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ABSTRACT

In this study, the surfaces of AISI 1050 Medium Carbon Steel and D2 Cold Work Tool Steel,
which are commonly used in the machine manufacturing industry, were processed using
the burnishing method. In the burnishing experiments, cylindrical materials with
dimensions of @#50x30mm and a #20mm hole drilled in the center were used. For the
turning process, the cutting speed was selected as 60 m/min and the feed rate as 0.25
mm/rev. The burnishing process was applied in a single pass. The properties such as
microhardness, surface morphology, circularity, cylindricality and surface roughness of the
materials by the burnishing process were examined in detail. After burnishing, the
hardness of AISI 1050 and D2 cold work tool steel materials was measured to be 292 HV
and 302 HV, respectively. The results obtained showed that the burnishing process
increased the hardness value of AISI 1050 steel proportionally more than the hardness
value of D2 steel. It was determined that the circularity and cylindrical properties of the
hole surfaces were improved. The obtained results show that the burnishing process will
increase the efficiency of the machine elements working in contact and the damage that may
occur during the operation of these machine elements can be minimized by burnishing
process.

AISI 1050 ve D2 Soguk Is Takim Celigi Malzeme
Uzerine Acilmis Deliklere Uygulanan Ezme
isleminin Yiizey Ozelliklerine Etkisi

0Z

Bu calismada; makine imalat sanayinde yogun olarak kullanilan AISI 1050 Orta Karbonlu
Celik ve D2 Soguk Is Takim Celigi malzemelerinin yiizeyleri ezme yéntemi ile islenmistir.
Ezme deneylerinde, #20 mm c¢apinda delik delinen @50X30mm o6lciilerindeki silindirik
malzemeler kullanilmistir. Tornalama islemi i¢in kesme hiz1 60 m/dak ve ilerleme hizi 0.25
mm/devir secilmistir. Ezme islemi delme sonrasi tek paso olacak sekilde uygulanmistir.
Ezilme islemi ile elde edilen yiizeyler tizerinden mikro sertlik, yiizey morfolojisi, dairesellik,
silindiriklik ve yiizey piiriizliligi gibi 6zellikleri tespit edebilmek icin él¢ctimler yapilmis,
goriintiiler alinmistir. Ezme islemi sonrasinda AISI 1050 ve D2 soguk is takim celigi
malzemelerinin sertlikleri sirasiyla 292 ve 302 HV él¢lilmiistiir. Elde edilen sonuglar ezme
isleminin; AISI 1050 geliginin sertlik degerini D2 celiginin sertlik degerinden oransal olarak
daha fazla arttirdigini gostermistir. Ezme islemi ile her iki malzeme tiirii icin de ylizey
piiriizliiliik degerlerinin azaldig1 ve yiizey kalitesinin arttig1 tespit edilmistir. islem sonrasi,
delik yiizeylerinin dairesellik ve silindiriklik 6zelliklerinin 6nemli derecede gelistirildigi
belirlenmistir. Elde edilen sonuglar genel olarak degerlendirildiginde, ezme isleminin
ozellikle birbirleri ile temas halinde ¢alisan makine elemanlarinin verimliligini arttirdigi ve
yorulma dmdirlerini uzattigini ortaya koymustur.

To cite this article: T. Simsek, A. Yakin, A. Akkurt, “AISI 1050 ve D2 soguk is takim ¢eligi malzemeleri
izerine a¢ilmis deliklere uygulanan ezme isleminin ytlizey ozelliklerine etkisi,” Gazi Journal of
Engineering Sciences, vol. 9, no. 2, pp. 153-162, 2023. doi:10.30855/gmbd.0705060
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1. Glrl$ (Introduction)

Makine imalat ve bilesik sanayi kollarinda herhangi bir amag¢ dogrultusunda kullanilan pargalarin delik
ylzeylerinin istenen niteliklerde olmasi i¢in Kklasik isleme metotlarindan (delme ve tornalama) sonra
honlama, taslama ve raybalama gibi son yiizey isleme yontemlerinin yaygin olarak kullanildigi
bilinmektedir. Kullanilan bu ydntemler delik yiizeyleri icin yontemin 6zelligine bagh olarak sinirh
tolerans araliklarinda ylizey elde edilebilmesini saglamaktadir. Cogu zaman elde edilen bu tolerans
araliklari istenildigi hassasiyetlere ulasmay1 miimkiin kilmamaktadir. Talassiz sekillendirme yontemi
olan ezme metodu ise daha iyi ylizey bitirme 6zelligi sunmasi sayesinde son zamanlarda talash
uygulamalara oranla daha ¢ok ilgi cekmektedir. Ayrica ezme yonteminin kolay uygulanabilir ve
nispeten daha ucuz olmasi da bu yontemin daha ¢ok tercih edilmesini saglamaktadir. Ucuz ve pratik
uygulanabilir olmasinin yani sira, ezme isleminin istenen hassasiyette ylizey kalitesi saglamasi, bu
yontem makine pargalarinin bitirme islemlerinde diger yontemlere nazaran daha ¢ok tercih edilmesine
sebep olmaktadir [1-3]. Ezme yonteminin metal ve alasimlarinin yiizey purizliligi, sertlik, asinma
direnci, yorulma ve dairesellik-silindiriklik gibi 6zelliklerini iyilestirdigi yapilan ¢alismalarda ortaya
konmustur. Sahip oldugu bu avantajlardan o6tiirii ezme islemi, makine konstriiksiyon, otomotiv,
havacilik ve endiistrinin bir¢cok kolunda yayginlasarak kullanilmaktadir. Piston kolu, saft, aks, mil gibi
makine elemanlarinin yiizeyinin ve dairesellik ve silindiriklik 6zelliklerinin olduke¢a iyi olmasi
beklenmektedir. Bu 6zelliklerin iyi olmasi gii¢ ve hareket aktarimini 6nemli dl¢lide olumlu etkilemekte
dolayisiyla enerjiden tasarruf saglamakta ve makine elemanlarinin ve gii¢ organlarinin zarar gérmesini
engellemektedir [1, 4].

Bu ¢alismada kullanilan AISI 1050 celigi ve D2 takim ¢eligi numunelerine ylizey puriizlilik, yiizey
sertlik ve dairesellik ve silindiriklik 6zelliklerini iyilestirmek amaciyla ezme islemi uygulanmistir.
Makine elemanlarinin verimliliginin arttirilmasi icin ylizey pirizlilagl, sertlik, dairesellik ve
silindiriklik gibi o6zelliklerinin iyilestirilmesi gerekmektedir. Malzemelerin ylizey 06zelliklerini
gelistirmenin en etkili yollarindan biri son yillarda 6ne ¢ikan ezme yontemidir. Ezme yontemi piiriizsiiz
ve sert bilyelerin is parcasinin yiizeyinde deformasyon meydana gelmesi islemini kapsamaktadir.
Silindirik kiiresel uglu yapilar belli kuvvetlerle malzeme yiizeyine temas ettirilerek deformasyon
sertlesmesinin olusmasi saglanmaktadir. Bu islemin sonucunda asinmaya karsi dayanikli, sert ve
pliriizsiiz bir yiizey elde edilmektedir. Sekil 1 ezme islemini ve deformasyon sertlesmesinin sematik
gorselini gostermektedir. (A) bolgesi ezme islemi Oncesi talagh imalat uygulanmakta (raybalama,
tornalama, delme), (D) numune ylizeyine ilk temas gerceklesmekte ve malzemenin akma sinirinin
gecildigi bolge (B) olmaktadir. (C) bolgesi plastik deformasyonun, (E) bolgesi ise belirli miktarda
elastik dontisiim ile is parcasinin yiizeyinin plriizsiiz ve parlak olmasi ile sonuglanan bolgeleri

gostermektedir [1].
ilerleme
Yoénu

Makara

Ezerek Parlatiimis Ylzey
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DN & {
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Sekil 1. Ezme islemi ve plastik deformasyon olugsumu [1] (Burnishing process and formation of plastic deformation)

Ezme isleminde piiriizsiiz bir katman elde etmek icin islem parametrelerinin uygun bir sekilde
secilmesi gerekmektedir. Ezme isleminde yiizey kalitesini etkileyen bir¢cok faktér bulunmaktadir.
flerleme hizi, bilye malzemesi ve ¢capi, ezme hizi, yaglayici ve islem malzemesi en énemli parametreler
arasinda yer almakta ve bu parametrelerin iyi bir sekilde optimize edilmesi kaliteli bir yiizeyin elde
edilmesine katki saglamaktadir [5]. Literatiir ¢alismalarina bakildiginda birbirinden farkh cesitli
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malzeme gruplarinin ezme islemine tabi tutularak parlatildigi agik¢a goriilmektedir. Kogak, ezme
isleminden sonra Al 6013 ve MS58 malzemelerinin ylizey piriizliliginde, mikroyapisinda ve
mikrosertlik degerlerinde meydana gelen degisimleri incelemistir [6]. Hasan ve arkadaslar ise
ilerleme hizi ve ezme kuvveti parametrelerinin aliminyum ve piring malzemeleri iizerindeki etkisini
arastirmislardir [7]. Baska bir calismada Akkurt ve arkadaslari ezme isleminin Al 6061 alasim
pargalarinin dairesellik ve yiizey pirizliiligi 6zelliklerine etkisi arastirllmistir [8]. Ezme isleminden
sonra AA7075-T6 alliminyum alasimi malzemesinde meydana artik gerilmeler detayli bir sekilde
Malyer tarafindan analiz edilmistir [9]. Akkurt tarafindan yapilan bagka bir ¢alismada, D3 takim
celigine ezme islemi uygulanmis ve elde edilen sonuglar; honlama, delme, tornalama ve raybalama gibi
ylizey bitirme islemleriyle elde edilen sonuglar ile karsilastirilmistir [10]. El-Khabeery ve arkadaslari
Al-6061-T6 alasimina farkli ezme parametreleri uygulayarak bu parametrelerin yilizey 6zelliklerine
etki miktarlarini incelemislerdir. Yapilan inceleme sonucunda hizin yiiksek ve paso derinliginin fazla
olmas! durumunun yiizey piiriizliiliigiinii olumsuz etkiledigini gdstermistir. Ote yandan diisiik hiz ve
diistiik paso kalinlig: secildiginde daha piirtizsiiz ve diizglin bir yiizey elde edildigi goriilmustiir [11].
Sagbas yaptig1 calismada ezme parametrelerinin yiizey 6zelliklerine etkisini aragtirmis ve elde ettigi
sonuclar ezme parametrelerinden hiz ve paso sayisinin ylizey 6zelliklerini en ¢ok etkileyen faktorler
oldugunu gostermistir [12].

Bu calismada AISI 1050 Orta Karbonlu Celik ve D2 Soguk is Takim Celigi malzemeler ezilerek parlatma
islemine tabi tutulmustur. Ezme islemi i¢in uygun boyutlarin elde edilmesi i¢in malzemeler CNC torna
tezgahi kullanilarak delinmistir. Delik i¢ ylizeyleri, ezme parametreleri uygun hala getirildikten sonra
karakterizasyon islemi yapilmistir. Malzemelerin morfolojik ve sertlik 6zellikleri optik mikroskop ve
mikro sertlik cihazlar1 kullanilarak karakterize edilmistir. Ek olarak numunelere ait dairesellik-
silindiriklik ve puirtizlilik degerleri dl¢iilmiistiir.

2.Deneysel Callsmalar (Experimental Method)

Yapilan ¢alismada ekonomik olmasi nedeniyle endiistride ¢ok yogun bir sekilde kullanilan AISI 1050
karbon celigi ve D2 soguk is takim celigi kullanilmistir. Kullanilan malzemelerin kimyasal igerikleri
Tablo1 ve Tablo 2’de verilmistir. AISI 1050 ve D2 soguk takim celigi malzemelerine ait bazi1 mekanik
ozellikler (elastik modiil, akma dayanimi, cekme dayanimy, sertlik degerleri) ise Tablo 3’ te verilmistir.
Deney numuneleri cubuk sekilinde dolu malzemeden 50x30 mm 6l¢iilerinde kesildikten sonra i, delik
¢aplar1 Taksan TTC-630 modeli CNC torna tezgahinda sogutma sivisi kullanilarak 20 mm olacak
sekilde delinmistir. CNC torna tezgdhinda tiim numunelerin son yiizey isleme paylar1 birakilarak
delinmistir. Delme islemlerinde kesme hizi 60 m/dak, ilerleme 0.25 mm/devir olarak secilmistir. Kesici
takim olarak ISCAR marka ug¢ kullanilmistir. Kullanilan ucun ug yarigapi 0.8 mm'dir.

Tablo 1. AISI 1050 Karbon Celigine ait kimyasal icerik (Chemical content of AISI 1050 carbon steel)

Kimyasal Element C Si Cr S Mn P Fe
Agirlikca % 0.51 0,16 - 0.028 0.62 0,020 Kal.

Tablo 2. D2 Soguk Is Takim Celigine ait kimyasal icerik (Chemical content of D2 cold work tool steel)

Kimyasal Element C Si .Cr S Mn P Mo \% Fe
Agirlikca % 1.45-1.60 0.10-0.60 11.00-13.00 0.03 0.20-0.60 0.03 0.60-0.80 0.90-1.10 Kal.

Numuneler CNC tezgahi kullanilarak delindikten sonra Sekil 2’de gosterilen ezme aparati ile ezilerek
parlatilmistir (Akkurt, 2011). Bu ¢alismada ezme kuvveti 150 N, ezme hiz1 1.25 mm/s, devir sayis1 250
rpm, ezme derinligi 0.05 mm ve paso sayisi 1 olarak secilmistir. Ezme islemi 10 mm capli bilyelere
sahip ezme aparati kullanilarak yagl ortamda yapilmistir. Ezme islemi 10 mm uzunlugu boyunca tek
paso halinde gergeklestirilmistir. Ezme islemi boyunca devamli olarak bilyeler ve is parcasinin piirtizli
ylizeyi arasinda plastik deformasyon sonucu ezme ve geriye esneme islemleri tekrarlanmistir. Ciinkii,
is pargasi delik cap1 20 mm delinmis, takim c¢ap 6l¢iisii 20,05 ayarlanmis (malzemeye bagli ezme payi),
islem sonrasi delik 6l¢iisii 20,02 olarak 6l¢iilmiistiir. Ayrica, ezme isleminin malzemelerin dairesellik
silindiriklik 6zelliklerine etkilerini analiz edilmistir. Deney numunelerinin ylizey pirizliliginin
Olciilmesinde Taylor Hobson FTS PGI 1230, dairesellik-silindiriklik 6l¢tilmesinde ise Taylor Hobson TR
585 cihazi kullanilmistir. Dairesellik-silindiriklik analizlerinde 3 farkli konumdan 6l¢iim alinmistir.
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Tablo 3. AISI 1050 ve D2 soguk is ¢eliginin baz1 mekanik 6zellikleri (Some mechanical propertied of AISI 1050 carbon steel and D2 cold
work tool steel)

Malzeme Akma dayanimi Cekme Dayanimi Poisson Orani Elastisite modiilii
AISI 1050 580 MPa 690 0.3 190-210 GPa
D2 soguk is celigi 469 MPa 759 MPa 0.3 190-210 GPa

Sheol "Shaat 1 Work

Sekil 2. Ezme isleminde kullanilan ezme aparatinin sematik gosterimi (Akkurt, 2011) (Schematic representation of the burnishing
apparatus)

Ezilme islemi tamamlanan numuneler, metalografik incelemelere hazirlanmak iizere asindirici disk ile
kesilmistir. Numunelerin daglama islemi %2 nital coZzeltisi ile yapildiktan sonra optik mikroskopta
(Leica M205 C) incelenmistir. Daha sonra numunelerin dairesellik-silindiriklik ve yiizey piiriizliiliikleri
analiz edilmistir. Bu islemlerin ardindan ezmenin sertlik {izerindeki etkilerinin incelenmesi i¢in elmas
piramit u¢ kullanilarak 50 g yiik ve 10 s bekleme siiresi parametreleri ile mikro sertlik testleri
(Shimadzu HMV-2) yapilmistir.

3. Sonuglar ve Tartisma (Resuits and Discussion)

Sekil 3’te AISI 1050 Orta karbonlu gelik ve D2 soguk is takim ¢eligi malzemelerin ezme islemlerinden
sonra metalografik islemler i¢cin hazirlanmis optik mikroskobik goriintiileri gosterilmektedir. Sekil
incelendiginde anametal ile ezme islemi uygulanmig bélgelerin mikro yapilarinin farklhilik gosterdigi
goriilmektedir. AISI 1050 malzemesinde ezilmis bélgeden ana metala gecis bolgesinde yaklasik 40
pum’lik deformasyonun meydana geldigi agik¢a goriilmektedir. D2 malzemesinde ise yaklasik olarak
52um’lik bir deformasyon goriilmektedir. Ezme islemi sirasinda ezme takimi tarafindan yiizeye
uygulanan kuvvetler neticesinde mikro yapinin degistigi ve uygulanan kuvvetlerin miktarina bagh
olarak numunede sert katmanlar olustugu bilinmektedir. Belirli kuvvetlerin etkisinde kalan is
par¢asinin mikroyapisinda meydana gelen dislokasyon yogunlugu deformasyon sertlesmesinin
olusmasina ve deformasyon sertlesmesi sonucunda bu sert katmanlarin olustugu bilinmektedir.
Deformasyon sertlesmesi sonrasinda daha ince formlarin olustugu goriilmektedir [13].

Sekil 3. Ezme islemi sonrasi optik mikroskop goriintiileri a) AISI 1050 Orta karbonlu ¢eligi malzeme b) D2 soguk is takim celigi
malzeme (Optical microscope images after burnishing a) AISI 1050 low carbon steel material b) D2 cold work tool steel material )
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Sekil 4 ise ezme uygulamasindan sonra numunelerin ytlizey piriizlilik grafiklerini gostermektedir.
Delik i¢ yiizeyleri tornalandiktan sonra AISI 1050 ve D2 gelik malzemelerinin yiizey piiriizliliikleri 1,34
um ve 1,42 pm olarak bulunmustur. Ezme isleminden sonra ortalama piiriizlilik degeri AISI 1050
karbon celigi icin Ra:0.366 pm, D2 malzemesi icin ise Ra:0.461 um olarak 6l¢iilmiistiir [14]. Omar
tarafindan yapilmis olan bir calismada ezme isleminin Al 6061-T6 alasiminin yiizey sertligi ve
plriizliligi iizerine etkisini konu alinmistir. Elde edilen sonuglar ezme isleminin yiizey piiriizliligini
% 87 azalttig1 ve sertlik degerini ise %14 arttirdigini géstermistir [1]. Baska bir ¢calismada Nguyen ve
arkadaslar tarafindan ezme parametrelerinin yiizey 6zelliklerine etkisi arastirilmis ve ezme hizinin
belli bir miktara kadar arttirilmasinin ytizey piiriizliligini azalttigin1 ancak belli bir hiz degerinden
sonra puriizliiliik degerinin arttig1 gézlenmistir. Ayrica paso derinliginin artmasina bagh olarak yiizey
plriizliliginiin artis gosterdigi not edilmistir. Yiizey sertliginin ve sertlik derinliginin ezme pasosunun
derinliginin artmasina bagh olarak arttigi goriilmistiir [2]. Korzyski yaptig1 bir ¢alismada ezme
kuvvetini ve paso sayisinin ylizey kalitesi lizerinde dogrudan etki ettigini gozlemlemistir. Ayrica kaliteli
bir yiizey elde etmek icin uygulanmasi gereken kuvvetin sadece numunenin mekanik dzelliklerinin
degil ayrica baslangi¢c ylizey piiriizliiliikk degerlerinin dikkate alinarak secilmesi gerektigi Korzyski
tarafindan vurgulanmistir [15]. Okada ve arkadaslar1 ezme parametrelerinin yiizey kalitesine etkisini
arastirmis ve bu arastirma sonucunda ezme kuvvetinin ve ilerleme hizinin ylizey piirizliligine
etkisinin biiylik oldugunu vurgulamislardir. Ezme kuvvetinin artmasi ve ilerleme hizinin azaltilmasu ile
diizenli ve siirekli bir yiizey elde edildigi Okada ve arkadaslari tarafindan gézlenmistir [16]. G. Patel ve
arkadaslar1 yapmis olduklart bir ¢alismada ylizey pirizliliigiinii etkileyen temel faktoriin ezme
kuvveti / baski oldugunu vurgulamislardir [17]. Baska bir ¢alismada Yuan ve arkadaslari ezme
parametrelerinin yiizey piiriizliligiine ve mikro sertlige etkileri arastirilmistir. Ezme derinligi belirli
bir miktara kadar arttirildiginda yilizey piriizliliginin azaldigi ancak belirli miktardan sonra
arttirllmaya devam edildiginde yiizey piirtzliliigiiniin azaldigi gozlenmistir. Mil hizi belirli bir miktara
kadar arttirildiginda yiizey piirizliliigiiniin arttigi ancak arttirilmaya devam edildiginde piirizliligi
azalttigi vurgulanmistir [18]. Bu calismada elde edilen yiizey piiriizliiliikk degerleri incelendiginde ezme
islemi sonrasinda piriizliligin 6nemli olciide diistiigii acikca gorilmektedir. Bu durum ezme
isleminin ylizey kalitesi lizerinde olduk¢a 6nemli bir etkiye sahip oldugunu gostermektedir.
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Sekil 4. Ezme islemi sonrasi yiizey purtzliiliikk degerleri a) AISI 1050 Orta karbonlu ¢elik, b)D2 soguk is takim ¢eligi (Surface
roughness values after burnishing, a) AISI 1050 low carbon steel, b) D2 cold work tool steel)
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Ezme isleminden sonra numunelerin mikro sertlik degerleri delik kenarindan malzemeye dogru olacak
sekilde 6lciilmiis ve elde edilen degerler Sekil 5’te gosterilmistir. Sekilden goriilecegi lizere AISI 1050
malzemesinin ana metalin sertligi yaklasik olarak 230 HV degerine sahipken delik yiizeyine dogru
ilerledik¢e sertlik degerlerinin artarak 292 HV maksimum degerine sahip olmaktadir. D2
malzemesinde ise yaklasik olarak 265 HV sertlige sahip ana malzemenin sertligi ezme isleminden sonra
302 HV’ye ¢cikmustir. Ezme islemi malzemede yogun plastik deformasyona ve nihayetinde deformasyon
sertlesmesine sebep oldugu icin, sertlik degerlerinde artis meydana gelmektedir. Ezme isleminin
istenen sonuclar1 vermesi icin, ezme kuvveti, ilerleme hizi, ezme gecis parametresi ve niifuziyet
derinligi bircok faktoriin uygun bir sekilde secilmelidir. Bahsedilen parametrelerden birinin veya
birkacinin uygun secilmemesi durumunda malzeme ylizeyinde pullanmaya, c¢atlamaya ya da
kopmalara sebep olmaktadir. Khalilpourazary ve arkadaslarinin yliriittiigi bir calismada elde ettikleri
sonuglar, ezme kuvvetinin ve niifuziyet derinliginin artmasina baglh olarak mikro sertlik degerlerinin
de arttigin1 gostermistir. Artan ezme kuvveti ve niifuziyet derinliginin malzeme ylizeyinde yogun
plastik deformasyona sebep oldugu bu nedenle malzeme yiizeyinin mikro sertlik degerlenin arttig
gozlenmistir. Ancak kuvvetin ve niifuziyet derinliginin artmasi sertlik degerlerinin aksine yiizey
puriizlilik degerini arttirarak ytizey kalitesini olumsuz etkilemektedir [19]. Rotella ve arkadaslari
ezme isleminde farkli sogutma ve yaglama kosullarinmi saglayarak bu parametrelerin yiizey kalitesine
olan etkisi Ti6Al4V alasimi kullanilarak arastirilmistir. Elde edilen sonuglar kriyojenik sogutma
sivisinin kullanilmas1 durumunda mikro sertlik degerlerinde artisin meydana geldigini ancak
puriizlilik degerlerinde kayda deger degisiklik olmadigini gostermistir. Sogutma sivisi yerine yaglama
swvisi kullanildiginda ise ylizey piiriizliilik degerlerinin 6nemli 6lciide azaldigi Rotella ve arkadasalri
tarafindan gozlenmistir [20]. Tugay ve arkadaslari tarafindan ezme isleminin 316 L paslanmaz celik
malzemesinin mikro sertligine ve korozyon direncine etkisi arastirilmistir. Elde edilen sonuglar ezme
isleminin malzemenin mikro sertligini %45 arttirdig1 ve korozyon direncini iyilestirdigi gézlenmistir
[21]. Yuan ve arkadaslar1 yaptig1 bir ¢alismada mil hizinin ve ezme derinliginin armasiyla yiizey
sertliginin arttigin1 vurgulamislardir [18]. Cobanoglu ve arkadaslar1 ezme parametrelerinin mikro
sertlige ve yiizey piirtzliliigiine etkisini arastirmis ve ezme kuvvetinin mikro sertlige ve yiizey
plriizliligine etkisinin diger parametrelere nazaran daha yiiksek oldugunu vurgulamislardir. Ezme
hiz1 ve ilerleme hizinin ise mikro sertlige etkisinin yiiksek oldugu ancak ytizey piiriizliiligiine etkisinin
daha diisiik oldugu gézlenmistir [22]. Literatiir calismalarina bakildiginda uygun ezme parametreleri
kullanildiginda yiizey pirizliligi ve sertlik degerlerinde muazzam iyilesmelerin meydana geldigi
goriilmektedir. Bu calismada elde edilen sonuclara bakildiginda literatiir ¢alismalarina benzer bir
sekilde ezme isleminin yilizey piriizliligini ve mikro sertligi 6nemli 6lciide iyilestirdigi acik¢a
gozlenmektedir.
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Sekil 5. Ezilen numunelerin mikrosertlik grafikleri (Microhardness graphs of speimens after burnishing)

Sekil 6 ve Sekil 7 ise numunelere ait i¢ cap silindiriklik ve dairesellik gorsellerini gostermektedir. Ezme
isleminden sonra AISI 1050 ve D2 malzemelerinin silindiriklik degerleri 17.05 ve 70.87 pm olarak
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Olciilmistiir. Makine imalat sanayisi imal edilen makine pargalarinin hassas geometrik toleranslara
sahip olmasini istemektedir. Ezme isleminde kullanilan takimlarin asinmasi, kesme esnasinda
kuvvetlerin diizensiz olmasi (paso sayisi ve kalinligi, kesme hiz1 vb.) sebeplerden 6tiirii dairesellik
istenen diizeyde elde edilememektedir. Bu nedenle ezme parametrelerinin uygun secilmesi oldukca
onem arz etmektedir. Mithendislik parcalarinin ideal geometride olmasi biitiin sanayi uygulamalarinda
istenen 6zellik oldugu bilinmektedir. Donme hareketinde bulunan gii¢ aktarma organlari vb. makine
parcalari i¢in silindiriklik ve daireselligin 6nemi biiylik olmaktadir. Silindiriklik ve daireselligin uygun
olmamasi durumunda donen makine elemanlarinin temas ettigi ylizeylerde asinma meydana gelmekte,
giic kaybi olusmakta ve dolayisiyla ciddi ekonomik kayiplar olusmaktadir [10]. Ezme siiresi ve
derinliginin silindiriklik ve dairesellik iizerinde 6nemli bir etkiye oldugu bilinmektedir. Bu ylizden paso
sayis1 minimum tutularak 0.05 mm derinliginde tek bir paso uygulanmis ve ezilme islemi yapilmistir.
Ezme derinligi, belirli miktarlarda uygulandiginda daireselligi arttirabilmektedir ancak belirli
miktarlarin iizerinde ezme derinliginin uygulanmasi malzemede yanmaya ve yiizeyde pullanmaya
sebep olmaktadir [23, 24]. Dairesellik degeri maksimum ve minimum yari¢cap profilinin farki alinarak
olciilmektedir. Yapilan ¢alismada i¢ dairesellik, orta kenar ve kenar dairesellik degerleri ise AISI 1050
celigi icin 12.22, 2.09 ve 4.03 pum, D2 soguk is takim celigi icin ise 42.32, 36.11 ve 10.30 pm olarak
hesaplanmistir. Ezilen numunelerin sertlik degerlerinin diisiik olmasi silindiriklik degerlerinin daha iyi
olmasina katki saglamaktadir.

