtained from the system without and with optimization in
Fig. 12 and 13, respectively.

2500
2000
1500
1000

500

SRG Shaft Speed (rpm)

0
0 1 2 3 4 5 6 7 8 9

Time (s)

10

Figure 12. The SRG shaft speed with MPPT controller in the
unoptimized system for different wind speeds
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The required SRG shaft
speed is 2210 rpm to obtain
the maximum output power
at 13.8 m/s wind speed

the maximum output power
al 12.5 mis wind speed.

1000

The required SRG shaft speed
is 1377 rpm to obtain the
maximum output power at 8.6
m/s wind speed
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SRG Shaft Speed (rpm)

0 1 2 3 4 5 6 7 8 9
Time (s)

Figure 13. The SRG shaft speed with MPPT controller in the
optimized system for different wind speeds

10

In the system with optimization, it is observed in Fig. 13 that
same SRG shaft speed values given in Table 2 are obtained.
Initially, a wind speed of 8.6 m/s is applied to the system input
for more than 3 s. Accordingly, the shaft speed of the SRG
reaches the required shaft speed value which is 1377 rpm for
the maximum power in a much shorter time than 1 s while this
time is 2 s in the non-optimization system. Besides, the other
shaft speed values including 2210 d/d and 2000 d/d, which
should be reached for the wind speeds of 13.8 m/s and 12.5
m/s, are also reached quickly in the optimized system.
However, in the unoptimized system, the SRG shaft speed
moves in a fluctuating manner after catching the reference
speed and it has no stability. Under these operating conditions,
the turbine maximum output power is drawn for the both
systems in Fig. 14 and 15, respectively.

1000

800 -
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400

200 -

Turbine Output Power (W)

Time (s)

Figure 14. Turbine output power in the unoptimized system
for different wind speeds
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In the system without optimization in Fig. 14, it is observed that
the maximum output power point is followed only at 8.6 m/s
wind speed and the system reaches this point in about 2 s, and
also the maximum power point values could not be reached for
other applied wind speeds.
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Figure 15. Turbine output power in the optimized system for
different wind speeds

In the system with optimization in Fig. 15, 238 W, 745 W and
1005 W output powers are obtained for 6.8 m/s, 13.8 m/s and
125 m/s wind speeds applied to the system input,
respectively. Furthermore, the turbine output power reaches
the first maximum power point of 238 W in less than 1 s.

Under these operating conditions, the variations of the
electromagnetic torque (Te) and DC bus voltage are given for
two systems which are unoptimized and optimized in Fig. 16,
17, 18, and 19, respectively.
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Figure 16. Variation of electromagnetic torque in the
unoptimized system
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Figure 17. Variation of electromagnetic torque in the optimized
system

61

350

300

)
o 250
[=2]
£ 200
[=]
>
w150
a
o 100
[a]
50
0 . . |
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Figure 18. Variation of DC bus voltage in the unoptimized
system
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Figure 19. Variation of DC bus voltage in the optimized
system

The wind profile, which is given in Fig. 11 is applied to the
system input and the simulation is run for 10 s. Then, the
variations of the output parameters are examined for the both
systems in Fig. 20 and 21, respectively.
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Figure 20. The simulation results obtained from the unoptimized
system during a switching period for a wind speed of 12.5 m/s
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0 05 results is realized and the power gain obtained from the
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Figure 21. The simulation results obtained from the optimized
system during a switching period for a wind speed of 12.5 m/s

As seen from the Fig. 21, the angular position curve of the
rotor given in Fig. 21(a) changes from 0° and 60° which
correspond to the aligned position (¢.). Here, 30° corresponds
to the unaligned position (6ya) for the phase A. Blue, red,
green and purple colors refer to the phases A, B, Cand D in
Fig. 21(b), (d) and (e), respectively. The voltage of each
phase is shown in Fig. 21(b). For the phase A, the switches
Sa1 and Sa of the phase A in the AHB are opened at fo,. The
DC excitation voltage is applied to the phase winding until
the actual phase current reaches the reference phase current.
Then, both switches are closed and the current flows through
the diodes Da1 and Daz. In the situation that the value of the
phase current is smaller than the reference current, Sa, is
opened. Thus, the regeneration of the phase current is
achieved by using the induced EMF. When the actual phase
current equals to the reference value, the switch Saz is closed
and the current flows back to the DC generation bus via
diodes Da1 and Da2. This process is repeated until . The
waveform of the reference current is shown in Fig. 21(c). In
this curve, some ripples are seen at the phase change points.
The actual phase current waveform is illustrated in Fig. 21(d).
It is seen that it follows the reference current. However, high
frequency fluctuation is occurred because of the hysteresis
current control. The flux connections of the phase windings
are examined in the Fig. 21(e). The maximum value of the
fluxes is 0.3 Vs near the zero aligned position at 6o, and then,
it also drops to zero when the phase current reduces to zero.

The curve of the SRG electromagnetic moment Te is obtained
in Fig. 21(f). Thanks to the hysteresis current control, a low
amplitude high frequency torque ripple is observed. Besides,
a torque ripple with larger amplitude and low frequency is
obtained at the change of the phases. The rotor speed of the
SRG is illustrated in the Fig. 21(g). The torque ripple causes
the ripple in the rotor speed. The DC generation bus current
is also seen in the Fig. 21(h). Due to the switching angles
where two phase currents are produced at the same time, 10

turbine output power and shaft speed values of the SRG are
higher than the unoptimized system. While the highest values of
them are also obtained in the wind speed of 13.8 m/s, the highest
power gain is obtained in the wind speed of 12.5 m/s for the
optimized system.

Conclusion

In this paper, a MPPT is carried out using the blade tip speed
ratio method for a variable speed wind turbine system whose
the rated output power is 745 W with 8/6 poles 4-phase SRG.
Besides, an optimization of the SRG is realized by
determining the optimum turn-on and turn-off angles where
the minimum torque ripple occurs. The results obtained from
the optimized model are compared with that of the model
without any optimization. According to this comparison, the
obtained results are given as follows.

¢ In the non-optimized operating situation that is constant
switching angles for all speed values, the maximum power
point in the system cannot be followed for three different
wind speeds applied to the input. An excessive speed and
torque fluctuations also occur in the system, and the SRG
operates with the low efficiency due to not reaching the
nominal phase current value. These results show that the
AHB converter circuit has great importance about the
efficiency of the SRG.

¢ In the optimized operating situation, different switching
angles are set so that minimum torque fluctuation will
occur for all speed values. It has been observed that the
system works more stable, responds quickly to the changes
in the wind speed, and follows the maximum output power
point with great accuracy.

¢ In addition, an average of 33% power gain is achieved by
the optimization method at the wind speeds of 8.6 m/s
below the nominal wind speed in terms of the output
power and 12.5 m/s, which is the nominal wind speed,
compared to the unoptimized system. At a wind speed of
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13.8 m/s above the nominal wind speed, the turbine output
power also decreases due to the drop of the turbine power
coefficient which is caused by exceeding the optimum
value of the blade tip speed ratio in the optimized system.
Thus, a small drop in the power gain is observed.

In conclusion, it is observed from this study that the use of
SRGs in variable speed WPP with the right optimization
methods is the right choice in terms of obtaining more
efficiency from the system due to less losses compared to the
conventional generators.
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Hammaddesi biiyiik veri olan Yapay zeka (YZ) teknolojileri 6zellikle son yillarda verinin gizliligi ve
giivenligi gibi onemli gerekgelerle veriye ulagmay1 zorlastiran sebeplerden 6tiirii bir takim zorluklarla
karsilagmaktadir. Ote yandan biiyiik verinin merkezi bir lokasyonda toplanmasinin zorluklar ve yiiksek
kapasiteli depolama ve islemci ihtiyaglar1 da YZ alaninda karsilasilan zorluklardir. Bu zorluklardan
esinlenerek gelistirilen Isbirlik¢i YZ konsepti olan Federe Ogrenme (FO), isbirligine katilan katilimcilarin,
veri gizliligini ihlal etmeden YZ model parametrelerinin kendi verileri ile islenip model paremetrelerinin
giincellenmesi ve giincellenen parametrelerin bir sunucuda belirli algoritmalar araciligiyla birlestirilmesi
ile iteratif olarak gerceklestirilen bir konsepttir. FO konsepti, katilimcilarmn 6znitelik ve 6rnek uzaylarmin
ortakhigma bagl olarak Yatay FO, Dikey FO ve Federe Transfer Ogrenme seklinde yaklasimlar ile
uygulanmaktdir. Bu ¢aligmada 6znitelik uzaylarmin ortak oldugu Yatay FO yaklasimi icin gelistirilen
model parametrelerini birlestirme algoritmalarindan FedAVG, FedAVGM ve FaultTolerantFedAVG’nin
S katilmer arasinda 6zdes olmayan bir sekilde dagitilmis olan MNIST veri setinin ResNet-18 ve
MobileNet V3 small siiflandiriclarinin performansina etkisi incelenmektedir.
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* Sorumlu Yazar

Artificial intelligence (Al) technologies, whose raw material is big data, have been encountering some
difficulties especially in recent years due to important reasons like data privacy and security concerns. On
the other hand, the difficulties of collecting big data in a central location and the necessity of high-capacity
storage and processors are also the challenges in the field of Al. Federated Learning (FL), which is a
Collaborative Al concept inspired by these challenges, is an iterative concept that is carried out by the
participants in the collaboration, by processing Al model parameters with their own local data, updating
the model parameters, and then combining the updated parameters on a server through certain algorithms
without violating data privacy. The FL concept is implemented with approaches such as Horizontal FL,
Vertical FL and Federated Transfer Learning, depending on the feature and sample spaces of the
partnership of the collaborator participants. In this study, the effect of the model parameter aggregation
algorithms such as FedAVG, FedAVGM and FaultTolerantFedAVG which are developed for the
Horizontal FL approach are analyzed using the ResNet-18 and MobileNet V3 small classifiers on the
MNIST dataset which is distributed non-identically among 5 participants.
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Giris

Bilisim teknolojilerinin yaklasik son 30 yildaki hizli
gelisimi ile saglik, egitim, giivenlik, ticaret gibi neredeyse
her alanda logaritmik sekilde artan devasa miktarlarda
dijital veri birikmektedir. Giiciinii biiyliik veriden alan
Derin Ogrenme (DO) [1] algoritmalari i¢in bu verilerin
islenmesi kritik derecede dnemlidir. Ancak bu boyutlarda
verinin depolanmasi ve islenmesi gibi zorluklarin yaninda
ozellikle son yillarda veri gizliligi ve giivenligi gibi
endigelerle  veriye erisimde de engeller ile
karsilagilmaktadir.

Klasik Merkezi Ogrenme konseptinde verilerin belirli bir
lokasyonda toplanmasi gerekmektedir ve bu konseptte
glicli islemci ve yiiksek depolama kapasitesi gibi
zorluklarin yaninda veri gizliliginin ihlali s6z konusudur.
Verinin iglenmesi ve depolanmasma iliskin Dagitik
Ogrenme gibi teknolojilerden faydalanarak ¢oziimler
tiretilmis olmasina karsin veri giivenliginin saglanmasi ve
veri gizliliginin korunmasi adina bu dagitik teknolojiler
de gerekli ve yeterli ¢6ziimii liretememistir.

Bunlara ek olarak veri giivenligi ve gizliligi ile ilgili
kisisel ve toplumsal hassasiyetin arttigi
gozlemlenmektedir. 2018 yilinda Facebook veri
tabanidan kisisel verilerin ¢alinmasi hadisesi ile beraber
bu hassasiyet Uluslararasi toplumu harekete gecirmis veri
giivenligi Avrupa Birligi Genel Veri Koruma Tiiziigii'nde
[2] yer alarak giivence altina alinmistir.

Veriye erisim & veri gizliligi ikilemini ¢d6zmek adina
Google Yapay Zeka ckibi tarafindan ilk olarak 2016
yilinda Federe Ogrenme (FO) [3] konsepti &nerilmistir.
FO veri gizliligini saglamasinin  yaninda modelin
kullanicinin kendi yerel kaynaklari {izerinde kendi verisi
ile egitilmesini gergeklestirerek islemci ve veri depolama
yiikiiniin de katilimcilara dagitilmasini saglamaktadir. FO
stirecinde katilimcilar verilerini paylasmazken merkezi
koordinator sunucusundan aldiklar1 ortak bir modeli
kendi verisi ile 6z kaynaklarmi kullanarak model
egitimini gerceklestirir. FO konseptinde modellerin hata
tolerans1 daha yiiksektir. Model egitimi katilimcilar
iizerinden gerceklestiginden dolayr FO, DO’ye nispeten
agdaki yiikii azaltir. Ek olarak model egitimi i¢in tiiketilen
gilic de geleneksel yaklagimlardan daha azdir. Yapilan
calismalar incelenince FO konseptinin heniiz emekleme
asamasinda oldugu ve gelisime agik bir alan oldugu
anlagilmaktadir.

o Merkezi Ofrenme |....... .

Federe Ogrenme

Sekil 1 'de goriilecegi iizere temel FO konsepti [4] 4
adimdan olusur:

1. Katilmcilar koordinatér sunucudan global modeli
alir.

2. Her katihimei, aldigi modeli kendi 6zel verisiyle
egitir. Bu islem neticesinde model parametreleri
giincellenmis olur.

3. Giincellenen model parametreleri koordinatore
gonderilir.

4. Koordinatdr, giincellenen parametreleri belirli
algoritmalar  kullanarak birlestirir. Ve  yeni

parametreler katilimcilara gonderilir.

Bu dongii model yakinsayana kadar devam eder.

e

% @Ti@
& &
I

«— N,

&

User 1 User 2 User k
Dataset B, Dataset B, Dataset B,

Sekil 1. FO temel konsepti [5]

Incelenen problemin niteligine gére 3 farkli FO tiiriinden
bahsedilebilir [6]. Oznitelik uzaynim katilimcilar arasinda
ortak oldugu problemlerde Yatay FO, 6rnek uzaymin
katilimcilar arasinda ortak oldugu problemlerde ise Dikey
FO kullanilmalidir. Ote yandan hem oOznitelik, hem de
ornek uzaymnin ciizi miktarlarda ortak oldugu modeller
icin ise Federe Transfer Ogrenme tercih edilmektedir.

Bu calismada Yatay FO birlestirme algoritmalarmin
siniflandiricilarin - performansma etkisi  aragtirtlmastir.
Calismada literatiirde sikga goriintii  siniflandirma
aragtirmalarinda benchmark testleri amaciyla kullanilan
MNIST veri seti kullamlmistir. FO  birlestirme
algoritmalarindan FedAVG, FedAVGM ve
FaultTolerantFedAVG algoritmalarinin  sonuca etkisi
incelenmigtir.

Sekil 2. Merkezi, Dagitik ve FO yaklagimlari
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Makalenin geri kalan kisminda ilk olarak literatiirde FO
birlestirme algoritmalari ile ilgili caligmalar 6zetlenmistir.
Materyal boliimiinde ¢alismada kullanilan veri seti
tanitilmigtir. Metod boliimiinde katilimeilarda kullanilan
DO modelleri ve FO sirasinda kullamlan birlestirme
algoritmalar1 detaylandirilmistir. Uygulama bdliimiinde
deneyler i¢in dizayn edilen senaryolar tanitilmigtir. Son
olarak sonuclar karsilagtirmali olarak degerlendirilmistir.

Literatiir

Literatiirde Federe Ogrenme Birlestirme algoritmalari ile
yapilan ¢aligmalardan bir kismi:

Nilsson ve ark . [7] 3 FO algoritmasimi kiyaslamis ve
performanslarini ~ verilerin  merkezi  bir  sunucuda
toplandig1  yaklagimla kiyaslamiglardir.  Caligmada
Federated Averaging (FedAvg), Federated
StochasticVariance Reduced Gradient ve CO-OP
algoritmalari, verilerin hem [ID hem de non-l1ID
durumlarinda kiyaslanmistir. Veri seti olarak MNIST
kullanilmigtir.  Sonuglar, hem [ID hem non-1ID veri
durumunda FedAvg' nin birlestirme algoritmalari
arasinda en yiiksek dogrulugu elde ettigini géstermistir.
FedAvg ile merkezi 6grenme arasindaki karsilagtirmada,
11D verileri kullanilmasi durumunda sonuglarin ¢ok yakin
oldugu, ancak merkezilestirilmis yaklasimm non-11D
verilerde FedAvg'den daha iyi performans gosterdigi
tespit edilmistir.

Sannara ve ark. [8] katilimcilarin belirli néronlar
arasindaki farkliliklar1 belirleyerek model mimarisini
degistirebilen FedDist adl1 yeni bir birlestirme algoritmasi
Onermiglerdir. Veri seti olarak HAR (Human Activity
Recognition-Akilli ~ Telefonlarla  Insan  Etkinligini
Tanima) veri seti kullanilmistir. Calismada onerdikleri
FedDist algoritmasi klasik FedAVG, FedMA (Federated
Matched Averaging), FedPER (Federated Learning with
Personalization Layers) olmak iizere 3 adet FO
birlestirme algoritmasiyla karsilastirilmistir. 200 FO turu
neticesinde elde ettikleri sonuglara gore Onerdikleri
FedDist birlestirme algoritmasinin digerlerinden daha
basarili oldugunu belirtmislerdir.

Campos ve ark. [9] bir IoT senaryosundaki farkli
saldirilarin tespiti igin farkli veri dagilimlarim dikkate
alan ¢ok sinifli bir simiflandiriciya dayali FO 6zellikli bir
IDS (Intrusion Detection System-Saldir1 Tespit Sistemi)
yaklasimimi degerlendirmislerdir. Calismada en giincel
IDS veri setlerinden biri olan ToN-l0oT veri setini loT
cihazlarmin IP adreslerine ve saldir1 tiirlerine gore
bolimleyerek elde ettikleri ¢ farkli senaryoda
degerlendirmislerdir. FO uygulamasi olarak en son

IBMFL c¢ercevesini kullanarak FedAVG ile FED+
birlestirme  algoritmalarnin  da  kiyaslamalarini
yapmiglardir.
Materyal
Veri Seti

Bu caligmada literatiirdeki goriintii smiflandirma ile ilgili
yapilan bir¢ok bilimsel aragtirmada benchmark veri seti
olarak kabul géren MNIST (Modified National Institue of
Standarts) veri seti kullanilmigtir.
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Sekil 3. MNIST veri setinden bir kesit

Tablo 1. MNIST verisinin 5 katilimei tizerindeki dagilimi

K1 K2 K3 K4 K5
0 | 5923 100 100 100 100
1 | 6742 100 100 100 100
2 100 5958 100 100 100
3 | 100 6131 100 100 100
4 1100 100 5842 100 100
5 | 100 100 5421 100 100
6 | 100 100 100 5918 100
7 100 100 100 6265 100
8 | 100 100 100 100 5851
9 100 100 100 100 5949

MNIST wveri seti el yazmast 0’ dan 9’a kadar olan
rakamlarin 28x28 piksel boyutlarinda dijital ortama
aktarildig1 bir veri kiimesidir. Sekil 3 de veri setinden bir
kesit goriilmektedir. MNIST veri seti egitim ve test
amagl sirastyla toplamda 60000 ve 10000 adet goriintii
icermektedir [10]. Bu galigmada MNIST veri setine ait
goriintiiler 5 katilimciya 6zdes olmayan bir sekilde
dagitilmistir. Bu sekilde non-1ID veri durumunda degisik
derin Ogrenme algoritmalarinin  degisik Dbirlestirme
algoritmalar1 baglaminda performans degisiklikleri
incelenmistir. Bu ¢alismada katilimeilar arasindaki 6zdes
olmayan veri dagilmi Tablo 4’te gosterilmistir.

Metod

Bu béliimde FO siirecinde katilimcilarda kullanilan derin
ag modelleri ve FO birlestirme algoritmalari
tanitilmaktadir.

ResNet-18

Resnet (Residual Networks) aglar1 2015 yilinda Kaiming
He ve ark. [11] tarafindan sunulan ve ¢gogunlukla goriintii
isleme alaninda kullanilan bir derin ag modelidir. Sekil 4
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‘te 1 artik blok semasi gosterilmistir. Egik ok kisayol
baglantisini temsil etmektedir.

l . Weight layer
F&) v ReLU
[ . Weight layer

H(x)=F(z)+x

Sekil 4. ResNet Artik Blok Yapisi

Giris ile ¢ikig arasindaki baginti  deklem 1°de
gosterilmisgtir.
/ \\\‘ // \
!
)
« =l | B %
Zl| |3 113 |3 ||| [2]18] |
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= 51 3 (51 S S 2 8 g S
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y=F0,{W} +x @
F(x,{W;}), x girdi degerinin W; katmanlaridaki
konvoliisyon iglemleri ve ReLU fonksiyonundan
gecirilmesini ifade eden genel bir fonksiyondur. Baska bir
ifadeyle F 6nceki katmanin ek bilgilerini korumaya yarar.
Artik blok Sekil 4 ‘te gorildiigi tizere W, ve W, olmak
iizere 2 adet agirlik katmani ve arada ReLU aktivasyon
fonksiyonunu ve kisa yol baglantisini igerir.

Bu calismada kullanilan ResNet-18 modelinin orijinal
blok semasi Sekil 5’te gosterilmektedir.

>

Sekil 5. Orijinal ResNet-18 Modeli [12]

MobileNet V3 small

MobileNet aglar1 adindan da anlasilacagi iizere mobil
uygulamalarda kullanilmak iizere tasarlanan Tensorflow
‘un ilk mobil bilgisayar goriintii isleme modelidir.
Ozellikle gii¢ ve islemci kaynagi kisith oldugu
durumlarda minimum parametre ile dogrulugu maximize
etmeyi amaglar.

MobileNET V3 modeli; MobileNET V1, MobileNET V2
ve MnasNet (Mobile Neural Architecture Search
Network) aglarinda sirastyla bulunan derinlemesine
ayrilabilir konvoliisyon, ters artik ve dogrusal darbogaz
ile sikma ve uyarma bloklarini igermektedir. Ayrica
dogrusal olmayan fonksiyon olarak ReLU yerine h-swish
fonksiyonu  kullanilmigtir. ~ h-swish  (hard-swish)

fonksiyonu x input olmak iizere denklem 2’de

gosterilmistir [13]:

ReLU6(x + 3
h — swish[x] = x% @
Klasik  Swish  fonksiyonu  x*sigmoid(x) ifadesi

hesaplaniyor iken, hard-swish’te onun yerine normalize
edilmis, parcali dogrusal Relu6() fonksiyonu kullanilarak
performans arttirtlmigtir [13]. MobileNet V3 orijinal blok
semasi Sekil 6 da gosterilmistir.

Aglarda ayni derinlige sahip diizenli konvoliisyonlara
sahip aga kiyasla parametre sayisini 6nemli dlgiide azaltir
[13].

Sekil 6. MobileNet V3 blok yapisi [13]
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Federe Ogrenme Birlestirme Algoritmalar

Yatay FO ‘de koordinatdr sunucular konseptin en kritik
bilesenlerinden biridir. Koordinatér sunuculuk gérevini
katilimcilardan biri yapabilecegi gibi konseptin kullanim
amacina bagl olarak bagimsiz bir sunucu da yapabilir.
Koordinator sunucu katilimeilarm kendi kisisel verileri ile
egitmis  olduklart model parametrelerini  belirli
algoritmalar ile birlestirir. Bu ¢alismada Flower-
Federated ¢ercevesinin sunmus oldugu FedAVG [3],
FedAVGM [14] ve FedAVG Fault Tolerant algoritmalar1
kullanilmugtir.

FedAVG

Federated Averaging algoritmasi ilk olarak Mc Mahan ve
ark. tarafindan FO ‘niin ilk birlestirme algoritmasi olarak
ortaya ¢ikmustir. FederatedAveraging (FedAVG) her bir
istemcideki yerel stokastik gradyan inis (SGD)
degerlerinin ortalamasini alarak yeni bir model olusturur.
K katilime sayisi, 7 biitiin katilimeilarda bulunan toplam

ornek sayisi, 1y, k’me1 katilhimemin drnek sayisini temsil
etmek iizere FedAVG algoritmasinin agirlikli ortalama
alma formiilii denklem 3 ve 4’teki gibidir:

K
wf « Z (% Wf) ®)

k=1

seklinde ifade edilir. Giincelleme islemi de matematiksel
olarak:

Wy & Wi — Twf )

seklinde ifade edilir.

FedAVGM

FedAVGM, standart FedAVG yodntemine sunucu
momentumunun eklenmesi ile gelistirilmistir. Temel
olarak non-1ID [15] terimi ile ifade edilen verinin
katilimcilardaki dengesiz dagilmasi durumunun klasik
FedAVG nin performansini ciddi anlamda diisiirmesine
bir ¢6ziim olarak Onerilmistir [14]. FedAVG’yi
tamimlayan denklem 3 ve 4’teki formiillerden farkli olarak
gradyan degisimleri i¢in sunucudaki momentum (5)
kavrami bir yenilik olarak denklem 5 ve 6’daki gibi dahil
edilmistir.

Wz(+1 - Wgc - Véc ©®)
vF « pvk + Twk (6)
FaultTolerantFedAVG

Herhangi bir katilimci baglantisinin  kesilmesi veya
gecikmesi durumunda hatali katilimer kosullartyla basa
¢ikabilen, FLOWER kitapliginda kullanilan bir FedAvg
cesididir.

Uygulama

Bu caligmada kullanilan tiim derin 6grenme yontemleri,
Lokal Ogrenme (LO), Merkezi Ogrenme (MO) ve FO
olmak {izere ii¢ farkli mimari lizerinde ytriitiilmektedir.
LO mimarisi, isbirligi yapan tiim katilimecilarin kendi
yerel verilerini kullanarak her birinin kendi farkl
modellerini egittigi ve ortak test verilerinin global olarak
kullamldig1 durumu ifade eder. MO mimarisi, is birligi
yapan tim katilimcilarin verilerini tek bir sunucuda
birlestirdigi ve miimkiin olan en yiiksek dogrulugun elde
edilmesinin beklendigi durumu sunar. FO mimarisi ise is
birligi yapan tiim katilimcilarin kendi yerel verilerini
tuttuklar1 ve nihai genel modelin yalnizca model
parametresi giincellemelerinin yinelemeli olarak merkezi
bir sunucu ile paylagilarak elde edildigi bir durumdur.

Sonuglar ve Tartisma

ResNet-18 ve MobileNet V3 small aglarinin her biri 6zdes
olmayan bir sekilde 5 katilimer {izerinde dagitilmis olan
MNIST veri seti iizerinde LO, MO ve FO konseptlerine
gbre egitilip test edilmistir. LO ve MO igin epok say1s1 50
olarak ayarlanmis ve iki epokta bir defa test veri seti ile
test edilmistir. FO konspetinde ise her bir katilimcinin
lokal kaynaklarindaki egitimi sirasindaki epoch sayisi 1
olarak, katilimeilar ve sunucu arasindaki dongii sayisini
ifade eden global epoch sayist 50 olarak belirlenmistir.
ResNet-18 ve MobileNet V3 small modelleri
IMAGENET1K_V2 veri seti ilizerinde On egitimden
gecirilmis olan pytorch torchvision kiitiiphanesindeki
agirlik degerleri ile egitime baslatilmiglardir [16].
ResNet-18 ve MobileNet V3 small modelleri i¢in LO,MO
ve FO konseptlerine gore yapilan egitimler sonucunda
elde edilen performans sonuglari sirastyla Tablo 2 ve 3°te
verilmigtir. Performans farklart Dogruluk, Kesinlik,
Duyarlilik, F1 skor ve AUC agisindan ele alinmistir. Bu
calismada, AUC, Kesinlik, Duyarlilik ve F1 skor verileri
10 adet smuf icin ayr1 ayr1 elde edildikten sonra
ortalamalar1 almarak asagidaki tablolarda performans
karsilagtirma amacli kullanilmistir. AUC degeri OVR(one
versus rest) mantigi ile yani her bir sinifin AUC basarisi
geriye kalan tiim siniflara kars1 hesaplanmustir.

Tablo 2 verileri incelendiginde, ResNet-18 modelinin LO
konseptine gore 0.8127 ile 0.8840 arasinda AUC
basarimlar1 gdsteriyorken, MO konseptine gore 0.9873
AUC bagarim gosterdigi goriilmektedir. FO konseptine
gore ise en yliksek basarimin 0.9803 AUC degeri ile
FedAVGM birlestirme algoritmas1 ile elde edildigi
gdzlenmektedir. FO konseptine sahip diger birlestirme
algoritmalar1 olan FedAVG ve FaultTolerantFedAVG
algoritmalarinin da sirasiyla 0.9774 ve 0.9764 degerlerini
elde ettiklerini  goriilmektedir.  Dolayisiyla, FO
konseptinin LO konseptine gore en az %9.24 AUC artis1
avantaji1 sagladig1, MO konseptine gére ise en fazla %1.04
kadar AUC degerinden feragat ettigi Tablo 2°de
gozlenebilmektedir.
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Tablo 2 diger metriklere gére incelendiginde FO’niin
avantaji ¢cok daha bariz bir sekilde goriilmektedir. FO
konseptinin LO konseptine gére, Dogruluk, Kesinlik,
Duyarlilik ve F1 Skor metriklerine gore sagladig1 avantaj
sirastyla en az  %37.28 , %14.40 , %37.96 , %42.18
kadardir. Ote yandan, FO konseptinin MO konseptine
gore, Dogruluk, Kesinlik, Duyarlilik ve F1 Skor
metriklerine gére dezavantaji da sirasiyla en fazla %12.12
, 910.34 , %12.03 , %12.19 kadardur.

Tablo 3 verileri incelendiginde, MobileNet V3 small
modelinin LO konseptine gore 0.8112 ile 0.8803 arasinda
AUC basarimlar1 gosteriyorken, MO konseptine gore
0.9868 AUC basarim gosterdigi goriilmektedir. FO
konseptine gore ise en yiiksek basarimm 0.9745 AUC
degeri ile FedAVG birlestirme algoritmasi ile elde
edildigi gozlenmektedir. FO konseptine sahip diger
birlestirme  algoritmalari olan FedAVGM  ve
FaultTolerantFedAVG algoritmalarinin  da  sirasiyla
0.9728 ve 0.9721 degerlerini elde ettiklerini
goriilmektedir. Dolayisiyla, FO  konseptinin LO
konseptine gore en az %9.18 AUC artis1 avantaji
sagladigi, MO konseptine gore ise en fazla %1.47 kadar
AUC  degerinden  feragat ettigi Tablo 2’de
gozlenebilmektedir.

Tablo 3 diger metriklere gore incelendiginde FO’niin
avantaji net bir sekilde goriilmektedir. FO konseptinin
LO konseptine gore, Dogruluk, Kesinlik, Duyarlilik ve F1

Skor metriklerine gore sagladigi avantaj sirastyla en az
%34.43 , %9.94 , %34.94 , %40.57 kadardir. Ote yandan,
FO konseptinin MO konseptine gére, Dogruluk, Kesinlik,

Duyarlilik ve F1 Skor metriklerine gore dezavantaji da
sirastyla en fazla %11.37 , %11.79 , %11.33 |, %12.12
kadardr.

ResNet-18 ve MobileNet V3 small modelerinin LO, MO
ve FO konseptlerine gore karigiklik matrisleri Sekil 7 ve
8’de gosterilmistir. MobileNet V3 small ve ResNEt-18
modelleri iizerinde FO konseptinde her bir katilimcinin
Egitim Kayb1 (training loss) ve Test Kaybi (validation
loss) sirasiyla  Sekil 10 ve 11°de gosterilmistir. Hem
Egitim Kaybi hem de Test Kaybindaki azalma tiim
epoklarda devam ettigi igin, her {i¢ birlestirme
algoritmasinin da higbir modelde veya katilimcida asiri
6grenme (overfitting) gdstermedigi anlasilmaktadir. Sekil
9°da ise ResNet-18 ve MobileNet V3 small modellerinin
LO, MO ve FO konseptlerine gore tiim katihimecilarin
AUC degerlerinin artis egrileri gosterilmistir. Gortldigi
gibi ResNet-18 modeli iizerinde Oncelik sirasiyla
FedAVGM, FaultTolerantFedAVG ve FedAVG,
MobileNet V3 small modeli iizerinde ise sirasiyla

FedAVG, FedAVGM ve FaultTolerantFedAVG
birlestirme  algoritmalari  yakinsamaktadir. FO
konseptinin, bu c¢alismadaki gibi 06zdes olmadan

dagitilmis 5 katilimcili bir veri setinin 30 epok gibi bir
siirede MO sinirina yakinsayabildigi gozlenmektedir. LO
konseptinde ise her bir katilimcinm kendi veri setindeki
veri dagiliminin temsil kapasitesine gore farkli AUC
degerlerinden baslayarak MO ve FO’ye uzak bir noktaya
yakinsadiklart goriilmektedir.

Tablo 2. ResNet-18 modelinin 5 katilimer iizerinde LO, MO ve FO konseptlerine gore egitilerek elde edilen test sonuclar

FaultTolerant

FedAVG FedAVGM FedAVG
METRIK LO1 LO?2 LO3 LO 4 LOS5 MO FO FO FO
Dogruluk 0.3620 02275 0.2194  0.2094  0.2458  0.856 0.7457 0.7384 0.7348
F1 Skor 0.31 0.1220 0.1241  0.0924  0.1354  0.8537  0.7418 0.7318 0.7327
Kesinlik 05418  0.4053 04717 0.6079 05169  0.8553  0.7604 0.7519 0.7556
Duyarhhk 03537 02198 02328 02110 0.2412 0.8536  0.7436 0.7368 0.7333
AUC 0.8840 0.8127 0.8337 0.8681 0.8461 09873 0.9774 0.9803 0.9764

Tablo 3. MobileNet V3 small modelinin 5 katilimei iizerinde LO, MO ve FO konseptlerine gére egitilerek elde edilen test

sonugclari
FaultTolerant
FedAVG FedAVGM FedAVG

METRIK LO1 LO?2 LO3 LO 4 LOS MO FO FO FO

Dogruluk 0.3865 0.2050 0.2309 0.2183 0.2101 0.8445 0.7389 0.7333 0.7308
F1 Skor 0.3141 0.0886 0.1484 0.1069 0.0940 0.8410 0.7312 0.7237 0.7198
Kesinlik 0.6323 0.2076 0.4197 0.5301 0.2388 0.8496 0.7476 0.7425 0.7317
Duyarhbk 0.3787 0.1895 0.2436 0.2199 0.2101 0.8414 0.7351 0.7293 0.7281
AUC 0.8803 0.8112 0.8122 0.8590 0.8299 0.9868 0.9745 0.9728 0.9721

70



DUJE (Dicle University Journal of Engineering) 14:1 (2023) Sayfa 65-73

Karigiklik Matrisi Karsiklik Matrisi Kangiklik Matrisi
2 2 4 § 8 a2 4 4 B S N T
04978 2 0 0 0 0 0 0 0 0 04833 2 6 1 2 T 23 0 12 44 04554 1 52 0 2 28.%285 1 12 45
2 EHES O 0 0 0 0 0 0 0 0 1112 3 0 10 o0 1 9 0 0 0 1110 11 © 5 1 0 7 1 0
24619 134 76 50 4 76 6 21 37 9 24 9 0 750 55 7 119 31 43 12 &6 2411 1 459 56 3 309 47 67 73 6
334 145 7 317 3 148 2 20 25 9 2 0 17 8s8e 3 78 7 6 7 2 3 3 6 728 0 198 17 16 39 0
% 44237 416 4 4 3239 7 1 ) 56 13 ” 44 8 4 20 7 82 6 5 25 10 45 » 44 5 25 34 20 745 4 v 71 24 47
»_% 381 109 27 134 4 203 1 27 4 2 § 4 1 27 129 0 684 17 23 2 o) g 2 2 20 111 O 696 13 36 6 6
6799 118 O 1 s 3 23 0 6 7 6447 15 22 4 7 13 @My 3 17 17 6412 18 67 9 8 28 759 4 23 30
371 489 7 12 32 6 0 102 8 1 12 8 32 13 25 8 1 jHBS 3 24 8 10 50 17 18 15 0 882 7 21
84454 29 13 5 4 11 9 0 424 25 84 7 0 41 15 3 3 31 4 846 24 g{11 0 42 10 2 18 102 5 779 5
615 186 7 7 1 25 5 12 26 125 1 4 12 13 9 7 13 45 15 880 17 7 35 22 11 27 64 59 22 745
; I'ah‘min ' ) Tahmin " ' Tahmin ' ‘
a)LO(LO 1) b) MO ¢) FO (FedAVG)

Sekil 7. ResNet-18 modelinin LO, MO ve FO konseptlerine gére karigiklik matrisleri

Karigiklik Matrisi Karigiklik Matrisi Karigikhk Matrisi
0 2 4 6 8 0 2 4 ? fli l‘) % tll (.i §
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Sekil 8. MobileNet V3 small modelinin LO, MO ve FO konseptlerine gore karisiklik matrisleri

Tum Katiimcilann LO, MO ve FO konseptleri ile Tum Katilimeilarin LO, MO ve FO konseptleri ile
TEST AUC Degerleri TEST AUC Degerleri

1.0 A

0.9 1

0.8

AUC

FedAVG ile FO Test AUC 0.7 1
FedAVGM ile FO Test AUC

FedAVG ile FO Test AUC
FedAVGM ile FO Test AUC

0.5 * FaultTolerantFedAVG ile FO Test AUC ®  FaultTolerantFedAVG ile FO Test AUC
— MO ile Test AUC — MO ile Test AUC
0.4 = LO ile Test AUC, Katihmci 1 0.6 —— LO ile Test AUC, Katilimci 1
= LO ile Test AUC, Katihmci 2 — O ile Test AUC, Katimci 2
= LO ile Test AUC, Katithmai 3 — L& ile Test AUC, Katilimci 3
0.34 = LO ile Test AUC, Katihmc: 4 » —— L6 ile Test AUC, Katilimci 4
LO ile Test AUC, Katihmci 5 0.5 - s LO ile Test AUC, Katihmci 5
T T T y T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Epok Epok
a) ResNet-18 b)MobileNet V3 small

Sekil 9. ResNet-18 ve MobileNet V3 small modellerinin LO, MO ve FO konseptlerine tiim katilimcilarin AUC degerleri
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FedAVG, FedAVGM ve FaultTolerantFedAVG algoritmalari ile
1. Katiimeinin FO Egitim Kaybi

FedAVG, FedAVGM ve FaultTolerantFedAVG algoritmalar ile
2. Katiimainin FO Egitim Kaybi

FedAVG ile FO Egtim Kaybi
FRAAVGH e TD 1 T Kayh
+ FaulTolersntFedAVG ile FO Egitin Kaybi

—— TCAAVGH i 1 Tost Kayol
— FaulToleranted VG ile FO Test Kaybi

PO P b

FedAVG ile FO Egtin Kaybi
FRAAVGH ile 10 1 T Kayh
FaulTalerant edAVG ile FO Egitim Kaybr
—— FedAVG ile FO Test Kayb

—— TRAAVGR e 1 Tost Kayor

— FaultTolerant=ed VG ile FO Test Kaybi

e,

30 40 50
Epok

a) Katilimer 1

FedAVG, FedAVGM ve FaultTolerantFedAVG algoritmalar ile
4. Katiimcinin FO Egitim Kaybi

40 50

b) Katilime 2

FedAVG, FedAVGM ve FaultTolerantFedAVG algoritmalari ile
3. Katiimeinin FO Egitim Kaybr

FedAVG ile FO g tim Kaybi
+ TedAVEN ile TD T T Kayh
FaulTolerantFedAVG ile FO Egitim Kaybi
—— FedAVG ile FO Test Kayb
—— TCAAVGRile [ Tost Kayor
— FaulTolerantFedAVG ile FO Test Kaybi

40

¢) Katilimer 3

FedAVG, FedAVGM ve FaultTolerantFedAVG algoritmalar ile
5. Katiimcinin FO Egitim Kaybi

R,

FedAVG ile FO Egitim Kaybi
FeAAVGH ile 1D 1 T Kayhi
Faul<TolerantFedAVG le FO Egitim Kaybi
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Gelecek Calismalar

Mevcut ¢alismanin ileride farkli birlestirme algoritmalari
tzerinde test edilmesi, veri setinin farkli medikal
goriintiiler tizerinde uygulanmasi ve 6zgiin birlestirme
algoritmalarinin tasarlanmasi planlanmaktadir.
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Alzheimer hastaligi, demansin en sik goriilen tiirii olan ilerleyici bir nérodejeneratif bozukluktur. Hafiza
kaybi, biligsel kabiliyetlerde azalma ve davranigsal sorunlara yol agarak, giinliik yasami derinden
etkilemektedir. Hastalikla miicadelede en 6nemli adimlardan biri hizli ve dogru tanmm konmasidir.
Dolayistyla, bilgisayar destekli tan1 sistemlerinin histopatolojik analizlere alternatif olarak gelistirilmesi
onem arz etmektedir. Bu ¢aligmada, Alzheimer hastaliginin otomatik olarak tespitinde EEG tabanli bir
simflandirma modeli tanitilmstir. Onerilen model EEG senkrosikistirma temsillerinin gesitli uyarlannms
on egitimli derin evrigimsel sinir ag1 mimariler ile smniflandirilmasindan olusmaktadir. Senkrosikigtirma
yontemi, EEG isaretlerini zamanla degisen salmim ozelliklerine sahip goriintii oriintiilerine doniistiirmek
icin kullanilmistir. Akabinde ise EEG goriintiileri 6n egitimli SqueezeNet, ResNet, InceptionV3 ve
MobileNet derin mimarilerine girdi olarak sunulmus ve elde edilen siniflandirma performanslari
karsilagtinlmistir. Deneyler, 19 elektrottan (Fpl, Fp2, Fz, F3, F4, F7, F8, Cz, C3, C4, T3, T4, Pz, P3, P4,
T5, T6, Ol ve O2) kayit edilen EEG isaretlerinin her biri i¢in ayrt ayr1 uygulanmistir. Bulgular P3 ve T5
kanallarinin Alzheimer tespitinde en etkin serebral konumlar oldugunu ve en iyi siniflandirma
dogrulugunun InceptionV3 modeli ile elde edildigini gostermistir. InceptionV3 modeli ile her iki kanal
icin siniflandirma dogruluklan sirastyla %89.50 ve %90.57 olarak elde edilmistir. Ayrica serebral
korteksteki elektriksel aktivitelerin hastaliga iligkin karakteristik dinamikleri en belirgin olarak parietal ve
temporal loblarda yansittig1 gézlemlenmistir.
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Alzheimer's disease is a progressive neurodegenerative disorder that is the most common type of dementia.
It profoundly affects daily life by causing memory loss, decreased cognitive abilities, and behavioral
problems. In the fight against the disease, one of the most important steps is to make a rapid and accurate
diagnosis. Therefore, it is crucial to develop computer-aided diagnosis systems as an alternative to
histopathological analyzes. In this paper, an EEG-based classification model was introduced for the
automatic detection of Alzheimer's disease. The proposed model is based on classifying EEG
synchrosqueezing representations by various fine-tuned pretrained convolutional neural networks. The
synchrosqueezig technique was used for converting EEG signals to image pattern that contains
components with time-varying oscillatory characteristics. Then, EEG images were presented as input to
the pre-trained deep architectures, including SqueezeNet, ResNet, InceptionV3, and MobileNet, and the
classification performances obtained were compared. Experiments were performed separately for each of
the EEG signals recorded from the 19 scalp electrodes (Fpl, Fp2, Fz, F3, F4, F7, F8, Cz, C3, C4, T3, T4,
Pz, P3, P4, T5, T6, O1, and O2). The results showed that P3 and T5 channels are the most efficient cerebral
regions for Alzheimer's detection and InceptionVV3 revealed the best performance. The pre-trained
InceptionVV3 model achieved classification accuracies for both channels as 89.50% and 90.57%,
respectively. In addition, it has been observed that the electrical activities in the cerebral cortex reflect
characteristic dynamics of the disease most prominently in the parietal and temporal lobes.
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Giris

Alzheimer hastaligi, demansin ana nedenlerinden biri olan
norolojik bir bozukluktur. Diinya iizerinde yaklasik olarak 25
milyon insan bu hastaliktan mustariptir [1]. Alzheimer
hastaligi ile birlikte vuku bulan en yaygin semptomlar; dikkat
eksikligi, hafiza kaybi ve dil becerileri gibi bilissel
kabiliyetlerde bozulmalar seklinde kendini gostermektedir
[2]. Hastaligin kesin tanist ancak histopatolojik analizlerle
miimkiin oldugundan, ¢esitli alternatif biyolojik markerlerin
referans almmas: ile taniyr destekleyici sistemlerin
geligtirilmesi  onem  arz  etmektedir. Sistemlerin
gelistirilmesinde invaziv olmayan tekniklerin uygulanmasi
tercih edilmektedir. Bu kapsamda, beyin goriintileme
yontemlerinden manyetik rezonans gorlintiilleme (MRI) ve
elektroansefalografi (EEQG) siklikla basvurulan tekniklerdir

(3]

Beyin goriintileme  yontemleri  6zellikle norolojik
hastaliklara iliskin dinamiklerin irdelenmesinde yaygin bir
sekilde uygulanmaktadir. Beynin karmasik olan yapisinda
hastalikla birlikte meydana gelen spesifik degisimler beyin
goriintiileme yontemleri ile etkin bir sekilde yansitilabilir [4].
EEG yontemimin diisik maliyetli olusu, hizli bir sekilde
erisilebilirligi ve yiiksek temporal ¢oziiniirliik sunmasi diger
yontemlere kiyasla daha popiiler bir yaklasim olmasinda esas
etkenlerdir [5]. EEG yontemi ile beyin igerisinde gergeklesen
sinaptik aktiviteler sacli deriden kayit edilerek, hastaligin
beyin igerisinde etkileri yorumlanabilir. Boylelikle, olast
demans tanisinin heniiz kesinlik kazanmadigi durumlarda
hekimler tarafindan alternatif tani yoOntemlerinin Oni
acilabilir [6]. EEG isaretlerindeki salinimlarm yavaglamasi ve
karmagiklik diizeyinde azalmalar Alzheimer hastaliginin
neden oldugu en belirgin oriintiilerdir [2]. Ancak, EEG
isaretlerinin gorsel olarak irdelenmesi zaman alic1 olmakla
birlikte hata yapma potansiyelini artirir [7]. Manuel analizlere
iliskin s6z konusu handikaplar, bilgisayar destekli analizleri
elzem kilmaktadir. Bilgisayar destekli tan1 sistemlerince ham
EEG kayitlarindan hastaliga iligkin karakteristik 6zelliklerin
tespiti, otomatik ve dogru bir sekilde saglanabilir. Béylelikle,
hastaligin erken veya ilerleyen fazlarinda hekimler tarafindan
yapilacak daha isabetli teshislerin 6nii agilabilir.

Literatiirde ¢esitli makine 6grenimi yaklagimlart kullanilarak
Alzheimer hastaliginin otomatik olarak tani ve takibi i¢in ¢ok
sayida bilgisayar destekli tani sistemlerinin gelistirildigi
goriilebilmektedir. Bu kapsamda Onerilen basarili modeller,
konvansiyonel ve derin 6grenme tabanli olarak kategorize
edilebilir. Konvansiyonel modeller, EEG isaretlerinden
hastaliga iligkin aywrt edici Ozelliklerin manuel olarak
ayiklanmasini ve ¢ikarilan ozeliklerin temel siniflandirict
algoritmalar ile siniflandirilmasindan olusmaktadir. EEG
isaretlerinden anlamli 6zelliklerin ¢ikarilmasinda dalgacik
doniisiimii tabanli yontemler [8], ¢esitli spektral yaklagimlar
[9], [10] ve karmagiklik analizi [3], [11] bagvurulan baglica
tekniklerdir. Smiflandiric1 algoritma olarak ise ¢ogunlukla
destek vektor makineleri (DVM), k-en yakin komsu
algoritmasi (KNN) ve lineer diskriminant analiz (LDA) gibi
ara¢larin kullanildig1 goriilebilmektedir. Son yillarda goriintii
isleme, nesne algilama ve ses isaretlerinin analizi gibi bircok
alanda biiyiik bir atilm gdsteren derin Odgrenme
mimarilerinden Alzheimer hastaliginin otomatik olarak
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tanisinda da istifade edilmistir. Ham verilerden hastaliklara
Ozgili karakteristik 6zelliklerin otomatik olarak ¢ikarilmasi,
derin 6grenme mimarilerini gii¢lii ve popiiler kilan en 6nemli
kabiliyettir. Bu ¢alismalarda oncelikle, EEG isaretleri
goriintii  matrisleri olarak yeniden temsil edilmeye
cahigtlmigtir. Bu kapsamda, Ismail ve ark. [12] EEG
isaretlerinin goriintii formuna donistiiriilmesinde elektrot
konumlarin1 ve alt frekans bilgilerini kullanmiglardir. Elde
edilen goriinti matrisleri ESA mimarisi kullanilarak
smiflandirilmistir. Rodrigues ve ark. [7] Granger nedensellik,
Pearson korelasyonu ve Spearman korelasyon tekniklerini
kullanarak EEG igaretlerini matris baglantilari olarak goriintii
formuna donistiirmiislerdir. Cok boyutlu EEG oOriintiileri
basit bir ESA modeli girisine verilerek, dnerilen modelin
Alzheimer tanisinda sunmus oldugu basari1 gozlemlenmistir.
Son olarak, Polat [13] yeni bir zaman-frekans karmasiklik
temsil yoOntemi Onererek, ¢ok boyutlu karmagiklik
haritalarindan EEG tabanli Alzheimer tespit modeli
Onermistir. Mevcut c¢alismalarda, derin &grenme tabanlt
yaklagimlarin genel olarak klasik yontemlere kiyasla 6nemli
performans iyilestirmeleri sunduklar rapor edilmistir [14].

Bu calismada EEG isaretlerinden Alzheimer hastaliginin
tespiti amaglanmistir. Derin 6grenme mimarilerinin goriintii
isleme tizerindeki tstiin kabiliyetlerinden etkin sekilde
istifade etmek igin bir boyutlu zaman serileri olan EEG
isaretleri, boyutlart artirilarak  goriinti  matrislerine
doniistiiriilmiistir. EEG isaretlerine dalgacik tabanlt
senkrosikigtirma yontemi uygulanarak, ¢ok boyutlu yeni
serebral aktivite temsilleri elde edilmistir. Derin 6grenme
yaklagimlar1 olarak, gorsel nesne tanima modellerinin
gelistirilmesi kapsaminda ImageNet Biiyiik Olgekli Gérsel
Tanima Yarismas1 (ILSVRC) [15] icin gelistirilen basarili
modellerin probleme 6zgii uyarlanmig modifikasyonlart
kullanilmigtir. Béylelikle, derin 6grenme mimarilerinin etkin
bir sekilde egitimi igin gereken biiyiikk Olgekli veri seti
eksikligi dezavantajinin iistesinden gelinmesi amaglanmistir.
Ayrica, beyin igerisinde hastaliga 6zgili aktivitelerin EEG
tizerine yansimalart kapsamli olarak irdelenerek, tan1 sistemi
icin en verimli elektrot konumlar1 ve hastaligin belirgin
sekilde ayirt edilebildigi beyin loblar1 belirlenmistir.

Materyal ve metot

Bu c¢alismada g¢ok ©boyutlu EEG senkrosikigtirma
temsillerinden Alzheimer hastaligmin serebral lob etkinligi
ve tespiti amaglanmistir. Belirlenen amaglar dogrultusunda
uygulanan siniflandirma ¢ergevesinin ¢ekirdek yapilari ve
kullanilan EEG verilerine iliskin detaylar bu bdoliimde
aciklanmaktadir. Onerilen EEG tabanli otomatik tam
modelinin genel ¢ergevesi Sekil 1°de tasvir edilmektedir.

Alzheimer veri Seti

EEG verileri Florida Universitesi arastirmacilar tarafindan
belirli bir paradigma dogrultusunda kayit edilerek ve kamuya
actk bir gekilde erisime sunulmustur [16]. EEG kayitlarinin
alinmasi, gozler agik ve kapali olmak {iizere iki farkl
dinlenme  durumunu iceren  paradigmalar  olarak
yiritilmistiir. EEG kayitlar1 sach deri {lizerine uluslararasi
10-20 konumlandirma sistemi gore yerlestirilen 19
elektrottan (Fpl, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4,
T5, P3, Pz, P4, T6, O1 ve O2) alinmistir [2].
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Sekil 1. Onerilen EEG tabanl otomatik tan1 ve degerlendirme modelinin genel cercevesi

Elektrot etiketlerinde yer alan F, T, C, P ve O harfleri sirastyla
frontal, temporal, santral, parietal ve oksipital loblar1 ifade
etmektedir. EEG kayitlari saglikli ve hasta olmak iizere iki
gruba ayrigtirilmigtir. Saglikli grup, yas ortalamasi 72 + 11
olan ve daha 6nce herhangi bir nérolojik rahatsizlik 6ykiisi
bulunmayan 12’sinin goézleri agik ve 12’sin gozleri kapali
olarak EEG kayitlart alinmig toplam 24 katilimcidan
olusmaktadir. Hasta grup ise Ulusal Nérolojik ve Iletisimsel
Bozukluklar ve Inme Enstitiisii, Alzheimer Hastalig1 ve
[ligkili Bozukluklar Dernegi (NINCDS ADRDA) kriterlerine
uygun olarak Alzheimer tanis1 konmus, ortalama yaslari 69 +
16 olan 12’sinin gozleri agik ve 12’sin gozleri kapali olarak
EEG kayitlart alinmig 24 bireyden olusmaktadir [7]. Her iki
grupta yer alan bireylere iliskin sekiz saniyelik EEG kayitlari,
ormekleme hizi 128 Hz olarak bilgisayar ortamina
aktarilmistir.

EEG isaretlerinin 6n islenmesi

EEG kayitlar1 goz hareketleri, kas hareketleri ve sebeke
giriiltiisinden kaynaklanan g¢esitli artefaktlardan siklikla
etkilenmektedir. S6z konusu girisimler, EEG kayitlarinin
diisiik sinyal giiriiltii oranina (SNR) sahip olmalarina yol
agmaktadir. Bu c¢alismada, EEG isaretleri Notch filtre
kullanilarak 60 Hz sebeke frekansindan arindirilmistir. EEG
isaretlerinden dogru akim (offset) giiriiltiisiiniin arindirtlmasi
ve 6nemli alt bantlarin elde edilmesi i¢in 4. dereceden bant
geciren Butterworth filtresi uygulanmigtir.

Alzheimer hastaliginin EEG goriintiileme yontemi ile
analizinde literatiirde ¢ogunlukla 2 saniyelik donemlerin
dikkate alindig1 goriilmektedir [17]. Bu galismada Onerilen
EEG tabanli otomatik tan1 modeli i¢in 2 saniyelik boliitlerin
(epoch) kullanilmas1 uygun bulunmustur. Boylelikle, her bir
katilimer i¢in sekiz saniyelik kayitlarindan dort EEG boliitii
elde edilmistir. Boliitleme islemi sonucunda veri seti boyutu
dort kat arttirilarak, her bir EEG kanali ig¢in 96 saglikli ve 96
hasta olmak iizere toplam 192 6riintii dikkate alinmigtir.
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Senkrosikistirma yontemi

Sennkrosikigtirma doniigiimii (SSD) salinim karakteristikleri
zamanla degisen ¢ok bilesenli sinyaller i¢in kullaniglt bir
zaman-frekans analizi yontemidir [18]. Bircok farkh
uygulama i¢in sinyallerin zamanla degisen spektral
ozellikleri 6nem tagimaktadir [19]. Bu kapsamda, kisa zaman
Fourier doniisimii (KZFD), siirekli dalgacik doniisiimii
(SDD), Wigner-Ville dagilimi (WVD) gibi ¢esitli zaman-
frekans analiz yontemleri 6n plana ¢ikmaktadir. Onerilen
yontemlerdeki lineer kaynakli kisitlamalar senkrosikigtirma
fikrini ortaya ¢ikarmistir. SSD teknigi kullanilarak bir zaman-
frekans temsil modiiliinden anlk frekans tahmininin
yapilmast ile yeniden zaman-frekans temsilinin diizenlenmesi
geceklestirilebilir. Boylelikle, SDD ve KZFD
yontemlerindeki mevcut lineer kisitlamalarin iistesinden
gelinebilir. Dalgacik senkrosikistirma teknigi SDD ile
yiiriitiilen siireci devam ettirerek, lokalize zaman-frekans
temsillerini sunmaktadir. Ornek olarak, sayisiz bilimsel ve
miihendislik uygulamalar1 i¢in genel bir form olan x(t) sinyali
asagidaki Esitlik 1’deki gibi ifade edilebilir.

k

x(©) = ) xi() + e(®

k=1

ey

Burada her bir x(t) bileseni xy(t) = Ax(t) cos(2mdy(t))
muhtemelen zamanla degisen genlik ve frekans ile Fourier
benzeri bir salinim modudur. e(t) ise giriilti veya 6l¢lim
hatasini temsil etmektedir. SSD ydntemi her bir k degeri igin
genlik (Ag(t)) ve anlik frekansin (@ (t)) elde edilme
islemidir. Islem {ic adimla neticelendirilir. ilk olarak x(t)
sinyalinin siirekli dalgacik doniistimii  alimir. SDD
yonteminin matematiksel ifadesi Esitlik 2’de verilmistir.
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1 t—»b
Wy (a,b) = f a /21/)( )x(t)dt )
Burada a ve b swrasiyla Olgekleme ve Oteleme
parametrelerini, Wy (a, b) ise SDD fonksiyonunu ifade eder.

SDD yontemi ile elde edilen zaman-frekans temsillerinin
baslangi¢ degerleri tahmin edilir. Akabinde ise tahmin edilen
baglangi¢ degerleri yeniden atanma y6ntemi ile Wx(a,b) ‘i
stkistirmak i¢in yeniden kullanilir [19]. Bu ¢alismada, ilk
etap olan baslangi¢ degerlerinin tahmininde Morlet dalgacig1
kullanilmistir. Analizlerin uyguladigi Matlab programlama
ortami tarafindan s6z konusu dalgaciginin otomatik olarak
etkin oldugu varsayilmistir. Sekil 2’de saglikli ve hasta
bireylerden alinan ham EEG kayitlarindan senkrosikistirma
yontemi uygulanarak elde edilen zaman-frekans temsilleri
gosterilmektedir. Bir boyutlu sinyallerden 420x560x3
boyutunda olusturulan goriintiiler sirasiyla 224x224x3,
227x227x3  ve 299x299x3  ¢oziiniirliigiinde yeniden
boyutlandirilmistir.

30

EiR

1

o fuly o "
5 \"ﬂ [ 'mw,w ‘J |
||..‘r~3 “,,’ n,, ’\flr"

{| |

i L
0 05 7aman (sn)
(a) (b)

Ill

fw “M W
En,lﬂ"““l*f J ﬂu J

Genlik (uV)

K3 ) 15 2

-20

10 )05 T,N,n(sn)

Sekil 2. Ham EEG kayitlarinin SSD yontemi uygulanarak
goriintii formunda temsil edilmesi (a): Saglikl birey, (b):
Alzheimer hastasi

On egitimli modeller ve transfer 6grenimi yaklasimi

Derin 6grenme modelleri birgok alanda etkili ¢dziimler
sunarak, Onemli bir potansiyel barindirmaktadir [20].
Karmagsik problemlerde geleneksel makine 0grenme
mimarilerinin gereksinim duydugu manuel 6zellik ¢ikarimina
iliskin mevcut handikaplarin {istesinden gelerek biiyiik bir
atilim sergilemislerdir. Ancak, derin 6grenme mimarilerinin
probleme 0zgii olarak sil bastan egitilmeleri asirt bir

On egitimli model

hesaplama giiciine, zamana ve agm genellestirme
yapabilecegi biiyiikk veri setlerine olan gereksinimi
beraberinde getirmektedir [20], [21]. Transfer Ogrenimi
yaklagimi, biiyiik veri seti iizerinde gelistirilmis mimarilerin
egitilmis agirliklarmin yeniden kullanilmasi ve probleme
0zgii uyarlanmasi ile s6z konusu gereksinimlere olan
bagmmlilig1 asarak etkili ¢oztimlerin elde edilmesine olanak
tanimaktadir [21]. Bu ¢aligmada, kanal bazli sinirli sayidaki
EEG gorintii kiimelerinden etkin bir sekilde Alzheimer
hastaliginin  tespiti icin transfer Ogrenimi yaklagimi
uygulanmigtir. Bu kapsamda, 6nceden ¢oklu smiflandirma
problemleri iizerinde egitilmis InceptionV3, SqueezeNet,
ResNet-18 ve MobileNet mimarileri ayr1 ayr1 kullanilarak
elde edilen smiflandirma performanslar1 karsilagtirilmistir.
Sekil 3’te bu caligmada uygulanan transfer 6grenimi
gergevesi sistematik olarak tasvir edilmektedir.

SqueezeNet

SqueezeNet, landola ve ark. [22] tarafindan goriintii tanima
problemlerinde giiclii bir performans saglamasi amactyla
onerilen hafif bir derin 6grenme mimarisidir. Onerilen derin
O0grenme mimarilerinin g¢ogunda genel amacin ¢esitli
bilgisayarli goérii uygulamalarinda tani, tespit veya
segmentasyon dogrulugun artirilmasi yoniinde oldugu
goriilmketedir. SqueezeNet modelinde ise diger popiiler ESA
mimarilerinin sunmus oldugu dogruluk performansindan
6diin vermeden ¢ok daha az sayida egitebilir parametre iceren
bir derin 6grenme mimarisinin tasarlanmasi amaglanmistir
[23]. Bu kapsamda, sikistirilmig ve genisletmis katmanlardan
olusan atesleme modiilleri 6nerilmistir. Atesleme modiilleri,
1x1 boyutunda evrisim kernellerinin kullanildig: sikistirilmig
katman ve 1x1 ve 3x3 boyutunda evrisim kernellerinin
birlikte kullanildig1 genisletilmis katmanlarin aktif bir sekilde
kullanilmasi prensibine dayanir [24]. Atesleme modiiliinde
3x3 filtreler yerine 1x1 boyutunda darbogaz filtreler
kullanilarak, hesaplama maliyeti azaltilmistir. Onerilen
SqueezeNet modeli ile IMAGENET c¢ok o&lgekli goriintii
tanima yarismasinda AlaxNet modelinin sunmus oldugu
dogruluk performansi, 50 kat daha az parametre kullanilarak
elde edilmistir [22].
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MobileNet

MobileNet ve varyantlart mobil ve donanimsal bilgisayarl
gorii uygulamalart i¢in Onerilen verimli derin 6grenme
modelleridir [25], [26]. Aglarin diger derin mimarilere
kiyasla one c¢ikan yonleri, ¢ok az sayida egitilebilir
parametrelere sahip olmalaridir. MobileNet mimarisinde e az
sayida egitilebilir parametre sayisi derinlemesine ayrilabilir
evrisim filtrelerin  kullanilmast  ile  saglanmaktadir.
Derinlemesine ayrilabilir filtreler, evrisim filtrelerinin
carpanlarma ayrilmas: mantigina dayanmaktadir. Agdaki
standart evrigim filtreleri, derinlemesine ve 1x1 boyutlu
noktasal evrisim filtrelerine ayrnistirilir.  Derinlemesine
evrigim iglemi ile her giris kanalina tek bir filtre uygulanir.
Akabinde, 1x1 boyutunda noktasal evrisim uygulayarak
ciktilar1 derinlemesine evrigsimle birlestirir. Derinlemesine
ayrilabilir evrigimin aym siireci filtreleme ve birlestirme
olmak {izere iki katmanda gerceklestirmesi, hesaplama
maliyeti ve model boyutunun biiyiik 6lciide diigiiriilmesine
neden olur [25]. Boylelikle, donanimsal olarak uygulanabilir
ve seri c¢alisan bir derin mimarinin tasarimi miimkiin
olmaktadir.