Z yiiksekligi (mm)

»
- »

o L
270

Sekil 6. Ezme islemi sonras1 AISI 1050 Orta karbonlu ¢eliginin silindiriklik ve dairesellik degisimleri
(Cylindrical and circularity changes of AISI 1050 low carbon steel after burnishing)
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Sekil 7. Ezme islemi sonras1 D2 soguk is takim celiginin silindiriklik ve dairesellik degisimleri (Cylindrical and circularity changes of
D2 cold work too steel after burnishing)

4, Sonuglar (Conclusion)

Bu ¢alismada AISI 1050 orta karbon celigi ve D2 soguk is takim ¢eligi malzemeleri ezme islemine tabi
tutulmustur. Ezme islemi uygulanan numunelerin sertlik degerlerinin arttigi ve pirizlilik
degerlerinin azaldig1 gézlenmistir. Ezme isleminin uygulanmasiyla, AISI 1050 orta karbon celigi ve D2
soguk is takim c¢eligi malzemelerinin sertlikleri sirasiyla 292 ve 302 HV olarak él¢tilmiistiir. Elde edilen
sonuglar ezme isleminin; AISI 1050 ¢eliginin sertlik degerini D2 celiginin sertlik degerinden oransal
olarak daha fazla arttirdig goriilmektedir. Ezme islemiyle, AISI 1050 ve D2 ¢elik malzemelerin yiizey
purizliligi degerleri 0.366 ve 0.461 um olarak o&lciilmiistiir. Ezme islemi sonrasinda AISI 1050
celiginin pirizlilik degerinin D2 ¢eliginin piriizlilik degerinden daha diisiik oldugu yani yiizey
kalitesinin daha iyi oldugu goriilmektedir. Bu calismada uygulanan parametrelere bagh olarak ezme
islemi uygulanmayan malzemelerden sertlik degeri daha diisiik olanin ezme islemi sonrasinda daha
diisiik piiriizliiliik degerine sahip oldugu gozlenmistir. Piirtizliiliik degerleri dikkate alindiginda, ezme
isleminin ylizey pirizliligiini iyilestirdigi goriilmektedir. Numunelerin i¢ dairesellik, orta kenar ve
kenar dairesellik degerleri ise AISI 1050 celigi icin 12.22, 2.09 ve 4.03 um, D2 soguk is takim ¢eligi icin
ise 42.32,36.11 ve 10.30 pm olarak hesaplanmistir. Elde edilen bulgular, ezme isleminin dairesellik ve
silindiriklik toleranslarin gelistirdigini ortaya koymustur.
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ABSTRACT

Recently permanent magnet synchronous motors (PMSMs) have been used in many
traction applications. Although they have many advantages about energy saving, power-
torque density and efficiency, main disadvantage of these motor type is torque ripples. In
general, there are two ways for reducing the torque ripples. These methods are motor core
magnetic design method and current control method. In this study, slitted stator core teeth
geometry has used for reducing the torque ripple. One of the basic missions of slitted cores
is generating the useful reluctance torque and helping the more symmetrical distribution
of the flux density on magnetic cores of the motor. In this study, an outer rotor PMSM has
been used for required performance comparisons. There have been two numerical models
created for the performance analysis of outer rotor PMSM. Primarily, a classical analytical
outer rotor PMSM model has been created and dynamical analysis of this model has been
operated with Finite Element Analysis simulation programme. Afterwards, another FEA
performance analysis for same physical and electrical featured but slitted stator core
numerical model of outer rotor PMSM has been achieved. Magnetic flux density
distributions, torque ripple values and other performance values of each prototype motor
have been given in study. When the obtained performance values evaluated, torque ripple
value of slitted core PMSM has been %6 less than traditional outer rotor PMSM, besides it
has been shown that, mean torque value of slitted core PMSM is 3 Nm bigger than classical
outer rotor PMSM.

Daimi Miknatishh Senkron Motorlarda Moment
Salinimlarini Azaltmak Icin Yeni Bir Yontem: Slitli
Stator Yapisi

0Z

Son zamanlarda sabit miknatish senkron motorlar (SMSM’ler) bir¢ok elektrikle tahrik
uygulamasinda kullanilmaktadir. Enerji tasarrufu, giig, moment yogunlugu ve verimlilik
acisindan bircok avantajlari olmasina ragmen, bu motor tiplerinin ana dezavantaji
moment dalgalanmalaridir. Genel olarak, moment dalgalanmalarini azaltmanin iki yolu
vardir. Bu ydntemler, motor niivesi manyetik tasarim yontemi ve akim kontrol
yontemidir. Bu calismada, moment dalgalanmasini azaltmak i¢in yarikl stator niivesi dis
geometrisi kullanilmistir. Dilimlenmis stator niivesinin temel gérevlerinden biri, yararl
reliiktans momentini iretmek ve aki yogunlugunun motorun manyetik niiveleri iizerinde
daha simetrik dagilimma yardimci olmaktir. Bu c¢alismada, gerekli performans
karsilastirmalar1 i¢in bir dis rotorlu SMSM kullanilmistir. Dis rotorlu SMSM'nin
performans analizi icin olusturulmus iki sayisal model vardir. Oncelikle klasik bir analitik
dis rotor SMSM modeli olusturulmus ve bu modelin dinamik analizi Sonlu elemanlar
analizi (SEA) yapan simiilasyon programi ile calistirilmistir. Daha sonra, dis rotorlu
SMSM'nin ayni fiziksel ve elektriksel 6zellikli ancak yarikli stator niivesi niimerik modeli
icin baska bir SEA performans analizi gerceklestirilmistir. Calismada her bir prototip
motora ait manyetik aki yogunluk dagilimlari, moment dalgalanma degerleri ve diger
performans degerleri verilmistir. Elde edilen performans degerleri degerlendirildiginde,
yarikli niiveye sahip SMSM'nin moment dalgalanma degeri, geleneksel dis rotorlu
SMSM'ye gore %6 daha az olmus, ayrica yarikli niiveli SMSM'nin ortalama moment
degerinin klasik dis rotorlu PMSM'ye gore 3 Nm daha biiyiik oldugu gorilmistir.

To cite this article: M. M. Tezcan and A. G. Yetgin, “An Approach for Reducing Torque Ripples on
Permanent Magnet Synchronous Motors: Slitted Stator Core,” Gazi Journal of Engineering Sciences, vol.
9, no. 2, pp. 163-173, 2023. doi:10.30855/gmbd.0705061
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1. Introduction

PMSMs are used in many industrial applications in order to their compact structure [1], high torque
density, high airgap flux density, high acceleration specs and their good power/weight specs with
regard to other electric motors used in industry [2]. Today in order to evolution of hard magnetic
materials and improvements on electric motor manufacturing aspects in industry, PMSMs are used on
the structures of hybrid electric vehicles, electric vehicles and fuel cell electric vehicle technology [3].
Besides, PMSMs are also used in high performance positioning systems that used on CNCs [4]. Although
the advantages, PMSMs have some disadvantages. The most important disadvantages are their torque
ripple and cogging torque effects. Especially, these effects are unwanted situations on sensitive control
applications. Though, they can cause the acoustic noise and resonances on mechanical components of
the traction systems [5].

There are two methods in order to get a better torque profile (in order to decrease the cogging torque
effect) on PMSMs. One is about designing the PMSM. This method contains lots of applications. Suitable
installing the stator windings, assigning the suitable magnet-pole embrace ratios, using the suitable
skewed stator lamination packaging and shifting the magnet pole [2] positions are some of the cogging
torque minimization techniques. Main disadvantage of these techniques is implementation cost [6].
Second method is well power electronic control techniques. These control techniques are implemented
on PMSMs easily and cheaply but, the shaft torque is never best [4].

Yan et all. have suggested an adjustable dynamical programme (ADP) for minimizing the cogging
torque ripples. An optimal controller, dynamical programming theory and strategical iteration
methods are used for achieving the minimum mean torque error value. It has showed that better torque
ripple performance and shorter dynamical adjusting time on steady state condition of ADP [7].

Tao et all. have suggested a new IARC controller for current controllers in order to minimize the torque
ripples on PMSM traction systems. IARC has been suggested with forecasting of back EMF harmonics
and a practical torque production model. Also, it has been designed with current loop model in order
to minimize the torque ripple [8].

Hwang et all. have studied on an application that minimize the mechanical ripple and noise. Application
consisted on a notched rotor design. A comparable electromagnetic design has been achieved with
similar dimensional rotor and stator structures of different motor models. The difference is notched
rotor structure that provides the appropriate ripple and noise value [9].

Hasanien has suggested a digital observer controller for minimum torque ripple value on PMSMs.
Suggested controller has achieved dynamical response on rated operation with interrupted load
conditions [10]. Flieller et. all have suggested an artificial intelligence method to minimize the torque
ripples for trapezoidal back EMF PMSMs. It has suggested that control schemes in order to produce
optimal stator currents for better electromagnetic torque value (or speed) and minimum ohmic losses.
It has been showed that the validity of Al method from appropriate simulation and experimental results
that obtained motor prototype [11].

Ilka et al. applied the Non-Dominant Sequence Genetic Algorithm-II (NSGA-II) method, which is a multi-
objective optimization method, to obtain the optimum design of a surface-mounted Permanent Magnet
Synchronous Motor in order to reduce the cogging torque without changing the output torque.
According to the simulation results, they show that the cogging moment is significantly reduced while
the output torque has a slight decrease compared to the nominal value [12].

Ali et al. examined the effects of curvature of permanent magnets and the design factors of the slot
opening to minimize the value of the cogging torque in a high-power permanent magnet synchronous
motor. The obtained results show the effect of applying the slot opening and a significant reduction in
the knocking torque due to the curvature of the permanent magnets [13].

Duan et al. revealed the change in magnetic material performance with temperature for PMSM and
analyzed the effect of eccentric magnetic pole structure on the cogging torque at different temperatures
[14].
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In their study, Abbaszadeh and Maroufian modeled a permanent magnet synchronous motor using the
Magnetic Equivalent Circuit method and calculated values such as magnetic flux density and magnetic
field density. The output torque produced was calculated using the Maxwell Stress Tensor method.
Also, a new method of cogging torque minimization based on torque fluctuation from an auxiliary
winding is proposed. According to the results obtained, they showed a significant reduction in the
amplitude of the torque ripple [15].

In their study, Yu et al. developed a method to optimize the torque performance of the SPMSM in order
to ensure that the proposed motor is not smaller than the average torque of the reference motor and
to reduce the cogging torque value. In this method, they tried to obtain a new design by using the
structural parameters of the engine using the Response Surface Methodology (RSM) and Non-
Dominated Sorting Genetic Algorithm-II (NSGA-II) methods [16].

A new method has been suggested for minimizing the cogging torque value on PMSMs in this study. In
this method, slits have been implemented on PMSM stator teeth. Main purpose of this implementation,
occurring an extra reluctance in airgap region of the motor and providing the penetration of the smooth
flux outer surface region of stator core. In order to correct implemention of the slits on teeth, slit widths
have been chosen 0.1 mm and slit heights have been chosen sum of the height of stator teeth and
magnet height. Compared flux density distributions, torque ripples, mean torque values have been
given in fourth chapter that have been obtained reference and slitted PMSM models.

2. Design of Outer Rotor PMSM

Designing of the high efficient and high energy density PMSM traction motors that used in industrial
applications is a preferred method. Generally, PMSMs are manufactured with the magnet poles on the
rotors. For this purpose, total ohmic losses are comparable less than conventional synchronous motors.
Though, PMSMs are high efficient electrical motors that used on industry.

Main dimensions of PMSMs are specified with analytical equations with respect to their mechanical
shaft power. Basic analytical modelling principle of specifying the dimensions is specifying the total
volume of the motor and derivation of the stator and rotor dimensions from total volume value.

Equation (1) specifies the basic apparent power of an electrical machine. "Kw" is the winding
distribution coefficient, “B” is the flux density distribution, “ac” is the electrical loading value, “D” is the
stator diameter, “L” is the length of stator core and the “n” rated speed of the motor. Also, it can be
calculated that the total volume (D2L) of outer rotor Hub PMSM.

S=111K, m®BacD?Ln 1072 kVA (@)

It has to be calculated the stator per pole flux value for in order to calculate the conductor number per
slot (2). After this calculation, in order to specify the stator per phase turn number, stator slot-pole
numbers can be used (3). Using these parameters, number of conductors per slot can be specified.
Calculating the flux per pole value, “B” magnetic loading, “Y” pole pitch and “L” stator core length
parameters are used.

®m =BYL 2
In order to calculate the number of turns per phase “Npn” (3), the parameters “Epn” (back EMF value of

per phase), "Kw" (the winding distribution coefficient), “f’ (grid frequency) and “@,,” (flux per pole) are
used.

_ Epn
Npn = 444Ky, O (3)

According to the mechanical power spec of system that is driven by an outer rotor hub PMSM, electrical
and physical parameters of a 2 kW Hub PMSM have been given in Table1l.
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Table 1. Electrical and physical parameters of a 2 kVA Hub PMSM

Parameter Value  Unit
Output Power (S) 2 kw
Reference Speed (n) 700 rpm
Stator Slot Number 24 slot
Motor Pole Number 22 pole
Winding Dist. Coeff. (K,,) 0.95 ---
Stator Diameter 238 mm
Stator Core Length 100 mm
Machine Length (L) 309 mm
Flux per pole (9,,) 39 mWb
Number of Turns per Phase (Nj,) 40 turn
Number of conductors per slot 10 ---

3. Slits Effects on Electrical Motors

According to machine type, main torque ripple components are cogging torque ripple and torque ripple
on PMSMs has been given in Figure 1.

Electromagnetic Torque

PM Torque (Tpm) Reluctance Torque (Tgg)

Cogging Torque Torque Ripple Torque Ripple
(TPM,Cogg) (TPM,Ripple) (TREL,Ripple)

Figure 1. Torque ripple components of PMSMs [5]

For the salient rotor topologies like reluctance motors, interior magnet PMSMs, PM assisted
synchronous reluctance motors, additional torque ripples can be occurred from the interaction
between the stator flux and the rotor reluctance harmonics. These harmonics, as shown in Figure 1,
can be caused by magnets or by changing the air gap magnetic resistance value. However, in Permanent
magnet or magnet assisted motors, the cogging torque that occurs when a magnet pole passes through
a stator slot region can also produce torque ripple.

Cogging Torque is the result of the interaction between the magnet pole area and the reluctance
variations of rotor position. It is independent from stator current. PM torque ripple is the result of the
interaction between the high degree harmonics of magnet pole fluxes and stator flux.

In recent years, slitted core structures are frequently used on designing of electrical machines. Slit
dimensions that used on several designs show different values. Additionally, it can be seen that slits
are used on the stator cores or rotor cores or both for several electrical machine designs. Main purpose
of the usage of the slits is smooth flux distribution on laminations or cores. It helps to decrease the
leakage fluxes and helps the increase of useful flux that circulates in the core. There are many studies
on this purpose in the literature.

Klima et. all have studied for increasing the performance of an induction motor in order to open the
slits on induction motor’s rotor core. It has been helped the decrease the additional rotor losses, torque
ripple and undesirable magnetic forces. They have suggested that decreasing the rotor eddy current
losses in order to use the slit number between 25 and 30. In terms of torque ripple, it can be chosen
odd slit numbers like 27, 29 or 31 etc. From looking point of magnetic force, similarly it can be chosen
odd slit numbers [17].

Nerg et. all have studied on a solid rotor induction motor. They have opened slits on solid rotor. They
have examined on torque ripple and unbalanced magnetic interaction effect between stator and rotor
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cores. They have showed that, odd number of rotor slits have effected on less torque ripple. Also, they
have showed that the effect of loading on unbalanced magnetic interaction amplitude and odd slit
number [18].

Yetgin and Turan have studied on 56 different 3 kW induction motor models and, they have showed
that usage of optimal slit width and length from these models. According to this study, it has been
showed to improve the maximum efficiency, optimum slit width can be chosen 0.1 mm and the
optimum slit height can be chosen about core teeth height. For optimal dimensions of slits, they have
showed that the increase on motor efficiency about 1.86 percent [19].

Viorel et. all have used slits for improving the synchronous reluctance motor performance [20]. Chan
and Hamid have made an analogous study on switched reluctance motor structure. Results had
indicated that a flattop current waveform and higher power could be achieved without an increase in
peak current magnitude [21].

Li et. all have studied for decreasing the armature reaction of a hybrid excited machine implemented
slits on rotor core. They have showed that the application help for decrease the eddy currents [22].

Slit widths and heights have an important effect on motor performance [23]. Geometrical aspects can
be showed on Figure 2 [24].

TTooth
—n
dsiit e

e 5Tooth

Figure 2. Establishing the slits on the core

According to Figure 2, there are two important equations to determine the rotor tooth pitch.

n.D
Ttooth = Qr (4)
Ttaoth = 5tootb + 5511'1‘ (5)

Here, Q: is the number of rotor slots, D: is the diameter of the rotor, Twotn is the tooth pitch, Stwow is the
tooth width, 8siis the slit width, and dsit is the slit depth.

4. Simulation Study and Results

A prototype electric car traction motor has been designed and simulated in this study. Main purpose of
this study, minimization of torque ripples and increasing the mean shaft torque of the PMSM motor. A
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24 slot 22 pole PMSM hub motor is designed for prototype electric car traction system. Mean weight of
the prototype electric car is about two hundred kilograms. Mean speed of the car is 50 kilometers per
hour. For 16 inches tyre hubcap diameter, mean speed of the tyres are about 700 rpm. In these
conditions, mean shaft power is about 2000 Watts for 100 V, 30 Ah battery supply.

To simulate the traction motor performance, a finite element method simulation programme is used
[25]. A transient simulation is conducted for observing the torque ripples of the classical Hub PMSM
and slitted stator Hub PMSM. Similarly, another observation is achieved on two of the models that have
different shaft torques.

Figure 3 shows the two types of stator cores. First stator core is classical Hub PMSM and second stator
core is the slitted stator core Hub PMSM of prototype electric car. Third equipment is the PM steel rotor
core of the prototype electric car Hub PMSM. Dimensions of the stator cores of two types are same.

3

C
o 00 womm & 0 200 trm)

Figure 3. Two types of stator cores: Classical stator Hub PMSM (1), Slitted stator core Hub PMSM (2), PM steel rotor core of the
prototype electric car Hub PMSM (3)

One rotor core and magnet poles has been used with the two of the stator cores. Same laminated
material has been used on two of the stator cores. From the winding topology perspective, same
concentrated winding topology has been used for two types of the stator cores. Figure 4 shows the
mutual concentrated winding topology and mutual magnet poles of the two types of PMSMs. Similar
conductor material and diameter have been used for winding structures.

0 100 200 (mm)

Figure 4. Mutual concentrated winding topology and mutual magnet poles of the two types of PMSMs
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Transient dynamical analysis has been conducted for conventional Hub PMSM and slitted stator Hub
PMSM and performance observation has been achieved on solutions of the transient analysis. Figure 5
shows the comparison between the different operation times of conventional Hub PMSM. First sample
shows the flux density distribution of conventional Hub PMSM at starting up (0t second). Second
sample shows the flux density distribution of conventional Hub PMSM at steady state condition (40t
milliseconds). Flux density distributions show the saturated regions of stator cores upper areas of the
teeth. There is no dangerous flux distribution at start-up time and steady state time zone.

B [teslal

L9852z

7178
6@35
4592
3758
2687
1464
@3zz
9179
8836
BE593
5751
4E@E
@, 3465
8, 2323
@, 1158
8. Ba37

[

L o sl ol

©

Speed =700.000000rpm
Position =177.511850deg

Time =0s
Speed =700.000000rpm
Position =9 545450deg

[ 00 200 (mm) o 00 200 (mm)

\ N
Time =0.03999199999999965

Figure 5. Comparison flux density distributions between the different operation times (1): Start-up position, (2): Steady state
position of conventional PMSM

Figure 6 shows the comparison between the different operation times of slitted stator Hub PMSM. First
sample shows the flux density distribution of slitted stator Hub PMSM at starting up (0t second).
Second sample shows the flux density distribution of slitted stator Hub PMSM at steady state condition
(40th milliseconds). Flux density distributions show the saturated regions of stator cores upper areas
of the teeth. There is no dangerous flux distribution at start-up time and steady state time zone.
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Figure 6. Comparison flux density distributions between the different operation times (1): Start-up position, (2): Steady state
position of slitted stator PMSM

Finally, Figure 7 (a) shows torque and torque ripple performance for conventional Hub PMSM. Also
Figure 7 (a) shows the starting up operation of conventional Hub PMSM. Figure 7 (b) shows the starting
up operation of slitted stator Hub PMSM. When a comparison is made for two of the graphs,
conventional Hub PMSM is operated with a 31 Nm average shaft torque value and about 33 percent
torque ripple value. Although, slitted stator Hub PMSM is operated with a 34 Nm average shaft torque
value and about 27 percent torque ripple value. Slitted stator Hub PMSM has showed better output
shaft torque and torque ripple value with respect to conventional Hub PMSM.
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Figure 7. (a) Steady state torque and torque ripple performance and of conventional PMSM (b) Steady state torque and torque
ripple performance and of slitted PMSM

In terms of the feasibility of the idea, a comparison can also be made between phase currents.
Accordingly, the phase currents of classical and slitted PMSMs are compared in Figure 8 (a) and (b).
The torque performance values in Figure 8 were obtained at the maximum phase current value of 42 A
in the stable region.
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Figure 8. (a) Steady state phase currents performance of conventional PMSM (b) Steady state phase currents performance of
slitted PMSM

When a detailed examination is made on the current graphs, it is seen that the phase currents of both
models reach a maximum value of 42 A in the steady state region. Thus, it is seen that the current values
obtained in the steady-state condition for the classical Hub PMSM and the slitted Hub PMSM are almost
the same. From this point of view, it is seen that both the average torque value increased and the torque
ripple value decreased with the proposed method without changing the current value per phase in the
motor.

5. Conclusions

Slitted motor designs have been applied in many different types of motors such as solid rotor induction
motor, induction motor, synchronous reluctance motor, hybrid excited machine in recent years. In this
study, the slitted structure was applied to the PMSM motor.

A prototype electric car traction motor has been designed and simulated in this study. Main purpose of
this study, minimization of torque ripples and increasing the mean shaft torque of the PMSM motor. A
new method has been suggested for minimizing the cogging torque value on PMSMs in this study. In
this method, slits have been implemented on PMSM stator teeth. Main purpose of this implementation,
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occurring an extra reluctance in airgap region of the motor and providing the penetration of the smooth
flux outer surface region of stator core.

In order to correct implementation of the slits on teeth, slit widths have been chosen 0.1 mm and slit
heights have been chosen sum of the height of stator teeth and magnet height. According to this study,
conventional and slitted stator core structures have been examined. It has been showed that, 6 percent
better output torque ripple and 3 Nm extra output shaft torque achieved for slitted stator structure
with respect to conventional stator structure of Hub PMSM.
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Evrisimli Sinir Ag1 Kullanarak Tarimsal
Goruntiilerdeki Bozulmalar: Siniflandirma

0z

Uriinlerin izlenmesi, etkili bir tarimsal iiretim siirecinde kalite ve olgunlasma kontrolii igin

dnemlidir. Izleme, gelisen teknolojiye uygun olarak gogunlukla gekilen gériintii ve videolarla

yapilmaktadir. Bu goriintii ve videolarn kalitesi degerlendirmeyi dogrudan etkilemektedir.

Goruntii veya video da bir bozulma varsa, oncelikle bu bozulmanin ortadan kaldirilmas: igin

tespit edilmesi ve siniflandirilmasi gerekmektedir. Bu ¢aligmada, tarimsal goriintiilerdeki

bozulmalar1 siiflandirilmak igin bir yéntem sunulmaktadir. On bir farkli bozulma tarimsal

goriintiilere sentetik olarak eklenmistir. Bozuk goriintiileri siniflandirmak igin bir evrigimli sinir

ag1 (ESA) tasarlanmigtir. Tasarlanan ESA modeli, gesitli tarim alanlarindan elde edilen dort farkls

Anahtar Kelimeler: Bozulma veri seti ile test edilmistir. Ayrica tasarlanan ESA modeli daha 6nce sunulan ESA mimarileri ile
siniflandirma, Tarimsal goriinti, karsilagtirlmustir. Sonuglar degerlendirilmis ve tasarlanan ESA modelinin bozulmalari basariyla

Evrigimli sinir ag1 siniflandirdig gorilmistir.
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1. Introduction

Image distortions may occur due to various reasons during or after acquisition. When it is necessary to analyse
and use the information obtained from the image, these distortions affect the information undesirably.
Distortion classification is one of the processes that supports image restoration and image quality assessment

(IQA).

Many academic studies examining or using distortion classification are presented. Chetouani et al. [1]
propose an image quality estimation approach. The proposed method classifies distortions by using linear
discriminant analysis to decide optimal image quality measure. They obtain around 15% better results. Lee
and Kim [2] present a new IQA method based on distortion classification and a new metric. The presented
method achieves better results than the other 15 existing methods. Alaql et al. [3] examine different
classification techniques and different features for image distortions. Multiclass classifier with logistic
regression is determined as best performing. They state that the proposed model outperforms state-of-the-art
classification methods. Wang et al. [4] suggest a CNN based method to recognize distortion and evaluate
image quality. The proposed method is superior to several state-of-the-art methods according to the results.
A new image distortion classification algorithm which uses the generalized Benford’s law is proposed by Al-
Bandawi and Deng [5]. Based on experimental results, the proposed algorithm outperforms existing ones. Ha
et al. [6] introduce a new selective deep convolutional neural network to classify distorted images. An extra
small CNN is improved to recognize distortion type and degree. Introduced network performs up to 2.18x
better than the previous state-of-the-art deep convolutional neural networks. Messai et al. [7] propose an
approach which recognizes the type of distortion in stereoscopic images. Support vector machine is used to
identify distortion type. Proposed classifier provides good accuracy. Buczkowski and Stasinski [8] present two
different CNN architectures for distortion classification. Both CNNs have better results than the method
which they compared. Liang et al. [9] suggest a deep multitask CNN model to identify image distortion. They
state that the algorithm performs well on several databases. An IQA strategy for laparoscopic images is
proposed by Khan et al. [10]. Neural network is used for distortion classification and quality ranking.
Encouraging results are obtained. The potential of deep visual representations to characterize image
distortions is examined by Bianco et al. [11]. The results show that deep visual representations are useful for
this process. Roccapriore et al. [12] introduce a study which identifies and corrects distortions in scanning
transmission electron microscopy. Zhang et al. [13] propose a quality assessment approach that includes
distortion analysis for distorted stereoscopic images. As compared with other state-of-the-art algorithms,
proposed method performs better on several 3-dimension image datasets. Yan et al. [14] present a no-
reference IQA study consisting of distortion identification and targeted quality evaluation. They state that the
proposed method outperforms state-of-the-art no-reference IQA methods. Liang et al. [15] suggest a
distortion analysis algorithm for image processing systems. Experimental results show that proposed
algorithm is effective. Wang et al. [16] propose a method for image restoration. The type and level of distortion
is detected then this information is used for image restoration process. A superior performance is achieved
by the proposed method. Fazlali et al. [17] present a study which removes rain streaks and snow particles in
images by using CNN based distortion classifier as a part of method. They get better results than existing
methods. A no-reference IQA study is proposed by Xu and Jiang [18]. They use a perception-based distortion
classification method in their study that provides a good performance. Li et al. [19] introduce a multi-channel
attention network to classify underwater degraded images. The proposed network achieves 98.737%
classification accuracy.

In agricultural fields, the use of technological tools becomes increasingly important. Especially, images
acquired from fixed cameras or cameras placed on moving vehicles such as drone and robot are used to solve
many problems. Silva et al. [20,21] present studies that classify and recognize distortions in agricultural images
acquired by unmanned aerial vehicle. CNN is used in both studies. In [20], synthetically generated linear
distortions are classified among themselves according to the parameters from which they are created. In [21],
non-linear distortion is recognized.

In this study, a method is presented to classify distortions in agricultural images. Firstly, eleven different
distortions are applied to images from four datasets. Then, a designed CNN model classifies distorted images.
Obtained results are evaluated and designed CNN model is compared with previously presented CNN
architectures.

The contributions of the proposed work can be listed as:
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e Itisacomprehensive study on the classification of distortions in agricultural images.
e Four different datasets obtained from various agricultural fields are used. Also, these datasets were
created by using various acquisition tools. In this context, it is a highly valid study.
e Itevaluates not only the distortions frequently used in the literature, but also the distortions that can
be caused by mobile vehicles such as unmanned aerial vehicles.
The rest of the paper is organized as follows: Section 2 presents materials and method. Section 3 introduces
experimental results and evaluations. Conclusion is addressed in Section 4.

2. Materials and Method

Used datasets, applied distortions and convolutional neural network model are explained in detail under
different headings in this section.

2.1. Agricultural image datasets

Four different datasets with various contents are used in this study. Information about the existence of the
first three datasets was obtained from [22].

The first one is Plant Seedlings dataset [23] created with the help of a stable ground platform. This dataset
contains total 5544 images with 12 different plant classes which are maize, common wheat, sugar beet,
scentless mayweed, common chickweed, shepherd’s purse, cleavers, charlock, fat hen, cranesbill, black-grass
and loose silky-bent. Also, resolutions of images range from 49x49 to 3991x3457 pixels. Samples from the
dataset are shown in Fig. 1.

Figure 1. Samples from Plant Seedlings dataset [23]

The second is MinneApple dataset [24]. This dataset consists of apple tree images taken with a mobile phone
camera. 1000 image pieces with 200x200 pixels resolution were cropped from dataset images. These images
focused on apples on trees are used in the study. Cropped samples from the dataset are shown in Fig. 2.

(N S%

Figure 2. Cropped samples from MinneApple dataset [24]

The third is DeepFruits dataset [25] which has total 584 images of 7 different kinds of fruit. These kinds are
apple, avocado, capsicum, mango, orange, rock melon and strawberry. Resolutions of images range from
128x96 to 4000x3000 pixels. Also, this dataset was created by using a ground based platform. Samples from
the dataset are shown in Fig. 3.

Figure 3. Samples from DeepFruits dataset [25]

The fourth is CoFly-WeedDB dataset [26]. This dataset consists of images obtained from the flight of an
unmanned aerial vehicle over a cotton field which has weeds. 1830 image pieces with 200x200 pixels
resolution were cropped from dataset images to use. Cropped samples from the dataset are shown in Fig. 4.
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Figure 4. Cropped samples from CoFly-WeedDB dataset [26]

In this study, second and third datasets are used combining. Eleven different distortions are applied separately

to each image in the datasets. Total number of images in the datasets, including new created ones, is given in

Table 1.

Table 1. Total number of images in the datasets

Dataset Number of images in Total number of
each class images

Plant Seedlings 5544 66528

MinneApple&DeepFruits 1584 19008

CoFly-WeedDB 1830 21960

2.2. Distortions

Eleven types of distortion are exanimated. These are Gaussian noise, white&black noise, Gaussian blur, low
brightness, high brightness, rotation right, rotation left, translation right&down, translation left&up, distorted
perspective 1 and distorted perspective 2. Rotation, translation and perspective distortions are selected
inspired by [20]. Each of these distortions was synthetically added to the images in datasets by a developed
software. Thus, eleven different distorted images were generated from each original image.

2.2.1. Gaussian noise

Gaussian noise is applied to images by using Gaussian probability distribution [27] defined in Eq. (1). Mean
(u) and standard deviation (o) values are chosen as 0 and 0.5 respectively.

_(-w?

Plx) = —=e 2 (1)

2.2.2. White&black noise

Pixels selected randomly at the rate of 5% from the images are transformed into white colour or black colour
to create noises. The ratio of white pixels and black pixels is set to the equal in this process. This type of noise
is named as white&black noise in this study.

2.2.3. Gaussian blur

13x13 kernel calculated by using Eq. (2) [28] is used for Gaussian blur. Standard deviation (o) is determined
as 1.

x2+y?

e 2% (2)

Gxy) =

1
2ma?
2.2.4. Low brightness and high brightness

Brightness of images is changed by increasing or decreasing colour values of pixels. In this study, colour values
of pixels are decreased or increased by 40 units to achieve low brightness or high brightness.

2.2.5. Rotation right and rotation left

Rotated images are obtained by rotating original images to the right or left. The angle of rotation is set 15° for
this process.
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2.2.6. Translation right&down and translation left&up

First type of translated image is created by translating original images right and down. Second type is created
by translating original images left and up. In these processes, translated amount is 30 pixels for both
directions.

2.2.7. Distorted perspective 1 and distorted perspective 2

These types of distortions are generated by distorting the perspective of original images in two different ways.
After rotation, translation and distorting perspective processes, pixel colour losses occur in the images. These

losses are recovered by using average colour values of other pixels. Sample of original image from CoFly-
WeedDB dataset [26] and distorted images generated from it are shown in Fig. 5.

® ) G R N
Figure 5. Sample of original image from CoFly-WeedDB dataset [26] and distorted images generated from it (a) original (b) Gaussian
noise (c) white&black noise (d) Gaussian blur (e) low brightness (f) high brightness (g) rotation right (h) rotation left (i) translation
right&down (j) translation left&up (k) distorted perspective 1 (1) distorted perspective 2

2.3. Convolutional neural network model

Convolutional neural networks are developed in accordance with the use of grid structured inputs such as
two dimensional images [29]. In this study, a CNN model is designed to classify distorted agricultural images.
The designed CNN model has 4 convolutional layers and 2 max pooling layers in the part of feature extraction.
3x3 kernel and ReLU activation function are used in all convolution layers but each convolution layer contains
different number of filters. First two convolution layers which include 24 and 32 filters respectively are added
back to back. A max pooling layer implemented using 2x2 kernel follows them. Third convolution layer has
64 filters and second max pooling layer follows it. Finally, fourth convolution layer has 72 filters. In the
classifier part, there are 3 dense layers. First two dense layers have 96 neurons and ReLU activation function.
Third dense layer is output layer. It has 12 neurons because there are a total of 12 classes representing 1 clean
and 11 distorted images. Also, softmax is determined as activation function. Architecture of the designed
CNN model is shown in Fig. 6.

) convolution convolution max pooling convolution max pooling convolution [
3x3 kernel 3x3 kernel 2x2 kernel 3x3 kernel 2x2 kernel ~ 3x3 kernel fully connected
24 filters 32 filters 64 filters 72 filters

Figure 6. Architecture of the designed CNN model

3. Experimental Results

Two different experiments were carried out and the results were evaluated. In the first one, the proposed CNN
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model was tested with agricultural image datasets. Input image dimensions, number of outputs, number of
epochs and number of steps per epoch were determined as 150x150 pixels, 12, 20 and 400 respectively. The
datasets were divided into 3 parts: 70% train, 10% validation and 20% test. Accuracy values were calculated
separately. The obtained accuracy values are given in Table 2. When accuracy values in Table 2 are examined,
it is seen that train accuracy values are close together. For each dataset, train accuracy value is higher than
validation and test accuracy values. The dataset created by combining MinneApple dataset [24] and
DeepFruits dataset [25] has slightly lower validation and test accuracy values than others.

Table 2. Accuracy values of the proposed CNN model

Dataset Train Validation Test
accuracy accuracy accuracy
Plant Seedlings 0.9984 0.9706 0.9731
MinneApple&DeepFruits 0.9975 0.9468 0.9331
CoFly-WeedDB 0.9979 0.9913 0.9877

Accuracy vs. epoch graphs and loss vs. epoch graphs formed during training for each dataset are shown in
Fig. 7, Fig. 8 and Fig. 9.
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Figure 7. (a) Accuracy vs. epoch graph (b) loss vs. epoch graph of Plant Seedlings dataset [23]
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Figure 8. (a) Accuracy vs. epoch graph (b) loss vs. epoch graph of MinneApple[24]&DeepFruits [25] dataset
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Figure 9. (a) Accuracy vs. epoch graph (b) loss vs. epoch graph of CoFly-WeedDB [26] dataset.

In the second experiment, the proposed CNN model was compared with LeNet-5 [30], AlexNet [31] and
VGG-11 [32]. Simple and less layered architectures such as the proposed CNN model were preferred for
comparison. The dataset created by combining MinneApple dataset [24] and DeepFruits dataset [25] was
used in the experiment. Unlike the first experiment, number of steps per epoch was determined as 50. Other
experiment settings were not changed. The accuracy values and total number of parameters are given in Table
3. The results illustrate that LeNet-5 [30] has the lowest accuracy values. Proposed CNN model has higher
accuracy values than LeNet-5 [30] and AlexNet [31]. In addition to the network architecture, variables such
as kernel size and activation function affect the success of the network. This situation is effective in obtaining
these results. Also, the proposed CNN model has the highest train accuracy value but VGG-11 [32] has the
highest validation and test accuracy values. Proposed CNN model and VGG-11 [32] have close accuracy
values but their total number of parameters which affects processing time is very different. VGG-11 [32] has
more parameters and processing time.

Table 3. Accuracy values and total number of parameters of CNN models.

CNN Train Validation Test Total number of
model accuracy accuracy accuracy parameters
LeNet-5 0.1294 0.1273 0.1217 9,124,096
AlexNet 0.6501 0.6470 0.6336 30,024,460
VGG-11 0.9688 0.9510 0.9510 59,609,484
Proposed 0.9922 0.9189 0.9176 7,605,396

4. Conclusion

In this study, a CNN-based classification method for distortions in agriculture images is presented. In order
to make this work comprehensive, four different datasets obtained from various agricultural fields and eleven
different distortion types were used. Also, the CNN model was designed to be simple in order to save process
time. Two different experiments were set to test the designed CNN model. In the first one, the designed CNN
model classified distortions in each dataset. In the second one, the designed CNN model was compared with
LeNet-5 [30], AlexNet [31] and VGG-11 [32]. According to the results obtained from both experiments, the
designed CNN model has high accuracy values.

This study will support future studies on distortion classification, convolution neural networks and
agricultural images.
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ABSTRACT

Composite moment resisting frame buildings with 5-, 10-, 15- and 20-story concrete filled
steel tube columns and composite beams were modelled. The buildings are designed
according to Turkish Code for Design and Construction of Steel Structures-2016 (TCDCSS-
2016) and Tirkiye Building Earthquake Code-2018 (TBEC-2018) regulations at high
ductility levels. The design of the DCH structures was designed in ZC ground for a 0.79 g
PGA. While choosing the design location, it is assumed that the construction will be made in
aregion between the North Anatolian fault line and the East Anatolian fault line, that is, in
aregion with high earthquake risk. Within the scope of the study, SeismoStruct [1] software
was used during the design and performance evaluation of the structures. Nonlinear static
push and incremental dynamic analyses were used. Uniform and triangular load
distributions were adopted in the PO analysis, and 16 earthquake ground motions were
used in the dynamic analysis. The effect of story number on the seismic behavior of CMRFs
was investigated using nonlinear analysis results. Accordingly, variation in lateral response,
overstrength factors, ductility, and section capacity change of members for CMRF structures
were presented. In addition, a mutual evaluation was made with the performance
parameters obtained from previous studies with similar geometries.

Ulusal ve Uluslararasi Standartlarda Uretilen
Kompozit Binalarin Karsilastirmali Analizi

0Z

5-, 10-, 15- ve 20 kath binalar beton dolgulu celik tiip kolonlu ve kompozit kirisli moment
aktaran cerceve binalar modellenmistir. Binalar yiiksek siineklik seviyelerinde TCDCSS -
2016 ve TBEC-2018 yo6netmeligine gore tasarlanmistir. DCH yapilarinin tasarimi, 0.79 g
PGA icin ZC zeminde tasarlanmistir. Tasarim yeri secilirken, insaatin Kuzey Anadolu fay
hatti ile Dogu Anadolu fay hatt1 arasinda kalan bir bélgede, yani deprem riskinin ytiksek
oldugu bir bolgede yapilacag1 varsayillmistir. Calisma kapsaminda yapilarin tasarimi ve
performans degerlendirmesi yapilirken SeismoStruct [1] yazilimi kullanilmistir. Dogrusal
olmayan statik itme ve artimh dinamik analizler kullanmilmistir. PO analizinde diizgiin ve
ui¢gen yik dagihimlar1 kullanilmistir. Dinamik analizde 16 deprem yer hareketi
kullanilmistir. Kat sayisinin CMRF'lerin sismik davranisi tlizerindeki etkisi dogrusal
olmayan analiz sonuglar1 kullanilarak incelenmistir. Buna goére, CMRF yapilar icin
elemanlarin yanal tepkisindeki degisim, asir1 dayanim faktorleri, siineklik ve Kkesit
kapasitesi degisimi sunulmustur. Ayrica benzer geometrilere sahip 6nceki calismalardan
elde edilen yapilarin performans parametreleri ile karsilikli bir degerlendirme yapilmistir.
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1. Introduction

As the design heights of the buildings increase, the need to use columns with high strength capacities
increases, especially to absorb earthquake effects [2]. For steel structures, high strength in columns
can be achieved by using steel material class with high yield strength and/or profiles selected as larger
cross-sections. On the other hand, in a similar situation in reinforced concrete structures, higher
capacity columns can be obtained by increasing the class and/or compressive strength of the concrete
material used and again by increasing the cross section. It is also possible to benefit from the high yield
strength of the steel obtained by forming a single section and the high compressive strength of the
concrete. Among the sections that can be produced in this way, the most used and
experimentally/theoretically studied concrete-filled steel tube (CFST) sections in the last century are
the most used column elements (Figure 1) [3-7].

|
"CFSTRB]U‘m'If 4

N 3 ‘, Ry e 31 f “~ DL el
Figure 1. Some examples of buildings whose construction has been completed are in order from left to right, SEG plaza in
Shenzhen, Ruifeng building in Hangzhou and Canton Tower [7]

The strength of columns, which are vertical loading members in both steel and reinforced concrete
structures, can be made with designs that can be made without using relatively large cross-sectional
areas. In other words, by using composite sections made of steel and concrete (or reinforced concrete),
more suitable sections can be obtained, and the required capacity increase can be achieved. However,
if only moment resisting frames (MRF) are used for design during the behavior of earthquake loads, it
is necessary to limit the relative story drifts and secondary effects. In this case, by using composite
columns in the design, the required stiffness and ductilite can be achieved more effectively than steel
and reinforced concrete systems. Considering the large axial force strength for the columns used in
steel frames with central and eccentric braces, the required strength can be easily obtained by forming
CFST columns profile [8-10].

Today, the use of composite profiles instead of reinforced concrete or steel profiles in elements with
high compressive strength, which can meet the increasing axial pressures and have high ductility
during element design, is more advantageous in terms of construction speed and economics, especially
in high-rise buildings designs. It is known that the steel profile creates a continuous confinement effect
in the concrete, especially when looking at the CFST column elements. On the other hand, it is expected
that the strength and ductility of concrete will increase while CFST acts as a core within the element.
In addition to all these positive effects, its location in the concrete core prevents local buckling of the
steel profile [11,12].

Examining the nonlinear responses of earthquake resistant MRF systems, in which composite section
elements are used during design, is important in terms of evaluating the advantages available in such
systems. Non-linear analyzes were used in the studies on the design and performance evaluation of
multi-story MRF, which consists of composite section column and beam elements, under the influence
of earthquakes. In this analysis phase, it has been shown that the evaluation and identification of the
member is very important in terms of convergence of the results to reality. Therefore, for an accurate
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performance evaluation, column-beam junctions and related deformation conditions must be carefully
evaluated and added to the system. In addition, in the study in which the natural vibration properties
of a steel-concrete composite frame and its non-linear behavior under the effect of earthquakes were
examined by making static and dynamic analyses, it was revealed that modelling techniques are
important [13].

When the techniques of sectional elements in composite element modeling are examined, when the
finite element method is applied in element-based studies, it can be modeled very closely. However, it
is very difficult to define the number of elements formed and the surface interactions established
between them. In structural systems, on the other hand, defining element sections as solids one by one
is both time-consuming and difficult in terms of modeling technique. On the other hand, the number of
elements that will occur in the system prolongs the analysis process considerably. On the other hand,
modelling of these elements based on the loading system is important in terms of design, so the time
to reach the solution is not effective. Therefore, the fiber cross-section model, which is an alternative
to this technique and provides the opportunity to make sensitive analyses as well as being faster, seems
to be a more practical method [11,12,14,16].

In the models examined within the scope of this study composite moment resisting frames (CMRF), the
structural system consisting of square section (SHS) CFST columns, IPE steel beams and composite
beams, which are in full interaction with the slab, were examined. 5-, 10-, 15- and 20-storey structures
were designed as CMRF using the principles of the Regulation on Design, Calculation and Construction
Principles of Steel Structures 2016 (TCDCSS-2016) [17] and the Turkish Building Earthquake Code
2018 (TBEC-2018) [18] on the seismic design. Static pushover analysis (PO) and incremental dynamic
analysis (IDA) were used to obtain information on the earthquake performance of the buildings. The
cross-sectional deformations of the loading system elements and the response of the system in terms
of various parameters were evaluated. As a result, the performances of the buildings modelled within
the scope of TBEC-2018 were examined comparatively with static and dynamic methods for a certain
ground property. A flowchart of the method followed is presented in the Figure 2.