InceptionV3

Bir GoogleNet versiyonu olan InceptionV3 mimarisi,
selefleri olan mimarilerin (InceptionV1 ve InceptionV2)
baslangi¢ yapilariin yeniden dizayn edilmesi ile tiiretilmistir
[27]. InceptionV3 goriintii tanima problemlerinde ilgilenilen
bolgelere iliskin asir1 konum degiskenlik sorunlarmi ele
almaktadir. Bu kapsamda, aym diizeyde filtreler
birlestirilerek agin etkin bir sekilde genisletilmesi saglanir
[20]. InceptionV3, seleflerine kiyasladiginda kiiciik evrigim
operatorlerinin elde edilmesi i¢in bir evrisimsel bdlme
yontemi kullanir [28]. Bu yontem ile (nxn) boyutunda
evrisim filtreleri (nx1) ve (1xn) boyutlu filtrelere boliinerek,
ag icerisinde egitilebilir parametre sayisi azaltilir. Boylelikle,
ag girisine sunulan gorintiilerden daha etkin bir sekilde
uzamsal Ozelliklerin ¢ikartilmasi ve agm daha kisa siirede
egitilmesi miimkiin kilinir [28].

ResNet-18

Goriintii igleme tizerindeki mevcut performansin artirilmasi
icin derin mimarilere yeni katmanlar eklenerek ESA
modelleri daha da derinlestirilmistir. Ancak, artan derinlik ile
birlikte performansin artmadifi goézlemlenmistir. Derinlik
artikga ortaya ¢ikan kaybolan veya patlayan gradyan sorunu

egitim performansini olumsuz etkilemistir [29]. Daha derin
mimarilerin s6z konusu handikaplardan bagimsiz bir gekilde
dizayn edilmesi i¢cin He ve ark. [30] tarafindan artik ag
cercevesi onerilmistir. Onerilen gerceve, ag yapisinda artan
derinlikle birlikte dogru orantili olarak siniflandirma
dogrulugunun artirildigini kanitlamistir [30]. Artik bloklara
dayanan mimari, IMAGENET wveri seti {izerinde diger
mimarilere kiyasla daha derin olmasma ragmen daha az
kompleks olan yapist ile iistiin bir basar1 sergilemistir. Bu
calismada, katman sayisina gore farkli varyantlari bulunan
artik aglar igerisinden ResNet-18 mimarisi kullanilmistir. Ag
icerisinde parametre sayisinin diger varyantlarina gore daha
az olmasi, EEG senkrosikigtirma temsillerinden Alzheimer
tespitinde kullanilmasinin  baslica motivasyon kaynagi
olmustur.

Model egitim parametreleri ve performans metrikleri

Bu calismada, her bir EEG kanalindan alman sinirli sayidaki
ortintiiler kullanilarak derin transfer &grenimi tabanli bir
otomatik Alzheimer tan1 modeli Onerilmistir. Veri setinin
kisithiligindan kayakli dezavantajin iistesinden gelmek icin
cok Olgekli goriintii veri setleri lizerinde onceden egitilmis
olan SqueezeNet, MobileNet, ResNet-18 ve InceptionV3
mimarileri kullanilmigtir. Bu kapsamda, evrisim bloklarin
dondurulup ve egitilmis agirliklarin transfer edilmesi ile asirt
uyumlama riskinin {istesinden gelinmesi amaglanmistir.
Calismada kullanilan smniflandirma modellerine iliskin her bir
yinelemede alinan 6rnek sayisi (mini-batch size), maksimum
yapilan tam tur (epoch) sayisi, giris katman boyutlari, ve
aktivasyon fonksiyonu gibi parametrelere iligkin bilgiler
Tablo 1°de detaylandirilmugtir.

Bulgular

EEG isaretlerinden Alzheimer hastaliginin otomatik olarak
tespiti kapsaminda biitiin analizler Matlab programlama
ortaminda calistirilmistir. Onerilen modelin giivenilir bir
sekilde degerlendirilmesi i¢in bes katli ¢apraz dogrulama
yontemi uygulanmistir. Her bir EEG kanali i¢in 96 saglikli ve
96 hasta olmak tizere toplamda 192 goriintii dikkate
alimmustir. Serebral lob etkinliginin kapsamli olarak
irdelenmesinde ise senrosikistirma yontemi ile elde edilen
192x19=3648 goriintii dikkate alinmigtir. Goriintii verilerinin
%601 ag1n egitimi, %20’si dogrulama ve geriye kalan %20’si
ise agin testi i¢in alt gruplara ayristirilmastir.

Tablo 1. On egitimli modellere iliskin parametreler

Model Parametreleri SqueezeNet MobileNetV/2 ResNet-18 InceptionV3
Girig goriintii boyutu 227x227x3 224x224x3 224x224x3 299x299x3
Model Boyutu 0.723522M 2.209378 M 21.774450M 11.172738M
Mini-batch boyutu 32 32 32 32
Epoch sayisi 30 30 30 30
Baslangig Ogrenme Orani 0.001 0.001 0.001 0.001
Tyilestirici Adam Adam Adam Adam
Aktivasyon Fonksiyonu ReLU Kirpilmig ReLU ReLU ReLU
Cikis Katmam Softmax Softmax Softmax Softmax
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EEG igaretlerinden Alzheimer tespitinde 6nerilen modeller
tarafindan sunulan performanslar sirasiyla  dogruluk,
Ozgiilliik, duyarlilik, kesinlik, F-skor ve AUC basarim

metrikleri tiirtinden degerlendirilmistir. Tablo 2 ve 3’te EEG
kanallar1 i¢in elde edilen smiflandirma performanslart
gosterilmektedir

Tablo 2. Her bir EEG kanali igin uygulanan siniflandirma modelinin dogruluk, 6zgiilliikk ve duyarlilik model basarim metrikleri
tiiriinden performans sonuglari

Dogruluk Ozgiilliik Duyarhlik

% Squ. Res.  Mob. Inc. Squ. Res.  Mob. Inc. Squ. Res.  Mob. Inc.

Fpl 6184 7181 6757 7023 68.84 69.63 67.47 69.57 54.84 7400 67.68 70.89
Fp2 56.13 66.57 6297 60.78 59.00 63.47 66.63 60.36 53.26 69.68 59.31 61.21
F7 60.97 66.15 6184 71.78 53.47 65.73 68.68 72.84 68.47 66.57 55.00 70.73
F3 65.52 70.23 70.21 76.97 82.21 6247 7284 75.89 4884 78.00 6757 78.05
Fz 64.63 70.86 7128 74.39 69.68 70.73 7184 73.84 59.57 7100 70.73 7494
Fa 66.65 7126 70.18 7131 84.26 7278 70.63 73.89 49.05 69.73 69.73 68.73
F8 68.05 62.34 66.52 67.00 69.73 60.26 63.31 62.26 66.36 64.42 69.73 71.73
T3 73.00 77.68 77.68 76.65 7194 76.05 77.00 70.78 7405 7931 7836 8252
C3 69.89 76.02 7494 79.65 70.68 70.78 72.89 70.84 69.10 8126 77.00 88.47
Cz 69.21 70.81 7136 70.78 7478 68.68 76.94 70.73 63.63 7294 6578 7084
C4 7439 78.07 69.65 73.34 84.21 83.26 68.63 7178 64.57 7289 70.68 74.89
T4 69.76 68.02 75.44 80.10 60.31 54.84 76.89 68.57 79.21 8121 7400 91.63
T5 7460 87.94 8592 90.57 68.15 8536 87.52 87.36 81.05 9052 8431 93.78
P3 77.68 87.92 8850 89.50 67.63 87.42 87.42 90.52 87.73 8842 8957 88.47
Pz 81.28 7757 76.60 80.13 90.52 77.94 84.42 75.89 72.05 7721 6878 84.36
P4 70.73 8165 79.60 82.13 86.31 8215 79.10 81.10 55.15 81.15 80.10 83.15
T6 77.07 8015 79.10 8131 80.00 85.36 82.26 80.31 7415 7494 7594 8231
o1 7405 8178 79.84 81.26 8142 80.15 8147 8231 66.68 8342 7821 80.21
02 69.94 82.86 85.50 86.02 66.78 86.47 89.57 86.57 73.10 79.26 8142 85.47

Not: Squ: SqueezeNet, Res: ResNet-18, Mob: MobileNet ve Inc: InceptionVV3 modellerini ifade etmektedir.

Tablo 3. Her bir EEG kanali i¢in uygulanan simiflandirma modelinin kesinlik, F-skor ve AUC model basarim metrikleri
tiiriinden performans sonuglari

Kesinlik F1-skor AUC

% Squ. Res.  Mob. Inc. Squ. Res.  Mob. Inc. Squ. Res.  Mob. Inc.

Fpl 6564 7113 6862 71.05 50.85 70.34 67.06 69.37 70.19 8033 77.46 7452
Fp2 59.02 6398 6184 60.64 54.07 6497 5872 58.25 57.00 7224 6839 6851
F7 62.31 66.41 62.83 73.80 6190 6552 56.16 7142 71.09 7209 68.63 80.51
F3 7556 67.86 7118 77.37 55.44 7240 69.29 77.29 8264 79.82 74.48 84.00
Fz 66.00 7112 72.03 7443 6159 70.63 7122 7421 70.23 80.00 75.65 8231
F4 83.77 7282 73.70 72.87 56.94 7096 70.94 70.64 80.82 79.73 80.07 78.37
F8 68.19 62.79 67.19 66.64 66.80 62.89 68.07 68.33 7456 66.36 69.98 71.68
T3 7408 76.90 78.06 73.98 7279 7794 7749 77.60 79.37 83.08 84.12 83.60
C3 7243 7396 7338 75.09 68.61 7726 74.47 8113 73.79 8792 8526 86.77
Cz 7651 7025 7475 7221 67.79 7145 69.19 71.03 76.31 7529 76.74 76.75
C4 84.01 8290 7046 7281 71.00 76.63 70.04 73.79 79.75 8377 7882 78.16
T4 68.12 67.05 77.89 75.12 7280 7266 7527 8240 73.75 7875 8543 86.35
T5 7533 86.20 87.66 88.87 76.71 8827 8573 91.00 86.32 9275 90.44 95.68
P3 76.83 87.78 88.10 90.73 80.35 87.90 8850 89.25 8890 9412 9555 97.46
Pz 89.66 7897 8136 78.25 78.73 7739 74.03 81.02 87.63 86.28 86.03 88.68
P4 81.89 8197 79.25 82.01 64.68 8153 79.62 82.37 7753 89.46 87.66 87.96
T6 8228 8570 8133 81.46 76.44 79.18 7837 8155 86.07 8881 87.65 9175
o1 81.33 8143 8170 82.90 7058 8191 79.63 80.81 85.09 8875 83.40 88.29
02 69.44 85.23 89.25 86.58 70.65 82.02 84.65 85.99 78.81 89.73 90.36  92.68

Not: Squ: SqueezeNet, Res: ResNet-18, Mob: MobileNetV2 ve Inc: InceptionVV3 modellerini ifade etmektedir.

Tablo 2 ve 3’te goriildiigii tizere her bir EEG kanali i¢in elde
edilen simflandirma basarimlart farkliik gostermektedir.
Onerilen 6n egitimli dort farkli model i¢in EEG isaretlerinden
Alzheimer tespitinin en verimli olarak P3 ve TS5 kanallarindan
alman kayitlar ile gergeklestigi belirlenmistir. TS kanali i¢in
SqueezeNet, ResNet-18, MobileNet ve InceptionV3
mimarileri ile simflandirma dogruluklart sirastyla %74.60,
%87.94, %85.92 ve %90.50 olarak elde edilmistir. P3
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elektrotundan alinan kayitlar ig¢in ise smiflandirma
dogruluklar sirastyla %77.68, %87.92, %88.50 ve %89.50
olarak elde edilmistir. Her iki kanala iliskin serebral
konumlarinin  birbirine yakin olmasi, ilgili bolgenin
Alzheimer hastalig1 igin énemli dinamikleri baridirdigmin
gostergesidir. Her iki kanal i¢in de InceptionV3 modelimin
en etkin performansi sagladigi gozlemlenmistir. Farli beyin
loblar1 kiyaslandiginda ise genel olarak tempoaral ve parietal
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loblara ait EEG kanallar1 igin elde edilen performanslarin iyi
bir seviyede olduklari rapor edilmistir. Temporal lob igin
InceptionV3 tabanli tani sisteminin %76.65 ila %90.57
oraninda degisen bir aralikta dogruluk performanst sundugu
gozlemlenmistir. Parietal lob {izerinde bulunana kanallar i¢in
InceptionV3 modeli tarafindan %80.13 ila %82.13 araliginda
degisen bir dogrulukla daha kararli bir smiflandirma
performanst sunulmustur. Egitilebilir parametre sayisi
acisindan InceptionV3 ile kiyaslandiginda neredeyse bes kat
daha kii¢iik bir mimariye sahip olan MobileNet mimarisi ise
P3 ve TS kanallari igin sirastyla %88.50 ve %85.92 oraninda
bir smiflandirma dogrulugu ile rekabetgi bir performans
sergilemistir.  Prefrontal lob  iizerine  yerlestirilen
elektrotlardan alinan kayitlar igin ise genel olarak
siniflandirma performansimin diisiik oldugu gézlemlenmistir.
Fpl ve Fp2 kanallan igin dort derin mimari ile sirasiyla

%61.84-%71.81 ve %56.13-%66.57 araliklarinda degisen
zay1f bir tan1 performansi rapor edilmistir.

Farkli 6n egitimli mimarilerinin kullanildig1 otomatik tani
cergevelerinin  EEG  isaretlerinden Alzheimer tespitinde
sunmus olduklari performanslarin giivenilir bir gekilde
degerlendirilmesi i¢in egitim asamasinda bes kath capraz
dogrulama yontemi uygulanmistir. Boylelikle, veri setinde
yer alan her bir oriintiiniin egitim, dogrulama ve test grubunda
olma ihtimallerine iliskin biitiin senaryolar denenmistir.
Onerilen modeller tarafindan sergilenen performanslarin
siniflandirma  katlarina gore dagilimlar1  irdelenmeye
calisilmistir. Sekil 4’te Gnerilen otomatik Alzheimer tespit
modellerinin  egitim ve test asamasinda farkli veri
senaryolarma gore sergilemis olduklar1 performans
dagilimlar1 dogruluk basarim metrigi tiiriinden kutu grafikleri
olarak ifade edilmistir.
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Sekil 4. Dort farkli 6n egitimli mimarinin her bir EEG kanali i¢in bes katli ¢apraz dogrulama performans dagiliminin dogruluk
metrigi tiriinden kutu grafikleri

Sekil 4’te temporal ve parietal lob kanallarma iligkin dort
mimari tarafindan genel olarak yiiksek dogruluk performansi
sunuldugu ve performans dagilimlarinin farkli siniflandirma
katlarinda diigiikk varyansa sahip oldugu goézlemlenmistir.
Sonuglar, T5 ve P3 kanallarindan alinan EEG kayitlarindan
Alzheimer tespitinin tiim veri seti i¢in basarilt bir sekilde
gerceklestigini ortaya g¢ikarmaktadir. Derin aglara egitim
asamasinda gosterilmeyen test verilerinin farkli oldugu her
siniflandirma kati i¢in dnerilen modellerin s6z konusu EEG
kanallarinda kararli sonuglar sundugu gozlemlenmistir. Diger
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serebral loblara kiyasla siniflandirma performansinin genel
olarak en diisiik seviyede gozlemlendigi prefrontal lob
kanallar1 i¢in bes katli ¢apraz dogrulama siirecinde de benzer
ciktilarin  sergilendigi  belirlenmistir. Fpl ve Fp2
elektrotlarindan alinan EEG kayitlart i¢in bes katli ¢agraz
dogrulama siirecinde en yiiksek varyansin sergilendigi rapor
edilmistir. Kutu grafikleri referans alinarak bes katli ¢apraz
dogrulama sonuglarmin genel olarak irdelenmesi ile parietal
ve temporal loblardan alman EEG kayitlarina iliskin
performanslarin daha basarili oldugu sonucuna varilmistir.
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Tablo 4. Beyin loblarina iligkin dért model tarafindan sunulan dogruluk, 6zgiilliikk, duyarlilik model basarim performans

sonuglart
Dogruluk Ozgiilliik Duyarhhk
% Squ. Res. Mob. Inc. Squ. Res.  Mob. Inc. Squ. Res. Mob. Inc.
Frontal 63.40 68.46 67.22 70.35 69.60 66.44 68.77 69.81 57.20 70.48 65.68 70.90
Temporal 73.61 78.45 79.53 82.16 70.10 75.40 80.92 76.76 77.11 8150 78.15 87.56
Parietal 76.57 82.38 8157 83.92 8149 8250 83.64 8250 71.64 8226 79.49 85.33
Santral 71.16 7497 7199 7459 76.56 74.24 7282 7112 65.77 75.70 71.15 78.07
Oksipital 72.00 82.32 82.67 83.64 7410 83.31 85.52 84.44 69.89 81.34 79.81 82.84

Not: Squ: SqueezeNet, Res: ResNet-18, Mob: MaobileNet ve Inc: InceptionVV3 modellerini ifade etmektedir.

Alzheimer hastalif1 tespitinde beyin loblarinin etkinligi

Bu boliimde, 6nerilen modellerin serebral loblara gore genel
olarak sergiledikleri performans dagilimlar
karsilagtirllmistir. Bu kapsamda, her bir EEG kanali, ait
oldugu serebral lob sinifina atanarak sinif iiyeleri tarafindan
saglanan performanslarin ortalamasi alimmistir. Tablo 4’te
dort on egitimli mimariye dayanan transfer Ogrenimi
yaklasimi ile sirasiyla frontal, temporal, parietal, santral ve
oksipital loblar icin elde edilen ortalama siniflandirma
bagarimlar1 gosterilmektedir.

Tablo 4°te parietal ve oksipital loblar igin genel olarak en
yiiksek ortalama basarimlarin elde edildigi tespit edilmistir.
Parietal lob icin dort model tarafindan sunulan genel
siniflandirma  performansi dogruluk tiirlinden sirasiyla
%76.57, %82.38, %81.57 ve %83.92 olarak elde edilmistir.
Oksipital lob icin ise genel smiflandirma performansi
dogruluk tiirinden sirasiyla %72.00, %82.32, %82.67 ve
%83.64 olarak elde edilmistir. Frontal lobun diger beyin
bolgelerine kiyasla Alzheimer tespitinde en disik
performansi1 sundugu tespit edilmistir. Frontal lob EEG
kanallarindan alinan kayitlar icin elde edilen ortalama
smiflandirma basarimlart dogruluk metrigi tiirlinden sirasiyla
%63.40, %68.46, %67.22 ve %70.35 olarak elde edilmistir.
Farkli mimari tabanli 6nerilen otomatik tani modellerinin
elektrot konumlarina gore sergilemis olduklart dogruluk
performanslari Sekil 5’te gosterilmektedir.
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Sekil 5’te beynin sol arka yarimkiiresinden (hemisfer) alinan
EEG kayitlarmin Alzheimer hastaligma iliskin ayirt edici
ozellikleri etkin bir sekilde yansittig1 goriilebilmektedir.
Genel olarak sol hemisfer bdlgesinin Alzheimer tespitinde
daha ektin bir rol oynadig1r gozlemlenmistir. Sol hemisfer
parietal ve temporal loblar1 igin simiflandirma performansinin
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maksimum oldugu gorsel bulgularla kanitlanmigtir. Serebral
loblar icin genel degerlendirme neticesinde, parietal ve
temporal bolgelerinden hastaliga iliskin 6nemli dinamiklerin
en verimli sekilde yakalanabilecegi kanisma varilmistir.
Ayrica, InceptionV3 tabanli tani gergevesinin diger modellere
kiyasla daha etkin oldugu gorsel bulgularla pekistirilmistir.

Tartisma

EEG igaretlerinin zaman-frekans alaninda goriintii formunda
temsil edilerek, cesitli ndrolojik hastaliklarin derin 6grenme
yaklagimlari ile analiz edildigi ¢aligmalar git gide artmaktadir
[7], [12], [31]-[33]. Bu kapsamda, siklikla KZFD ve SDD
yontemlerine bagvurulmaktadir [34], [35]. KZFD tekniginin
sabit pencereler ve siniizoidal sinyal tabanli olmasi nedeniyle
boyut artirimi sirasinda duragan olmayan 6zelliklerin verimli
sekilde yansitilmasi sekteye ugrayabilmektedir. Diger bir
yontem olan dalgacik doniisiimii, analizi yapilan sinyallerin
yiiksek frekans bdlgesinde dar, algak frekans bolgesinde ise
genis pencereler kullanabilme kabiliyeti ile duragan olmayan
bilgilerin ayiklanmasinda nispeten daha avantajlidir. Ancak,
sinyallerin analizinde uygun ana dalgacik se¢imi sorunu ve
zaman-frekans ¢oziinlirlik  handikaplari alternatif
yontemlerin - gerekliligini 6n plana ¢ikarmaktadir. Bu
calismada, EEG isaretlerinin zaman-frekans alaninda daha
net gosterimleri igin senkrosikistirma yontemi uygulanmis ve
elde edilen basarili smiflandirma sonuglart y&ntemin
etkinligini  kanitlamustir. Senkrosikistirma  gOriintii
temsillerinden InceptionV3 mimarisinin T5 ve P3 kanallart
icin sirastyla %90.57 ve %89.50 oraninda bir dogruluk
sunmast, isabetli bir se¢imin gostergesidir.

EEG tabanli Alzheimer tespitinde karakteristik dinamikleri
yansitan beyin bolgeleri dnem tagimaktadir. Hastalikla iliskili
beyin bolgesinin tespiti ile ilgili serebral korteksin sorumlu
oldugu fonksiyonlar ve Alzheimer arasindaki iliski tespit
edilebilir. Alzheimer hastaligi ile iliskili dinamiklerin sol
parietal ve temporal lobda etkin olarak gézlemlendigi gegmis
caligmalarda rapor edilmistir [2], [36]. Onerilen modellerin
genel olarak en yiiksek bagarimlar1 P3 ve TS5 EEG kanallari
icin sunmus olmalari, bu c¢aligmanin literatiirii destekler
niteligini 6n plana ¢ikarmaktadir.

EEG isaretlerindeki ayirt edici 6zelliklerin ayiklanmasi,
ilgilenilen problemlere 0zgii ydntemlerin uygulanmasini
gerektirir.  Anlamli bilgilerin manuel olarak ¢ikarilmasi
cogunlukla deneme-yanilma yoluyla veya ge¢mis caligmalar
referans almarak gergeklestirilir. Dolayisiyla, EEG
isaretlerinin  konvansiyonel yaklagimlar ile islenmesi
aragtirmacilar ic¢in asir1 ig yiikiinii beraberinde getirir. Bu
calismada EEG isaretlerinden Alzheimer hastaliginin
tespitinde herhangi bir manuel 6zellik ¢ikarim teknigine
bagvurulmadan basarih bir diizeyde tespit sonuglari elde
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edilmigtir. Sonuglar derin 6grenmenin EEG analizindeki
etkinligini ve fizibilitesini ortaya koymaktadir. Tablo 5’te
Alzheimer hastaliginin EEG isaretlerinden otomatik olarak

tanisinda arastirmacilar tarafindan Onerilen son teknoloji
modeller ile bu g¢alismada elde edilen smiflandirma
basarimlart kargilagtirilmustir.

Tablo 5. Onerilen model tarafindan sunulan smiflandirma performansinin diger calismalar ile karsilastiriimasi

Yazar Katilic1 Sayisi Ozellik Cikarimi Siniflandirici Dogruluk (%)
Tzimourta ve 10 SK, 14 AH Spektral enerji, Shannon  Rastgele orman 91.80
ark. [10] entropi, Permiitasyon

entropi.

Chenveark.[8] 15SK, 15AH Capraz korelasyon LDA 90.00
katsayilari, Dalgalanma
analizi

Kulkarni ve ark. 15 SK, 15 AH Spektral analiz DVM 96.00

[37] yontemleri

Rodrigues ve 24 SK, 24 AH Granger nedenselligi, ESA 92.00

ark. [7] Pearson ve Spearman
korelason katsayilari

Ruiz-Gémez ve 37 SK, 37 OBB, Spektral ve lineer Cok katmanli 78.43

ark. [9] 37 AH olmayan o6zellikler sinir aglari

(MLPNN)

Polat [13] 24 SK, 24 AH Zaman-frekans MobileNetV2 100
karmasiklik haritasi:
Complextrogram

Ismail ve ark. 20 SK, 16 AH Frekans alt bantlarinin ESA ve Uzun kisa 90.15

[12] azimut projeksiyonu stireli bellek
tabanli goriintli temsilleri  aglar1 (LSTM)

Bariagi [38] 20 SK, 16 AH Spektral ve dalgacik DVM 94.00
tabanli 6zelliklerin KNN 92.00
kombinasyonu

Bu ¢alisma 24 SK, 24 AH EEG senkrosikistirma InceptionV3 90.57

temsilleri

SK: Saglikli kontrol, AH: Alzheimer hastasi, OBB: Orta dereceli bilissel bozuklugu bulunan hasta

Sonug¢

Bu caligmada, EEG isaretlerinden Alzheimer hastaliginin
otomatik olarak tespitinde senkrosikistirma teknigi ve
transfer 6grenimine dayanan bir model onerilmistir. EEG
kanallarmin ayri ayr1 degerlendirmeye alinmasi ile serebral
korteksin  hastalikla iligkili  bolgelerinin tespiti de
gerceklestirilmistir. Onerilen genel gergevenin EEG tabanli
Alzheimer analizinde kapsamli ve dikkate deger bulgular
sundugu gozlemlenmistir. Calismanin bu yoniiyle literatiire
katk1 saglayacag1 6n goriilmektedir.

Calismanin en biiyiik handikab1 olarak, dikkate alinan veri
setinin  biiyiikliigii gosterilebilir. Derin mimarilerinin
Ozellikle biiylik egitim verileri lizerinde muazzam bir
performans sergiledigi bilinmektedir. Ancak, s6z konusu
sinirlamaya ragmen transfer &grenimi yaklasimi ile elde
edilen bulgularin tatmin edici ve literatiirle destekler nitelikte
olmasi, onerilen modelin potansiyelini ortaya koymaktadir.
fleriki cahgmalarda, cesitli veri artrim ydntemleri
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uygulanarak yapay goriintiilerin kullanilmast ile mevcut
bagarimin artirilmasi planlanmaktadir.

Etik beyam

Bu c¢aligmada, “Yiiksekogretim Kurumlart Bilimsel
Arastirma ve Yayin Etigi Yonergesi” kapsaminda uyulmast
gerekli tiim kurallara uyuldugunu, bahsi gecen yonergenin
“Bilimsel Arastirma ve Yaym Etigine Aykir1 Eylemler”
bashgi  altinda  belirtilen  eylemlerden  hicbirinin
gerceklestirilmedigini taahhiit ederiz.

Cikar ¢atismasi beyam

Yazarlar herhangi bir ¢ikar ¢catigmast olmadigini beyan eder.
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This study used thermal power plant fly ash (FA) and bottom ash (BA) as fill materials and investigated
the thermal properties of composites made of cement and pine tree resin binders. For each ash group, 36
samples were prepared by adding 50% cement and 1% to 2% resin as binders. i) FA samples had 23.18%,
22.99%, and 77.01% lower density, thermal conductivity, and compressive strength than BA samples,
respectively. FA samples had 9.42% higher porosity than BA samples. ii) FA (0.177 W/mK) and BA
(0.221 W/mK) samples with resin and cement had the lowest heat transfer coefficients. iii)
FA (14.46 MPa) and BA (36.96 MPa) samples (resin + cement binder) had the highest compressive

Introduction

Fly ash (FA) results from burning low-calorie lignite
coals in thermal power plants (TPPs). Fly ash is entrained
by flue gases and kept in electrostatic filters. Bottom ash
(BA) is coarser-grained ash falling on the bottom
of a boiler. These ashes are not utilized adequately
because they are dumped on vacant lands around
power plants. Disposing of FA and BA in this way
wastes resources and causes environmental
pollution. These wastes are a significant problem
for TPPs. If we make use of FA and BA, we will
have significant environmental, technical, and
economic benefits and solve the waste problem of
TPPs.

Land and energy costs rise, resulting in vertical growth
and increased demand for low-density and insulated
building materials. Porous and lightweight aggregates
should be used as fillers to produce low-density building
materials concrete, brick, briquette, plaster, etc).

Lightweight aggrega, volcanic slag, etc.) and artificial
aggregates (perlite, tes are divided into two: natural
aggregates (pumice FA, BA, expanded clay, expanded
polystyrene,  etc.). This study focused on two artificial
aggregates: FA and BA.

There is a large body of research on FA. We can group
those studies into two: The first group consists of studies
that add FA to cement in different proportions. The goal ol
these studies is to produce affordable and high-quality
binders [1-4].

The second group consists of studies on lightweight
concrete  production. Those  researchers  replace
conventional aggregate with FA. These studies aim to
produce building materials with insulating properties by
using binder materials (porous ash particles, cement,
gypsum, polymers, etc.). Babu et al [5], Karasin and
Dogruyol [6], Yu et al [7] investigated the change of
mechanical properties in fly ash-cement mixtures with fly
ash ratio. Rafieizonooz et al [8] examined the physical
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properties of concrete that is prepared by using bottom
ash instead of sand 0, 20, 50 and 100% and fly ash instead
of cement 20%. Siddique [9], Dan [10] researched the
effect of using fly ash instead of partially sand on fresh
concrete characteristics. Thirumal and Harish [11] got a
high performance concrete that will flow under its own
weight without a mechanical vibration. Bicer
investigated the influence of grain diameter and resin
usage on thermal and mechanical properties of fly ash as
aggregate in concrete [12]. Biger [13] investigated the
effect of production temperature on thermal and
mechanical properties of polystyrene fly ash
composites. Rivera et al [14] have obtained pressure
strengths more than 30 MPa by using fly ash. Aydin and
Arel [15] analyzed the application of high volume fly
ash-cement composites for the locations with low
mechanical properties in the buildings. Li et al [16]
analyzed the content of unburned carbon in hardened
cement-fly ash paste. In addition, some researchers have
used resin to produce building materials with insulating
properties.

These studies aim to create artificial pores with porous
aggregate and resin and to produce low-density building
materials by increasing total porosity. Bicer and Celik
[17] used pumice aggregate and pine resin to
manufacture concretes with thermal conductivity of
0.231 W/mK. Devecioglu and Bicer [18], Kaya and Kar
[19, 20] identified thermal and mechanical features of
expanded polystyrene-resin-cement composites and the
utility of them as construction materials.

Unlike earlier studies, this study used two TPP ashes
(FA and BA) for two objectives. The first objective was
to reduce the amount of cement in concrete. The second
was to create artificial pores by using the ashes as
aggregates and thus produce a pine tree resin (PTR)
added to an insulating concrete with adhesive
properties.

Materials and Methods
Materials
Ashes:

The TPP ashes (FA and BA) were supplied from the
Afsin-Elbistan TPP in the east of Turkiye.

Fly ash is formed during the combustion of low-calorie
coals in TPPs between 1100 °C and 1600 °C. It is
collected in the cyclone and electro filters of TPPs. It is
darker than cement and consists of tiny grains (particle
diameter (20-80)x10-°m). The fly ash used in the present
study had a density of 1.69 g/cm?,

Bottom ash is collected at the bottom of the combustion
chamber. It has a particle diameter of (500-7000)x10%m
and a density of 2.20 g/cm?® It is dark gray and soft. Its
color depends on charcoal and its flammability [8]. It
consists of silica, aluminum, and iron oxides.
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Table 1 shows the chemical
components.

composition of the

Table 1 Chemical composition of the components (%)

Chemical Fly Bottom Cement
characteristics ash ash
SiO; 33.9 32.1 18.65
Al03 125 15.3 6.15
Fex0s 5.9 15.2 3.25
CaO 35.5 11.6 57.71
MgO 1.9 2.8 2.34
SO3 7.2 19.9 2.91
K20 0.7 0.5 0.7
TiO, 0.7 1.2 -
LiO; - 1.1 --
NaO 0.3 0.4 --
Loss on 14 1.1 2.84
ignition
Not available - - 6.08
Total 100 100 100.03

Pine tree resin:

Pine tree resin is a viscous and sticky material that seeps
from the bark of pine trees. It becomes solid when it comes
into contact with oxygen. It sticks to the place where it
flows after a while (Fig. 1-a). The resin was ground and
mixed with cement in extract form for two reasons (Fig. 1-
b, c and d). First, when immersed in water, resin absorbs
some water and expands. It removes the water during
drying and results in micro structured artificial pores in the
sample structure. This improves the insulating properties
of the new material. Second, when resin dries, it hardens
and thus increases the binding properties of the cement.

Fig. 1 View of pine resin a) natural resin on tree,
b) dried, c) powder resin, d) extract resin
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Cement:

CEM IV/B(P)32.5 R cement and resin-water mixture
were used to bind the ashes. The cement had a density of
3.1 g/cm? and a thermal conductivity of 0.751 W/mK.

For experiments, cement mortars were prepared with FA
and BA aggregates at 0%, 10%, 20%, 30%, 40%, and
50% by volume (Table 2). Some mortars were poured
into 20x60x150 mm molds and left to dry for 28 days for
thermal tests, while some others were poured into
100x100x100 mm molds and left to dry for 28 days for
mechanical tests.

Testing methods

The following tests and calculations were applied to each
sample:

The thermal conductivity coefficient was measured using
a device (Shoterm QTM) that performs measurements
under the transient regime and works with the hot wire
method (Fig. 2). The device performs measurements
according to DIN 51046 norm. Thermal conductivity
coefficients were measured from three points on each
sample and then, the arithmetic averages of those
measurements.

Fig. 2 Thermal conductivity meter unit

Compressive strength tests were carried out according
to TS 699 [21, 22]. The tests were performed using a
device (Ele International) that can apply force on one
axis.

The density method is used to determine the porosity of
the samples. Porosity (o) is defined by Equation (1),
[18].

d=1- pporous
Psolid

1)

89

Equation (1) applied to this study can be written as
equation (2).

Pazh.Z + P binder(1-Z)

=1-
Pash matrie.Z + P binder matrix.{1-Z)

@

where pash is the density of the porous material, while the
Pash matrixs 1S the density of solid material (the density of the
sample after milling and so causing no porosity). Poinder is
the density of the resin mixture of cement, and Pbinder matrix
is the density of the resin mixture with a 0% porosity ratio.
Z is the ash ratio (%), and (1-Z) is the binder ratio (%). The
porosity of the samples was calculated using the density
values (FA:1.69 g/cm®, FAmaix:3.403 glcm®, BA:2.20
g/cm®, BAmatrixs: 3.44 g/cm? and R:1.8 g/cm?). The results
are shown collectively in Table 3.

Results and Discussions
Density and Porosity:

Fly ash had a 23.18% lower density and 9.42% higher
porosity than BA. Similarly, the samples with FA had a
23.18 % - 14.46 % lower density and 9.4 %-6.38 %
higher porosity than the samples with BA. The
submicroscopic views of the 50% cement+ash mixed
FA and BA aggregates in Fig 3 as well as in Fig 4-a and
Fig 4-b seem to confirm this.

Fig. 3 View of ashes + cement block under a
microscope a) FA, b) BA
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Table 2 Details of the cement—ash—resin

Volumetric ratio (%) Weight (gram)
Fly or bottom Total weight Resin  Resin  (W+R)/(C+A)
Fly-bottom ash  cement ash Cement (gram)  (gram) (liter)

Resin (0 %)
0 100 0 500 500 - -
10 90 50 500 550 - -
20 80 100 500 600 - - 0.6
30 70 150 500 650 - -
40 60 200 500 700 - -
50 50 250 500 750 - -

Resin (1 %)
0 100 0 500 500 5.00 0.30
10 90 50 500 550 5.50 0.35
20 80 100 500 600 6.00 0.40 0.6
30 70 150 500 650 6.50 0.45
40 60 200 500 700 7.00 0.50
50 50 250 500 750 7.50 0.55

Resin (2 %)
0 100 0 500 500 10 0.60
10 90 50 500 550 11 0.70
20 80 100 500 600 12 0.80 0.6
30 70 150 500 650 13 0.90
40 60 200 500 700 14 1.00
50 50 250 500 750 15 1.10

W:Water, R:Resin, C:Cement, Resin= Total weight (g) x Resin ratio (%)

Table 3 Measurement results

Fly ash Bottom ash
Cement| Density Porosity Thermal Comprres.| Density  Porosity Thermal Compres.
(%) | (g/cmd) (%) conduc.  strength | (g/cmd) (%) conduc. strength
(W/mK) (MPa) (W/mK) (MPa)
Resin 0 %
0 1.69 0.3300 0.278 3.43 2.20 0.2989 0.361 14.92
10 1.74 0.3145 0.293 511 2.25 0.2876 0.375 17.55
20 1.80 0.3004 0.305 6.6 2.29 0.2764 0.386 20.24
30 1.87 0.2875 0.315 8.22 2.34 0.2665 0.406 23.27
40 1.98 0.2757 0.324 9.76 2.38 0.2555 0.425 26.59
50 2.07 0.2648 0.331 11.45 242 0.2479 0.452 30.23
Resin 1 %
0 1.44 0.3470 0.158 4.81 2,05 0.3266 0.204 19.28
10 15 0.3255 0.170 6.7 2,11 0.3096 0.215 21.95
20 1.58 0.3184 0.179 8.83 2,15 0.2943 0.223 25.12
30 1.66 0.2965 0.187 10.95 221 0.2805 0.230 28.96
40 1.77 0.2847 0.193 13.12 2.25 0.2679 0.234 33.21
50 1.86 0.2758 0.197 15.74 2.30 0.2564 0.237 37.55
Resin 2 %
0 1.23 0.3600 0.142 4.57 1.92 0.3465 0.189 18.52
10 1.31 0.3445 0.153 6.43 1.98 0.3296 0.199 21.24
20 1.42 0.3304 0.162 8.22 2.05 0.3086 0.208 24.56
30 1.53 0.3175 0.169 10.33 2.12 0.2944 0.214 28.17
40 1.62 0.3017 0.174 12.34 2.18 0.2799 0.218 32.34
50 1.74 0.2938 0.177 14.46 2.25 0.2644 0.221 36.96
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Fig. 4 Variation of a) density, b) porosity of TPP
ash samples according to cement ratio

The addition of resin resulted in a reduction in density in
cementless FA and BA by 2.72% (with 2% of the resin)
and 1.27% respectively (Fig 5). It also increased porosity
in the samples with FA and BA by 8.33% and 13.73%,
respectively (Fig 6). This is because resin absorbs water
and swells. During drying, it loses water, which results in
artificial pores, increasing total porosity. The higher the
cement ratios, the higher the density (cement has a higher
density than ashes.) and lower the porosity of the samples
with FA and BA.
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Thermal Conductivity Coefficient:

Fly ash had a 22.99% smaller thermal conductivity than
BA (Table 3 and Fig. 7). Similarly, cemented samples with
FA had 22.99%-21.56% lower thermal conductivity
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(cement increases by 0%-50%) than samples with BA. This
is mainly due to the porous structure of FA.The cementless
sample with FA (0.278 W/mK) and BA  (0.361 W/mK)
had the lowest thermal conductivity coefficient. The
addition of 2% resin resulted in a reduction in the thermal
conductivity of cementless samples with FA (48.92 %) and
BA (47.64%) (The dry resin had a thermal conductivity
coefficient of 0.150 W/mK). The cementless FA
(0.142W/mK) and BA (0.189 W/mK) samples with 2%
resin by weight had the lowest thermal conductivity
coefficient. The resin-free FA (0.331 W/mK) and BA
(0.412 W/mK) aggregate sample with 50% cement by
weight had the highest thermal conductivity coefficient.
Thermal conductivity decreases due to a reduction in the
amount of ash with an increase in the amount of cement.
Fig. 8 shows the change in thermal conductivity coefficient
depending on the amount of resin and cement in FA and
BA aggregate samples. The higher the amount of resin, the
smaller the heat transfer coefficient of the FA and BA
samples. Fig. 9 shows the variation of thermal conductivity
coefficients according to density values.
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Fig. 7 Variation of thermal conductivity
coefficients by cement ratio
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Table 4 shows the thermal conductivity values of some
materials. Ash-cement mixed samples had lower thermal
conductivity than many building materials due to the
porous structure caused by ash and resin.
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Table 4. Thermal conductivities of some materials [17]

Measured Values Literature
Density  Thermal Density ~ Thermal
Materials (g/cm®  conducti. (g/cm®)  conducti.
(WImK) (W/mK)
Concrete 2.500 1.420 2.272 1.512
Ytong wall 0.617 0.180 0.800 0.383
Brick wall 2.093 1.148 1.8-2.0 0.972
Outer plaster ~ 1.856 1.173 1.600 0.930
Inner plaster 1.763 1.163 1.800 1.163
Cementblock  0.427 0.292 0.1046 0.300
(Perlite)
Compressive Strength:
Resin-free  samples with FA aggregates had

compressive strength values of 3.43 to 11.45 MPa, while
those with BA aggregates had compressive strength
values of 14.92 to 30.23 MPa. The compressive strength
values increased by 62.12 %-77% depending on the
amount of cement in the FA and BA samples (Fig 10).
Samples with BA aggregates had higher compressive
strength values than those with FA aggregates. This was
because samples with BA had lower porosity.
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Fig. 10 Change in cement compressive strength in
ash aggregate concrete

Fig. 11 compares the compressive strength values of
samples with and without resin depending on the
amount of cement. The samples with 1% resin had
slightly higher compressive strength values than the
resin-free samples. This is because the adhesive
property of the resin increases the binding property of
the cement (TPP ashes are pozzolanic materials,
which, when mixed with water, gain binding
properties with the released CaO). However, when the
amount of resin was increased to 2%, compressive
strength showed a partial decrease. Therefore, the
resin ratio should be determined according to what the
ash-cement-resin composites will be used for (where
a composite material is used, it should be considered
that thermal conductivity or compressive strength is
important).
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Usability Tests:

Various tests were performed on samples with FA and
BA. The results showed that the samples could be sawed,
screwed, ducted for plumbing, drilled, and painted (Fig
12).

a)

b) c)

Fig. 12 Tests on samples: a) drilling, b) oil paint,
¢) plastic paint

Conclusions

This study was conducted to assess Afsin-Elbistan TPP fly
ash and bottom ash as a new construction material in resin
and cement binder combinations. The following are the
results:

1. Waste ash material in TPPs causes economic and
environmental problems. These ashes have low thermal
conductivity. Therefore, if we can reuse them, we both
save energy and prevent environmental pollution.
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2. Fly ash has 22.99% lower thermal conductivity
than bottom ash. If 50% cement is added, FA has
21.56% lower thermal conductivity than BA.

3. The addition of 2% resin results in a 48.92% and
47.64% reduction in the thermal conductivity of
uncemented and 50% cemented FA samples,
respectively. The addition of 2% resin results in a
46.52% and 51.1% reduction in the thermal
conductivity of uncemented and 50% cemented BA
samples, respectively. The lowest heat transfer
coefficient in cemented FA and BA samples with resin
is 0.177 W/mK and 0.221 W/mK, respectively.

4. In resin-cement binder samples, If the amount of
resin is up to 1%, the compressive strength increases,
but when the amount of resin is increased up to 2%, it
shows a partial reduction. The highest compressive
strength (with 2% resin and 50% cement) is 14.46 MPa
in the sample with FA and 36.96 MPa in the sample with
BA.

5. The samples with FA and BA can be sawed,
screwed, ducted for installation, drilled, and painted.

6. Due to their pozzolanic property, FA and BA can
be used as intermediate filling material or roof insulation
plaster in sandwich walls without binders. When the
resin is added to them as a binder, the thermal
conductivity value decreases, and the strength increases.

In conclusion, TPP ashes + cement + resin composites
can be used as building materials to produce low-density
and insulating concrete, briquettes, bricks, and plaster.
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Paslanmaz ¢elikler mimari yapilarda, insaat, otomotiv, ulagim, gida ve medikal gibi bircok sektorde
genis bir kullanim agma sahip bir malzemedir. Bu malzemelerin korozyon direncinin yiiksek olmasi,
bakim maliyetlerinin diisiik olmasi, miikkemmel siineklikleri, kirilmadan 6nemli darbeleri emebilmeleri
ve estetik gOriintii sunmasi bu malzemeleri cazip kilmaktadir. Paslanmaz ¢eliklerin metaliirjisi
karmagiktir ve iiretim siirecinin nihai ozellikleri i{izerinde daha yiiksek bir etkisi vardir. Uretim
stireglerinde kazandirilan bu ozellikler, 6stenitik 304 kalite malzemeler kaynak yapilabilirligi yiiksek,
430 kalite ferritik paslanmaz gelikler ise kaynaklanma kabiliyetlerini azaltan etkiye neden olur. Bu
caligmada farkli kaynaklanma kabiliyetine sahip 304 ve 430 kalite paslanmaz celiklerin kat1 faz diflizyon
kaynagi ile birlestirilebilirligi ve birlesmeye ara tabakanin etkisi arastirilmistir. Numuneler 960, 980 ve
1000°C sicaklikta ve 45, 60 ve 75 dakika siirelerde, 1, 2 ve 3 MPa basing altinda atmosfer kontrollii
firinda bakir ara tabaka kullanilarak difiizyon kaynag: teknigiyle birlestirilmistir. Numunelerin kaynak
bolgesi mikroskopla, incelenmis ve difiizyon alanindaki bakir ara tabakanin ana malzemelere dagilimi
gozlenmistir. Malzemelerin mekanik mukavemetlerini belirlemek i¢in mikro sertlik ve ¢ekme testleri
uygulanmigtir, deneylerde Taguchi optimizasyon yontemi ile Varyans (Anova) analizleri yapilip en etkili
parametreler bulunmus ve deneyin giivenilirlik seviyesi tespit edilmeye ¢alisilmustir.
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Stainless steels are a material with a wide range of uses in architectural structures, construction,
automotive, transportation, food and medical sectors. The high corrosion resistance of these materials,
low maintenance costs, excellent ductility, ability to absorb significant impacts without breaking and
presenting an aesthetic appearance make these materials attractive. The metallurgy of stainless steels is
complex and the manufacturing process has a higher impact on the final properties. These properties,
which are gained in the production processes, cause the effect of reducing the weldability of austenitic
304 quality materials and 430 quality ferritic stainless steels. In this study, the jointability of 304 and 430
grade stainless steels with different weldability by solid phase diffusion welding and the effect of the
interlayer on the bonding were investigated. The samples were joined by diffusion welding technique
using a copper intermediate layer in an atmosphere-controlled oven at 960, 980 and 1000 °C and for 45,
60 and 75 minutes under 1, 2 and 3 MPa pressure. The source region of the samples was examined with a
microscope and the distribution of the copper interlayer in the diffusion area to the base materials was
observed. In order to determine the mechanical strength of the materials, microhardness and tensile tests
were applied, Variance (Anova) analyzes were performed with the Taguchi optimization method and the
most effective parameters were found and the reliability level of the experiment was tried to be
determined.
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Giris

Paslanmaz ¢elikler, mimari yapilarda, insaat, otomotiv,
ulasim, kimya, gida ve medikal gibi bircok sektdrde genis
bir kullanim agina sahip bir malzemedir [1]. Sik kullanilan
bu malzemelerin korozyon direncinin yiiksek olmasi,
bakim maliyetlerinin diigiik olmasi ve estetik goriintii
sunmast bu malzemeleri cazip kilmaktadir [2], [3].
Paslanmaz ¢eliklerin korozyon direnci, alagim elementi
olarak igerisinde en az %10,5 oraninda krom
bulundurmasidir. Krom elementi malzemenin  dig
ylizeyinde oksijen ile birleserek malzemenin dis yiizeyinde
stirekli yenilenen bir oksit tabaka olusturur ve malzemenin
dis etkilere kars1 deforme olmasim 6nlemektedir [4]-[6].

Paslanmaz ¢elikler igerisinde bulunan alasim element
oranlar1 ve mikro yapisindaki kararli fazlara gore kendi
iclerinde gruplara ayrilmaktadir. Paslanmaz c¢elik gruplari
arasinda en ¢ok kullanilan dstenitik paslanmaz geliklerdir.
Ostenitik paslanmaz celikler arasmda korozyon direnci,
yiiksek ~ mukavemetli ve iyi  kaynaklanabilme
Ozelliklerinden dolay1 AISI 304 ostenitik paslanmaz gelik
yaygin olarak kullanilmaktadir. Diger bir paslanmaz ¢elik
grubundan olan ferritik paslanmaz c¢elikler, Ostenitik
paslanmaz geliklere oranla maliyeti daha uygundur. Kolay
sekil alabilme kabiliyetine sahip korozyona karsi iyi direng
gostermektedir  [7]-[10]. Paslanmaz ¢eliklerin {istiin
ozelliklerinin var olmasi kaynak edilebilme kabiliyetlerinin
belirlenmesi konusunda bir¢ok caligmaya konu olmustur.
Paslanmaz ¢elikler difiizyon, lazer, TIG, MIG, siirtiinme ve
ark kaynagi gibi cesitli yontemlerle kaynak edilebilirligi
miimkiindiir [7].

Gelisen teknoloji ve sanayinin bu taleplere cevap
verebilmesi farkli tip malzemelerin birlestirilebilmesine
olan ihtiyaci artmustir [12] ve bu bir¢cok ¢aligmaya konu
olmustur.

Guo ve arkadaslar1 yaptiklart caligmada 304 ve 430
paslanmaz celik malzemelerini bakir ara tabakali ve ara
tabakasiz olmak {izere hazirladiklart numuneleri siirtiinme
karigtirma kaynagini kullanarak basartyla birlestirmiglerdir.
Calisma sonucunda bakir ara tabakali numunelerin kesme
yiiklerinin %62 oraninda ara tabakasiz baglantidan yiiksek
oldugunu bildirmislerdir [13]. Hajiannia ve ark. AISI 347
Ostenitik paslanmaz ¢elik ile A335 disik alasimli
malzemeler kullanilarak iki farkli dolgu metali segilerek
gaz tungsten ark kaynagi uygulanip mikroyapilart ve
mekanik ozellikleri incelenmistir [14]. Bilgin yapmis
oldugu ¢alismada Ti-6Al-4V ile 304L malzemeleri, Tagkin
ve Ozan ise AISI430 ve AISI 1010 geliklerini bakir ara
tabaka kullanarak basar1 ile diflizyon kaynagi ile
birlestirmistir [15], [16]. Balasubramanian Ti-6Al-4V ve
304 paslanmaz ¢elik levhalarmi glimiis ara tabaka
kullanarak difiizyon kaynagi ile birlestirmistir. Iyi bir
birlesim i¢in sicaklik degerini 700 ila 800 °C arasinda
tutulmasi1 gerektigini belirtmis. Malzemelerin bekleme
siirelerinin 30 ila 90 dakika arasinda tutuldugunda ise
birlesmenin rahatlikla gerceklesebildigini ve
dayanimlarinin arttigmni bildirmistir [17]. Difiizyon kaynagi
cok eskiden beri bilinmesine ragmen, 6zellikle son yillarda
uzay teknolojisinde, niikleer santrallerde ve elektronik
sanayindeki hizli gelismeler, bu yontemin kullanimimi adeta
zorlamigtir. Ugak sanayinde, askeri ve yolcu ugaklarinin
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uzun ve dayanikli olan kanat parcalarinda diflizyon
kaynagina vardir. Soguk hava depolarinda, gaz dolum
tesislerinde ve silah teknolojisinde de ayni ydntem
kullanilmaktadir [18], [21, 22].

Bu c¢alismada, AISI 304 ile AISI 430 paslanmaz celikler
200um kalinhiginda bakir ara tabaka kullanarak diflizyon
kaynag: ile birlestirilebilirligi arastirilmistir. Malzemelere
uygulanan diflizyon kaynagi, 960, 980 ve 1000 °C
sicaklikta ve 45, 60 ve 75 dakika bekleme siirelerinde 1, 2
ve 3 MPa basmg altinda gergeklestirilmistir. Kaynaklanan
numunelere mikro sertlik ve g¢ekme testleri uygulanmis
sonuglar optik mikroskopta analiz edilerek
degerlendirilmigtir. Deneylerde Taguchi optimizasyon
yontemi ile Varyans (Anova) analizleri yapilip en etkili
parametreler bulunmus ve deneyin giivenilirlik seviyesi
tespit edilmeye calisiimgtir.

Materyal ve Metot

Bu caligmada 6stenitik (304) ve ferritik (430) paslanmaz
celik levhalar farkli sicaklik ve bekleme siireleri igin
difiizyon kaynagi ile birlestirilebilirligi aragtirilmistir. Bu
malzemelerin kimyasal bilesimi Tablo 1'de verilmistir.

Tablo 1. Ferritik AISI 430 ve 6stenitik AISI 304 paslanmaz
celiklerin kimyasal bilesimleri (agirlik¢a %) [21].

Fe C Si Mn Cr S P
AISI430 Kalan <0.12 04 0.4 170 <0.03 <0.04
AISI304 Kalan <0.06 0.32 1.38 184  <0.03 <0.04

Difiizyon kaynagi i¢in 1 mm kalinligindaki paslanmaz ¢elik
levhalar; 20x100 mm boyutlarinda lazer ile kesilmistir.
Malzemelerin yiizeyini kaynaga hazirlamak igin 600, 800
ve 1000 grit’lik zimparalarla parlatilmis ve ardindan aseton
ile ultrasonik titresim makinesiyle temizlenmis daha sonra
kuru hava ile kurutulmustur. Sekil 1’de goriildigi gibi
numunelerin arasina 20x20 mm Olgiilerinde 200 pum
kalinliginda %99.8 safliginda bakir ara tabaka birakilarak
diflizyon kaynagma hazir hale getirilmistir. Difiizyon
kaynak islemleri, silisyum karbiir ¢ubuklu, homojen 1s1
dagilimli ve argon gaz kontrolli firma 3 lt/dak debide
%099,9 saflikta argon gazi gonderilerek gergeklestirilmistir.

Deney numunelerine 3 farkli basing uygulanarak 45, 60 ve
75 dakikalik stirede 960-980 ve 1000 °C sicakliklarda
kaynak islemi uygulanmistir. Numuneler firin 350 °C’ye
ininceye kadar firin igerisinde gaz altinda tutulmus, daha
sonra oda sicakliginda soguyuncaya kadar firm disinda
bekletilmisgtir.

Mikroyap1 incelemeleri

Difiizyon kaynak isleminden sonra birlestirilen malzemeler
mikroyap1 incelemeleri i¢in ara tabaka yiizeyine dik
dogrultuda kesilerek, dl¢iim yapilacak ytizey 180, 240, 400,
600, 800, 1000, 1200 ve 2000 grit’lik SiC zimpara ile su
altinda zimparalanmistir. Sirasiyla 6 ve 3 mikron elmas
pasta ile parlatilan numunelerin yiizeyleri alkol ile yikanip
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sonra hava ile kurutulmugtur. Mikroskobik incelemeye
hazir hale getirilen numuneler, hazirlanan FCI38.5 gr, CuCl,
24 gr, alkol 122 ml, HCI 122 ml ve HNO; 6 ml
¢ozeltisinde 20 saniye bekletilerek daglanmistir.

Bakir Folyo

AIS| 304 Paslanmaz celik — "

Sekil 1. Difiizyon kaynag1 yapilacak numunenin sematik

Deneysel Sonuclar

Mikro Sertlik Deney Sonuclar:

Difiizyon kaynagi ile birlestirilen bakir ara tabakali
numunelerin, 960, 980 ve 1000 °C’de sicaklik ve 45, 60 ve
75 dakika bekleme siirelerine ait sertlik degisim grafikleri
Sekil 2°de verilmistir.

Vickers Sertligi (HV), girinti tarafindan birakilan izlenimin
diyagonal uzunluklarinin optik olarak 6lgiilmesiyle
hesaplanmistir. Bu yontemle 6lgtim, 50 gr yiikiin 10 saniye
uygulanmastyla gerceklestirilmistir. Olgiimler 11 ayr
noktadan difiizyon yaymmmlart farkli oldugu igin birim
uzaklilik degeri dikkate alinarak sertlik l¢iimleri alinmistir
(Sekil 3).

Kaynakli numunelerin mikro sertlik 6lgiim grafikleri
incelendiginde tim sicaklik ve bekleme siirelerinde ara
tabakadan ana metal malzemelerine gidildikge sertlik
degerlerinde artisin oldugu gozlemlenmistir. Bakir ara

goriintiis. tabakasinda en yiiksek sertlik degeri 1000 °C sicaklikta 75
dakikada birlestirilen numunede 125 HV olarak
bulunmustur.
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Sekil 2. Mikrosertlik grafikleri.
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Tablo 2. Diflizyon kaynak parametreleri ve gekme deney

430
sonuglari.
. Maksimum
/;’ N Numune ]gllﬁ;z(i(i? Siire  Basing Cekme
» No C(oc)g (Dakika) (MPa)  Dayanimi
(MPa)
Test Noktaan 1 960 45 1 205.347
Sekil 3. Mikrosertlik 61¢iim bolgelerin sematik goriiniisii. 2 960 60 2 301.407
3 960 75 3 406.596
En yiiksek sertlik degeri 304 malzemede 1000 °C sicaklikta
75 dakikada birlestirilen numunede 258.5 HV, 430 4 980 45 2 220.578
paslanmaz celik tarafinda ise en yiiksek sertlik degeri 1000
°C sicaklikta 75 dakika bekleme siiresindeki numunede 279 5 980 60 3 395.332
HV olarak 6l¢tilmiigtiir. 6 980 75 1 412 991
7 1000 45 3 427.046
Cekme Testi Sonuglar g 1000 60 1 469,946
Kaynakli numunelerin gekme deneyleri Dicle Universitesi
Merkez Laboratuarinda Instron BS 8800 marka 100kN 9 1000 & 2 491.582
kapasiteli ¢gekme test cihazinda, oda sicakliginda 1 mm/dk
¢ekme hizinda gergeklestirilmistir. Cekme test sonuglari
Tablo 2’de verilmistir.
250 350
L _ 300 -
< <
g % 250
A g 200 -
L =
@ 2 150
Y 2
2 g 1001 |
o =
e 50 f
o ]
0 6 8 10 12

~
o
~

2 3
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450

350 1 /

300 7

250 - %
200 -
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» 0 5 10 15 20 25
(b) Extension (mm)

30

Sekil 3. 960 °C de birlestirilen numunelerin ¢ekme grafikleri ve mikroyap1 goriintiileri;

a) 45 dk 1 MPa, b) 60 dk 2 MPa, ¢) 75 dk 3 MPa.
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Sekil 4. 980 °C de birlestirilen numunelerin ¢ekme grafikleri ve mikroyapi1 goriintiileri;

a) 45 dk 2 MPa, b) 60 dk 3 MPa, c) 75 dk 1 MPa.
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Sekil 5. 1000 °C*de birlestirilen numunelerin §ekme grafikleri ve mikroyap1 goriintiileri;
a) 45 dk 3 Mpa, b) 60 dk 1 MPa, c) 75 dk 2 MPa.
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960°C sicaklikta, 45 dakikada bekleme siiresinde
birlestirilen numune (Sekil 3.a) 150.47 MPa yiikte akmaya
baglayip 205.347 MPa yiikten sonra maksimum g¢ekme
degeri vermis ve malzeme 5.5 mm uzama gostererek
kopmustur. 60 dakikada birlestirilen kaynakli numune
(Sekil 3.b) 179.73 MPa yiikte akmaya baslayip 301.407
MPa yiikten sonra maksimum ¢ekme gostererek
kopmustur. Ayrica kaynakli malzeme 9,8 mm uzama
gostermistir. 75 dakikada birlestirilen numune (Sekil 3.c)
23 mm uzama gostererek, 166 MPa yiikte akmaya baslayip
406.596 MPa yiikten sonra maksimum g¢ekme gostererek
kopmustur.

980°C sicakliginda ve 45 dakika bekleme siiresinde
birlestirilen kaynakli numune (Sekil 4.a) 173 MPa yiikte
akmaya baglayip 220.578 MPa yiikten sonra maksimum
¢ekme gostererek kopmustur. Ayrica kaynakli malzeme 6.7
mm uzama gostermigtir. 60 dakikada hazirlanan kaynakli
numune ise (Sekil 4.b) 153.44 MPa yiikte akmaya baslayip
395.332 MPa yiikten sonra maksimum g¢ekme gostererek
kopmustur. Ayrica kaynakli malzeme 21.8 mm uzama
gostermistir. 75 dakikada kaynaklanan numune (Sekil 4.c)
179 MPa yiikte akmaya baslayip 412.221 MPa yiikten
sonra malzeme 23.8 mm maksimum uzama gostererek
kopmustur.

1000 °C sicakhiginda ve 45 dakikada birlestirilen numune
(Sekil 5.a) 207.77 MPa yiikte akmaya baslayip 427.047
MPa yiikten sonra maksimum ¢ekme ve 24.96 mm uzama
gostererek kopmustur. 75 dakikada hazirlanan numune
(Sekil 5.c) 182.10 MPa yiikte akmaya baglayip 491.582
MPa maksimum ¢ekme gdstermistir. Ayrica bu numune 34
mm uzama gostermistir. Yapilan tiim deney numuneler
incelendiginde en yiiksek ¢cekme dayanimi ve uzama orant
bu deney parametresinde elde edilmisti. 1000 °C
sicakliginda ve 60 dakikada hazirlanan numune (Sekil 5.b)
180.40 MPa yiikte akmaya baslayip 469.946 MPa yiikten
sonra maksimum ¢ekme ve 29 mm uzama gostererek
kopmustur.

Deneylerin Taguchi Optimizasyon Yontemi ile
Irdelenmesi

Bu ¢alismada Taguchi optimizasyon yonteminin kullanilma
nedeni 304-Cu-430 malzemeleri diflizyon kaynak yontemi
kullanilarak  birlestirilmesinde,  kaynagi etkileyecek
faktorlerin bagil etkisini belirlemektir. Bu ¢aligmada
difizyon kaynak sicakligi, bekleme siiresi ve basing deney
parametreleri olarak secilmistir. Her deney parametresine
bagli 3 seviye bulunmakta ve deneyin gerceklestirilmesi
icin 3% = 27 tane deneyin yapilmas! gerekmektedir. Ama
Taguchi yonteminde L9 ortagonal dizisi (Tablo 3)
secildiginde bu deney sayisit 9’a diismiis bu da daha az
maliyet ve siirelerde deneylerin gerceklestirilmesini
miimkiin kilmistir. Yapilan deneysel tasarim ¢aligmalari ile
gerceklestirilen ¢ekme test sonuglart (Tablo 2) kullanilarak
Minitab 18 programmda S/N ve Anova analiz ¢aligmalari
yapilarak sonuglar degerlendirilmistir.

100

Tablo 3. Taguchi L9 deneysel tasarim ¢aligma tablosu.

Deney Kaynak Bekleme

No Sicaklig1 Siiresi Basing
1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2

Sinyal/Goriintii  (S/N) Oranlarimin  Elde

Edilmesi

Taguchi optimizasyonu, difiizyon kaynak parametrelerden
en etkili olanm1 belirlemek i¢in kullanilir. Bu nedenle
Sinyal/Giirtiltii (S/N) orani kullananimi, en iyi sonucu
veren kaynak parametrelerini belirlenebilmesinde etkili
olacaktir [19]. Bu ¢alismada her bir deney numunesine ait
cekme mukavemet degerleri elde edildikten sonra Minitab
18 programimda Tablo 4’de gosterildigi tizere S/N
oranlarinin degerleri elde edilmis ve Varyans analiz
calismalart yapilmistir. S/N oram1 3 farkli sekilde
olusturulabilmektedir. Biz bu ¢alismada optimum proses
parametrelerini  bulabilmek igin S/N oranlarmndan, “en
yiiksek en iyi” durum (larger is beter) tercih edilmistir.

Tablo 4. Sinyal/Giiriilti (S/N) performans degerlerinin her
bir parametre i¢in gosterilmesi.

Seviye Sicaklik Siire Basing
(°C) (Dakika) (MPa)

1 49.34 48.58 50.79

2 50.37 51.65 49.97

3 53.29 52.77 52.24

Tiim parametreler degerlendirildiginde S/N oraninin en
yiiksek en iyi durum degerlerine gore yapilan galismayla
Tablo 3’deki verilerden Sekil 6’da gosterilen grafik elde
edilmigtir. Elde edilen sonuglar 1s18inda en iyi kaynak
parametresinin 1000 °C sicaklikta, 75 dk bekleme siiresi ve
3 MPa basmg oldugu ve bu parametreler dikkate alinip
kaynak islemi gergeklestigi takdirde en iyi sonucun elde
edilecegi belirlenmistir.

Main Effects Plot for SN ratios
Data Means

Sicaklik (°C) Siire (Dk) Basing(Mpa)

$
/

Mean of SN ratios

3 -] Y
/
&

B
o

‘

43
960 980 1000 45 60 75 1 2 3

Signal-to-noise: Larger is better

Sekil 6. Cekme Mukavemeti i¢in Taguchi deney
dizayninda S/N performans grafigi.
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Varyans Analizi (Anova)

Deneysel calismada Anova kullanilmasinin asil nedeni,
kaynak Kkalitesine etki eden parametrelerini incelemektir.
Varyans analizi matematiksel bir metoda sahiptir ve bu
analiz ile kaynak isleme parametrelerinden hangilerinin
kaynak kalitesine en c¢ok etki ettigini ya da hangi
parametrelerin anlamli (dogru) sonu¢ verdigini tespit
edilmesinde  kullanilmaktadir. Taguchi yontemi ile
gerceklestirilen Varyans analiz c¢aligmasmin  sonuglari
Tablo 5’de verilmistir. Diflizyon kaynaginda en etkili
parametre %47.70 oranina sahip olan sicakliktir. Ardindan
%42.45 orantyla siire ve %8.39 oraniyla basing faktorii
gelmektedir.

Tablo 5. Varyans Analiz Sonuglari.

Ortalama % P
Kareler Etki Degeri
Toplami  Orani

Serbestlik Kareler

Parametreler .
Derecesi ~ Toplami

Sicaklik (°C) 2 40993 20496.3  47.70  0.030
Siire (Dk) 2 36479 17163.1 4245 0.035
Basing (MPa) 2 7213 3606.4 8.39 0.147
Hata 2 1248 623.8 1.45

Toplam 8 85932 1.00

R-Sg= %98.55 R-Sq(adj)= %94.19

Cekme mukavemeti i¢in Regresyon analizi: Belirtilen
seviyedeki parametreler icin ¢ekme mukavemetlerinin
yaklasik degerlerinin bulunmasi i¢in Tablo 6’da polinom
denklemi olusturulmustur.

Tablo 6. Regresyon polinom denklemi.

Cekme Mukavemeti = 370.01-65,6 Sicaklik (°C)_960
-27.3 Sicaklik (°C)_980

+92.9 Sicaklik (°C)_1000

-87.5 Siire (Dk)_45

+23.2 Siire (Dk)_60

+62.5 Siire (Dk)_75

-13.4 Basing (MPa) 1

-26.2 Basing (MPa) 2

+39.7 Basing (MPa) 3

Difiizyon kaynak sicakligi, bekleme siiresi ve basing
parametreleri i¢in Sekil 7°de olasilik grafigi olusturulup,
diiz ¢izgi boyunca dagilmis ve %95 giiven seviyesinin
istiinde ¢alisilmis olup % 98.55 orani elde edilmistir.

Fitted Line Plot
Kopma Mukavemeti(MPa) = 0,00 + 1,000 P
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Sekil 7. Cekme mukavemeti igin olasilik grafigi.
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Deney Sonuglari ve Tartisma

Bu c¢alismada Ostenitik AISI 304 ve ferritik AISI 430
paslanmaz celik ¢ifti 200 pm kalinliginda bakir aratabaka
kullanilarak argon gazi atmosferinde sabit basing altinda
960, 980 ve 1000 °C sicaklik, 45, 60 ve 75 dakika
siirelerde diflizyon kaynag: ile birlestirilmistir. Kaynakli
numunelerin igyapilart optik mikroskop ile incelenmis
mekanik 6zelliklerini belirlemek i¢in de ¢ekme ve mikro
sertlik testleri uygulanmistir. AyricaTaguchi optimizasyon
yontemi kullanilarak deney sayr vedizin siralamalar
belirlenmis, S/N ve Varyans (Anova) analiz ¢alismalar
yapilmis, deney sonuglari agagida dzetlenmistir:

e Sertlik test sonuglari incelendiginde; aratabakadan
uzaklastikca sertlik degerlerinde artisin  oldugu
gozlemlenmistir. 304-430 paslanmaz c¢elik ¢iftinde en
yiiksek sertlik degeri 430 tarafinda 1000 °C 2 MPa
basing ve sicaklikta 75 dakika kaynaklanmis numunede
279 HV olarak 6l¢lilmiistiir.

e Tiim deney numunelerinde artan sicaklik ve bekleme
siirelerinde malzemelerin ¢ekme dayanimlarinda artigin
gerceklestigi belirlenmistir. En yiliksek ¢ekme dayanimi
1000 °C sicakliginda 2 MPa basing ve 75 dakika
bekleme siiresinde 491.582 MPa olarak oOlgiilmiistiir.
En diisiik ¢ekme dayanimi ise 960 °C’de 2MPa basing
ve 45 dakika bekleme siiresinde birlestirilen numunede
205.347 MPa olarak olgiilmiistiir.

e En yiiksek % uzama 1000 °C sicaklikta 2 MPa basing
ve 75 dakika bekleme siiresinde kaynaklanan
numunede 34 mm olarak oOlgiilmiigtiir. Ayrica tim
deney numunelerinin kaynak bolgesinden ayrilmistir.

e Taguchi deney tasarimi ile optimizasyon yapilarak,
uygulanmis olan ¢oziimlemelerde 27 deney sayisi
yerine, 9 deney yapilarak zamandan ve maliyetten
biiyiik oranda tasarruf edilmistir.

e S/N performans grafigi incelendiginde en iyi kaynak
parametresinin 1000 °C sicaklikta, 75 dk bekleme
stiresi ve 3 MPa basing altinda kaynagin en iyi sonucu
verecegi belirlenmistir.

e (Cekme mukavemeti igin gergeklestirilen Varyans
(Anova) analizinde en etkili parametreler sirasiyla;
difizyon kaynak sicakligi %47.70. %42.45 bekleme
siiresi ve %8.39 oranlarinda basing faktorii etkili
olmustur ve hata pay1 %1.45 oldugu belirlenmistir.

e Diflizyon kaynak sicakligi, bekleme siiresi ve basing
parametreleri igin olasilik grafigi olusturulup, diiz ¢izgi
boyunca dagilmis ve %95 giiven seviyesinin iistiinde
9%98.55 orani elde edilmistir.
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Giris

Diinyadaki suyun % 97’si okyanus suyudur. Kalan %
3’liniin de % 80’1 ya tuzludur ya da kullanima uygun
degildir. Ancak % 5’1 igilebilecek sudur. Bu yiizden pek ¢ok
kisi i¢ecek su bulamamaktadir. Bu durum, diisiik yasam
standartlarina ve saglik sorunlarina sebep olmaktadir. Temiz
ve ucuz su elde etmek igin pek c¢ok teknolojiler
gelistirilmistir [1].

Desalinasyon yontemi ile temiz su iiretimi basit, verimli ve
giivenlidir. Desalinasyon iglemi igin gerekli olan enerji
giinesi 1s1 enerjisi olarak kullanabilir. Desalinasyon
isleminde oOnce su buharlagir igindeki istemedigimiz
bilesenlerden ayrigarak temiz su olarak yogusturulur. Giines
enerjili desalinasyon ile elde edilen su piyasadaki
siselenmis sularin ¢ogundan daha kalitelidir [2].

Giivenilir igme suyunun dagitimi ve kullanilabilirligi ile
ilgili durum, gelismekte olan ve hatta gelismis iilkelerde
bile ortadadir. Bu durum; gelecekte artan niifusun baskisi,
tarimsal kosullar, iklim degisiklikleri, karalarin ve su
kaynaklarmin  asir1  kullanimi  yiiziinden daha da
kottlesecektir [3].

Yenilenebilir enerji kaynakli tuzdan arindirma sistemleri,
suyu ekonomik ve g¢evre dostu bir sekilde tuzdan
arindirmak icin yenilik¢i bir yaklasim olarak kapsamli bir
sekilde tartisilmaktadir [4].

Suyun diinyadaki yeri

Onemi giderek artan su diinyadaki canlilarm temel
ihtiyaclarindandir.  Son  donemlerde  yasanan  su
rezervlerindeki diisis ve temiz su kaynaklarindaki

azalmanin sebepleri arasinda niifus artig1 ve kiiresel 1sinma
sayllmaktadir [5]. Yeryiiziindeki insanlarin yaklasik dortte
biri onemli anlamda temiz su problemi
yasamaktadir.Bahsetmis oldugumuz bu tuzlu su kaynaklari
igme suyu olarak kullanilabilir hale getirilirse su sorunun
¢ozlimii i¢in ¢ok ciddi bir rezerv elde edilmis olacaktir [6].
Son donemlerde enerji kaynagi olarak yenilenebilir
enerjilerin ~ kullanilmasinin ~ yayginlastirllmast  igin
caligmalar yapilmistir. Genellikle deniz bulunan bolgeler
glines enerjisi bakimindan da sansh bolgelerdir [5]. Temiz
su i¢in yapilan ¢alismalarin énem kazanmasinin nedenleri
su kaynaklarmin sonuna geliniyor olmasi ve mevcut
rezervlerin kullanilabilecek durumda olmamasidir. Su
tilketim miktar1 niifusun artisi ve sanayinin gelismesi ile
stirekli artmaktadir. Su sorunu yasayan iilkelerin ¢ogunun
denize kiyis1 bulunmaktadir. Deniz suyunun tuzlu olmasi
nedeniyle bu rezervler dogrudan igme ve kullanim igin
uygun degildir [7].

Ulkemizdeki su verileri

Ulkemizin  iklim  &6zelligi ~ yarn  kurak  olarak
nitelendirilmektedir. ~ Yagislar, iklim ozellikleri ve
mevsimlere gore degisiklik gostermektedir. Ulkemizin
ortalama yillik yagis miktar1 574 mm, toplam yillik yagis
miktar1 450 milyar m>'tiir.

Ulkemiz bulundugu bélge itibari ile su potansiyeli
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acisindan sorunlar1 olmayan bir {ilke olarak goriilmektedir.
Ancak kisi bagina temiz su miktarina bakildiginda durumun
boyle olmadigi goriilmektedir. Uluslararast kriterlerde kisi
bagma 10 000 m?® su diisen durumlarda o iilke “su zengini”
sayilmakta; su miktari, 3 000 ile 10 000 m* arasinda olan
iilkelerde “yeterli suyu olan iilke”, 1 000 ile 3 000 m?
arasinda olan fiilkelerde “su sikintisi olan iilke” olarak
nitelendirilmektedir. Su miktar1 1 000 m*iin altinda olan
iilkeler su fakiri sayilmaktadir. Tiirkiye'nin kisi basina

diisen  kullanilabilir miktar1 diinya ortalamasi ile
kargilagtirildiginda su  zengini olmayan {ilke oldugu
goriilmektedir [8].

Tiirkiye giines enerji potansiyeli

Ulkemiz sansli cografi yerlesimi ile ciddi bir giines enerjisi
potansiyeline sahiptir. Toplam yillik giineslenme siiresi
2737 saattir. Toplam giines enerjisi miktart ortalama 1527
kWh/m?y1l’dir. Tiirkiye’nin neredeyse tiim bolgelerinde
giines enerjisi kullanilabilir. Ulkemizde potansiyelinin
yiiksek olusu, kullaniminin kolayligi, yenilenebilir olmasi
ve c¢evreci olmast nedenleri ile yenilenebilir enerji
kaynaklari i¢inde hizla kullanimi artis gdstermektedir [9].

Deniz suyu ozellikleri ve kalitesi

Diinyadaki denizlerin tuzluluk oranlar1 Tablo 1’de verilmis
olup tuz seviyeleri % 0.7 - % 4.3 araligindadir. Bagli olan
tatli su kaynaklarmma gore deniz tuz oranlari degisiklik
gostermektedir [6].

Tablo 0 Diinyadaki denizlerin tuzluluk oranlari (%)

Denizler Tuz Konsantrasyonu %
Standart Deniz Suyu 35
Baltik Denizi 0.7
Hazar Denizi 1.3
Pasifik Okyanusu 34
Atlantik Okyanusu 3.6
Kizildeniz 4.3
Basra korfezi 4.3
Karadeniz 1.8
Marmara Denizi 2.2
Ege denizi 3.8
Akdeniz 4.3

Deniz suyundan temiz su iiretme yontemleri

Desalinasyon, deniz suyundan tuz ve diger bilesenlerin
ayristirilarak temiz su elde edilmesi yontemidir [10].
Desalinasyon tesisleri genellikle baska su kaynagi olmayan
Orta Dogu’nun kurak bolgelerinde  kurulmaktadir.
Desalinasyon tesislerinin en 6nemli sikintist kurulum ve
isletme maliyetlerinin yiiksek olmasidir [11].

Membran teknolojileri ve 1s1l yontemler olmak tizere tuzdan
arindirma yontemleri iki boliimde incelenebilir.
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En eski tuzsuzlastirma yontemleri 1sil ydntemlerdir.
Ayrilmasi ve daha sonra buharin yogusturulmasi ile temiz
su elde edilmesi yontemidir [12].

Deniz suyu aritiminda uygulanan prosesler soyledir.
Isil Yontemler
e (Cok islemli damitma
e Cok kademeli sok damitma
e  Mekanik buhar sikigtirma
e  Giinesle damitma [13].
Membran Yontemler
Membran yontemler, destilasyon isleminde membran
sistemlerinin kullanildigr yontemlerdir. Ters ozmos ve
elektrodiyaliz deniz suyu destilasyonunda en yaygin
kullanilan yontemlerdir[14]. Bunlar;
e Tersozmos
e Elektrodiyaliz
e Membran Distilasyon

Yenilenebilir enerji kaynaklar:

Dogal ¢evrim siirecinde degismeden kalan, harcanmasina
karsin  eksilmeyen, kaynaklara yenilenebilir  enerji
kaynaklar1 denir [15].

Yenilenebilir enerjinin ¢esitleri: Giines Enerjisi, Riizgar
Enerjisi, Jeotermal enerji, Hidrolik Enerji [15].

Giines enerjisi

Gilinesin  ¢ekirdegindeki  hidrojen gazinin  helyuma
doniismesi sonucu agiga ¢ikan biiyliik enerjiye giines
enerjisi denir. Diinyaya giines 1sinlar1 ile ulagan bu
enerjiden faydalanmak i¢in ¢esitli teknolojik sistemler
gelistirilmistir. Bunlar ile dogrudan 1s1 enerjisi olarak veya
elektrik enerjisine doniismiis olarak giines enerjisini
kullanabiliriz [15].

Giinesten fazla yararlanamayan iilkeler dahi ¢evreye ¢ok
diisiik zarar vermesi nedeni ile giines enerjisini elverigli bir
kaynak olarak degerlendirmektedirler. Ayrica giines
tarafinda iretilen enerjinin halihazirda ¢ok diisiik bir
miktar1 kullanilmaktadir. Giines enerjisinin yaygin olarak
oncelikle fotovoltaik ve termal olmak {izere degisik
tekniklerle elektrik iretiminde kullanilmasinin temel
nedenidir [16].

G. Xie ve ark; [17] bu ¢alisgmada, biiylik 6l¢iide gelistirilmis
iiretkenlige sahip yeni bir ii¢ tiiplii giines enerjisi (TSS)
etkisi sunmaktadir. Cin'in Chengdu kentinde dort giin
boyunca yapilan bir deneyde bir prototip liretilmis ve test
edilmistir. Hareketsiz suyun tatli su verimi dort c¢alisma
basincinda Slglilmiigtiir. Bunlar 95 (yerel atmosferik), 60,
40 ve 20 kPa dir. Calisma basmeci diisiiriildigiinde hem
calisma sicakligit hem de li¢ oda arasindaki sicaklik farki
azalmistir. Tatl su verimleri sirastyla 0.77, 1.28, 1.39 ve
0.8; enerji kullanim verimleriyle sirastyla 3.27, 6.323, 7.056
ve 4.287 kg / giin olmustur. En iyi toplam performans 40
kPa'lik bir ¢aligma basincinda goriilmiistiir. Yillik% 5 faiz,
20 yil, ortalama 270 giinliik ¢aligma siiresi ve ortalama
giinliik 5 kg / m? / giin verimlilik g6z 6niine alindiginda,
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Onerilen giines tuzdan arindirma sistemi igin tatli su birim
maliyeti yaklasik olarak $ 0.0082 / kg. hesaplanmistir.

T. Ayhan ve H. Al Madani; [18] Calismalar1 yenilenebilir
enerji kaynaklar1 ve dogal vakum teknigi kullanan enerji
verimli deniz suyu tuzdan arindirma sistemi ile ilgilidir.
Natural Vacuum Desalination adli yeni bir tuzdan arindirma
teknolojisi 6nerilmistir. Yeni tuzdan arindirma teknigi,
deniz suyunun vakum altinda buharlastirilmast yoluyla
kayda deger bir enerji verimliligi saglar ve benzer
kapasiteye sahip herhangi bir geleneksel tuzdan armdirma
tesisine kiyasla ¢cok daha az elektrik enerjisi gerektirdigini
gostermislerdir. Yenilenebilir enerji kaynaklariyla avantajli
baglant1 saglayan umut verici tekno-ekonomik potansiyele
sahip goriinen oOnerilen dogal vakumlu deniz suyu tuzdan
arindirma teknolojisinin ana isletim ve bakim o&zellikleri
anlatilmigtir.

S. N. Kane ve ark; [19] Degisken diisiik dereceli 1s1 kaynagi
sicakligina sahip dogal bir vakumlu tuzdan armndirma
iinitesi sayisal olarak incelenmistir. Amag, diisiik dereceli
1s1 kaynaginin degisken sicakliginin tuzdan armdirma
tinitesinin performanslari ve 6zellikleri lizerindeki etkilerini
aragtirmaktir. Simiilasyon 9 saat boyunca gergeklestirilir,
yerel saatle 8.00'de baslar ve 17.00'de biter. Sonuglar, 9 saat
calisma siiresine sahip tuzdan arindirma {initesinin 5.705 L
tath su iretebildigini ve 1sil veriminin % 81.8 oldugunu
gostermektedir. Bu, dogal vakumlu tuzdan armdirma
iinitesinin 151 kaynaginin  degisen sicakliginin, 1s1
kaynagmin sabit sicakligina goére daha iyi performans
gosterdigini ortaya koymaktadir.

M. J. Abbaspour ve ark; [20] giines dogal vakum tuzdan
arindirma  sistemini  deneysel olarak arastirmislardir.
Barometrik bir su siitunu kullanilarak ve atmosferik basing
ve yercekimi ile bir denge olusturularak, buharlagsma
odasimin iginde giin boyunca vakum kosullar1 korunmus ve
bu da daha diisiik sicakliklarda buharlagsmanin baglamasina
ve bunun sonucunda geleneksel yontemlere kiyasla daha
diisiik enerji tiiketimine yol agmustir. Dort farkli ¢aligma
basincina sahip bir vakum olusturmanin tatli su {retimi
tizerindeki  etkisi incelenmistir.  Sonuglar, sistemin
azaltilmis sistem basmcinda daha iyi performans
gosterdigini  gostermistir. En yiliksek saatlik ve giinliik
iiretimler 1.134 kg/m?hr ve 8.065 kg/m? giin olmustur.
Uretilen tatli su maliyeti 0.094 § / L olarak elde edilmistir.
T. Yan ve ark; [21] vakum kosullarinda ¢alisan iki etkili
borulu giines enerjisi damitma sisteminin performansi
deneysel olarak arastirilmistir. Vakum, bir vakum pompasi
kullanilarak olusturulmus ve ¢aligma basinci 20 ila 101 kPa
arasinda secilmistir. Sonuglar, sistemin vakum kosulu
altinda calistirilmasimin tath su verimini onemli olgiide
arttirdigmi ve  kabul  edilebilir  elektrik  pahasina
verimliligini  iyilestirdigini  gostermektedir. Atmosfer
basincina kiyasla 20 kPa basingta verim oraninda iki kat
artis saglandi. Performans oranlari isitmada Sirastyla 101,
60 ve 20 kPa'da 0.57, 0.70 ve 1.27 olarak hesaplanmistir.
Vakum isleminin, ¢ok etkili giines damiticilar1 i¢in tek
etkili damiticilardan daha ekonomik oldugu bulunmustur.

I. J. Esfahani ve ark; [22] bu derlemede yenilenebilir
enerjiyle calisan termal tuzdan arindirma sistemleri
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kapsamli bir sekilde arastirilmis ve karsilagtirilmistir.
Aciklanan tiim islemler arasinda, giines enerjisi damiticilari
ekonomik olarak en uygun olanmidir, ancak genis alanlar
isgal eder.Bir giines enerjisi tarafindan iretilen su hala
yiiksek kalitededir ancak iiretkenlik ¢ok disiiktiir, 4 ila 6
L/m?/giin arasinda; bu nedenle, su iiretim maliyetleri 0,5 ila
14 $/m3 arasinda yiiksektir.

Meteryal ve Metot
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Sekil 1 Tasarlanan sistem

Yapacagimiz bu calismada giines enerjisi ile 1sitilan su
direk olarak vakum altindaki 1s1 degistiricide bulunan deniz
suyunu buharlastirmak i¢in kullanilacaktir.

Sistemde kullanilacak olan pompalarin enerji ihtiyact PV
paneller ile saglanacaktir.

Buharlastirilan  suyun denizden alinan soguk su ile
yogusmast saglanarak temiz su tankina alinmasi
diigiiniilmektedir.

Bu ¢alismada hangi sicakliklarda, hangi basing degerlerinde
ve hangi mevsim sartlarinda en verimli kullanilabilir su
elde edilebilecegi calisiimustir.

Bununla ilgili gerekli hesaplamalar yapilarak sonuglari
analiz edilmistir.

Hesaplamalarda Izmir ili ve Ege denizi oOzellikleri
kullanilacaktir. Ege denizi ve Izmir ilinin segilmesinin
nedeni deniz tuz orant ve giineslenme siiresi gdz Oniine
alindiginda en iyi verimi verebilecek olmasidir. Giines
radyasyon degerleri, deniz suyu sicaklii, ortalama
giineglenme  siireleri meteoroloji  genel midirligi
verilerinden alinmustir [23].

Kabuller:
e Hesaplamalarda sistem kontrol hacim oldugundan
siirekli akislt agik sistem kabul edilmistir.

e Kinetik ve potansiyel enerji degisimleri ihmal
edilmistir.
e Sistemde meydana gelecek 1s1 kayiplart ihmal

edilmistir.
e Sistemde is gegisi yoktur.
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Sistem bilesenleri:

1. Giines kollektoriinden elde edilen enerji;

Q kollektor = R* F * A * ng Q)
formiilii ile hesaplanacaktir.
Q : Kollektorler tarafindan iiretilen enerji
R : Giines radyasyon degeri
F : Gelis acis1 diizeltme faktorii
A : Kollektor alant
Nk : Kollektor verimi
2. Bubhar Uretici Is1 Degistirici:
Shell & tube 1s1 esanjorleri endiistriyel sivilari 1sitmak veya

sogutmak icin tasarlanmistir.

Uretilecek buhar miktari;
Kiitlenin korunumu ilkesi geregi:

mg= rhg
my=my=mMsy
M3=114=Mds

Enerjinin korunumu ilkesi geregi:

Ey — E, = Zosisten @
Siirekli akig oldugu i¢in dt = 0 olur.
By = E
0=0,W=0,ke=0,pe=0
qu = st
O, = titgs * (Ug — Ugs) + tirgs * hpg 3)

3. Yogusturucu:

Shell &tube 1s1 esanjorleri endiistriyel sivilart 1sitmak veya
sogutmak i¢in tasarlanmstir.

Sogutma i¢in gerekli deniz suyu miktari;

Kiitlenin korunumu ilkesi geregi:

mg= g
1y =my=mgy
M3=ms=mgs
Enerjinin korunumu ilkesi geregi:

Eg* EQ = dEsistem /dt

Siirekli akig oldugu i¢in dt = 0 olur.
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Eg = E@
0=0,W=0,ke=0,pe=0
Obuhar = Odeniz suyu

msu = (mb * hfg)/(cp * (Takls - Tds) (4)

4. Vakum Pompasi:
Is1 degistiricinin vakum altinda ¢aligmasini saglamak igin
vakum pompasi baglanacaktir.

Tablo 2 Vakum pompast teknik 6zellikleri

Model DRVIO DRV16 BSV24
Pumping Rats | rihiLimin) 50 Hz 9.9(165) 14.4(240) 20[336)
60 Hz 12(200) 17.41230) 24[403)
Ukimate Frassure fa Gas Ballast Closed Ew1 0"
Gas Balast Opened 5
Motor Power{4F) [ 04 | 055 | 075
— e 0. a0
Single Phase 20, 230
Ol Heeds L 0.55~1.1 [ 06512 | 0.75-15
ke [ =
Cutet - 2
Ambient Temp. T 5-40
Weight g 25 27 [ 32

Tablo 2 degerleri esas alinarak gii¢ sarfiyati ve gerekli PV
panel sayisi belirlenmistir.

5. Pompa:
Her bir esanjore deniz suyu basmak i¢in sisteme baglanacak

olan 2 adet pompa gerekli olduguna karar verilmistir.

6. Basing Anahtari:

Vakum altinda olan 1s1 degistiriciyi stirekli ayni basingta
tutmak, basmct kontrol etmek ve ayarlamak igin
kullanilmustir.

7. Selonoid Vana:

Ist degistiriciye istenilen zamanda ve miktarda deniz
suyunu kontrollii olarak aktarmak i¢in kullanilmistir.

8. Pv Panel:

Sistemdeki pompalar i¢cin gerekli olan enerjiyi saglamak
i¢cin kullanilacaktir. Sistem enerji ihtiyaci i¢in 2 adet PV
panel kullanilacaktir.

9. Temiz Su Tanki1:

Yogusturulmus olan temiz kullanim suyunu depolamak i¢in
kullanilacak paslanmaz c¢elik modiiler temiz su deposu
secilmistir. Tankin hacmi en uzun giineslenme siiresi ve en
¢ok yogusan su miktar1 esas alinarak bir giinliik
depolamaya yetecek sekilde secilmistir.

Giinliik yogusan su miktart:

rhsgiinliik = g * 3600 * Lgineslenme (5)

Buna gore 1000 It’lik paslanmaz celik su deposu
maksimum giinliik {iretim i¢in se¢ilmigtir.

10. Tuz Toplama Tanki:

Buharlagsma esnasinda 1s1 degistiricide biriken tuzun giinliik
tahliyesi i¢in kullanilacaktir. Hacmi bir gilinliik tuz miktar
esas alinarak belirlenecektir.

Giinliik tuz miktar: :

UQ&&): g, * 2 * 3600 * Lgimeslenme (6)

Buna gore 20 kg lik tuz deposu maksimum giinliik iiretim
icin secilmistir.

Tuzsuz buhar miktarinin belirlenmesi :

Tablo 3 Denizlerimizin tuzluluk oranlar1

Denizlerin tuz oranlari (z) (%)
Karadeniz 1.8
Marmara denizi 2.2
Ege denizi 3.8
Akdeniz 4.3

Ege denizi tuz oran1 % 3.8 oldugu i¢in
my = mqs — (Mgs * z) (7)

Maliyet analizi

Sistemde kullanilacak olan tiim ekipmanin maliyeti asagida
gosterilen tablodaki birlesenler i¢in maliyet hesab1 degisen
basing ve doniis suyu sicakliklaria gore yapilmistir.

Sistem toplam ¢alisma siiresi, yillik iiretilen su miktar1 ve
amortisman degerleri diigiiniilerek elde edilen temiz su
birim maliyeti bulunmustur.

Arastirma bulgulari

Ongoriilen sistem iizerinde hesaplamalar :

e 100, 30, 20, 10 ve 5 kPa basing degerlerine gore
yapilmigtir.

e  Yogusturma i¢in kullanilacak deniz suyu doniis
sicakligi 1s1l kirlenme diigiiniilerek 30 ° C ve 40°
C ye gore hesaplanmistir.

e PV panel elektrik dretimi ig¢in [24] linki
kullanilarak Izmir iline gére 0.5 kW kapasiteli
panelin aylara gore {irettigi enerji miktar
hesaplanmustr.

e Pompalar icin harcanacak olan enerji miktar
kataloglardan alinan degerlere gore hesaplanmistir.

e Sistemde kullanilacak olan tiim ekipmanin
maliyeti hesaplanmis buna gore 1 m3 su fiyati
hesaplanmistir. 100 kPa igin vakum pompasi ve
bilesenleri hesaba katilmamustir.

e Hesaplamalar 20 yil 6miir {izerinden %10 yipranma

pay1 diisiliniilerek yapilmgtir.
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[zmir sartlarinda aylara gére 4 adet kolektdrden elde edilen
saatlik ve giinliik enerji degerleri hesaplanmistir. En yiiksek
enerji degerine ortalama 453 kW ile Haziran ve Temmuz
aylarinda; en diisiik enerji degerine 44 kW ile Aralik ayinda
ulasildig1 hesaplanmistir. Hesaplamalarda

ortalama gilinlik 15inim degerleri ve giineslenme siireleri

meteoroloji  genel midirligii verileri  kullanilarak
hesaplanmuistir.
iiretilen enerji miktari
500,000
400,000 /‘ ‘\
300,000 / \
200,000 . "
/ \ saatlik enerji kwh
100,000 N
0,000 giinliik enerji kW
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Sekil 2 Uretilen Enerji Miktar1

1. Buharlastirilan su miktar1 ve tuzsuz su buhar1 miktar
hesaplanmistir. Ege denizi tuzluluk orani olan %3.8
kullanilmistir. Oncelikle buharlastirilan su miktar: formiil
(4) kullanilarak hesaplanmigtir. Daha sonra Ege Denizi
olan %3.8 lik kismi bu degerden
¢ikarilmigtir. Hesaplamalarda kullanilan basing degerlerine
gore hesaplanan buhar miktar1 agagidaki gibidir. En yiiksek
buhar debisi 5 kPa da Haziran ayinda 0.0152 kg/s olarak
hesaplanmistir. En diigiik buhar debisi 100 kPa da Aralik
ayinda 0.0038 kg/s olarak hesaplanmustir.

tuzluluk orani

iiretilen buhar debisi

0,0180
0,0160
0,0140 AN
o120 //\\ ———mb kg/s @100 kPa
0,0100 //// \\\\ mb kg/s@30 kPa
0,0080
0.0060 // \\ mb kg/s @20 kPa
0,0040 / \ mb kg/s @10 kPa
0,0020 ——— mb kg/s @5 kPa
0,0000
¥XEEZOZNUASSY
Sé%%;égaazaé
OD§§§§§‘£>*'-“§Q:
723 [8a]
< uwH <
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Sekil 3 Aylara gore buhar debisi grafigi

Su buhar1 debisi kullanilarak hesaplamalardaki basing
degerlerine gore glinliik giineslenme siirelerinde ¢alisildigi
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diistintilerek  giinliik toplam {retilen su miktarlar
hesaplanmigtir. En yiiksek iiretim 5 kPa basingta Temmuz
ayinda 638.3 kg olarak hesaplanmistir. En diisiik iiretim
100 kPa basingta Aralik ayinda 56.7 kg olarak
hesaplanmistir. Elde edilen toplam giinliik su miktarlar
sekil 4 te verilmistir.

giinliik iiretilen su miktar1 karsilagtirmasi

70,0000
2 600,0000 =3

g 500,0000 //-\\ ms @100 kPa
= 400,0000 [\ ms @30 kPa
€ 300,0000 // \\

a 200,0000 // \\ ms @20 kPa
§ ' ms @10 kPa
E 102'2222 ms @5 kPa
= )

OCAK
SUBAT
MART
NISAN
MAYIS
HAZIRAN
TEMMUZ
AGUSTOS
EYLUL
EKIM
KASIM
ARALIK

Sekil 4 Degisen basing degerlerinde giinliik su miktari
kargilastirmasi

Sistemin toplam enerji ihtiyact ortalama 0.5 kW olarak
hesaplanmistir. Hesaplamada vakum pompasi ve santrifiij
pompa ve sirkiilasyon pompasinin degisken basinglarda ve
aylarda farkli iiretilen su miktarlar1 géz Oniine alinarak
hesaplanmistir. Debi artiglarinda pompa daha fazla enerji
harcayacagindan bunlar hesaplamalara eklenmistir. Enerji
ihtiyaci agagidaki ¢izelgede verilmistir.

Yogusturma kisminda sogutma suyunun 40 °C veya 30 °C
olmast arasinda harcanan enerji agisindan biiyiik bir kayip
olmadigi i¢in 1s1l kirlenme de diisiiniilerek doniis 1s1siin 30
°C olmasi daha uygun olacaktir.

Tablo 4 Sistem enerji ihtiyact

AYLAR Vakum  Santriifiij S.P. S.P.  Toplam Toplam
pompasi pompa Ta=40°C Tg¢=30°C Tg=40°C  Tq=30°C
Ocak 0.4 0.75 0.01 0.01 1.16 1.16
Subat 0.4 0.75 0.01 0.02 1.16 117
Mart 04 0.75 0.01 0.02 1.16 117
Nisan 0.4 0.75 0.01 0.03 1.16 1.18
Mayis 0.4 0.75 0.02 0.04 1.17 1.19
Haziran 0.4 0.75 0.02 0.06 117 121
Temmuz 0.4 0.75 0.02 0.08 117 1.23
Agustos 0.4 0.75 0.02 0.08 1.17 1.23
Eyliil 0.4 0.75 0.02 0.05 1.17 1.20
Ekim 04 0.75 0.01 0.03 1.16 1.18
Kasim 0.4 0.75 0.01 0.02 1.16 117
Aralik 04 0.75 0.01 0.01 1.16 1.16

PV panel elektrik iiretimi [24] linki kullanilarak izmir iline
gore 0.5 KW kapasiteli panelin aylara gore irettigi enerji
miktar1 hesaplanmistir. PV panellerin giinliik enerji tiretimi
hesaplanmis ve sistem enerji tilketimi ile karsilastirilmigtir.
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PV panellerin en yiiksek enerji tiretimi Temmuz ayinda
2,96 kWh olarak hesaplanmistir. Sistemin en yiiksek enerji
sarfiyati Temmuz ve Agustos aylarinda 1.23 kWh olarak
hesaplanmustir.

Uretilen enerji miktar1 sistemin yil boyunca ihtiyacim
karsilayacak kapasitede oldugu goriilmiistiir. Enerji iiretim
ve lretim-harcama karsilastirmas1 asagidaki grafiklerde
gosterilmistir.

enerji iiretim harcama karsilastirmasi

3,50
3,00
= 250 —0—0,"5k\.{v pane_l_in
= giinliik enerji
& 2,00 \ tretim miktari
= harcama 40C
E 1,50 v‘ >
= 1,00
050 harcama 30C
0,00
¥EEZONZN2ASSY
< 200D ==5
52<8%5352%2%
OCR2ZsNS5ntyc
< Uy <
ITHF<Z

Sekil 5 Sistem enerji iiretim-harcama karsilagtirmasi

Son olarak sistemin tiim birlesenlerin maliyet hesaplari
yapilarak toplam 42.697,00 b olarak belirlenmistir.

Farkli basing degerlerinde yillik dretilen su miktar1 dikkate
almarak 1 m® suyun iiretim bedeli belirlenmistir. Bu
hesaplama yapilirken sistem yipranma pay1 ve sistem omrii
diistiniilerek hesaplanmistir. Hesaplamalar 20 y1l iizerinden
aylik 30 giin, giineslenme siireleri boyunca ve %10
yipranma pay1 eklenerek yapilmistir. 100 kPa i¢in vakum
pompasi ve baglantilar1 hari¢ olarak hesaplama yapilmstir.
100 kPa basmcta 1 m® su bedeli bu nedenle daha ucuz
cikmustir. En yiiksek yillik su tiretimi 5 kPa basing altinda
toplam 114 958 kg olarak hesaplanmigtir. En diisiik yillik
su tiretim miktar1 100 kPa basing altinda toplam 106 612 kg
olarak hesaplanmistir.

En diisiik metrekiip su maliyeti 100 kPa da 16.16 b olarak
hesaplanmistir. En yiiksek metrekiip su fiyati1 30 kPa da 20b
olarak hesaplanmistir. Izmir icin iZSU dan alman verilere
gore konutlar icin suyun m?® fiyat: 6.92 % dir. Bu fiyata gore
kiyaslama yapildiginda iretilen suyun maliyeti oldukga
yiiksek ¢ikmaktadir.

yillik su iiretimi kg

120.000,00

115.000,00 &

——
~

110.000,00

—o—yillik su iiretimi kg
105.000,00

100.000,00 \ \
5 kPa 10kPa 20 kPa

30 kPa 100 kPa

Sekil 7 Yillik su iiretimi
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maliyet karsilastirmasi
25,000
20,001 o—0 ¢ 4-\
15,008
10.00% —o— maliyet \\
5,000
0,00 b T T T T T )
5kPa 10kPa 20kPa 30kPa 100 kPa sebeke
suyu
Sekil 8 1 m® su maliyet karsilastirmas:
Sonu¢

Yeryiiziinde canlilarin en 6nemli ihtiyacglarinin basinda su
gelmektedir. Su sikintisinin tiim diinyay1 tehdit etmeye
basladigi giiniimiizde alternatif su kaynaklart Gnem
kazanmistir. Bu konuda sansli konumda olan iilkemiz hem
denizlerle ¢evrili olmast hem de yenilebilir enerji
kaynaklar1 agisindan uygun konumda olmasi sebebi ile
deniz suyunun aritilarak tatli su olarak kullanilabilmesi
agisindan sansli bir tilkedir.

Bu ¢alismada Ege denizine kiyisi olan izmir ili analiz icin
secilmistir. Segim yapilirken deniz tuz orani ile giineslenme
stiresi ve 1sinim degerleri gdz Oniine alinarak daha verimli
olacagi diistinilmiigtiir. Giines enerji destekli vakum
destilasyon yontemi ile tathh su elde etmek igin giines
kolektorii, 1s1 degistirici, yogusturucu vakum, santiirfiij ve
sirkiilasyon pompalari segilerek sistem tasarimi yapilmistir.
Sistemin ihtiyact olan enerjiyi karsilamak iizere PV paneller
kullanildig1 diisiiniilmiis ve bu paneller ile enerji iretimi
hesaplanmustir.

Secilen konum olan Izmir ili igin giines radyasyon
degerleri, giineslenme siireleri, deniz suyu sicakligiin

aylara gbre ortalama degerleri Meteoroloji Genel
Midiirliigi  sitesinden  alinarak  hesaplamalara  dahil
edilmistir.

Kolektorler yardimiyla elde edilen enerji ile vakum
altindaki 1s1 degistiricide deniz suyu buharlagtirilarak
tuzdan armdirilmistir. Daha sonra yogusturucuya gelen su
buhart denizden alman su kullanilarak yogusturulmus
burada 1s1l kirlenme diisiiniilerek olabilecek minumun ¢ikis
suyu sicaklign dikkate almmistir. Yogusan su giinliik
depolama tankina alinarak destilasyon islemi bitirilmistir.
Vakum altinda iiretilecek olan su miktarint belirlemek ve
kiyaslama yapabilmek igin 100,30,20,10 ve 5 kPa degerleri
alinarak hesaplanmis ve kiyaslama yapilmistir.

Tiim bu hesaplamalar sonucunda su sonuglara ulasilmistir:
100 kPa basing altinda hesaplanan yillik toplam tatli su
tiretimi 106 612 kg olup 1 m3 maliyeti 16.16 % olarak
hesaplanmigtir. 30 kPa basing altinda hesaplanan yillik
toplam tath su iiretimi 112 067 kg olup 1 m® maliyeti 20.00
b olarak hesaplanmistir. 20 kPa basing altinda hesaplanan
yillik toplam tatl su iiretimi 112 761 kg olup 1 m® maliyeti
19.88 b olarak hesaplanmustir.



DUJE (Dicle University Journal of Engineering) 14:1 (2023) Sayfa 103-111

10 kPa basing altinda hesaplanan yillik toplam tath su
tiretimi 113 890 kg olup 1 m® maliyeti 19.68 % olarak
hesaplanmustir.

5 kPa basing altinda hesaplanan yillik toplam tatli su
tiretimi 114 958 kg olup 1 m3 maliyeti 19.50 b olarak
hesaplanmustir.

100 kPa da su miktarimin az olmasina karsilik birim
maliyetin diisik olma sebebi vakum pompasi kisminin
olmayisidir. Caligma sonucunda en yiiksek su iiretimi 5 kPa
basing altinda gergeklesmis olup en uygun fiyat 100 kPa da
kargimiza ¢ikmaktadir.

Her ne kadar 100 kPa da birim su maliyeti disiik ¢tkmis
olsada biiyiik 6lcekli tesisler diigiiniildiigli zaman diistik
basingtan elde edilecek su miktar1 g6z oniine alindiginda su
ihtiyacini kargilamak agisindan diigiikk basing degerlerinde
calismak daha avantajli olacaktir.

Izmir ilinde belediyeden alman sebeke suyu fiyat1 1ZSU
internet sitesinde 6.92 t dir. Goriildiigi tizere destilasyon
ile su iretimi olduk¢a maliyetli bir ydntemdir. Ancak
diinyada siirekli artan su sorunu ve teknolojinin de
ilerlemesi ve bu sistemlerin yayginlagmasi ile bu maliyetin
giderek daha ¢ok diisecektir. Daha 6nce yapilan ¢alismalar
ile kiyasladigimiz zaman su andaki hesaplamalara gore
birim m® maliyetinin daha diisiik oldugu goriilmektedir.
Yapilan literatiir aragtirmalarina kiyasla tiretilen su miktari
ve maliyeti diger bazi ¢caligmalarla yakin bazilarindan daha
ekonomik degerlerde ¢cikmistir.

Ancak giinlimizde yenilenebilir enerji kaynaklar
teknolojisinin hizla ilerlemesi sistem kurulum maliyetlerini
diisiirecektir. Incelenen sistem g¢evreci ve tamamen kendi
enerjisini kendi {ireten bir sistem oldugu i¢in uzun vadede
temiz su ihtiyaci i¢in kullanimmin yayginlasacak ve buna
bagli olarak maliyeti diisecektir.

Oneriler

Bu calismada elde edilen sonuglara gore asagida belirtilen
onerilerin dikkate alinmasi daha sonraki caligmalarda su
iiretimini arttiracaktir.

¢ Yogusturucu kisminda sogutma igin kullanilan deniz suyu
1s1 kazanmis oldugunda buharlastirma kisminda su kaynagi
olarak kullanilarak bir miktar daha enerji tasarrufu
yapilabilecek ve buharlastirilacak su miktar1 artacaktir.

e PV paneller vasitasi ile elde edilen enerjinin bir kismi
giines pilleri ile depolanarak enerjiye daha fazla ihtiyag
duyulan zaman dilimlerinde kullanilabilecektir.
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Giris

20. Yiizyil baslarinda bilimsel yaklasimlarin her alana etki
etmesi sonucu organizasyonlar, yonetimsel olarak daha
sistemli ve daha verimli olmaya itilmistir. Degisimin ve
rekabetin gittikce hizlandig1 gliniimiiz diinyasinda herhangi
bir sirketin hayatta kalabilmesi i¢in o alandaki bilimsel
yontem ve teknikler hayati dnem kazanmistir. Karmasa ile
kars1 karsiya geldigimizde onu yapilandirmak, i¢ yiiziinii
gormek veya en azindan onunla ilgili genel bir bakis agist
kazanmak igin yollar arariz. Modeller, karmasiklig1 azaltip
asil 6nemli olan noktalara odaklanmamizda bize yardimci
olurlar [1]. 20. Yiizyilm ilk ¢ceyregi ile beraber gittikce 6nem
kazanan ve ihtiya¢ duyulan bu bilimsel yaklasimlardan biri
de karar verme kuramidir. Karar verme kuramsal bazda
sezgisel karar verme kuramlari, rasyonel karar verme kurami
ve ¢ok kriterli karar verme kuramlart olmakla birlikte
literatiire yon veren ve etki alan1 kamu yonetiminin de digina
¢ikarak diger bilimlere de katkilar sunan kuram, rasyonel
karar verme yaklagimi olmustur [2].

Ikili karsilagtirmalar yontemi ilk olarak 1927 yilinda
gelistirilmig, daha sonra izleyen c¢alismalarda ikili
karsilastirmalar karar matrisi olarak kullanilarak Cok Kriterli
Karar Verme (CKKV) yontemlerinde kullanilmaya
baglamigtir [3].

Her ne kadar karar verme kuraminin ¢ikis tarihi net degilse
de bu kuramin en biiyiik iki dnciisiiniin Herbert A. Simon ve
Chester Barnard oldugu kabul edilmektedir. Karar,
probleminin belirlenmesinden, problemin ¢dziimiine kadar
olan siireci kapsamaktadir. Literatiire baktigimizda karar
verme siirecinin asamalar1 farkli kisiler tarafindan farkli
noktalarda ayrilarak izlenmistir [4]. Insan dogusundan bu
yana hangi yemegi yiyeceginden, hangi miizigi dinleyecegi,
hangi yoldan evine gidecegi, hangi marketten hangi {irlinii
alacagi, hangi meslegi sececegi gibi sayisiz rutin ve hayati
kararlar verir. Karar verme kagmilmaz bir olgudur. Karar
vermemek bile bir karar verme durumudur. Ciinkii karar
vermeyerek mevcuttaki durumun akisini onaylayarak yine bir
karar verilmis olur. Bu asamalar genel olarak ayn1 olup asama
sayisinin farkli olmast bu asamalarin farkli yorumlanmast
veya detaylandirilmast sebebi ile olmaktadir. Bu asamalar
genel olarak asagidaki gibi siralanabilir.

e Problemin tanimlanmasi ve belirlenen amag 1s1ginda bir
¢Ozlimiin netlestirilmesi

e Kiriterlerin belirlenmesi

e Kisitlarin da gbz oniinde bulundurularak alternatiflerin
belirlenmesi

e Problemin bir karar modeline uyumlanarak en iyi kararin
bulunmasi

e Kararin uygulanmasi
e Sonuglarin izlenmesi

Bu asamalardan sonra karar verici tarafindan karar verme
siireci gerceklestirilmis olur. Karar verme olduk¢a karmagik
ve zihinsel faaliyet gerektiren bir siirectir. Dolayisiyla bu
siirecin sistematik bir diizlemde incelenmesi gerekmektedir.
Kendisi icinde farkli asamalardan olusan bu siirecte her
asama bir oncekisinin bir sonucu niteligindedir. Bu nedenle
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her asama ayr1 bir Onem tasimaktadir. Herhangi bir
asamadaki dogru tercih sonug olarak kararm da iyi olmasini
saglayacaktir [5].

CKKV yontemleri, 1960’11 yillarda, ¢ok kriter oldugu
durumda karar verme islemini kolaylastiracak birtakim
yontemlerin gerekli goriilmesiyle gelistirilmeye baglanmustir.
Oncelikle karar teorisinde ve yoneylem arastirmasinda
kullanilmig daha sonra mali ve iktisadi alanlarda da
kullanilmaya baslanmigtir. CKKV, karar vericinin sayilabilir
sonlu ve sayilamaz secenekler arasindan en az iki kriteri
dikkate alarak se¢im yapmasidir. Karar birimlerinin bir alt
dali olan ¢ok kriterli karar verme, karar siirecini kriterlere
gore modeller ve analiz eder [6].

Karar verme asamasinda segeneklerin fazla olmas: karar
verme agsamasinda karar vericiyi zor durumda birakabilir. Bu
yiizden belirli bir karar yontemi uygulanmali ve secenek
sayist en aza indirilmelidir. Barry Schwartz, 'the paradox of
choice' adli kitabinda segenek sayismin artmasmm dogru
karar1 verme iglemini zorlastirdigini ve karar vericinin karar1
sonunda hala tam tercih tatmini yagamadigma deginmektedir.
Bu yargiy1 destekleyen bir diger deney ise Sheena Iyengar ve
Mark Lepper’in yaptig1 recel deneyidir [7]. Bu deneyde bir
markette birbirini takip eden iki cumartesi giinii iki stant
kurulur. Bu stantlardan birinde 6 gesit regel, diger cumartesi
giinii kurulan stantta ise 24 ¢esit regel sunulur ve regel
standin1 daha dikkat gekilir hale getirmek icin standa ugrama
ve test etme durumunda 1 dolarlik indirim kuponu da verilir.
Arastirma bittiginde sonuglar sasirticidir. 24 gesit regelin
sunuldugu standin Oniinden gecenlerin (242 kisi) yaklagik
%601 (145 kisi) stant Oonlinde durmus ve bu duranlarin
yalnizca %31 regel satin almistir. 6 gesit regelin sunuldugu
standin 6niinden gecen 260 kisinin %40°1 (104 kisi) stant
onilinde durmus ve bu miisterilerin %30°u regel satin almigtir.
Amerikali psikolog Ray Hyman ve Ingiliz psikolog William
Edmund Hick’den ismini alan Hick-Hyman Yasasi karar
verme siiresinin ilgili seceneklerin sayist ve karmagikligi ile
dogru orantili oldugunu ifade eder. Kisaca segenek sayist
artarsa karar verme siiresi artar. Burada karar vermede
harcanan zaman Denklem (1) ile verilmektedir.

T =bX log,(n+1) Q)
Denklemde (1)’de T, karar verme siiresini, n, segenek sayisini
ve b ise olgiilen verilere ¢izgi uydurulmasi ile ampirik olarak
belirlenebilen bir sabiti ifade etmektedir.

Literatiirde kendine ait karakteristik 6zelligi olan pek ¢ok
CKKYV yontemi bulunmaktadir. Alternatif sayisina gore, cok
kriterli karar verme yoOntemleri asagidaki gibi iki gruba
ayrilmaktadir. Bunlar:

Cok Amagcl Karar Verme (CAKV): Alternatif sayisiin fazla
ve belirli olmadig1 problemlerde uygulanan karar verme
yonetimidir. Bir tasarim modelidir ve stirekliligin oldugu
durumlarda karar verme islemidir. Burada birden ¢ok amaca
ulagilabilecek en iyi karar aranir.

Cok Nitelikli Karar Verme (CNKYV): Alternatif sayisinin
belirli sayida oldugu durumlarda uygulanan karar verme
yontemidir. Kesikli durumlarda uygulanan karar verme
islemidir. Genel olarak se¢im modelidir. Secilen kararin en
fazla faydali olan1 hedeflenir.
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Bu iki smifin en temel farki, Onceden belirlenmis
alternatiflerin varhigidir. CNKYV, hangi alternatiflerin daha
onceden belirlendigi ile ilgilenirken; CAKV birden ¢ok
fonksiyonun istesinden gelmede karsilagilan problemin en
uygun c¢oziimiyle ilgilidir. Yani, degerlendirme, oncelik
verme, se¢im gibi c¢oklu ve genellikle birbiriyle celisen
ozellikleri bulunan alternatifler arasinda tercih yapmaktir [8].
Karar verici CKKV yontemlerinden herhangi birini
kullanmadan once siralamada kullanilan karar verme
yontemlerinin mi yoksa agirliklandirmada kullanilan karar
verme yontemlerinin mi daha ¢ok fayda saglayacagim
belirlemelidir. Oncelikle bu yéntemin netlestirilmesi karar
verici i¢in daha fayda saglayacaktir [9].

Cok kriterli karar verme yontemlerinin kullanildig
alanlardan biri de insan kaynaklar1 i¢in hayati bir 5neme sahip
is goren se¢imidir. CKKV her ne kadar insan kaynaklari
uygulamalarinda diger organizasyon alanlarma gore ge¢ yer
almig olsa da bu alanda daha yayginlasmakta ve onem
kazanmaktadir. Insan kaynaklari kavraminimn, ilk olarak 1817
yilinda diinya ¢apmda taninmig olan ekonomist Springer
tarafindan kullanildig1 kabul gérmektedir. Kavramin igerik
bakimindan bir biitiinliige kavusmasi ise; Taylor ve Fayol’un
yonetim alanindaki fikirleri ile gelismistir [10]. Personel
se¢imi probleminde ilk uygulama Taylor vd. tarafindan bir
fakiilteye dekan atanmasinda Analitik Hiyerarsi Sireci
(AHS) yontemi kullanilarak ele almmustir. Caligmada
kullanilan karar kriterleri; akreditasyon siiregleri ile bilgi ve
deneyimi, idari gorev deneyimi, yayinlar1 ve fon bulma
becerisidir. 33 farkli aday bu kriterler dogrultusunda
degerlendirmeye tabi tutulmustur [11]. I géren secimi insan
kaynaklar1 temin ve secimi (kadrolama), personel/insan
kaynaklar1 yonetimi literatiirinde kadrolama, personel
temin/saglama ve se¢imi, se¢me-yerlestirme, personel
saglanmasi ve ise yerlestirilmesi, insan kaynaklarinin tedariki
(saglanmasi) seklinde de adlandirilan 6nemli bir insan
kaynaklar1 yonetimi islevidir. Bu islev kisaca, isletmenin
ihtiya¢ duydugu uygun niteliklere sahip (ise uygun) kisilerin
aragtirilmasi, secilmesi ve ise alinmasina yonelik faaliyetleri
igerir [12]. Is goren segiminde kullanilan karar verme
yontemleri amaglara ve kisitlara gore segilmekte ve bu
kararlarda her kararda oldugu gibi en fazla fayda ve en az
zarar sonucu hedeflenmektedir. Ciinkii karar en az iki
alternatiften bir se¢imin oldugu siirectir. En iyi fayda i¢in bir
alternatifi tercih ederken diger alternatif veya alternatiflerden
vazgegmek ise bu alternatiflerin faydasindan vazgecmek

anlamma  gelir.  Insanlarm  tiim  potansiyellerinin
belirlenmesinin miimkiin olmamasi ve ige alinacak kisilerin
sergileyecekleri performanslart mutlak bir dogrulukla

onceden bilmenin neredeyse imkéansiz olmasi, segim
stirecinin elde var olan bilgilerle en iyi sonuglar1 tahmin etme
(6ngorme) halini almasina sebebiyet vermektedir [12].

Is goren secimi, kurumsal sirketler tarafindan tamamen
sistemsel yiiriitiilmektedir. Ise alim tiim kurumsal ve belirli
6lgekteki sirketlerde norm kadroya goére yonetilen bir siiregtir.
Norm kadro bir isletmenin belirledigi hedeflerine ulagsmasi
i¢in gerekli tiim sartlar g6z dniinde bulundurularak (ekipman,
tasit, lokasyon, teknoloji vb.) yapilmasi gereken isin is
ylkiine gore unvan ve niteliklere gore istihdam edilmesi
gereken saymin belirlenmesidir. Norm kadro, is 6l¢iimii ve is
orneklemesi yardimiyla belirlenir. Is goren alimi bir diger
deyisle ise alim siireci sirket biinyesinde bulunan ilgili
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birimin kadro artisi veya mevcut norm kadroyu koruma
amagcli (isten ayrilan, terfi, transfer veya rotasyonu yapilan is
gbren yerine ise alim) yapilmaktadir. Ise alim siireci ilgili
birimin norm kadrosunu referans alarak is goéren ihtiyaci
talebini insan kaynaklarinin ilgili birimine iletmesiyle baslar.
Ilgili arastirmalar sonucu bu talebin paydaslarca onayi ile is
alim i¢in aksiyon alinir. Karar verme, ise alim siirecinin her
asamasinda yer almakta ve ¢ok biiyiilk 6nem arz etmektedir.
Ise alim siirecindeki asamalar isletmelerin insan kaynaklari
modeline, talep edilen pozisyona, isin tiiriine, isin siiresine,
seviyesine ve ivediligine gore degismekle birlikte genelde
Sekil 1°de verilen akig semasindaki agamalar ile gerceklesir.

Acik pozisyonun olusmasi ve ilgili birim
is goren talebinin insan kaynaklarina iletmesi

Aday arayis1 (1lan verme, aday
havuzunun kontrolii ve bagvurularin
|ncelenme3|)

Incelenme sonucu aday listesi belirleme
ve On gorlisme

Ise alim siireci i¢in
yeterli aday belirlendi

HAYIR

Ise alim testleri, teknik sinavlar, durumsal
yargi testleri

!

Miilakat (Panel veya birden fazla
miilakat)

!

Referans arastirmasi ve diger 6n
kontroller

'

[ Sartliis teklifi |

!

Giris kontrolii (Saglik kontrolii, SGK
hizmet dokiimii kontrolleri)

CKAL[CI is TEKLiFD

Sekil 1. Ise alim siireci akis semasi.

Sekil 1’de goriilen akis diyagramindaki asamalar, sirketlerin
ise alim politikasina gore yer degistirebilir. Genel anlamda ise
alim asamalar1 bu sekilde olmakta ve goriildiigii iizere bu
asamalarda karar verme ihtiyact ortaya ¢ikmaktadir.
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Segeneklerde bazi kaynaklarda deginilmese de oyun bozucu
kural dedigimiz bazi yerlerde adi baraj kriter olarak kabul
edilen eleyici kriterler vardir. Bu kriterin olmamast
durumunda diger kriterlere bakmaya gerek kalmadan karar
verme siireci durdurulur. Ornegin Endiistri Miihendisinin
arandig1 bir pozisyonda baraj kriter Endiistri Miihendisidir.
Bu kriteri saglamayan bir adaym diger kriterleri saglayip
saglamadigina bakilmaz.

[se alimda bir pozisyon igin verim, fayda ve kahcilik
diisiiniildigiinde her zaman en iyi aday istenilen sonucu
vermemektedir. Bu yiizden agik pozisyon i¢in her zaman en
iyi aday degil en uygun aday aranmalidir. Adaym en iyi
olmast ilgili pozisyonun kriterlerini fazlasiyla karsilamasina
ragmen adayin ige bagladiktan sonra is tatminsizligi yagamasi,
iicret konusunda beklentisinin  kargilanmamasi, farkli
karsilastirmalar ~ yaparak ilgili pozisyonda istenileni
vermemeye baglayarak kisa siirede baska bir is arayisina
girmesi veya igveren feshi ile tekrardan ilgili pozisyonun agik
kalmasina sebep olmaktadir. Bu ise ilk tercihten dolay1 daha
maliyetli bir durum almaktadir. Bu sebeple ise alim
stireclerinde hangi adayin almacag: bilgisi ile beraber hangi
adayin alimmamasi gerektigi karari da verilmelidir.

Is géren secimi siirecinde, karar verici durumunda olanlar iki
sekilde se¢im hatasi yapabilirler. Karar vericiler, aslinda
reddedilmesi gereken adaylar1 ise alabilirler. Ya da bu
durumun tersi olan, aslinda is i¢in olduk¢a uygun olan
adaylar1 reddedebilirler. Bu tip hatalarin énlenmesi igin de
insan kaynaklari temin ve secim siirecinde giivenilir ve
gecerli 6l¢lim araglarinin kullanilmasi gerekir [12].

Karar verme asamasinda alternatif ve kriterlerin karsilastirma
yapilabilmesi i¢in birbiriyle aym 6lgiitlerle kiyaslanmalidir.
Bu ise genel olarak sayisal dl¢iitlerle uygulanmalidir. Karar
verme yoOntemlerinin ve ¢esitlerinin  siirekli olarak
¢ogalmasiyla, onlarin karsilastirmali degerlerinin anlagiimasi
¢ok Onemli hale gelmisti. Bu konuda kullanilan
yontemlerden her biri, karar vericilerin farkli alternatif
kararlar arasindan se¢im yapmalarina yardimci olmak igin
farkli sayisal teknikler kullanmaktadir. Bu alternatiflerin
belirli kriterler {izerindeki etkisine ve dolayisiyla karar
vericilerin genel faydasina dayanarak bulgular elde edilir.
Karar yontemlerini karsilagtirmaya ve en iyisini se¢meye
calisirken meydana gelen zorluk, bir paradoksun ortaya
¢ikmasina neden olabilir [13].

Materyal ve yontem

Ilgili is goren secimi siireci i¢in karar verme modelini
uygulayacagimiz iki kritik agsama bulunmaktadir: Bunlardan
ilki, ilgili bagvurular arasinda miilakata katilacak olanlari
belirlemek, ikincisi ise miilakata katilanlar arasinda en uygun
aday1 se¢mektir. Bu duruma istinaden bagvurular arasinda bir
siralama yapmak ve en uygun kritere sahip olanlari belirlenen
miilakat programma dahil etmek gereklidir. Bu sebeple ilk
asamada siralamada kullanilan CKKV yontemi olan TOPSIS
(Technique for Order Preference by Similarity to Ideal
Solution) kullanilacaktir. Sonrasinda ise agirliklandirmada
kullanilan CKKV  yontemlerinden  VIKOR  (Vise
Kriterijumska Optimizacija | Kompromisno Resenje)
yoOntemi, miilakat programina dahil olan adaylar arasindan en
uygun aday1 belirlemek amaciyla kullanilmigtir
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Benzetim i¢in endiistri mithendisligi ilan1 verilerek istenilen
sartlara istinaden bu agik pozisyona bagvuran 8 kisinin
CV’lerindeki kriterler degerlendirilecek olup miilakat igin
TOPSIS yontemi ile 4 kisi belirlenecektir. Daha sonra
VIKOR yontemi uygulanarak miilakat asamasinda ilgili agik
pozisyon i¢in en uygun aday se¢imi yapilacaktir

TOPSIS yontemi

TOPSIS yontemi, CKKV yontemleri icerisinde en kullanish
yontemlerden biri olmasi sebebi ile literatiirde yaygin bir
sekilde kullanilmaktadir. TOPSIS Yontemi Hwang Yoon
tarafindan 1981 yilinda gelistirilmistir [14]. Bu yontemde
yaklagim ¢ok kriterli Kararlar igerisinden segilen kararin
pozitif ideal ¢6ziime en yakin, negatif olan ideal ¢6ziime de
en uzak olan1 bulmay1 esas alir. Bununla birlikte; belirlenen
en iyi kriter her zaman pozitif ideal ¢6ziime en kisa mesafede
olamadig1 gibi; negatif ideal ¢6ziime de en uzak mesafede
olmayabilir. Karar verilirken en ideal ¢6ziim bulunmaya
calisilir, en riskli ¢dziim veya karardan da uzak durulmaya
caligilir. Bu sebeple genel mantalite olarak ise alim mantig
ile ortiismektedir. Ciinkii bir pozisyon i¢in en uygun olan
aday belirlenirken bu pozisyon i¢in olmamasi gereken aday
da belirlenmelidir. TOPSIS yontemi asagida verilen
asamalardan olugmaktadir.

1. Asama: Karar matrisinin normalizasyonu

Bu asamada normalize karar matrisleri hesaplanarak
olusturulur. Matrisin elemanlari; her bir kritere ait olan
degerlerin 0 kriterlerin kareleri toplammin karekokiine
boliinmesi ile Denklem (2)’deki gibi hesaplanir.

xi]-

. (x)’

1 = i=12,--,mvei=12,--,n

2

Denklem (2) yardimiyla elamanlari hesaplanan normalize
edilmis karar matrisi Denklem (3)’te verilmistir.

T, Ty T3 Tin
7'21 7'22 r23 an

R=|T31 T32 7133 T3n (3)
Tmi Tmz Tm3 Tmn mxn

2. Asama: Normalize matrisin agirhiklandirilmasi
Burada normalize edilmis degerler, 6nem derecelerini
gosteren; w; = {wy, wp, w3, ~~,Wn},2?=1wj =1 agirliklar
ile carpilir. Agirliklandirilmig normalize karar matrisinin son
hali agagidaki gibi olur.