—Se(T) () —Sd(T)

i EEERERREARE

Figure 2. Flowchart of methodology

2. Example Structures

In the building designs, steel tube elements with SHS section and sections obtained by filling the cores
with concrete suitable for the design were used in the column elements. These elements are composite
columns defined as CFST section in the literature. Vertical and horizontal earthquake loads of beams
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are calculated under static and dynamic design loads, and their sections are dimensioned to consist of
IPE type steel section elements. In all MRF systems, designs have been made so that moment transfer
occurs at the joint points of IPE frame beams and CFST columns and are included in the analysis (Figure
3). During the design, the flooring systems were made massive. It is included in the calculations as a
cast-in-situ reinforced concrete slab system that can be accepted at the design stage with the full
interaction of the floor slabs on the main beams. The anchorage of the columns in the foundation
system is included in the calculations with the assumption of full support in both directions. The storey
height of the CMRF structures is 2.65 m and the total height from the ground is 113.25, 26.5, 39.75 and
53 m for 5-, 10-, 15- and 20-storey structures, respectively. 5 openings in the x and y directions of the
buildings modeled in CMRF structures and 7 m spans each are included in the design calculations.
Therefore, the total width of the CMRF systems in the x and y directions is constant and is 35m (Figure
4). Seismic parameters are needed to design CMRF systems. For this reason, a location in Bingol
Province Kaliova District Yesilyurt Mahallesi (Latitude: 39.298011° Longitude: 41.014378°) was
preferred in the design phase to carry out the design processes over a hypothetical location. For this
geographical location, ZC, which is the soil conditions used in the systems to be compared with the
literature, was chosen conditions. While steel class is S235 in structural system elements, concrete class
is determined as C30/37 in the design. The analytical models used during the sizing of the structural
elements of the building as CMRF are given in Figure 5. SeismoStruct [1] computer software was used
in the design and performance evaluation and development of the analytical model (Figure 5). To take
into account possible torsion effects in the direction calculated according to TBEC-2018 clause
4.5.10.2.b, an eccentricity of 5% of the floor length in the direction perpendicular to the earthquake
direction is considered.
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Figure 4. Schematic view of plane ad elevation view
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Figure 5. SeismoStruct program view of CMRFs
2.1. Structural design

During the design of the CMRF systems, the dimensioning of the sections and the section capacities
were made in accordance with the TCDCSS-2016 and TBEC-2018 Regulations by using the loads acting
on the beam and column elements in the system. In the CMRF design analysis, the SeismoStruct [1]
computer software was evaluated in accordance with the relevant regulations and used in the analysis.
The self-weights of the structural elements are calculated automatically by the program in line with the
data entered the computer software and are considered in the analysis. During the seismic design
analysis of the buildings, the dead load value was defined as 3 kN/m2 and was considered in the
analyses. The live load was taken as 2.0 kN/mZ. To determine earthquake loads in seismic designs, it is
necessary to obtain graphs of elastic design spectral accelerations. These data are taken from the
relevant design regulations. In addition, the natural vibration period of the structure should be
calculated. Within the scope of this study, the natural vibration period was calculated using Equation
(2.2) given in TBEC-2018, and then the seismic forces were calculated according to the accelerations
obtained from the elastic spectrum using the natural vibration period. For this reason, firstly, the
calculations of the horizontal elastic design spectrum were made. For this purpose, the relevant
spectrum was obtained based on the DD-2 earthquake ground motion level, which has a 10%
probability of exceedance in 50 years, and the local soil class ZC. On the other hand, information on
spectral acceleration coefficients and ground effect coefficients should be determined in the creation
of horizontal elastic design spectrum values. The data of the map spectral acceleration values were
determined through the geographical location data selected for the construction sites of the design
models and the Turkey Earthquake Hazard Maps [19]. Local ground effect coefficients were obtained
based on local ground effect coefficients for local soil class and short period region and local ground
effect coefficients for 1.0 second period according to TBEC-2018 Section 2.3.3. The damping ratio was
taken as 5%. seismic design analysis. Using the Turkey Earthquake Hazard Maps [19], the short-term
map spectral acceleration coefficient was read as SS= 1.947, and the map spectral acceleration
coefficient for the 1.0 second period was read as S1= 0.514. The highest ground acceleration was
obtained as PGA=0.791g and the highest ground speed as PGV=60.469 cm/s. It is of great importance
that the structural systems can serve the collapse prevention performance after severe earthquakes
caused by continental plate tectonic movements. Compliance with the relevant regulations is of great
importance, especially to minimize the material and moral damages that occur in earthquakes such as
the 06.02.2023 Kahramanmaras earthquake that occurred recently. Relevant design criteria are
constantly updated in the literature by researchers and commissions in national and international
standards. Comparative evaluation of the information contained in current international and national
regulations is important in this respect. The designed buildings are evaluated as residential buildings,
considering the damages and losses after the earthquakes in question. In addition, the general
structural design coefficients used in such structures have been considered from the relevant sections
of TBEC 2018.

In the study, the properties of the structural system were designed as composite beams consisting of
CFST columns with high ductility and IPE section steel beams during the design phase. In accordance
with this situation, according to Section 4.3.2.2 given in TBEC-2018, the behavior coefficient R and the

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 187



Etli & Akgul Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

extreme resistance coefficient D will be used. In the selection of the relevant values, R and D column
systems and steel structure systems, which are recommended to be used for the composite section, will
be used. According to Table 4.1 given in TBEC-2018 for the properties of the structures, the coefficients
of R=8 and D=3 given for buildings with steel frames with high ductility level and where all earthquake
effects are carried by MRF systems are taken as basis. for these CMRFs. The General Analysis Method
was used to calculate the required strengths of the structural elements, and the Design Method with
Load and Strength Coefficients was used for dimensioning. As a requirement of this method, the axial
and shear stiffnesses of all the elements of the lateral structural system (composite columns and frame
beams in this study) and the bending stiffnesses of the frame beams were multiplied by one. According
to TCDCSS-2016 6.2.3 0.8. The reduction coefficient applied to the bending stiffnesses of the composite
columns was obtained as 0.8x0.8 = 0.64 according to TCDCSS-2016 6.2.3(b) and 12.2.5(d). The natural
vibration periods, total CMRF weights and base shear forces were calculated from SeismoStruct
software. The values were given in Table 1.

Table 1. Design results

Parameter 5-story 10-story 15-story 20-story
Natural vibration periods (s) 0.677 1.440 1.595 2.131
Total CMRF weights (kN) 6484 13475.8 23376.5 32553.7
Base shear forces (kN) 770.7 792.4 1204.4 1237.5

According to the data obtained from the analysis results, no additional analysis was required, since no
irregularity occurred in the plan and vertically in the analyzes made under the influence of the
earthquake, and the CMRF structures were modeled to have a smooth geometry in plan and elevation.
It was seen that the evaluation of the effective relative story drift ratio and secondary order effects
coefficients provided the limit values defined in TBEC-2018 article 4.9. In addition, the seismic design
features performed with composite beam and column elements with high ductility level and the seismic
design analysis results show that the system provides the conditions for designing at high ductility
level. Columns were designed in accordance with section 12.3.2 of the Design, Calculation and
Construction Principles of Steel Structures (TCDCSS-2016) Regulation. The method used to calculate
the column cross section involves using the axial force-bending moment interaction diagram. TCDCSS-
2016 Table 12.5, which contains information about the plastic stress distribution method, was used to
obtain this diagram. In addition, the limit condition Nam<0.40Pn, for axial pressure force levels in
composite columns specified in TBEC-2018 section 9.11.4.2 meets all CMRF systems. Ndm is defined
as the maximum pressure force value obtained from the axial pressure forces calculated from the
combined effect analysis in which vertical loads and earthquake loads are considered together (taking
into account the live load reduction coefficients defined for live loads in TS 498 [20]. Pno is defined as
the compressive strength of the composite section. During the CMRF seismic design, strong column
weak beam design was applied at all beam-column joints and column-beam junctions for the analysis
of each earthquake direction. Relevant details are given in TBEC-2018 9.11.2.2.

Table 2. Section and material properties of the structural members

ID Beam CFST Column Section details Concrete Structural Reinforcement
(bxt mm) Steel

5-story IPE 400 450x32 8016

10-story  IPE 400 500x32 12018

€30/37
235
S420c

15-story  IPE 500 650x40 12320

20-story  IPE 500 750x55 120322
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The cross-sectional properties and material properties of composite columns and beams in CMRF
structures after seismic analysis are presented in Table 2.

2.2. Nonlinear analytical models of the CMRF system

After the seismic design was completed in accordance with TCDCSS-2016 Regulation [17] and TBEC-
2018 [18], the analyzes to obtain the nonlinear behavior of CMRF structures were carried out using
SeismoStruct [1]computer software. Firstly, the analytical models were transformed into fiber cross-
sectional elements during the design phase. In these elements, considering the material properties
used, the new systems have been updated with element models with nonlinear behavior by taking
advantage of previous studies. Thanks to the use of these element and material models, the software
enables the analysis to be concluded by using the structural and geometric quadratic effects in all
analyses. For the non-linear behavior of the composite columns and beams, models based on the bulk
plastic behavior approach and represented in the software as predefined are used. In these modeling
elements, sections divided into fiber elements were used to obtain the plastic behavior of the composite
beams and columns in the model. In these models, the element section is divided along the element into
the number of fiber elements specified by the designer in the section according to an algorithm in the
software. In this way, it is assumed that the plastic behavior is propagated by the fiber elements in the
element section and throughout the element. More importantly, it has been verified by the researchers
that the element force-deformation distribution between the fiber parts of the concrete and steel
sections forming the composite section is provided with sufficient accuracy by the software [5, 6, 11,
12,21, 22]. The plastic behavior that occurs or is likely to occur in the entire element during the analysis
is directly determined by the SeismoStruct software based on the material properties and model given
by the designer in the software. Numerical models defined as ready-made in the software work with
different assumptions by theorizing the results obtained from the literature during calculations.
Moreover, during the definition of models and the use of analyzes, basic physical properties for these
model elements, such as basic input parameters, section geometry, and uniaxial behavior, need to be
defined in accordance with the models. CFST column members and composite beams are modeled as
fiber cross-sections as shown in Figure 6 by the number of fibers specified in the software. The tiles
were not considered directly in the analytical models. However, it is assumed that rigid diaphragms
are formed at the floor level in each floor plane by defining the system. The vertical load combinations
of dead and live loads calculated from the floors are defined as the system loads on the frame beams.

(@) (b)

Figure 6. Fiberized section views for (a) CFST columns and (b) composite beam

Expected material strengths were used in nonlinear behavior models of steel and concrete materials
used in CMRF elements. To obtain these strengths, the data in TBEC-2018 Table 5.1 were used.
Accordingly, the expected material strengths predicted for the characteristic compressive strength of
concrete and the characteristic yield strength of the S235 steel class are considered as 1.3fck and
1.5Fy, respectively. The nonlinear behavior of the steel material is represented based on a hardening
of 0.005. Bilinear steel model is used for steel modelling in SeismoStruct [1] software and this is defined
as “stl_bl” material model in the software. Tensile strength is neglected in the stress-strain curve of the
concrete material. In addition, the “con_ma” model in the software was used for the non-linear behavior
of the material while modelling the concrete in the SeismoStruct [1] software. Both models were
developed for the cycling loading condition. The concrete material constitutive model image is shown
in Figure 7a and steel material constitutive model image of the model is given in Figure 7b.
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Figure 7. a) Concrete and b) steel models from SeismoStruct (2018)

Each of the nonlinear analyzes in the time domain (TH) was carried out using earthquake ground
motions acting simultaneously in the horizontal plane perpendicular to each other, under the effect of
a constant gravity load. While calculating the gravity load values, it has been calculated as 30% of the
live load in addition to the building floor weight, that is, the fixed loads, which are effective in the
earthquake. The analyzes consist of two parts. In the first stage, PO analyzes consist of 2 parts as
uniformly distributed horizontal loading (ULD-PO) and triangular horizontal loading (TLD-PO). The
second phase is the application phase of incremental dynamic analyzes (IDA) and TH earthquake
ground motions. Earthquake ground motions consist of 8 ground motion pairs. In the selection of
historical earthquake records to be used in the performance analysis using earthquake records, care
was taken to select the severe earthquakes that occurred in the region. Studies in the literature show
that using 7 to 20 earthquake records is sufficient for evaluation in IDA results [23-25]. When selecting
earthquakes, large-scale earthquakes between the Northern Anatolian fault line and the Eastern
Anatolian fault line surrounding the city of Karliova, which is assumed to be built, were used (Figure
8). IDA and PO nonlinear analysis are frequently used by authors in reinforced concrete, steel and
mixed structural systems as an important analysis methodology in the evaluation of the performance
of structural systems [6, 11,12, 22, 26-31].

Figure 8. Selected ground motion schematic representation.

The application multipliers of the incremental effects were chosen as 0.05, 0.10, 0.20, 0.30, 0.40, 0.50,
0.60, 0.80, 1.00, 1.20, 1.40, 1.50, 1.75, 2.00, 2.30, 2.60, 2.90, 3.20, 3.50, 3.80, and 4.00. It is aimed that
the total number of analyzes will be 8x2=16. In this case, the seismic demand values and other
calculated parameters were determined by taking the average of 16 IDA analysis results. The
characteristics of the earthquake records used in the study are given in Table 3. The information about
the earthquake movements in Table 3 was taken from the AFAD ground motion database [32]. Using
the existing earthquake records, each selected ground motion pair is scaled with the earthquake
spectrum with a return period of 475 years, with a 10% probability of exceedance in 50 years, which
is defined as a design earthquake. At the end of the analyzes carried out under these ground motion
records; the structures were mutually evaluated according to the design for the targeted performance
parameters.
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Table 3. Properties of earthquake ground motions.

?];: cord  pecord Seq.# StationID EventDate ?lgrlrf)e ntral Distance ?l:ﬁ:;t Depth M/Mw Component
;g; 2183 1133 1.052003  11.8 6 6.6/- 5;‘2;
;::Z 2896 1206 25.08.2007  2.19 15.8 5.1/- 5;‘2;
;ﬂiﬁ 23 2402 13.03.1992  12.82 23 6.1/- 5;‘;;
;:Z; 10099 1212 14.06.2020  16.2 8 -/5.7 \E/:\?:t
;:20 24 2402 15.03.1992  45.32 29 5.4/- 5;‘;;
;:E 1828 2306 25.06.2021  30.88 15.51 -/5.2 \E/:\?:t
;:ii 6027 6202 2122015 37 10.66 -/5.3 \E/:\?:t
;::ig 2587 1208 14.03.2005  54.09 9.9 5.4/- 5;‘2;

In this study, the panel regions of the joints were modelled with the help of behavioral models originally
developed by Della Corte et al. (2000) using the modified Richard-Abbott model. This model included
in the SeismoStruct (2018) software includes this model, which can model all kinds of steel and
composite connections (eg welded-flange bolted-web connection, extended end plate connection,
recessed end plate connection, angled connection, etc.) thanks to its features. The model has increasing
and decreasing parts defined by the moment-rotation relationship. The ascending and descending
branches of the curve, with the presence of both positive and negative starting points with various
parameters to account for load reversals (i.e. initial stiffness, strength, post-limit stiffness, shape factor,
compression-related calibration coefficients, damage rate and isotropic hardening). The versatility of
this type of modelling has been previously validated using experimental data, and it has been noted
that the model shows excellent fit [33-36]. Also, some parameters have been calibrated to achieve
greater accuracy in modeling based on the application of the component method [5, 22, 37].

3. Results and Discussion

The response of CMRFs because of ULD-PO and TLD-PO analysis is shown in Fig. 7. In the graphs given,
the horizontal axis is the ratio of the roof displacement to the building height, and the vertical axis is
the ratio of the base shear to the building weight. In 5-storey CMRFs, IDA analysis presents a behavior
that lies between the first-mode dominant response and the higher-mode response. However, on the
other hand, the IDA results obtained in 10-, 15- and 20-storey structures are parallel to the ULD-PO
results, so it can be said that higher modes dominate in these structures [11, 16, 38]. The IDA was
performed by using selected TH records to obtain the seismic response of the case study CMRFs. The
dynamic behavior of the structures is also plotted in Figure 9. Figure 9 and other data obtained as a
result of the analyzes are also compared with the performances of structures designed with Eurocode,
which have been previously examined with similar geometric properties under the relevant headings,
and the results are examined.

3.1. Ductility factor

When the studies in the literature are examined, it is used to express the degree of inelastic
deformations that occur due to earthquake ground motion under the influence of a structural system
or a horizontal load that it may be exposed to while calculating the ductility ratio [11, 12, 16, 39]. That
is, the displacement ductility ratio y (ductility demand) can be expressed as:

H=5 (1)

Yield and ultimate displacement values are A, and A,, respectively, in Eqn. (1). The result of IDAs was
calculated from Figure 9 and the data were calculated and plotted for the mean y value. For 5-, 10-, 15-
and 20-story CMREF structures, u factors were calculated from IDA, TLD-PO and ULD-PO and are given
in Figure 8. When the u values obtained due to IDA are examined, it is calculated as 2.23, 1.87, 2.37 and
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1.96 for 5-, 10-, 15- and 20-story buildings, respectively. When the u results are examined, the values
obtained as a result of TLD-PO are 10.35%, 6.28% and 14.46% lower for 5-, 10- and 15-storey
buildings, respectively, than the values obtained from IDA. However, the u values obtained because of
TLD-PO in the 20-story structure are 6.55% higher than the values obtained from IDA. When the u
values obtained because of ULD-PO were examined, it was seen that they were 17.35%, 4.77% and
9.01% lower, respectively, for 5-, 10- and 15-storey structures compared to those obtained from IDA.
The u values calculated from the IDA and the p values obtained due to ULD-PO in the 20-story building
are 18.06% larger (Figure 10). When the results obtained are compared with the design results of
Eurocode-based structures in the literature [11,12] in average 20% greater results are obtained up to
the 15-storey building formation. On the other hand, up to 20% smaller values are obtained in 20-
storey buildings [11, 12]. In the literature, the general curve obtained from the load-roof displacement
and the parameters that can be obtained from this curve are given in Figure 11.
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Figure 11. Ductility factor for CMRFs
3.2. Overstrength factor

When describing the nonlinear response of structures, the load-displacement relationship is often
assumed to be elasto-plastic. Within the scope of this study, the structural extreme strength factors
expressed by the following equation were calculated from the Figure 9 obtained with IDAs for each
structure:

v

=2
= )

24

Yield and design base shear values are displayed as Vy and V4, respectively, in Eqn. (2). As a result of
experimental and theoretical studies conducted by researchers for 4, an important performance
parameter of the building, it has been shown that this factor plays an important role in protecting
buildings from collapse in the face of severe earthquakes [40-42]. It has been reported in the literature
that this factor for steel and reinforced concrete structures varies between 1.8 and 6.5 for long-term
and short-term structures [40]. The IDA results in this study showed that the Qs factors of CMRFs
reached 7.22, 6.63, 6.75 and 6.07 in 5-, 10-, 15- and 20-story structures, respectively. The (24 factors
obtained from TLD-PO analyzes are 3.29% and 1.26% lower for 10- and 15-storey buildings,
respectively, than those obtained from IDA. The (4 factor for TLD-PO in 5- and 20-story structure is
13.61% and 2.51% larger than the values obtained from IDA. For ULD-PO it is 5.63%, 28.15%, 28.28%
and 27.85% lower than the Q4 factors calculated from IDA for 5-, 10-, 15- and 20-story buildings,
respectively (Figure 11).
Although the results obtained with the extreme hardness factor show an increase with the increasing
coefficient compared to the results obtained by Etli and Giineysi [11, 12] with the Eurocode-based
design, 3-33% larger results are obtained. The biggest difference is seen in buildings with 10- and 20-
story [11, 12].

3.3. Inherent overstrength factor

Elnashai and Mwafy [43, 44] recently suggested a measure of response termed ‘inherent overstrength
factor. Inherent overstrength factor ((2:) is formulated as below;

Yield and elastic base shear values are given as V, and Ve, respectively, in Eqn. (3). The suggested
measure of response (ireflects the reserve strength and the anticipated behavior of the structure under
the design earthquake. Clearly, in the case of (2::>1.0, the global response will be almost elastic under
the design earthquake, reflecting the high overstrength of the structure. If Q; <1.0, the difference
between the value of (i and unity is an indication of the ratio of the forces that are imposed on the
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structure in the post-elastic range [40]. When the values obtained within the scope of the study were
examined, the values of the (); parameter were obtained as 0.93, 0.84, 0.85 and 0.76 from the IDA results
for the 5-, 10-, 15- and 20-story CMRF, respectively (Figure 12). These values show that the structures
can withstand earthquakes with inelastic deformations. Considering the analyzes with TLD-PO, the
calculated (2 values were 13.61% and 2.51% higher for the 5- and 20-story CMREF, respectively, than
the IDA results. On the other hand, according to the results of the analysis made with TLD-PO, the (2;
value in the 10- and 15-story building is 3.29% and 1.26% lower, respectively, than the values
calculated by the IDA. On the other hand, the ULD-PO results are 5.63%, 28.15%, 28.28% and 27.85%
smaller than the IDA results for the 5, 10, 15 and 20-story CMREF, respectively (Figure 12). The natural
strength factor results show that, according to the results obtained by Etli and Giineyisi [11, 12] with
the Eurocode-based design, the structures designed with TBEC-2018 will absorb earthquake energy by
showing a more inflexible behavior against the Eurocode-based design under design earthquakes.
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Figure 11. Overstrength factor for CMRFs
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Figure 12. Inherent strength factor for CMRFs
3.4. Composite section capacities

In this part of the paper, the examination of the deformations in the structural elements because of the
non-linear dynamic analyzes carried out in the systems formed by the CMRF structures is presented.
The deformation states and definitions that occur in the mentioned structural elements are
summarized in Table 4. The deformations in the CFST column sections in the CMRF system and in the
sections of the composite beams formed by combining the IPE section and the solid slab are examined
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within the scope of this section. During the examination, IDR (inter-story drift ratio) values were
considered. Section deformations obtained during IDA, TLD-PO and ULD-PO given in Table 4 were
evaluated.

Table 4. Deformation states and definitions

Deformation Definition

BSY In the composite beam, the steel has reached yield elongation at the outermost fiber.
CSY In the composite column, the steel has reached yield elongation at the outermost fiber.
BSU Steel reached its ultimate capacity in the composite beam.

CSU Steel reached its ultimate capacity in the composite column.

BCU Concrete reached its ultimate capacity in the composite beam.

CCcu Concrete reached its ultimate capacity in the composite column.

BCF In the composite beam, the concrete converged to the elongation at crushing limit.

When the results of IDA, TLD-PO and ULD-PO analyzes are examined, the deformation limits of CSY,
CSU and CCU in CFST elements in CMRF systems are examined, and the limit states of BSY, BSU, BCU
and BCF deformations in composite beams are examined. In the IDA analysis, when the IDR value
reaches 0.0072, 0.006, 0.0048 and 0.0049 in 5-, 10-, 15- and 20-story structures, respectively, the BSY
deformation in composite beams is in the limit values. On the other hand, the IDR value at which BSY
deformations occur in ULD-PO analyzes is 16%, 7%, 9% and 12% smaller, respectively, than the values
calculated with IDA for 5-, 10-, 15- and 20-story structures. In addition, IDR values at which BSY
deformations occur in TLD-PO analyzes are 17%, 3%, 5% and 11% smaller, respectively, than the
values calculated with IDA for 5-, 10-, 15- and 20-storey structures. The IDR values at which BSU
deformation occurred were calculated as 0.0269, 0.0324, 0.0252 and 0.0234 for 5-, 10-, 15- and 20-
storey structures, respectively, from the IDA results. Therefore, the results obtained show that similar
deformations are observed for TLD-PO and ULD-PO at smaller IDR values for BSY than the IDR values
obtained with IDA. In ULD-PO analyzes, the IDR value at which BSU deformations occurred was 35%,
7%, 9% and 16% greater than the values calculated by IDA for 5-, 10-, 15- and 20-storey structures,
respectively. In TLD-PO analysis, the IDR value at which BSU deformations occur in 5-, 10-, 15- and 20-
story structures was 28%, 8%, 11% and 16% larger than the values calculated by IDA, respectively.
Therefore, the results obtained show that similar deformations are observed with TLD-PO and ULD-PO
at larger IDR values for BSU than the IDR values obtained with IDA. When the BCU deformation
occurring in the reinforced concrete parts of the composite beams was examined, it was observed that
the IDR value reached 0.0169, 0.0177,0.0121 and 0.0107, respectively, in the 5-, 10-, 15- and 20-storey
structures. On the other hand, the IDR value at which this deformation occurs in ULD-PO analyzes is
12%, 9% and 2% less, respectively, than the values calculated with IDA for 5-, 10-, and 15-storey
structures. However, in a 20-story structure, it is 9% larger. In TLD-PO analyzes, the IDR value at which
this deformation occurs is 5% and 6% smaller, respectively, than the values calculated by IDA for 5-
and 10-storey structures. Also, while almost the same IDR value is calculated for a 15-storey building,
itis 11% greater than the IDR calculated with IDA for 20-storey buildings. In the IDA analyzes, the final
deformation BCF of the reinforced concrete part of the composite beams was observed when the IDR
value reached 0.278, 0.0294, 0.021 and 0.0191 in 5-, 10-, 15- and 20-story structures, respectively. On
the other hand, the IDR value at which this deformation occurs in ULD-PO analyzes is 19%, 16%, 13%
and 5% smaller, respectively, than the IDR values calculated with IDA for 5-, 10-, 15- and 20-storey
structures. In addition, in TLD-PO analyzes, the IDR value at which this deformation occurs is 11%,
13%, 10% and 4% less, respectively, than the values calculated with IDA for 5-, 10-, 15- and 20-storey
structures. Therefore, the results obtained show that similar deformations are observed with TLD-PO
and ULD-PO at smaller IDR values for BCF than the IDR values obtained with IDA (Figure 13).