(4)

Vi1 = WyTyp Wy,  WiTis WnT1in
Vy1 = WiTyy  Wolyy, WiT23 WnTon
V =|Vs1 =Wil31  Wal32  Wslss WnT3n
U — W . . M M
mi 17"ml W2Tmz2 W3Tms WnTmn mxn
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3. Asama: Pozitif ve ideal ¢oziimlerin

belirlenmesi

negatif

Bu asamada; i = 1,2,---,m ve j =1,2,---,n olmak {izere
pozitif ideal ¢oziim A* ve negatif ideal ¢oziim A~ asagidaki
gibi elde edilebilir.

At = {(maxvii /j E]+), (min vij /j E]‘)}

A+:(vf'v;’...’ ',U;)

®)

+ +
1.7]' ,vj+1, b

A= {(min vij [J E]*), (maxvii /j E]‘)}

A = (Ul—,vz—’ -,

(6)

U]'_' v]:—l' e UT:)

Burada, J*; fayda kriterlerini ve J~; maliyet kriterlerini ifade
etmektedir.

4. Asama: Uzakliklari hesaplanmasi

Belirlenen karar veya ¢6ziimiin her iki se¢enege olan uzakligi
Denklem (7) ve Denklem (8) yardimiyla hesaplanir.

St ()

(8)

5. Asama: ideal ¢oziime izafi yakinh@mn hesaplanmasi

Ideal ¢oziime gore izafi yakinlik asagidaki sekilde hesaplanir.

Si

Ct=—17—"—7———
bS48

)

6. Asama: Siralamanin yapilmasi

Burada ideal ¢6ziime olan yakinlhiga gore siralama yapilarak
1 veya siraya gore kag uygun alternatif varsa onlar siralanir.

TOPSIS yontemi ile miilakat i¢in aday belirlenmesi

Calismanin bu kisminda, endiistri miihendisligi ilanina
basvuran 8 kisinin CV’lerindeki kriterler TOPSIS yéntemi ile
degerlendirilerek miilakat icin 4 aday belirlenmistir.
Adaylarin CV’leri iizerinde yapilan incelemelerde asagida
maddeler halinde belirtilen kriterler dikkate alinmugtir.

e Yas kriteri; dogum yili baz alinarak hesaplanmustir.

e Tecriibe yillari; yil ve ay olarak hesaplanmuistir.

e Bilgisayar bilgisi; siibjektif olarak CV’de yazilan
programlarm 10  iizerinden puanlanmasiyla elde
edilmigtir.

Yabanci dil bilgisi; siibjektif bir sekilde CV’de yazilan
bilgiler géz dniinde bulundurularak (okudugu okul, sinav,
ERASMUS gibi bilgiler géz dniine alinarak) 10 iizerinden
degerlendirilmistir.

Bu kriterlerden yas kriteri minimum, tecriibe, bilgisayar
bilgisi ve yabanci dil bilgisi maksimum yonliidiir. Veriler
gercek bir sliregten alinmig ve aday isimleri mahremiyet
acisindan degistirilmistir (Tablo 1).

Tablo 1. flana bagvuru yapan adaylara ait veriler

% isim-Soy isim | Ahmet Demir | Mehmet Kara | Ayse Kartal | Demet Kurak | Murat Yigit | Sevgi Yadigar |Omer Aydin| Filiz Durak
zj}
Veriler 23 35 42 26 33 28 28 25
. Karesi 529 1225 1764 676 1089 784 784 625
N N
S|S Normalize|  0.266 0.405 0.486 0.301 0.382 0.324 0.324 0.289
Agirhikh | oa) 0.0810 0.0972 0.0601 0.0763 0.0648 0.0648 | 0.0578
Normalize
Veriler 15 9.4 11.3 5.9 7.8 5.5 3.7 4.2
é Karesi 2.25 88.36 127.69 34.81 60.84 30.25 13.69 17.64
2| 5 [Normalize] 0.077 0.485 0.583 0.304 0.403 0.284 0.191 0.217
L ~
= | Agirhkh 0.0231 0.1455 0.1749 0.0913 0.1208 0.0851 0.0573 0.0650
Normalize
- Veriler 4 8 8 9 7 7 6 8
S .5 | Karesi 16 64 64 81 49 49 36 64
>3
i "é’% Normalize|  0.194 0.389 0.389 0.438 0.340 0.340 0.292 0.389
o Agirhikh 0.0583 0.1167 0.1167 0.1313 0.1021 0.1021 0.0875 0.1167
Normalize
= Veriler 6 7 6 8 8 9 2 3
@ Karesi 36 49 36 64 64 81 4 9
S| £ [Normalize]| 0.324 0.378 0.324 0.432 0.432 0.486 0.108 0.162
= -
S| Adwhkh ) 668 0.0756 0.0648 0.0864 0.0864 0.0972 0.0216 0.0324
Normalize
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Tablo 1’de basvuru yapan adaylarin yas, tecriibe, bilgisayar
ve yabanct dil bilgilerine ait veriler sunulmustur. Her Kkriter
satirinda adaylara ait olan en kiigiik ve en bilyiik degerler
dikkate alinir. Pozitif ideal ¢6ziimler; yas kriteri minimum
yonlii oldugundan minimum olan veri, diger kriterler
maksimum yo6nlit oldugundan maksimum olan veriler
dikkate alinarak belirlenmistir. Negatif ideal ¢coziimler ise bu
durumun tam tersi uygulanarak belirlenmistir. Tablodan da
goriilecegi tizere; kalin ve siyah renkli degerler pozitif ideal
coztimleri, kalin ve kirmizi renkli degerler ise negatif ideal
¢oziimleri ifade etmektedir. Pozitif ve negatif ideal ¢6ziimler
Tablo 2’de verilmistir.

Tablo 2. Pozitif ve negatif ideal ¢oziimler

Kriter Pozitif ideal Coziim  Negatif ideal Coziim
Yas 0.0532 0.0972
Tecriibe 0.1749 0.0231
ngi;;?g’iar 0.1313 0.0583
Yabanci Dil 0.0972 0.0216

Tablo 2’de sunulan verilerden faydalanilarak pozitif ve
negatif ideal ¢Oziimlere olan uzakliklar hesaplanmistir
(Tablo 3). Pozitif ve negatif ideal ¢6ziimlere olan uzaklik
degerleri kullanilarak ideal ¢6ziime izafi yakinliklar
belirlenmis ve Tablo 3’te sunulmustur.

Tablo 3. Pozitif ve negatif ideal ¢6ziime olan uzakliklar ile
ideal ¢oziime izafi yakinlik degerleri

Pozitif Ideal Negatif Ideal ideal Coziime

s/ Si !
Ahmet Demir 0.1714 0.0616 0.2644 8
Mehmet Kara 0.0481 0.1468 0.7531 1
Ayse Kartal 0.0565 0.1682 0.7485 2
Demet Kurak 0.0846 0.1246 0.5957 4
Murat Yigit 0.0666 0.1267 0.6554 3
Sevgi Yadigar ~ 0.0951 0.1119 0.5404 5
Omer Aydin 0.1470 0.0553 0.2734 7
Filiz Durak 0.1285 0.0825 0.3911 6

Tablo 3’ten goriilecegi iizere; en biiyiik C;* degerine sahip
aday en uygun aday: ifade etmektedir. En yiiksek degere
baktigimizda, Mehmet Kara’nin ilk ¢agrilacak aday oldugu
tespit edilmistir. Miilakat listesi tabloda verilen siraya gore
istenen sayida cagrilabilir. Miilakata 4 kisinin cagrilacagi
varsayilarak, 4 kisilik miilakat listesi asagidaki gibi
olusturulmustur.

Tablo 4. Miilakata ¢agirilacak aday listesi

Miilakata
Cagirnlacak Adaylar

Mehmet Kara
Ayse Kartal
Murat Yigit
Demet Kurak

Sira No

AW N

Bu karar yontemi ile ilgili basvurular arasinda miilakata
cagirilacak en uygun adaylar belirlenmistir. Bu 4 kisilik aday
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grubu miilakat tarihinden 2 giin dnce aranmis, kendilerine
ilgili pozisyon, miilakat tarihi ve yeri hakkinda bilgi
verilmistir. Miilakat 6ncesi adaylara sinav gonderilmis olup
miilakat esnasinda 4 aday da olumlu degerlendirilmistir.
Adaylarin miilakat sonug¢larinin karsilastirilabilir olmasi igin
miilakat sonuglar1 miilakat esnasinda sorulara verilen
cevaplar, iletisim yonii, yetkinlik, calisma esnekligi, ise
uyum gibi bircok kritere gore 10 lizerinden puanlanmustir.

Ikinci asamada yani miilakat asamasinda, ilgili agik
pozisyon icin en uygun aday secilecektir. Bu secimde
mevcut miilakat listesine VIKOR y&ntemi uygulanarak en
uygun is goren tercihi yapilacaktir.

VIKOR yéntemi

VIKOR yoéntemi, birden ¢ok kriterin degerlendirildigi karar
verme problemlerinde alternatifler arasindan uzlagik bir
siralama yapma ve uzlagik bir ¢dziime ulagsmayi1 amaglar.
Teknigin temeli ‘ideal ¢oziime yakinlik' Slgtimiine dayanir.
Uzlasma, ortak kabul iizerinde anlagsmaya varmaktir. Uzla
stk ¢oziim ise ideale en yakin uygun ¢oziimdiir. Her
alternatifin her kriter agisindan degerlendirildigi varsayimi
altinda, ideal alternatife yakinlik degerleri karsilastirilarak
uzlagik siralama olusturulur [15]. VIKOR yontemi asagida
verilen agsamalardan olugmaktadir.

1. Asama: Karar matrisinin olusturulmasi

[lgili karar durumunun bagli oldugu kriterler, alternatifler ve
kriterlerin bagh oldugu alternatifleri puanlandiktan sonra
ilgili skorlar karar matrisine dontstiriiliir (Denklem (10)).

X11 X122 %13 X1n

X21 X2  Xa3 Xon

X31 X3z X33 X3n (10)
Xm1 Xmz2 Xm3 Xmn mxn

2. Asama: Her kriter icin en iyi ve en kotii degerlerin
belirlenmesi

Karar matrisi olustuktan sonra en iyi ve en kotii degerler
belirlenir. Burada, kriterlere gore iki farkli yol izlenir.

Eger kriter fayda 6zelligi tagiyorsa;

+ _
fi" = maxx;; (11)
. (12)
fi = mim Xij
Eger kriter maliyet 6zelligi tastyorsa;
fim = miin Xij (13)
(14)

fi = max xi

seklinde hesaplanir.
3. Asama: Normalize karar matrisinin olusturulmasi

Bu asamada karar matrisini olusturan degerlerin
karsilagtirilabilirligini  artirmak  ve  daha  saghklh
ilerleyebilmek i¢in normalizasyon islemi yapilir. Normalize
edilmis karar matrisinin elemanlari;
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= xy
ij
T =S (15)
S 1
seklinde elde edilir.
4. Asama: Normalize edilen karar matrisinin
agirhklandirilmasi

Agirlik faktorleri (w;) normalize edilen karar matrisinin her
bir eleman ile ¢arpilarak agirliklandirilan normalize karar
matrisi (V) elde edilir. Agirliklandirilmig normalize karar
matrisi elemanlar1 (v;;) asagidaki gibi hesaplanir.

Vij = Tij- Wj (16)
Vi1 V2 Vi3 Vin
V21 Va2 Vs Uon
V31 V32 Usg Usn (17)
Um1 Vm2 VUms Umn mxn
5. Asama: Ortalama grup faydas1i ve en biiyiik

pismanlik degerlerinin hesaplanmasi

Ortalama grup faydast, S;, en biiylik pismanlik degeri ise R;
ile ifade edilmektedir. Bu iki faktor asagidaki gibi

hesaplanir.
n n n
fij - Xij
Si= ) v = Zri,-.w,- = fl,iff;wf (18)
j=1 j=1 j=17Y Y
19
R; = maxv;; = max (Mw) >
IR VR T

6. Asama: Q; degerlerinin hesaplanmasi

Tim alternatifler icinde en uygun alternatifin bulunmasi
gerekmektedir. Bunun i¢in ise bu alternatifler siralanmalidir.
Bu duruma bagli olarak Q; degerinin hesaplanmasi igin
asagidaki parametreler kullanilir:

St =minS; ve S™ = max§5; (20)
L i

Rt =minR; ve R~ = maxR; (21)
L 4

Bu parametreler yardimiyla ve kriterlerin ¢ogunlugunun
agirligini gosteren q parametresinin formiilde yer almasiyla
Q; degeri bulunur. g parametresi genel olarak grup faydasini
sembolize ederken (1-q) karsit goriisin - minimum
pismanligmi ifade etmektedir. g > 0.5 oldugu durum,
Q;’nin hesaplanmasi ile siralamadaki alternatiflerin olumlu
tutum gosterme egiliminde oldugunu, g < 0.5 oldugu
durum bu durumun tam tersi oldugu yani olumsuz tutum
gosterdigini belirtir. Cogunlukla g = 0.5 segilerek esit
mesafeli ve uzlagmaci tutum sergilenir. Buradan Q;;
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(5;—=S%) (A-¢).(R;—RY)
0, = q al Q_ i (22)
S-——S* R~ —R*
7. Asama: Alternatiflerin siralanmasi ve sartlarin

uygunlugunun kontrolii

Bu adimda S;, R; ve Q; degerleri kararm tutarlilig
konusunda bilgi verecektir. Bu parametreler sayesinde
kararin uygunlugu kontrol edilir. Tiim alternatifler i¢in Q;
degerleri hesaplanir. Bu bir tabloda en kiigiik Q; degerinden
en biliyik Q; degerlerine dogru siralanir. Burada Q;
degerlerinin hazirlandig tabloda en kii¢iik Q; degerine sahip
alternatifin iki sart1 saglamasi beklenir.

Sart 1: En ideal ve en ideale en yakin segenek arasinda fark
oldugunu ortaya koyar. Q; degerleri kiigiikten biiyiige
siralandiginda en kiigiik (4,), ikinci en kiigiik deger (4,)
olarak kabul edilirse:

D(A;) = D(A;) 2 DQ (23)

1
kosulu saglanmalidir. DQ parametresi P formiiliiyle

hesaplanir. Burada; m, alternatif sayisin1 gdstermektedir.
Eger alternatif sayis1 4’ten kiigiikse DQ = 0.25 kabul edilir.
Buna gore (22)’de verilen esitsizlik bu sart1 sagliyorsa A;
alternatifi bu kosulu sagliyor denir.

Sart 2: Q; tablosunda en kiigiik degere sahip olan A,
alternatifinin ayrica R; ve S; tablosunda da siralamada en
kiiclik degerlere sahip olmasi beklenir. Bu durumda segilen
alternatif istikrarli kabul edilir. Bu sonuglarin tam tersi olma
durumunda; eger sart 1 saglanmiyorsa, alternatiflerin
tamamu uzlagik en iyi ¢6ziim kiimesinde yer alir. Eger sart
2’yi saglamiyorsa, A; ve A, alternatiflerinin her ikisi de
uzlagik ortak ¢oziim kabul edilir.

Onceki béliimde ilan edilen agik pozisyon igin yapilan
basvurulardan 4 kisilik miilakat listesi TOPSIS yontemi ile
olusturuldu. Miilakat icin olusturulan listelerdeki aday
sayisi, miilakat1 yapan tarafin ayiracagi zamana, pozisyon
kritikligine, sirketin ige alim politikalarina baglidir. Daha
once belirtildigi gibi miilakatlarin hem seffaf olmast hem de
tim adaylarin sansii deneyebilmesi amaciyla bir pozisyon
icin en az 3 aday ¢agrilmalidir.

Bu asamada VIKOR yontemi kullanilarak agik pozisyon igin
en uygun aday se¢imi yapilacaktir. Degerlendirme
yapilirken adaylar, sinava ve miilakat degerlendirmesine tabi
tutuldugu icin mevcut kriterlere ek olarak yeni kriterler
dikkate alinacakti. Bu durumda TOPSIS yonteminde
kullanilan kriterlerin agirliklarint degisecektir.

Kriter sayis1 ve kriterlere ait agirliklar degistiginden karar
matrisi tekrardan olusturulmustur. Sonrasinda her kriter igin
en iyi ve en kotii degerler belirlenmistir. Son olarak VIKOR
yonteminde belirtilen asamalar siras1 ile uygulanmis ve
gerekli parametreler hesaplanmigtir. Yapilan hesaplama
sonucu elde edilen veriler sirasi ile Tablo 5, Tablo 6 ve Tablo
7’de sunulmustur.
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Tablo 5. Miilakata ¢agirilan adaylara ait veriler ve f; degerleri

isim-Soy Isim Yas Tecriibe Bilgisayar Bilgisi Yabanc1 Dil ~ Ucret Smav Miilakat
Mehmet Kara 35 9.4 8 7 8.500 7 8
Ayse Kartal 42 11.3 8 6 9.250 8 7
Murat Yigit 33 7.8 7 8 8.000 8 6
Demet Kurak 26 5.9 9 8 7.500 7 8
En iyi deger, f;* 26 11.3 9 8 7.500 8 8
En kot deger fj_ 42 5.9 7 6 9.250 7 6
Tablo 6. Miilakata ¢agirilan adaylarin S; ve R; degerleri
Agirhk 0.11 0.15 0.11 0.11 0.14 | 0.18 0.2 s R
Isim-Soy Isim Yas | Tecriibe | Bilgisayar Bilgisi | Yabanc1 Dil | Ucret |Smnav|Miilakat| '
Normalize | 0.5625 | 0.3519 0.5 0.5 0.57141 1.0 0.0 g+ R+
Mehmet Kara| A5
Agiriklt g 660 | 0,053 0.055 0.055 0.080 |0.180| 0.000 | 0.485 | 0.180
Normalize
Normalize | 1.0000 9.4 0.5 1.0 1.0000| 0.0 1.0
A Kartal 5 2.025 | 1.410
yye Rartal JAgrdikle g 906 1 499 0.055 0.110 | 0.140 |0.000| 0.200
Normalize
Normalize | 0.4375 11.3 1.0 0.0 0.2857| 0.0 2.0 5- R-
Murat Yigit 5
urat ¥igtt fAgirdikle | 68| 695 0.110 0.000 | 0.040 |0.000| 0.400 | 2.293 | 1.695
Normalize
Normalize | 0.0000 5.9 0.0 0.0 0.0000| 1.0 0.0
Demet Kurak Agirhikl 1.065 | 0.885
. 0.000 0.885 0.000 0.000 0.000 {0.180| 0.000
Normalize

Tablo 7. Hesaplanan Q; degerleri

Isim-Soy Isim S; R; Q;(q=0.5) g =0.5% gore siralama
Mehmet Kara 04847  0,1800 0,0000 1(4,)
Ayse Kartal 20250  1,4100 1,0248 3 (4s)
Murat Yigit 22931 1,6950 1,2500 4(4,)
Demet Kurak 1,0650 0,8850 0,5456 2 (A,)

VIKOR yo6nteminde belirtilen D(A,) — D(4;) = DQ
sartimin  saglamas1  gerekmektedir.  Uygulamada
genellikle g = 0.5 kabul edildiginden, bu ¢alismada da
q = 0.5 olarak dikkate almacaktir. DQ = 1/(m — 1)
olmak iizere m alternatif sayis1 4 almarak DQ = 0.33
olarak hesaplanmigtir. En kiiciikk iki alternatifin Q;
degerleri birbirinden ¢ikarildiginda ¢ikan sonucun, DQ
degerinden biiyiik esit olmasi durumunda A,
alternatifinin secilmesi kabul edilebilir avantaj sartini
sagladigi kabul edilir.

D(A,) —D(A;) = DQ - 0.546 = 0.5 oldugundan
karar tutarhdir. Tkinci sart olarak Q; degerleri kiigiikten
biiyiige siralandiginda ilk olan (A4,) alternatifi; R; ve S;
siralamalarinda da en kiigiik olmalidir.

Tablo 7 incelendiginde, Q; siralamasinda en kiiglik olan
Mehmet Kara, R; ve S; tablosunda da minimum olandr.
Bu yiizden ilgili pozisyon igin Mehmet Kara’nin secilme
karar1 hem tutarli hem de istikrarlidir.
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Sonuc ve Oneriler

Is goren alminda karar verme hayati bir &nem
tagimaktadir. Karar verme agsamasinda bazi kriterlerin
Ol¢iilemiyor olmast ve burada alinacak kararin hem
sirketin gelecegini ve hem de bir insanin hayatini
etkiliyor olmast insan kaynaklar1 i¢in kritik Snem
tagimaktadir.

Yaygm fikrin aksine birgok aday, basvuru asamasinda,
CV iletiminde, telefon miilakat1 gibi 6n goriismelerde de
elenmektedir. Bu yiizden karar verme yoOnteminin
yalnizca miilakat sonrasit uygulanmasit hem insan
kaynaklar1 uzmani i¢in hem de is arayisinda bulunan
aday i¢in soruna yol acacaktir. Burada is bagvurusunun
ise girmek kadar onemli oldugunu da gostermek adina
karar verme yontemi olarak TOPSIS yontemi
kullanilmistir. Tercih edilebilecek adaylarin arasinda bir
siralama yapilarak miilakatta sansi en yiiksek adaylar
cagrilarak hem agik pozisyon igin gecikmemesi (bazi
miilakatlarda olumlu adaymn bulunmama durumunda
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siire¢ tekrardan bastan baslamakta hem maddi hem de
zaman anlaminda kayiplar yasanmaktadir) hem de en
uygun adaylarin ¢agrilmasi saglanmistir. Daha agiklayici
olmak adina “oyun bozucu” veya “baraj kriter” olarak
adlandirilan kriterler (Endiistri Miihendisi pozisyonu i¢in
adayin Endiistri Miithendisi olamamasi gibi) kontrollii bir
sekilde takip edilmistir. Aday mahremiyeti ve KVKK
cezai sorumlulugu acisindan adaylarin 6zel bilgileri
degistirilmistir. ilk asamada ise basvuran 8 aday TOPSIS
yontemi ile incelenip aralarinda is i¢in en uygun 4 aday
belirlenmis ve miilakat listesi olugturulmustur. Bu sayede
pozisyon i¢in en uygun 4 aday netlestirilmistir. Daha
sonra ise TOPSIS yontemiyle belirlenip ¢agrilan adaylar
simnava alinmig ve miilakata tabii tutulmustur. Burada
adaylarin smav sonucu, miilakatta bildirdikleri ticretleri
ve miilakat notlarinin da eklenmesiyle kriterlerin sayisi
artmis ve agirlik oranlar1 degismistir. Buna bagli olarak
ikinci karar asamasinda VIKOR yontemi uygulanmis ve
4 aday arasindan mevcut kriterlere gore en uygun aday
belirlenmistir. Son kontrollerle bu tercihin istikrarli ve
tutarli oldugu da dogrulanmistir. Bu yontem kapsaminda
yapilan analiz sonucu adaylardan “Endiistri Miihendisi”
pozisyonu igin en uygun aday Mehmet Kara isimli aday
olup yontemin hata pay1 kontrolleriyle de ilgili pozisyon
icin en uygun aday oldugu sonucuna varilmistir. Bu
calisma ile de is goren se¢imlerinde ozellikle tek bir
asamanin olmadigi, bu agsamalarin her birinde zincirleme
bir karar verme mekanizmasinin isledigi goriilmistiir.
Bu yontemler kullanilirken zaman, aday sayisi,
pozisyonun kritikligi, aranilan kriterler géz Oniinde
bulundurulmalidir. Ise alim siireglerinde siralama ve
agirliklandirma karar verme yontemlerinin bir arada
kullanilip daha dogru ve yerinde ise alim tercihleri
yapilmasinin saglanacagi goriilmektedir.
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Kumsal sedimanlarinin tane boyu ile mikroplastik miktarlar1 arasindaki iliskiyi irdelemek amaciyla Mugla
kumsallarindan (Palamutbiikii, Datga, Marmaris ve Akyaka) alinan Ornekler Oncelikle tane boyu
bakimindan karakterize edilmistir. Meso- ve makroplastikler iistten aydinlatmali mikroskop altinda tiim
sedimandan ayrilmis daha sonra diisiik yogunluklu mikroplastik aywrma yontemleri uygulanarak
mikroplastikler ayrilmistir. Her lokasyondan &rneklenen 1.2 kg kumsal sedimaninda belirlenen meso-
makroplastik igerigi ile temsili 50 g kumsal sedimaninda belirlenen mikroplastik igerigi sirastyla soyledir:
Palamutbiikii 6reginde, 11 adet meso-makro plastik, 56 adet mikroplastik; Datga drneginde, 13 adet
meso-makro plastik, 33 adet mikroplastik; Marmaris 6rneginde, 13 adet meso-makro plastik, 143 adet
mikroplastik ve Akyaka 6rneginde, 4 adet meso-makro plastik, 59 adet mikroplastik. incelenen 6rnekler
icinde en kiiglik ortalama tane boyuna sahip, orta kum boyunda olan Akyaka kumsal sedimani 6rnegi,
meso-makroplastik icerigi en diisiik olarak belirlenmistir. ince cakil ortalama tane boyuyla en kaba
ortalama tane boyuna ve en yiiksek cakil ylizdesine sahip Dat¢a kumsal sedimani 6rnegi ise mikroplastik
sayis1 en diisiik ornektir. Lif ve parca formunda plastik pargalarinda gergeklestirilen Fourier Doniigtimli
Kizil Otesi Spektrometresi analizi sonucunda mikroplastiklerin bilesimlerinde dogal polimer olan seliiléz
ile sentetik polimerlerden olan polietilen ve polipropilen oldugu belirlenmistir. Bu ¢alismada, sediman
tane boyu ile mikroplastik bollugu arasinda bir iliski bulunmamaktadir. Ancak, tiim diisiik yogunluklu
mikroplastikler iginde liflerin miktarinin en az olmasi, sediman-mikroplastik ortaminda hidrofobik
etkilesimin zayif olabilecegi ve bu nedenle liflerin riizgar, dalga vb. etmenlerle kolaylikla tasinabilecegi
ihtimalini gliglendirmistir
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In order to examine the relationship between grain size and microplastic amounts of beach sediments,
samples taken from Mugla beaches (Palamutbiikii, Dat¢a, Marmaris and Akyaka) were first characterized
in terms of grain size. Meso- and macroplastics were separated from the bulk sediment under a
stereomicroscope, then microplastics were separated using low-density microplastic separation methods.
The meso-macroplastic content determined in 1.2 kg beach sediment sampled from each location and the
microplastic content determined in 50 g of the representative beach sediment are as follows: 11 meso-
macro plastics, 56 microplastics in Palamutbiikii sample, 13 meso-macroplastics, 33 microplastics in Datca
sample, 13 meso-macroplastics, 143 microplastics in Marmaris sample, and 4 meso-macroplastics and 59
microplastics in Akyaka sample, respectively. Akyaka beach sediment of medium sand size, which has
the smallest average grain size among the studied samples, are determined to have the lowest meso-
macroplastic content. Dat¢a beach sediment with an average grain size of fine gravel has the coarsest
average grain size and the highest percentage of gravel and is the sample with the lowest microplastic
content. As a result of the Fourier Transform Infrared Spectrometer analysis performed on plastics in the
form of fibers and fragments, it was determined that the compositions of microplastics include cellulose,
which is a natural polymer, and polyethylene and polypropylene, which are synthetic polymers. In this
study, there is not any relationship established between sediment grain size and microplastic abundance.
However, the minimum number of fibers among all low-density microplastics strengthened the possibility
of weak hydrophobic interaction in the sediment-microplastic environment and therefore easy
transportation of fibers by agents like wind, wave, etc.
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Giris

Plastikler, hayatin her alaninda kullanilabilir olmasinin
yaninda kaliciliklar1 yiiksek olan, bozunduklarinda kiigiik
parcalara ayrilabilen ve bu bakimdan ekosistemler icin
kirletici olabilen malzemelerdir [1]. Plastikler gollerde [2],
nehirlerde [3], denizlerde [4], toprakta [5] ve havada [6]
bulunabilmektedir. Ozellikle denizel alanlarda yapilan
calismalar plastiklerin hem su kolonunda hem de taban ve
kumsal sedimanlarinda tutundugunu gostermektedir [7, 8].

Fiziksel bozunma ile boyutlart degisen plastiklerin,
25mm’den biiyiik olanlar1 makroplastik; 5-25 mm arasinda
boyuta sahip olanlar1 mesoplastik, 1-5 mm arasinda olanlar
mikroplastik, Imm’den kii¢iik olanlar ise mini-nanoplastic
olarak smiflandirilmigtir [8-11]. Gozle goriilmesi ve ayirt
edilmesi zor olan 5 mm’den kiiciik olan plastikler
okyanuslardaki plastik kirliliginin  %90’mndan fazlasmi
olusturmaktadir [9,12-15].

Plastiklerin mekanik, fotolitik ve/veya kimyasal siireglerle
bozunmast sonucu ortaya ¢ikan plastik atiklar (6zellikle
mikro-, mini- ve nanoplastikler) ve bunlarin ekosistemler
lizerinde yarattigi fizyolojik ve biyokimyasal etkiler son
yillarda birgok c¢aligmaya konu olmaktadir [10,11,16].
Birincil mikroplastikler, paket/ambalaj, plastik sise, araba
parcalari, sentetik tekstil iirlinleri, ev islerinde kullanilan
plastikler, kozmetik tiriinleri, elektronik ekipmanlar, boyalar
ve bunun gibi giinliik hayatta kullanilan birgok malzeme
olarak tanimlanirken [16-18]; ikincil mikroplastikler makro-
ve mikroplastiklerin aginmasi ve bozunmasi sonucunda
olugsmaktadir [19]. Mikroplastikler koken maddeye bagh
olarak farkli renk ve sekillerde (sekilsiz, koseli, yuvarlak, tiip
seklinde, levha seklinde veya lifimsi) olabilirler [9].
Endiistriyel ve schirlesme faaliyetleri ile aciga ¢ikan
plastikler hem havadan ve hem de nehirlerle denizlere
taginmaktadir, ayrica denizlerdeki ticaret-iiretim faaliyetleri
de dnemli plastik kaynagi olarak literatiirde yer bulmustur
[11]. Su kaynaklarina ulasan mikroplastikler canlilarin besin
zincirine dahil olmaktadir [8,13,14,20,21].

Akdeniz kiyilari, en kirli denizel alanlardan biri olarak
bilinmektedir [22-24]. Tiirkiye’yi c¢evreleyen denizlerin su
yiizeyi, su kolonu, kumsal sedimanlari ve ¢esitli denizel
organizmalardaki plastik icerigi bilimsel ¢aligmalarla ortaya
konmustur (Karadeniz [25,26]; Marmara Denizi [27-29];
Akdeniz [30-32]; Ege Denizi [33,34]). Mugla Tiirkiye’nin en
uzun kiyilarma sahip olmasina ragmen, Kumsal
sedimanlarindaki mikroplastik igerigine dair az sayida
caligma bulunmaktadir. Yabanli vd. ¢aligmasinda [33] Datga
yarimadas1 giineybatt kisimlarinda Aktur, Sorf Kampi,
Ovabiikii ve Kurucabiik kumsal sedimanlarinda mikroplastik
icerigini arastirirken, Masud c¢alismasinda [35] Bodrum
yarimadasinda bulunan Bodrum, Turgutreis, Bogazici ve
Giilliik kumsallarinda mikroplastik igerigini arastirmistir.

Bu c¢aligma kapsaminda ise daha Once calisiimamig
Palamutbiikii (Dat¢a yarimadasi1 GB ucu), Datca ilge merkezi,
Marmaris ilge merkezi ve Akyaka (Ula) kumsal
sedimanlarinda (Sekil 1A,B) mikroplastik igerigi aragtirilmas,
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ayrica kumsal sedimanlarinin tane boyu ozellikleri de
mikroplastik igerigi ile karsilagtirmali olarak irdelenmistir.

30°00'00"D 42°0000"D

27°48'00"D 28°12'00"D

27°24'00°D

28°36'00D 29°00'00"D

Sekil 1. A) Calisma alanmi yer bulduru haritast [36] B)
ornekleme noktalarini gésteren yer bulduru haritasi [36]

Calisma Alam Jeolojisi

Farkli yas ve bilesimlerde kayaglarin ve jeolojik unsurlarin
olusturdugu, Mugla’nin kuzeyinde kalan, Giiney (Cine)
Asmasifi Prekambriyen’den Orta Paleosen’e uzanan bir yas
araligindaki, metamorfik baskin birimlerin (gozli gnayslar,
mika sistler, metakuvarsitler) yaninda fillat, rekristalize
kirectaglar1, platform karbonatlari, marn-killi kiregtaslari,
pelajik mermerleri moloz akmtisi ve filis ¢okellerinden
olusmaktadir [37-41]. Inceleme alani ve gevresinde yer alan
Likya Naplart kirectasi ve kirintili sedimanlar (Triyas-
Kretase ve Paleosen), ofiyolit ve ofiyolitik melanj (Geg
Kretase) birimlerinden olusmaktadir [42-49] (Sekil 2).

Marmaris ve Akyaka kiyilarinin, baskin litolojilerinin,
ozellikle Likya Naplarindan (beyaz-krem-gri renkli kiregtasi
sedimanlari, yesil-koyu yesil-siyah renkli ofiyolitik kayag
pargalar1) gelen sedimanlar oldugu belirtilmistir [50] (Sekil
2). Datga ve Palamutbiikii kiyilar1 ise olduk¢a genis bir
jeolojik yelpazeye sahip olup, bolgenin baskin litolojilerinden
olan, Triyas-Jura karbonatlardan, Orta-Ust Jura radyolarit-
cort-karbonatlardan, Ust Kretase-Alt Eosen yasl bloklu filis
¢okellerinden, Ust Pliyosen yash denizel-tath su ortami
¢okeli konglomera-kumtagi-marn-kiltasi ardalanmalart ve tiif
birimlerinden [49,51]; bazaltik andezit, andezit, dasit ve
riyolitik bilesimde lav parcalart ile kil, tif, lapilli ve
siingertas1t gibi olusuklardan [52,53] tiireyen sedimanlari
igermektedir (Sekil 2).
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Sekil 2. Inceleme alan1 genel jeoloji haritas1 (Gériir vd. [44]’ten degistirilerek alinmistir).

Metodoloji
Ornekleme

incelenen kumsal sedimani 6rnekleri, 2019 sonbaharinda
Mugla kiyilarinda, 4 farkli noktadan (Palamutbiikii, Datca,
Marmaris ve Akyaka) toplanmistir (Sekil 1B, 2). Ornekleme
noktalari, Mugla’nin kiy1 turizminde yogun olarak tercih
edilen alanlar1 olup, ayn1 zamanda antropojenik Kkiy1
faaliyetlerinin ve yaz dénemi artan niifusun belirgin oldugu
yerlerdir.

Her sahadan, hemen kiy1 ¢izgisi gerisinden, 1 x 1 m'lik
karenin kdselerinden ve orta noktasindan, yiizeyden 5 cm’lik
kisimdan, metal kasik kullanilarak 6rnekleme yapilmis; her
sahaya ait 6rnekler kendi iginde birlestirilmis ve temsili bir
adet ornek olusturularak, toplam 4 o6rnek laboratuvarda,
kontaminasyon olmayacak bir ortamda, oda sicakliginda
kurutulmustur.

Sediman ve Mikroplastik Fraksiyonu Ayrim

Kurutulan 6rnekler Folk smiflamasina [54] gore 8 mm, 5mm,
4mm, 2 mm, lmm, 500 um, 250 pm, 125 um, 63 pm eleklerle
elenmis; cakil, kum, ¢amur yiizdeleri belirlenerek sediman
siniflan tespit edilmistir. Smm altinda kalan fraksiyondan
mikroplastik analizi i¢in 6rnek ayrilmistir.

5 mm’nin iizerinde kalan sedimanlarda ise gozle goriilebilen
mikroplastikler metal penset ile toplanmigtir. 5 mm’nin
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alinda  kalan  fraksiyondan ise 50 g  Olgekte
homojenlestirilmis 6rneklerden mikroplastiklerin alinmast
icin iki farkli yontem izlenmistir: Bunlardan ilki, gozle ayirt
edilen mikroplastiklerin penset ile toplanmasi yontemi
olmustur. Bunun igin, laboratuvar kosullarinin ve kullanilan
ekipmanlarin steril olmasina dikkat edilmistir. Ikinci yontem
ise doymus tuz ¢ozeltisiyle uygulanan flotasyon yontemidir.
Bunun i¢in, 358.9 g NaCl'nin 1 L saf su i¢inde ¢oziilmesi ve
60 °C'de 600 rpm'de, 48 saat boyunca siirekli karistirilmasiyla
elde edilen bir ¢ozelti hazirlanmistir [55]. Hazirlanan ¢ozelti
oncelikle Fischer filtre kagidi ile siiziilmiis, bdylelikle
cozeltiden kaynaklanabilecek mikroplastikler
uzaklastirilmistir [56]. Saflagtirma asamasmdan sonra, 200
mL tuz ¢ozeltisi ile 50 g kumsal sedimani manyetik karistirict
ile 600 rpm'de 20 dakika karigtirilmustir [55]. Yaklasik 5dk
siire, yogunlugu 1lg/cm®ten bilyilkk olan sedimanlarin
¢okmesi ic¢in beklenmis; c¢ozeltide askida kalan diisiik
yogunluklu mikroplastiklerin ayrilmas1 i¢in 0.45 pm gézenek
acikligr olan filtre kagidi (Fisher scientific, Hollanda) ile
siizme islemi uygulanmigtir. Her 6rnek igin 3 kez tekrarlanan
bu siizme igleminden sonra, filtre kagitlar1 ve tizerinde kalan
taneler  laboratuvar  ortaminda  oda  sicakliginda
kontaminasyondan korunarak kurumaya birakilmistir.
Yaklasik 24 saat kuruma siirecinden sonra filtre kagidinin
iistiinde kalan fraksiyon SOIF marka iistten aydinlatmali 25X
ve 40X biiyiitmeli mikroskopla incelenmistir. Bu asamada
ayirt edilen mikroplastikler sekil/form benzerliklerine gore
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(lif, parga, tel vs.) olarak gruplanmis ve toplam tane
sayilmustir.

ATR-FTIR Analizi

Palamutbiikii kumsal sedimanlarindan ayrilan
mikroplastiklerden lif ve parca (seffaf-beyaz) formunda
olanlardan bazilar1 secilmis ve MSKU Kimya Béliimii FTIR
Laboratuvarinda Zayiflatilmig Toplam Yansima- Fourier
Déniigiimlii Kizilotesi Spektrometresi (ATR-FTIR) analizi
gergeklestirilmigtir. ATR-FTIR analizi, Thermo Scientific
Nicolet iS10 Smart iTR kullanilarak iletim modunda dalga
sayisinin bir fonksiyonu olarak 4000—400 cm™ arasinda 32
tarama sayisi ve 16 cm™ ¢oziiniirlik ile analiz edilmistir.
Spektrumlarin Thermo Scientific Nicolet iS10 Smart ATR
kiitiphanesindeki spektral veri tabani ve ilgili literatiir ile
karsilastirilmasi sonucunda meso-mikroplastiklerin
molekiiler fonksiyonel gruplari belirlenmis ve muhtemel
plastik tiirti hakkinda bilgi sunulmustur.

Sonuclar
Tane Boyu Analizi Sonuclari

Sekil 3’te verilen kurutulmus makro 6rneklere bakildiginda,
Palamutbiikii ve Datga 6rneklerinin daha iri taneli, Marmaris
Orneginin daha ince taneli, Akyaka Orneginin ise en ince
taneli oldugu goriilmektedir. Tablo 1°de 6rneklere ait elek
analizi sonuglari, Sekil 4’te de bunlarin grafiksel
gosterimleri verilmektedir.

Ortalama tane boyu agisindan degerlendirildiginde, makro
gozlemlere benzer olarak kabadan inceye kumsal
sedimanlarinin, Datga: graniil-ince ¢akil, Palamutbiikii: cok
kaba kum, Marmaris: kaba kum, Akyaka: orta tane boyunda
kum oldugu tespit edilmistir (Tablo 1). Datca ve Marmaris
ornekleri, ¢cok kotii boylanmali olmalariin yaninda bimodal
frekans dagilimi1 gostermektedirler (Tablo 1, Sekil 4). Kum
boyu taneler Akyaka (%99.9), Palamutbikii (%79) ve
Marmaris (%72.3) sedimanlarinin  6nemli bir kismin
olusturmaktadir. Dat¢a 6rneginde ¢akil orani (% 53.6) kum
oranindan (% 46.4) daha yiiksektir (Tablo 1, Sekil 4). Folk
(1974) siniflama sistemlerine gore Dat¢a 6rnegi kumlu Cakil
(sG), Palamutbiikii ve Marmaris 6rnekleri ¢akilli Kum (gS),
Akyaka ornegi az c¢akilli Kum ((g)S) olarak
smiflandirilmistir (Tablo 1).

Makro-, Meso- ve Mikroplastik Miktarlar:

Orneklenen kumsal sedimanlarinin bilesimlerinde bdlge
jeolojisine bagli olarak ¢ogunlukla ofiyolitlerden, kiregtasi
ve kirintili sedimanter kayaglardan gelen kayag pargalar1 ve
mineraller bulunmaktadir. Bu sedimanlar ve eslik eden fosil
kavkilar1 mikro-, meso- ve makroplastiklerin {istten
aydinlatmali goriintiileri incelenirken gdriintiilenmistir
(Sekil 5). Plastiklerin pargalanmis (Sekil 5A, B, C, D) ve tel
(Sekil 5B, C) formlarda oldugu belirlenmistir.

Flotasyon yontemi ile ayrilan diisik yogunluklu
mikroplastikler filtre k&gidi ilizerinde istten aydinlatmali
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mikroskop ile goriintiilenmistir (Sekil 6). Lif formunda olan
mikroplastikler, farkli renklerde gézlenmis; kirmizi, siyah,
yesil, turuncu, kahverengi, mavi-lacivert renklerde olan bu
formun en baskin renginin ise siyah lifler oldugu
anlagilmistir. En fazla lif 6rnegi, Marmaris 6rneginde (17
adet) goriilirken en az lif 6rnegi ise Datca Orneginde
bulunmustur (Tablo 2; Sekil 6). Lif formu disinda tel ve
par¢a formunda mikroplastikler de gézlenmistir. Siyah ve
kahverengi renklerde camsi-geffaf goriiniimde olanlar en
baskin olanlardir. Bunun yaninda daha az oranda farkli
renklerde olan pargalar da gozlenmistir. Par¢ca formunda
mikroplastikler en fazla Marmaris 6rneginde belirlenmis;
Akyaka ve Palamutbiikii 6rneklerinde ise benzer sayilarda
mikroplastik bulunurken, bu formda olan mikroplastikler en
az Datca orneginde tespit edilmistir (Tablo 2).

ATR-FTIR Spektroskopisi Analizi

ATR-FTIR  spektroskopisi  analizi  hem  kumsal
sedimanlarinin  hem de mikroplastiklerin bilesimlerini
belirlemek amaciyla gergeklestirilmistir. Bu kapsamda, lif
(Sekil 7A, B, F), tel (Sekil 7C) ve parga (Sekil 7D, E, G)
formlarinda segilen mikroplastikler ve sediman taneleri
(Sekil  7H) incelenmistir. ~ Mikroplastiklerin ~ FTIR
spektrumlarinda 3 ana polimerin (selilléz, polietilen ve
polipropilen) fonksiyonel gruplari bulunmustur. Buna gére,
3500-3000 cm* dalga boyu araliginda gériilen O-H gerilme
band: (Sekil 7D, F), 3000-2800 cm™ araliginda goriilen C-H
gerilme bandi1 ve 1630-1680 cm™ bandinda goriilen O-H
biikme fonksiyonel grubu (Sekil 7G) seliiloziin lif iceriginde
bulundugunu  gostermektedir  [57,58].  Palamutbiikii
orneginden alinmig beyaz renkli bir lifin ATR-FTIR
spektrumu Thermo Scientific Nicolet iS10 Smart iTR’nin
kiitiphanesindeki spektrumlarla karsilastirildiginda beyaz lif
Orneginin referans seliiloz oOrnegi ile %39-49 arasinda
ortiistiigli goriilmiistiir (Sekil 8). Ayrica, 2900-2800 cm*
(Sekil 7B, C, D, E, G), 1400-1300 cm* (Sekil 7A, B, C, D,
E, F, G) ve 1100 cm (Sekil 7D, F) dalga boylarinda goriilen
bantlar ise polipropilenin varligini isaret etmektedir [59].
Benzer dalga boylarma (2900 cm™; 1450 cm™) ek olarak 717
cm® (Sekil 7A) bandinda goriilen titresimler ise polietilenin
de mikroplastiklerin i¢eriginde yer aldigin1 gostermektedir.

Sediman tanelerinden alinan ATR-FTIR spektrumunda ise
3620 cm'* dalga boyunda O-H gerilmesinin varligi hidroksil
fonksiyonel grubunu, 2100-1900 cm? araliginda belirlenen
bantlar absorbe suyun varligmi ve 1000 cm? civarinda
gozlenen titresim ise Si-O fonksiyonel grubunu ve silika
minerallerinden kuvarsin varligini [60] belirtmektedir (Sekil
7H). Sedimanlarn ana kayalarinin kompozisyonlari
diisiiniildiigiinde, tanelerin  silikat minerali igeren
bilesimlerinin yogunlukta oldugu anlagilmistir.
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Tablo 1. Kumsal sediman1 6rneklerinin elek analizi sonuglari

Palamutbiikii Datca Marmaris Akyaka
Tane boyu (mm) % % % %
8 3,39 18,50 10,27 0,00
5 4,18 20,27 8,08 0,00
4 2,35 6,48 2,38 0,00
2 11,07 8,33 6,96 0,03
1 23,35 9,58 6,93 0,58
0,5 41,16 10,00 16,15 7,21
0,25 12,03 17,90 27,06 28,44
0,125 2,05 8,58 21,52 62,82
0,063 0,38 0,36 0,63 0,89
Kap 0,05 0,01 0,01 0,04
Toplam (%) 100,0 100,0 100,0 100,0
Ortalama Tane Boyu (0) -0,07 -1,33 0,13 2,00
Ortalama Tane Boyu (mm) — 1,05 2,5 0,91 0,25
Sediman sinifi Cok Kaba kum Graniil Kaba Kum Orta Kum
Mode 1- (9) 0,5 -3 2 3
Mode 2- (9) - 2 -4 -
133 2,51 2,31 0,54
Boylanma- (9) Kétii ' Cok koti Cok koti Orta derecede
6tii boylanmali .
boylanmali boylanmali iyi boylanmali
0,03
-0,38 ' -0,56 -0,54
Yamukluk -Skewness -(0) Cok iri yamuk ;?]lié?rs:ll(( Cok iri yamuk Cok iri yamuk
. 0,38 0,32 0,17 0,34
Basikhik-Kurtosis- (0) Cok yayvan Cok yayvan Cok yayvan Cok yayvan
Cakil (%) 20,98 53,58 27,69 0,03
Kum (%0) 78,97 46,42 72,29 99,93
Camur (%) 0,05 0,01 0,01 0,04
Sediman Smnifi (Folk, 1974) Cakilli Kum (gS) K“r‘zg‘leggakll Cakalli Kum (gS) | 2 g"z‘é‘;ls‘)K“m

Sekil 3. Caligma alanindan alinan 6rnekler: A) Palamutbiikii, B) Datga, C) Marmaris ve D) Akyaka kumsal sedimanlari
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Sekil 5. Ustten aydinlatmali mikroskop altinda ayrilmus
plastik taneleri, sedimanlar ve fosiller: A) Palamutbiikii
ornegi, B) Datca 6rnegi, C) Marmaris 6rnegi, D) Akyaka
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Sekil 6. Flotasyon yontemi ile ayrilmis diisik yogunluklu
mikroplastiklerin iistten aydinlatmali mikroskop goriintiileri:
A) Palamutbiikii 6rnegi, B) Dat¢a 6rnegi, C) Marmaris
ornegi, D) Akyaka 6rnegi

Tartisma

Mikroplastiklerin sedimandan ayrilmasi konusunda cesitli
yontemler kullanilmaktadir [61]. Bu c¢alismada plastiklerin
gozle ve mikroskop altinda goriilenlerinin penset ile
ayrilmasi; bu yontemle ayrilamayanlarin ise saf su ve tuzlu
su c¢ozeltisinde yiizdiirme (flotasyon) yontemi ile
ayrilmasina galisilmistir. Her iki yontem oldukga hizli sonug
veren, uygun maliyetli ve mikroplastikleri agmndirmayan
yontemler oldugundan bu ¢aligmada tercih edilmistir.
Khuyen vd. [62] ¢alismasina gére kumsal sedimanlarindaki
plastiklerin ¢ogunlugu tek kullanimlik plastik iiriinlerden
olusmakta, bunlarin ayrismasi neticesinde ise disiik
yogunluklu mikroplastikler (6rm; PE, PP) meydana
gelmektedir. Ayni g¢alismada mikroplastiklerin &zellikle
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kumsal sedimanlarinin ilk 5 cm’lik st tabakasinda
yogunlastig1 bildirilmigtir. Ayrica, Li vd. [63]ve Nabi vd.
[64] c¢alismalarinda mikroplastiklerin  yogunluklarinin
dagilimlari tizerinde etkisinin oldukea fazla oldugunu ve bu
nedenle ozellikle diisiik yogunluklu mikroplastiklerin su
kolununun en {ist seviyelerinde yer almast ile sucul canlilarin
besin zincirlerine kolaylikla dahil oldugu belirtilmistir. Bu
nedenle, mevcut ¢calismanin izledigi 6rnekleme stratejisi ve
mikroplastik ayirma yontemleri kumsal sedimanlarinda en
fazla bulunan mikroplastik tiirlerine yonelik segilmistir.

Kumsal sedimanlarinin tane boyu analizi sonuglar
incelendiginde, mikroplastik bollugu ile sedimanlarin tane
boyu arasinda net bir oranti olmadigi ancak meso- ve
makroplastik bollugu ile tane boyu arasinda dogru oranti
oldugu gézlenmistir. Sediman taginma mesafesinin nispeten
kisa oldugu disiiniilen Datga-Palamutbiikii-Marmaris
orneklerinin  kotii-oldukga kotli  boylanmali  olduklari,
ortalama tane boyunun kaba kum iizerinde tane boyutunda
oldugu, c¢akil oraninin %20’lerin {izerinde oldugu
belirlenmistir (Tablo 1; Sekiller 3, 4). Sediman tasinma
mesafesinin daha uzun oldugu diisiiniilen Akyaka sahilinde
ortalama tane boyu orta kum boyunda olup, %99’u kum olan
ornegin olduk¢a iyi boylanmali oldugu tespit edilmistir
(Tablo 1; Sekiller 3, 4). Tane boyu ile plastik igerigi
kargilagtirildiginda ise ince taneli Orneklerde makro- ve
mesoplastik miktarinin daha az; kaba taneli 6rneklerde ise lif
formunda olan mikroplastik i¢eriginin oldukga diisiik oldugu
belirlenmigtir. ~ Dolayisiyla, kaba  taneli  kumsal
sedimanlarinda makro- ve mesoplastik i¢eriginin ince taneli
kumsal sedimanlarina goére daha fazla oldugu sonucuna
ulagilmistir.

Tablo 2. Caligma konusu kumsal sedimanlarinda belirlenen mikro-, meso-
ve makroplastik miktarlar

Orneklerde

ayrilmus Pe:)lérl?yt— Dat¢a Marmaris Akyaka
plastikler (adet) i

~meso-

makroplastik /

12kg 11 13 13 4
Lif formunda

mikroplastikler/ 14 6 17 12
509

Tel ve parca

formunda

mikroplastikler/ 42 27 126 47
509

Emikroplastik/

50¢g 56 33 143 59
Zmikroplastik/ 1120 660 2860 1180

kg

Makro-mesoplastik agisindan bakildiginda en az sayida
plastik igerigi (4 adet/1200g) en diisiik tane boyuna sahip
Akyaka orneklerinde tespit edilmistir. Bu durum, plastiklerin
ortalama sediman boyutundan iri ancak disiik yogunluklu
olmalar1 nedeniyle riizgar veya dalga etkisiyle sedimandan
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Sekil 7. Seliiloz, polietilen (PE) ve polipropilen (PP) fonksiyonel gruplar ile eslesen mikroplastiklerin ve temsili kumsal
sedimani orneklerinin ATR-FTIR spektrumlari: A) beyaz renkli lif; B) bordo renkli lif; C) tel; D) kahverengi parga; E) krem
renkli parga; F) lif; G) parca; H) sediman taneleri; I) seliiloz spektrumu ile lif 6rmeginin ATR-FTIR spektrumlarinin
karsilastirilmasi
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kolaylikla uzaklasabilecekleri ile iliskilendirilebilir [62].
Toplam mikroplastik miktarina gére, Marmaris Ornegi en
yiiksek miktarda (2860 adet/kg) mikroplastik i¢eren 6rnek
olmustur. Mikroplastik miktar en diisiik (660 adet/kg) 6rnek
ise en kaba taneli sedimanlarin bulundugu Dat¢a 6rnegidir.

Plastikler ayrisip kiigiik boyutlara indirgenirken yiizey
alant/hacim  oranlart olduk¢a artar ve hidrofobik
etkilesimden dolayr yapisma egilimi gosterirler [61].
Hidrofobik etkilesimin zay1f oldugu &rneklerde ise 6zellikle
diisiik yogunluklu mikroplastikler kolaylikla riizgar veya
dalga etkisinden dolay1 ortamdan uzaklasir. Bu ¢aligmada
mikroplastiklerin formu temel alindiginda, lif formundaki
mikroplastiklerin bollugunun tel ve parg¢a formunda olanlara
gore oldukga diigiik olmasi, mikroplastik-kumsal sedimant
ortamindaki hidrofobik etkilesimin lif formundakiler i¢in
daha zayif olmasi ile agiklanabilir.

Datca yarimadasinda 4 farkli sahilde gerceklestirilen
Yabanli vd. calismasinda [33] belirlenen mikroplastik
miktarlart Aktur sahili i¢cin 2073.3 £+ 648.6 parca/kg; Sorf
Kampu sahili i¢in 1327.5 + 422.4 parca/kg; batisinda kalan
Kurucabiik sahili i¢in 623.3 = 144.3 par¢a/kg ve Ovabiikii
sahili i¢in 593.3 + 283.1 parca/kg olarak verilmistir; bu
mikroplastiklerin ~ bilesimlerinde  stiren-biitadien-Stiren
kopolimeri, polistiren, polietilen, ataktik polipropilen,
naylon II, etilen propilen dien monomer ve polivinil klorid
oldugu da aymi c¢alismada verilmistir [33]. Masud tez
caligmasinda [35] Bodrum yarimadasinda Bodrum,
Turgutreis, Giilliik ve Bogazigi sahillerinden ayirt edilen
mikroplastiklerin miktarlarini sirastyla 500-, 332-, 396- ve
228 adet/1.8 kg olarak vermistir. Baskin olarak lif ve parca
formunda mikroplastiklerin polietilen, polivinil asetat,
politetrafloroetilen ve seliiloz icerdigi sunulmustur.

Bu calismada elde edilen mikroplastik miktarlar1 (660-2860
adet/kg) ile ¢alisma alanina yakin ¢evrede farkli sahillerde
gerceklestirilen Yabanli vd. ¢alismasi1 [33] ve Masud
calismasinda [35] sunulan mikroplastik  miktarlar
kargilagtirildiginda, Datca yarimadasi sahillerinden alinan
verilerle olduk¢a yakin degerlerin belirlendigi, bunun
yaninda Bodrum yarimadasindan alinan verilere gore
mikroplastik miktarinin daha fazla oldugu belirlenmistir.
Benzer sekilde, makroplastikler i¢in yapilan karsilagtirmada,
caligma alanindan elde edilen makroplastiklerin toplam
sayisinin (41 adet/1.2 kg), Yabanli vd. ¢alismasinda [33]
verilen makroplastiklerin toplam sayisindan (76+18 adet/kg)
az olmasi, plastik ayrisma siirecine etki eden dogal ve
antropojenik faktorlerin degiskenligi ile iliskilendirilebilir.

Bu ¢alismada incelenen diisiik yogunluklu mikroplastiklerin
bilesimlerinde bulunan seliiléz, polietilen ve polipropilen
dikkate alindiginda, Dat¢a yarimadas1 ornekleri [33] ve
Datga-Palamutbiikii-Marmaris-Akyaka  ornekleri  [35]
bilesimleri ile benzerlik gosterdigi belirlenmistir.
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Sonuglar

Bu caligmada Mugla kiyilarinda 4 farkli noktada yer alan
kumsal sedimanlarinin &zellikleri arastirilmis ve plastik
icerikleri ortaya konmustur. Bu calismadan elde edilen
sonuglar soyledir:

. Akyaka sahilinden alinan 6rneklerin ortalama tane
boyunun c¢aligilan tiim 6rnekler arasinda en diisiikk oldugu,
orta kum boyu ve orta derecede boylanmali sedimanlar
icerdigi belirlenmistir. Bunun yaninda, Dat¢a-Palamutbiikii-
Marmaris drneklerinin ise kaba kum-ince ¢akil ortalama tane
boyutunda kétii-oldukga kotii boylanmali oldugu tespit
edilmistir. Ana kaya kompozisyonlarina bagli olarak, kumsal
sedimanlarinda yogunlukla silikat mineralleri gézlenmistir.
. Mikroplastiklerin ~ fiziko-kimyasal 6zelliklerine
zarar vermeden ayrilmasi i¢in segilen yontemlerle (saf su ve
tuzlu su ¢ozeltisinde ylizdiirme-flotasyon) diigiik yogunluklu
mikroplastikler ayrilmustir.

. Diisiik yogunluklu mikroplastiklerin ATR-FTIR
spektroskopisi analizi, bilesimlerinde dogal polimer olan
seliloz (selofan) ile, sentetik polimerlerden polietilen ve
polipropilen oldugunu ortaya koymustur.

. Datca-Palamutbiikii-Marmaris-Akyaka kumsal
sedimanlarinda belirlenen mikroplastik miktarlart ile
sediman tane boyu arasinda dogrusal bir iliski olmadigi
belirlenmistir.

. Makro- ve mesoplastik miktarlar1 en az olan
ornekler Akyaka kumsal sedimanlari olurken, en fazla
mikroplastik miktar1 Marmaris 6rneginde bulunmustur. En
diisiik mikroplastik miktar1 ise en kaba taneli sedimanlarin
bulundugu ve en fazla gakil yiizdesine sahip Dat¢a 6rneginde
belirlenmistir.

Incelenen mikroplastik formlar1 icinde en az miktarda
bulunan lif formundaki mikroplastiklerin yiizey alani/hacim
orani en yiiksek olmasina ragmen hidrofobik etkilesimlerinin
zayif olmasi nedeniyle ortamdan riizgar ve/veya dalga gibi
dogal faktorlerle uzaklagtig1 yorumuna varilmistir.

Turizmin olduk¢a yogun oldugu Mugla kiyilarinda
mikroplastiklerin kaynaklarinin ve tiirlerinin belirlenecegi,
dogal ve beseri faktorlere bagli olarak miktarlarindaki
degisimlerin izlenecegi kapsamli caligmalarin yapilmasi
cevre sagligi ve atik yonetimi konusunda onemli katkilar
sunacaktir.
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Bu ¢aligmada, Eskisehir ili sinirlari igerisinde bulunan ve iilkemiz agisindan ekonomik degeri oldukga
yiiksek olan bastnasit cevherinde bulunan Barit (BaSO,) mineralinin flotasyon teknigi ile segici olarak
cevherden ayirimu ve yiiksek saflikta barit elde edilmesi amaglanmustir. Tlgili bolgeden teknige uygun
olarak alinan cevher numunesi kiritici-6giticic yardimi ile ogiitilmiis ve uygun tanecik boyutuna
getirilmistir. Uygun tanecik boyutundaki cevher numunesine eleme islemi uygulanmis ve bu sayede uygun
tanecik boyutlu ve homojenize edilmis numune elde edilmistir. Homojenize edilmis numune igerisinde
bulunan mineral analizi i¢in uygun ¢oziiniirlestirilme islemi yapildiktan sonra analizler yapilmis, cevher
bilinyesinde bulunan, bastnasit, barit ve fluorit gibi minerallerin numune igerisindeki miktarlar tespit
edilmistir. On flotasyon iglemleri ile baritin flotasyon verimleri incelenmis ancak istenilen diizeyde
zenginlestirilme yapilamamustir. Flotasyon veriminin diisiik olmasmin cevherin minerolojik yapisindan
kaynaklandig1 diisiiniilmiis ve cevherin kristal yapisin1 degistirmek amaciyla flotasyon isleminden 6nce
stilfirleme prosesi gergeklestirilmistir.  Siilfirleme prosesinden sona gergeklestirilen flotasyon
caligmalarinda baritin flotasyon veriminde ciddi oranda artis oldugu yapilan deneyler sonucunda
gorilmistir. Tespit edilen optimum flotasyon kosullarinda yapilan deneylerde cevher biinyesinde yer alan
baritin % 92.04 flotasyon verimi ile cevherdeki tendriiriiniin % 31,13’den % 91.14’¢ yiikseldigi tespit
edilmistir.
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* Sorumlu yazar

In this study, it is aimed to selectively separate the barite (BaSO4) mineral found in bastnasite ore, which
is located within the borders of Eskigehir province of our country and has a very important place in terms
of economic return to our country, from the ore by flotation technique and to obtain high purity barite. The
ore sample taken from the relevant region in accordance with the technique was ground with the help of a
crusher-grinder and brought to the appropriate particle size. Sieve process was applied to the ore sample,
which was brought to the appropriate particle size, and by this means, the appropriate particle size and
homogenized sample was obtained. After the appropriate solubilization process for the mineral analysis in
the homogenized sample, analyzes were made and the amounts of minerals such as bastnasite, barite and
fluorite in the sample were determined. Pre-flotation processes and barite flotation yields were investigated,
but the desired level of enrichment could not be achieved. It was thought that the low retention efficiency
of the flotation efficiency was due to the mineralogical structure of the ore and it was subjected to
sulphidation before flotation in order to change the crystal structure of the ore. As a result of the
experiments, it was observed that there is a significant increase in the flotation efficiency of barite in the
flotation processes performed after the sulfuration process. In the experiments carried out under the
determined optimum flotation conditions, it was determined that the barite contained in the ore increased
from 31.13% to 91.14% with a flotation efficiency of 92.04%.
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Giris

Barit minerali (BaSOa4) 6zgiil agirliginin biiyiik
olmasindan dolay1r uzun zamanlardan bu yana
insanoglunun dikkatini ¢ekmis ve bir ¢ok alanda
‘agir spat’ ad1 altinda kullanilmistir. Barit adinin
eski Yunancada ‘agir’ anlamma gelen ‘parus’
kelimesinden tiiredigi disiliniilmektedir. Barit
minerali dogada genellikle lamelli fibroz,
nadiren de olsa konkresyonlar halinde
bulunmakta ve yine dogada ince taneli yada
topragimsi goriinimli olanina da
rastlanmaktadir. Genelde camsi ve regine
parlakligina sahip olan barit ¢ok az da olsa yar1
saydam goriiniimde de olabilmektedir [1-4].

Dogal bir BaSOs igerigine sahip olan barit
minerali dogada cogunlukla beyaz renklidir.
Bununla birlikte, gri, pembe, sari1, yesil, mavi ve
siyah renkli olanlar1 da mevcuttur. Barit
mineralinin sertligi 2.6-3.6 araliginda, 6zgiil
agirhgr  4.4-4.6  araliginda  degiskenlik
gosterebilmektedir. Mineralinin kimyasal yapisi
BaSOs seklinde olmakla birlikte, sirasiyla
%065.70 ve %34.30 oranlarinda BaO ve SOs
ihtiva etmektedir. Bilesimindeki baryum igerigi
%58.80 diizeyinde olup erime noktasit 1580
°C°dir [1, 5-8].

Dogada bulunus sekillerine gore barit minerali
dogada baslica 3 tip yataklanma gostermektedir
[9,10].

1. Kahnti yataklar: Barit yataklarinin yada
icinde barit minerali bulunan kayaglarin yikanma
islemi sonucu meydana gelen kalint1 tip barit
yataklar1 oldukg¢a genis yayilma alan1 gosterirler
ve acgik isletmeye uygunluklari sebebiyle
ekonomik degerleri oldukga fazladir. Bu tiir
yataklarda baritle birlikte fliiorit, kalsit, kuvars,
ve siilfiir de yer alabilmektedir.

2.Hidrotermal filonlar: Diisiik sicakliklarda
meydana gelen epitermal-filon seklindeki barit
yataklanmalarina olduk¢a yaygin bir sekilde
rastlanmaktadir, Hidrotermal kursun-¢inko
yataklarinda gangi meydana getiren barit bircok
yerde filonun biiyiik kismim1 olusturmakla
birlikte yapida yer alan diger siilfiirlii mineraller

kiigiik bir hacme sahiptir. Bu tiir yataklarda barit
az da olsa fliorit, kuvars, kalsit ile birlikte
bulunur ve daha az olasilikla selestit, dolomit ve
siderit ile birlikte bulunmaktadir.

3.Stratiform yataklar: Farkli zamanlarda alt
sedimenter formasyonlar biinyesinde stratifiye
kiitleler halinde meydana gelen barit yataklari
ozellikle dolomit ve kalkerler igerisinde yer
almaktadirlar. Bu tiir yataklarin genis alanda yer
almasi, 10 metreye kadar kalinliga sahip olmalari
ve acik isletmeye miisait olmalari nedeniyle
ekonomik agidan 6nem teskil etmektedirler. Bu
tiir yataklarda baritin i¢inde bulunan ince taneli
kuvars bulunmakta olup mineral bunun disinda
da bir miktarda organik madde ihtiva etmektedir.

Diinyadaki barit rezervinin yaklasik 180-200
milyon ton oldugu agiklanmistir. Bu rezervlerin

baslicalar1 ABD’de (70 milyon ton) ve
Almanya’dadir (7 milyon ton). Yapilan
calismalarda,  ililkemizde  bulunan  barit

yataklarimin diinya standartlarina gore gerek
cevher biinyesindeki orani gerekse de mineral
orgiide ihtiva ettigi yabancit maddeler agisindan
yilksek kaliteli oldugu tespit edilmistir.
Ulkemizde devlet biinyesinde ve dzel sektorlere
ait ruhsatlar1 bulunan Eskisehir, Kiitahya, Konya,
Kocaeli, Kayseri, Antalya, Mersin, Mus, Izmir,
Trabzon ve Gumishane illerine dagilmis
durumda barit yataklar1 bulunmaktadir [11-15].

Barit (BaSOs) genel olarak petrol endiistrisinde
sondaj kisminda dolgu malzemelerin yapiminda
ve  kimyasallarin  iretiminde  yayginca
kullanilmaktadir. Bunlarin diinya pazarinda
tiiketimi sirasiyla %90 sondaj, %7 kimya ve %3
dolgu sektoriidiir. Barit mineralinin ilk kullanimi
yiiksek 6zgiil agirligi ve beyaz renkte olmasindan
dolayr boya, kagit ve cam endistrilerinde
olmustur ancak 1920’lerden sonra oldukc¢a
yaygin bir sekilde petrol ve dogal gaz
aramalarinda kullanilmaya baslanmistir. Bu
alanda kullanim1 oldukg¢a yaygin hale gelen barit
esas olarak petrol sondajlarinda ¢amurun
agirlastirilmasi amaciyla kullanilmaktadir. Barit,
sondaj iglemi esnasinda olusan formasyonlarin
yukari ¢ikarilmasinda, olusan sondaj deligi
duvarlarmin saglamlastirilmasinda ve petroliin
beklenen seviyelere yaklastiginda ve basingh
gazin gelis hizin1 ayarlamada kullanilir. Barit

136



DUJE (Dicle University Journal of Engineering) 14:1 (2023) sayfa 135-143

katki maddesi olarak lastik, kagit ve ebonit
sanayinde de olduk¢a yaygin bir sekilde
kullanilmaktadir.

Cam endiistrisinde parlaklig1 arttirmak amaciyla,
plastik sanayinde plastife mathk vermek
amaciyla, mercek ve TV tiipleri iiretiminde ve
tarim ilaclar1 {iretiminde inert madde olarak
kullanilmaktadir. Baritin  6nemli  kullanim
alanlarindan birisi de boya sanayiidir [16-18].

Flotasyon, farkl ozelliklerdeki kat1
taneciklerinin birbirlerinden ylizdiirme islemi ile
ayrilmasi islemidir. Flotasyon islemi genel
olarak madencilik endiistrisinde metaliirjik
islemlerde yayginca kullanilmaktadir. Flotasyon
islemi ile ayrilmast ve zenginlestirilmesi
istenilen mineral cevher biinyesinde bulunan
diger minerallerden (gang) ya da mineral
olmayan diger bilesenlerden ayrilarak ekonomik
olarak deger kazanmasina katki sunmaktadir.
Flotasyon islemi ilk defa bazi siilfiir ve oksit
filizlerine = uygulanmis  ancak ilerleyen
zamanlarda diger mineral yapilarin ayrilmalar
icinde yayginca kullanilmaya basglanmigtir [19-
31].

Ulkemizde bulunan barit icerikli cevher % 30
tenorlil yaklasik 1 milyon ton barit icermektedir.
Cevher, biinyesinde barit disinda fluorit ve nadir
toprak elementlerini ihtiva eden bastnasit
minerali ile olduk¢a kompleks bir yapiya sahiptir
[1]. Eskisehir ili simirlar1 igerisinde yer alan
cevher yatagi ile ilgili yapilan arastirmalar 1959
yilina kadar uzanmaktadir. Bu aragtirmalarin ilk
asamasinda cevherlesmenin olusumu ve yatagin
rezervi  aragtirllmig ve gerekli raporlar
hazirlanmstir. [15,32]. Bununla birlikte cevher
yataginin  teknolojik  sorunlarmi  ¢dzmek
amaciyla bazi 6n arastirmalar yapilmistir [33].
Maden Tetkik ve Arama Genel Miidiirligi
(MTA) tarafindan yapilan aragtirmalarda cevher
bilinyesinde bulunan mineralerin ¢ok ince taneli
yapida olmasi, fiziksel yontemler kullanilarak
zenginlestirilebilmelerini  oldukga zorlastirdig:
aciklanmustir.

Cevher biinyesinde Yyer alan baritin diger

bilesenlerden ayrilmast icin yapilan
arastirmalarda, sarsmtili masa [34,35] ve
flotasyon [36,37] gibi  farkli  teknikler

uygulanmis, ancak cevher biinyesinde bulunan

baritin  zenginlestirilmesi istenilen seviyede

gergeklestirilememistir.

Bu calismada, iilkemizde Eskisehir ili sinirlari
icerisinde yer alan ve ilke eckonomisi igin
olduk¢a 6nem teskil eden cevher numunesinden
baritin flotasyon teknigi ile cevher biinyesinden
ayrilmasi ve konsatre edilmesi amaglanmistir.
Gergeklestirilen g¢aligmanin  ilk asamasinda
cevher 6rnekleri ilk 6nce belirli tanecik boyutuna
gelmesi i¢in Oglitme islemine tabi tutulmus
devaminda ogiitiilen cevher numunelerinin
homojen hale getirilmesi igin elek islemi
uygulanmis ve numune -100 mesh tanecik
boyutuna getirilmistir. Bir sonraki asamada ise
cevher biinyesinde bulunan bilesenlerin analizi
yapilmis; bastnasit bilinyesindeki nadir toprak
metalleri ICP-OES spektrometresi ile, barit
analizi gravimetrik yontemle ve fluorit analizi ise
iyodometrik yontemle tayin edilmis, ve yapida
yer alan barit, bastnasit ve fluoritin miktarlari
belirlenmistir.

Calismanin devaminda, cevher biinyesinde yer
alan baritin flotasyon teknigi uygulanarak
yapidan ayrilmasi ve zenginlestirilmesi islemleri
gergeklestirilmistir. Bu amagcla, cevherin
serbestlik derecesini ve buna paralel olarak ve
flotasyon verimini artirmak amaciyla flotasyon
islemi oncesi stilfiirleme asamast
gergeklestirilmistir.  Stlfiirleme ¢alismasinda,
deneysel parametrelerin  optimize edilmesi
amaciyla, ortam sicakligi, zaman ve HS
miktarinin  siilfiirleme islemine olan etkisi
arastirilmistir.

Diger taraftan, baritin flotasyonu isleminde
optimum  flotasyon kosullarin1  belirmek
amaciyla yapilan deneylerde ortam pH’1,
toplayict miktari, piilp yogunlugu ve baz1
canlandirict ve bastirict reaktiflerin flotasyon
verimine etkisi incelenmistir. Optimum
kosullarda elde edilen sonuglar cevher
numunesinde yer alan baritin flotasyon veriminin
%92.04 oldugunu gostermistir. Bu yontemle
ortaya ¢ikan Kkonsantrede barit tenori %
91.18’lere kadar ytikseltilmistir.
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Deneysel Sonuclar

Bu ¢alisma kapsaminda gergeklestirilen deneysel
prosediirler 4 ana kategoride toplanmustir;

Cevher numunelerinin temini, kirici-6giitiicti
vasitasi ile ogiitiilerek uygun tanecik boyutuna
getirilmesi ve elek islemi ile homojenizasyon
saglanmasi

Homojen tanecik boyutuna getirilmis cevher
bilinyesindeki barit mineralinin bilesen analizi: Bu
asamada cevher numunelerinin igeriginde yer
alan baritin miktarmi1 belirlemek amaciyla
numune ¢Oziiniirlestirmesi ¢alismalart HF ve
HNOs igeren karisimda, sicaklik kontrolli
mikrodalga cihazi (Berghow marka MWS-2
model) ile yapilmistir. Cevher biinyesindeki
baritin analizi NaxCOs eritis islemi yapildiktan
sonra gravimetrik olarak yapilmistir.

Cevher numunesindeki barit mineraline yonelik
gerceklestirilen flotasyon islemindeki verim
arttinmina  yonelik  siilfiirleme  prosesinin
gerceklestirilmesi  ve  deneysel  kosullarin
optimizasyonu: Calismanin bu asamasinda
stilfirleme prosesi Sekil 1°de verilen ve i¢ hacmi
1.5 L olan, 2 cm et kalinligina sahip bir hiicrenin
yer aldig1, basinci 250 atm ve yaklasik 350 °C
sicakliga kadar dayanacak sekilde dizayn edilmis,
Cr-Ni ¢eliginden tretilen bir otoklav kullanilarak
gerceklestirilmistir.

Sekil

kullanilan

1. Siilfiirlenme prosesinde
otoklav

v Siilfiirlenmis cevher numunesindeki baritin
flotasyon metodu kullanilarak deristirilmesi
islemi: Flotasyon calismast Denwer marka
flotasyon cihazi kullanilarak
gerceklestirilmistir. Islem oncesi ve sonrasi
barit analizi Na,COs eritis islemi yapildiktan
sonra gravimetrik olarak yapilmistir.

Siilfiirleme prosesinde kullamlan Kkimyasal
maddeler

Otoklav kullanilarak gergeklestirilen siilfiirleme
prosesinde temel olarak asagidaki reaksiyonlar
gerceklesmektedir.

v FeS; — FeS + S (Oksijensiz ortamda 725
C’de kavurma islemi) (1)

v 2FeS+H2S04 —H,S(g)+FeSO0s (2)

Yukarida verilen reaksiyonlardan da goriildiigii
gibi siilfiirleme asamasinda siilfiir kaynagi ve asit
olarak sirastyla pirit ve siilfiirik asit kullanilmigtir.

Flotasyon isleminde kullanilan kimyasallar

Baritin flotasyon isleminde kollektor olarak oleik
asit (Merck), kopiirtiicii olarak DWas, silis ve
demir bastirict olarak NaCN (Merck), pH
ayarlamasinda ise 0.1 M HNOz ve 0.1 M NaOH
cozeltileri kullanilmustir.

Cevher numunesinin stlfiirleme islemi dncesi ve
sonras1 karakterizasyon islemlerinde ise FEI
marka Quanta FEG 250 model taramali elektron
mikroskobu (SEM) ve Fouirer Transform
Infrared Spektrofotometre (FT-IR) (Perkin Elmer
Spectrum 400) kullanilmistir.

Barit analizlerinde kullanilan biitiin kimyasallar
Merck marka tuzlarindan  hazirlanmistir.
Deneysel asamalarin tamaminda ortam pH’min
Olgiilmesinde Mettler Toledo marka pH metre
kullanilmistir.
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Cevher numunesinin karakterizasyonu

SEM goriintiileri

»

S A

105096 10

IS
kv ¥1000°10im dubtam

Sekil 2. Cevher numunelerine ait SEM
fotograflart A) siilfiirleme prosesinden once;
(B) stilfiirleme prosesinden sonra

SEM goriintiilerinden goriildiigii ve elde edilen
deneysel verilerden de anlasildigr iizere
siilfiirleme islemi Oncesi cevher biinyesinde
bulunan bastnasit, barit, fliorit ve diger yan
bilesenler arasindaki etkilesimin daha fazla
oldugu, taneciklerin birbirleriyle daha saglam
orgli sistemi meydana getirdigi ve buna bagh
olarak serbestlesme derecesinin diisiikk oldugu
sonucuna varilmis, yapilan 6n deneylerde elde
edilen deneysel veriler de bunu desteklemistir.
Siilfiirleme islemi sonrast SEM goriintiisiinden de
goriildiigii tizere tanecikler arasi etkilesimin
azaldigt ve buna baglh olarak taneciklerin
birbirlerinden uzaklastig1 tespit edilmis, elde
edilen deneysel veriler de ayrilma verimlerinin
arttig1 gozlemlenmistir.

FT-IR Analizleri
A) i
E‘i{_;’f Kissrspmrtind DS
w,fifﬂml,eﬂ(s:-l) e -
Sekil 3. Cevher numunelerine ait FT-IR

spektrumlar: (A) siilfiirleme prosesinden once;
(B) stilfiirleme prosesinden sonra

Sekil 3’teki FT-IR spektrumlari incelendiginde
stilfiirleme islemi Oncesi cevher bilinyesinde
bulunan bilesenlerin birbirleriyle etkilesimleri
oldukca kuvvetli ve 6rgii sisteminde birbirleriyle
etkilesim halinde olduklart igin spektrumda
stilfiirleme islemi sonrasi piklerin daha belirgin
ve pik bolgelerinin birbirinden ayrildig: tespit
edilmistir. Spektrumda meydana gelen degisiklik
taneciklerin stilfiirleme islemi sonrast
birbirlerinden ayrildigin1 ve kendilerine 06zgii

piklerin daha belirgin olusmas1 seklinde
degerlendirilmistir.
Flotasyon  Prosesi  Oncesi  Siilfiirleme

Kosullarimin Optimizasyonu

Siilfiirleme kosullarinin optimizasyonu igin ilk
asamada cevher iceriginde bulunan barit
mineralinin ayrismas1 amaciyla igin flotasyon
metodu  uygulanmigtir.  Ancak, flotasyon
veriminin ¢ok diisiik oldugu gozlenmistir. Bunun
nedeninin cevher numunesinin mineralojik yapisi
ile ilgili oldugu disiiniilmiistir. Bu sorunu
gidermek ve serbestlesme derecesinin istenilen
diizeye artirilmasi igin silfiirleme prosesi
gerceklestirilmistir.

Siilfiirleme prosesinde ortamda yer alan
optimum H2S miktarmmn belirlenmesi

Calismanin ~ bu  asamasinda,  siilfiirleme
prosesinde ortamda yer alan optimum H.S
miktarinin belirlenmesi i¢in, H2S miktarinin
flotasyon verimi tizerindeki etkisi incelenmistir.
Elde edilen sonuglar Sekil 4’te verilmistir.

80 -

g '

0 4
1 15 2 25 35 a

H2S Miktan (g)

Flotasyon Verimi (%)
IS
o

N
=}

Sekil 4. HoS miktarimin Barit flotasyon verimine
etkisi
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Sekil 4’ten de gorildigi gibi, 2,5 g Ha2S
miktarindan sonra barit flotasyon veriminin
%81 ler diizeyinde sabit kaldig1 belirlenmistir ve
elde edilen konsantre numunedeki barit
tendriiniin - %76,2 oldugu yapilan analizler
sonucunda belirlenmistir.

Optimum siilfiirleme

edilmesi

sicakhigimin  tespit

Bir onceki asamada tespit edilen, optimum H2S
miktar1  kullanilarak  yapilan  ¢alismalarda
stlfirleme prosesinde ortam sicakliginin barit
flotasyonunu ve verimini nasil etkiledigi
incelenmistir. Bu deneysel calismalardan elde
edilen sonuglar ise Sekil 5’te verilmistir.
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0
225

Flotasyon Verimi (%)

100 150 200
Siilfiirleme Sicakligi (0C)

Sekil 5. Siilfiirleme sicakhiginin baritin flotasyon
verimine etkisi

Sekil 5’ten de goriildiigi gibi, siilfiirleme
sicakligr artikga 150 °C’ye kadar flotasyon verimi
artmis ve sabitlenmistir. Baritin  flotasyon
veriminin % 86’ya kadar yiikseldigi tespit edilmis
elde edilen konsantrede numunedeki barit
tenoriiniin ise % 82’lere yiikseldigi belirlenmistir.

Flotasyon prosesine yonelik optimum pH’mn
tespit edilmesi

Ortam pH’min uygulanan flotasyon prosesinin
verimine etkisini aragtirmak i¢in ortam pH’1 8 ile
11 araliginda degistirilmis ve bu kosullarda %
flotasyon verimi belirlenmistir. pH diizenleyici
olarak Na:COs3/NaHCOs tamponu, NHz/NH4CI
tamponu ve NaOH kullanilmistir. Elde edilen
sonuclar Sekil 6°da verilmistir.

Flotasyon Verimi (%)

0
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80
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40
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v —
8 8,5 9,5 10 10,5 11
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Sekil 6. Ortam pH mn barit flotasyon verimine
etkisi

Sekil 6’dan da goriildiigii gibi, ortam pH’1 9, 9.5
ve 10 oldugunda en fazla flotasyon verimleri elde
edilmistir. Bununla birlikte, pH 9.5 ve 10’da
yiizen madde miktarinin fazlaligi sebebi ile elde
edilen konsantre numunedeki barit tenorlerinin
pH 9.0’da elde edilen konsantre tendriinden
diistik oldugu sonucu ortaya ¢ikmistir. Bundan
dolay1, uygulanan flotasyon prosesindeki verim
ile beraber yiizen madde miktari da oldukca
onemlidir ve optimum ortam pH’1 ylizen madde
miktar1 da dikkate alindiginda 9.0 olarak tespit
edilmistir.

Flotasyon prosesi i¢cin optimum piilp
yogunlugunun tespit edilmesi

Flotasyon  prosesi i¢in  optimum  piilp
yogunlugunun tespit edilmesi icin
gerceklestirilen deneysel ¢alismalarda piilp
yogunlugu 100 ile 350 g L7 araliginda

tutulmustur. Sekil 7°de piilp yogunlugunun barit
flotasyon verimine etkisi verilmistir.

100 7

80 1

60

40 1

Flotasyon Verimi (%)

20 1

100 150 200 300 350
Piilp Yogunlugu (g/L)

Sekil 7. Piilp yogunlugunun barit flotasyon
verimine etkisi
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Sekilden de gorildiagi gibi, belirli bir pilp
yogunluguna kadar (200 g L™) barit flotasyon
veriminde onemli bir fark tespit edilmemistir.
Fakat, bu degerden sonraki piip yogunlugunda
(300 ve 350 g L) uygulanan flotasyon veriminin
diistiigli gozlenmistir.

Toplayict miktarmn flotasyon verimine etkisi

Cevher biinyesinde bulunan barite uygulanan
flotasyon prosesinde kullanilan toplayicinin
(oleik asit) optimum miktarinin belirlenmesi
amaciyla toplayict madde olan oleik asit
miktarinin 0.05-0.25 g araliginda degistirilerek
flotasyon verimi tizerindeki etkisi incelenmistir.
Sekil 8’de oleik asit miktarnin barit flotasyon
verimi tizerindeki etkisi verilmistir.
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Sekil 8. Oleik asit miktarmin barit flotasyon
verimi tizerindeki etkisi

Sekil 8’den goriildiigii gibi, toplayict madde olan
oleik asitin 0.2 g oldugu durumda barit flotasyon
veriminin en yiiksek degerde oldugu (% 92)
belirlenmistir. Diger taraftan, elde edilen
konsantre numunedeki barit tenéri ise % 91.2
olarak hesaplanmistir.

Sonuclar

Gergeklestirilen bu ¢alismada, Eskisehir ili
smirlart igerisinde bulunan ve iilkemiz igin
oldukca yiiksek ekonomik degere sahip barit-
fluorit-bastnasit cevherinden baritin flotasyon
yontemi ile secici olarak ayrilmasi ve
zenginlestirilmesi hedeflenmistir

Cevher numunesine  flotasyon prosesi
uygulanmasi durumunda elde edilen veriminin
diistik oldugu tespit edilmis, bundan dolay
numunenin serbestlik derecesinin yiikseltilmesi
amaciyla flotasyon prosesi uygulanmadan 6nce
cevherin stilfirlenmesi gergeklestirilmistir. Bu
asamadan sonra en uygun sartlar altinda
uygulanan  flotasyon  prosesinde  cevher
biinyesinde bulunan baritin (BaSOa4) % 92’si flote
edilmistir ve konsantre numunedeki baritin
tenorlii % 91’lere kadar ciktigr tespit edilmistir.
Ana cevher igerisindeki baglangi¢ tenériiniin %
30’lar oldugu g6z Oniine alinirsa 3 katin iizerinde
bir zenginlestirme gergeklestirilmistir.  Elde
edilen konsantredeki barit tenoriiniin %91’lere
kadar ¢iktig1 g6z oOniline alindiginda bu saflikta
barit konsantresinin bir ¢ok uygulama alaninda
rahatlikla kullanilabilecegi bir saflik diizeyine
konsantre edilmistir.
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Antibiotics are a group of drugs widely used as human and veterinary drugs and in aquaculture and
agriculture. Recently, parent compounds and their metabolites are constantly excreted and released into
environmental matrices, due to the fact that antibiotics cannot be completely metabolized after
consumption by humans and animals and cannot be completely removed by conventional wastewater
treatment plants. The accumulation and persistence of antibiotics in environmental matrices can lead to
harmful effects on ecosystems, even at concentration levels as low as ng/L to pg/L. Rifampicin (RIF),
which belongs to the macrocyclic antibiotic class, is the most important antibiotic widely used in the
tuberculosis treatment. Lately, the RIF was detected in aquatic environments and needs to be removal
effectively. This review considers the current state of knowledge regarding the sources, fate, effects and
removal processes of the antibiotic RIF. In this review, the different treatment techniques such as
adsorption, advanced oxidation processes (AOPs) and other technologies (membrane process and moving
bed biofilm reactor) for RIF removal were evaluated and compared. A comparison between these
techniques was made focusing on performance and efficiency. As a result, it was found that adsorption
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be successful.
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and AOPs were the most studied method and almost all of the studied RIF removal methods were also to

Introduction

The emerging pollutants are new chemicals or products that
do not have regulatory policy and whose effects on the
environment and human health are unknown, and have now
become a serious environmental problem due to changing
lifestyle patterns. These emerging pollutants usually
involve personal care products, pesticides, endocrine
disruptors, microplastics and pharmaceuticals [1, 2].
Pharmaceuticals among emerging pollutants have been a
turning point in the development of human scientific, and
have prolonged life span, saved millions of people from
fatal diseases and improved the quality of life. This success
has resulted in their emergence as rapidly growing
environmental pollutants. In the last three decades, residues
of pharmaceuticals have been detected in almost all
environmental matrices on every continent, including the
polar regions which have the world's most pristine
environment. These environmental matrices include surface
waters, groundwaters, wastewater treatment plant influents
and effluents, and sludge. Pharmaceutical pollutants widely
are visible in the geosphere and biosphere, and their
concentrations are in a wide range. Variable degradation
rates result in limited degradation both in the natural
environment and in wastewater treatment plants. Although

most pharmaceuticals are not enormously persistent, their
constant release into the environment in small but important
amounts from different sources makes a lots of them
"pseudo-persistent” [3].

Pharmaceutical compounds can be classified into different
classes such as antibiotics, anti-inflammatory,
antidepressants, hormones, beta-blockers, antiepileptic,
contrast products, statins, etc. [2]. The term "antibiotic" is
used to refer to any class of organic molecules that inhibits
or kills microbes through specific interactions with bacterial
targets, regardless of the origin of a particular compound or
class [4]. Antibiotics can be grouped according to their
chemical structure or mechanism of action. These are a
diverse group of chemicals that can be divided into different
subgroups such as macrolides, B-lactams, sulfonamides,
tetracyclines, quinolones, and others [5]. Antibiotics are
continuously excreted and discharged into the environment
from anthropogenic sources such as wastewater treatment
plants due to their overuse and misuse for human (domestic
and hospital use), veterinary and agricultural purposes. The
introduction of these compounds into the environment
through anthropogenic sources can pose a potential risk to
aquatic and terrestrial organisms. The presence of
antibiotics in the environment, even at their low
concentration levels (ng/L - ug/L), was associated with a
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prevalence of chronic toxicity and resistance to antibiotics
in bacterial populations, making them ineffective in the
treatment of several diseases in the near future [4, 6].

Rifampicin (RIF) is one of the most potent broad-spectrum
antibiotics against bacterial pathogens and is used as a first-
line drug to treat tuberculosis, as well as against diseases
such as HIV, cancer, leprosy, and Alzheimer [7, 8]. In
addition, a recent study revealed that RIF has good binding
affinity with the COVID-19 protease and therefore can be
used as prophylaxis and therapeutic treatment for corona
patients [9]. After RIF enters the body, it is partly digested
and the excessive amount is excreted in the faeces or urine.
Lately, RIF was detected in wastewater from sewage
treatment plants. However, RIF antibiotic contaminant
cannot be completely removed in existing treatment
systems due to its stability in the environment, high
solubility in aqueous media and low bioavailability. RIF
leakage into surface water, groundwater and sediments
during production or application stages can possibly cause
endocrine disorders and chronic toxicity in aquatic
organisms and humans. It has also been found that RIF
residues in the aquatic ecosystem can lead to the formation
of antibiotic resistant genes (ARGS) in fish pathogens, the
development of resistance to antibiotics, the alteration of
microbial communities, and the potential transmission of
ARGs to pathogens of humans as well as terrestrial animals
[10]. Therefore, it is necessary to choose an efficient, easy-
to-operate, cost-effective and environmentally friendly
approach to the removal of RIF. According to the author’
knowledge, any review article on the methods for the
removal of antibiotic RIF have not yet been published.
Therefore, the purpose of this review paper is to compare
the different treatment processes used in the literature to
date for the removal of RIF from aqueous matrices and thus
provide insights for researchers in their future studies.

Rifampicin  and its the

environment and humans

impacts on

RIF, 3-[(4-methyl-1-piperazinyl)imino]methyl rifamycin,
also known as rifampin, belongs to the class of macrocyclic
antibiotics containing a naphthohydroquinone ring spanned
by a highly substituted aliphatic bridge, and the type and
location of the substituent on their aromatic ring are
different from each other. RIF is the most important
antibiotic widely used in the treatment of tuberculosis,
Hansen's disease, and other serious infections such as HIV,
which inhibits bacterial DNA-dependent RNA polymerase
[11].

RIF, the first antibiotic of the ansamycin family, was
isolated in 1959 and entered into therapy in 1962 [12]. RIF
was approved by the Food and Drug Administration (FDA)
in 1971 for the treatment of patients with tuberculosis and
asymptomatic carriers of Neisseria meningitides, and these
are still the only approved indications [13]. RIF is also used
by the government health program as an adjuvant in the
treatment of immunocompromised patients and is on the
World Health Organization (WHO) Essential Medicines
List, the most important medications needed in the basic
health system [14-16]. RIF is a limit Class Il drug,

according to the Biopharmaceutical Classification System
(BCS). RIF exhibits amphiphilic properties due to its
chemical structure with very low pH-dependent aqueous
solubility and poor stability in aqueous media [17]. RIF has
zwitterionic nature with a pKa; of 1.7 related to the 4-
hydroxyl group and a pKa; of 7.9 related to the 3-piperazine
nitrogen, with an isoelectric point at pH 4.8 in aqueous
solution [18]. Molecular structure and physicochemical
properties of RIF are given in Table 1. RIF is relatively non-
toxic [18]. However, a high dose of RIF can be toxic to
biological systems and cause various side effects such as
allergic  reactions, nausea, diarrhea,  vomiting,
hepatotoxicity, loss of appetite, immunological
disturbances, oxidative conjunctivitis, fatigue, headache
and organic brain syndrome [19, 20].

Table 1. Physicochemical properties and molecular
structure of RIF

CAS No. 13292-46-1

Molecular structure CHy  CHs

HO,, /\/‘\/,j\
YA
04,0, CHyOH  Ox

OH OH s
CHy J_ HiC
Haco“\ CHs OO NH
‘ PR
Kegasy
O-’l

5 O k/N‘CHg
CH,
Molecular formula Ca3HssN4O12
Molecular weight (g/mol)  822.953
Log Kow 4.24
pKa 1.70, 7.90

Solubility (H,O, mg/mL) 14

Once in the body, RIF is partly digested and the its excess
is excreted by humans through urine and faeces to the
sewage systems, and was detected in effluents from
wastewater treatment plants since the conventional
treatment plants cannot effectively remove this type of
resistant compounds [21]. It is of great concern that if RIF
leaches into surface and groundwater, it can be a cause of
chronic toxicity for humans and aquatic species [22]. RIF
was detected at concentrations of 112.37-211 ng/g in
sediments of the Dagu River [23], and at an average
concentration of 0.3 ng/L with a 20% detection frequency
in aquaculture ponds located in Dongying City, Shandong
Province, in China [24]. RIF applied in shrimp rearing in
coastal wetland of Cangio District (Hochiminhi City,
Vietnam) was detected both in rearing ponds and outlet as
0.19-0.23 and 0.24-16.5 pg/l, respectively [25].

RIF can be used for the control of bacterial diseases (e.qg.,
columnaris disease) in fish caused by bacterial and viral
infection. Because RIF is a fat-soluble compound, RIF can
enter into the body easily. It produces residues in the edible
tissues of fish products and hereby can be harmful for
human health. It can also lead to drug resistance in the
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human body [19]. Studies on RIF residues in the
aquaculture environment have shown that RIF with a high
risk of developing resistance leads to ARGs in fish
pathogens, increases antibiotic resistance, alters the
microbial community, and potentially transfers ARGs to
terrestrial animal and human pathogens [26, 27]. Huang et
al. [28] detected 310 - 6.1x10* CFU/mL of rifampicin-
resistant bacteria with average percentages of 11% in the
effluent of a wastewater treatment plant in China. In
addition, hepatoxicity caused by anti-tuberculosis drugs
was documented in many studies [29, 30]. The effect of RIF
on the metabonomic profile of rat urine and its relation to
the traditional toxicity assessment of blood biochemical
markers and histopathology was investigated and RIF was
found to cause hapatoxicity [31]. A 2-month regimen of RIF
and pyrazinamide for the treatment of tuberculosis was
found to be effective, but causes hepatotoxicity of
increasing severity [32].

Different
rifampicin

technologies for removal of

Adsorption

Adsorption is the mechanism in which an ion or molecule
in the liquid or gaseous bulk phase stays on the surface of a
solid. Here the ion or molecule is an adsorbate and the solid
using for adsorption is called as an adsorbent. A liquid is
rarely used as an adsorbent. Adsorption is a surface
phenomenon involving only the adsorbent surface, and the
adsorbate should not penetrate inside the adsorbent
structure. The reverse mechanism, i.e. the separation of a
molecule from the adsorbent surface, is called as desorption
[33]. Adsorption was one of the most efficient, promising
and widely wused processes for the removal of
pharmaceutical pollutants from waters due to its low initial
investment, operational simplicity, non-selective nature and
also not causing the formation of hazardous products [34].
Diverse porous materials such as activated carbon, zeolite,
silica, resin, clay, graphene oxide, multi-walled carbon
nanotubes and chitosan were investigated to improve the
adsorption capacity of pharmaceuticals on adsorbents. The
main adsorbents used to remove pharmaceuticals from
wastewater are given in Figure 1 [35]. In this section, a
review of adsorption studies in the literature for RIF
removal is discussed and important outlines of these studies
reported in recent years are presented.

Activated carbons

from waste materials
,,,,,,,,,,,,,,,,, /

Figure 1. Main adsorbents used to remove pharmaceuticals
from wastewater [35].

Among the adsorbents, activated carbons (ACs) have
received more attention by reason of their better adsorption
performances than other adsorbents. ACs are defined as a
carbonaceous solid with high surface area, high micropore
volume, and high adsorption capacity. Due to these
characteristics, ACs are classified as an effective adsorbent
for air pollution control and water treatment. Appropriate
application of AC is dependent on its properties that vary
with the type of raw precursor used and the technique of
preparation. Commonly used materials for synthesis of ACs
are natural coal, petroleum residue and wood due to their
high carbon content. Recently, the production of activated
carbon from agro-industrial wastes for a less costly
adsorption system was on the focus of researchers [36]. In
a study, the AC was prepared and characterized by ZnCl,
activation using vine shoots (vitis vinifera) which is a
lignocellulosic and low cost precursor. Then, adsorption
experiments were carried out by selecting RIF as the target
pollutant to determine the adsorption capacity of the
prepared AC. It was reported that the pore size, surface area
and pore volume of AC increased with increasing
impregnation rate and temperature, reaching a maximum at
an impregnation rate of 40/30 (precursor/ZnCl.) at 700 °C.
Under optimum conditions, it was found that the activated
carbon has the total pore volume of 0.842 cm®/g, BET
surface area of 1689 m?/g, iodine number of 1276 mg/g and
the point of zero charge (pHezc) of 4.8 as well as high
carbon content (89.65%), acidic functional groups (total
0.2516 meq/g) and a very porous surface. It was observed
that the RIF removal yield increased with the increase of
AC dosage and contact time, while it decreased with
increasing initial dosage of RIF. It was determined that the
adsorption data best matched the Langmuir adsorption
isotherm and the maximum adsorption capacity was found
to be 476.2 mg/g. As aresult, it was reported that the quality
AC can be produced with ZnCl; activation from vine shoots
[37].

In another study, the activated carbon cocoa shells (ACCS)
were applied as a biosorbent to remove RIF antibiotics from
industrial effluents. It was observed that the ACCS surface
had an irregular and coarse structure before RIF adsorption,
and the structure of the cocoa shells did not change
significantly after RIF adsorption. The contact time to reach
the equilibrium between adsorbent and adsorbate was found
to be a minimum of 2 hours. It was determined that the
effect of temperature on adsorption was low. Whereas the
percentage of RIF removal efficiency increased with the
increase of adsorbent dosage, but decreased in excessive
adsorbent dosage (> 0.3 g/L). It was explained as the reason
for this that higher dosage leads to aggregation of particles
and repulsive forces between the binding sites, resulting in
reduced interaction of RIF with the adsorbent and a
decrease in the total surface area of the adsorbent. When the
effect of pH on RIF removal efficiency was investigated in
the pH range of 5-10.5, it was determined that the yield
decreased with increasing pH (> 6). It was stated that this
effect can be due to the surface charge of adsorbent (pHpzc:
6.8) and that RIF molecules were converted from
protonated, zwiteronic to anionic form during the transition
from acidic to neutral and alkaline solutions. It was
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concluded that the mechanisms controlling the adsorption
of RIF on ACCS can be attributed to a combination of bond
formation, hydrogen bonds, electrostatic interaction and
hydrophobic interaction. It was found that the Freundlich
isotherm model and the general order kinetic model ensured
the best fit to the experimental data, and negative enthalpy
indicated an exothermic process occurring through
physisorption. From the obtained experimental data, it was
concluded that the isosteric heat values decreased with the
increase of the surface coating, indicating the existence of
strong interactions between RIF and cocoa shell [38].

Mytella falcata shells (a bivalve mollusk), which has
recently caught the attention of Brazilian researchers by
cause of its high abundance and polluting potential, were
used as a biosorbent for the antibiotic RIF removal from
water. Mytella falcata shells were tested raw or after either
pyrolysis or calcination (700 °C) to increase adsorption
capacity. As a result of characterization studies, aragonite
and calcite, which reflect the composition of Mytella falcata
shells, were found to be mainly crystalline calcium
carbonate (CaCOs3) forms of calcined Mytella falcata shells.
The pHpzc of the adsorbent was determined as 11.80. After
pyrolysis and even more after calcination, irregular particles
of reduced size were observed, after which a more regular
size shape was obtained. It was stated that this was an
indicative of the change of material structure as it goes
through the heat treatment processes. It was determined that
calcined Mytella falcata shells have a high concentration of
calcium (Ca) and compounds such as Sr, Si and K in much
smaller proportions. The affinity of the raw, pyrolyzed or
calcined Mytella falcata shells for RIF was preliminary
tested and the calcined Mytella falcate shells were found to
show the highest removal efficiency (78 £ 0.2). RIF is a
non-polar molecule (polarity: Log P 3.719), solution pH
changes its solubility, but was observed to have little effect
on its adsorption on calcined Mytella falcata shells. It was
explained that this result is related to the pHpzc of the
adsorbent and the amphoteric properties of RIF. Therefore,
it was stated that the substance can interact with the solid
surface both below and above pH 11.8 (pHpzc). In addition,
the equilibrium data showed that the RIF adsorption
capacity was independent of temperature, probably due to
the increase in the simultaneous water desorption with the
increase in temperature. Experimental data showed a better
fit to the pseudo-first order kinetic model. The obtained
data from isotherm results fitted better to the Redlich-
Peterson model, which is characterized by the multilayer
adsorption hypothesis with non-uniform heat distribution.
Thermodynamic parameters showed that the adsorption
process was spontaneous and slightly endothermic. Further
adsorption tests were conducted to investigate the effect of
ionic strength; it was concluded that an important increase
of about 15% in the salt concentration in the medium
promoted RIF adsorption on calcined Mytella falcata shells.
Adsorbent regeneration tests by sonication showed a
important decrease of process performance after 5
adsorption/desorption cycles [21].

Rusu et al. developed 6 types of eco-friendly biosorbents
(SC-A-5%, SP-A-5%, SC-C-2.5%, SP-C-2.5%, SPRMB-

A-5% and SPRMB-A-9%) by  immobilizing
Saccharomyces cerevisiae, Saccharomyces pastorianus and
Saccharomyces pastorianus residual biomass on natural
polymers (alginate and chitosan) and evaluated their
biosorptive potential for removal of three drugs
(cephalexin, rifampicin, ethacridine lactate) and two dyes
(orange Il and indigo carmine). It was determined that the
synthesized biosorbents lost their sphericity but it was less
accentuated for the materials obtained by the
immobilization of Saccharomyces cerevisiae ve
Saccharomyces pastorianus on alginate than those on
chitosan, and this behavior was due to the removal of water
during drying. While similar proportions of carbon,
nitrogen and oxygen were present in all biosorbents, there
were differences in the percentages of sodium and calcium
according to the preparation methods. pHpzc values for
biosorbents prepared with sodium alginate were lower than
the values for biosorbents prepared on chitosan bentonite
(6.9 for SC-A-5%, 6.6 for SP-A-5%, 6.9 for SPRMBA-5%
and 6.8 for SPRBM-A-9%, 8.3 for SC-C-2.5% and 8.8 for
SP-C-2.5%). Collected data indicated that the best values
for RIF removal was obtained for biosorbents containing
chitosan as polymeric matrix (24.70 mg/g for SC-C-2.5%
and 24.89 mg/g for SP-C-2.5%). It was reported that
electrostatic and n-m interactions and hydrogen bonding
between RIF and biosorbents can be responsible for
biosorption. As a result, it was stated that the removal
efficiency depended on the type of polymer used for
immobilization [39].

Nanoscale iron particles (Fe NPs) with large surface areas
and high surface reactivity are next-generation
environmental remediation technologies that can provide
cost-effective solutions. Equally important, Fe NPs provide
tremendous flexibility for in-situ applications and
researches have shown that they are very effective to
remove a wide variety of common environmental pollutants
[40]. Lin et al. aimed to simultaneously removal of RIF and
Pb(I1) by Fe NPs produced using a green tea extract. The
synthesized Fe NPs were mainly amorphous, suggesting
that organic molecules from the green tea extract
successfully combined with Fe NPs and covered the surface
of Fe NPs. When the surface composition and elemental
distribution of Fe NPs were examined, it was found that the
original Fe NPs consisted only of C, O, and Fe, and after the
reaction, an important new Pb element (15.1%) formed,
consistent with the Pb(Il) adsorption by the Fe NPs. Before
exposure to pollutants, the exterior of the Fe NPs was
relatively rough, and the nanoparticles were uniformly
dispersed and exist in the form of chains. In contrast, after
exposure to pollutants, Fe NPs showed a large amount of
agglomeration and the morphology became coarser, which
was associated with RIF and Pb(1l) adsorbing to the Fe NPs
surface. The specific surface area of Fe NPs was calculated
as 37.3 m?/g (meso/macro porous). The adsorption of both
Pb(Il) and RIF by Fe NPs best fitted pseudo-second order
kinetics in which the adsorption process was mainly by
chemisorption. The probable mechanism of the
simultaneous Pb(Il) and RIF removal by Fe NPs was
explained by the those two strategies: a) Pb(Il) was
adsorbed to the Fe NPs surface thanks to the natural
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adsorption properties of iron oxides for metal ions, b) RIF
and Pb(Il) interacted more specifically with functional
groups on the Fe NPs surface. As a result of experiments
performed with real wastewater samples, it was determined
that both pollutants were successfully removed (97.5% of
Pb(Il) and 68.8% of RIF) in a short time (20 min) by Fe
NPs. Adsorbent reusability analysis suggested that even
after 5 cycles, Fe NPs showed relatively high yields (52.3%
of Pb(Il) and 64.9% of RIF) and were highly reusable [41].

Green synthesized magnetic Fe3Os4 nanoparticles by
Excoecaria cochinchinensis extract were applied as a novel
technology for RIF removal. The RIF adsorption efficiency
of commercial FesO4 and green synthesized Fe;Os were
compared, and the removal efficiency of green synthesized
Fes:0, was found to be quite high, since the interaction
between commercial FesO4 and RIF is mild and unstable,
coupled with simultaneous adsorption and desorption
processes. SEM images showed that different shapes and
particle sizes were formed by spherical nanoparticles
agglomerated in diameter range of 20-30 nm. The zeta
potentials of FesOs were determined in the solution pH
range of 4-10, and FesOs was found to be negatively
charged at all solution pHs. The BET-specific surface area,
a volume of pores and an average pore size of prepared
Fes04 was found to be 111.8 m?%/g, 9.06 cm®g and 6-7 nm,
respectively. It was determined that the adsorbent dosage,
temperature and initial pH parameters significantly affected
the RIF removal efficiency. The increase in the adsorption
rate with the increase in temperature showed that the
adsorption process was endothermic. It was found that RIF
removal increased when pH increased from 4 to 5.5,
whereas it decreased when pH increased from 5.5 to 10.
This was attributed to the fact that the pH change can
remarkably affect the surface charge of FesO4, and also RIF
has two pKa. When the pH was higher than 5.5, the OH"
concentration in the reaction system continued to rise, the
negative charge on the Fe;O4 surface increased. Therefore,
the electrostatic adsorption was strongest at the 5.5 of pH
and the RIF was zwitterion at this point. The interaction
between RIF and FesO. was predicted to inhibit or promote
removal efficiency. The kinetic studies showed that the
pseudo second-order model fitted for the adsorption process
well and the Langmuir model was better to explain the
adsorption of RIF by FesOs. The calculated activation
energy value (Ea: 32.46 kJ/mol) showed that the adsorption
process was mainly chemisorption. In the light of
characterization and batch experiments, it was suggested
that the adsorption mechanism of RIF on FesO,
nanoparticles can be electrostatic attraction and adsorption
reaction between RIF and FesO4 active surface sites.
Reusability tests of FesO. for RIF adsorption showed that
the removal efficiency dropped to 61.5% after five cycles.
The application of Fe3O4 for the removal of RIF from real
wastewater samples was investigated and within 1 h 82.5%
and 76.0% of RIF was removed from municipal and
aquaculture wastewaters, respectively [27].

Various materials (graphene, iron-based materials,
metal/metal oxide nanoparticles and modified metal
composites, etc.) used in the removal of antibiotics have

some restrictions. For instance, graphene adsorbs the
pollutant that can then become a secondary pollution
source, metal/metal oxide NPs can release trace amounts of
toxic heavy metals into the environment and iron-based
materials tend to aggregate, all of which disrupts
ecosystems. To overcome these limitations, the focus was
on the production of non-agglomerated, non-toxic,
modified iron-based materials for the removal of antibiotic
contaminants such as RIF. Xu et al. prepared a hybrid
RGO@Fe/Pd composite by one-step green synthesis using
a green tea extract for RIF removal. The best conditions for
the synthesis of RGO@Fe/Pd were determined as Fe/Pd:
100/5 and GO/Fe: 1/1. Characterization analyzes revealed
that the elemental composition of RGO@Fe/Pd consisted of
Pd (28.1%) and Fe (2.96%), and Fe on RGO@Fe/Pd was in
an oxidized state while Pd was in the divalent (Pd?*) and
zerovalent (Pd°) states. 96.1% RIF removal was achieved
by RGO@Fe/Pd having a surface area of 48.14 m?/g. It was
determined that RGO@Fe/Pd removed RIF by adsorption
and reduction, and catechol and caffeine were the two main
biomolecules involved in the reduction process [42]. In
another study using RGO@Fe/Pd, parameters affecting RIF
removal, adsorption and reduction Kkinetics, and RIF
degradation mechanism were investigated. RGO@Fe/Pd
dosage, initial RIF concentrations, pH and temperature
were found to affect the removal process. It was determined
that the removal efficiency increased when the pH was
increased from 5 to 7, whereas the removal efficiency
decreased by approximately 20% at pH 9. This difference
in removal efficiencies was attributed to the fact that RIF
has two different pKa. It was estimated that the removal
efficiency was higher at pH 7 due to the negatively charged
hybrid material, but decreased when RIF was negatively
charged at pH 9. It was reported that rtGO@Fe/Pd remained
stable at relatively high temperatures and did not lose its
functionality. Optimal isothermal adsorption parameters for
RIF by rGO@Fe/Pd NPs demostrated that the process
comply with a Freundlich-type adsorption, pointing out that
multilayer adsorption had occurred. However, it was
suggested that since the pKa values of RIF are both between
pH 1.7 and 7.9, RIF would have a double charge under
experimental conditions and the adsorption process would
use electrostatic attraction. The E, value was calculated
33.15 kJ/mol, proving that the adsorption occured mainly
by chemisorption. Adsorption and reduction Kinetics
showed that RIF followed a pseudo-second order model. A
mechanism for RIF degradation based upon adsorption and
catalytic reduction was proposed. It was determined that the
RIF was reduced with nano iron, and nano palladium acted
as a catalyst during this process. It was concluded that RIF
degradation was incomplete and only converted to slightly
smaller molecules, and therefore more studies are needed
for complete degradation of RIF and to avoid exposure to
intermediates of unknown toxicity. In addition, the practical
removal yield of RIF in municipal sewage (58.1%) and
aquaculture sewage water (71.9%) was successfully
verified [43].

Xue et al. [44] prepared a hybrid bimetallic Fe/Ni
nanoparticles and reduced graphene supported bimetallic
Fe/Ni nanoparticles (Fe/Ni-rGO) and evaluated them for
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simultaneous Pb and RIF removal. The removal efficiency
of Fe/Ni-rGO was higher than rGO, nFe/Ni or Fe-rGO.
Compared to the single pollutant systems (i.e. RIF or Pb(Il)
added in isolation), the removal of both RIF and Pb(ll) in
the mixed pollutant system were reduced. It was suggested
that this was from competitive adsorption and reduction
between RIF and Pb(Il) in the mixed pollutant system.
Exhaustive characterization and analysis of Fe/Ni-rGO
showed that both Fe and Ni nanoparticles were evenly
dispersed on the rGO surface, and the aggregation of Fe, Ni
nanoparticles and stacking of rGO were reduced in the
hybrid. LC-TOF-MS analysis demonstrated that RIF
degraded to small-molecule fragments and the degradation
process was incomplete. The adsorption of RIF was found
to best fit a pseudo-second order kinetic model and the
Freundlich isotherm model. It was proposed that the
mechanism for simultaneous RIF and Pb(Il) removal by
Fe/Ni-rGO included surface adsorption on rGO followed by
catalytic reduction of RIF by surface-coated Fe/Ni
bimetallic nanoparticles. After 5 cycles, the removal of RIF
by Fe/Ni-rGO decreased from 84.6% to 75.4%, confirming
the good reusability of Fe/Ni-rGO.

Shafaati et al. synthesized chitosan/FesO4 grafted graphene
oxide (CS/Fes04/GQO) nanocomposite and used for RIF
adsorption to evaluate its effectiveness. It was determined
that the GO/CS/Fes04 composite consisted of oxygen
(26.1%), carbon (6.8%), iron (65.9%) and nitrogen (1.8%).
On this basis, the iron signal in the GO/CS/Fe304 composite
was attributed to the presence of FeszO, and the nitrogen
signal to the presence of CS. When the magnetic property
of naked Fe30O4 and GO/CS/Fe;0. composite was measured
using a vibrating sample magnetometer at room
temperature, the magnetic saturation (Ms) of GO/CS/Fe304
was 49.8 emu/g, which was lower than that of FesO4 (57.6
emu/g). This decrease was associated with the relatively
smaller particle size of the FesO,4 particles in naked Fe3O4
and the quenching of the magnetic moment by the
interaction between the CS and GO coating layers and the
surface of the FesO, particles. BET surface area, average
pore diameter, pore volume, and pHpzc of GO/CS/Fes04
was calculated 96.14 m?%g, 8.1248 nm, 0.1953 cm®/g and 5,
respectively. The effects of experimental parameters on
adsorption efficiency were investigated by batch
experiments. With an increase in solution pH from 3 to 5,
both the the removal efficiency and adsorption capacity
improved and reached the maximum, which can be
explained by increase in the electrostatic interaction
between the RIF* zwitterions and the positively charged
surface of the adsorbent. On the other hand, it was reported
that with a greater increase of pH from 6 to 9, the adsorption
capacity and RIF removal was significantly reduced due to
the electrostatic repulsion between RIF~ and the negatively
charged adsorbent surface, which inhibited adsorption of
RIF. However, it was suggested that adsorption of RIF can
occur through hydrophobic interactions, and the n—n
stacking interaction between the aromatic rings of RIF and
the delocalized-= electron systems of GO on GO/CS/Fe30..
The increase of removal efficiency with increased
temperature was ascribed to the increase in the diffusion
rate of RIF molecules to the inner GO/CS/Fe304 pores and

the boundary layer, and to the decrease in fluid viscosity
facilitating the motion of RIF molecules towards the active
adsorbent sites. It was determined that the increase in
sodium chloride (NaCl) concentration, which was used to
examinate the effect of ionic strength on RIF adsorption,
decreased the efficiency of RIF removal. It was stated that
this was due to the fact that CI- ions was probably in
competition with RIF ions to occupy the available
adsorption sites. RIF adsorption on GO/CS/Fe304 showed
the highest fit with the second-order kinetic model and the
Langmuir isotherm model. Thermodynamic studies have
exhibited the endothermic and spontaneous nature of RIF
adsorption. GO/CS/Fe3;04 showed satisfactory regeneration
performance with high removal efficiency (> 70%) after
seven cycles of adsorption-desorption. In addition, real
water samples to research the practical use of GO/CS/Fez0,
to adsorb RIF in contaminated waters were used as models
in adsorption tests without pretreatment, and it was
concluded that the groundwater matrix did not have a
important effect on the adsorption process [10].

Abbasi et al. [45] investigated the uptake and release
properties of RIF by ultrasound-assisted synthesized Cu-
BTC nanoparticles, by comparing them with activated
carbon and bulk Cu-BTC. It was determined that the
amount of RIF adsorbed on nano Cu-BTC was much higher
than that on bulk Cu-BTC and activated carbon. It was
clearly verified that when XRPD models were investigated
to confirm the crystal structure of the adsorbent, the Cu-
MOF particles were successfully prepared by ultrasound
irradiation. Silva et al. [46] synthesized MgFe Layer Double
Hydroxides (LDH) by co-precipitation, ultrasound
irradiation, hydrothermal and microwave methods.
Considering the synthesis time, crystallinity, surface area,
volume and diameter of the pores, and the percent removal
of RIF, the ultrasound followed by hydrothermal (U-H)
method was found to be the best material among the
synthesis methods. In another study, green nanoemulsion
(GNE) multiple components (N1-N5) were used to remove
RIF from contaminated aqueous bulk solution. The highest
removal efficiency value (91.7%) was obtained with NF5 in
correlation with the lowest size (maximum surface area
available for contact adsorption) value (~39 nm),
polydispersity index (0.112) and viscosity (82 cP) [47].

As can be seen from the above-mentioned data, the different
adsorbents used for the adsorption of RIF have been quite
successful. The most studied adsorbents for RIF adsorption
were nanoparticles, activated carbons, and hybrid materials
consisting of carbonaceous and metal-based materials. The
results of the researchers' studies demonstrated that the
characteristics of the adsorbent (surface area, pore diameter,
pore volume, pHezc, etc.), the physicochemical properties
of RIF (e.g., pKa) and operating parameters of process
(temperature, pH, etc.) affect the RIF removal. The main
adsorption  mechanisms were hydrogen bonding,
electrostatic attraction/interaction and 7w interaction.
However, no information was given on the disposal of the
used adsorbents after application. Table 2 and Table 3
provides a comparison of different adsorbents reported for
RIF removal in the literature.
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Tablo 2. Comparison of different adsorbents reported for RIF removal in the literature.

Adsorbent SeeT Conditions Removal Isotherms Kinetics Adsorption Ref.
(m?/g) (%) capacity
(mglg)
GO/CS/Fe;04 96.14 RIF:20 mg/L, GO/CS/FesOs: 95 Langmuir Pseudo-second 102.11 [10]
nanocomposite 0.5 g/L, pH: 5, 55 °C, order model
75 min
Calcined Mytella - RIF: 100 mg/L, 96 Redlich- The pseudo-first =10 [21]
falcata shells biosorbent: 0.2 g, Peterson order model
30 °C, pH: 13, 30-45 min model
Nano-Fe;0, 111.8 RIF: 20 M, nanoFe,O3: 10 mg, 98.4 Langmuir Pseudo-second 84.80 [27]
pH: 5.5, 30 °C, 90 min order model
Activated 1689 RIF: 500 mg/L, 88 Langmuir - 476.2 [37]
Carbon from AC:5g/L, pH: 7,
Vine Shoots 25°C, 30 min
Activated carbon - RIF:10 mg/L, ACCS: 0.3 ¢g/L, 80 Freundlich Pseudo n-order 26.66 [38]
cocoa shells pH: 6, 20 °C, 120 min model
(ACCS)
Biosorbents - RIF: 50 mg/L, - - - 24.70 [39]
(SC-C-2.5%) Biosorbents: 1g/25 mL, pH: 6, (SC-C-2.5%),
(SP-C-2.5%) 12 h, ambient temperature 24.89
(SP-C-2.5%)
Fe-NPs 37.3 RIF:50 mg/L, 91.6 Freundlich Pseudo-second  107.70 [41]
Fe-NPs: 0.5 g/L, pH: 3-5, 20-40 order model
°C, 120 min
rGO@Fe/Pd 48.14 RIF:20 mg/L, rGO@Fe/Pd: 0.2 96.1 - - - [42]
g/L, pH: 7, 30 °C, 20 min
rGO@nFe/Pd - RIF: 20 mg/L, rGO@Fe/Pd: 0.2 89 Freundlich Pseudo-second  90.9 [43]
g/L, pH: 7, 30 °C, 20 min order model
Fe/Ni-rGO - RIF: 50 mg/L, Fe/Ni-rGO: 1.6  96.8 Freundlich Pseudo-second 27.92 [44]
g/L, pH: 5.1, 30 °C, 180 min order model
Cu-BTC MOF 376.4 RIF: 0.17 mmol, Cu-BTC: 13 - - - 42.15 [45]
mg/50 mL, 48 h
MgFe/LDH 82.1 (U-H) RIF: 0.05 mg/L, 82.7 (U-H) - - 9.33 (U-H) [46]
75.1 (M-H) MgFe/LDH: 5 g/L, 82.5 (M-H) 9.16 (M-H)
24 h

Table 3. Thermodynamic parameters for rifampicin adsorption reported for RIF removal in the literature.

Adsorbent Temperature (°C)  AG° (kJ/mol)  AH° (kJ/mol)  AS° (kJ/mol) Ref.
GO/CS/Fe;04 nanocomposite 25 -13.41 18.63 0.107 [10]
35 -14.48
45 -15.56
55 -16.63
Calcined Mytella falcata shell 30 -29.28 1.65 -1.101 [21]
40 -29.59
50 -31.32
60 -32.1
Nano-Fe;O4 20 -7.853 43.810 0.177 [27]
25 -9.463
30 -10.420
35 -10.977
40 -11.490
Activated carbon cocoa shells 20 -6.46 -13.74 -7.43 [38]
(ACCS) 30 -5.80 -7.68
40 -5.87 -7.93
50 -5.61 -8.19
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Adsorbent Temperature (°C)  AG° (kJ/mol)  AH° (kJ/mol)  AS° (kJ/mol) Ref.
Fe NPs 20 -3.35 23.08 0.081 [41]
30 -4.62
40 -6.56
rGO@nFe/Pd 20 -4.36 17.77 0.075 [43]
30 -4.59
40 -5.88

Advanced Oxidation Processes

Advanced oxidation processes (AOPs) were first proposed
for drinking water treatment in the 1980s and then
extensively studied for the treatment of different
wastewaters. During the AOP treatment of wastewater,
free radicals are generated to remove refractory organic
matter, traceable organic pollutants or particular inorganic
pollutants, or to increase biodegradability of wastewater as
a pretreatment before the next biological treatment [48].
Free radical species (e.g., hydroxyl radicals (*OH), sulfate
radicals (SO4™), singlet oxygen (*O2), and superoxide
radicals (O27)) are atoms or molecules that can exist
independently and have one or more unpaired electrons
[49]. AOPs are characterized by a diversity of radical
reactions involving combinations of auxiliary energy
sources (e.g., electronic current, ultraviolet-visible (UV-
Vis) radiation, ultrasound and y-radiation) and chemical
agents (e.g., hydrogen peroxide (H20>), transition metals,
ozone (O3) and metal oxides). H,02/UV, Os/UV, O3/H,0,,
0O3/H20,/UV, Fenton (Fe?*/H;0,), photo- and electro-
Fenton, chelating agent supported Fenton/photo-Fenton, y-
radiolysis, heterogeneous photooxidation with titanium
dioxide (TiO2/hv) and sonolysis processes are examples of
AOPs (Figure 2) [50, 51].

In 1987, Glaze et al. have coined the term AOPs
established on the in-situ production of a strong oxidizing
agent such as *OH at a adequate concentration to efficiently
purify water for water treatment processes carried out at
room temperature. *OH is one of the most reactive free
radicals and the strongest oxidants (2.80 V) which has a
reaction rate of 106-10%° M~*s™* and can react with various
organic molecular groups. The most frequent reactions of
*OH with organic pollutants are a substitution of aromatic
rings, an addition to unsaturated carbon-carbon bonds,
abstraction of the hydrogen atom from the target molecule,
or mono-electronic oxidation [52]. In recent years, sulfate
radical-based AOPs (SR-AOPs) have been frequently
studied to degrade organic pollutants as they overcome
some of the shortcomings of *OH radical-based AOPs.
SO4~ is a strong single-electron oxidant with a high
oxidation potential (Eo = 2.5-3.1 V) and a longer life (ti2=
30-40 ps) allowing excellent electron transfer and contact
with target pollutants. In addition, it can selectively react
with unsaturated or aromatic compounds over a wide pH
range, such as 2-8 [53]. SO, radicals are generated via the
activation of peroxymonosulphate (PMS, HSOs) or
persulfate (PS, S.0s>). The direct reaction of PMS/PS

with organic pollutants takes place at a very low rate.
Therefore, PMS/PS must be activated to form SO, and
can be activated by various methods such as heat, UV,
alkali, transition metals (Co%*, Fe?*, Cu?* ve Ag*) and
carbonaceous materials (e.g., activated carbon) [54]. In this
section, the different AOPs studied by various researchers
for the RIF degradation were reviewed and a summary of
these studies reported were presented. Table 4 compares
the results of these studies.

AOPs are carried out either in the presence of catalysts
(catalytic processes) or in the absence of catalysts (non-
catalytic processes). Catalysts increase the cavitation effect
and the rate of decomposition of organic molecules [55].
Tahvildari et al. [56] used metallic catalysts consisting of
zinc (Zn) and copper (Cu) to remove RIF from
pharmaceutical wastewaters. Parameters such as total zinc
and copper catalyst amount, ratio of catalysts, reaction
time, rotation speed, temperature and pH were
investigated. As a result, it was found that 96.4% of RIF
could be removed from synthetic RIF solutions and real
wastewater with 70% zinc and 30% copper at 600 rpm for
120 min, neutral pH and ambient temperature (25 °C). It
was concluded that RIF was removed by the oxidation
process and adsorption did not occur. It was found that the
catalysts could be used repeatedly to remove RIF from
wastewater. Madivoli et al. [57] synthesized spherical TiO;
microspheres by the sol-gel method and investigated for
their ability to degrade RIF. When morphology and the size
of TiO, microspheres were examined by SEM, it was
observed that the sizes of the synthesized particles were
spherical, varying between 200-2000 nm, and these
particles were well dispersed with the absence of
aggregates or agglomerates, which was an indicator that
the method used was effective for synthesis of
microspheres. Degradation of RIF in acidic, neutral and
basic medium by microspheres also demonstrated that the
antibiotic degradation was pH dependent. The percentage
of degradation was higher at pH 12 than at pH 3 and 6.5,
and was calculated as 57.6% for pH 3, 62.9% for pH 6.5
and 63.8% for pH 12. However, the degradation rate was
higher in acidic medium than in neutral and basic medium.
In addition, the existence of H,O, increased the
degradation efficiency due to the formation of *OH radicals
that help the antibiotic degradation and process followed
the first-order reaction pattern.
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Figure 2. Classification of different treatments based on AOPs [51].

Sonochemical degradation (sonolysis), degradation that is
driven or enhanced by sonication, emerged in the 1990s.
Ultrasound (US) is sound that exceeds the range of human
hearing and has a wide frequency range between 18 kHz
and 500 MHz. Ultrasonic propagation with cycles of
compression and rarefaction leads to the phenomenon of
acoustic cavitation, described as a sonochemical source.
Such a large number of cavitation bubbles are also called
microreactors as they act as centers of chemical reactions.
The cavitation bubbles filled with gas grow and burst
extensively under the positive pressure that occurs during
the compression cycle of US in water bulk. Meantime,
enormous local temperatures (ca. 5000 K) and high
pressures (ca. 500 atm), micro jets and shock waves are
produced. Then, reactive oxygen species (ROS) are
produced by the pyrolysis of water molecules in the
collapsing bubbles (hotspots) and oxidizes the substrates in
the water. Furthermore, hydrophobic volatile compounds
also undergo thermal decomposition in hotspots, and both
of the above actions contribute to the degradation of organic
pollutants. Theoretically, sonication is capable of
degradation a wide range of organic pollutants without
added chemicals. Therefore, sonication is frequently
considered as a green and safe method for treatment of

wastewaters. However, sonolysis of organic pollutants has
limited efficiency and consumes significant energy.