Deformations occurring in CFSTs were observed as CSY, CSU and CCU. CSY deformation in CFST is at
the limit values when IDR value reaches 0.0117, 0.0157, 0.0171 and 0.0232 values for 5-, 10-, 15- and
20-story structures, respectively, in IDA analyses. On the other hand, the IDR value at which CSY
deformations occur in ULD-PO analyzes is 5%, 13%, 15% and 20% higher, respectively, than the IDR
values calculated with IDA for 5-, 10-, 15- and 20-storey structures. In addition, the IDR value at which
CSY deformations occur in TLD-PO analyzes is 22%, 50%, 66% and 83% higher, respectively, than the
IDR values calculated with IDA for 5-, 10-, 15- and 20-storey structures. Therefore, the results obtained
show that similar deformations are observed for TLD-PO and ULD-PO at smaller IDR values for CSY
than the IDR values obtained with IDA. The IDR values at which CSU deformation occurred were
calculated as 0.0466, 0.0556 and 0.0545 for 5-, 10- and 15-storey structures, respectively, from the IDA
results. On the other hand, there is no IDR value in which the values of this deformation are seen in the
20-story CMRF. In ULD-PO analyzes, the IDR value at which CSU deformations occur is 18%, 14% and
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6% smaller, respectively, than the values calculated with IDA for 5-, 10- and 15-storey structures. The
structures in which CSU deformations occur in TLD-PO analyzes are only 5- and 15-storey structures.
For this analysis method, the IDR value is 5% smaller than the values calculated with IDA for 5-storey
buildings, while it is 25% higher for 15-storey buildings. The IDR values at which CCU deformation
occurred were calculated as 0.0307, 0.0357 and 0.0355 for 5-, 10-, and 15-storey structures,
respectively, from the IDA results. In 20-story CMRF, this deformation was not observed in the IDR
values calculated as a result of TLD-PO. The IDR value at which CSU deformations occur in ULD-PO
analyzes is 11% and 5% smaller than the values calculated with IDA for 5- and 10-storey structures,
respectively. In addition, in the ULD-PO analysis, CSU deformations occurred at a 3% higher IDR value
than the IDR values obtained in the 15-storey structure. In addition, the CCU deformation of the 20-
story structure was observed only in the analyzes with ULP-PO and the IDR value was calculated as
0.058. In TLD-PO analysis, CCU deformations in 5, 10, and 15-storey structures were 6%, 25%, and
449 greater than the values calculated by IDA (Figure 13). On the other hand, in a project-based study
conducted by Giineyisi [15], it is seen that the deformations obtained as a result of IDA in the structures
obtained with the Eurocode have more limited deformations than the structures produced with TBEC-
2018. In both studies, inelastic deformation occurs rarely in columns in 5-story structures, but inelastic
deformation occurs more frequently in 5-, 10-, 15- and 20-storey beams.
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Figure 13. Section deformation variation with IDR for a) IDA, b) TLD-PO, and c) ULD-PO

4. Conclusions

In this study, the structures designed according to TCDCSS-2016 and TBEC-2018 design codes were
evaluated using deformations in the sections of the elements and various performance parameters,
assuming that they were built on soils containing moderately frequent sand and modified stones (ZC
group soil). For this, static pushover analysis and incremental dynamic analysis were performed. PO
analysis with two different lateral load models. When the data obtained are examined, the following
conclusions can be reached:
e When the u values are examined, the obtained values are greater than 1.7. This shows that CMRF
structures can adequately absorb earthquake effects thanks to horizontal displacements in a ductile
manner. These values are also supported by other studies in the literature [11,12,16].
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¢ In addition, when the u values obtained as a result of the IDA are examined, it is seen that the IDA
results in medium and high-rise buildings are on average 5% higher than TLD-PO and ULD-PO.

e The Qu parameter calculated by using IDA analyzes using selected regional earthquakes for the
buildings designed as TCDCSS-2016 and TBEC-2018 and for the buildings designed as CMRF was
obtained as 6.07 at least. In addition, the lowest score in PO analyzes is 4.38. However, considering
that the behavior factor is obtained when the u values are multiplied by the Q4 parameter, the lowest
values to be obtained for the IDA and PO analyzes are 11.89 and 8.48. As a result, they have higher
performance factors than calculations with R=8 design factor.

e When the Q; values are examined, it is seen that almost all the values obtained are less than 1. In
this case, structures indicate that they will absorb earthquake energy thanks to their inflexible
behavior. However, this is a possible situation in earthquake situations larger than the design
earthquake. Moreover, the results obtained from the ¢ and Q4 parameters support that the structure
is an economical design model.

e When the composite beams are examined according to the IDR change, it is seen that the behavior
is within the elastic limits when the IDR value is 0.005. When the IDR value is above 0.02, the plastic
behavior dominates in the composite beams. However, this situation emerges as a decreasing IDR
value as the number of floors increases. In addition, plastic behaviors observed in concrete occur
when the IDR value approaches 0.015 in beam sections.

¢ Inaddition, when CFST columns are examined according to IDR change, it can be said that when the
IDR value is 0.01, the behavior is within elastic limits and then plastic deformations occur. Plastic
behavior is common in CFST columns when the IDR value is above 0.03. However, this situation
emerges as an increasing IDR value as the number of stories increases.
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ABSTRACT

Keywords: Handwriting analysis, Handwriting contains a lot of information about the person writing it and is a sign of
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Makine Ogrenmesi Yontemleri ile El Yazisindan
Kisilik Ozelliklerinin Tespiti

0Z

El yazis), yazan kisi hakkinda bircok bilgiyi barindirir ve beyindeki nérolojik desenler

tarafindan temsil edilen kisilik 6zelliklerinin isaretidir. Diger bir deyisle beynimiz ve

bilincaltmiz  ashinda  aliskanliklarimizin  bir  sonucu  olarak  karakterimizi

bicimlendirmektedir. El yazisi incelenerek bireyin icinde bulundugu ruh hali hakkinda bir

fikre varmak miimkiindiir. Seving, hiiziin, 6fke ve kaygi bunlardan bazilaridir. Bu ¢alismada

farkli meslek ve yas gruplarina ait kisilerin el yazilar1 toplanmistir. Bu yazilar iizerinde

kelime ve satir tesbiti, egim, basi, sayfa bosluklarinin bulunmasi ve benzeri goriintii isleme

yontemleri uygulanarak 6zellik cikarimi yapilmistir. Elde edilen 6zellikler veri setinin giris

siitunlarinmi olusturmustur. Grafoloji kullanilarak tahmin edilen sakin, iyimser, duygusal,

disa doniik gibi kisilik 6zellikleri ise veri setine ¢ikis siitunlar1 olarak eklenmistir. Daha

sonra bu veri seti Rastgele Orman, Naive Bayes, Karar Agaci, Destek Vektor Makinalari,

Lojistik Regresyon, XGBoost ve LightGBM algoritmalarina uygulanmistir. Dogruluk, kesinlik

ve fl-score performans metriklerine gore en basarili sonucu Rasgele Orman algoritmasi

vermistir. Bu algoritma i¢in dogruluk, kesinlik, hatirlama ve f1 skor degerleri sirasi ile 0.90,

Anahtar Kelimeler: El yazisi 0.91, 0.84 and 0.85 olarak bulunmustur. Ayrica kisilik analizi sonugclari, uzman psikolog
analizi, Makine 6grenmesi, tarafindan yapilan kisilik testi sonuglari ile karsilastirilmistir. Bu karsilastirma sonucunda

Grafoloji %73 oraninda eslesme oldugu gorilmiistir.
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1. Introduction

Writing, which is a part of our lives, not only expresses what is written on paper, but also contains clues
about our feelings. In this period when technology is advancing rapidly, handwriting still maintains its
importance and existence, although it seems that handwriting has been replaced by the internet, media
and e-mail in an undeniable extent. Everyone uses handwriting as well as technology in social or
business life. Traces, patterns, shapes, symbols left from the moment the tip of the pen touches the
paper have the ability to reflect a person's identity in a unique way, just like a fingerprint or DNA. About
a hundred years ago, German Professor W. Preyer said that writing was created by the brain, not by
training certain muscles [1]. Subsequent studies have also revealed that the most influential organ in
the article is the brain. From this point of view, it is seen that handwriting is an effective tool for directly
accessing the human brain and therefore psychology. Therefore, character analysis from handwriting
has the potential to be applied in many different fields. Looking at the literature; forensic investigations,
human resources (recruitment process), psychological counseling and guidance services, training etc.
are used in the fields. Studies in which handwriting and personality analysis are associated are
generally examined under the science of Graphology. Graphology is a field of study that covers
inferences about a person's personality and character, based on a person's handwriting [2]. In order to
make inferences in graphology, methods such as writing inclination, pen pressure, characteristic of
certain letters, spaces between lines and words, inclination and size of letters are used.

There are different studies in the literature using machine learning algorithms for personality analysis.
In the study carried out by Champa and Kumar; MATLAB was used to process features such as slope,
pen pressure, characteristic of letters ‘y’ and ‘t’ [3]. In another study on determining personality traits
from handwriting using convolutional neural networks (CNN); it has been proposed to determine the
personality, structure and symbol trait analysis of an individual from the handwritten image. CNN,
which is based on symbol analysis, was used as a classification method. The margin, the spaces between
the lines, the spaces between the words, the printing and the oblique or inclination and certain letter
feature which were not done in previous researches were examined [4]. Santana et. al. estimated
identity analysis from handwriting using 5 different graphological parameters as input on a dataset
with 29 participants, namely "vertical position"”, "combination of letters", "pressure force", "thinning
area" and "letter a". They used Artificial neural networks (ANN) and Support Vector Machine
algorithms. As a result of the study, 99.34% success was achieved from the dataset consisting of 29
authors. Later, when the dataset was expanded to 70, the success rate decreased to 92% [5]. In a
different study [6], the identity of the author was extracted from the writing style. A new feature based
on Graphology or Forensic techniques, which is digitized and classified by a decision fusion block by
neural networks, is presented. Offline analysis was done using handwritten images. A success rate of
94.6% was obtained on the dataset consisting of 100 samples. Another study discussed the latest
developments in computer graphology systems. In addition to the features such as page margin,
baseline, line and word spacing, line direction, inclination of words and letters, size of letters, pen
pressure, writing speed, the letter ‘¢, letter ‘i’, letter ‘f and the letter ‘y’ can also be effective in writing
analysis. It has been mentioned that different rule-based analysis methods such SVM and artificial
neural networks (ANN) are frequently used in graphology [7]. Anand et. al. used graphology, aptitude
testing and personality testing to help people get acquainted with various career fields and choose the
appropriate profession. The study considered the fundamental aspects of human behavior and
analysis. Analyzes used were Aptitude Test, Psychometric Test (Myers-Briggs Type Indicator) and
handwriting. From the handwriting samples taken, features such as spacing between words, left
margin, right margin, font pressure, letter inclination, letter size, and the size of the letter "I" were
calculated. The integration of all three modules offers individuals suitable career options [8]. In another
study based on machine learning approach for handwriting personality analysis and author
identification, a baseline, spacing between words, left margin, letter pitch, bar height in letter “t”
attributes were used to predict an individual's personality. The polygonization method was used to
extract features from the base. For this purpose, pattern matching was used for the letter “t” and one
line was used for other features (projection profiles of the text). With the help of these features, the
identity of the author was determined by the developed tool. The IAM database and Python
programming language were used to develop the tool [9].

The handwriting features used in our study are; the right, left, top and bottom margins of the page, lines
and spaces between words, pen pressure and slant of the text. These were chosen, because they reflect
the personality analysis characteristics which are most commonly used in graphology. The machine
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learning algorithms used are; NB Classifier, Decision Trees, RF, SVM, Logistic Regression, XGBoost and
LightGBM. Python language and OpenCV Library are used for the implementation of algorithms and
feature extraction, respectively.

2. Materials and Methods

This section introduces the dataset used in the study, the personality test applied to the people from
whom the handwritings were taken and the machine learning algorithms.

2.1. Dataset

The dataset used in this study was created by collecting handwriting samples from people of different
ages and working groups. A ready-made text was given to the people and they were asked to write the
same text on a blank A4 paper in their own handwriting.

Handwriting samples were taken from a total of 70 people. The dataset to be applied to machine
learning algorithms was obtained by extracting the features from the handwriting samples with image
processing methods. Section 3 Methods Used for Feature Extraction describes the feature extraction
process in detail. The values in the dataset were normalized to the range of 0-1 by applying the min-
max normalization method.

2.2. Personality test

The Adjective-Based Personality Test used in the study was developed by Bacanl et al. in line with the
Five Factor Personality theory [10]. The scale consists of 40 items and can be completed in 10-15
minutes by the participants. In practice; users are expected to mark the ones closest to them from the
40 adjectives given as two opposite poles. The choices are (1) Very appropriate, (2) Fairly appropriate,
(3) Somewhat appropriate, (4) Neither appropriate, nor appropriate, (5) Somewhat appropriate, (6)
Fairly appropriate, and (7) Very appropriate. The original Adjective-Based Personality Test consists of
five dimensions: (1) Neuroticism-7 items, (2) Extraversion-9 items, (3) Openness to Development-8
items, (4) Agreeableness-9 items, and (5) Responsibility-7 items.

In this study, in the light of the personality analysis obtained from the handwritings, the items were
correlated separately by a specialist psychologist and evaluated by taking the average values of the
items, depending on whether they were suitable for personality types or not. Finally, the correlation of
the acquired personality types with the expert assessment was examined.

2.3. Machine learning algorithms
2.3.1. Naive Bayes classifier

It is a simple method based on Bayes' theorem. It gives good results especially when the number of
features in the dataset is high. Therefore, it is widely used in the classification of texts. Despite its
simplicity, NB classifier can achieve comparable performance with complex classification methods
such as decision tree and neural network classifier. NB explicitly calculates probabilities for classifier
hypotheses. In this respect, it has an advantage over algorithms that do not use probability. During
training, each example contributes to the probability of the hypothesis. Naive Bayes classifier is based
on Bayesian formula given in Equation 1.

(A|B) = P(BIA)P(A)/P(B) 1)

Where,
P(B | A) : The probability that B is true given A.
P(A | B) : Given B, the probability that A is true.
P(A) : The probability that A is true.
P(B) : The probability that B is true.
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2.3.2. Decision trees

Decision trees search the hypothesis space using intersection combinations and try to reach the
hypothesis that best fits the dataset. The expressive power of the hypotheses expressed as an
intersection combination is high. The first classification application of decision trees was with the ID3
algorithm [11]. Later, the version C4.5, which can also handle continuous values, has emerged. One of
the advantages of decision trees is that the tree formed as a result of the training is understandable by
people. The internal structure of other machine learning algorithms is incomprehensible to humans.
While creating the decision tree, the entropy (2) and information gain (3) are used in the selection of
the next node.

Entropy(S) = — Xi-1 pi log, (p;) (2)

, ISyl
Gam(S, A) = EntTOPy(S) ZveValues(A) H Entropy(sv) (3)

We used “gini” index (4) for the measure of split quality in the implementation of Decision Tree.
2.3.3. Random forest

The random forest algorithm is based on the logic of creating small decision trees where the output of
all of them are combined, rather than a single large decision tree. Thus, a more powerful classifier is
obtained with the ensemble logic. The algorithm used to generate small decision trees in a random
forest is the same as for normal decision trees. The difference in random forest is how the dataset is
used when creating the trees. First, a separate dataset is created by randomly selecting the rows in the
dataset. The same row may appear in a new set more than once. In addition, a few randomly selected
features are used in the new dataset, not all features.

Thus, training of each tree in the forest is done with a new dataset randomly selected from the original
dataset and also with randomly selected features from the features in the new set. In this way, several
small trees are formed, varying with the size of the dataset and the number of features. Since the
bootstrapping of new datasets is done by random selection, some rows may not be selected at all during
this process. This is called out-of-bag. These lines are then used to measure the performance of the
random forest. During the creation of small decision trees in the random forest, the Gini Index (4)
criterion is generally used for the selection of features to be placed in the nodes [12].

Gini = 1- X, ()? 4)

2.3.4. Support vector machines

The original version of the support vector machines algorithm provides linear classification of data
belonging to two different classes. In this algorithm, there is the concept of margin, which is used to
separate the samples in the dataset from each other. Linear classifiers such as Perceptron classify data
by separating them with a single linear line [13]. Therefore, this method provides a rough classification
and is likely to fail to classify new incoming data. In the SVM method, on the other hand, there is a
margin instead of a line separating the data from one another. Margin is the name given to the area
between two parallel lines. The SVM algorithm has to keep the classification error to a minimum while
maximizing this margin. This is a classic optimization problem. In Figure 1, the margin is shown in
yellow. There are data belonging to the classes on two parallel border lines indicated by the dashed
line. These points are called support vectors. The SVM method takes its name from these vectors.

2.3.5. Logistic regression

Logistic regression is a machine learning algorithm used in binary classification problems (when the
target is categorical). Logistic regression basically uses a logistic function defined in the function to
model a binary output variable [15]. The purpose of Logistic Regression is to discover the link between
the features and the probability of a particular outcome. In the logistic function equation (5), x is the
input variable.

(%)

Logistics function = ——
grstices f 1+e™*
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Xy A

Figure 1. Representation of margin and support vectors for two-dimensional space [14]

2.3.6. XGBoost

Boosting means combining several weak learners to obtain a stronger learner. The boosting methods
basically train predictors sequentially and add them to an ensemble, each one trying to correct its
predecessor. The gradient boosting method trains the new predictor using the residual errors of the
previous one and uses gradient descent over an objective function to minimize prediction errors in the
next model. Gradient Boosting Decision Trees (GBDT) method train multiple shallow decision trees and
the final prediction is obtained by integrating all tree predictions.

XGBoost algorithm uses Classification and Regression Tree (CART) as the elementary tree. The
algorithm improved the optimization method of the cost function on traditional GBDT, and introduced
aregular term to speed up training and reduce overfitting. XGBoost also includes instance and feature
sampling as well as parallel histogram algorithm.

The objective function of XGBoost for K trees can be defined as

Fop; = XiLy Cost(y, §:) + X, 2(f) (6)
Where the first term is usually the mean squared error, while the second term is

Q) =T +35 Mwl? (7)

Where T denotes the number of leaves in each tree and y is used to penalize T to avoid overfitting. The
second term provides L2 regularization where w is the weight scores of the leaves and 1 is used to
punish w to improve the generalization performance.

For the t-th iteration, the F,,; objective function can be written according to Taylor series expansion
and approximated as

Floy = 21, Cost [y, 9877 + i (x) + 2hf2 ()] + (1) (8)

Where, g; = 01 Cost(y, 9" V) is the first order gradient and h; = aé(t_l)Cost(yi,)?i(t_l)) is the

second order gradient of the cost function. By means of h;, the objective function can quickly converge
to the optimal value [16].

2.3.7. LightGBM

LightGBM is a decision tree based emsemble learning method which uses the histogram algorithm to
find the best split point and leaf-wise strategy for tree growing with depth limit [17]. In Figure 2, the
growth of the tree by depth is shown. It uses the same basic principles of XGBoost like bagging, early
stopping, regularization, multiple loss functions, etc. Unlike XGBoost, LightGBM does not use sorted
features to find the opt imal split points. Instead of this, it utilizes an optimized histogram-based
algorithm which improves training efficiency and memory usage. During training, the histogram-based
algorithm buckets the continuous feature values into discrete bins and the feature histograms are
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constructued using these bins.

Figure 2. Leaf-wise tree growth

Since the number of bins is much smaller than the number of samples, histogram building increases
the computational complexity. To remedy this situation, LightGBM use two new techniques called
Gradient-Based One-Side Sampling (GOSS) and Exclusive Feature Bundling (EFB) to reduce both the
number of samples and features, respectively. LightGBM uses GOSS to keep the data instances with
larger gradients while performing random sampling on the instances having small gradients. This
instance-based weighting strategy for training next model is also used by Adaboost algorithm.
However, XGBoost uses residual errors of the previous tree for the next model instead of instance
weights. The other technique which makes LightGBM more efficient is EFB. This technique merges
exclusive features into a single feature thus achieving dimensionality reduction to improve efficiency
in histogram building.

The other novelty in LightGBM is that the trees grow in leaf-wise manner with depth limitation instead
of the traditional level-wise growth. The leaves with the greatest split gain at each iteration is selected.
Since this strategy may easily cause overfitting by growing the tree much larger, the depth of tree must
be set in LightGBM to improve accuracy and avoid overfitting [18]. As a result, LightGBM uses less
memory, reduces training time of the XGBoost model, and improves accuracy. It is well suited for
dealing with problems involving large amounts of data [19].

3. Methods Used For Feature Extraction

The steps applied for features extraction from handwritten images are given below.

Load the hand writing image

Locate the word frames

Calculate the average of the spaces between the word frames

Determine the lines

Calculate the average spaces between the lines

Determine the left margin from the left most pixel of the left most word frame
Determine the right margin from the right most pixel of the right most word frame
Determine the top margin from the top most pixel of the top most word frame
Determine the bottom margin from the bottom most pixel of the bottom most word frame
10 Calculate the layout of the page using the left, right, top and bottom margins

11. Determine the pen pressure using the average of the gray level values

12. Determine the slope of the text using the minimum area rectangle method

PONO A WN

For personality analysis, inferences were made on the handwriting samples by using the features
expressed as items below.

3.1. Right, left, top and bottom margins of the page
Rectangles drawn around key components such as words and letters in the handwritten image were

used to calculate the margins of the page. Figure 2 shows the plotting of the right, left, upper and lower
margins.
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. Left margin: The left edge coordinate of the leftmost rectangle of the resulting rectangles
. Right margin: The rightmost coordinate from the right edges of the resulting rectangles
. Upper margin: Coordinate where the upper edge of the resulting rectangles is lowest

. Bottom margin: Coordinate where the bottom edge of the resulting rectangles is highest

Then, the following steps determines the personality:

. If the width on the right side of the page is too large; lively and active, if the width is small;
serious and cautious personality

. If the left part is too wide; fearful of risk, if the width is small; it shows an impatient
personality.

. If the width is too high at the top of the page; cautious, if the width is small; an impatient
personality

. If the width is too wide at the bottom, thin in emotions and behaviors, if the width is less;

it shows a nervous, high economic anxiety personality.
3.2. General layout

Equation 6 is used to check if the page is in a certain layout.

Page Layout = ((LM ; RM) 4 i J;LOM)) /2 9)

Where, LM is Left Margin, RM is Right Margin, UM is Upper Margin and LoM is Lower Margin.
Based on the formula, the average spacing on the page margins means that:

. If it is less than 10%; shy, introverted familial personality
. If it is between 10% and 25%; balanced and harmonious personality
. If it is more than 25%; Shows generous, extroverted personality.

According to the rectangles drawn around the basic components such as words and letters in Figure 3;
plotting the right, left, upper and lower margins is shown.
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Figure 3. Indication of margin lines
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3.3. The amount of space between words

After the words were identified in the handwriting, the spaces between the words and their averages
were found. In Figure 4, the detected words and their numbering according to the lines are shown. If
there is too much space between words; then it means introverted, fond of freedom person. If the space
is less; it shows a sociable and active personality.

Ben pEawn B0 gyl oemn @2
Ceetreen FEN femgnoh BOmcaps  Spewen [Hmrea
Mo ® gYPreialesy SN mz@
Fowneas oo 55 amssap 3 SFefFfma @ &
o A sn oSDEn B ENEEES i Sy
feme  oe o n Dok U BIEFEAE) @
mﬁm@a@m@m@

Figure 4. Indication of spaces between words

3.4. The amount of space between lines

After the words were identified, the lines formed by the words were found as shown in Figure 5. The
spaces between these lines represent the spaces between the lines. Therefore, the average spaces
between the lines were calculated.

If there is too much space between the lines; the tendency of the person to look from a calm and broad
perspective is high. If it is less; this indicates a personality that loves movement and crowds.

L=l A

Figure 5. Indication of spaces between lines
3.5. Pressure applied to the pen

The average of the gray level tones in the text was found by calculating the closeness to black. If the
pressure applied to the pen is too much; the person is stressed, tense and irritable. If it is low; this
shows a fragile and graceful personality.

3.6. Slope of text

In order to find the slope of the entire text, the angle that the text makes with respect to the y-axis is
calculated. If the slope of the text is downwards, it show pessimistic personality. Upward slant
indicates an optimistic, straight, balanced personality.

4. Experimental Results

The first 10 rows of the dataset obtained by calculating all input characteristics for each person are
shown in Table 1. Therefore, there were 13 input features in the dataset which were obtained by
applying the relevant Open CV library functions to handwritten images as discussed in Section 3.
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Table 1. Input properties of the dataset acquired
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2.2 247 266 146 147 1316 20 179 469
1.8 247 77 155 174 214 42 465 155
1.9 249 588 345 742 3120 54 106 1199
0.6 245 229 22 731 1817 13 154 700
0,6 245 53 111 42 800 1 32 252

2 244 62 0 25 166 53 79 63
1.2 248 693 0 466 2220 38 179 845
12.4 249 0 146 0 2418 3 97 641
0.5 250 549 254 426 3363 35 105 1148

Table 2 gives the personality traits suggested by the graphology. These were used as the outputs of the
machine learning algorithms depending on the input characteristics given in Table 1.