Sonocatalysis, Sono/Fenton, sonication-ozonation
(Sonozonation), sonophotocatalysis (Sono/Photo),
sonication-persulfate  (Sono/PS),  sonoelectrochemical
degradation, sonication-microwaves, sonication-
hydrodynamic cavitation and sonication-based

combinations such as ultrasound-assisted biological
processes have attracted great interest to improve removal
efficiency and reduce energy consumption (Figure 3) [58].
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Figure 3. Sonication-involved processes in water matrices
(Us: ultrasound,  PS:  peroxydisulfate, = PMS:
peroxymonosulfate) [58].
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Afroozan Bazghale and Mohammad-Khah [59] studied the
sonocatalytic RIF removal with nitrogen-doped zinc
oxide/graphene oxide hybrid nanocomposite (N:ZnO/GO).
This study demonstrated the adequacy of RIF removal
(95% at optimum condition) with N:ZnO(0.2 M)/GO in the
presence of US. Dumping tests revealed that *OH, O™~ ve
h* species play a significant role in the sonocatalytic RIF
degradation. For the sonocatalytic degradation of RIF by
N:Zn0O(0.2 M)/GO, the proposed mechanism was explained
as follows: On the one hand, excited electrons in the less
positive conduction bond (CB) of N:ZnO move to the more
positive valence band (VB) of GO and then it reaches the
electrons in the CB, and then the electrons in the CB of
N:ZnO and the holes in the VB of GO are combined. On the
other hand, electrons aggregated in CB of GO and holes in
VB of N-doped ZnO can participate in oxidation and
reduction reactions. In fact, electrons in the CB of GO can
react with and reduce the absorbed molecular oxygen since
these electrons have more negative potential than O20,™ (-
0.3 eV). Moreover, the holes formed in the valence band of
ZnO have more positive potential to generate a large
number of active OH with high oxidizing ability from water
or hydroxyl molecules absorbed from the surface. TOC
analysis performed under optimized conditions to
investigate the mineralization of the contaminants indicated
80.8% mineralization of RIF after degradation of RIF by
N:ZnO(0.2 M)/GO for 60 min. Khataee et al. [60]
synthesized ZrO,-pumice and ZrO,-tuff nanocomposites by
a modified sol-gel method and used them as catalysts for
the sonocatalytic degradation of RIF. After characterization
studies, it was found that zirconia NPs were immobilized on
the surface of pumice and tuff samples without aggregation.
BET surface area and pore volume of ZrOz-pumice and
ZrO-tuff nanocomposites were determined higher than that
of pure pumice and tuff sample (5.87 m%g and 1.35 cm®/g
for ZrO,-pumice and 1.16 m?g and 0.27 cm?®/g for ZrO,-
tuff, respectively). It was suggested that these differences
can be related to the presence of nano-ZrO; particles on the
modified samples. The analysis results demonstrated that
pHezc of tuff (7.7) and pumice (7.3) were higher than those
of ZrOo-tuff (6.4) and ZrO,-pumice (6.5). It was reported
that the lower pHpzc of the catalysts than that of pumice and
tuff can be due to the low pHpzc (about 5) of the ZrO, NPs
immobilized on the catalyst surface. It was observed that the
degradation efficiency of RIF depended on the initial
concentration, dose of catalyst, pH value and ultrasonic
power and increased with the addition of enhancers
(hydrogen peroxide and potassium persulfate) and different
gases (Ar > O > air). It was found that 67.3% COD and
53.8% TOC were removed after 90 min degradation of RIF
by the US/ZrO,-pumice process. Scavenging experiments
revealed that *OH radicals were the predominant reactive
species responsible for RIF degradation. After five runs,
86.7% and 77.8% of RIF were still degraded by the
US/ZrO,-pumice and US/ZrO,-tuff treatments, proving the
stability of both catalysts.

The IUPAC defines photocatalysis as “change in the rate of
a chemical reaction or its initiation on exposure to
ultraviolet, visible or infrared radiation in the presence of a
substance, the photocatalyst that absorbs light quanta and is

involved in the chemical transformation of the reaction
partners” [61]. Photocatalytic oxidation of organic
pollutants was very effective in wastewater treatment due to
its advantages such as complete mineralization of substrate
and intermediates, operating conditions (ambient
temperature and pressure), disposal of solid waste without
problems, use of sunlight, visible light or near-UV light for
irradiation and cost efficiency. Photocatalysis is a process
in which reactive species such as *OH required for the redox
are produced upon the catalyst activation by photons. It is
considered a very significant technology for solving
environmental and energy problems. Two types of
photocatalysis are used for the mineralization of organic
pollutants in wastewater: homogeneous photocatalysis
(e.g., photon-Fenton) and heterogeneous photocatalysis
(e.g., solid semiconductors such as WOz, ZnO and TiO5)
[62]. Heterogeneous photocatalysis refers to a type of
catalytic reaction related to various fields including
oxidation, hydrogen transfer, dehydrogenation, metal
reduction, removal of gaseous pollutants and H,0
detoxification. The classical heterogeneous photocatalysis
mechanism usually involves a series of oxidation and
reduction reactions on the surface of a semiconductor. The
entire process of removing various contaminants can be
divided into five steps: (a) Photocatalytic reactions begin
with the adsorption of the target substrate onto the
photocatalyst surface from the surrounding medium; (b)
absorption of light with photon energy greater than the band
gap (BG) energy of the photocatalyst and production of
photogenerated electron (e7) - hole (h*) pairs in bulk phase;
(c) migration of e”and h* to the surface of the photocatalyst
to participate in the redox reaction and simultaneously,
recombination of some photogenerated carriers from the
surface and the inside of the photocatalyst; (d) oxidation and
reduction of H,O molecules and O, adsorbed on the surface
of the photocatalyst to *OH and O™ by h* in the valence
band and e~ in the conduction band, respectively. At the
same time, pollutants can be reduced to small molecules
(e.g., H20 and COy); and (e) degraded small molecules are
desorbed from the interface into the bulk solution and the
photoreaction continues [63]. Gao et al. [14] investigated
the photocatalytic degradation of RIF on ZnlIn,S4 under
visible light irradiation and achieved complete RIF
degradation within 90 min. In their studies, they determined
that the main ROS was O," and the minor ROS was *OH.
The photocatalytic degradation pathway of RIF was
proposed. It was stated that the main transformation process
for RIF was detachment of the nitrogenous ring via
cleavage of the N-N bond, cleavage of nitrogen-bearing
heterocycles starting from the C-N bond, demethylation,
detachment of acetoxyl group, acetyl and methoxyl. During
the 180 min photocatalytic degradation of RIF, 34 kinds of
intermediates were detected. Thereinto, it was reported that
21 kinds of intermediates were completely decomposed and
then reduced to simpler compounds, and other 13 kinds of
products remained as the final product in the reaction
mixture after 180 min of photocatalytic reaction.

Kais et al. [64] investigated the photocatalytic degradation
of RIF in aqueous solution under solar irradiation using
ZnO as a photocatalyst. Since the removal of RIF by
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adsorption on ZnO or photolysis was weak and did not
exceed 4%, the heterogeneous photocatalysis process under
solar radiation was applied for RIF removal. ZnO dosage,
initial RIF concentration and pH were found to be important
factors, and the pHpzc of ZnO was 7.46. With the addition
of salts (200 mg/L) to the reaction solution, it was
determined that SO~ and HCO3™ negatively affected the
process, while CI~ increased the degradation of RIF. It was
suggested that SO,% significantly reduced the rate constant
following affinity, which causes their fixation on the ZnO
surface and the formation of SO4~ or *OH  species
according to the reactions in Equations 1-2. In the case of
HCOg, the inhibitory effect was explained possibly by the
consumption of *OH groups involved in RIF degradation
(Equation 3). However, it was stated that the addition of
NaCl facilitates the degradation of RIF due to the
production of CI', which has strong oxidizing power
(Equation 4). The Langmuir-Hinshelwood model was used
in the kinetic study. It was observed that the active species
responsible for photocatalytic degradation on ZnO under
solar radiation were *OH, photon electrons and O>",
respectively.

S0 + h*— SO, (1)
S042 + *OH — SO~ + OH- )
HCO3 + *OH — CO3™ + H,0 3)
ClI+ «OH — CI' + OH~ 4)

Soleimani and Nezamzadeh-Ejhieh [65] used a coupled
CdS-Zns system as a photocatalyst for the removal of RIF
from an aqueous solution. Cubic ZnS structure and
hexagonal CdS structure with a crystallite size of 10 nm
were determined from XRD models. It was observed that
the coupled ZnS-CdS system had better photocatalytic
activity than the single systems, and the best activity was
obtained when the moles of CdS were 6 times higher than
the ZnS component. When the effects of some scavenging
agents were examined to evaluate the importance of the
reactive species produced by the coupled ZnS-CdS catalyst
for RIF photodegradation, it was concluded that superoxide
radicals and photogenerated electrons have a relatively
higher role in RIF photodegradation, followed by *OH and
finally the photogenerated holes. The mechanism pathway
for RIF photodegradation was proposed, and some
intermediates (acetic acid, butyramide, formamide, 3-
penten-1-ol) was reported in the final mineralization. The
reusability of the coupled CdS-ZnS catalyst in RIF
photodegradation was investigated in 5 consecutive runs.
The degradation activities after 5 runs for the calcination
temperature of 100 and 200°C were calculated as 75 and
85%, respectively, confirming that the coupled CdS-ZnS
catalyst has relatively high stability for 2 h
photodegradation process. Zou et al. [66] synthesized a new
and green red phosphorus (5.0 wt%)/hollow hydroxyapatite
microsphere (RP (5.0 wt%)/HAp) photocatalyst in RIF
degradation. RP particles were immobilized on the surface
of hollow HAp microspheres. The BET specific surface

area of RP (5.0 wt%)/HAp (60.3 m?/g) was calculated to be
much higher than that of hollow HAp microspheres (44.2
m2/g). The photocatalytic activity of the RP (5.0 wt%)/HAp
composite was no significant change even after three runs,
thus demonstrating its good recyclability in the degradation
of RIF. O,~, *OH, and h*were determined to be the
dominant active species in the photocatalytic process.
Based on the experimental results, a reasonable degradation
pathway was suggested and the possible photocatalytic
equations were expressed as follows (Equations 5-9):

HAp/RP + hy — ¢~ + h* (5)
e (HAp) — e (RP) (6)
02 +e (RP) - Op" (7
H.O + h* (HAp) — *OH + H* (8)
O™ /*OH/ h* + antibiotics — degraded products 9)

In a research, the new photocatalytic TiO2/Nd/rice husk ash
was used for decomposition of RIF. As a result of the
experiments, it was determined that the RIF separation
efficiency of TiO2/Nd and TiO2/Nd/rice husk ash within 90
min under sunlight reached approximately 86% and 75%,
respectively. Despite its lower yield, TiO2/Nd/rice husk ash
was chosen to decompose RIF residue in water under
sunlight by photocatalytic treatment, since this material has
some advantages such as less amount needed and easy
recovery. In the RIF removal process, k values were found
to fit zero and first-order Kinetics more. BET surface areas
of nano TiO2/Nd and TiO»/Nd/rice husk ash materials were
determined as 58.97 and 107 m?g, respectively.
TiO2/Nd/rice husk ash size was also much larger than the
nano TiO2/Nd particle size. It was suggested that because
RIF has bulky molecular structure with many functional
groups (-OH, >NH, >C=0 etc.), it can easily bond with
metals of adsorbents [67].

Electrochemical technologies have become very important
around the world due to increasing drinking water supply
standards and strict environmental regulations regarding
wastewater discharge [68]. Electrochemical oxidation is a
process in which organic matter is oxidized and converted
or decomposed to non-toxic and harmless substances under
the action of an electric current [69]. Electrochemical
treatment is interesting processes using an effective,
versatile, cost-effective, easy and clean technology for the
removal of toxic organic compounds. In electrochemical
processes, oxidation takes place on anodes (graphite, TiO,,
Ti-based alloys, Ru or Ir oxides, boron-doped diamond
(BDD) etc.) in the presence of an electrolyte [6]. Oxidation
of organic pollutants in an electrolytic cell occurs in two
different ways: (a) direct electron transfer to the anode and
(b) indirect oxidation with heterogeneous ROS formed from
water discharge at the anode, such as physisorbed radical
*OH or chemisorbed “active oxygen” [70]. Brito et al. used
different anodes (boron doped diamond (BDD), PbO; and
Pt) and cathodes (carbon felt (CF), stainless steel (SS),
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graphite (Gr) and titanium (Ti)) for the electrochemical
treatment of a synthetic wastewater and different real water
matrices contaminated with RIF. The effects on the
exchange of applied current density (j) and supporting
electrolyte during RIF degradation were investigated. At the
end of their studies, it was seen that the process performance
increased with an increase in j and better RIF degradation
results were obtained by CF and BDD as cathode and
anode, respectively. The greater performance of BDD as an
anode was attributed to the high *OH production on its
surface through water discharge, a prominent feature of this
electrode type, which was thought to be inactive. It was
noted that since *OH did not strongly adsorbed on the BDD
electrode surface, it was relatively free, and was suitable for
degradation of RIF and its byproducts. It was reported that
the better efficiency of the CF cathode was due to its
specific properties, such as high reactive surface area,
porosity, high active sites, its ability to respond to the
organic pollutant degradation in terms of electro-reduction,
and its ability to produce hydrogen peroxide, which is a
weak oxidant. 100% color removal was achieved in all
applied j, but complete organic matter (chemical oxygen
demand (COD)) removal was achieved only at higher j. For
a selected cathode, the efficiency of the anode materials
followed the trends BDD > PbO, > Pt, while the efficiency
of the cathode for a selected anode material was CF > Ti >
SS = Gr. By using Na,COs, Na2SO4 or NaCl, the production
of strong secondary oxidant species was supported. When
the BDD/CF electrochemical cell for different real water
samples was used, the drug degradation and mineralization
were found to be independent of this parameter. *OH was
also found to oxidize dissolved organic matter in synthetic
wastewater and real water matrices. It was determined that
the end-products of RIF degradation were acetic, oxalic,
fumaric and maleic acids [71].

Easy to handle and operate, Fenton systems can be used to
remove micro-pollution caused by  residual
pharmaceuticals. Fenton oxidation can performed in
homogeneous or heterogeneous systems, the former being
the most used to date. Homogeneous oxidation with
Fenton's reagent occurs from a hydrogen peroxide solution
and an iron salt catalyst (iron (1) or iron (111) ions) via a free
radical chain reaction generated *OH in acidic medium [6,
72, 73]. Basically, Fenton reactions are based on electron
transfer between H,O,and Fe?*. Both Fe?* and H,O, do not
oxidize target compounds directly, but act as catalysts
synergistically in Fenton oxidation. Acting as a
predominant reducer of H.O,, metal ions activate H,O»
dissociation to form *OH radicals [74]. Liu et al. [22]
synthesized reduced graphene oxide combined with
bimetallic iron/palladium nanoparticles (rGO@nFe/Pd) via
a green tea extract and used it to remove RIF from aqueous
solution. When the composite and Fenton oxidation were
combined, the RIF removal increased from 79.9 to 85.7%.
The pseudo-second order kinetic model was found to be
more fitting to remove RIF by adsorption and Fenton
oxidation. Fenton oxidation degradation of RIF by
rGO@nFe/Pd was indicated as a surface-controlled reaction
(Ea: 47.3 kd/mol). Temperature, H,O, dose, rGO@nFe/Pd
dose, initial RIF concentration and pH were found to affect

RIF removal. The surface area, pore volume and pore size
of rGO@nFe/Pd before adsorption was 29.43 m?/g, 0.128
cm¥g and 17.36 nm, respectively. After adsorption, the
surface area (1.16 m?%g) and pore volume (0.082 cm?(g)
decreased, while the pore size (281.40 nm) increased
significantly, mainly due to the adsorbing of RIF on the
surface of rGO@nFe/Pd and to blocking of pores. In
addition, after adsorption and Fenton oxidation, the surface
area and pore volume of rGO@nFe/Pd increased to 13.76
m?/g and 0.253 cm?®/g, respectively, while the its pore size
decreased to 73.60 nm. This was attributed to the
degradation of RIF on rGO@nFe/Pd by *OH, resulting in
consequently eluted any pore-blocking materials and
changes in the material's surface chemistry causing
deactivation of the adsorption sites. Therefore, some RIF
was desorbed into the solution. It was suggested that in the
initial stages of RIF removal, RIF is mainly removed by
adsorption and Fenton oxidation, while in the later removal
stages it is mainly removed by Fenton oxidation. The
dissolved iron concentration increasing with the reaction in
solution was attributed to the continuous iron leaching from
rGO@nFe/Pd. In the light of the analysis results and
experimental data, it was concluded that the removal
mechanism of RIF by rGO@nFe/Pd was a combination of
adsorption and Fenton oxidation (Equations 10-14). In
addition, it was found that the RIF removal efficiencies of
the composite material for river, aquaculture and domestic
wastewater were 80.4, 77.9 and 70.2%, respectively.
Reusability experiments of rGO@nFe/Pd was shown that
even after five cycles, rGO@nFe/Pd still had a relatively
high removal efficiency (71.7%).

rGO@nFe/Pd + RIF — rGO@nFe/Pd-RIF (10)
rGO@nFe/Pd/Fe?" + H,0, — Fe®* + «OH + H,0 (11)
Fe3* + HOy — Fe¥* + H' + O, (12)
Fe** e” (nPd) — Fe?* (13)
*OH + RIF — degradation products (14)

Although the treatment of pharmaceuticals widely
accomplished by single AOP methods, hybrid AOP
methods have also received remarkable attention.
Compared to single AOP, the removal efficiency of
pharmaceuticals has increased due to the increase in the
amount of reactive species produced synergistic effect and
better mineralization in hybrid systems. To maximize
degradation  efficiency in these systems, active
pharmaceutical ingredients from real or synthetic
wastewater are removed either sequentially or
simultaneously [75]. Duarte et al. [15] compared the
performance of Fenton reaction, electrochemical treatment
and combined treatment processes for the removal of
synthetic wastewater containing RIF. Regarding the studied
electrode materials, it was determined that the RIF
degradation efficiency decreased in the order of
BDD>>Ti/Pt > Ti/RuosTio702 (DSA, Dimensionally
stable anode). Higher efficiency of BDD was attributed to
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the high amount of free hydroxyl radicals produced by
BDD, which promoted significantly
degradation/mineralization of organic substrates more
efficiently than the RuO+1) and PtOx.1) species formed on
Ti/Ptand Ti/RugsTig 702 surfaces. It was also suggested that
persulfate could be produced electrochemically at the BDD
anode, which contributed to the pollutant oxidation. When
the results from removal of RIF-containing synthetic
wastewater by electrooxidation were compared with the
Fenton reaction, the Fenton reaction was found to be
efficient because at 20 mmol/L H,O concentration, RIF
absorbance and COD were reduced by approximately 91%
and 79%, respectively. When BDD electrolysis was studied
by applying 90mA/cm?, approximately 95% of RIF
absorbance and 81% of COD were removed. However, it
took a shorter time (40 min) for effluent treatment by
Fenton reaction compared to BDD-electrolysis. Both the
electrochemical process and the Fenton reaction did not
fully mineralize the RIF. Under the optimum conditions of
the electrochemical process and the Fenton reaction, 19 and
21% of the COD remained in solution, respectively, as
resistant intermediates were likely formed during the
processes. The combined process (electrochemical
treatment + Fenton reaction) was used to increase the
efficiency of RIF removal in the purification. The results
clearly showed that no significant improvement was made
when both technologies were combined. However, a
remarkable increase in reaction efficiency was observed in
the use of BDD when H:0, was added to the
electrochemical process.

Stets et al. [76] evaluated the degradation efficiency of
photo-assisted AOPs (UV/TiOz, UV/ZnO, homogeneous
and heterogeneous Fenton and photo-Fenton processes)
using RIF as the target pollutant. As a result of the
experiments, it was found that approximately 95% of RIF
were removed in 60 min by UV-A TiO.-photocatalysis
under optimized conditions, while the ZnO-assisted
photocatalytic degradation was lower than that of TiO,,
probably due to the lower specific surface area of ZnO (5
m2/g) and its tendency to agglomerate larger. The low-cost
UV-A homogeneous photo-Fenton treatment removed 80%
of the RIF in 60 min. The photo-Fenton process using iron-
immobilized in chitosan beads showed lower degradation
efficiency (50%), probably due to the lower iron availability
on the catalyst surface. The results showed that the RIF
degradation process was mainly affected by h*, as
demonstrated by a reduction of the degradation rate to 30%
in the presence of sodium oxalate. RIF reactivity towards h*
was stated to be consistent with its high adsorption (15%)
to the photocatalyst surface and abundance of donating
electron pairs.

Mukimin et al. [77] aimed to propose a new solution for
antibiotic RIF degradation via three electrocatalytic based
mechanisms, namely electrochemical advanced oxidation
(EAOP), electrochemical Fenton reagent (EFRP) and
electrochemical flotation processes (EFP), while producing
peroxide as an intermediate. Performance of process was
evaluated with COD removal, UV-VIS absorbance spectra
and time-of-flight mass spectrometry analysis (TOF-MS).

As a result, RIF was efficiently degraded. Complete
mineralization was achieved as indicated by 100% COD
removal as well as the disappearance of the UV-VIS
absorbance spectrum peaks at A 470, 340 and 240 nm of the
treated wastewater. In addition, this result was supported by
the TOF-MS analysis results showing the absence of
chromatogram peaks in m/z 821, m/z 759, m/z 700 and m/z
144. It was concluded that COD removal was probably
achieved through three mechanisms (EAOP, EFRP and
EFP), as in the equations below (Equations 15-21):

EAOP:

Ti/Ptlr + H,0 — Ti/Ptlr (*OH) + H* + &~ (15)
Ti/Ptlr (*OH) + pollutant — Ti/PtIr + oxidized (16)
products

2H"+ Oz + 2e” — H:02 17)
EFRP

H,0; + Fe** — Fe®* + HO™ + *OH (18)
*OH + pollutant — oxidized products (19)
EFP

Anode: H,O — 1/20, + 2H* + 2e (20)
Cathode: 2H,0 + 2e — Hp + 20H" (21)

From the above studies, it is seen that photocatalysis,
electrochemical, US-assisted AOPs, Fenton process and
heterogeneous catalysis was generally used for RIF
degradation. Typically, these AOPs studies included the
effect of operational parameters, kinetics, mineralization
measurements (TOC or COD), mechanism of degradation,
transformation products, quenching tests to identify the
predominant reactive species, and reusability tests to
determine catalyst stability if used. Existing data suggest
that these AOPs have great potential for the removal of
resistant organic pollutants such as RIF from wastewaters.
Although good removal efficiencies was observed using
AOPs, in most of the studies RIF could not be completely
degraded and turned into transformation products.

Other Technologies

In addition to adsorption and AOP methods, other
technologies applied for RIF removal in the literature are
reviewed and a summary of the researches performed is
presented in this section. Membrane-based processes have
attracted much attention for water treatment due to their
properties such as high efficiency, environmental
friendliness, lower cost, lower footprint, scalability and
simplicity. Actually, membranes play a significant role in
the challenges of water treatment [78]. Arefi-Oskoui et al.
[79] used the nanocomposite of MoS; nanosheets and
oxidized multi-walled carbon nanotubes (MoS,/O-
MWCNTS) as a nano additive for the improvement of
polyethersulfone (PES) polymeric membrane. They
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investigated the effective removal of RIF by 0.75 wt%
MoS,/O-MWCNTS/PES to evaluate the potential of
developed membranes in the treatment of different
wastewaters using membrane-based processes. A uniform
flat surface without any agglomeration was observed for all
blended membranes. For bare and blended membranes,
asymmetrical structure was observed with small pores in the
uplayer and finger-like pores in the sublayer, indicating that
the membrane formation mechanism did not change in the
presence of nanoadditive in the dope solution. When the
homogeneous  distribution  of  Mo0S,/O-MWCNTS
nanocomposite in the blended membrane matrix was
examined, it was revealed that the average surface
roughness, porosity, hydrophilicity and average pore size
increased by blending the optimum MoS,/O-MWCNTS
amount (0.75 wt%). The modified blended membrane (0.75
wt% MoS,/O-MWCNTS/PES membrane) showed better
permeability (flux: 192.2 L/m2.h) and better antifouling
(FRR: 60.8%) compared to bare PES membrane (flux:
128.1 L/m2.h and FRR: 50.0%). As a result, the 0.75 wt%
MoS,/O-MWCNTS/PES membrane exhibited permeability
of 64.1 L/m2.h.bar and 97.5% removal for RIF.

MBBRs (Moving Bed Biofilm Reactors) are based on
biofilms grown on small plastic carriers (1-4 cm in
diameter) suspended and stirred in a reactor. In this way,
MBBRs offer the advantages of biofilm reactors while
being as robust in design as activated sludge treatment.

MBBRs have been recognized as compact and robust
reactors for wastewater treatment in terms of increasing
nitrification. Recently, it was proven by many studies that
different biofilm technologies can remove micropollutants.
Among these biofilm technologies, MBBRs have turned out
to be a promising solution for the removal of
micropollutants such as pharmaceuticals [80]. Li et al. [81]
investigated the removal of some antibiotics (including
RIF) using a MBBR and evaluated the effects of antibiotics
on the organic matter removal, changes in ARGs and the
abundance of antibiotic resistant bacteria (ARB), and
changes in the bacterial community in reactors caused by
antibiotics. It was concluded that sub-pg/L-sub-mg/L
concentrations of antibiotics did not have a important effect
on TOC removal. It was also reported that the relative
abundance of ARGs and ARBs in the MBBR biofilm is
increased due to the selective pressure of antibiotics. In
addition, it was determined that antibiotics reduced the
diversity of the biofilm bacterial community and changed
the structure of bacterial community. It was suggested that
these results will provide an empirical basis for the
development of suitable practices for aquaculture and that
disinfection and advanced oxidation should be applied to
remove antibiotics, ARGs and ARB from mariculture
wastewater.

Table 4. Comparison of different AOPs used by various researchers for degradation of RIF.

Process type Conditions Removal (%) Ref.
ZnlInySylvisible light irradiation RIF: 10 mg/L, ZnIn,S,: 50 mg/L, light intensity: 50 100 [14]
mW/cm? (100 W iodine-gallium lamp), 90 min
Electrochemical process (BDD RIF: 0.2 g/L, Na,SO,: 0.5 M, current density: 90 mA/cm?, 95 [15]
anode) pH:3,30°C,3 h 81 (COD)
Fenton reaction RIF: 0.2 g/L, Fe?*: 0.1 mM, H,0,: 20 mM, pH: 3, 15 min 91 [15]
79 (COD)
Electrochemical process + RIF: 0.2 g/L, Fe?*: 0.1 mM, H,0,: 5 mM, Na,SOq: 0.5 M, 45 (BDD) [15]
Fenton reaction current density: 30 mA/cm? pH: 3,3 h 46 (Ti/Pt)
43 (Ti/Rug3Tig702)
(CoD)
rGO@nFe/Pd RIF: 20 mg/L, rGO@nFe/Pd: 0.2 g/L, 79.9 [22]
pH: 6.14, 30 °C
rGO@nFe/Pd + Fenton RIF: 50 mg/L, rGO@nFe/Pd: 0.2 g/L, H,0,: 74 mM, 85.7 [22]
pH:6.14, 30 °C
Metallic catalysts (Zn/Cu) RIF: 40 ppm, Zn/Cu (%): 70/30, 600 rpm, neutral pH, 25 96.4 [56]
°C, 120 min
US/(N:ZnO/GO) RIF: 30 mg/L, catalyst: 0.1 g, frequency: 50 KHz, US 95 [59]
power: 400 W, natural pH,
25+ 3 °C, 60 min
US/ZrO,-pumice RIF: 20 mg/L, catalyst: 1.5 g/L, frequency: 40 KHz, US 95 [60]
power: 300 W, natural pH, 25 = 3 °C, 90 min
US/ZrO,-tuff RIF: 20 mg/L, catalyst: 1.5 g/L, frequency: 40 KHz, US 83 [60]
power: 300 W, natural pH, 25 = 3 °C, 90 min
CdS-ZnS/solar irridation RIF: 8 mg/L, CdS-ZnS: 0.5 g/L, pH: 2, 120 min 98 [65]
RP (5.0 wt%)/HAp composite RIF: 10 mg/L, catalyst: 1.0 g/L, pH: 6, 100 [66]

20 min, 300 W Xe lamp
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Process type Conditions Removal (%) Ref.
Znln,Sy/visible light irradiation RIF: 10 mg/L, ZnIn,S,: 50 mg/L, light intensity: 50 100 [14]
mW/cm? (100 W iodine-gallium lamp), 90 min
Electrochemical process (BDD RIF: 0.2 g/L, Na,SO,: 0.5 M, current density: 90 mA/cm?, 95 [15]
anode) pH:3,30°C,3h 81 (COD)
Fenton reaction RIF: 0.2 g/L, Fe?*: 0.1 mM, H,0,: 20 mM, pH: 3, 15 min 91 [15]
79 (COD)
Electrochemical process + RIF: 0.2 g/L, Fe?*: 0.1 mM, H,0,: 5 mM, Na,SO4: 0.5 M, 45 (BDD) [15]
Fenton reaction current density: 30 mA/cm? pH: 3,3 h 46 (Ti/Pt)
43 (Ti/RUo{gTio]Oz)
(CoD)
BDD/CF cell RIF: 0.2 mM, Na,SO,: 50 mM, current density: 50 100 [71]
mA/cm?, 6 h
TiO»/UV-A photocatalysis RIF: 10 mg/L, TiO,: 0.5 g/L, radiation: 125 W, pH: 6, 25 + 95 [76]
1 °C, 60 min
Homogeneous UV-A photo- RIF: 10 mg/L, Fe?*: 15 mg/L, H,0,: 150 mg/L, pH: 3, 25 + 80 [76]
Fenton process 1 °C, 60 min
Heterogeneous UV-A photo- RIF: 10 mg/L, Fe-immobilized chitosan: 10 g, H,O,: 150 50 [76]

Fenton process

mg/L, pH: 6,25+ 1 °C, 60 min

Conclusions

This review highlighted the treatment processes used for
the removal of RIF from aqueous matrices, and
recommendations for future studies were outlined. AOPs,
adsorption and several other treatment processes were
applied for the removal of RIF. Different adsorbents were
investigated for RIF adsorption and almost all studied
adsorbents effectively removed RIF. Although the
adsorption process is effective, no information could be
found in the researches about cost of process and the
disposal of the used adsorbent, which can be considered as
the hazardous waste that is the main drawbacks of
adsorption. The AOPs were the other most investigated
course of treatment for the removal of RIF. Except for the
heterogeneous UV-A photo-Fenton process, all AOPs were
successfully performed for RIF degradation. Although the
current AOPs used for the degradation of RIF have shown
very good efficiencies, their transformation products and
high costs limited their large-scale application in
wastewater treatment plants. In addition, sulfate radical-
based AOPs, which have attracted the attention of
researchers in recent years, were not used for the
degradation of RIF. A membrane-based process was also
used for RIF removal and was successful. However, MBBR
biofilm has not been a successful process for RIF removal,
and the application of disinfection and AOPs to remove
antibiotics, ARGs and ARB from marine culture
wastewater was suggested by researchers.

As a result, it can be said that AOPs and adsorption
process can be the most suitable processes for RIF removal.
Although these processes are effective, the necessity of
minimizing or eliminating some of their disadvantages is
critical. Furthermore, since the matrix of real wastewater
samples is more complex compared to synthetic wastewater
samples, further researches should be performed using real
wastewater samples for successful RIF removal. In
addition, more research on the toxicity of RIF should be

performed. The number of studies on the removal of RIF
can be increased and different removal methods can be
tried. From this review, it can be concluded that RIF
removal has recently attracted the attention of many
researchers and is an important for the environment and
human health.
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In this experimental study, nine different lightweight aggregate concrete (LWAC) specimens - in which
natural lightweight scoria aggregate was used as coarse aggregate - were prepared for investigating the
size of portlandite crystals in their interfacial transition zone (1TZ). Scanning Electron Microscope (SEM)
was used to determine the size of portlandite crystals in ITZ of LWAC specimens. The size of portlandite
crystals in ITZ of these LWAC specimens was determined quantitatively in order to identify its relation
with ratios of ingredients and properties of LWAC that were investigated. It was determined that the size
of portlandite crystals in ITZ of nine LWAC specimens is in the range of (0.91-2.047) um. The size of
portlandite crystals in ITZ is found to be increased when the water/cement (W/C) and coarse
aggregate/total aggregate (Ac/A) ratios of LWAC get increased. On the other hand, the compressive
strength and the oven-dry density of LWAC are found to be decreased when the size of portlandite crystals
in ITZ gets increased. The best way to make portlandite beneficial from mechanical, physical and
durability points of view is to transform it into so-called secondary hydration products by making it react
with materials that have proper chemical properties for this transformation. In this case, the small
portlandite crystals dissolve entirely, and the large portlandite crystals become smaller. Lightweight scoria
aggregate used in this study is thought to have chemical properties to assist such a transformation in ITZ.
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Introduction

Concrete can contain a wide variety of different materials.
In basic, it can be regarded as a material that has the filler
and the binder components. Aggregate particles are the
filler, cement paste is the binder component of concrete.
Cement paste holds the aggregate particles together. It can
be regarded as a glue [1].

The cement paste is affected by the presence of the
aggregate. In the close vicinity of aggregate particles, the
cement particles can’t pack together efficiently. This
narrow cement paste region, typically 10 to 50 pm thick
around the aggregate particles, differs from the bulk
cement paste [1]. In concrete, this region between cement
paste and aggregate is mostly defined as interfacial
transition zone (ITZ) among other definitions [2-6].

The components of the hydrated cement paste are some
unhydrated clinker grains, pores, and hydration products.
Portlandite, calcium silicate hydrate (C-S-H) and calcium
sulfoaluminates hydrates are the main hydration products.
The volume occupied by these hydration products varies
from 20% to 25% for portlandite, 50% to 60% for C-S-H,
and 15% to 20% for calcium sulfoaluminates hydrates of

total volumes of solids in a completely hydrated cement
paste [2].

Although extensive work has been done on the hydrated
cement paste, the studies related with portlandite [7-21]
have been very limited. The tendency of portlandite is to
form large crystals that have hexagonal-prism morphology
[2]. During the drying process of cement paste shrinkage
occurs. It is believed that portlandite limits the amount of
shrinkage [1]. Further, it provides protection to the
reinforcing steel that takes place in concrete to avoid from
carbonation-induced corrosion via maintaining a high pH
in the interstitial water [22].

However, portlandite is the most soluble hydration
product. According to numerical simulations, portlandite
dissolution increases the porosity of the hydrated cement
paste. The material transport properties are negatively
affected by this increase in porosity [14]. Also, portlandite
has considerably lower surface area compared with C-S-H
that limits its strength-contributing potential [2]. And also,
its orientation in cement paste provides space for potential
crack propagation and therefore a reduction in strength of
concrete. In this aspect, portlandite is the weakest point of
the hardened high-density systems and restrains their
mechanical properties [23].
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According to Li and Xu, the lower content of portlandite,
the higher content of C-S-H, and the lower porosity in both
ITZ and the bulk cement paste have positive effects on
transport and mechanical properties of highly resistant
concrete [23].

There are larger portlandite crystals in ITZ, than are found
in the bulk cement paste [1]. However, there are few
studies on the nucleation and growth of these crystals in
ITZ [9]. ITZ of around 40 pm covers 20% to 40% volume
of cement paste. It has a major role in identifying concrete
properties [5]. Size and morphology of the crystals formed
within this zone as a result of hydration affect the
properties of ITZ. In this regard, the quantitative studies of
the features of portlandite crystals in 1TZ are essential for
the modification of ITZ microstructure.

In this experimental study, nine different lightweight
aggregate concrete (LWAC) specimens were prepared for
investigating the size of portlandite crystals in their ITZ.
Scoria, a natural lightweight aggregate, was used as coarse
aggregate in LWAC specimens. The size of portlandite
crystals in ITZ of these LWAC specimens was determined

quantitatively in order to identify its relation with ratios of
ingredients and properties (compressive strength and oven-
dry density) of LWAC.

Material and methods
Preparation of LWAC mixtures

Nine LWAC mixtures that were prepared and ratios and
proportions of their ingredients are given in Table 1.
Properties of cement, physical properties of aggregates and
chemical content of scoria aggregate used in LWAC
mixtures were given respectively in Table 2, Table 3 and
Table 4.

Absolute volume method was used for proportioning the
ingredients of LWAC mixtures. Each LWAC mixture was
targeted to has high strength and a slump value of minimum
2.5 cm. The recent proportions of ingredients of LWAC
mixtures were determined after testing the trial LWAC
mixtures that were prepared in accordance with these targets.
Polycarboxylate based hyper plasticizer admixture was used
in three LWAC mixtures that have W/C ratio of 30%.

Table 1. LWAC mixtures that were prepared and ratios and proportions of their ingredients.

Ratios and Proportions of Ingredients

Ratios of Ingredients

Proportions of Ingredients (in 1000 dm? concrete mixture)
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LWAC 01 30 40 500 160.256 502.134 275.898 1051.169 413.846 143.75+6.25 37.310 15.768
LWAC 02 30 50 500 160.256 627.670 344.872 876  344.872 143.75+6.25 46.640 13.140
LWAC 03 30 60 500 160.256 753.20 413.846 700.780 275.898 143.75+6.25 55.960 10.510
LWAC 04 375 40 500 160.256 474.834 260.898 994.019 391.346 187.5+0  35.280 14.910
LWAC 05 375 50 500 160.256 593.542 326.122 828.350 326.122 187.5+0  44.100 12.425
LWAC 06 375 60 500 160.256 712.250 391.346 662.681 260.898 187.5+0 52.920 9.940
LWAC 07 45 40 500 160.256 447.534 245.898 936.869 368.846 225+0 33.256 14.053
LWAC 08 45 50 500 160.256 559.417 307.372 780.725 307.372 225+0 41565 11.711
LWAC 09 45 60 500 160.256 671.300 368.846 624.580 245.898 225+0 49.880 9.370
Table 2. Properties of cement used in LWAC mixtures.
Properties of Cement Used in LWAC Mixtures
(Normal Early Strength Portland Cement)

Strength Properties Physical Properties Chemical Properties
Compressive strength (2 days) 31.0 MPa Specific weight (g/cm?3) 3.12 Insoluble residue (%) 0.55
Compressive strength (7 days) 39.5 MPa Volume constancy (mm) 1.2 SOs (%) 2.38
Compressive strength (28 days) 46.5 MPa  Specific surface area (cm?/g) 3395 Cl (%) 0.0085

Setting start (hour) 2.15 Ignition loss (%) 2.65
Setting ending (hour) 3.35
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Table 3. Physical properties of aggregates used in LWAC mixtures.

Physical Properties

Aggregates Used in Maximum Particle Size Bulk Particle Shape Water Moisture
LWAC Mixtures Particle Size Distribution Density Density Index Absorption Content
(mm) (Mg/m®) (Mg/m®) (24 h) (%) (%)
River sand (fine aggregate) 4 Appropriate for 1.707 2.538 - 2.538 1.96
Scoria (coarse aggregate) 16 ASTM C 330 0.864 1.819 10 10.884 0.89

Table 4. Chemical content of scoria aggregate used in LWAC mixtures.

Chemical Content of Scoria Aggregate Used in LWAC Mixtures R(a};:’;)s
SiO: (total) 45.06

Al20s3 13.34

Fe203 12.80

CaO 12.05

MgO 7.41

SOs 0.36

Na.O 2.88

K20 1.32

River sand aggregate was entirely dried in the oven before
used in LWAC mixtures. It is suggested to keep
lightweight aggregates in water during ten minutes before
using them in concrete mixtures. However, it was thought
that this period of time wouldn’t be sufficient due to high
cement content used in LWAC mixtures and ambient
temperature of 30-35 °C at the time of LWAC production.
Therefore, before used in LWAC mixtures, scoria
aggregate was kept in water during thirty minutes after
entirely dried in the oven. Saturation water of aggregates
was added to LWAC mixtures subsequently.

Preparation of test specimens and determination of
the compressive strength and oven-dry density

Test specimens were prepared in order to determine the
compressive strength and oven-dry density of prepared
LWAC mixtures in the hardened state. In this regard,
moulds for test specimens were prepared, moulds were
filled with LWAC mixtures that were prepared and then
compacted (by vibrating table), surfaces of them were
leveled and finally test specimens were cured. These
operations carried out according to procedures given in TS
EN 12390-1 [24] and TS EN 12390-2 [25].

In this study, 27 test specimens (three for each of the nine
LWAC mixtures) were prepared in 150x300 mm sizes and
in the form of cylinders for the compressive strength tests
and also 27 test specimens in 100x100x100 mm sizes and
in the form of cubes for the oven-dry density tests.

It was seen that there is no consensus in literature on the
curing time and testing age of LWAC test specimens. In
this study, LWAC test specimens were cured in lime-
saturated water during 56 days. Later on, they were kept in
the laboratory under environmental conditions at the end of
90th day.

The compressive strength of these test specimens was
determined according to instructions given in TS EN
12390-3 [26] and TS EN 12390-4 [27], and the oven-dry
density of test specimens was determined according to
instructions given in TS EN 12390-7 [28].

Preparation of SEM specimens and determination of
the size of portlandite crystals in ITZ

In this study, images obtained from Scanning Electron
Microscope (SEM) were used to determine the size of
portlandite crystals in ITZ. For this, 100x100x500 mm
sized beam specimens were prepared at first. Considering
the fact that ITZ and scoria aggregate may interact within
time, the prepared beam specimens were kept in the
laboratory under environmental conditions for one year.
The 10x25x50 mm sized SEM specimens (Figure 1) were
obtained from these beam specimens. SEM specimens
were polished, wiped with methyl alcohol to obstruct
further hydration, coated with gold for conductivity and
dried in an oven.

Figure 1. Preparation of SEM specimens.
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In able to determine the size of portlandite crystals in ITZ,
6 Secondary Electron Images (SEIs) were taken from each
SEM specimen. Thus, 54 SEIs at 10000x magnification
ratio were taken in total. Quantitative data related with the
size of portlandite crystals was obtained from SEIls by
direct measurement. The size of each portlandite crystal
was measured in two perpendicular directions and was
determined by taking average of these two sizes. The size
of portlandite crystals in ITZ of each SEM specimen was

determined by taking the average of the measured sizes of
the largest three portlandite crystals in ITZ.

Results and discussion
The size of portlandite crystals in ITZ of LWAC

The size of portlandite crystals in ITZ of LWAC specimens
is given in Figure 2, and the images of portlandite crystals
in Figure 3.

O The Size of Portlandite Crystals inITZ (pm)
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Figure 2. The size of portlandite crystals in ITZ of LWAC specimens.
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Figure 3. The images of portlandite crystals in ITZ of LWAC specimens.
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The size of portlandite crystals is around 1 um in well-
hydrated bulk cement paste. According to Jiang [29], the
amount and size of portlandite crystals in ITZ is more than
those of in bulk cement paste. Some admixtures that are
used in concrete can decrease the size of portlandite
crystals in ITZ. It has been stated the size of portlandite
crystals to be (3-4) um in ITZ of concrete containing
ground granulated blast-furnace slag produced by Gao et
al. [30], and to be 2 pm in ITZ of concrete containing
nanoparticles of TiO, produced by Ren et al. [31].

In this study, it was determined that the size of portlandite
crystals in ITZ of LWAC specimens is in the range of
(0.91-2.047) um. There isn’t any orientation of portlandite
crystals in ITZ. Portlandite crystals, morphologically, is
similar to a cube with rounded edges, and in the form of
pebble stone.

In order to explain these satisfactory small values obtained
in this study with respect to the size of portlandite crystals,
the sequence of ITZ’s hydration development must be
followed from the time concrete is placed: At the beginning
of the hydration, ettringite and portlandite are formed in
ITZ, as in the bulk cement paste. These crystalline products
in ITZ consist of relatively larger crystals. In the next stage
of hydration, C-S-H and smaller crystals of ettringite and

portlandite are formed and the space between the large
ettringite and portlandite crystals starts filling by them. In
later process of hydration, chemical reactions between the
aggregate (siliceous aggregate or limestone) and the
cement paste may form new hydration products (C-S-H or
carboaluminate hydrates) in the pores of ITZ. Such
chemical reactions reduce the concentration of the
portlandite in ITZ [2].

Scoria aggregate particles have a rich silica and alumina
content. In this study, considering the fact that ITZ and
scoria aggregate may interact within time, the prepared
beam specimens that SEM specimens removed from were
kept in the laboratory under environmental conditions for
one year. In this long term, scoria aggregate particles must
have reacted with portlandite crystals to form so-called
secondary hydration products. In this case, small
portlandite crystals dissolve entirely, and large portlandite
crystals become smaller.

Relation of the size of portlandite crystals in ITZ with
the ratios of LWAC ingredients

Relation of the size of portlandite crystals in ITZ with the
ratios of LWAC ingredients is given in Figure 4.

B The Size of Portlandite CrystalsinITZ (um)
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Figure 4. Relation of the size of portlandite crystals in ITZ with the ratios of LWAC ingredients

The size of portlandite crystals in ITZ is found to be
increased when the W/C ratio of LWAC gets increased.
Increase in W/C ratio of LWAC from 30% to 45%,
increased the size of portlandite crystals in ITZ by 71% on
average. The increase in the size of portlandite crystals
comes true as follows: During cement hydration, hydration
products grow outward from the surface of cement
particles. When hydration products from two close cement
particles contact, they stop growing in that particular
direction. Portlandite forms as crystals with a wide range
of shapes and sizes, depending primarily on the amount of
space available for growth [1]. According to Richardson,
there is a lot of space when the W/C is high (Figure 5).
Thus, hydration products can grow unhindered and large
crystals are formed. In contrast, in low W/C paste the

growth of hydration products is hindered and water
availability for hydration becomes limited [22].
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Figure 5. Schematic representation of water and cement
particles for low, moderate and high W/C ratios [32].
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In this study, hyper plasticizer made it possible to produce
LWAC that has a low W/C ratio (30%). Hyper plasticizer
increases the dispersion of cement particles by electro-
steric repulsion. Electro-steric repulsion includes both
electrostatic repulsion and steric hindrance (Figure 6).
Surface tension is decreased when hyper plasticizer

adsorbed by particles. Thus, it is possible to reduce W/C
ratio, enhance workability, improve segregation resistance,
and increase homogeneity of concrete with hyper
plasticizer. The size of portlandite crystals in ITZ of
LWAC specimens produced with hyper plasticizer is seen
to be considerably small due to low W/C ratio.

Electrostatic

°fr;-
°rr::|

@ -
0.

%

Steric
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» W
(=) ;P

Electro-steric

Figure 6. Schematic representation of electrostatic, steric, and electro-steric repulsion [33].

Furthermore, the size of portlandite crystals in ITZ is found
to be increased when the Ac/A ratio of LWAC gets
increased. Increase in Ac/A ratio of LWAC from 40% to
60%, increased the size of portlandite crystals in ITZ by
30% on average. The increase in the size of portlandite
crystals comes true as follows: In the production of LWAC,
sand was used in dry state and scoria aggregate was used
after kept in water for 0.5 hour. Saturation water of
aggregates was added to LWAC mixtures subsequently.
The amount of saturation water of scoria aggregate is much
more than the amount of saturation water of sand. When
the Ac/A ratio of LWAC gets increased, the increased
mixture water was accumulated around (especially
beneath) the scoria aggregate that had substantially
saturated due to being kept in water for 0.5 hour (Figure 7).
Thus, the W/C ratio of ITZ was increased. Increase in W/C
ratio of 1TZ, must have increased the size of portlandite
crystals in ITZ at the beginning of hydration.
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Figure 7. Schematic representation of water accumulation
around the aggregate particles [2, 34].

Relation of the size of portlandite crystals in ITZ with
LWAC properties

Relation of the size of portlandite crystals in ITZ with
LWAC properties is given in Figure 8.
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Figure 8. Relation of the size of portlandite crystals in ITZ with LWAC properties.

The compressive strength and the oven-dry density of
LWAC are found to be decreased when the size of

portlandite crystals in ITZ gets increased. In this context,

there are inversely proportional relations between the size
of portlandite crystals in ITZ and LWAC properties that
were investigated.
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ITZ behaves as the “weak link in the chain” beside the bulk
cement paste and the aggregate particles in concrete. The
strength and density of ITZ have direct effects on the
strength and density of concrete [1]. The van der Waals
forces of attraction are the principal source of strength in
the solid products of ITZ (Figure 9). The degree of the
adhesion between two solid surfaces depends on the extent
and nature of the surfaces. Larger solid products of ITZ

have lower surface area and weaker van der Waals forces
of attraction accordingly. Thus, they possess less adhesion
capacity. Besides, larger solid products of ITZ form a more
porous framework [2]. For these reasons, the compressive
strength and oven-dry density of concrete are found to be
decreased when the size of solid products of I1TZ gets
increased.

Particle #1 Partide #2

Particle contactis also molecule contact.

A s more and more molecules come in direct contact,

\fan der Waals forces will pull molecules together.

As the molecules are pulled together,
the particles are also pulled together..

the binding force gets stronger and stronger.

Slowty, the particles will merg e together.

Figure 9. Van der Waals forces of attraction [35].

Conclusions

In this experimental study, it was determined that the size
of portlandite crystals in ITZ of nine LWAC specimens is
in the range of (0.91-2.047) pm. There isn’t any orientation
of portlandite crystals in ITZ of concrete specimens.
Portlandite crystals, morphologically, is similar to a cube
with rounded edges, and in the form of pebble stone.

The size of portlandite crystals in ITZ is found to be
increased when the W/C and Ac/A ratios of LWAC get
increased. Increase in W/C ratio of LWAC from 30% to
45%, increased the size of portlandite crystals in 1TZ by
71% on average. Hyper plasticizer made it possible to
produce LWAC that has a low W/C ratio (30%). Thus, the
size of portlandite crystals in 1TZ of LWAC specimens
produced with hyper plasticizer decreased considerably.
Similarly, increase in Ac/A ratio of LWAC from 40% to
60%, increased the size of portlandite crystals in ITZ by
30% on average.

On the other hand, the compressive strength and the oven-
dry density of LWAC are found to be decreased when the
size of portlandite crystals in ITZ gets increased. In this
context, inversely proportional relations have determined
between the size of portlandite crystals in ITZ and LWAC
properties that were investigated.

Portlandite tends to form as large crystals amongst the
other hydration products. Larger crystals have lower

surface area and weaker van der Waals forces of attraction
accordingly. Thus, they possess less adhesion capacity and
form a more porous framework. Also, portlandite is the
most soluble hydration product. The best way to make
portlandite beneficial from mechanical, physical and
durability points of view is to transform it into so-called
secondary hydration products by making it react with
materials that have proper chemical properties for this
transformation. In this case, the small portlandite crystals
dissolve entirely, and the large portlandite crystals become
smaller. Lightweight scoria aggregate used in this study is
thought to have chemical properties to assist such a
transformation in ITZ. The small values related with the
size of portlandite crystals obtained from this experimental
study support this judgment.

According to the researchers, any further research should
include quantitative examination of ITZ chemically and in
terms of other morphological issues in order to better
understand ITZ microstructure.
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Biiyiiksehirlerde artan niifus beraberinde barinma, egitim, ulasim vs. bircok ihtiya¢ parametrelerini
dogurmaktadir. Yerlesik diizende olan alanlarin tniversite ihtiyaglarini karsilamak igin 24 saat aktif
yasamin siirdiigii kampiis alanlarinada ihtiyag duyulmaktadir. Ozellikle kampiis ihtiyacinin karsilandig
alanlarda kentsel ulagim ag1 kosullarinda da gerekli iyilestirmelerin yapilmasi ve ilerideki niifus ve egitim
kapasite kosullar1 dikkate alinarak senaryolarin gelistirilmesi gerekmektedir. Dolayisiyla egitim alanlarina
kolay ulasilabilirligin saglandigi konforlu ve giivenilir yol aglarmin olusturulmast onemlidir. Yol
giizergahlarinda asir1 trafik yogunlugu daha fazla yakit tiiketimi, karbondioksit salinimi ve gevresel giiriiltii
diizeyinde artig gibi problemlere yol agmaktadir. Gelistirilen modeller ile kentsel 6lgekte kampiis ve
yerlesim alanlarinda yol aglar olusturularak trafik problemlerine ¢oziim &nerileri getirilmesi, otopark

'I('j;fzglflel;udu ihtiyaglarin kargilanmasi, trafik akiginin saglanmasi, yayalarin giivenli bir sekilde ulasim imkaninin

Ulasim ag, saglanmasi gerekir. Bu calismada Istanbul Avcilar Ilgesi tniversite kampiis alan1 ve gevre baglanti

Simiilasyon, yollarinda meydana gelen trafik yogunlugu dikkate almarak gelistirilen senaryolarla, ileriye yonelik

Baz senaryo, tahminlerde trafik sorunlarmin ortadan kaldirilmasma yonelik alternatif ¢oziim  onerileri
gergeklestirilmistir. Caligmada dnceden belirlenen bir ufuk yilina gére gelecekteki potansiyel trafik akisini
6lgmek igin karmagik trafik yontemleri tasarlanmistir. Sonug¢ olarak farkli ulasim planlamasi ve arag
modellerinin trafige olumlu katk: sunacag: diisiiniilmektedir.

ARTICLE INFO ABSTRACT

Article history:

Received 28 November 2022

Received in revised form 25 January 2023
Accepted 19 March 2023

Awvailable online 23 March 2023

Keywords:

Horizon year,

Traffic study,
Transportation network,
Simulation,

Base scenario,

Doi: 10.24012/dumf.1210882

* Sorumlu Yazar

The increasing population in metropolises brings together with it housing, education, transportation etc.
gives rise to many need parameters. In order to meet the university needs in settled regions, there is a need
for campus areas where active life is maintained 24 hours a day. Especially in areas where campus needs
are met, necessary improvements should be made in urban transportation network conditions and scenarios
should be developed considering future population and education capacity conditions. Therefore, it is
essential to create comfortable and reliable road networks that provide easy access to training areas.
Excessive traffic density on highway routes causes problems such as higher fuel consumption, carbon
dioxide emissions and increased environmental noise levels. With the models developed, it is necessary
that road networks should be created in campus and residential areas on an urban scale, offering solutions
to traffic problems, meeting parking needs, ensuring traffic flow, and safe transportation for pedestrians.
In this study, alternative solutions have been proposed for the elimination of traffic problems in future
predictions with scenarios developed by taking into account the traffic density occurring in the university
campus area and peripheral connection roads outside the historical peninsula of Istanbul. In the study,
complex traffic methods are designed to measure the potential future traffic flow according to a
predetermined horizon year. As a result, it is thought that different transportation planning and vehicle
models will contribute positively to traffic.
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Giris

Diinyada biiyiik kentlerin en biiyiikk sorunlarindan biri
artan niifus paralelinde gelisen barinma ve ulasim altyap1
eksikligidir. Sehirlerin her gegen giin niifusla birlikte
artan yapt stogu ve ulagim a1 ihtiyaci, talepleri
karsilayacak sekilde planlanmali ve ileride ortaya
¢ikabilecek sorunlarin bertaraf edilmesi gerekmektedir.
Yeni yerlesim alanlarmin  olugmasi, kent Olgegi
planlamasinda saglik ve egitim tesislerininde plan
cercevesinde degerlendirilmesi  gerekliligini  ortaya
koymaktadir. Ozellikle biiyiik kentlerde egitim amagli
kampiis alanlarinin planlanmasinda yapi stogu ile birlikte
mevcut trafik agimininda iyilestirilmesi ve kolay
ulagilabilirligin saglanmas: i¢in mevcut yollar, trafik,
niifus potansiyeli ve ilge merkezleriyle kampiis
alanlarinin ~ birbirine  entegre  olabilecek  sekilde
degerlendirilmesi esastir. Bu baglamda ufuk yili ve
mevcut alanlardaki trafik etiidleri dikkate almarak baz
senaryolar  gelistirilip  ileriye yonelik senaryolar
olusturularak ulasim ag1 belirlenmelidir. leriye yonelik
tahminlerde,  ¢evresel  faktdrler g6z  Oniinde
bulundurularak trafik kaynakl giiriilti kirliligi ve kisith
hammadde imkanlar1 nedeniyle trafik sikisikligim yol
actigt  enerji  kayiplarmin  Oniine  gegcilmesi,
stirdiiriilebilirlik agisindan degerlendirilmelidir. Calisma
kapsaminda Istanbul Universitesi Cerrahpasa Avcilar
yerleskesi durum ¢aligmasi olarak dikkate alinmis, ulagim
ve trafik analizlerine yonelik degerlendirmeler
gerceklestirilmistir. Istanbul niifus potansiyeli yogunlugu
ile Avrupa’nin en biiyliik sehirlerinden biridir. Diinya
Olgeginde ise 21. sirada yer almaktadir. Dolayistyla kent
Olceginde ihtiyaclar her gegen giin artmaktadir. Artan
ihtiyaglar beraberinde birtakim sorunlarida getirmektedir.
En biiyiik sorunlardan biride trafikte artan tasit sayilarinimn
yol actig1 trafik sikisikligidir. Bu duruma kisith otopark
imkanlarmin eklenmesiyle, kentsel planlama 6l¢eginde
trafikte ciddi sikintilar ortaya ¢itkmaktadir. Trafik
sikigiklig1 beraberinde cevresel giiriiltii, fosil yakitlarin
neden oldugu ¢evre kirliligi, kisith hammadde kayb1 ve
enerji kayiplarina neden olmaktadir. Anilan sorunlarin
olusmamasi igin siirdiiriilebilirlik esastir. Planlamalar
yapilirken gevresel problemlere yol agacak faktorlerin
ortadan kaldirilarak enerji tiiketiminin asgari diizeyde
tutulmasi, siirdiiriilebilirligin saglanmasi gerekmektedir.
Bu bakimdan mevcut durumun ve gelecege yonelik
planlanmasinda mevcut ulasim ve trafik analizlerinin

gercegi yansitacak sekilde yapilmasi Onem arz
etmektedir.
Glinlimiizde birgok sanayilesmis iilke; giivenlik,

stirdiiriilebilirlik, cevresel etki, trafik tikanikliklari ve
altyapt sorunlar1 gibi problemlerle karsi karsiya
kalmaktadir. Sonu¢ olarak, karayollar1 genellikle
sagladiklar1 faydaya karsit olarak sunduklari birgok
zorluk agisindan ele alinir. Karayollar1 daima medeniyetin
gelismesine 6nemli katki sunmaktadir [1].

Mevcut trafik analiz mekanizmalarmin Oniindeki en
biiylik zorluk, gliniimiiziin artan trafik ag1 hacimlerine
¢Ozlim Onerileri getirmektir. Sikigtirmali trafik analizinin
temel fikri, trafik 6zelliklerini sikistirmak ve trafik analizi
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islemlerini ham trafik 6zellikleri yerine bu tiir sikigtirtlmis
ozellikler tizerinde gergeklestirmektir [2].

Liu vd. [3] yaptiklart aragtirmada, gorsel ve analitik
yaklagimlarin birlesimine dayali olarak sehir ¢apinda
trafik analizi i¢in bir yontem tanitmistir. Bu c¢aligmada
kentsel araglardan toplanan biilyiik hacimli GPS verileri
kullanilmaktadir. Yontemde sirastyla trafik durumu, yol
baglantisi, seyahat ortintiileri, tikaniklik bolgeleri ve trafik
akiglarini iceren bes farkli katmandan olusan bir trafik
durum haritast olusturulmustur. Haritaya dayali olarak,
sikisik alanlart ¢evreleyen belirli ulagim durumlar
incelenmekte ve tikanikligi  azaltmanm  yollan
Onerilmektedir. YOntem, Yunanistan'daki Atina ve
Pire'nin toplu metropol bolgesinde degerlendirilmekte ve
bu teknigin trafigi analiz etmedeki potansiyeli ve etkinligi
gosterilmektedir. Giderek daha fazla kentsel aracin GPS
cihazlart ile donatilmasiyla, yontemin diger bolgelere
kolayca aktarilabilmesi, trafik igin gilincel, mekansal-
zamansal duyarli, gorsel ve analitik bir yaklagimin
benimsenmesinin Oniinii agmaktadir [3].

Tran vd.[4] calismalarinda doner kavsak trafik akis
kosullarin1 analiz etmek icin deneysel verileri Sint-
Truiden (Belgika) sehrinde elde etmislerdir. Sonuglar,
UAYV videolarmin sagladigi esnekligin ve kus bakisi
gdriiniimiiniin degerini yansitmaktadir. Bu durum IHA
tabanli trafik analiz sisteminin genel uygulanabilirligini
tasvir etmektedir. IHA kullaniminda dniimiizdeki yillarda
beklenen 6nemli artigla birlikte, bu tiir ¢aligmalar hem
uygulayicilar hem de gelecekteki arastirmacilar icin
faydali bir kaynak olabilir. Gelecekteki arastirmalar, esas
olarak IHA tabanli trafik uygulamalarinin daha fazla
uzantilarma odaklanacaktir [4].

Sony & Rao [5] yaptiklari ¢alismada 6zellikle heterojen
trafik kosullarinda sehir igi yollar igin karayolu
kazalarinin tahmin edilmesi tizerine yapilan arastirmalari
incelemistir. Ayrica arastirmacilar tarafindan mevcut
calismalarda karsilagilan sorunlari aragtirmistir. Calisma,
sehir i¢i trafik kazasi tahmini s6z konusu oldugunda,
aragtirmacilarin heterojen trafik kosullarinin karsi karsiya
kaldig1 mevcut sorunlara daha iyi bir ¢éziim bulmalarina
yardimci olmaktadir. Bulgular; ¢alisma hizinin ve hiz
kisitlamalart ile ¢aligma hizi arasindaki farkliliklarin, kaza
siklik oranmi etkileyen temel faktorler oldugunu
gostermektedir [5].

Gilinlimiizde, biiylik metropol alanlarinda karsilagilan ana
zorluklardan biri trafik sikisikligidir. Bu sorunu ¢dzmek
i¢in yeterli trafik kontroli, azaltilmis kirletici emisyonlari
ve azaltilmig seyahat siireleri dahil olmak {izere bir¢ok
¢oziim yollar ile fayda saglanabilir. Otomatiklestirilmis
araglarin rotasii optimize etmek i¢in gelecekteki trafik
kosullarmi tahmin ederek trafigin durumunu karakterize
etmek miimkiin olsayd1 ve bu 6nlemler, ilgili problemlerle
birlikte tikanikligin etkilerini 6nleyici olarak azaltmak
i¢in almabilseydi, genel trafik akisi iyilestirilebilirdi [6].
Zambrano vd. [6] c¢aligmalarinda, yogun trafik
kosullarinda seyahat siiresine gore arag yiikil agisindan
sehrin farkli caddelerini karakterize eden Ispanya'nin
Valencia kentindeki trafik dagilimmin deneysel bir
calismasini gergeklestirerek ¢6ziim yollart aramustir [6].
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Carli ve ekibi [7] yaptiklari aragtirmada kentsel
alanlardaki trafik sikigikligini degerlendirmek icin bir
sonda araglar1 yaklasimi sunmustur. Yéntem, italya'nn
Bari kentinde gergek bir vaka galismasi ile gosterilmistir.
Otobiisler tarafindan {iretilen Kiiresel Konumlandirma
Sistemi (GPS) verileri, Genel Paket Radyo Hizmeti
(GPRS) araciligiyla trafik kosullarini analiz etmek icin
kullanildigi bir kontrol istasyonuna iletilir. Trafik
endeksleri, yollardaki tikanikliklarin  kapsamli  bir
gbriiniimiinii saglamak ve uygun kontrol stratejilerini
uygulamak i¢in degerlendirilir. Béylece trafik yoneticileri
sehirlerde siirdiiriilebilir hareketliligi verimli bir sekilde
yonetebilir ve insanlar trafik ve toplu tagima performansi
konusunda farkindalik kazanabilirler [7].

Trafigin yogun oldugu saatlerde, heterojenlik derecesi o
kadar yiiksektir ki, karayolu tesisinin uygunsuz
kullanimina yol acarak, trafik akisinin islevsel ve
operasyonel Ozelliklerini etkiler. Sings vd. [8]
calismalarinda, makroskopik temel diyagramlari
(MFD'ler)  kullanarak  Hindistan'in ~ Tiruchirappalli
sehrinde heterojen trafik kosullarma sahip kentsel arter
yollarinin  trafik akig Ozelliklerini analiz etmeyi
dnermektedir. Ug temel trafik degiskeni, bir tarafta hiz-
akig-alan-doluluk ve diger tarafta hiz-akis-yogunlugu
igerir. Bu c¢alisma, geleneksel olarak takip edilen
yogunluk kavrami yerine bir konsantrasyon performans
Olgiisii olarak alan-doluluk dikkate alinarak heterojen
trafigi analiz etmek icin sistematik bir genel fikir
vermektedir. Calisma, hiz-akis-alan-doluluk ydntemi
kullanilarak analiz edilen trafik akis 6zelliklerinin, hiz-
akis-yogunluk ile karsilastirildiginda en yiiksek uygunluk
parametresi belirleme katsayis1 (R?) degerleriyle giivenilir
ve tutarli sonuglar verdigini gostermektedir. Sonug olarak,
bir performans 6lglisii olarak alan doluluk kullanilarak,
ara¢ etkilesimleri ac¢isindan trafik 6zelliklerindeki
degisiklikler olgiilebilir. Calisma sonuglari, heterojen
trafik kosullarinda kentsel ana yollar i¢cin makroskopik
kapasite modelleri gelistirmek igin arastirmacilar, trafik
mithendisleri ve uygulayicilar igin faydali olabilir [8].

Bari ve ¢alisma arkadaslar1 [9] arastirmalarinda gesitli
trafik sikisikligi endekslerini, hiz performans endeksi,
hacim/kapasite oran1 ve trafik yogunlugu endeksi
acisindan, 5.7 km uzunlugundaki kentsel karayolu aginda
seyahat siiresine dayali olarak degerlendirmektedir.
Azaltici 6nlemler, kontrolsiiz kavsagi kismen kontrollii
veya sinyal kontrollii bir kavsaga donistiirerek mevcut
trafik talebini karsilamak igin Onerilmistir. Bu tiir etki
azaltma oOnlemlerinin etkinligini kontrol etmek icin,
gelistirilmis ve 1iyi kalibre edilmis bir simiilasyon
modelinde ¢esitli senaryolar olusturulmustur. Nokta
elemanlarindan birinde kanalize kavsak saglanirken hiz
performans indeksinin %8.88, iki noktali elemanlar
kanalize kavsaga doniistiigiinde ise %11.52 oraninda
iyilestigi gozlemlenmistir [9].

Mikro simiilasyon trafik modellemesinin en yaygin
uygulamalarindan biri, trafik tesislerinin, altyapisinin,
insaatinin veya yeniden insasinin etkisinin ve ayrica trafik
diizenlemesindeki degisikliklerin gozlemlenen trafik
agma etkisinin analizidir ve henliz planlama
asamasmdadir. Ulastirma sisteminin isleyisinin, diger

177

seylerin yani sira, bdolgesel ve [kiiltiirel olarak
kosullandirilan degisken insan davranisindan etkilendigi
akilda tutularak, mikro simiilasyon modeli, ulagim aginin
ve kullanicilarinin yerel 6zelliklerine gére ayarlanmalidir.
Otkovi¢ vd. [10] ¢alismalarinda, Rijeka sehrinin yeni
ulasim ag1 iizerindeki kalibrasyon prosediiriiniin
dogrulamasinin sonuglarini, ulagim agmin énemli Sl¢lide
farkli o6zellikleri ve siiriiciilerin farkli davraniglar ile
sunmaktadir. Bu calismada, VISSIM mikro simiilasyon
modeli, sinir aglart kullanilarak kalibre edilmis ve
Rijekanin kentsel trafik aginda belirli bir zamanda segilen
yolun, yaya bolgesine degisimini simiile etmek i¢in
uygulanmistir.  Caligmalarinda, Rijeka sehrinin yeni
ulasim ag1 iizerindeki kalibrasyon prosediiriiniin
dogrulamasinin sonuglarini, ulagim aginin énemli dlglide
farkli 6zellikleri ve siiriiciilerin farkli davraniglari ile
degerlendirmistir [10].

Kent planlamasiyla ilgili bircok faktoriin trafik hacmi,
ara¢ dagilimi, trafik kosullart vb. {izerinde 6nemli bir
etkisi vardir. Zamansal ve mekansal agidan sehirlerdeki
en 6nemli giirtiltii kaynag1 yollardir. Bunun igin kentsel
planlama ile kentsel yogunluk, kentsel morfoloji, kentsel
arazi kullanimi, sokak dagilimi, sokak cevresi ve yesil
alanlar gibi farkli faktorler arasinda iyi iligkiler
kurulmaktadir. Bu sayede siirdiiriilebilir bir sehir bulma
gercegi, en azindan giiriiltii kirliligi a¢isindan daha yakin
olabilir. Bu iliskilerin iyi bir sekilde bilinmesi, kentsel
cevrelerin etkili bir sekilde tasarlanmasi yoluyla bu tiir
kirliligin daha iyi tahmin edilmesini, analiz edilmesini ve
Onlenmesini saglayacaktir [10].

Diinyadaki her sehirde giiriiltii kirliligi dagilim1 mutlaka
kendi tasarimindan etkilenir. Ancak, 21. yiizyilmn ilk
yillarinda bu iligkiler baz1 eserlerde ele alinsa da, bu
sorunlarin sadece bazi yonleri ele alinmis, esas olarak
sokak islevselligine odaklanilmistir. Son yillarda bu konu
daha 6nemli bir gelisgmeye ulagsmis ve daha fazla ¢aligma,
kirlilik dagilimlari ile sehircilik arasindaki iliskilerin
analizine odaklanmistir. Bu ¢aligma, kentsel planlama ile
iliskili olarak giiriiltii kirliligi degerlendirmesi igin
mekansal 6rnekleme metodolojilerinin bir revizyonunu ve
kentsel giiriiltii ile kentsel tasarimin farkli 6zellikleri
arasindaki iliskileri analiz eden ¢aligmalarin gdzden
gecirilmesini saglamaktadir [11].

Bir yol agindaki insanlarin seyahat davranigt genellikle
sabit degildir ve zamanla degisir. Siirekli olarak belirli bir
yol agini kullanan siiriiciiler, hedeflerine ulagsmak igin en
az seyahat siiresine sahip daha konforlu, sikisikliktan uzak
rotalar bulma egilimindedir. Siirliciilerin kisa siireler
icinde degisen trafik diizenlerine bagli olarak hedeflerine
ulagmak i¢in yollar1 kullanma konusunda daha fazla
alternatife sahip oldugu, sikisik ve yiiksek yogunluklu bir
kentsel yol ag1 baglaminda goriilmektedir [12].

Bozkurt ve Karakas [15] ¢alismalarinda, gozenekli asfalt
kaplamalar1 degisik kalinliklarda sonlu elemanlar metodu
kullanarak modellemis, kaplama kalnhig1 artigmnin Von
Mises gerilmelerinde azalmaya, deformasyonda ise artisa
yol actigi, gozenekli asfalt kaplamalarn, giiriiltii
seviyesinin distiriilmesine onemli katkisi olabilecegini
tespit etmiglerdir [15].
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Bozkurt ve Karakas [16] yaptiklar1 c¢aligmada, asfalt
kaplama karigiminda bazik oksijen ciirufu kullaniminin,
disik ve yiiksek frekans degerlerinde ses yutma
performansin1  arttirabilecegini,  gbzenekli  asfalt
kaplamalarda kalinhk artiginin ise  ses  yutma
performansimi diisiik frekanslarda iyilestirmesine katki
Sunabilecegini belirtmiglerdir [16].

Trafikte asir1
kardiyovaskiiler
fizyolojik  ve
olabilmektedir.

giriilti maruziyeti isitme kaybina,
problemlere, uyku problemine,
psikolojik  problemlere  sebep

Literatiirde birgok trafik analiz yontemleri bulunmakla
birlikte, en yaygin kullanilan analiz yontemlerinden biride
trafik mikro simiilasyonu i¢in kullanilan yazilim
S-Paramics yazilimidir. Caligma kapsaminda S-Paramics
yazilii  kullanilarak  analizler — gerceklestirilmistir.
Onceden belirlenen bir ufuk yilna gore gelecekteki
potansiyel trafik akigin1 Olgmek icin farkli trafik
yontemleri incelenmistir. Sonug¢ olarak yenileme
alanlarinda olusturulan ileriye yonelik trafik modelleme
ve simiilasyon amagl baz senaryolarinin, ileride
olusabilecek trafik sorunlarinin ¢éziimiine 6nemli katki
sundugu goriilmiistiir.

Calismada, Istanbul Universitesi Cerrahpasa Avcilar
yerleksesi ¢evresinde trafik durumu g6z 6iiniine alinarak,
sabah ve aksam saatlerinde yogun trafikten kaynakli
sikigiklik problemlerin 6niine gegmek igin alternatif
ulasim  giizergahlar1  ve  yolcu  tagimaciligini
kolaylagtiracak ulagim tipleri géz Oniine alnarak
senaryolar olusturulmus ve ileriye yonelik ¢oziim
onerileri dikkate alinmigtir. Bu dogrultuda 2023 ufuk yili
baz alinarak, artan tasit ve dolayistyla ortaya c¢ikabilecek
trafik sorunlar1 onceden belirlenerek, ¢oziim onerileri
getirilmeye caligilmustir.

Calisma kapsaminda Universite yerleskesi ¢evresindeki
yer alan mevcut trafigin yillara gére dagilimi ve niifus
potansiyeli dikkate alinmistir. Yerleske ve gevre baglanti
yollarindaki sabah ve aksam saatlerindeki esik trafik
sayimlart gerceklestirilmis ve S-Paramics yazilimi
kullanilarak trafik analizi gerceklestirilmigtir. Bu
dogrultuda 2 farkli senaryoyla alternatif giizergahlar ve
yolcu tagimaciliginda kullanilacak tasit tipleri belirlenmis,
ileriye yonelik tahminler gergeklestirilmistir.

Caligmada mevcut ve gelecekteki tiniversite yerleskesi ve
cevre baglanti yollarindaki mevcut ve gelecekteki
trafikler  degerlendirilmistir. ~ S-Paramics  yazilimi
kullanilarak arag¢ hareketleri, arac takip ve serit degistirme
modelleri yoluyla simiile edilmistir. Ozellikle trafigin
yogun oldugu sabah ve aksam pik trafik sayimlar
yapilmistir. En yogun trafigin oldugu saatler dikkate
alinarak saymmlar yapilmis, trafik analizlerinde en
elverigsiz durumlara gore degerlendirmeler
gerceklestirilmistir.

Genis Alan Genel Goriiniimii
Mobilite egilimleri

Genel mobilite egilimleri esas olarak kullanict
davranisindan, tarife sistemlerinden, alternatif ulasim
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hizmetlerinin mevcudiyeti kapsamindan ve sehirleri
karakterize eden ayristiran diger bazi faktorlerden
etkilenir. Trafik talep artis1 ve tiirel pay ile ilgili birgok
varsaymm “Istanbul Metropoliten alan1 Kentsel Ulagim
Ana Plan1” raporuna dayanmaktadir. Tiim Biiyiiksehir
icinde dzel alanlar konusundaki verilerin yetersiz olmasi
nedeniyle s6z konusu yerleske i¢in de yukarida belirtilen
raporda sunulan ortalama veriler kullanilmisgtir.

Bagvurulan raporun bulgularma ve sonuglarina
dayanarak, 2023 yilinda genel mobilite talebinde yaklagik
artis olacag1 tahmin edilmektedir. Sekil 1°de Istanbul
trafik biiyiime modeli verilmistir.

Istanbul Trafik Biiyiime 2006-2023

2 21 y =33.53In(x) - 253.21

£ 5 R2=0.9956

g

=4 1,9

B

w18

T

o]

ﬁ 1,7 T T T 1
2005 2010 2015 2020 2025

Yillar

Sekil 1. Istanbul trafik biiyiime modeli [13]

Sekil 1°de 2006 ile 2023 yillar1 arasindaki trafik bityiime
oranlar1 gosterilmistir. Sekil 1’den anlasilacagi iizere
yillara gore trafik biliylime oraninda dogrusal artis
goriilmektedir. Fonksiyon denkleminde bagimsiz x
degiskeni yillari, bagimli y degiskeni trafik biiyiime
oranlarmi temsil etmektedir. R? degeri 0.9956 oldugundan
yil ve trafik bilylime oraninda kuvvetli bir iliski vardir.
2006 yilinda trafik biiylime orani 1.74 iken 2023 yilinda
2.03 olmustur. Istanbul’un trafigi yilda yaklasik % 1.7
artis gostermektedir. 2023 yilinda trafik % 16.7 kadar
artmig olacaktir.

Istanbul’daki toplu tasima agmndaki tiim gelismeler,
Ozellikle sabah ve aksam gerceklesen yogun trafik
saatlerini karakterize eden sistematik hareketlerde (ev-
ofis -ev veya ev- okul- ev) 6zel ulasim tiirlerine olan
bagimlilig1 azaltma egiliminde olan ulagim tiirii se¢imini
etkileyecektir.

Sekil 2’de 2023 yilina ait Istanbul tiirel paylan
gosterilmistir. Sekil 2’de gosterildigi gibi tlirel paym
gelecek tahminleri, diger tiirler ile karsilastirildiginda
toplu tasima tiiriine gegiste yaklasik % 36 ‘ya ulagan
onemli bir artis olacagini ortaya koymaktadir. Bu artigin
baslica nedenleri iki metro hattinin uzatilmasi (M1 ve M2)
ve Yeni Kap1 ve digerleri gibi intermodal (birden ¢ok
ulagim tiirtiniin etkin oldugu ya da katildig1 ulagima iliskin
eylemler biitlinii) merkezlerin gelistirilmesidir.
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Istanbul Tiirel Paylar1 2023

&=

31,750

ok

6,930

Sekil 2. Istanbul tiirel paylar1 [13]

Sekil 2’ye gore 2023 yilinda, giinlik yolculuklarin
yaklasik % 35’1 toplu tasima ve % 32’si 6zel araglar ile
saglanacak.

Karayolu ag

Istanbul Metropoliten Alami, ulusal, Kitasal diizeydeki
ekonomik refah1 ve dnemli cografi konumu gz 6niine
alindiginda, halen siirekli olarak biiyiimektedir.
Istanbul'un kentsel alani, doguya ve batiya dogru hala
genislemektedir. Bu durum, karayolu aginda da bir
“merdiven modeli” i¢inde benzer bir biiyiimeye neden
olmaktadir. 2007°de yapilan aragtirmaya gore toplam ag
uzunlugu yaklasik 26850 km’dir. Bu uzunluk, Avrupa ve
Asya yakasi arasinda esit olmayan bir sekilde dagilmustir.
Sirastyla % 63 (16800 km) ve % 37 (10050 km)
seklindedir.

Trafik Modelleme ve Simiilasyon

Yazilim

Trafik mikro similasyonu i¢in kullanilan yazilim
S-Paramics yazilimidir. Bu yazilim, trafik olaylarinin
mikro dinamik simiilasyonu i¢in en geliskin yazilimdir ve
sikistk ag kosullarinda bile ger¢ek zamanli arag
davranigint simiile edebilir. Bu yazilim, baglantil
sinyallere ve operasyonel Kentsel Trafik Kontrole (UTC)
sahip durumlar i¢in dogru trafik akist modellemesi
amacityla dinamik geri bildirim ile birlikte, alan genelinde
bir ara¢ yonlendirmesini sunmaktadir. Mikro-simiilasyon
modelleri miinferit araglarin hareketlerini resmeder ve aga
girdikleri zamandan, agdan ¢iktiklar1 zamana kadar onlari
takip eder. Cesitli modeller ile kontrol edilen miinferit
araglarin davranigi ve genel trafik performansi, modelin
sonuglarin1 etkileyen siiriicii ve arag Yyeteneklerine
baghdir. Belirli bir senaryonun islenebilirligini ve
etkinligini bir dizi genel ag performanst sonucu
vasitastyla belirlemek artik miimkiin olur [14].

Model yapis1

“PARAMICS”, PARAllel MICroscopic
(Paralel ~ Mikroskopik  Simiilasyon)
kisaltmasidir. Ana model yelpazesi
olusmaktadir. Ug bilesen sunlardir:

Simulation
kelimelerinin
iic modiilden
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- Modelleyici: Temel animasyon ve simiilasyon aract
- Islemci: Birden ¢ok senaryo icin toplu analiz araci

- Analizor: Post- simiilasyon veri analiz arac1

Simiilasyon algoritmasi

S-Paramics yaziliminda ara¢ hareketleri, arac takip ve
serit degistirme modelleri yoluyla simiile edilir. Bu
modeller, siiriicii- arag-birimin hedef ilerlemeye ve
hizlara ulagma arzusuna dayahdir.  S-Paramics
yaziliminda miinferit arag hareketleri arag takip, aralik
kabul ve serit degistirmeyi temsil eden ii¢ adet interaktif
model tarafindan yonetilir. Tasit dinamikleri nispeten
basittir ve bir siiriiciiniin davranis1 karigimi ile aracin

fiziksel ve kinematik (6rnegin boyut, hizlanma/
yavaslama) Ozelliklerine dayali bazi sinirlamalari
birlestirir [14].

Yiikletim yontemleri

Modelde, araglarin  baglangic noktasindan  varig

bolgelerine en az maliyetli giizergahlar1 kullanarak
seyahat ettigi dinamik bir yiikletim yaklasimi kullanilir.
Yiikletim teknigi, her baglanti genellestirilmis bir maliyet
fonksiyonu ile iliskilendirilerek elde edilir. Bu fonksiyon,
otoparka (eger modelde mevcut ise) gelis/ gidis yiriiytisi,
baslangi¢ noktasi ile varig noktasi arasindaki mesafe ve
yolda karsilagilabilecek tiim gegis ticretleri dahil olmak
tizere yolculugu tamamlamak igin harcanan zamani
hesaba katar. Maliyetler her baglanti i¢in belirtilir ve
Formiil 1°deki bigimi alir:

Maliyet =a*T + b*D + c*P

Burada:

@)

a: dakika cinsinden zaman katsayisidir, bu ¢aligmada 1 'e
esittir.

b: ‘km bagma dakika’ cinsinden mesafe katsayisidir, bu
calismada 0.34 ‘e esittir

c: ‘parasal maliyeti basina dakika’ cinsinden {icret
katsayisidir, 0'a esittir [14].

Baz Senaryo Model Ag

Baz model senaryosu mevcut kosullardaki ¢alisma alanini
temsil eder. Baz modeli, gézlenen trafik sayimlarina kars1
trafik- simiilasyon modelinin trafik akisi ¢iktisini kalibre
etmek icin yapilmis ve ¢alistinlmistir. Bagka bir deyisle
modeldeki simiile edilmis trafik akiglarinin, trafik
etiidiinde toplananlara uydugundan emin olmak i¢indir.
S6z konusu uyum bir kez olusturuldugunda, model daha
sonraki senaryolar i¢in giivenle kullanilabilir.

Trafik simiilasyon aginin yapimi i¢inde yer alan ilk adim,
gercek fiziksel yol sisteminin idealize edilmesini igaret
eder. Bu sistem; baglantilar, diigiimler ve bir bolge
sisteminden olugan ideal bir bilgisayar agna
doniistiiriilmiistir. Prosediir, modellenmis ag igindeki
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ara¢ yolculuklarmin, incelenmis baglanti hacimleri ve
kavsaklardaki doniis hareketi sayimlari temelinde
baslangi¢ noktas1 / varig noktasi tahminini igerir [ 14].

Analiz Sonuglar ve Tartisma

Talep analizi

Talep analizine gore diisliniilen kampiis alan1 etrafinda,
efektif olarak giinliik 15.400 kullanici hareket halindedir.
Toplam giinliik seyahat miktar1 38.500’diir. Her bir
kullanic1 bagina 2.5 dahili seyahat goriilmektedir. Pik
saatleri siiresince 1750 kullanici yer almaktadir. TPL
kullananlarin giinliik 11.550 olup, % 30’u kampiis igi
kullanimdir. Kampiis ve baglant1 yollar1 arasindaki
kullanicilarin kampiise en kisa siirede ve herhangi bir
trafik engeliyle karsilasmadan en kolay sekilde ulagim
saglanmasi, hedef olarak belirlenmistir. Ozellikle
kampiisiin Kiigiikcekmece golii ve E-5 (D100) karayolu
arasinda kalmasi nedeniyle erisim aglar1 kisithdir.
Dolayisiyla kullanicilarin kampiise ulasimimnin en asgari
trafik diizeyinde kisa zaman zarfinda ulasimini temin
etmek 6nem arz etmektedir. Bu durumun saglanmasi igin
mevcut trafik durumu dikkate alinarak, farkli senaryo
modelleri gelistirilerek, kayip zamanin oniine gegilmeye
calisilmigtir. Bu baglamda tasit ve yaya yollari birbirinden
ayrilarak, D100 karayoluyla kesilen yaya hareketinin
saglanmas1 i¢in yaya {ist ge¢it modeli alternatifleri
kullanilmigtir [14].

Talep analizleri

* % 30 Cagdas giinliik faktor (hastalik / devamsizlik)
* 15.400 Efektif giinliik kullanicilar

» 2.5 Kullanici bagina dahili seyahat

* 38.500 toplam giinliik yolculuk

* % 30 i¢ kullanim TPL

* 11.550 TPL i¢in giinliik kullanici

* 1750 pik saat kullanim1

Genis alan analizi

Istanbul Metropolitan Alan1 Kentsel Ulasim Ana Plani’na
gore, 2023 yilinda genel mobilite talebinde artis olacagi
tahmin edilmektedir. Trafik artis orani yillara gore lineer
artis  gostermektedir. Ozellikle egitim alanlarmin
bulundugu bolgelerde egitim yili boyunca, sabah ve
aksam pik saatlerinde ciddi trafik artiglar1 goriilmektedir.
Egitim alanlarinin yogun oldugu bolgelerde trafik kendini
daha fazla hissettirmektedir.

Sekil 3’te Istanbul’da yer alan egitim alanlarinin
konumlar belirtilmistir.
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Sekil 3. Istanbul egitim bolgeleri genis alan analizi [13]

Sekil 3’te Istanbul’daki egitim hizmetleri haritasina gére,
Surigi bolgesinde yogun bir egitim alan1 yer almasina
ragmen daha sonra dogu ve bati dogrultusunda yatayda
egtim alanlarinda artiglar oldugu goriilmektedir.

Sekil 4’te toplu ulagim araglartyla 120 dakikalik seyahat
stiresi boyunca ulagilacak egitim bdlgeleri glizergahi yer
almaktadir.

Sekil 4. Planlanan durum izokronal analiz (120 dakika
toplu tagima [14]

Sekil 4’te 120 dakikada toplu ulasim araglart ile
planlanmis yerler igin ulasilacak alanlar gosterilmistir.
Avcilar yerleskesi Marmara Denizi ve Kiigiikgekmece
Golii arasinda yer alan bir yerleske oldugundan, ana yollar
acisindan yogun gecis giizergahi kisminda yer almaktadir.

Sekil 5’te mevcut durum ve planlanmig duruma gore toplu
tasima erisilebilirlik diizeyi (PTAL) analizi sonuglari
gosterilmistir.
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(b)

Sekil 5. PTAL analizi mevcut durum (a), planlanmis
durum (b), [14]

Sekil 5’te PTAL trafik durum analizine gore; mevcut
durum bakimindan en yogun alanlarin surigi bolgesi ve
kiyt seridi boyunca trafik artis bolgelerinin oldugu
goriilmektedir. Avcilar yerleskesi sahil ve D100
karayolunun birlestigi yol giizergah1 kenarinda yer
almasindan dolayr bu bélgelerde sabah ve aksam
saatlerinde trafik yogunlugu olmasi kagmilmazdir.

Proje alani analizleri

Kentsel fonksiyonlarin dagilimi bakimindan egitim
kampiis alaninin Marmara Denizi ve Kiigiikgekmece Golii
arasinda, D100 karayoluna paralel bir durumda yer aldigi
goriilmektedir. Kampiise toplu ulasim imkam D100
karayolu iizerinde metrobiis, yan yollarda ise otobiis,
araba ve dolmuslarla saglanmaktadir. Yayalarin doniis
yolunda toplu ulasim araglarina ulasmasi, yaya yolu ve
yaya kopriileri ile temin edilecektir. Olusturulan
senaryoda yonca tipi yol segilerek, otoyolun yan yollara
kolay baglantist saglanacaktir. Senaryoda anayollar
otoyolu altgecitle keserek, kampiisten Avcilar ilge
merkezine kolay ulagim temin edilecektir. Ayrica yaya
yolu ve kopriileri olusturularak otoyol {izerinden
yayalarinda ilge merkezine kolay ulasimi saglanacaktir.

Sekil 6’da proje alan analizleri dikkate almarak ilgili
kampiisteki kentsel fonksiyon dagilimlar1 gosterilmistir.
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Sekil 6. Fonksiyon dagilim analizi [13].

Sekil 6’da yesil alanlar park, kirmizi alanlar egitim, sar1
alanlar saglik ve siyah alanlar ibadet merkezleri olarak
gosterilmistir. Avcilar yerleskesi Kiigiikcekmece Goliine
paralel bir sekilde yer almaktadir. Yola cephe iist ada
parseller egitim binalar1 olarak kullanilmaktadir.

Sekil 7a’da {iiniversite kampiisii ve baglanti yollartyla
ilgili tasit ve yaya yollar dikkate alinarak yol agi ve
erisim sistemleri ile Sekil 7b’de tiniversite kampiisii ve
baglanti alanlardaki yaya ag1 gosterilmistir.

Otaoyolu Yaya Y?’U o
s — Anayol s Yaya kopriist
Yerel yol 2
— Yayayolu %
Yaya kopriisii T B

(@)

(b)

Sekil 7. Yol agi ve erisim sistemi (a) ve yaya yolu
sebekesi (b), [14]

Sekil 7°’de ilgili yerleske ¢evresinde yer alan yol
sebekeleri ve mahallere erigsim sistemine gore; yerleske
¢evresinde otoyol, anayol ve yerel yolun bulundugu farkli
giizergahlar yer almaktadir. Ayrica yayalarin ilgili
yerleskeye ulagmasi igin yaya kopriisii ve yaya yollari
bulunmaktadir. Yol aglar1 ve yerleske arasindaki yolcu
trafiginin ulasiminda, yaya kopriileri ve yaya yollar
ulagim ag1 agisindan 6nemli bir yere sahiptir. Sekil 7’ye
gore yerleskeye paralel D100 karayolu iizerinde toplu
ulasim aract olarak kullanilan metrobiis hattinda,
yolcular1 yaya olarak metrobiisten yaya kapisina kadar
olan yolculuk siiresi i¢in 750 m’lik yayayolu giizergahi
boyunca 10 dakikadan fazla bir zaman harcanmaktadir.

Trafik Analizleri

Calisma kapsaminda trafik analizleri kampiis ve ¢evresini
iic bolgeye ayirarak gergeklestirilmistir. Grup 1, D100
karayolundaki trafik sayimlarimi kapsamaktadir. Grup 2,
iiniversite kampiistiniinde yer aldifi ilgenin Firuzkoy
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kismini, Grup 3 ise ilgenin merkez kismimi baz alarak
gerceklestirilmistir.

Sekil 8’de trafik sayim bolgeleri gosterilmistir.

Avcilar Kvs — Namik 2, _,"

Sekil 8. Trafik analizi sayim bolgeleri [14]

Sekil 8’de ilgili Avcilar kampiis yerleskesinde trafik
saymmi igin 3  gruplama yapilarak  sayimlar
gergeklestirilmistir. Grup 1 D100 karayolu, grup 2
Firuzkoy giizergahi, grup 3 ise Avcilar Kvs-Namik Kemal
Caddesindeki trafik durumu baz olarak dikkate alinmistir.
Genel hareketlilik egilimleri bakimindan ev-okul ve ev-ig
ile ilgili gidis gelis saatleri dikkate alinarak en yogun
hareketlliligin yasandigi pik durumundaki saatler
belirlenmistir.

Genel hareketlilik egilimlerine gore ilgili Istanbul
Metropolitan Alam1 Kentsel Ulasim Ana Plan1 (IUAP)
genel zirve saatleri ve araliklar1 Sekil 9°da gosterilmistir.
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Yiizde

Yizde

Sekil 9°daki genel hareketllilik egilimlerine gore zirve
saatleri ve araliklari dikkate alindiginda asagidaki
hususlar goriilmektedir.

e Ev-ig/ev-okul seyahati amagli sabah zirveleri tamamen
ortiismektedir.

o (iin ortast zirveleri, esas olarak ev-okul seyahat amagli
hareketlerle karakterize edilmistir.

o Ev-okul seyahati amagli aksam zirveleri (16.00-18.00),
ev-is seyahati amacina (18.00-20.00) kiyasla biraz
gecikmelidir.

Sekil 9’a gore; yesil renkli siitunlar trafigin zirve
yogunlukta oldugu saatleri ifade etmektedir. Trafik
egilimin en yogun oldugu ev-is, ev-okul arasindaki
ulagimi igeren sabah saatlerindeki sirasiyla 8.00-9.00 ile
08.00-10.00 saatleri arasinda goriilmektedir. Aksam
saatlerinde ise pik degerlerin 6grenciler i¢in okuldan eve
gidislerde 16.00-18.00 saatleri arasinda, ¢alisanlarin isten
eve doniislerinde ise 18.00-20.00 saatleri arasinda oldugu
goriilmektedir.

Trafik sayimi

D100 karayolu grup 1 olarak ele alimmustir. Grup 1°de; 1,5
noktada en az 5 sayag, 1 kamera yerlestirilmek iizere
gozlemler yapilmis ve sayimlar gerceklestirilmistir.

Sekil 10°da, D100 karayolu etrafinda yer alan sayag ve
gbzlem noktalart gosterilmistir.

Ev-ls
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:00 14:00
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:00-10:00
:00-17:00
:00-18:00
:00-19:00
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(b)

Sekil 9. Genel hareketlilik egilimlerine gore genel zirve saatleri ve araliklari (ev-okul (a), ev-is (b), [14]
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Sekil 10. D100 karayolu saya¢ ve gézlem noktalari [14]

Zirve saatleri analizleri

Trafigin yogun oldugu iiniversite yakininda yer alan D100
karayolu etrafindaki trafik dikkate alinarak, hangi zaman
periyotlarinda zirve saat degerlerine ulasilmasiyla ilgili
sayimlar gergeklestirilmis ve analizler yapilmustir.
Ozellikle iiniversite giiney cephesinde yer alan yol
glizergahinin D100 karayolu ile olan etkilesimi goz
6niinde bulundurulmustur. Bu bolgede yer alan yonca
kavsaktaki trafik degerleri ile D100 karayolu yan ¢ikis tali
yol kavsaklardaki trafigin yogun oldugu alanlardaki zirve
tasit trafik analizleri yapilmistir.

Sekil 11°de sabah aksam trafik zirve saatleri ve sabah-
aksam saatlerindeki ara¢ sayim grafikleri sunulmustur.
Sekil 11’e gore, sabah trafigin en yogun oldugu saat 8.45
olarak tespit edilmistir. Aksam saatlerinde ise 17.00-
17.45 saatlerinde =zirve saat trafik yogunlugu
goriilmektedir. Zirve saatlerinde 2500’{in tizerinde tagit
sayimi gergeklestirilmisgtir.

Sabah ve aksam saatlerindeki arag cinsleri ve sayilari
Sekil 12’de gosterilmistir. Sekil 12°ye gore sabah ve
aksam saatlerinde arag say1s1 ve tipi bakimindan en biiyiik
pay1 otomobiller olusturmakta, kamyonlar ise en az paya
sahip araglar olarak yer almaktadir. Yapilan tagit
sayimlart dikkate alindiginda sabah toplam tasit sayisi
saymui 13123,  aksam  ise 13507  olarak
gerceklestirilmistir. Olgiimii yapilan tasit sayimima gore,
sabah ve aksam saatlerindeki otomobil oranlar1 sirasiyla
% 72.24 ve % 65.64 olarak tespit edilmistir. En diisiik
orana sahip kamyon sayilar1 ise sabah % 1.59, aksam
saatlerinde ise % 2.54 olarak belirlenmistir. Dolayistyla
trafik yogunluguna ve sikisikligina neden olan tasit
trafiginde otomobiller sayica diger tasit tiplerine gore
oldukga fazla bir yer tutmaktadir

2500 T
/ _""'-....___'
2000 —
1500
1000
500
7.30 7.45 8.00 8.15 8.30 8.45 9.00 9.15

(©)

2500

2000

1500

1000

500

17.00 1715 17.30 1745 18.00 1815 1830 1845

(d)

Sekil 11. Trafik yiikii sabah-aksam zirve saatleri (a,b) ve sabah-aksam saatleri ara¢ sayimu (c,d), [14]
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20.22%
T72.24%

otomobil = minibis mkamyon motobis

9.07%
2.54%

22.75%

65.64%

otomobil = minibiis mkamyon motobiis

(@)

(b)

Sekil 12. Sabah (a)-aksam (b) saatleri arag tiirti dagilimi, [14]

Trafik Modellemesi
Temel model sebeke senaryosu

Universite ¢evresi ve D100 karayoluna bakan kisimlarin
simdiki durum sabah ve aksam saatleri dikkate alinarak
trafik modellemesi gerceklestirilmistir. Modeller, sabah
ve aksam zirve saatleri tasit dagilimi ele alinarak
yapilmistir. Sabah zirve saat trafik yogunlugunun
yasandigi 8.30-9.45 saatleri arasindaki trafik akisi
gozlemlenmistir. Modelleme uygulanirken saat 8.30-9.10
sabah zirve saat trafik yogunlugu 2 ile 5384 arasindaki
veri  yerlesimi  dikkate alinarak  modellemede
kullanilmigtir. Temel model sebeke senaryosunda ise
aksam is ve Ogrenci ¢ikiglarinin yogun yasandigi saat
17.00°den sonraki zaman dilimi dikkate alinmgtir.

©

Sekil 13. Temel model sebeke senaryosu sabah zirve saatleri (a,b), aksam zirve saatleri (c,d), [14]
184

Sekil 13°te temel model sebeke senaryosu sabah ve aksam
zirve saat tasit trafik yogunluklar1 goriilmektedir. Sekil
13a ve Sekil 13b’den anlasilacag: iizere sabah okul-is
gidis zirve saatlerinde kampiis ¢evresi ve D100 karayolu
ile tali yollarda yogun bir trafik akis1 gézlenmektedir.
Ayni sekilde Sekil 13c ve Sekil 13d’de aksam okul-is
cikig zirve saatlerine denk gelen zaman araliklarinda
kampiis ¢evresi ve D100 karayolu ile tali yollarda yogun
bir trafik potansiyeli oldugu anlasilmaktadir.

(d)
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Sebeke parametre sonuglari

Sabah ve aksam mevcut durum senaryolarinda, ag
parametreleri dikkate almmigstir. Sabah ve aksam
trafigiyle ilgili simdiki durumlar senaryo edilmistir. Ag
parametrelerinde toplam simule edilen tasit sayilari, ag
boyunca toplam tasit seyahat siireleri, tasit basina
ortalama seyahat siireleri, seyahat eden her bir tasitin
ortalama mesafe araliklari ve ortalam hizlar tespit
edilmistir. Tablo 1’de sabah ve aksam simdiki durum
senaryolarma gore sebeke parametreleri verilmistir.
Tablo 1’den anlasilacag: iizere simule edilen tasit sayisi
sabah saatlerinde 13378, aksam saatlerinde ise 14310
olarak belirlenmigtir. Ortalama tasit hizlart trafik
yogunlugundan dolay1 sabah yaklagik 23.5 km/sa., aksam
ise 17.5 km/sa. olarak tespit edilmistir.

Tablo 2 ve Tablo 3’te sirasiyla sabah ve aksam
saatlerindeki trafik dretimlerine ait bilgilere yer
verilmistir. Tablo 2 verilerine gore; kisa vadeli senaryo
(2023 y1l1; metro yapilmadan) sabah 1724 arag¢/saat, uzun
vadeli senaryoda (2028 y1l1; metro yapilinca) sabah 1379
arag/saat tasit trafigi olacagi beklenmektedir. Tablo 3’e
gore 2023 yili kisa donem aksam zirve saatleri trafik
tiretiminin metrosuz durumda 1204 oldugu, 2028 yilinda
metro uygulamasi sonrasida ise 963 olacagi dolayisiyla
yaklasik % 20 oraninda bir azalma goriilecegi tahmin
edilmektedir.

Gelecek Senaryolar Trafik Modellemesi

Gelecek senaryolari belirlenirken iiniversitenin mevcut ve
gelecekteki 6grenci ve ¢alisan personel sayilarida dikkate
alimmistir. Ayrica niversite yerleskesinin bulundugu
bélge, Istanbul tarihi yarimada disinda kalan bir alanda ve
gelisime acik bir bdlgede yer almaktadir. 2014 yilinda
15648 ogrenci ve 1565 c¢alisan personel hacmine sahip
kampiiste, 2023 y1l1 sonrasi bu oranlarda %37.2 bir artis
beklenmektedir. Ogrenci potansiyelinin 25.000-30.000
bandinda olacagi tahmin edilmektedir. S6z konusu
durumun tagit trafiginin yogun olmasina etkileri olacaktir.

Sekil 14’te sabah-aksam zirve saat faktoriine gore arag
giris ve ¢ikis saatleri verilmistir.

N
P SIS RIS
S S S S S S

A USRI R RS2

G,

i)

Sekil 14. Giinliik profil [14]

Sekil 14’e gore; sabah zirve saati faktorti % 11 (1276 arag
giris — 448 arag ¢ikis), aksam zirve saati faktorii ise % 8
(391 arag giris-813 arag ¢ikis) olarak goriilmektedir.

Tablo 1. Simdiki durum sabah ve aksam senaryo ag sebeke parametreleri [14]

Senaryo Simule Ag boyunca Tasit bagina Ag boyunca Tasit basina Ortalama
edilen toplma ort. seyahat toplam ortalama tasit hizi
tagit sayis1 | seyahat siiresi stiresi seyahat seyahat (km/saat)
(tasit) (tagit*saat) (sn.) mesafesi mesafesi
(tasit*km) (m)
Simdiki durum 13378 637 171 14936 1116 23,46
(sabah)
Simdiki durum 14310 920 231 16043 1121 17,44
(aksam)
Tablo 2. Sabah zirve saatleri arag trafik iiretimi [14]
Kisa déonem | Guinlik | Model Sabah zirve | Sabah tasit | Giris | Cikis | Arag | Arag
yolculuk | paylasimi | saat faktorii | tiretimi giris | cikis
Kisa donem 62625 %25 %11 1724 %74 | %26 1276 | 448
(metrosuz)
Uzun 6nem 62625 %20 %11 1379 %74 | %26 | 1021 | 359
(metrolu)
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Tablo 3. Aksam zirve saatleri arag trafik tiretimi [14]

Kisa déonem Giinliik Model Aksam zirve | Aksam tasit | Giris | Cikis | Arag Arag
yolculuk | paylasimi | saat faktorii iiretimi giris cikis

Kisa dénem 62625 %25 %8 1204 %33 | %68 | 391 813

(metro dncesi)

Uzun dénem 62625 %20 % 8 963 %33 | %68 | 313 650

(metro sonrasi)

Mevcut erisim sistemine gore D100 mevcut yol
sebekesine baglanti, {iiniversite ana giris kapisindan
saglanmaktadir.

Sekil 15°te olusturulan senaryoya gore 2023 yilt mevcut
erisim sistemi, mevcut yol ag1 sebekesi ve mevcut trafigin
yeni bypass yoluna olan baglantilari ile gosterilmistir.
Sekil 15°te; % 5 otoyoldan, % 15 Firuzkdy yolundan ve
% 30 Baglar i¢i yolundan yeni bypass yoluna baglantilar
saglanarak, trafik yogunlugunun hafiflemesine 6nemli
katki sunulacaktir. Sekil 15’ten anlagilacagi iizere tek
giizergahtan (D100 Kkarayoluna cephe yan yol)
liniversiteye saglanan baglanti nedeniyle olusan trafik
sikigikliklari, senaryoya gore alternatif bypass yollarin
olusturulmas: ile azalacaktir. Ozellikle ¢ farkl
giizergahtan saglanan baglanti bypass yollarm, D100
karayoluna paralel kampiis i¢i arka cephedeki yol
glizergahina baglanmast ve bu giizergahin  aktif
kullanilmasi ile mevcut duruma gore % 50 oraninda
trafikte bir rahatlama saglanacaktir.

Proje senaryo calismalari, ileriye yonelik tahminler ele
aliarak gergeklestirilmistir. Caligmada 2023 yili ve 2028
yili tasit ve niifus yogunluklar1 tahminleri yapilarak,
iiniversite ve ana yol giizergahlar1 trafik yogunluklar
tahminleri yiriitiilmistiir. 2023 y1li metro faaliyetlerinin
yiiriitilmedigi durum dikkate aliarak tniversite yeni

(@)
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giris kapilar1 ve bypass yollart diisiiniilerek, trafik akis
yogunlugunun diisiiriilmesi hedeflenmektedir.

Universite kampiis yaya ve tasit hareket kabiliyetlerinin
azaltilmamasima yonelik alternatif {iniversite kampiis
giris alan sayilari arttirilarak, niifus ve bunun paralelinde
artacak tasit trafigi yogunlugunun azaltilmasina yonelik
¢Ozlim yollar1 aranmaktadir.

Sekil 16°da 2023 yili metro ¢aligmalar1 dncesi {iniversite
alternatif kampiis yeni giris kapisi ve baglantis1 yaya-tasit
yollart ve trafik yogunluk alanlar1 gosterilmistir.
Sekil 16’ya gore; liniversite ve ¢evresi kisa donemdeki
yeni erigim sistemi kesintisiz trafik ile talep tiniversite
trafik yogunlugunun azalacagi tahmin edilmektedir.
Sekil 16’daki senaryodan anlasilacagi tizere kampiise
erisim noktalarinin ikisinin D100 karayoluna paralel yan
yol ve digerinin ise arka baglanti yan yoldan saglanmasi
ile kampiiste tek bir yerden saglanan erisim noktasi
nedeniyle meydana gelen trafik yogunlugunun oniine
gecilecektir.

Sekil 17°de ise 2028 yili metro ¢aligma faaliyetlerinin
tamamlandig1 varsayilarak, D100 karayolu ve iiniversite
kampiisii alternatif giris kapilart alanlarindaki trafik
yogunluklart gosterilmistir.

(b)
Sekil 15. Mevcut trafigin bir degisiklik yapmadan (a) ve yeni bypass iizerinde yeniden dagilimi (b), [14]
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Sekil 17’ye gore {iiniversite ve c¢evresi yeni erigim
noktalari ve metro sonrasi kesintisiz trafik ile talep
tiniversite yogunlugunun azalacagi tahmin edilmektedir.

(a)

(b)

(a)

Sekil 16a ile Sekil 17a birlikte karsilagtirmali olarak
analiz edildiginde, Sekil 16a’da ii¢ farkli kampiis girisi ile
trafik yogunlugunun yayilarak azaltilmasi hedeflenmistir.
Sekil 17a’da ise ilave olarak 2028 yil1 metro ¢aligmalari
faaliyetlerinin tamamlanacagi, metro duragmim kampiise
yakim bir noktada olmasindan 6tiirii, 6grencilerin toplu
tasima aginda metroyu kullanabilecegi ve bu durumun
trafik yogunlugunun azalmasina 6nemli katki sunacagi
diistiniilmektedir. Ayrica metrobiis ana merkez ve park
alanlar1  Avcilar yerleskesi i¢inde bulunmaktadir.
Metrobiis toplu ulagim ana duraginin Avcilar yerleskesi
ana girisi yakininda yer almasindan dolay1 trafik
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(b)
Sekil 17. 2028 yil1 yeni giris-¢ikis kapisi ve bypass noktalari ile trafik proje senaryosu 2 (metro sonrasi), [14]

yogunlugu yasanmaktadir. 2028 yilinda metronun aktif
hale getirilmesi ve 6grencilerin toplu ulagim araci olarak
metroyu kullanmasi ile birlikte hem metrobiis
yogunlugunda hem de trafik yogunlugunda azalma
olacagi ongoriilmektedir.

Aksam zirve saatlerine ait modelleme parametreleri
Tablo 4’te sunulmustur.
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Tablo 4. Modelleme parametreleri (aksam zirve saatleri), [14]

Senaryo Simule Yol agi Tasit basina | Yol agilizerindeki | Tasit basina | Ortalama hiz
arag toplam ortalama toplam seyahat ortalama (km/sa.)
(tasit seyahat seyahat mesafesi seyahat
sayist) Zamani zamani (tas1t*km) mesafesi
(tasit/sa.) | (sn.) (m.)
Temel 13740 1126 295 15861 1154 14,08
model
Faaliyetsiz | 14019 1737 446 15500 1106 8,93
2023 yili
Referans 13868 1533 398 15466 1115 10,09
2023 yili
Proje 16728 950 204 19386 1159 20,40
senaryosu
2023 yili
Proje 16912 954 203 19447 1150 20
senaryosu
2028 yili

Tablo 4’¢ gore simule tasit sayisinda 2023 yili proje
senaryosuna gore yaklasik % 21.7, 2028 yili proje
senaryosuna gore ise yaklastk % 23 artig olacagi
varsayimi1 ve bune bagli olarak alternatif yol giizergahlari
senaryolar1 dikkate alindiginda, yol ag1 toplam seyahat
zamaninda sirasiyla % 16 ve % 15 azalma goriilecektir.
Bu durum tasit basma ortalama seyahat zamaninda
yaklagik % 31 daha az bir zaman harcanmasina neden
olacaktir. Trafikte harcanan siirenin azalmasi ile yakit
tiiketiminden tasaruf saglanarak daha az giirtiltii kirliligi
ve egzos gazindan kaynakli ¢evresel kirliliginin 6niine
gegilecektir.

Tartisma ve Sonu¢

Universite kampiisiiniin bulundugu saha, Istanbul li
sinirlar iginde bulunmaktadir. Istanbul Ili 2021 yil1 niifus
sayimina gore 15.840.900 niifusa sahip olup, Onceki
yillara gore niifus artis hiz1 % 2,45’tir. Niifus yogunlugu
2982 /km?dir. TUIK verilerine gore toplam tasit sayist
2022 yilinda 4.688.022’ye ulasmustir. Universite kampiis
sahas1 Avcilar Ilgesinde yer alip, niifus yogunlugunun en
fazla oldugu Esenyurt ve Kiigiikgekmece ilgeleri arasinda
yer almaktadir. Yerleskenin D100 karayoluna cephe
olmasindan dolay1 konum itibariyle en fazla tasit
yogunlugunun bulundugu giizergah alan1 icinde
kalmaktadir. Niifus yogunlugu ve dolayisyla tasit
sayisinin artmasi, mevcut yol giizergahi iizerinde trafik
yogunluguna neden olmakta ve erisim aglarina ulagimi
olumsuz yonde etkilemektedir. Bu durum ulasimda hem
zaman kaybi hem de enerji sarfiyatindaki artisla birlikte
¢evre kirliliginin olusmasina neden olmaktadir. Dolayisla
maddi yonden de iilke ekonomisine olumsuz etkilerinin
olmas1 kagmilmazdir. Ozellikle trafik yogunlugunun
azaltmasma yonelik ¢6ziim Onerileri ile karbondioksit
salmmi ve trafik giiriiltiisiiniin azaltilmasi saglanarak,
cevresel kirliligin yol actig1 problemlerin Oniine
gegcilecektir. Bu bakimdan ileriye yonelik tahminlerde
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olusturulan senaryolar, problemlerin etkilerinin ortadan
kaldirilmasina yardimci olacaktir.

Calismada model olarak Avcilar yerleskesinde yer alan en
eski tiniversite kampiislerinden biri baz olarak alinmustir.
Mevcut durum, trafik gozlemsel verileri ve gelecekte
olmasi diisliniilen trafik yogunluk parametreleri
tahminleri yapilmistir. Senaryolar olugturulurken toplu
ulasimin etkileride goz 6ntinde bulundurulmustur. Sebeke
agmin daha iyi hizmet sunabilmesi artan niifus ve tasit
trafigi etkilerinin azaltilarak daha problemsiz bir seyahat
ve Universiteye erisimin kolaylastirilmasi i¢in asagida
verilen hususlarm dikkate alinmasi gerekmektedir.

1- Universite kampiis girisinde yer alan trafik
yogunlugunu azaltmak i¢in alternatif giris kap1 noktalari
diizenlenmelidir.

2- Kampis kullanicilarinin giris ve ¢ikis yaya ulagim
erisebilirliginin saglanmasi igin iist ve alt yaya gegis
kopriilerinin olusturulmasina olanak saglanmalidir.

3- Trafik sikigikligmin etkilerini azaltmak igin alternatif
yol giizergahlarinin olusturulmasi elzemdir.

4- Trafik yogunlugunun etkilerini azaltmaya yonelik
Ozel tasit kullanimini minimize etmek igin metro
caligmalarmin yapilarak, Kkullanilmasmin cazip hale
getirilmesi gerekmektedir.

5- Kampiis sahasi iginde kullanicilarin zaman kaybi
yasamamasi i¢in ring servislerin olusturulmasi 6énem arz
etmektedir.

6- Cevre dostu elektrikli toplu ulasim araglar ile bisiklet
kullanimin yayginlastirilmasi, ¢evre kirliligin azaltilmasi
yoniinde katki sunacaktir.

7- Trafik akisinda siirdiiriilebilirligin saglanmasi ve
sikisikligin dnlenmesi i¢in toplu ulagim araglarinin 6zel
tasit kullanimma gore daha fazla yayginlastiriimasi
gerekmektedir.
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Proje senaryolarinda 2023 ve 2028 yillar1 dikkate alinarak
kampiis i¢i niifus ve trafik yogunluklar1 tahminleri
yiriitiilmistir. Trafik yogunlugu artig1 ve tiniveriste ile
gevre yolu ag1 sebekesinde kesintisiz ulagimin saglanmasi
i¢in ¢6ziim yollar1 aragtirilmigtir. Kampiis i¢inde ilave iki
yeni giris-cikis noktalar1 olusturulmasi, yol agi
sebekesinde yeni bypass yol yapilarak yogunlugun
azaltilmasi ve yeni metro ¢alismalarinin tamamlanmasi ile
bolgedeki ulasimda trafik problemlerinin asgari diizeye
indirilecegi tahmin edilmektedir.
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Deprem sonrasi can damart sistemlerinde olusan hasarlara baglh ortaya ¢ikan maddi ve manevi kayiplar
toplumun yasam kalitesini olumsuz etkileyen énemli durumlardan biri olarak bilinir. Deprem kaynakli fay
hareketleri gdmiilii boru hatlar1 i¢in 6nemli tehlikelerden biridir. Bu ¢alismada, yumusak kil zeminde
gomiilii basingli ve basingsiz celik boru hattinin dogrusal olmayan sayisal modellenmesi yapilmaktadir.
Bu amag¢ dogrultusunda, gomiilii boru hatlarin uygulamasinda yaygin olarak kullanilan X80 ¢elik
smifindan olan ve tipik ¢cap-kalinlik oran1 (D/t) 57,6 olan boru ¢esidi ele alinmaktadir. Caligmada, 90°, 70°,
45° ve 30° olmak tizere dort farkli fay boru hatti kesisme agis1 modellenmistir. Analiz aract olarak sonlu
farklar yontemini kullanan FLAC3D yazilim kullanilmistir. Sayisal modellemelerden elde edilen sonuglar,
kesisme agismnm 90° oldugu durumda hem basingli hem de basingsiz borularda yerel biikiilme sinir
durumunun baskin oldugunu goéstermektedir. Basingli borunun yerel burkulmasi basingsiz boruya gore
yaklasik %20 daha biiyiik fay hareketinde meydana geldigi goriilmektedir. Ayrica, sonuglar, basing altina
olan boru hattinin sinir durumlari basingsiz duruma goére daha biiyiik fay hareketlerinde meydana geldigini
gostermektedir. Fayla 30° agiyla kesisen basingli boru %3 sinir durumuna ulagamamus iken, 70° ve 45°
kesisme agilarinda fay hareketinde basingsiz boruya gore sirasiyla yaklasik %8 ve %33 artis meydana
geldigi gorilmiistiir. Sunulan sonuglar, kalict zemin kaynakli yer degistirmeye maruz goémiilii boru
hatlarinin performansa dayali tasarim gergevesi gelistirilmesinde onemli olacag diisiiniilmektedir.
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* Sorumlu Yazar

Loss of life and property because of Earthquake related damages to the lifelines is considered as one the
most important conditions affecting the living quality of the societies. Fault movement during the
earthquakes is one of the important hazards for the buried pipelines. In this study, the nonlinear numerical
analysis of the pressurized and non-pressurized buried steel pipeline in soft clayey soils is applied. To this
end, soil-pipeline interaction behavior of the pipeline with D/t ratio of 57,6 and X80 steel grade is
investigated. To study the effect of the fault-pipeline crossing conditions, four different crossing angles
including 90°, 70°, 45° and 30° has been considered. The applied nonlinear analyses have been performed
by a fully nonlinear analysis method based on an explicit finite difference scheme is performed using
FLAC3D code. The results show the dominant failure mode for both pressurized and non-pressurized
conditions at crossing angle of 90° is local buckling. There is a 20% increase in the fault movement causing
local buckling for pipeline under pressurized condition. While the 3% tensile strain limit has not been
reached for non-pressurized pipeline at crossing angle of 30°, there is 8% and 33% increase in the fault
movement causing this failure limit at crossing angles of 45° and of 30° respectively for pressurized
condition. The presented results will play important role in the development of the design methods of the
buried steel pipelines under permanent ground deformation condition.
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Giris

Tiirkiye diinyanin en aktif deprem kusaklarindan biri olan
Alp-Himalaya deprem kusagi {izerinde yer almakta ve tilke
topraklarimizin =~ %90°1  deprem  tehlikesi  altinda
bulunmaktadir. Deprem sonras alt yapilarda olusan hasarlara
bagli ortaya ¢ikan maddi ve manevi kayiplar toplumun yasam
kalitesini olumsuz etkileyen énemli durumlardan biri olarak
bilinir. Can damar1 sistemleri olarak bilinen enerji hatlarinda
(dogalgaz, petrol, elektrik, su, yol vb.) meydana gelecek
hasarlar depremin dogrudan etkilemedigi ancak bu
sistemlerin devam ettigi bolgelerde ekonomik ve is-
stirekliligi kayiplarina sebep olacaktir.

Aragtirmalar, stirekli petrol ve gaz ¢elik boru hatlarindaki
sismik hasarlarin ¢ogunun fay hareketleri, heyelanlar,
stvilagmaya bagli yanal yayilma gibi kalici zemin
deformasyonlarindan kaynaklandigini gostermistir [1]. Bu
deformasyonlar boru hatt1 {izerinde yar1 statik bir sekilde
uygulanir. Bu tiir boru hatt1 hasarlari, 1971 San Fernando
depremi ve daha yakin zamanda 1995 Kobe depremi, 1999
Kocaeli depremi ve 1999 Chi-Chi depremi gibi birgok
depremde gozlemlenmistir [2]. Kennedy ve dig. [3-4] boru
hatti ve toprak arasindaki diizgiin olmayan siirtiinme
arayiiziine dayali1 bir analitik model gelistirdi. Wang ve Yeh
[5], yaptiklar1 ¢alismada ile modellemede kullanilan boru
gelistirdi. Vougioukas ve dig. [6] faylarin yatay ve diisey
hareketlerini de gozoniine alarak borulari elastik kirigler
olarak inceledi. Daha sonra McCaffrey ve O'Rourke [7] ve
Desmod ve dig. [8], San Fernando depreminden sonra su ve
gaz borularinin performansina dayali olarak fayla kesisen
gomiili borularin davranigini incelemek i¢in bir arastirma
yaptt. Wang ve Wang [9] boruyu elastik temel iizerinde bir
kiris olarak ele alirken, Takada ve dig. [10] fayla kesisen ¢elik
borularin kritik gerilmesini degerlendirmek igin yeni bir
yontem kullandi. Lillig ve dig. [11], boru hattinin fay
bolgesine yakin olmasi durumunda fay hareketinin boru hatti
tepkisi lizerinde giiglii bir etkiye sahip olabilecegini
gosterdiler. Kokavessis ve Anagnostidis [12], toprak-boru
etkilesimini incelemek igin ara yiizey elemanlarimi kullanarak
bir sonlu eleman analizi uygulamistir. Karamitros ve dig. [13]
elastik zemine oturan temek kiris ve elastisite teorisini
birlestirerek analitik bir ¢6ziim yontemi sundu. Liu ve dig.
[14] kabuk sonlu elemanlar kullanarak aktif faylardan gecen
boru hatlarmm davranigini inceledi. Ayrica, Ha ve dig. [15-
16] ve Abdoun ve dig. [17] dogrultu atimli faylarin gomiili
yiiksek yogunluklu polietilen (HDPE) boru hatlarinin
tizerindeki etkilerinin belirlenmesi igin 6nemli deneysel
calismalar yaptilar. Celik boru hattinin elastik olmayan
malzeme davramigmi da hesaba katabilmek amaciyla,
Trifonov ve Cherniy [18-19] tarafindan fay hareketi altinda
gomiilii boru hatlarinin davraniginin yar1 analitik bir ydontemle
incelemesi sunulmustur. fleri sayisal yontemlerle boru
hatlarmin zeminle etkilesiminin arastirilmasi gliniimiizde
sicak arastirma konularindan biri olarak devam etmektedir
[20-22].

Konu iizerinde literatiirde yapilan ¢aligmalarin yani sira, fay-
boru etkilesiminin daha detayli sekilde incelenmesi amaciyla,
bu c¢aligmada, gomiilii boru hatlarin uygulamasinda yaygin
olarak kullanilan X80 ¢elik smifindan olan ve tipik gap-
kalinlik orani1 (D/t) 57,6 olan boru ¢esidi ele alinmaktadir.
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Elde edilen sonuglardan, basingli ve basingsiz borularin
davranigi boru hatlarmin performans kriterlerine gore
karsilagtirilacaktir.  Analiz araci olarak sonlu farklar
yontemini kullanan FLAC3D yazilim kullanilacaktir. Sayisal
sonuglar, her zemin ¢esidi i¢in tipik D/t oran1 degerleri ve fay-
boru kesisme acgilarma gére (30°,45°,70°90° belirli
performans kriterlerine karst fay hareketini gosteren
diyagramlar seklinde sunulmaktadir. Sunulan sonugclar, kalic1
zemin kaynakli yer degistirmeye maruz gomiili boru
hatlarnn  performansa  dayali  tasarim  gergevesi
gelistirilmesinde 6nemli olacag diigiiniilmektedir.

Gomiilii ¢celik boru hatlar i¢in simir durumlari

Limit durum tasarim konseptine gore (Limit state design
concept) sinir durum kogulu, bir boru hatti sisteminin islevsel
yonlerini olumsuz sekilde etkileyen bir durum olarak
tanmimlanir. Boru hatti sinir durumlarinin genel bir listesi
olarak patlama, eksenel ¢ekme gdgmesi, asirt egilme, asirt
titresim, asir1 korozyon, ovallesme ve yerel burkulma (local
buckling), burusma, hidrostatik go¢me, burkulma ve
kontrolsiiz ¢atlak yayilmasi gibi durumlardan olugmaktadir
[23]. Limit durum tasarim yonteminin geleneksel emniyet
gerilmesine gore tasarim yontemine gore Onemli
avantajlarindan biri boru hattinin gercek davranigi ve
giivenligi hakkinda daha iyi bilgi saglamasidir. Boylece, daha
ekonomik bir tasarimin yapilmasini miimkiin kilmaktadir.
Genel olarak, ¢ekme sekil degistirmesi borunun yerel
burkulmaya maruz kaldigi bolgede basing  sekil
degistirmesine gore daha diigiilk hizla artar. Ayrica, limit
durumu sekil degistirmenin odaklanmasi siirecinin baslangict
ve nihai burkulmanm olusmasi ile de iligkilendirilebilir. Ek
olarak, fay-boru hattinin kii¢iik pozitif agilarla kesistigi
durumda, biikiilme noktalarmda meydana gelen bilyiik
egilme momenti daha biiylik egilme sekil degistirmesi ve
kesit ovallesmesine neden olur. Bu durumlarin g6z 6niine
alindiginda, boru hatt1 i¢in baskin performans sinir durumu,
%15 kesit ovallesmesi [24] ve %3 ¢ekme gerilmesi sinir
durumu olarak tanimlanmaktadir [25]. Ozellikle daha biiyiik
cap-kalinlik oranina sahip borularm biikiilme noktalarinda
egilme momentinin daha biiyiik olmasi nedeniyle, bu iki sinir
durumuna ulagilir. Boru cidarinin yirtilmasi ve asirt
deformasyonlarin meydana gelmesi, boru hattinin 6nemli iki
hasar modunu teskil etmektedir.

Model 6zellikleri ve analiz yontemi

Deterministik ¢alismalarin temel amaci, gergek saha
davranigina en yakin sonuglari sunabilmesidir. Bu amagla,
sahadaki kosullarin daha ayrmntili bir sekilde sayisal modele
yansitilmas1 ve kullanilacak analiz yonteminin segilmesi
bliyilk onem tasimaktadir. Bu c¢alismadaki analizlerde,
zeminin biiylik sekil degistirme seviyesinde gosterecegi
dogrusal olmayan davranigin fay-boru hattmin tepkisi
tizerinde Onemli etkisi oldugundan ve zemin-boru
etkilesimini de daha gerceke¢i bir sekilde modelleyebilmek
icin sonlu farklar yontemi esaslh FLAC3D yazilimi
kullanilmaktadir. Zemin davranisi birlesmis akma kurali
iceren elstoplastik Mohr-Coulomb biinye modeliyle
modellenmektedir. Modelleme yoOnteminin kapasitesini
biiyiik sekil degistirme seviyesine yiikseltmek icin, sabit sekil
degistirme oranli dort yiizlii mes elemanlar1 (constant strain-
rate tetrahedra mesh elements) kullanilmaktadir. Yar1 uzaym
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ayriklagtirilmas:  igin  birlesmis  ayriklagtirma
discretization) teknigi uygulanmaktadir.

(mixed

Bu teknigin uygulanma amaci birlesmis ayriklastirmayla
olusan meslere daha fazla hacimsel esnekligin
tanimlanmasidir. Boylece, 6zellikle daha biiyiik kayma sekil
degistirme seviyesinde, daha dikkatli sonuglarm elde
edilmesi saglanilmaktadir. Yapisal eleman ile zemin
arasindaki etkilesimin modellenmesi de 6nemli faktorlerden
biridir. Boru hattinin yapisal eleman olarak modellenmesinde
Cook ve digerleri (1989) tarafindan tanimlanan DKT-CST
(Discrete Kirchhoff Theory-Constant Stress Triangle) kabuk
elemani kullanilmigtir. Bu eleman, diiglim bagina bes
serbestlik derecesine sahip ii¢ diigiimlii, yass1 ve ince bir
kabuklu sonlu elemandir. Kullanilan yapisal eleman,
cevresindeki siirekli ortam ile hem elemanin diizlem dist
yoniinde sikisma/gekme hem de diizlem i¢i yoniinde
siirtiinme etkilesimini algilayan dogrusal olmayan yaylari
icerir. Sekil 1'de bir yapisal elemanin ara yiizeyindeki
etkilesim yaylarmin diizlem i¢i ve diizlem dis1 yoniindeki
davranis modeli verilmektedir.

1
|us| Cekme Basimg %

Sekil 1. Yapisal elemanin arayiizeyinde (a) diizlem dis1
ve (b) diizlem i¢i yoniindeki davranis modeli.

Bu ¢alismada incelenen fay-boru hatti modelleri, toplam 60m
uzunlugunda, 10m genisliginde ve 5m yiiksekliginde iki
zemin blogundan olusmaktadir. Sekil 2'de de gosterildigi
gibi, sol blok fayin hareket eden blogunu temsil etmektedir.
Dogrultu atimli faym boruyla olan kesisme agisimin etkisini
aragtirmak i¢in boru hatt1 eksenine gore 30°, 45°, 70° ve 90°
olmak iizere dort farkli kesisme agis1 dikkate alinmaktadir.