Table 2. Output values obtained from personality analysis

Optimistic
Balanced
Stressful
Impatient
Leery
Uneasy
Emotional
Introvert
Extrovert

Calm

Therefore, the dataset was created by combining the personality traits shown in Table 2 to the
corresponding inputs of Table 1. The threshold values of the input properties given in Table 3 were
used to determine the personality outputs. The thresholds are subjective choices representing the
general characteristics of the collected handwritings. For example; the slope threshold was chosen by
considering the handwritings on which the lines are apperantly slant. The press threshold was chosen
by looking at the handwritings which were written by applying relatively higher pressure than the
others and so forth. Although, the threshold values are subjective, they can be used in classification of
new handwriting samples. The assumption is that the same steps proposed in this study will be used
to determine the personality from the new handwritings.

Table 3. The threshold values and personality outputs

Input feature Threshold value Personality output
Slope >1.5 Optimistic
Press <248.8 Stressful

Left Margin <88 Impatient
Right Margin >100 Balanced

Upper Margin >342 Leery

Lower Margin <875 Uneasy

Lower Margin >875 Emotional

Word Spacing >20 Introvert

Line Spacing >171 Calm
Page Layout >1000 Extrovert

The performance results of the machine learning algorithms were obtained using the parameters given
in Table 4. During our experiments, these parameters were observed as the ones which mostly effected
the performance of the algorithms. The values of the parameters given for each algorithm provided the
highest scores of performance metrics for the respective algorithm. Some of the parameters in Table 4
have default values already provided by the Python implementation. In our evaluation, we changed the
values of these ones to other options or values. However, we observed that the performance of the
algorithms decreased in those cases. Therefore, the parameters default values retained. There are other
parameters of the algorithms as well, but we did not touch the remaining default parameters of the
algorithms.
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Table 4. Parameters used in machine learning algorithms

Algorithms Parameters used
Naive Bayes priors=None, var_smoothing=1e"
Support Vector C=5, cache size=200, coef0=0.02, decision_function_shape=ovr, degree=3, gammas=scale, kernel=poly,
Machine max_iter=-1, probability=False, random_state=1, shrinking=True, tol=0.001
C=10, fit_intercept=True, intercept_scaling=1, max_iter=300, multi_class=auto, penalty=None,
Logistic Regression random_state=1, solver=Ibfgs, tol=0.0001
Decision Tree Ccp_alpha=0.07, criterion=gini, min_samples_leaf=1, min_samples_split=3, random_state=1, splitter=best

bootstrap=True, ccp_alpha': 0.03, criterion=gini, min_samples_leaf=1, min_samples_split=2,
n_estimators=100, oob_score=False, random_state=1, warm_start=False

boosting type=dart, colsample bytree=1.0, learning_rate=0.15, max_depth=-1, min_child_samples=10,
min_child_weight=0.01, min_split_gain=0.12, n_estimators=80, n jobs=-1, num_leaves=10, reg_alpha=
0.003, reg_lambda=0.003, subsample=0.8, subsample_for_bin=200

Random Forest

LightGBM

booster=gbdt, gamma=1, enable_categorical=False, learning_rate=0.12, min _child_weight=0.01,

XGBoost
n_estimators=80

The 3-fold cross-validation method was applied to the machine learning algorithms. Thus, performance
metrics were obtained separately for each personality trait. The comparison of the machine learning
algorithms according to the average of the performance metrics is given in Figure 6.

85%
; 87%
LightGBM - 8 7%
XGBOOSt gy AT ogggé
Decision Tree A ;%(())/%
0%
Logistic Regression 71%70 .
Support Vector 7734/%
Machines U 75%
Random FOrest  yyyyyyyyuummmmmummmmm 9901(7%
64%
Nave Bayes i 07%%0
0% 20% 40% 60% 80% 100%
F1 Score Recall m Precision Accuracy

Figure 6. Comparing the performance of algorithms

According to the results given in Figure 6, the Random Forest algorithm gave the best result according
to the average of the performance metrics. The accuracy, precision, recall and F1 score values were
found to be 0.90, 0.91, 0.84 and 0.85, respectively. The closest successful result to this belongs to the
Decision Tree algorithm. The XGBoost and LightGBM were the next most successful algorithms.
XGBoost gave better results than LightGBM in terms of accuracy and precision. However, LightGBM
had higher recall and f1-score values than the values of XGBoost. The XGBoost algorithm outperform
other algorithms for large datasets with sparse set of features [16]. On the other hand, the methods
used in LightGBM algorithm provide performance improvement in terms of accuracy, memory
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consumption and training time, especially for large datasets [17]. Therefore, since our dataset has small
number of instances and features, we observed lower performances for these algorithms in our
experiments. The most unsuccessful algorithm was found to be Naive Bayes of which performance
criteria are 0.73, 0.72, 0.67 and 0.64, respectively. The performance metrics of Random Forest
algorithm for each personality feature and their averages are given in Table 5.

Table 5. Results of Random Forest algorithm

Personality Accuracy Precision Recall F1 Score

Optimistic 0,86 0,78 0,83 0,78
Balanced 0,86 0,93 0,87 0,89
Stressful 0,89 0,76 0,83 0,70
Impatient 0,96 0,94 1,00 0,97
Leery 0,93 0,96 0,95 0,95
Uneasy 0,91 0,89 0,64 0,69
Emotional 0,93 0,97 0,89 0,92
Introvert 0,89 0,94 0,89 0,91
Extrovert 0,88 0,96 0,76 0,83
Calm 0,91 0,92 0,78 0,84
Average 0,90 0,91 0,84 0,85

According to Table 5, it is seen that the results of the "Random Forest" algorithm for the "impatient”
and " leery " features are slightly more successful than the other features.

5. Conclusion

The dataset was applied to the machine learning algorithms and their performances were compared.
Considering the Accuracy, Precision, Recall and F1 Score criteria in Figure 6; NB algorithm was found
to be the most unsuccessful algorithm. NB algorithm was followed by SVM and Logistic Regression
algorithms, respectively. The RF was found to be the most successful algorithm according to accuracy,
precision and f1-score values. On the other hand, LightGBM algorithm had the highest recall score
value.

The personality test given by a specialist psychologist was applied to 39 people in total. When the
results obtained from these tests were compared with the results obtained from handwriting analysis,
it was seen that there was a 73% match. The results of 28 of these tests are the same as those from
handwriting analysis. The comparison of our study with other similar studies in the literature in terms
of dataset size, extracted features, classification algorithms and accuracy results is given in Table 6.

According to Table 6, most of the studies used different numbers of handwritten datasets that they
created. Two of the studies used ready datasets, namely EMNIST and CEDAR. The accuracy rates are
ranging from %52 to %100 with varying evaluation criteria based on the extracted features. The
features used in the studies are categorized in two classes, namely text layout based and letter shape
based. Text layout based features are generally the spaces between words and lines, the margins of the
handwritten text. The letter shape based features depend on the letter and its silent characteristic. The
other mostly used features were pen pressure and slant of the text.

Machine learning methods applied to the features were mainly ANN, SVM, CNN, k-nearest neighbors
(KNN). Apart from these, direct image processing methods have been used to obtain accuracy results
in a few studies. There are very few studies using specialist psychologists. In our study, higher accuracy
was obtained than most studies in the literature. The accuracy value obtained for RF is 90%. Other
values are; 91% precision, 84% recall and 85% f1 score. As a feature study, we will include letterform
features in the feature set and increase the size of the dataset to achieve higher accuracy results.
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Table 6. Comparison of our study with the literature

Reference Dataset Feature Extracted Methods Result
Polygonalization method,
Champa Et 120 Slant of the writing, pen pressure, ye . 87.2% average
Al2010 handwritin baseline, letter ‘t’, letter ‘y’ rule-based technique, accurac
g ! ! y gray level threshold value y
SaanaBe 70 Vel polion penprernre g Al e s o
A12010 handwriting  ,° g 8 upPp 92%
a Machine
87-100% using
Djamal EtAl 125 Spacing between words and lines, zone Multi-structure algorithm  multi-structure
2013 handwriting  domination, margin and multiple ANN algorithm, 52-
100% using ANN
Slant of the writing, pen pressure, length A new method that is
Vasquez Et 100 of initial and final feature, spacing digitized and classified by A success rate of
Al2013 handwriting  between letters, calligraphic box, and neural networks with a 94.6%
cohesion in writing. decision fusion block.
Fallah And 70 T'ext-depe?dent featu'res like character GDA algorithm and MLP
Khotanlou . size, margin of page, line space, word 76% accuracy
handwritten neural network
2016 space
Sen And 75 Word spacing, page margin, baseline, size  Image processing o
Shah 2017 handwriting letter 7, slant techniques 95% accuracy
g::l:/irllescu 128 Baseline, connecting strokes, word slant, 84.4% intra
L. . writing pressure, letter ‘t’, letter ‘f’, Space  Neural Network subject, 80.5%
Vizireanu handwriting - . .
between the lines inter subject.
2018
. %82.5-100
Fatimah Et 128 rSrF;rCei:1)e;r/ri?:al::ziigdfmirgsézligﬁe, Structured approach, structured
Al12019 handwriting 5 e e P CNN approach, %98
letters (‘a’, ‘g, ‘s’, 't)
CNN
Chitlangia 50
And Malathi " Histogram of oriented gradient (HOG) Support Vector Machine 80% accuracy
handwriting
2019
Saraswal Letter size, word spacing, slant of words,
EMNIST .
And.Saxena pen pressure, baseline, space between KNN 89% accuracy
dataset
2022 words and letter
Alamsyah CEDAR No feature extraction. A ready dataset is o
2022 dataset used. CNN 80.88% accuracy
Page margins, general layout, pen o
Our Study 70 " pressure, slant, space between words Random Forest 90% average
handwriting accuracy

and lines
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ABSTRACT

Keywords: Wear, PLA, tough PLA, This study investigated the wear properties of two commonly utilized polymer materials,
fused deposition modeling, 3D- PLA (Poly Lactic Acid) and Tough PLA, in additive manufacturing applications. The samples
printing were produced with a 100% infill rate on a 3D printer using Fused Deposition Modeling.

Hardness measurements and abrasive wear tests were conducted to analyze the wear

o
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amuika e Iriversity, characteristics of the samples. The comparison involved parameters such as volume loss,

Faculty of Technology,

Dept. of Metallurgical coefficient of friction, and specific wear rate. Additionally, surface roughness measurements
and Materials Engineering were performed to assess the quality of the worn surfaces. Wear maps were constructed to
20160 - Denizli, Tirkiye obtain information about the wear mechanisms, and scanning electron microscopy and
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e mail: etan@pau.edutr energy-dispersive X-ray spectroscopy were used to describe the worn surfaces. The results

demonstrated that Tough PLA exhibited superior wear resistance compared to PLA. The
*Corresponding author: highest volume loss of 3.75 mm3 was observed in the PLA-5 m/s sample under a 15 N load,
etan@pau.edu.tr whereas the lowest of 0.55 mm3 was in the Tough PLA-1.5 m/s sample under a 5 N load.
Depending on the applied load and sliding distances, fatigue, micro-fracture, and micro-
cutting mechanisms were identified as contributing factors to the wear process.
Furthermore, it was observed that higher applied loads resulted in a significant increase in

surface roughness values.

Eriyik Yigma Modellemeye Dayali 3B Baskili PLA
ve Tok PLA Malzemelerinin Asinma Ozelliklerinin
Deneysel Olarak Degerlendirilmesi

0Z

Bu calisma, eklemeli imalat uygulamalarinda yaygin olarak kullanilan iki polimer

malzemenin, PLA (Poli Laktik Asit) ve Tough PLA'nin asinma &zelliklerini arastirmistir.

Numuneler, Eriyik Yigma Modelleme kullanilarak bir 3D yazicida %100 doluluk oraniyla

iretildi. Numunelerin asinma 6zelliklerini analiz etmek icin sertlik dlgimleri ve asindirma

asinma testleri yapilmistir. Karsilastirma, hacim kayby, siirtiinme katsayisi ve 6zgiil asinma

orani gibi parametreleri iceriyordu. Ayrica asinmis ytizeylerin kalitesini degerlendirmek

icin ylizey ptrizliliik dlgiimleri yapilmistir. Asinma mekanizmalar1 hakkinda bilgi elde

etmek i¢in asinma haritalar1 olusturuldu ve asinmis ytiizeyleri tanimlamak i¢in taramali

elektron mikroskobu ve enerji dagitict X-1s1m1 spektroskopisi kullanildi. Sonuglar, Tough

PLA'nin PLA'ya kiyasla iistlin asinma direnci sergiledigini gosterdi. En yiiksek hacim kaybi

3,75 mm3 ile PLA-5 m/s 6rneginde 15 N yiik altinda gozlenirken, en diisiik hacim kayb1 0,55

mm3 ile Tough PLA-1,5 m/s drneginde 5 N yiik altinda gézlendi. Uygulanan ytike ve kayma

Anahtar Kelimeler: Asinma, mesafelerine bagh olarak yorulma, mikro kirilma ve mikro kesme mekanizmalar1 asinma
PLA, Tok PLA, Eriyik yigma siirecine katkida bulunan faktorler olarak belirlenmistir. Ayrica, uygulanan daha yiiksek

Modelleme, 3B baski yiiklerin yiizey piirtizlilik degerlerinde 6nemli bir artisa neden oldugu gézlenmistir.
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1. Introduction

Additive Manufacturing (AM) has emerged as an adaptable technology, facilitating the creation of
intricate components with remarkable accuracy and efficiency. The research dedicated to AM
technologies has witnessed a substantial growth in recent years. This technology allows for the
successful creation of target prototypes from CAD model information and facilitates the production of
small-scale components for system modification, repair, and maintenance [1, 2]. AM technology finds
extensive applications across various fields, including manufacturing, engineering, aviation, space, and
medicine, due to its exceptional 3D-printing capabilities. AM presents a broad spectrum of processes
that harness the capabilities of polymers, ceramics, metals, alloys, and composites. This versatility
allows for the development of various types of products and components, catering to diverse industry
needs and requirements [3-5]. Among these processes, Fused Deposition Modeling (FDM) stands out
for its ability to efficiently and cost-effectively produce high-precision layered structures using
polymeric engineering materials [6]. FDM excels in delivering fast production rates while maintaining
high dimensional accuracy within narrow tolerances [7]. Despite these advantageous features, the
layered production in FDM can introduce different surface roughnesses that may pose challenges to
the strength characteristics and ergonomics of the produced parts. In addition to traditional materials
like ABS and PLA, FDM technology also accommodates polymer-based materials such as PETG, PEKK,
PEI, PPSU, and PC, which offer high strength and thermal resistance [8].

PLA is widely utilized in various industries due to its exceptional strength properties, good surface
quality, high printing speeds, and cost-effectiveness. Furthermore, its biocompatibility and
biodegradability have propelled it to the forefront as the preferred thermoplastic in sectors ranging
from food and cosmetics to biomedical applications [9-11]. However, PLA filaments used in FDM
technology have certain drawbacks, primarily brittleness, which negatively impacts wear resistance,
fracture toughness, and impact resistance. To address these limitations, the development of Tough PLA
with enhanced toughness properties has gained attention in recent years. Tough PLA offers unique
material characteristics, including improved toughness and enhanced impact resistance, which are
crucial for enhancing engineering applications [12]. Compared to standard PLA filaments, Tough PLA
filaments exhibit up to three times higher energy dissipation capacity. In addition, the exceptional
flexibility of Tough PLA allows it to withstand high levels of friction and impact, making it highly
appropriate for an array of engineering purposes. [13-15].

The wear behavior of PLA and Tough PLA produced using FDM technology has received limited
research attention. Karabeyoglu et al. [16] conducted a study investigating the wear behavior of PLA-
copper composites. The study revealed that at low temperatures, the wear mechanism was primarily
attributed to the abrasive effect caused by copper particles detaching from the surface. Conversely,
adhesive wear properties were observed at high temperatures. istif [17] examined the dry sliding wear
behavior of FDM-produced PLA parts. Two different manufacturing directions were selected for PLA
samples. The study found that vertically oriented pins experienced significantly higher weight loss
compared to horizontally oriented ones, highlighting the significant influence of layer direction on the
wear mechanism. Yilmaz [18] examined the adhesive wear behaviours of 3D-printed PETG, ABS, and
PLA materials. It was determined that PLA exhibited the lowest wear performance among all the tested
materials, while PETG demonstrated the highest resistance to adhesive wear. Sevil et al. [19]
investigated three alternative powder and epoxy based coating techniques to develop the wear
resistance of 3D-printed PLA items against surface scratches. Erosive wear tests were performed on
the coated samples, revealing that the PLA part coated with aluminum oxide powder exhibited the
highest erosion rate, while the garnet-coated PLA specimen demonstrated the lowest erosion rate. In a
study by Rajesh et al. [20], the dry sliding abrasive wear behavior of PLA and ABS samples produced
using FDM was compared. ABS exhibited a higher wear rate and friction force compared to PLA.

In this study, wear samples were fabricated using commercially available PLA and Tough PLA filaments
through the FDM 3D-printing method. Abrasive wear tests were conducted on the produced samples,
varying the loads, sliding velocities, and sliding distances. The wear behavior of the samples was
assessed by analysing parameters such as coefficient of friction, volume loss, and specific wear rate.
Surface roughness assessments were utilized to assess the current condition of the worn surfaces.
Additionally, SEM and EDS investigations were used to characterize the worn surfaces. Unlike the
existing literature studies, in this study, a wear mechanisms map was created to contribute to the
optimization of the wear behavior of PLA and to help determine the appropriate wear conditions.
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2. Experimental Procedure

For this study, two filament materials, namely PLA and Tough PLA, were obtained from Porima
Polymer Technologies Inc. located in Turkey. Table 1 shows the manufacturing specifications of the
filaments as reported by the company. Furthermore, Table 2 describes the physical, thermal, and
mechanical features of the filaments.

Table 1. Production parameters of the filaments

) Processing Platform
Materials Colors Diameter Temperature Temperature
(mm)
Q) (0
PLA Brown
1.75 200-230 60-75
Tough PLA Black

Table 2. The physical, thermal, and mechanical features of the filaments

Features PLA Tough PLA
Heat Bending Temperature (°C) 55 58
Glass Transition Temperature (°C) 55-60 55-65
Density (g/cm3) 1.23 1.22
Melt Flow Index (g/10min) 17.3 17.3
Tensile Strength (MPa) 56 50
Young Modulus (MPa) 2850 2400
Elongation at Break (%) 7 50
Notch Impact Energy (k]J/m?2) 14.2 36

Wear samples of PLA and Tough PLA were fabricated using the FDM method on the Ender 3 Pro 3D
printer, with dimensions of #10x20 mm. Figure 1 provides a schematic image of the production
process, along with a photograph of the printer used. Detailed information regarding the FDM
parameters for 3D printing can be found in Table 3.

Filament
(PLA and —»
Tough PLA)

Filament ~ I

Spool ’ ( A
| Q Filament Extruder

Temperature
Controlled Heater

<4— Nozzle

<4—— Sample

<— Platform
l Moving
Bed

Figure 1. Production process of samples via 3D-printer

Table 3. The physical, thermal, and mechanical features of the filaments

Parameters PLA Tough PLA
Platform Temperature (°C) 60 65
Nozzle Temperature (°C) 215 225
Nozzle Diameter (mm) 0.4 0.4
Layer Thickness (mm) 0.20 0.20
Infill Rate (%) 100 100
Print Speed (mm/s) 75 60
Raster angle (°) +45/-45 +45/-45
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Several factors impact the quality of objects created using 3D printing technology, including the
cohesiveness among printed layers. Control over the platform temperature is crucial for ensuring
optimal part quality. In this study, to avoid distortion and potential thermal stresses, The PLA platform
temperature has been fixed at 60 °C and the Tough PLA platform at 65 °C. Notably, the nozzle
temperature for Tough PLA was higher than PLA due to its lower viscosity, which increases the risk of
clogging during extrusion through the nozzle [21, 22]. Furthermore, Gurrala et al. [23] and Singh et al.
[24] have highlighted the significance of the raster angle in reducing damage caused by adhesions
between interlayers during the 3D-printing process. Thus, a raster angle of 45°/-45° was selected for
this study. The ambient room temperature during printing was maintained between 20 and 25 °C, with
a relative humidity of approximately 50%. After completion of the printing process, the 3D-printed
samples were stored under laboratory conditions for 96 hours to comply with the ASTM D618
standard. To account for variations in dimensional tolerances resulting from different parameter
settings in the 3D printing process, measurements were taken from five different points in the diameter
and height regions of each sample using a digital caliper. The dimensional accuracy was determined to
be at least 99%.

Hardness measurements were evaluated using the Shore D method, following the ASTM 2240-15
standard guidelines. A Durotronic 1000 Model Shore D-type durometer was used for hardness
measurements. Five different measurements were averaged across the diameter sections of the wear
samples to ensure consistent hardness values on the sample surfaces.

The abrasive wear tests were conducted following the ASTM G99 standard, employing the pin-on-disc
method. The samples were securely fixed onto the Turkyus PODWT tribometer, as depicted in Figure
2, and subjected to an abrasion test utilizing 800-grit sandpaper.

Applied
Load \

PLA and
Tough PLA
Sample

Data Acquisition Software
for Wear, Frictional Force
and CoF

|

Steel Disc and
Abrasive Paper

Parameter
Setting
Panels

Figure 2. Pin on disc tribometer used in wear tests

The dry sliding wear tests were performed under varying conditions, including 5, 10, and 15 N loads,
sliding velocities of 1.5, 3, and 5 m/s, and sliding distances of 100, 200, and 300 m. The friction forces
were measured during the wear testing using the Esit Data Logger software, which has been
incorporated into the pin-on-disc apparatus. These measurements enabled the determination of the
coefficient of friction, volume loss, and specific wear rate. The coefficient of friction (CoF) was
calculated using Equation 1, the volume loss (V, mm3) was evaluated using Equation 2, and the specific
wear rate (SWR, mm3.N-1.m1) was calculated using Equation 3. The obtained wear test results were
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then subjected to further analysis.
CoF = F/P M

; F is the friction force (N) and P is the applied normal load (N).

V.=m/p

(2)
; m is the mass loss (g) and p is the density (g/cm3).
SWR = V/P.L (3)

; L is the total sliding distance (m) [25].

Surface roughness data were investigated using the Hardway 462 roughness tester to evaluate the
condition of the worn surfaces after the wear tests. The wear mechanisms were determined by creating
a wear map depending on the volume loss. This map provided valuable information about the specific
wear mechanisms that emerged during testing. Characterization analyses were performed using a
Zeiss Supra 40VP high-resolution SEM to correlate worn surface morphologies with wear mechanisms.

Furthermore, EDS analyses were conducted to examine the elemental content distributions within the
worn surfaces. These analyses yielded valuable information regarding the presence and distribution of
various elements on the surfaces that underwent wear.

3. Results and Discussion
3.1. Hardness

A comparison of hardness values between the PLA and Tough PLA samples is illustrated in Figure 3.
The PLA sample displayed the highest hardness, measuring 83.6 Shore D with a mean standard
deviation of 1.45. Conversely, the Tough PLA sample exhibited the lowest hardness, measuring 79.3
Shore D with an average standard deviation of 0.95. These findings are consistent with previous
literature data [13, 15]. Notably, the difference in hardness was not significantly influenced by the layer
thickness [1]. However, Tough PLA demonstrated improved layer adhesion, toughness, and surface
quality compared to PLA. These favorable properties also contribute to the stability of the measured
hardness results [26]. It is worth mentioning that any defects present in the 3D-printed parts, such as
openings, cracks, voids, or air gaps, can affect the mean and standard deviation data [27]. The
interactions between molecules formed between the additive and the PLA matrix have a direct impact
on the hardness of PLA. Hardness rises when the additive is homogenous diffused and distributed
throughout the matrix, showing stronger intermolecular interactions. Furthermore, proper filler
distribution improves load transmission between layers. Inadequate dispersion of the additive, on the
other hand, might result in infill agglomeration, which reduces the interactions between molecules
among PLA and the additive [28]. As a result, there is a reduction in hardness.

In conclusion, Tough PLA is formulated with a lower hardness than PLA to optimize its toughness, wear
resistance, and impact strength properties.