©

Sekil 2. Fay1 farkli agilarda kesen boru hattinin sayisal
modelleri: a) zemin i¢in boyuna sonlu fark agi; b) sonlu
eleman (boru hatti) ag1 ¢) boru kesiti ve d) zemin i¢in enine
kesit sonlu fark agi.

Ayrica, dogal gaz ve petrol hatlarinin uygulamasinda
kullanilan tipik ¢elik smifinn (API SL X80) etkisi
aragtirilmaktadir. Incelenen borularin dis ¢ap1 (D) ve boru et
kalmhig1 (t) swrastyla 9144 mm ve 9.525 mm segilerek,
incelenen boru hattinin ¢ap kalinlik orami (D/t) 57,6 olarak
almmugtir. Kullanilan ¢elik tipinin gerilme-sekil degistirme
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egrisi Sekil 3'te gosterilmektedir. Boru hattinin gdmildiigi
zemine gore tepkisini incelemek i¢in, yumusak kilden olusan
zemin gesidi kullanilmistir. Tablo 1'de de, ¢elik boru hattinin
gomiildiigli yumusak kil zeminin geoteknik &zellikleri

verilmektedir.
ém,f—\ |

500 =

400

300!

Gerilme (MPa)

200

100

0
0 5 10 15 2
Sekil degistirme(%)

Sekil 3. API 5L X80 ¢elik borunun gerilme-gsekil degistirme
davranisgi.

Tablo 1. Kullanilan kil zeminin geoteknik dzellikleri
Zemin [ cke) [ 0 () [ Vi(mis) | G (kPa) | K (kPa) [ v &nmd) T PICe)
YUmusak | 34~45 | 10 | 75-175 | 10.1e3~61.2e3 | 26.4e3~159.7e3 | 1820 | 10

@: igsel siirtiinme agis1; ¢: kohezyon; Vs: Kayma dalgasi hizi; G: kayma modiilii; K: balk

modiilii; y: birim hacim agirhig

Uygulanan sayisal modellemenin  dogrulamasi igin
Karamitros ve dig. (2007) ve Wang ve Yeh(1985) 'in analitik
coztimleri kullanilmistir. Dogrulama modelinde kullanilan
gelik ve zemin-boru etkilesimi Ozellikleri Tablo 2'de
verilmistir.

Tablo 2. Verifikasyon modelinin kil zemininin 6zellikleri

API5L-X65 celik dzellikleri
Akma gerilmesi (g;) 490 Mpa
Kirilma gerilmesi (a,) 531 Mpa
Kirilma sekildegistirmesi (&,) 0.040
Elastisite modiilii (E1) 210 Gpa
Akma sekildegistirmesi (g, = 0,/E;) 0.002
Plastisite modiilii (E2=(0, — 0,)/(&, — &) 1.088 Gpa
Zemin-yay ozellikleri
Akma Akma
kuvveti sekildegistirmesi
(kN/m) (mm)
Eksenel (siirtiinme) yay 40.5 3.0
Diizem i¢i yatay yay 318.6 114
Diizlem dis1 yay (disar1 yonde) 52.0 2.2
Diizlem dist yay (igeri yonde) 1360.0 100.0

Bu ¢alisma kapsaminda yapilmis olan dogrulama modelinin
sonuglar1 Karamitros ve dig. (2007) tarafindan yayinlanan
sayisal sonuglarla karsilastirilmistir. Wang ve Yeh'in (1985)

45° fay gecis agist igin analitik tahmini Sekil 4'te
sunulmustur.  Sonuglarin  yakinliginin  makul oldugu
goriilmektedir.
3,0 ,
—_ ——— Karamitros ve dig. 2007
é/ 25 —=&— Dogrulama modeli
g
2,0
E
& 15
Q
o
T 10
&
T 05
2
= 00
0,0 04 08 12 16 2,0

Normalize fay sekildegistirmesi

Sekil 4. 45° fay kesismesi a¢is1 igin analiz sonuglarinin
karsilastirilmast.



DUJE (Dicle University Journal of Engineering) 14:1 (2023) Sayfa 191-196

Sonugclar ve tartisma

Bu bolimde yumusak kil zeminde goémiilii basingli ve
basingsiz ¢elik boru hattinin dogrusal olmayan sayisal
modellemesinden elde edilen sonuglar sunulmaktadir.
Sonuglar, X80 ¢elik smifindan olan ve fay ile 30°, 45°, 70° ve
90° gibi farkli agilarla kesisen borularn yerel burkulma,
cekme sekil degistirmesi ve kesit ovallesmesi gibi performans
sinir kriterlerine karsilik gelen fay yer degistirmesine gore
verilecektir. Boru hatlarinin maksimum operasyonel basinci
D/t orani ve kullanilan ¢eligin akma gerilmesine baglidir.
Maksimum operasyonel basinci asagidaki bagintida ve X80
celik smifi igin maksimum basincin D/t oraniyla degisimi
Sekil 5'te verilmektedir.

p_max = 0.72 x (20_y t/D) (9]
18
|
g 16
z 14
=)
EPN 12
]
S, &
§§ 10
837 8
°
4 6
<
p= 4
40 60 80 100 120 140 160

Boru ¢ap-kalinlik orani (D/t)

Sekil 5. X80 ¢elik smnifi igin maksimum basincin D/t
orantyla degisimi

Yumusak Kkilli zeminde gomiilii ¢elik boru hattimin
davramsi

Sekil 6'da, borunun kritik zonunda fayin sekil degistirmesiyle
olusan ¢ekme ve basing gerilmesinin degisimi verilmektedir.
Goriildigi gibi, ¢ekme gerilmesi fayin hareketsiz blogunda
borunun daha uzun kismin etkilemektedir.

Sekil 6. Borunun kritik zonunda fayin sekil degistirmesiyle
olusan ¢ekme ve basing gerilmesinin degisimi (X80,
Yumusak kil, D/t=57,6, basing=0).

Sekil 7'de, yumusak kil zeminde gémiilii basingsiz D/t orani
57,6 ve X80 sinifindan olan ¢elik boru hattinin farkli kesisme
acilarda gosterdigi davranis verilmektedir.
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Yumusak kil (D/t=57.6)(X80) (Basing=0)

©-90° (Yerel
burkulmas1)

-=70° I

o
=4
S
3

45

I
=3
-

«-30°

100 o - H

Fay hareketi (cm)

%3

=

6 7

30%

2 3 4 5
Sekil degistirme (%)
Sekil 7. Basingsiz gomiilii ¢elik borunun farkl fay- boru
kesigme agilarinda performans sinirlar1 (X80 boru, Yumusak
kil, D/t=57,6, sifir basing).

Kesisme agisinin 90° oldugu durumda, borunun sadece bir
tarafinda sinirli bélgede meydana gelen biiziismeden dolay:
yerel biikiilme simir durumunun baskin oldugu gériilmektedir.
Sonuglar bu durum igin yerel burkulmanin fayin 55 cm
hareket ettiginde gerceklestigini gostermektedir. Fay ve boru
hattinin kesisme agis1 azaldiginda, borularin %3 ve %5 ¢ekme
gerilmesi ve %15 ile %30 kesit ovallesme performans
sinirlarina ulasmak icin gerekli fay hareketinde artis meydana
gelmektedir. Gortldiigh gibi, fay-boru kesisme agis1 70° olan
borunun %3 ve %5 ¢ekme sekil degistirmesi sirasiyla
yaklagik40 cm ve 55 cm'lik fay hareketinde ulasmis iken,
kesisme agis1 45° olan boru hattt %3 smir kosuluna 65 cm'de
ulasmaktadir. Bu durum igin, %5 smir Kkosuluna
varilmamaktadir. Ancak, kesisme agis1 45° olan boru hattinda
%35 g¢ekme sekil degistirmesine gelmeden once %30 kesit
ovallesme smir performanst asildigindan, bu durum igin
baskin sinir durumu kesit ovallesmesi olmaktadir. Kesisme
acist 30° olan boru hattma bakildiginda, %3 ¢ekme sekil
degistirme sinir durumuna varmadan yaklasik 115 cm'lik bir
fay hareketinde %30 ovallesme siir durumu agilmaktadir.

- Yumusak kil (D/t=57.6)(X80) (Basing=0.56Pmax)
-©-90° (Yerel
burkulmasi)
200 s €700
) ;
o M 45
150 : o H
D | '
<4 | —3%
< 100 f ; —
& /y —15
B 50 ;/}' N
0
0 1 2 3 4 5 6 T
Sekil degistirme (%)

Sekil 8. Basingli gomiilii ¢elik borunun farkli fay- boru
kesigme acilarinda performans siirlart (X80, Yumusak kil,
D/t=57,6, Basing=0,56 Pmaks).

Sekil 8'de, basingli gdmiilii ¢elik borunun farkli fay boru
kesisme acilarinda performans sinirlarina karsilik fay
hareketleri verilmektedir. Bu ¢alismada, basingli ve
basingsiz borularin davranismin karsilastirilmast amaciyla
dogal gaz ve petrol aktarma operasyonunda uygulanan tipik
basing degerlerinden olan 0,56Pmaks basincin boru hattinin
davranisina etkisi incelenmektedir. Sekilde goriildiigii gibi,
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basinglt durumda fay ve boru hattinin 90° agiyla kesistiginde,
yerel burkulma 65 cm'lik bir fay hareketinde meydana
gelmektedir. Bu da, yerel burkulmanin baskin oldugu
durumlarda borunun i¢ basincinin davranig iizerinde 10
cm'lik bir artigla etkisinin sinirli oldugunu gostermektedir.
Daha 6nce basingsiz boru hattinda da goriildiigii gibi, fay ve
boru hattinin kesisme acist azaldiginda, borularin
performans sinirlaria ulagmak icin gerekli fay hareketinde
artis meydana gelmektedir. Sonuglar, 90° den farkli acilarda,
basinglt borularin sinir durumlarinin basingsiz duruma gore
daha da iyilestigini gdstermektedir. Ornegin, fayla 70° ag1yla
kesigen basingsiz borunun %5 ¢ekme sekil degistirmesi
yaklasik 55m cm'lik bir fay hareketinde gerceklesmisken, bu
deger basmngli boru icin yaklasik 7lcm'de meydana
gelmektedir. Kesisme agis1 45° ve 30° olan borularin basinglt
durumdaki tepki egrileri basingsiz duruma gore farkliliklar
gostermektedir. Bu da, basingli borunun fay hareketine
maruz iken meydana gelen dengesizlikten kaynaklanmig
olabilir. 45° kesisme agisinda, basingsiz boruda sirasiyla
yaklasik 65 cm ve 80 cm fay hareketiyle %3 ¢ekme sekil
degistirmesi ve %30 kesit ovallesmesi sinir durumuna
ulagsmis iken, basingli boruda sirastyla 90 cm ve 110 cm'de
ulagilmaktadir. 30° kesisme agisina bakildiginda, basingsiz
durum i¢in %3 kesme sekil degistirme sinir durumu 150 cm
de ulasmis iken, basingsiz boruda bu simir durumuna
ulagilmamaktadir. Ancak, %30 kesit ovallegsmesi sinir
durumu basinglt boruda basingsiz boruya gore 110 cm'den
165cm'ye ylikselmistir.

Yumusak kil (D/IT57,6), (X80) (45°) (Basing=0)

0,7
0,6 80
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Kesitin ovallesme orani

Fay-boru kesisme noktasindan uzaklik (m)

Sekil 9. Boru-fay kesigsme bolgesinde (X80, Yumusak kil,
450, D/t=57,6, basing sifir) uzaklikta farkli fay hareketleri
i¢in ¢ap bozulma orani.

Boru hattinin fay ile kesistigi durumlarda 6nemli konulardan
biri de borunun fayla kesistigi bdlgede etkilendigi
uzunluktur. Sekil 9'de yumusak kil zeminde basingsiz
D/t=57,6 ve X80 smifindan olan gelik borunun fayla 45°
aciyla kesistigi durum icin farkli fay sekil degistirmesinde
etkilendigi uzunluk verilmektedir. Sekilde de goriildiigii
gibi, diisiik fay sekil degistirmesinde once borunun fayimn
hareketli tarafinda olan kismi etkilenmeye baslar. Fay sekil
degistirmesinin artmasiyla borunun etkilenen uzunlugu
artiyor ve sekilde incelenen durum igin fayin hareketli
tarafinda (Sekil 9'in sol tarafi) yaklasik 4 m ve faymn sabit
tarafinda 6 m'ye (toplamda 10 m) ulagmaktadir. Ancak,
borunun etkilendigi en kritik bolgesi fayin hareketli
tarafindan yaklagik 4m uzunlugunda bir mesafede meydana
geldigi goriilmektedir.

Sekil 10'da maksimum operasyonel basincinin %356
seviyesinde ¢aligan borunun farkli fay hareketinde etkilenen
uzunlugunu vermektedir. Gorlindiigii gibi, basing etkisi
altinda olan boru hattin1 tepkisi, faymn hareketli tarafinda
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(Sekil 10'un sol tarafi) yaklasitk 4 m'ye ve fayin sabit
tarafinda 8 m'ye (toplamda 12 m) ulagsmaktadir.

Yumusak kil (D/tZSZ,(w) (X80) (45°) (Basing=%0,56)
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Kesitin ovallesme orani

Sekil 10. Boru-fay kesismesinin (X80, Yumusak kil, 45°,
D/t=57,6, basing Pmaks'm %56's1) farkli fay hareketleri i¢in
¢ap bozulma orani.

Sonug

Dogalgaz ve altyap: sistemlerinde depremden ve deprem
sonrasi ikincil afetlerden dolayi olabilecek hasarlar iilkelerin
ekonomik ve ig-siirekliligi acgisindan biiyllk Onem
tagimaktadir. Bu ¢aligsmanin amaci fay-boru hattinin kesisme
acisinin yumusak kil zeminlerde gomiilii ¢elik borularinin
davranisina etkisinin arastirilmasi oldugundan, tipik petrol
ve dogal gaz uygulamalarinda kullanilan D/t oran1 57,6 olan
X80 ¢elik smifindan olusan borularin basingli ve basingsiz
durumdaki davranislarinin sayisal modellenmesinden elde
edilen sonuclarin karsilastirilmasidir. Calismada, 90°, 70°,
45° ve 30° olmak lizere dort farkli fay boru hatti kesisme agist
modellenmistir.

Sonuglar, kesisme agisinin 90° oldugu durumla sekil
degistirmenin siirli bdlgede meydana geldigini ve o bolgede
biliziismenin olustugunu gostermektedir. Kesisme agisinin
90° oldugu durumda hem basingli hem de basingsiz
borularda yerel biikiilme sinir durumunun baskmn oldugu
goriilmektedir. Ancak, basingli borunun yerel burkulmasi
basingsiz boruya gore yaklasik %20 daha biyik fay
hareketinde meydana gelmektedir. Fay ve boru hattinin
kesisme acis1 azaldiginda, borularin %3 ve %S5 ¢ekme
gerilmesi ve %15 ile %30 kesit ovallesme performans
sinirlarina ulagmak igin gerekli fay hareketinde artis
meydana gelmektedir. Ornegin, basingsiz boru hatt1 igin %3
¢cekme sekil degistirmesi sinir durumu 70°, 45° ve 30°
kesisme acilari i¢in sirastyla 40 cm, 60 cm ve 150 cm fay
hareketinde meydana gelmistir. Kesisme ag¢isinin
azalmasmin %15 ve %30 kesit ovallesmesi sinir durumlari
iizerinde de benzer etkisinin oldugu goriilmiistiir. Sonuglar,
basing altina olan boru hattmin simir durumlart basingsiz
duruma gore daha biiylik fay hareketlerinde meydana
geldigini gdstermektedir. Ornegin, basing altinda olan
borunun %3 ¢ekme sekil degistirmesi sinir durumu igin 70°
ve 45° kesisme agilarinda fay hareketinde basingsiz boruya
gore sirastyla yaklasik %8 ve %33 artis meydana
gelmektedir. Basingli borunun fayla 30° agiyla kesistiginde
ise, c¢ekme sekil degistirmesi smir durumlarina
ulagilmamaktadir. Ayrica, bu c¢alismada borunun fayla
kesistigi bolgede etkilendigi uzunlugu da incelenmistir.
Borunun fayla 45° agiyla kesistigi durumda etkilendigi
uzunlugu basingsiz durumda 10 m'den basinglt durumda 12
m'ye ¢ikmaktadir.
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obtained and given comparatively through numerical examples.

Introduction

Bending analyses of plates are performed using the
differential equations of appropriate plate theories. The
well-known Kirchhoff plate theory (Kirchhoff PT) which
is used in the analysis of thin plates and where the shear
deformation effects are neglected is developed
by Love [1] following the assumptions given by Kirchhoff
[2]. According to the theory, the thickness of the plate does
not change and straight lines orthogonal to the midplane
of the undeformed plate remain straight and orthogonal
after deformation and C* continuous elements are required
in the finite element implementation. The Reissner-
Mindlin plate theory (R-M PT) [3,4] which is mostly used
for the analysis of thick plates can also be used for the
analysis of thin plates. In this theory, shear
deformation and rotary inertia effects are taken into
consideration and straight lines orthogonal to the midplane
of the plate remain straight but not orthogonal to the
midplane after deformation. In the finite element
implementation, C° continuous elements suffice.

Shear locking problem arises when R-M plate elements
are used in the analysis of thin plates which is due to the
excessive effect of the transverse shear deformation terms
in the formulations. This problem can be alleviated using

several techniques like reduced or selective integration,
non-conforming element method, assumed shear strain
method, the discrete shear gap method, or the mixed
interpolation of tensorial components method. In this
paper, selective integration technique is utilized to
eliminate the shear locking problem as done in [5].

The simplest model used for the analysis of plates resting
on elastic foundations is the Winkler (one-parameter)
model [6] where the interaction between the plate and the
foundation is accounted for using independent linear
elastic springs. In this model, shear interaction between
the springs does not exist which leads to deflection
discontinuity on the plate surface. This deficiency is
avoided in Pasternak (two-parameter) model [7] where the
shear interaction between the springs is defined via a
second parameter. Static analyses of isotropic rectangular
plates resting on Pasternak foundation are performed in
many studies as in [8-9]. A semi-analytical solution
for the static analysis of thin skew plates on Winkler and
Pasternak foundations is presented by [10]. In a recent
study, a computing method for bending analysis of thin
plates resting on Pasternak foundation is developed, [11].
Vibration analyses of isotropic rectangular plates resting
on Pasternak foundation are also performed in many
studies, [12-14].
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In this study, a MATLAB code is written for the
convergence studies on static analysis of thin plates resting
on Pasternak foundations using [15]. The plates are
discretized using two different finite elements which are
based on Kirchhoff and R-M plate theories. The Kirchhoff
plate finite element is a popular four-noded twelve degree
of freedom (DOF) rectangular plate element developed by
[16] and [17,18] (also known as MZC plate element) and
the R-M plate finite element is a bilinear four-noded
twelve DOF quadrilateral plate element developed by
[19,20].

Elastic bedding and shear parameter matrices of a soil
finite element which are derived by [9] are added to the
corresponding terms of the plate stiffness matrices to
account for the Pasternak foundation. Midpoint
deflections and convergence rates of thin plates
discretized using Kirchhoff plate elements and R-M plate
elements with full integration and selective integration, are
obtained for different plate thicknesses, foundation
parameters and boundary conditions.

Kirchhoff Plate Element

The thin plate bending finite element, the formulation of
which is based on Kirchhoff plate theory is a four-noded
rectangular finite element having three DOFs (one
deflection and two rotations) at each node, Figure 1.

y
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Figure 1. Plate finite element

The displacement vector of the finite element is

u={w 6 06,7 €Y
where the rotations are expressed in terms of deflections
as

o — aw o - aw )
x = ay ) y = ax ( )
The stress-strain relation of classical elasticity is
[op] = [Cple] (3)
where the strain vector is
2%w
d0x?2
0%w
[e] = ~ oz (4)
) 0w
d0xdy

and the material matrix for the isotropic material is defined
as

s 1 v 0
Eh v 1 0

where E is the modulus of elasticity, h is the thickness of
the plate and v is the Poisson’s ratio. The displacement
function of the twelve DOF finite element consists of
incomplete 3 order polynomials only satisfying the
deflection compatibility.

The continuum displacements u are obtained by solving the
fourth-order partial differential equation (p.d.e.)
L'CyLu+b =0 (6)

where L is the derivative operator given as
62
ox?
62
0y?
62
-2
0xdy
and b are the body forces. In the finite element
discretization, the continuum displacements u are
expressed in terms of nodal displacements u as u = N,u
where N,, are C! continuous shape functions used to obtain
the unknown nodal displacements. The discretization gives

fBTCdeA u=Ku=F (8)
A

[L] = ()

where K is the element stiffness matrix, B = LN, and F is
the element nodal external force vector.

Reissner-Mindlin Plate Element

The Reissner-Mindlin plate finite element is a four-noded
quadrilateral element having the same DOFs, Figure 1. The
displacement components of the element are

ow ow
w o, Hx—$+(py, By—a+(px 9
where additional rotations (¢, and ¢,) arise due to the
shear deformation effects. Thus, the rotations 6x and 6,
depend on both deflection and additional rotations and they
are taken as independent variables.
For bending and shear, the stress-strain relations of
classical elasticity are

[op] = [Coller] » [os] = [Cslles]  (10)
and the isotropic material matrix for shear is
[c] = kEh [1 0 1
ST 21+v)lo 1 an
where k is the shear correction factor. Strains for bending
and shear are

&, =Lyu , & =Lgu (12)
respectively where the derivative operators are defined as
0
0 — 0
dx d
[L]={0 0 ==, [L]=|7 (13)
Y — 0 -1
0 0 0 ay

dy 0Ox
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The finite element discretization gives

f(Bgchb +BICB)dAu=Ku=F (14)
A

where, B, = L,N; , By = LgN; and u indicates the nodal
displacement components.

Note that C° continuous bilinear shape functions (N;) are
used for all of the nodal unknowns in the finite element
discretization and the two stiffness matrix components in
Eq. (14) are for bending and shear, respectively.

Idealization of the Pasternak Foundation

The Pasternak foundation under the Kirchhoff and
Reissner-Mindlin plates is represented by the inclusion of
elastic bedding and shear parameter matrices of a soil finite
element derived by [9] in the plate finite element stiffness
matrices. The elastic bedding and shear parameter matrix
terms C;; and CT” are obtained via

A
Ty =) 9x ax = dy dy (16)

where k,, and k,, respectively indicate the coefficient of
subgrade reaction and the shear modulus of the
foundation. The elastic bedding and shear parameter
matrices [C] and [C;] are obtained as

" ab 4 2 21
wab|2 4 1 2
1= 36 (2142 A7)
12 2 4
and
a+p a/2-B B/2—a —(a+p)/2
[c]:k—” a/2 - a+pf —(a+p)/2 B/2—-a
T3 g2—a —(@+p)/2  a+p a/2 -8
—(a+p)/2 B/2—«a a/2 -8 a+p
(18)

Here, « = a/b and B = b/a where a and b are the plate
dimensions.

These matrix terms are added to the stiffness matrix terms
of the Kirchhoff and R-M plate elements which correspond
to deflections. In [21], this procedure is carried out for the
Kirchhoff plate element only.

Thus, the resulting system of equations is

Ku+Cu+Cru=F (19)

Numerical Examples

Verification Example

In order to verify the present model, a simply supported
square plate resting on a Pasternak foundation subjected to
a uniformly distributed load of q=E/10%kN/m? is solved
for different foundation parameters using Kirchhoff and
R-M plate finite elements and dimensionless midpoint
deflections are compared with those in [22] as given in
Table 1. A schematic representation of the plate-
foundation system is given in Figure 2 noting that the
system is created with plate finite elements only, since the
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properties of the foundation are embedded in the plate
stiffness matrix.

L
A,

!
AL

T

l

Figure 2. Simply supported square plate-foundation
system

Thickness to length ratio (h/L) of the plate is 1/100 and
v=0.3. k' and k,' are dimensionless soil parameters which
are defined as kw' = kw L*/ D and ky' = kp L?/ D where
ER3

= 12(1-v2)’
Kirchhoff plate finite elements and R-M plate finite
elements with selective integration (2x2 and 1x1 gauss
points for bending and shear stiffness matrices,
respectively) are very close to the reference values. It is
also observed that the dimensionless deflection values
decrease as the shear modulus of the foundation increases.

It is seen that the deflections obtained using

Table 1. Dimensionless midpoint deflections of the
simply supported square plate on Pasternak foundation

Dimensionless midpoint
| ke deflection (w'=10°D w/ qL%)
® [Kirchhoff | R-MPT 2]
PT (sel.int.)

1 3.8517 3.8855 3.8530

3 0.7637 0.7647 0.7630

5 0.1154 0.1154 0.1150
Simply supported square plate on Pasternak
foundation

A simply supported square plate resting on an isotropic
Pasternak foundation is solved for different plate
thicknesses and foundation parameters. The plate is
subjected to a uniformly distributed load g=1 kN/m?2. The
plate length is L=1 m, the modulus of elasticity is E=1x108
kN/m? and the Poisson’s ratio is v =0.3.

The finite element implementation of the plate-foundation
system is carried out both using Kirchhoff and R-M plate
finite elements for two different thickness to length ratios
(1/50 and 1/100) as well as for successively refined
meshes ((4x4), (8x8), (16x16), (32x32), (64x64)).
Comparisons are made for the dimensionless midpoint
deflections and for the convergence rates which are
obtained via L2 norm displacement error analysis.

The relative displacement errors are obtained using

el < e el - [fyCte = u)da
27 [ (un)?dA

(20)
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which is in L2 norm. Here, u, indicate the calculated
values of the displacements, u, are the exact
displacements obtained using an overkill mesh (64x64)
and A is the plate domain.

In the finite element implementation using Kirchhoff plate
elements, (2x2) gauss integration points suffice according
to the gauss quadrature rule since the displacement
function of the element is an incomplete third order
polynomial. In the implementation using R-M plate
elements, two different gauss quadrature rules are utilized,
full integration with (2x2) gauss points both for bending
and shear stiffness matrices and selective integration with
(2x2) gauss points for the bending stiffness matrix and a
single gauss point for the shear stiffness matrix.

In Figure 3, dimensionless central deflections of the
simply supported plate on Pasternak foundation are
plotted against the total DOFs for h/L=1/50 and increasing
foundation shear parameters. It is seen that the midpoint
deflections are underestimated due to the shear locking
problem when full integration is used in the
implementation of R-M PT. It is also observed that the
shear locking effect decreases with increasing shear
parameter of the foundation. Besides, for dimensionless
foundation parameters kw'=1 and ky'=1, very close
deflection values are obtained for the Kirchhoff plate
solution and R-M plate solution with selective integration
even by using (8x8) meshes, Figure 3a. These values attain
closer values for kyw'=1 and k;'=3* and the same values for
kw'=1 and k,'=5%as seen in Figures 3b and 3c, respectively.
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Figure 3. Dimensionless central deflections (w') of the
simply supported square plates on Pasternak foundations
for mesh refinement (h/L=1/50)

Then, the thickness to length ratio of the plate is decreased
to 1/100. For this case, the shear locking effect is much
more pronounced for ky'=1 and ky,=1, Figure 4a.
Dimensionless deflections are the same for Kirchhoff
plate solution and R-M plate solution with selective
integration for all foundation parameters as seen in Figure
4. For ky'=1 and kp'=5* foundation parameters, the same
deflection values are achieved using the finest mesh when
R-M solution with full integration is used, Figure 4c.
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Figure 4. Dimensionless central deflections (w') of the
simply supported square plates on Pasternak foundations
for mesh refinement (h/L=1/100)

Computation time is also obtained both for the Kirchhoff
PT and R-M PT solutions for successively refined meshes
and given comparatively in Table 2.

Table 2. Comparison of computation time between
Kirchhoff and R-M (sel. int.) solutions for successively
refined meshes

Computation
time (sec.)
Kirchhoff R-M
plate elements | plate elements

4x4 mesh
(75 DOFs) 0.096 0.101
8x8 mesh
(243 DOFs) 0.168 0.147
16x16 mesh
(867 DOFs) 0.38 0.462
32x32 mesh
(3267 DOFs) 1.899 1751
64x64 mesh
(12675D0Fs) | 8784 38.951

It is observed that the computation time for both of the
solutions are close to each other and the solutions abruptly
become computationally expensive in terms of time when
using the finest mesh (64x64). Note that the computation
time does not significantly change when selective and full
integrations are used in the implementation of R-M PT
except for the finest mesh. Running time is even longer
(51.015 seconds) when full integration is used.

The relative displacement errors of the simply supported
square plate on the Pasternak foundation are obtained for
the two thickness to length ratios and for different
foundation parameters in L2 norm and given
comparatively in logarithmic scale as shown in Figures 5-
6.

For both of the h/L ratios and all foundation parameters, it
is observed that the errors are the least when Kirchhoff
plate elements are used and the largest when R-M plate
elements with full integration are used in the
implementation.
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For h/L=1/50, the relative errors decrease with increasing
shear parameter for R-M solution with full integration.
The error values do not change for the R-M solution with
selective integration and decrease for the Kirchhoff
solution when the shear parameter of the foundation is
ko'=3* as seen in Figure 5.

Then, the relative errors for the plate-foundation system
are obtained for h/L=1/100 and given in Figure 6. The
relative errors decrease when using the R-M plate
elements with full integration and do not change for the
rest of the solutions except for the Kirchhoff solution for
ko'=3* where there is a slight decrement in the relative
error values.
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Figure 5. Relative errors of the simply supported square
plates on Pasternak foundations for mesh refinement
(h/L=1/50)
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Figure 6. Relative errors of the simply supported square
plates on Pasternak foundations for mesh refinement
(h/L=1/100)

The slopes of relative error-total DOF lines which give the
convergence rates of the numerical solutions to the exact
solutions are also obtained, Table 3.

For both of the thickness to length ratios, the R-M
solutions with full integration have considerably smaller
convergence rates which is due to the shear locking effect.
The convergences rates decrease as h/L ratio decreases
from 1/50 to 1/100 and increase as the shear parameter of
the foundation increases. The convergence rates for the
Kirchhoff solutions are the largest and they almost remain
the same for decreasing h/L ratio and increasing shear
parameter.
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Table 3. Convergence rates for the simply supported
plate-foundation system

hL | k| k| Kirchhoff (qufl'i\fn') (seF:. ?ﬂt.)
1|1 2.2 0.7 1.8
1/50 | 1 | 3¢ 2.3 0.9 1.8
1 |5 2.1 1.3 1.8
1|1 2.2 0.4 1.8
1/100 | 1 | 3* 2.1 0.8 1.8
1|5 2.2 1.3 1.8

Clamped square plate on Pasternak foundation

The boundary conditions of the same plate-foundation
system are converted from simply supported to clamped
and the system is solved for the same thickness to length
ratios and foundation parameters, Figure 7.

Figure 7. Clamped square plate-foundation system

Itis observed from the dimensionless midpoint deflections
that the shear locking problem is more effective than the
simply supported case for h/L=1/50 and this effect is more
evident as the thickness to length ratio decreases from 1/50
to 1/100 as seen in Figures 8-9. The dimensionless
deflections are the same for the Kirchhoff solution and the
R-M solution with selective integration. For the
dimensionless foundation parameters ky'=1 and ky'=1, the
curves obtained for mesh refinement are steeper for
h/L=1/100 and there is no tendency to converge to specific
values even for the finest mesh, Figure 9a. Closer values
are obtained using the R-M elements with full integration

as the dimensionless foundation shear parameter
increases, Figures 9b-9c.
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) Kkw=1 ky=5%

Figure 8. Dimensionless central deflections (w') of the
clamped square plates on Pasternak foundations for mesh
refinement (h/L=1/50)
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DO Figure 9. Dimensionless central deflections (w') of the
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020 _ The relative errors for the clamped plate-foundation
' _‘_E'Lﬁhﬁ?ﬁfﬁ-m system are given in Figures 10-11. Compared to the
_-0.30 “ R:M T Es:I ;m'g simply supported case, the errors obtained using the R-M

elements with selective integration are closer to those
obtained using the Kirchhoff plate elements. For
h/L=1/50, the relative errors decrease for k' =5* when R-
M elements with full integration is used and increase
slightly for the R-M solution with selective integration and
the Kirchhoff solution as the shear parameter increases,
Figure 10.
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Figure 10. Relative errors of the clamped square plates on
Pasternak foundations for mesh refinement (h/L=1/50)

For h/L=1/100, as the shear parameter increases, the
relative errors decrease when using the R-M elements with
full integration and increase when the R-M elements with
selective integration and the Kirchhoff elements are used.
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Figure 11. Relative errors of the clamped square plates on
Pasternak foundations for mesh refinement (h/L=1/100)
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The convergence rates of the numerical solutions to the
exact solutions are given in Table 4 comparatively.

It is observed that the convergence rates for the Kirchhoff
solution almost remain the same for decreasing h/L ratio
and increasing shear parameter except for h/L=1/100 and
ko'=5%. When the R-M plate elements with full integration
are used, the convergence rates are the smallest. The rates
increase for increasing shear parameter and decrease as
h/L ratio decreases. Using the R-M elements with selective
integration, the convergence rates remain the same except
for h/L=1/100 and k,'=5%.

Table 4. Convergence rates for the clamped plate-
foundation system

hL |k | k' | Kirchhoff (qufl 'i\f]t_) (SeFf_ 'i\:']t_)
1] 1 2.3 0.6 2.2
150 | 1 | 3¢ 2.2 0.7 2.2
1|5 2.1 0.9 2.2
1)1 2.3 0.3 2.2
1/100 | 1 | 3* 2.1 0.5 2.2
1| 5 1.7 0.8 1.9
Conclusions

In this paper, the finite element analyses of thin plates
resting on Pasternak foundations are performed for two
thickness to length ratios, two different boundary
conditions and three different foundation parameters. The
presented Kirchhoff and R-M plate elements are used in
the implementation with full and selective integrations and
the dimensionless midpoint deflections and the
convergence rates due to a uniform loading are obtained
and compared with each other.

It is demonstrated that the thin plate-foundation system
can easily be modelled by adding the parameter matrices
of an existing soil finite element to the respective stiffness
matrix terms of both Kirchhoff and R-M plate finite
elements.

It is observed that the shear locking effect arises when full
integration is used in the implementation of R-M PT and
this effect is more evident as the thickness to length ratio
of the plate decreases. By using full integration with 2x2
Gauss points for the bending stiffness matrix and selective
integration with a single Gauss point for the shear stiffness
matrix of the plate element, this problem is alleviated.

Convergence rates do not change significantly for
increasing shear parameter of the foundation except for the
R-M PT implementation with full integration where the
rates increase with increasing shear parameter. Another
exception is that the convergence rates for the largest shear
parameter for Kirchhoff and R-M (sel.int.) solutions are
smaller when the plate-foundation model is clamped.

The convergence rates for R-M solutions with full
integration are smaller than the rates for the Kirchhoff and
R-M (sel. int) solutions for both of the boundary



DUJE (Dicle University Journal of Engineering) 14:1 (2023) Page 197-205

conditions and as the thickness of the plate decreases, the
rates decrease considerably because of the shear locking
effect.

For the Kirchhoff and R-M (sel. int.) solutions, the
convergence rates are close to each other for the simply
supported plate-foundation system compared to the
clamped case.

For the simply supported case, the convergence rates do
not change for the Kirchhoff and change slightly for
R-M(sel. int.) solutions whereas the convergence rates do
not change for both solutions for the clamped plate case as
the h/L ratio decreases.

Besides, it is observed that although the most converged
deflection values are obtained when the finest mesh
(64x64) is used in the analyses, it is computationally
expensive in terms of time. Using a (32x32) mesh for the
Kirchhoff and R-M (sel. int.) solutions would be more
suitable since the running time is significantly short and
very close results are obtained.
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Giniimiiz teknolojisindeki ivmelenmeler neticesinde deprem miihendisligindeki uygulamalarda
kullanilmak iizere deprem karakteristik 6zellikleri ve mithendislik siddet parametreleri hizli ve pratik bir
sekilde belirlenebilir olmustur. Bu gelisme cergevesinde yazilimsal olarak parametrelerin pratik
hesaplamalarini amaglayan uygulamalarda artis gézlemlenmektedir. Bu ¢alismada, Python yazilim dili
kullanilarak, belli bir depreme ait, kuvvetli yer hareketi kayitlar1 zaman serisi kayitlarindan, maksimum
ivme (Peak Ground Acceleration (PGA)), maksimum hiz (Peak Ground Velocity (PGV)) ve maksimum
yerdegistirme (Peak Ground Displacement (PGD)) degerleri hesaplanmis; kayitlara ait hiz-ivme-
yerdegistirme zaman serileri iiretilmis; tepki spektrumlari Tiirkiye Bina Deprem Yonetmeligi’nde (TBDY -
2018) tanmimlanmakta olan tasarim spektrumlari ile karsilastirilarak gorsellestirilmistir. Deprem
sinyallerinin frekans igerikleri de ayrica elde edilmistir (Fourier Amplitude — Frequency grafikleri). Elde
edilen ¢iktilar gorsellestirilerek, yorum kolaylig1 saglanmasi amaglanmistir. Calisma kapsaminda
gelistirilen agik kaynakli yazilim (Depremlerin kARakteristik ozeLliklerini Ayristirma: DARLA v1.0)
yardimiyla, deprem meydana geldigi andan itibaren bolge 6zelinde deprem miihendisligi anlaminda yari-
otomatik tiretilen bilimsel veriler 1518inda hizli degerlendirme yapilmas1 hedeflenmistir.

ARTICLE INFO

ABSTRACT

Article history:

Received 3 February 2023

Received in revised form 10 March 2023

Accepted 14 March 2023
Auvailable online 24 March 2023

Keywords:

Response Spectra, Strong Ground
Motion Records, Python, Earthquake

Engineering

Doi: 10.24012/dumf.1247285

* Sorumlu Yazar
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records of strong ground motions of a certain earthquake; velocity-acceleration-displacement time series
of records were produced; response spectra were visualized by comparing them with the design spectra
defined in the Turkish Building Earthquake Code (TBDY-2018). Frequency contents of earthquake signals
were also obtained (Fourier Amplitude — Frequency plots). It is aimed to provide ease of interpretation by
visualizing the outputs obtained. With the help of the open-source software DARLA (verl.0), which was
developed within the scope of this study, it is intended to make a rapid assessment in the light of semi-
automatically produced scientific data, in terms of earthquake engineering, specific to the region, from the
moment the earthquake occurred.
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Giris

Tiirkiye tektonik acidan karmasik ve sismik olarak aktif bir
cografyaya sahiptir. Bu agidan bakildiginda, deprem-
zemin-yapt kapsaminda iretilen bilimsel c¢aligmalarin
literatiir katkis1 dnem kazanmaktadir. Meydana gelen orta
ve biiylik Olgekli depremlerde yalnizca depreme ait
sismolojik parametrelerin (yeri, biyiikligi, zaman,
derinligi vb.) degil depremin yap1 ve zemini maruz
biraktig1 etkiyi, yap1 ve zeminin deprem sinyaline verdigi
tepkiyi tespit etmek de miihendislik ¢caligmalar1 agisindan
onemlidir.

Deprem miihendisligi ile ilgili calismalar incelendiginde;
depremlerin karakteristik ozelliklerinin belirlenmesi ve
miihendislik uygulamalarinda ihtiya¢ duyulan kuvvetli yer
hareketi  parametrelerinin  tiliretilmesi  konularinda
literatirde ¢ok sayida yaym mevcuttur. Ornek
caligmalardan bir tanesinde Yunanistan i¢in miihendislik
yer hareketi parametrelerinin ampirik  bagntilarla
hesaplanarak, yer hareketi kaydinin genligi, frekans igerigi,
stiresi ve enerjisinin etkilerini arastirarak soniim iligkisi
denklemlerine dahil edilmistir [1]. Benzer sekilde,
miihendislik parametrelerini hesaplamak i¢in, kuvvetli yer
hareketi verilerini islemek {izere yazilmis acgik kaynakli
yazilim Ornegi olarak OpenSeismoMatlab yazilimi
gosterilebilir  [2]. OpenSeismoMatlab, c¢esitli zaman
serilerini ve tepe degerlerini, Arias yogunlugunu, 6énemli
siireyi, ¢esitli lineer elastik tepki spektrumlarini, Fourier
genlik spektrumunu ve ortalama periyodu hesaplayabilen
bir yazilim algoritmasina sahiptir.

Glintimiiz  teknolojisindeki ivmelenmeler neticesinde
deprem miihendisligindeki uygulamalarda kullanilmak
iizere deprem karakteristik o6zellikleri ve miithendislik
siddet parametreleri hizli ve pratik bir sekilde belirlenebilir
olmustur. Bu gelisme c¢ergevesinde yazilimsal olarak
parametrelerin ~ pratik  hesaplamalarmi  amaglayan
uygulamalarda artig gbzlemlenmektedir.

Tasarim spektrumu, miihendislerin bir yapinin sismik
tasarim agamasinda maruz kalacagi sismik kuvvetleri
tahmin etmesine olanak saglayan Onemli bir aragtir.
Tasarim  spektrumu, belirli bir bdlgede beklenen
maksimum yer hareketinin periyot ve spektral ivme
biiytikliigiine bagl olarak ifade edilen grafiksel bir temsili
olup, o bdlgede meydana gelecek belirli bir yer hareketi
seviyesinin olasiligi olan sismik tehlike kavramina
dayanmaktadir.  Sismik  tehlike, yerel jeolojinin
ozelliklerine, depremin biiyiikliigiine ve mesafesine ve
sahadaki zemin tipine gore belirlenir. Deprem davranis
(tepki) spektrumu ise, bir yapinin belirli bir soniim orant
icin goz Oniine alinan bir depreme maksimum tepkisinin
belirli bir periyot aralif1 icin grafiksel bir gosterimidir.
Tepki spektrumu, bir yapimin deprem nedeniyle maksimum
yer degistirmesini, hizin1 ve ivmesini belirlemek ve bu
sayede depremlerin etkilerine dayanacak yapilar
tasarlamak i¢in kullanilir.

Kuvvetli yer hareketi 6l¢iimleri, deprem sirasinda olusan
yer ivmesini zamanin veya frekansin fonksiyonu olarak
vermekte ve deprem miithendisligi uygulamalarinda énemli
bir yer tutmaktadir. Ilgili depreme ait hiz-ivme-
yerdegistirme zaman serileri ve bu ivme serilerine ait tepki
spektrumlar tiretilmektedir. Bu ¢alisma kapsaminda, elde
edilen tepki spektrumlar1 Tiirkiye Bina Deprem
Yonetmeligi’nde (TBDY, 2018) [3] tanimlanmakta olan
tasarim spektrumlari ile karsilastirilarak gorsel ¢iktilar
iretilmistir. Tepki spektrumu hesabinda literatiirde siklikla
kullanilan bir sayisal hesaplama yontemi olan Newmark
metodu [4] kullanilmistir. Bu yontem araciligiyla belirli bir
zaman adimma ait dinamik denge denklemleri ¢dziilerek
¢cOziim bolgesine ait ivime, hiz ve yerdegistirme degerleri
elde edilmektedir [5]. Her bir deprem yer hareketi igin
maksimum yer ivmesi (PGA), Maksimum Yer Hiz1 (PGV)
ve Maksimum  Yerdegistirme (PGD)  degerleri
hesaplanmustir.

Bu c¢alismanin ana ¢ergevesi, deprem mihendisligi
uygulamalarinda kullanilmak iizere deprem kayitlarinin
kuvvetli yer hareketi parametrelerini hesaplayacak,
kullanic1 ara yiiziine sahip agik kaynakli bir yazilimin
gelistirilmesidir. Yazilim dili olarak Python [6] agik
kaynakl1 kiitiiphaneleri kullanilmistir. Gelistirilen yazilim
egitim ve arastirmalara katki saglamak {izere
https://github.com/SeismoStructure/DARLA

sayfasindan erisime agiktir.

Gelistirilen DARLA (v1.0) (Depremlerin kARakteristik
ozeLliklerini Ayristirma) yazilimina ait is akis1 Sekil 1 ile
gosterilmis ve detaylart metin i¢inde agiklanmustir.

8nkogul pylhon
paketleri, dosya yolu
ayartan

TBDY 2018 Tasanm
‘Spekirum Hesabi

Dalgaformu Zaman Serisi ARIAS Siddet

Gorsellegtime Degerlerinin

( Yordefigtirme, Hiz, vme) Hesaplanmast
Wit I \‘

Aplpeieesr

Frekans Spekirum

J

Sekil 1. DARLA (v1.0) Is Akis Semas1
On Kosullar

Python ac¢ik kaynakli yazilimi, diinya genelinde
arastirmaci ve yazilimcilarin kendi amagclari dogrultusunda
hazirlayarak, ortak kullanima sundugu zengin bir
kiitiiphaneye sahiptir. DARLA (v1.0) ¢alistirilmadan 6nce
agagida listelenmis yazilim paketlerinin yiiklenmesi
gerekmektedir.

e Matplotlib (versiyon 3.2.0) [7]
e openquake.engine [8]
e  gmpe-smtk-master [9]

Python kiitiiphanesinden c¢agirilmas: gereken modiiller
DARLA (v1.0) igerisine yerlestirilmistir.

Deprem verilerinin hazirlanmasi
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Caligmada kullanilmak {izere tespit edilen depreme ait,
kuvvetli yer hareketi kayitlar1 zaman serisi ii¢ bilesen
olarak ilgili yerel ve/veya uluslararasi veri aglarindan
Bogazici Unviversitesi Kandilli Rasathanesi ve Deprem
Arastirma Enstitiisii Bolgesel Deprem-Tsunami izleme ve
Degerlendirme Merkezi (BUKRDAE-BDTIM)
(https://doi.org/10.7914/SN/KO) [10]; T.C. Igisleri
Bakanligi Afet ve Acil Durum Yonetimi Baskanlig
Deprem Dairesi Baskanhigi Tiirkiye Ivme Veritaban ve
Analiz Sistemi (AFAD-TADAS),
(https://doi.org/10.7914/SN/TK)  [11]; The Pacific
Earthquake Engineering Research Center (PEER) [12];
Center for Engineering Strong Motion Data (CESMD) [13]
temin edildikten sonra, deprem sinyal kayitlarinin
bilgisayar Tlzerindeki dosya yapisina uygun olarak
buldurulmasi ve ilgili dosyalarin uzantilarina gére yazilim
icinde gerek dosya yeri yolu (6r: /home/user/database/)
gerek ise dosya adi uzantisi (6r: *asc, *ASC, *.ixt)
giincellenmelidir.

Giris parametrelerinin tanimlanmasi

Bina tipi yapilarin deprem etkisi altinda tasariminda esas
almacak deprem yer hareketlerine iliskin veriler, dort farkli
deprem yer hareketi diizeyi igin, 22/01/2018 tarih ve
2018/11275 sayili Bakanlar Kurulu karari ile yiiriirlige
konulan Tiirkiye Deprem Tehlike Haritalar1 (Sekil 2) ile
tammmlanmustir ~ (https://tdth.afad.gov.tr/) [14]. Giris
parametrelerinin tanimlanmasi1 asamasinda ilk olarak,
calisilacak depremin merkeziistii koordinatlari kullanilarak
Tiirkiye Deprem Tehlike Haritasindan elde edilen kisa
periyot spektral ivme katsayis1 (Ss) ve 1.0 saniye periyot
icin spektral ivme katsayisi (S1) degerlerinin girilmesi
gerekmektedir. Deprem yer hareketi spektrumlari, belirli
bir deprem yer hareketi diizeyi esas alinarak %5 soniim
orani i¢in, se¢ilen bu spektral ivme katsayilarina ve yerel
zemin etki katsayilarina bagl olarak tanimlanmaktadir.
Tasarim spektrumunu elde etmek tizere farkli periyod
degerleri de yazilim igerisine yerlestirilmistir.

TURKIYE DEPREM TEHLIKE HARITASI

Sekil 2. Tiirkiye Deprem Tehlike Haritasi
(https://tdth.afad.gov.tr/)

Tasarim spektrumu hesabi

Tiirkiye Bina Deprem Yonetmeligi (TBDY-2018) [3]
yapilarin ~ sismik  kuvvetlere = dayanacak  sekilde
tasarlanmasina yonelik hiikkiimleri igermektedir. Bu
baglamda tanimlanmis olan tasarim spektrumu, o bolgeye
ait tehlike haritas1 verileri (deprem biyikligi, faya
uzaklik, faylanma mekanizmasi, jeolojik 6zellikler ve yerel
zemin kosullar1 v.b.), bolgeye ait gegmiste meydana gelmis
depremleri temsil etmektedir. Davranis spektrumlarinin
istatistiksel olarak ¢oziimlemesine dayanmaktadir.

TBDY-2018 [3]’de ifade edildigi {izere, galigma bolgesinin
noktasal koordinatlar1 kullanilarak Tiirkiye Deprem
Tehlike Haritasindan elde edilen Ss ve S; degerleri ile yerel
zemin sinifina bagl olarak tanimlanan yerel zemin etki
katsayilar1 (Fs ve Fi) bilgisi yazilima girdi verisi olarak
verilmektedir. flgili yonetmelikte tanimlandig: sekli ile S,
S; ve yerel zemin etki katsayilarina ait tablolar yazilimda
mevcuttur. Tasarim spektral ivme katsayilari (Sps Ve Spi)
kullanilarak yatay ve diisey elastik tasarim spektrumlari
hesaplamalar1 yazilim tarafindan yapilmaktadir.

Yatay Elastik Tasarim Spektrumu

Gozoniine alinan herhangi bir deprem yer hareketi diizeyi
icin yatay elastik tasarim ivme spektrumunun (Sekil 3)
ordinatlar1 olan yatay elastik spektral ivmeleri Sae(T),
dogal titresim periyoduna bagli olarak yergekimi ivmesi
[g] cinsinden Denklem (1)’de tanimlanmaistir:

T
Suo(T) = (0.4 + 0.6T—) Sps(0< T < Ty)
A

Sae(T) = SDS(TA ST< TB)

Sp (1)
Sae(T) == (T3 ST < Ty)
Sp1T
Sae(M) =25 (T, < T)
S (1)

Sps

Spr 7

0455 |

Sekil 3. Yatay Elastik Tasarim Spektrumu

Burada Sps ve Sp: Tasarim spektral ivme katsayilarini, T
ise dogal titresim periyodunu gostermektedir. Yatay
tasarim spektrumu kose periyotlar: Ta ve Tg Denklem (2)
ile Sps ve Spi’e bagl olarak tanimlanmaktadir:

_Sp1
= Spe @)

S
T, =0222%;T,
Sps
Sabit yerdegistirme bolgesine gegis periyodu T = 6s
alinmaktadir.

Diisey Elastik Tasarim Spektrumu

Go6zoniine alinan herhangi bir deprem yer hareketi diizeyi
i¢in diisey elastik tasarim ivme spektrumunun (Sekil 4)
ordinatlar1 olan diisey elastik tasarim spektral ivmeleri Szep
(T), yatay deprem hareketi i¢in tanimlanan kisa periyot
tasarim spektral ivme katsayisina ve dogal titresim
periyoduna bagl olarak yercekimi ivmesi [g] cinsinden
Denklem (3)’te tanimlanmaktadir:
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T
Saep(T) = <0.32 +0.48 —) Sps(0<T
TAD
< TAD)

Saep(T) = 0.85p5(Typ < T < Tpp) ®)

Tgp
Saen(T) = O-SSDST (Tgp < T < Typ)

Denklem (3)’te yer alan Tap Ve Tgp diisey spektrum kose
periyotlart ile Tip periyodu Denklem (4)’te verilmistir:

Ta Tp T
TAD=?;TBD=?;TLD=? 4)
Sacl)(T)
A

0.88557

0.3255 1

Sekil 4. Diisey Elastik Tasarim Spektrumu

Bu calisma kapsaminda gelistirilen acik kaynakli kod
aracilifyla, TBDY-2018 [3] yonetmeliginde
tanimlanmakta olan ve deprem miihendisliginde temel
oneme sahip tasarim spektrumu hizli bir sekilde
hesaplanmakta ve gorsellestirilmektedir.

Davrams (Tepki) spektrumu hesabi

Deprem sirasinda agiga ¢ikan yer ivmesinin, yapisal
sistemde olusturacagi sekil degisimini, kiitlenin zemine
goreli hareketliligi olarak ifade etmek miimkiindiir.
Kiitlenin mutlak yerdegisimi, yapt mithendisligi agisindan
ele alinmasi gereken en 6nemli tepkidir. Bu tepkiyi ifade
eden davranig spektrumu, deprem miihendisligi pratiginde
yaygin bir sekilde kullanilmaktadir. Davranis tepki
spektrumu,  tek serbestlik dereceli bir sistemin belirli bir
yer hareketi altindaki davraniginin, sistemin soniim orani
ve dogal periyodunun bir fonksiyonu olarak gosterimidir.
Davranmig spektrumu, yer hareketinin farkli dogal
periyotlardaki yapilar tizerindeki etkisini yansitir [15]
(Sekil 5). Bagka bir deyisle, ¢cok sayida farkli yapinin
maksimum davranigini gostermektedir.

Sekil 5. Davranis Spektrumunun elde Edilmesi [15]

Bu calisma kapsaminda davranis spektrumlarinin elde
edilmesi asamasinda ilk olarak caligilacak depreme ait
ivme kayitlarn ilgili yerel ve/veya uluslararast veri
aglarindan c¢ekilerek hazir edilmektedir. Dogal titresim
periyodu aralig1 ve sonlim orani se¢ilmektedir. Bu se¢imin
miihendislik uygulamalarindaki tim yapilari
kapsayabilmesi agisindan genis bir periyod araligi
kullanilmistir (0.01sn — 4.sn) ve %5 soniim degerleri igin
uygulanmigtir.

Tepki spektrumu hesabinda literatiirde siklikla kullanilan
bir sayisal hesaplama yontemi olan Newmark metodu [4]
kullanilmistir. Bu yontem araciligiyla belirli bir zaman
adimina ait dinamik denge denklemleri ¢oziilerek ¢oziim
bolgesine ait ivme, hiz ve yerdegistirme degerleri elde
edilmektedir [5]. Her bir deprem vyer hareketi i¢in
maksimum yer ivmesi (PGA), Maksimum Yer Hiz1 (PGV)
ve Maksimum  Yerdegistirme (PGD) degerleri
hesaplanmustir.

Fourier spektrumu hesabi

Fourier doniisiimii yontemi, lineer sistemlerin karakterize
edilmesinde ve sinyalin frekans icerigini tanimlamada
uzun yillardir kullanilan bir yontemdir. Sinyalin farkli
genlik ve fazlardaki dalga serileri ile ifade edilmesi,
dolayis1 ile sinyalin frekans igerigi  bilgisinin
edinilmesinde 6nemli bir matematiksel aragtir. Kuvvetli
yer hareketi verilerinin Fourier Spektrumu, bir deprem
sirasinda kaydedilen sismik dalgalarin frekans igerigini
ifade etmektedir ve yer hareketinin 6zelliklerini anlamak
i¢in 6nemli bir aractir. Fourier spektrumu, her frekansta
sinyaldeki toplam enerjinin grafiksel bir temsilidir ve
yapisal tasarim igin Onemli olabilecek sinyalin frekans
bilesenlerini  belirlemek i¢in kullanilabilir. Fourier
spektrumu, yer hareketi kayitlarindaki yiiksek frekans
bilesenlerinin goreli giiclinii belirlemek ve 6l¢mek i¢in de
kullanilabilir. Bu, daha yiiksek frekansh titresimlerden
kaynaklanan yapisal hasar potansiyelini degerlendirmek
i¢in 6nemli bir aragtir.

Bu amagla DARLA (v1.0) yazilim basamaklarindan biri
olarak ilgili deprem ait Fourier spektrumlar1 hesaplanmis
ve gorsellestirilmistir.

Arias siddeti hesabi

Arias Siddet Hesaplamasi (AIC), kuvvetli yer hareketi
verilerinin yogunlugunu hesaplamak ig¢in kullanilan bir
yontemdir. Bir deprem tarafindan salinan enerjinin bir
olgiisii olan Arias Yogunlugu (Al) denklemine dayanmakta
olan 6nemli bir miihendislik parametresidir. AIC yontemi,
Al'yi hesaplamak icin yer hareketi verilerinin en yiiksek
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yer ivmesi (PGA) ve en yiiksek yer hiz1 (PGV) degerlerini
kullanir. Yer hareketi verilerinin maksimum genligi
almarak ayni verilerin tepe yer ivmesine (PGA)
boliinmesiyle hesaplanir. Arias Yogunlugu daha sonra
PGA'nin yiizdesi olarak ifade edilir. Bu parametre, bir
depremin siddetini degerlendirmek ve farkli depremlerin
yogunlugunu karsilagtirmak i¢in kullanilabilir. Sismik
aktiviteye dayanacak sekilde tasarlanan yapilarin tasarim
parametrelerini belirlemek igin géz 6niine alinan dnemli
bir biyiikliiktiir [16] (Arias, 1970). Bu amacla DARLA
(v1.0) yazilim basamaklarindan biri olarak ilgili deprem ait
Arias yogunluklar1 hesaplanmis ve gorsellestirilmistir.

Uygulama Ornegi: 23 Kasim 2022 Golyaka -
Diizce Depremi (Mw=5.9)

23 Kasim 2022 giinii yerel saat ile 04:08’de merkez iissii
Golyaka (Diizce) olan My 5.9 biiyiikliigiinde bir deprem
meydana gelmis ve cevresindeki bir¢ok il ve yerlesim
yerinde hissedilmistir. Depremin ardindan, AFAD-
TADAS [11] tarafindan saglanan ivme kayitlarina
ulasilarak 6 adet sismik kayitciya (Sekil 6) ait sayisal veri
ASCII (*.asc) formatinda web sayfasi {izerinden yerel
bilgisayara  aktarilarak DARLA  v1.0  yazilimi
calistirilmistir. Sekil 6’da yesil yildiz imgesi 23.11.2022
Golyaka-Diizce depremi merkeziistiinii, sar1 i¢gen
sembolleri ADAF-TADAS [11] tarafindan isletilen ve
calisma kapsaminda verisi degerlendirilen sismik
kayitgilarin konumlarimi temsil etmektedir.

31°20'E 31°30'E

31°10E

30°50°E

Sekil 6. Sismik kayit¢t haritast AFAD-TADAS [11].

31°00E

Dosya isim ve uzantilarinda yapilan giincellemeler ve
Tiirkiye Deprem Tehlike Haritasi’'ndan alman Ss ve S;
spektral ivme katsayilarinin yazilimda giincellenmesinin
ardindan DARLA (v1.0) sorunsuz olarak ¢ikti liretmis ve
elde edilen bulgular arastirmacilarin  yorumuna
sunulmustur.

DARLA (v1.0) ¢iktilarnin AFAD-TADAS [11] web
sayfas1  iizerinden yaymlanan ilgili miihendislik
parametreleri ile uyumlu oldugu, elde edilen spektrumlarin
ve spektral degerlerin birbiri ile Ortligtiigii gozlenmistir.
AFAD-TADAS spektrum tablosu tizerinden alinan PGA
degerleri ile ilgili web sayfasindan alman, iglenmis ivme
verileri kullanilarak elde edilen DARLA (v1.0) ¢iktisi olan
PGA degerleri arasinda ¢ok kiiglik sayisal farkliliklar
gozlenmektedir. Tlgili ¢iktilar Sekil 7, 8, 9 ve Sekil 10 ile
Tablo 1’de sunulmustur.

Tablo 1. Kuvvetli yer ivmesi degerleri (K-G bileseni i¢in,
gal cinsinden listelenmistir)

Istasyon PGA (gal) PGA (gal) Repi
Kodu (AFAD-TADAS) (DARLAVL.0)
8101 246.4 265.3 10.67
8102 2134 2145 11.79
8104 353.2 353.2 13.74
8105 581.9 581.9 13.88
8106 336.0 337.7 9.63
8109 265.3 265.3 4.75

DARLA (v.10) yazilimi araciligiyla her bir istasyondan
alman kuvvetli yer hareketi kayitlarma ait ivme-hiz-
yerdegistirme zaman grafikleri elde edilmis olup, Sekil
7’de 8109 no’lu istasyon igin 6rnek verilmistir.

8109 istasyonu KG bilesen
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Sekil 7. 8109 no’lu istasyondan alinan kuvvetli yer
hareketi kaydina ait ivme-hiz-yerdegistirme zaman
grafikleri
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Her bir istasyondan alinan kuvvetli yer hareketi kayitlarina
ait davranis spektrumlar1 elde edilmis ve TBDY-2018
[3’de tanimlanmakta olan tasarim spektrumlar1 ile
karsilastirmali olarak Sekil 8’de gorsellestirilmistir.
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Sekil 9. 8109 no’lu istasyona ait kuvvetli yer hareketi
kayitlarinin her ii¢ bilesenine ait Fourier spektrumlari

Son agamada ¢aligmada yer verilen 8109 no’lu istasyona

ait kuvvetli yer hareketi kayitlarinin her ¢ bilesenine ait
— : == Arias siddeti hesaplamalari yapilmis ve Sekil 10°da
e 8 sunulmustur.

Sekil 8. Kuvvetli yer hareketi kayitlarina ait davranis

istasyon Kodu :8109
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Caligma kapsaminda kullanilan kuvvetli yer hareketi
kayitlarina ait Fourier Spektrumlart elde edilmis ve 8109 081
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. . . . . X 0
olan spektrum &rnek olarak Sekil 9’da verilmistir. 2
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Sekil 10. 8109 no’lu istasyona ait kuvvetli yer hareketi
kayitlarinin her {i¢ bilesenine ait Arias giddeti
hesaplamalari

Sonug ve Degerlendirme

Bu calismada, meydana gelen orta ve yikict bityiikliige
sahip bir depremin ardindan deprem karakteristik
Ozelliklerinin  arastirillmast  ve  ilgili  mihendislik
parametrelerinin hesaplanmasi/gorsellestirilmesi amaciyla
acik kaynakli bir yazilim hazirlanarak ortak kullanima
sunulmustur. Kuvvetli yer hareketi kayitlar1 zaman serileri
3 bilesen (KG, DB, Z) olarak ilgili yerel velveya
uluslararas1 veri aglarindan temin edilerek ilgili ara yiize
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aktarilmistir. Kayitlara ait ivme, hiz ve yerdegistirme
zaman serileri elde edilmistir. Her bir istasyondan alinan
kayitin ii¢ bileseni i¢in davranis spektrumlart elde edilmis
ve TBDY-2018’de wverilen tasarim spektrumlari ile
karsilastirlmistir.  Ilgili  depremlere  ait  Fourier
spektrumlar1 ve Arias siddetleri hesaplanmig ve yazilimda
gorsellestirilmistir.  Hesaplanan — miihendislik  siddet
parametreleri i¢in literatiirde tamimli ve gegerli olan
ampirik bagint1 ve formiiller kullanilmistir.

Yazilim dili olarak Python ag¢ik kaynakli kiitiiphaneler
kullanilmis olup DARLA (v1.0) Github sayfasi lizerinden
paylasima ag¢ilmistir. Planlanan c¢alismalar kapsaminda,
yazilim lizerinde yapilacak gilincellemelerle, deprem
meydana geldigi andan itibaren bdlge ozelinde gerek
sismolojik  gerek  deprem  miihendisligi  ¢iktilart
iretilecektir. Gelistirilmesi planlanan kullanic1 dostu
arayuzii ile DARLA (v1.0) kullanilarak raporlanacak olan
bu siddet parametrelerini igeren bilimsel veriler 151g8inda
hizli degerlendirme yapilmas: imkan1 olacaktir.

Tesekkiir

Bu c¢alismada AFAD (https://doi.org/10.7914/SN/TK)
sismik verileri kullanilmigtir. Caligmada kullanilan verileri
aragtirmacilarin kullanimina agtiklari i¢in kuruma tesekkiir
ederiz.
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