3.2. Wear behaviours and mechanisms

The wear behaviors of PLA and Tough PLA were investigated in relation to the applied load and volume
loss. Figure 4 illustrates the direct influence of the applied load on wear resistance, resulting in
increased volume loss. However, it was observed that sliding under high loads can reduce wear, while
low loads tend to exhibit a combination of retention and sliding mechanisms [29].
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Figure 3. Hardness comparison of FDM 3D-printed wear samples
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Figure 5. SWR of: a) PLA-1.5 m/s b) Tough PLA-1.5 m/s, c) PLA-3 m/s d) Tough PLA-3 m/s e) PLA-5 m/s f) Tough PLA-5 m/s
by distance and load

Conversely, altering the applied normal load leads to a higher SWR value. As previously mentioned,
raising the normal load magnifies the kinetic energy engaged in the friction process, which in turn
causes the material layers from the polymeric sample to be transferred to the abrasive paper. This
phenomenon contributes to a higher rate of wear, as indicated by the elevated SWR value. This transfer
contributes to an escalation in the wear rate. Moreover, the generated heat softens the wear surface,
resulting in increased sliding resistance and consequently raising the SWR value. The SWR was also
assessed for various sliding distances, as depicted in Figure 5. The results suggest that increasing the
sliding distances resulted in a decrease in the SWR for PLA and Tough PLA materials. This reduction in
wear rate can be attributed to two contributing factors. The decrease in wear rate can be attributed to
two factors. Firstly, the surfaces become smoother as the sliding distance increases, resulting in
reduced sliding resistance. Secondly, the transferred layers that form during the initial stages of the
friction process act as an additional body, effectively functioning as lubricating agent between the
surfaces [28, 33]. These combined factors contribute to the decline in the wear rate observed.
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CoF is a widely used property for studying the tribological characteristics of engineering materials.
Figure 6 presents the CoF values obtained from wear tests conducted on PLA and Tough PLA
specimens. The average CoF values range between 0.35 and 0.45. The results indicate a decreasing
trend in the average CoF values as the test loads increase. This trend can be attributed to the change in
wear mechanisms during testing. Under higher test loads, significant plastic deformation occurs in the
initial stages of the wear test. The contact condition in the surface deformation region changes from
SiC (abrasive paper)-polymer with partial adhesion to polymer-polymer contact as the sliding period
proceeds. Localization of deformation and unevenly distributed partial voids can result in fluctuations
in CoF values [2]. The investigation demonstrated that when the normal load is increased, there is a
corresponding rise in the CoF due to the generation of heat during the friction process. The generated
heat can cause the sample to undergo softening, leading to an increase in the contact region between
the surfaces. Chang et al. [34] reported an elevated CoF with rising contact temperature, particularly
under high loads. The examination of the experimental data revealed a notable effect of the printing
factors on the durability, hardness, and surface characteristics of the components. As a result, these
factors directly affect the tribological features displayed by the components. The findings of this
research facilitate the selection of appropriate 3D printing settings based on the desired tribological
properties, such as CoF and SWR, for the respective parts.

1’0 T T T T T T T T
0.0 ——PLA S5m/s Tough PLA 5 m/s
. ——PLA 3 m/s Tough PLA 3 m/s
0.8 ——PLA 1.5 m/s Tough PLA 1.5 m/s| T
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=
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= ]
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8034
ohel
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0.0 T T T T T T T T T T T
0 50 100 150 200 250 300
Sliding Distance (m)

Figure 6. CoF of PLA and Tough PLA by distance

Distinct disparities in the sliding wear characteristics are evident when comparing PLA and Tough PLA
materials. Various aspects pertaining to the properties and workability of PLA could be enhanced.
These drawbacks encompass inadequate impact strength (low absorbed energy), limited elongation at
break (low ductility), low heat deflection temperature (below 60 °C), and challenges in machining
(Iengthy cycle times and crystallization in processes like injection molding). Employing high-
temperature molds becomes necessary to address these concerns [35]. Consequently, PLA exhibits
lower wear resistance [36]. The findings from the wear tests further corroborate this observation.

The analysis of the experimental results revealed a notable influence on the wear behavior, extensively
discussed within the study. The decline in the CoF can be based on to the sleekness of the specimen
surfaces and their interaction with the counter component, specifically noticeable in friction scenarios
involving long-distances [37]. Dass et al. [38] proposed that when polymeric samples are subjected to
prolonged rubbing against steel discs, the resulting frictional heat can induce localized melting of the
polymeric materials. According to their findings, it was observed that the steel disc functions as an
intermediate element between the friction surfaces, while a slim polymeric film plays a role in reducing
the CoF. A similar phenomenon can be observed in this study, where the SiC paper (abrasive paper),
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PLA, and Tough PLA serve as a thin film layer on the sample surface, resulting in a decrease in the CoF.

The volume loss and wear mechanisms map plays an important act in identifying the prevailing
mechanisms during wear conditions, enabling the prediction of their impact on the overall wear
process. This map is widely utilized for assessing wear mechanisms and their consequences. The
increase in sliding distances causes fatigue and micro-fracture mechanisms in wear. In the case of
reduced sliding distances, micro-cutting mechanisms occur. The same applies to wear loads.
Furthermore, it can be observed that the volume loss decreases at low loads and sliding distances, while
itincreases at high loads and sliding distances (Figure 7). This information aids in determining suitable
wear conditions to enhance wear resistance.
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Figure 7. Wear mechanisms map of Tough PLA through volume loss

3.3. Surface roughness analysis

Figure 8 gives the surface roughness results. The data reveals that among the PLA samples, the one
with the lowest wear resistance displayed the highest roughness value of 0.981 um. On the other hand,
the Tough PLA sample, characterized by the highest wear resistance, displayed the lowest roughness
value of 0.412 pm. Particularly, the study observed a significant increase in surface roughness values,
particularly under high applied forces. Selecting a 100% infill rate was found to be effective in
significantly reducing the measured surface roughness values due to the minimized void volume [2].

Surface roughness has a significant impact on tribological characteristics, affecting them in the
following ways: As the surface roughness increases, it reduces the contact area during sliding, leading
to elevated pressure and consequently a higher CoF. Conversely, when surface roughness decreases,
the sliding contact area expands, leading to a lower CoF. This effect becomes particularly evident in
samples with lower loads [29].

When the surface of the test piece exhibits higher roughness, the contact area is diminished, leading to
accelerated wear of the superficial layers and, consequently, an increased wear rate. Conversely, an
expanded sliding region contributes to a reduced wear rate. This phenomenon has been appropriately
described in the tribological investigations conducted on the samples, which included observations of
the surface structure under a 15 N load.

The sliding surface of the test piece exhibits a crust texture characterized by peaks and valleys between
its layers. These peaks and valleys represent surface roughness, contributing to an overall rough
surface. The peaks and valleys of the surface deform during the sliding process, resulting in the building
of a different worn surface.
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3.4. Worn surface characterization

The presence of various wear mechanisms, including wear grooves, micro-cutting, micro-fracture, as
well as fatigue and plastic deformation, is illustrated in Figure 9 through the SEM analysis of the worn
surfaces. These mechanisms are observed in both PLA and Tough PLA samples, with their occurrence
dependent on the sliding distance and wear load parameters. Notably, triangular voids are noticeable
between the layers throughout the entire thickness of the samples. These voids are likely a result of
filament deposition angles between adjacent rasters. SEM image analysis indicated that Tough PLA
materials generally exhibit larger voids compared to standard PLA materials (Figure 9). Localized
grooves, cavities, and severe abrasion marks were also observed. The development of larger voids in
Tough PLA can be caused by a greater amount of plastic deformation as compared with standard PLA,
resulting in layer separations. Furthermore, it was observed that the cavities expanded in size as the
printing speeds were increased. In the case of Tough PLA samples, gaps between the layers (parallel to
the layering direction) were visible. However, it was observed that these gaps closed during production
and contact, with plastic deformation increasing under the applied wear load. This study concluded
that samples produced with Tough PLA demonstrated improved wear resistance compared to those
produced with standard PLA. The higher nozzle temperature also played a role in the superior wear
performance of Tough PLA. The varying heating and cooling rates can explain this phenomenon, as PLA
was printed at an extrusion temperature of 215 °C while at 225 °C in Tough PLA [14, 39]. Considering
the low viscosity of Tough PLA, the increase in extruding temperature resulted in better fluidity and
reduced void volume.
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Figure 9. Wear mechanisms of the worn surfaces: (a, b) PLA-1.5 m/s, (¢, d) PLA-3 m/s, (e, f) PLA-5 m/s, (g, h) Tough PLA-1.5
m/s, (i, j) Tough PLA-3 m/s, (k, 1) Tough PLA-5 m/s (Magnifications are 500xin a, ¢, e, g i, kand 3000x in b, d, f, h, j, 1)
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EDS analysis was performed on the surfaces to gain a particular comment on the effects of wear
conditions on wear processes and behavior. The EDS results showed that the presence of abrasive
particles in both PLA and Tough PLA samples was not caused by abrasive paper but rather to the
formation of polymer-polymer contact areas during the wear test (see Figure 10). SEM-EDS analyses
indicated that the wear performance of these samples can be enhanced by optimizing the printing
parameters and minimizing internal defects. Parameters such as raster direction, print speed, and
nozzle temperature significantly influence the wear resistance of 3D-printed parts. Properly optimizing
the process parameters makes it exists to improve the strength and dimensional accuracy of the
components by decreasing the gaps formed by the deposited layers [14].

cps/eV cps/eV
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Figure 10. EDS analyses of the worn surfaces: a) PLA-5 m/s, b) Tough PLA-5 m/s
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4. Conclusion

The FDM (Fused Deposition Modeling) technique is employed as an efficient and practical means to
produce PLA and Tough PLA samples. This method enables the optimization of wear properties within
tight tolerances. In this research, the wear characteristics of PLA and Tough PLA materials were
thoroughly examined on samples fabricated through 3D printing utilizing the FDM approach. Notably,
this study unveils novel insights into the wear mechanisms exhibited by these materials. As a
conclusion, the main novel findings are presented following:

e Among the samples produced with 100% infill rate, the PLA sample has a Shore D hardness of 83.6,
while the Tough PLA sample has a hardness of 79.3 Shore D.

e Samples produced with Tough PLA showed better wear resistance than those produced with
standard PLA.

¢ The highest volume loss of 3.75 mm3 was observed in the PLA-5 m/s sample under a 15 N load,
whereas the lowest volume loss of 0.55 mm3 was observed in the Tough PLA-1.5 m/s sample under a
5 N load. The results support the toughness effect of Tough PLA, with strong interfacial adhesion and a
large sliding-deformation tendency with more homogeneously dispersed phases than the PLA matrix.

« Average CoF values tend to decrease with increasing wear load. With the increase of the normal load,
the CoF also exhibited an increase.

« In the case of both PLA and Tough PLA samples, increasing the sliding distances reduced the SWR
value. However, an increase in the normal load contributes to a higher SWR.

 Based on the detailed surface roughness measurements, it was found that the PLA-5 m/s sample
exhibited the highest result of 0.981 pm, while the Tough PLA-1.5 m/s sample displayed the lowest
result of 0.412 um. 100% infill rate led to significantly decreased observed surface roughness values.
The surface roughness values increased particularly under high applied forces.

« Analysis of SEM images revealed that, in nearly all samples, Tough PLA materials exhibited larger
gaps compared to standard PLA materials.

« The increase in sliding distances causes fatigue and micro-fracture mechanisms in wear. In the case
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of reduced sliding distances, micro-cutting mechanisms occur. The same applies to wear loads.
Furthermore, it was observed that the volume loss decreases with lower loads and sliding distances,
while it increases with higher loads and sliding distances.
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ABSTRACT

Between MANET nodes as between Wireless Sensor Networks (WSN) nodes, route
information is needed for the data packets sent by the sensor nodes to reach the target node.
Route information is provided using proactive and reactive routing protocols, considering
performance criteria such as efficiency, delay, packet transmission rate, packet drop rate
and energy. In proactive routing protocols, route information is created on a table-based
basis, while in reactive routing protocols, route information is created on a request basis.
Change in speed as a mobility factor affects the performance of routing protocols positively
or negatively. In this study, an experiment was carried out in the NS2 simulation
environment on how AODV and DSR reactive routing protocols and DSDV proactive routing
protocol perform at different selected speeds in efficiency, delay, packet transmission rate
and packet drop rate metrics, and it is aimed to determine which one is the best performer.
It is seen that the speed unit with the highest performance of the AODV protocol is 10 m/s
(36 km/s), while the speed unit with the most performance of the DSDV and DSR protocols
is 5 m/s (18 km/s). In addition, speed points between the selected speeds are also
important in MANET. Due to this importance, performance measurements at 6, 7, 8 and 9
m/sec speeds are also presented with the same simulation parameters to be used future
works, although they are not included in the comparison in the current study.

MANETlerde Hareketliligin AODV, DSR ve DSDV

Protokollerinin Performansina Etkisi

0Z

Kablosuz Sensor Aglardaki (KSA) sensor diigiimlerinde oldugu gibi MANET diigimlerinde
de gonderdikleri veri paketlerinin hedef diiglime ulasabilmesi i¢in rota bilgisine ihtiyag
duyulur. Rota bilgisi verimlilik, gecikme, paket iletim orani, paket diisme orani ve enerji gibi
performans kriterleri g6z oniinde bulundurularak proaktif ve reaktif yonlendirme
protokolleri kullanilarak saglanir. Proaktif yonlendirme protokollerinde rota bilgisi tablo
tabanli olarak olusturulurken reaktif yonlendirme protokollerinde rota bilgisi istek tabanl
olarak olusturulur. Hareketlilik unsuru olarak hizin degismesi, yonlendirme protokollerinin
performansini olumlu veya olumsuz sekilde etkiler. Bu ¢alismada AODV ve DSR reaktif
yonlendirme protokolleri ve DSDV proaktif yonlendirme protokoliiniin verimlilik, gecikme,
paket iletim orani ve paket diisme orani metriklerinde secilen farkli hizlarda nasil
performans gosterdiklerine iliskin NS2 simiilasyon ortaminda ¢alisma gergeklestirilmis ve
en iyi performans gosterenin hangisi oldugunun tespiti amaglanmistir. AODV protokoliiniin
en performanshl oldugu hiz biriminin 10 m/sn (36 km/s) oldugu, DSDV ve DSR
protokollerinin ise en performansh oldugu hiz biriminin 5 m/sn (18 km/s) oldugu
goriilmektedir. Bunun yaninda secilen hizlarin ara hizlar1 da MANET’te 6nemlidir. Bu
oneme istinaden mevcut ¢alismada karsilastirmaya dahil edilmemekle birlikte ilerleyen
calismalarda kullanilmak iizere ayni simiilasyon parametreleri ile 6, 7, 8 ve 9 m/sn
hizlardaki performans dl¢iimleri de sunulmustur.

To cite this article: A. Orman, H. A. Doganay and M. Dener, “The Effect of Mobility in Wireless Sensor
Networks on the Performance of AODV, DSR and DSDV Protocols,” Gazi Journal of Engineering Sciences,
vol.9, no.2, pp. 227-237, 2023. doi:10.30855/gmbd.0705066



1. Glrl$ (Introduction)

Kablosuz sensor aglar (KSA) sensor diigiim adi verilen cihazlarin olusturdugu aglardir. KSA savunma
endiistrisi, saglik servisleri, akilli sehirler, tarim, su alt1 yasaminin takip edilmesi, hava kirliliginin tespit
edilmesi gibi alanlarda ortamdaki ses, 151k, koku, kimyasal degisim ve sicaklik gibi etmenleri sensoér
diigiimler tizerindeki uygun alicilar sayesinde tespit ederek dijital veriye ¢evirirler ve 6nemli verilerin
elde edilmesinde kullanilirlar. Sensor diigiimlerde, kiiciik yapilar1 ve tasidiklar1 hassas veriler goz
Ontline alindiginda yeteri kadar uzun ¢alisabilmeleri ve ilettikleri ya da depoladiklari verinin giivenligini
saglayabilmeleri adina enerji tasarrufu ve verinin giivenligi ve biitiinliigii 6n planda tutulmaktadir.
Literatiirde 6zellikle enerji tiiketimine iliskin olarak algilama, veri isleme ve iletisim olmak tizere li¢
islevsel alanda biiyiik o6lciide katkida bulunulmustur [1]. Bununla birlikte sensér diglimlerin
kullanildiklar1 alandaki elektromanyetik frekanslar, algilama sensorlerinin kapasiteleri, haberlesme
mesafeleri ve fiziksel olarak ele gecirilmeye miisait olmalar1 sensoér diigiimlerin baslica kisitlari
arasindadir.

KSA'da iletisim fiziksel, veri bagi, ag, tasima ve uygulama katmanlar1 iizerinde gergeklestirilir. Bu
uygulama katmanlarina gii¢ yonetim, hareketlilik yonetim ve gorev yonetim modiilleri destek olur. Bu
¢alisma mekanizmasi dahilinde sensor diiglimler birbirleriyle ve baz istasyonu ile haberlesmek i¢in
yonlendirmeye ihtiya¢c duyarlar. Veri giivenliginin saglanmasi, enerji tasarrufunun saglanmasi, servis
kalitesi, glivenilirligin saglanmasi, gecikmenin azaltilmasi ve verimli ¢calisma gereksinimleri i¢in sensor
diigiimlerin gonderdikleri ve aldiklari verinin nereye gidecegi, hangi sensor diiglimler iizerinden
gececegi, kac sensor diigiim gececegi bilgilerini iceren rota bilgilerine ihtiya¢c duyulur. Bu kisitlamalari
¢ozmek ve ihtiyaclar karsilamak icin literatiirde ¢ok sayida yonlendirme protokolii gelistirilmis ve
verinin izleyecegi en uygun rotayr tanimlamak igin cesitli yontemler gelistirilmistir [2]. Ozetle
yonlendirme protokolleri rotanin kesfi ve olusturulmasi gorevlerini yerini getirirler.

Mobil AdHoc Aglarda (MANET) ise KSA’lara gore diigiim sayilar1 daha azdir ve hareketlilik daha
fazladir. Yonlendirme protokollerinin MANET lerde de etkileri 6nemlidir. Bununla birlikte calismada
diigiim hizlar1 ve hareketliligi 6nemli bir nokta oldugu icin hareketliligin daha fazla oldugu MANET
diigiimleri ile calisma gergeklestirilmistir.

MANET’lerde kullanilan yonlendirme protokolleri, karakteristikleri ve isleyislerine gore reaktif,
proaktif ve hibrid olmak iizere ii¢ bashkta incelenmektedir [3]. Kullanilan proaktif ve reaktif
yonlendirme protokollerine 6rnek olarak Adhoc On-demand Distance Vector (AODV), Dynamic
Source Routing (DSR), Optimized Link State Routing (OLSR) ve Destination Sequenced Distance Vector
(DSDV) isimli yonlendirme protokolleri sayilabilir.

1.1. Reaktif Yonlendirme Protokolleri (Reactive Routing Protocols)

Reaktif yonlendirme protokoliinde rota yollari, yalnizca ag ortamindaki bir diiglimden bagka bir
diigiime paketleri iletmek icin bir ihtiyac oldugunda kurulur [4]. Rota ihtiyaci oldugu durumlarda
yonlendirme protokolii devreye girdigi i¢cin bu protokol istek glidiimli yonlendirme protokolii olarak
bilinmektedir. Reaktif ydonlendirme protokoliinde rotanin tespit edilmesi siirecinde bir kaynak diigiim
rotasim bilmedigi hedef diigiime ulasmasi icin bir Rota istegi (RREQ) olusturur ve génderir. RREQ
paketi, kaynagin IP adresini, hedefin IP adresini, kaynak ve hedef sira numarasiny, istege iliskin kimligi
ve hop (atlama) sayisin1 barindirir. Hedef diigiim, 6nceki RREQ paketlerindeki ayni kaynak adrese ve
istek kimligi alanlarina sahip bir rota istegi alirsa, paketi reddeder. Yonlendirme tablosunda bu adres
mevcutsa, tablodaki hedef sira numarasi, yonlendirme tablosundaki hedef ile karsilastirilir ve hedefe
bu yoldan ulasamazsa, hedef sira numarasini artirarak bir rota talebi gonderir. Hedef sira numarasi
boylece rota tazeligini saglamis olur. Rota takibinde aktif bir rotada baglanti kopmasi olustugunda ve
diigiimler tarafindan tespit edildiginde hedef diigiim kaynak diigiime bir Rota Hatas1 (RERR) mesaji
gondererek bu baglanti kopmasini bildirir. Kaynak diigiim devam eden bir veri génderimi siirecinde
ise rota tespit islemini yeniden baslatir.

AODV ve DSR isimli yonlendirme protokolleri reaktif yonlendirme protokolii kapsamindadir [5].
1.2. Proaktif Yonlendirme Protokolleri (Proactive Routing Protocols)

Proaktif protokol kullanilan MANET te bir diigiim, agdaki tiim hedeflere giden rotalar stirekli olarak
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korur, boylece protokolii rastgele ve diizensiz trafik hareketine uygun hale getirir. Rotalarin korunmasi
bu protokoliin tablo tabanli rota tutmasindan kaynaklanir. Bu tablolarin olusturulmasi her diigiimiin
yakin komsularini sik sik sorgulayarak giincel bir rota tablo olusturulmasi seklinde cereyan eder. Bu
nedenle tablo giidiimli olarak tanimlanan [6] proaktif yonlendirme protokolii, kaynak ve hedef
diigiimlerin zaman icinde degistigi trafik iireten, alt kiimeleri bulunan biiyiik ve yogun aglar i¢in
onerilmektedir.

OSLR ve DSDV isimli yonlendirme protokolleri proaktif yonlendirme protokolt kapsamindadir [7].

KSA’da oldugu gibi MANET diigiim hareketliligi ve hizlar1 enerji, verimlilik, servis kalitesi, paket iletim
oranlari, gecikme oranlari ve ag tutarlilifi agisindan énemlidir. Literatiirdeki bir¢ok ¢alismada [8],[9],
[10] bu metrikler KSA tizerindeki model ve deneylere dahil edilmektedir. Ayni metrikler bu ¢alismada
kullanilan MANET simiilasyonunda baz alinmistir. Proaktif yonlendirme protokolii olan DSDV ve
reaktif yonlendirme protokolleri olan DSR ve AODV yonlendirme protokollerinin, MANET diiglimleri
sabit haldeyken ve farkli sabit hizlardayken ortaya koyduklar1 performanslar Verimlilik, Paket Iletim
Orami (Pi0), Gecikme ve Paket Diisme Oranlari (PDO) metriklerinde karsilastirilmistir.

Calismanin, MANET kullanilan ortam ve sistemlerde verimlilik, gecikme, paket iletim orani ve paket
diisme orani metriklerinde performans ihtiyacina gore diigltimlerin optimal hizini belirlemek agisindan
literatiire ve uygulamaya katki saglayacagi degerlendirilmektedir. Bu baglamda devam eden
boliimlerde ikinci bodliimde konu ile alakali olarak literatiir taramasi yapilmis ve c¢alismanin
literatlirden farki ortaya konmus, tligiincii béliimde AODV, DSDV ve DSR yonlendirme protokollerinin
anilan metriklerde performanslari NS2 simitilasyon ortaminda 6l¢iilmiis ve karsilastirilmis, dordiinci
boliimde ise ¢alismanin sonuclar1 vurgulanmistir.

2. Ilgili Calismalar (related works)

Bozkurt Incelenen bir calismada [11] siklikla kullanilan AODV, DSR ve DSDV protokollerinin gercek
diinya, otoban ve Manhattan 1zgaras1 seklinde olusturulan ii¢ trafik ortamindaki detayh
degerlendirmeleri Ara¢ AdHoc Ag (VANET) odakl olarak ¢alisilmistir. Arastirmacilar ¢alismalarin
OMNET++ ve SUMO simiilasyon ortaminda 50, 150, 250, 350 ve 450 diigiim ve UDP iletisimi kullanarak
gerceklestirmislerdir. Arastirmacilarin kullandiklar trafik ortamlarinda araglarin degisen hizlarda
hareket ettikleri varsayillmis ancak c¢alisma sonuglart yogunluk metrigi kiyaslanarak
gerceklestirilmistir. Calisma sonuclarina gore gercek diinya uygulamasinda DSR’in diger iki
protokolden daha iyi performans gosterdigi, otoban simiilasyonunda yogunluk diisiikken DSR’in
digerlerinden daha iyi performans gosterdigi bununla birlikte yogunluk artinda AODV ve DSR’in
DSDV’den daha yeterli oldugu ancak DSDV’'nin daha fazla yogunlukta verimlilik agisindan oldukga iyi
performans gosterdigi ortaya konmustur. Arastirmacilar tarafindan Manhattan Izgarasinda ise DSR'1n
genel itibari ile verimlilik agisindan iyi performans gosterdigi ancak 250 yogunluk noktasindan sonra
AODV’nin daha performansh oldugu belirtilmistir.

Bir diger calismada [12] arastirmacilar siklikla kullanildiklarini belirttikleri AODV, DSDV, DSR,
DYnamic MANET On-demand (DYMO), Fish-eye Scope Routing (FSR) ve OLSR yonlendirme
protokollerinin verimliliklerini Kablosuz Cokhoplu Aglarda (WMN) sel stratejileri agilarindan
karsilastirmiglardir. Simiilasyonlar NS-2 ortaminda Constant Bit Rate (CBR) trafigi, 512 byte paket
boyutu rasgele yol noktasi hareketlilik modeli ve 1000x1000 metre alanda gergeklestirmislerdir.
Hareketlilik modelinde 15 ve 30 metre/saniye hizlar iceren senaryolar kullanmislardir. DSR
protokoliinde yliksek hareketlilikteki yanlis rota énbelleklemelerinin (RCing) giiriiltiilii ve hatali rota
bilgisi olusturdugunu ve gecikmeyi artirdigini tespit etmislerdir. Yerel A§ Onariminin (LLR) rotanin
yeniden kesfedilme sansini azalttifindan dolayr AODV'yi diger reaktif protokollere kiyasla ytiksek
hareketlilik hizina daha uyumlu hale getirdigini belirtmislerdir. DSDV’nin diger proaktif protokollere
kiyasla yiiksek hareketlilikte verimliliginin daha fazla oldugu vurgulanmistir. Yiiksek hareketlilik
senaryolarinda OLSR'nin disiik yakinsama orani nedeniyle verimde kademeli bir diisis
gozlemlendigini belirtmislerdir.

MANET lerde muhtemel konumlar1 komsuluk ¢ercevesinde hibrid bir modelle tahmin etmeye dayal
gerceklestirdikleri calismalarinda [13] arastirmacilar tahmini olasilikli konumlara dayanan ¢oklu yollu
protokol oOnermisler (HM-MPR) ve AODV protokoliinii ¢esitli acillardan degerlendirmislerdir.
Simiilasyonlarin1 NS2 ortaminda 5-20 metre/saniye hiz, 100-300 aras1 diigiim, 1000x1000 metre alan
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ve 30 dakika simiilasyon siiresi kullanarak gerceklestirmislerdir. AODV protokoliinde tahmini hiz
kullanilarak RREQ ve RREP yonlendirmesine karar verilmesinin ¢ok iyi ayarlandig1 ve Bayesian hiz
tahmini kullanilarak AODV'de paket teslim orani %46 oraninda iyilestirildigini belirtmislerdir.
Sunduklar1 modelin degisken hareketlilikte farkli hizlarda c¢esitli metriklerde performans
degerlendirmelerini yapmislar ve baska bir ¢alima ile sadece daha iyi performans gosterdigi yoniinden
karsilastirmiglardir. Karsilastirmada detaylandirmadiklar1 simiilasyon sonuglarina gére sunduklar:
modelin 5 m/s hizda % 93, 10 m/sn hizda %87, 15 m/sn hizda % 81 ve 20 m/sn hizda % 85 paket
gecikme oranina sahip oldugu, 5 m/sn hizda 21 ms, 10 m/sn hizda 24 ms, 15 m/sn hizda 27 ms ve 20
m/sn hizda 29 ms gecikme goriildigi vurgulanmistir.

incelenen bir diger calismada [14] arastirmaci hareketliligin yiiksek oldugunu belirttigi Ucan AdHoca
Aglarda (FANET) link kurulumundaki sorunlar1 azaltan hibrit bir optimizasyon modeli olarak dinamik
ve statik ortamlara uygun bir yonlendirme stratejisi 6nermistir. Modelini NS2 simiilasyon ortaminda,
OLSR ve DSR protokolleri kullanarak, 1000x1000 metre alanda, 15 diigiim ile, 512 byte paket boyutu
ve CBR trafik modeli kullanarak, 5, 10, 15, 20, 25, 30 ve 35 m/sn digiim hizlan belirleyerek
gerceklestirmis ve sonuglar1i AODV ve DSDV protokolleri ile karsilastirmistir. Arastirmaci ortaya
koydugu hibrid modelin AODV ve DSDV protokollerine oranla daha ¢ok performans gosterdigini
belirtmekle beraber bu calisma agisindan simiilasyon sonuglar1 degerlendirildiginde sabit digiim
kullanmadigi, kendi modeli, AODV ve DSDV protokollerinin en yiiksek verimliligi 5 m/sn hizda
gosterdigi, en yiiksek paket iletim oraninin yine 5 m/sn hizda gerceklestigi ve gecikmenin en diisiik 5
m/sn hizda oldugu gézlemlenmistir. Bu 6zellik incelenen calismada vurgulanmamakla beraber kendi
calismamizda degerlendirilmek iizere incelenmistir.

Bag hatas1 zamaninin tahmini iizerine gergeklestirilen bir ¢calismada [15] arastirmacilar modellerini
(LSQPR-LFE) NS 2.35 simiilasyon ortaminda 1000 saniye simiilasyon siiresi, 2000x2000 metre alan, 4,
8, 12, 16 ve 20 m/sn hiz, 512 byte paket boyutu, CBR trafik modeli ve AODV protokolii kullanarak
gerceklestirmislerdir. Arastirmacilar sabit diigiim kullanmamakla birlikte bag hata sayisinin
hareketlilik arttikca arttigini ve bu sayinin en diisiik oldugu hizin 4 m/sn oldugunu simiilasyon
sonuclarinda géstermislerdir.

incelenen bir diger calismada [16] arastirmacilar VANET’lerde blackhole saldirisina karsi AODV
protokoliiniin direncinin artirilmasi icin bir model 6nermislerdir. Diigiimlerin yliksek hareketliligi
nedeniyle, VANET te verimli veri iletiminin yiiriitiilmesi icin uygun iletisim protokoliine ihtiya¢ oldugu
belirtilmistir. Simiilasyonlarinda belirledikleri senaryolarda 10 ve 20 diigltim i¢in 20, 40, 60 ve 90
kilometre / saat hizlar1 belirlemislerdir. Hiz bazinda bir performans degerlendirmesi yapilmamis
ancak senaryolara gore DSR ve AODV karsilastirildiginda farkli zamanlarda paket diismesi, ¢carpisma
ve verimlilik metriklerinde birbirlerine iistiinliik sagladiklar belirtilmistir.

Cok durakli bluetooth aglari lizerine gerceklestirilen ¢ok genis kapsaml bir ¢alismada [17] yiiksek
diigiim hareketliliginin, agdaki tiim diigiimleri etkiledigi ve glic kaynaklarini tiiketen sik rota kesif
sturecleri meydana gelmesine yol actigi vurgulanmistir. Calismada ayrica reaktif yonlendirme
protokollerinin 6zellikle biiytlik ve yiiksek hareketin bulundugu aglarda rota kesif gecikmesinin ¢ok
yiiksek olma egiliminde oldugunu belirtmislerdir.

incelenen bagska bir calismada [18] hava omurga ag1 icin spiral hat (SLMM) tabanl yeni bir hareketlilik
modeli ¢alismislardir. Calismada insansiz hava araglarinin genellikle 25 m/sn hizin altinda hareket
ettikleri belirtilmis ve simiilasyon calismalarinda 10 m/sn hiz kullanmislardir. Calisma sonuglarina
gore hava omurga aginin, SLMM altinda daha ytiksek verime, daha diisiik uctan uca gecikmeye ve daha
diisiik paket kayip oranina sahip oldugu, bununla birlikte daha iyi bir DSR’in bariz faydalar
saglamayacagi ve SLMM altinda bir miktar yonlendirme ytkii getirebilecegi ve bu nedenle, AODV
protokoliiniin SLMM altindaki hava omurga agi icin en iyi yonlendirme protokolii olacag tespiti ortaya
konmustur.

Calismada [19] arastirmacilar bélge tabanli bir yol bulma mekanizmasi (ZRDM) ve bir bag hatasi
tahmin mekanizmasi (LFPM) olmak tizere iki mekanizma 6nererek MANET lerde istege bagh kaynak
yonlendirme protokollerinin gelistirilmesini hedeflemislerdir. 0’dan 5 m/sn hiza ve ve 5’ten 35 m/sn
hiza ¢ikan diigiimler kullandiklar1 simiilasyonlarin deneysel sonuclarinin énerilen mekanizmalarin
DSR protokolii, glivenilir DSR, bélge tabanli DSR ve segment tabanli DSR gibi iyi bilinen
mekanizmalardan daha iyi performans gosterdigini vurgulamislardir. Ugtan uca gecikme oraninda DSR
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en iyi performansi 5 m/sn hizda, énerilen model ise 10 m/sn hizda géstermistir. Normallestirilmis
yonlendirme yiikiinde her iki modelin de 5 m/sn hizda en iyi performansi verdigi belirtilmistir.

Arastirmacilar bir diger calismada [20] ana FANET yonlendirme protokollerini hayati parametrelere
dayali olarak 6nemli kisitlamalar1 dikkate alarak karsilastirmislardir. Calismaya gore diigiim hizlar
KSA’'da 0-6 km/saat, VANET lerde 20-130 km/saat, Robotik Kablosuz Mobil AdHoc Aglarda (RANET)
0-20 km/saat, Sensor/Akiiator Aglarda (SANET) 20-130 km/saat ve FANET’lerde 6-430 km/saat
olarak belirtilmistir. insansin hava araclarinin 0-100 km/saat arasi degisen diigiim hizlarindan dolay1
iletisim problemlerinin yasandig1 vurgulanmistir. Calismada ayrica kiime basi seciminde hiz bilgisinin
kullanildig1 modellerin de bulundugu belirtilmistir.

Bu c¢alismada literatiirden farkli olarak DSDV, DSR ve AODV protokollerinin yapilan simiilasyonda
kullanilan hiz kategorileri arasinda en performansh oldugu hiz tespit edilmeye ¢alisiimistir. Gozlendigi
lizere literatiirde ii¢ yonlendirme protokoliiniin de hangi optimal hizda en yliksek performansi verdigi
calismasina rastlanmamistir. Calismanin, en yiliksek performansin alindigi optimal hizin tespiti icin
gerceklestirilecek olan sonraki calismalara temel olusturmasi hedeflenmektedir.

3. Performans Analizi (Performance Analysis)

MANETte sensor diigiimlerin hareketsiz halleri (fixed) ve farkli sabit hizlardaki hareketleri esnasinda
AODV, DSR ve DSDV yénlendirme protokollerinin performans karsilastirmasi Verimlilik, Paket {letim
Orami (Pi0), Paket Diisme Oranlar1 (PDO) ve Gecikme metrikleri dikkate alinarak gerceklestirilmistir.
Performans analizi icin Ubuntu isletim sistemi {izerinde ¢alistirilan NS2 v2.35 simiilasyon ortami
kullanilmistir.

3.1. Simiilasyon parametreleri (Simulation parameters)

Simiilasyonda 20 diigiim olusturulmus ve diigiimler arasinda Constant Bit Rate uygulamasi ile UDP
iletisimi geceklestirilmistir. Agdaki paket boyutlar1 512 byte olarak belirlenmistir. Simiilasyon alani
x=500 ve y=500 olarak tanimlanmis ve her bir simiilasyon olay1 icin 300 saniye simiilasyon siiresi
belirlenmistir. Her simiilasyon olay1 belirlenen farkli hizlarda AODV, DSR ve DSDV protokolleri
kullanilarak gergeklestirilmistir. Diigim hizlar1 her bir simiilasyon olayi i¢in sirasiyla 0, 5, 10, 15, 20 ve
25 m/sn olarak tanimlanmistir. MAC protokolii olarak IEEE 802.11 kullanilmistir. Sayilan simiilasyon
parametreleri, diger parametreler ve diiglim ayarlari ile birlikte Tablo 1 olarak sunulmustur.

Tablo 1. Simiilasyon parametreleri (Simulation parameters)

# Parametre Deger

1 Simiilasyon Ortami NS-2v 2.35

2 Yonlendirme Protokolii AODV, DSR, DSDV

3 Diigiim Sayisi 20

4 Diigiim Hiz1 (metre/saniye) 0 (fixed), 5, 10, 15, 20, 25
5 MAC Protokolil IEEE 802.11

6 fletisim CBR, UDP

7 Paket Boyutu (byte) CBR 1000, UDP 1500
8 Simiilasyon Stiresi (saniye) 300

9 Alan (x*y) 500*500

10 Kanal Kablosuz

11 Phy KablosuzPhy

12 Anten OmniAnten

13 txPower 0,09

14 rxPower 0,07

15 idlePower 0,01

16 sleepPower 0,0001

17 transitionPower 0,02

18 transitionTime 0,0005

Koordinatlar setdest komutu ile otomatik ve 6n tanimh olarak rastgele noktalara hareket edecek
sekilde belirlenmistir. Diglimler her hiz bareminde ayni olacak sekilde kendilerine tanimlanmis olan
ayn1 baslangi¢ koordinatindan harekete baslamakta ve zaman icerisinde rastgele koordinatlara
ugrayarak yine tanimlanmis kendi son koordinatlari yoniine hareket etmektedir. Diigiim yonleri bu
dogrultuda mob ve tcl dosyalari icerisinde tanimlanmistir.
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3.2. Performans metrikleri (Performance metrics)

Simiilasyon performans Verimlilik, Paket iletim Oram (Pi0), Paket Diisme Oranlar1 (PDO) ve Gecikme
metrikleri kullanilarak 6l¢tilmiistiir.

Verimlilik birim zamanda iletilen ortalama bit sayisi anlamina gelmektedir. Bir agin verimliligi
paketlerin kaynaktan hedef diigiime aktarilma hiziyla él¢iiliir. Agda tikaniklik oldugunda, paket kaybi
ve ag tikaniklig1 meydana gelir ve verimlilik bu durumdan olumsuz etkilenir. Calismadaki verimlilik
Esitlik.1’deki denklem ile Kbps cinsinden dlgilmiistiir.

. i1s iletilen Byte Sayisix8
Verimlilik = — Y - 4 (D)
Simiilasyon Siiresix1000

Paket iletim Orani (Pi0), hedef diigiimde alinan toplam veri paketi sayisinin, kaynak diigiimden
gonderilen toplam veri paketi sayisina oramdir. PiO yiizde olarak hesaplanir. Sonuclar bu ¢alismada
farkli yonlendirme protokollerinin farkli diigtim hizlarinda kullanilmasi1 dogrultusunda degisiklik
gostermektedir. PIO Esitlik.2’deki denklem ile dl¢iilmiistiir.

: Alinan Paket Sayist
P10 = Gonderilen Paket Sayisix100 (2)
Paket Diisme Oranlar1 (PDO) diisen toplam veri paketi sayisinin, kaynak diigiimden génderilen
toplam veri diiglimii sayisina oranidir. Sonuglar bu calismada farkli yonlendirme protokollerinin farkl
diigiim hizlarinda kullanilmasi dogrultusunda degisiklik gostermektedir. PDO Esitlik.3’deki denklem
ile 6lgilmiistiir.

PDO = Gonderilen Paket Sayisi—Alinan Paket Sayist (3)

Gonderilen Paket Sayisix100

Gecikme, paketin kaynak diigiimden hedef diigiime ulasmasi i¢in gegen siiredir. Toplam
gecikme siliresinin alinan paket siiresine orani olarak saniye cinsinden Esitlik.4’teki sekilde
hesaplanmistir.

. Gecikme Streleri Toplami
Gecikme = P (4)
Alinan Paket Sayist

3.3. Simiilasyon senaryosu (Simulation scenario)

Simiilasyon senaryolart AODV, DSDV ve DSR yonlendirme protokollerinin ayr1 ayri kullanilarak
olusturulan MANET’teki diigim hizlari temelli olarak olusturulmustur. Senaryolar degisen her bir hiz
ve yonlendirme protokolii icin ayr1 ayri uygulanmis ve uygulanan her simiilasyon bir simiilasyon olay1
olarak degerlendirilmistir.

Her bir simiilasyon olayinda olusturulan 20 diigiim icin NS2 simiilasyon ortaminin setdest 6zelligi
kullanilarak simiilasyon stiresi boyunca uygulanacak hareketlilik modeli ve hizlar belirlenmistir.
Calismada tiim diigiimlerin ayn1 koordinatlardan hareketlerine baslamalari amaciyla tiim grup
baslangi¢ koordinatlar1 dnceden tanimlanmis olmakla birlikte bir sonraki hareket koordinati ve yonleri
setdest komutu ile rasgele olarak olusturulmustur. Bu agidan ¢alismada Random Waypoint Mobility
Model kullanilmistir. Setdest komutu ile sirasiyla diigiim sayisi (n), hiz tiirt (s), minimum hiz (m),
maksimum hiz (M), simiilasyon siiresi (t), duraklatma cesidi (P), duraklatma zamani (p), x ekseni (x)
ve y ekseni (y) parametreleri kullanilarak mob dosyasi iiretilmis ve simiilasyon baslangi¢c dosyasina
(TCL) tanimlanmistir. Bu yontemle her simiilasyon olayinda digiimlerin ayni noktadan harekete
baslamasi ya da belirlenen konumda sabit kalmalar1 ve rasgele belirlenmis rotay1 takip etmeleri
saglanmistir. Boylelikle rasgele degisken baslangic koordinatinin performans metriklerinde
olusturacagi farkhliklar 6nlenmistir.

Bu simiilasyon senaryosu dogrultusunda toplamda 18 simiilasyon olay1 degerlendirilmek iizere
olusturulmustur.

3.4. Simiilasyon sonuglari (Simulation results)

Verimlilik metriginde hareketsiz halde, 5, 10, 15, 20 ve 25 m/sn hizlarinda olmak tlizere AODV
protokolii sirasiyla 273,71, 411,04, 412,95, 389,50, 374,43 ve 369,16 Kbps, DSR protokolii sirasiyla
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401,18, 530,72, 357,11, 325,59, 349,50 ve 315,43 Kbps, DSDV protokolii ise sirasiyla 361,24, 454,99,
261,02, 222,72, 231,73 ve 209,29 Kbps performansi gostermistir. Sekil 1'de gosterilen verimlilik
performansi karsilastirmasina gére AODV protokolii, diigiimler sabit haldeyken en diisiik verimlilik
performansina sahip olmasina ragmen hizin 10 m/sn ve iizerine ¢ikmasiyla diger iki protokolden daha
¢ok verimlilik tirettigi, bununla birlikte verimliligin her ii¢ protokol icin de en yiiksek oldugu hizin 5
m/sn oldugu, kendisinden 6nceki diisiik hiza gore performansin oransal olarak en ¢ok 5 m/sn hizda
arttigi goriilmektedir.
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Sekil 1. AODV, DSDV ve DSR protokollerinin verimlilik performanslari (Efficiency Performances of AODV, DSDV and DSR Protocols)

PiO metriginde hareketsiz halde, 5, 10, 15, 20 ve 25 m/sn hizlarinda olmak iizere AODV protokolii
sirasiyla 26,83%, 40,30%, 40,48%, 38,18%, 36,71% ve 36,19%, DSR protokolii sirasiyla 40,12%,
53,07%, 35,71%, 32,56%, 34,95% ve 31,54%, DSDV protokolii ise sirasiyla 35,41%, 44,61%, 25,59%,
21,83%, 22,72% ve 20,52% paket iletim performansi gostermistir. Sekil 2’de gdsterilen verimlilik
performansi karsilastirmasina gére AODV protokolii, diigiimler sabit haldeyken en diisiik PiO
performansina sahip oldugu halde hizin 10 m/sn ve lizerine ¢ikmasiyla diger iki protokolden daha ¢ok
PiO performansi gosterdigi, bununla birlikte en yiiksek Pi0’nin DSR ve DSDV protokolleri i¢in 5 m/sn
hizda, AODV protokolii i¢in 10 m/sn hizda olustugu goriilmektedir. AODV protokoliinde 5 m/sn hizda
iiretilen P10 10 m/sn hizda iiretilen PiO ile cok yakin degerlere sahiptir ve 0,12% azdir. PI0’nin, AODV
protokoli i¢cin kendisinden onceki diisiik hiza gore performansin oransal olarak DSDV ve DSR
protokollerindeki gibi en ¢ok 5 m/sn hizda arttig1 goriilmektedir.
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Sekil 2. AODV, DSDV ve DSR Protokollerinin PiO Performanslari (PIO Performances of AODV, DSDV and DSR Protocols)

Gecikme metriginde hareketsiz halde, 5, 10, 15, 20 ve 25 m/sn hizlarinda olmak {izere ortalama olarak
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AODV protokolii sirasiyla 1,54, 1,01, 0,94, 0,99, 1,08 ve 1,06 saniye, DSR protokolii sirasiyla 1,04, 0,76,
1,12, 1,18, 1,15 ve 1,27 saniye, DSDV protokolii ise sirasiyla 1,09, 0,65, 0,86, 0,83, 0,89 ve 0,87 saniye
gecikme performansi gostermistir. Sekil 3’te gosterilen ortalama gecikme performansi
karsilastirmasina gére AODV protokold, diiglimler sabit haldeyken en yiiksek gecikme siiresiyle en
diisiik gecikme performansina sahip oldugu halde hizin 10 m/sn ve iizerine ¢cikmasiyla DSR’dan daha
¢ok performans gosterdigi, bununla birlikte en diisiik gecikmenin DSR ve DSDV protokollerii¢in 5 m/sn
hizda, AODV protokolii i¢in 10 m/sn hizda olustugu goriilmektedir. AODV protokoliinde 5 m/sn hizda
tiretilen gecikme 10 m/sn hizda iiretilen gecikme ile ¢ok yakin degerlere sahiptir ve 0,07 saniye
fazladir. Gecikmenin, AODV protokolil i¢cin kendisinden 6nceki diisiik hiza gére performansin oransal
olarak DSDV ve DSR protokollerindeki gibi en ¢ok 5 m/sn hizda azaldig goériilmektedir.
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Sekil 3. AODV, DSDV ve DSR Protokollerinin Gecikme Performanslari (Latency Performance of AODV, DSDV and DSR Protocols)

PDO metriginde hareketsiz halde, 5, 10, 15, 20 ve 25 m/sn hizlarinda olmak lizere ortalama olarak
AODV protokolii sirasiyla 73,17%, 59,70%, 59,52%, 61,82%, 63,29% ve 63,81%, DSR protokolii
sirasiyla 59,88%, 46,93%, 64,29%, 67,44%, 65,05% ve 68,46%, DSDV protokolii sirasiyla 64,59%,
55,39%, 74,41%, 78,17%, 77,28% ve 79,48% paket diisme orani performansi gostermistir. Sekil 4’te
gosterilen PDO performansi karsilastirmasina gére AODV protokolii, diiglimler sabit haldeyken en
ylksek paket diisiim oranina sahip olmasiyla en diisiik PDO’na sahip oldugu halde hizin 10 m/sn ve
lizerine ¢cikmasiyla DSR ve DSDV’den daha ¢ok performans gosterdigi, bununla birlikte en diisiik paket
diisme oraninin DSR ve DSDV protokolleri icin 5 m/sn hizda, AODV protokolii i¢in 10 m/sn hizda
olustugu goriilmektedir. AODV protokoliinde 5 m/sn hizda tiretilen PDO 10 m/sn hizda iiretilen PDO
ile cok yakin degerlere sahiptir ve 0,18% daha fazladir. PDO’nin, AODV protokolii i¢cin kendisinden
onceki diisiik hiza gore performansin oransal olarak DSDV ve DSR protokollerindeki gibi en ¢ok 5 m/sn
hizda azaldig1 goriilmektedir.
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Sekil 4. AODV, DSDV ve DSR Protokollerinin PDO Performanslari (PDO Performances of AODV, DSDV and DSR Protocols)

Calismamizda her ne kadar digiimlerin belirli hizlarda secilen protokolleri kullandiklar1 durumda
gosterdikleri performanslar karsilastirilmis olsa da, belirlenen hizlarin aralarindaki hiz baremlerinin
de kayda alinmasi 6nemlidir. Bu 6nem, m/sn cinsinden hesaplanan iki hiz biriminin km/s 6lciisiine
cevrildiginde aralarinda oldukga fazla fark olabilmesinden kaynaklanmaktadir. Ornegin 10 m/sn 36
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km/s’e esitken, 15 m/sn 54 km/s hiza esittir. MANET ortaminda diigiimlerin 36 km/s ile hareket
etmesi ile 54 km/s ile hareket etmesi arasinda oldukga biiyiik farklar mevcuttur. Bununla birlikte 0, 5,
10, 15, 20 ve 25 m/sn hizlarinin ¢alismada kullanildigi diisiintildigiinde ¢ok fazla sayidaki ara
hizlardaki (1, 2, 3,4, 6,7,8,9,11, 12, 13... m/sn. gibi) performanslarin hesaplanmasinin ayr1 bir ¢calisma
konusu olmasi gerektigi degerlendirilmistir. ilerleyen calismalara temel olmas1 amaciyla calismadaki
simiilasyon ortami ve parametreleri kullanilarak AODV, DSDV ve DSR yonlendirme protokollerinin 6,
7,8 ve 9 m/sn hizlardaki PiO, Gecikme, Verimlilik ve PDO metriklerine ait performanslari 6l¢iilmiis ve
sonuglar Tablo 2 olarak sunulmustur. Tablo 2’deki 6l¢iim sonuglarina gore en yliksek performanslarin
PiO metriginde 7 m/s hizda DSR protokoliine, Gecikme metriginde 7 m/sn hizda DSDV protokoliine,
Verimlilik metriginde 7 m/sn hizda DSR protokoliine ve PDO metriginde 7 m/sn hizda DSR
protokoliine ait oldugu gézlemlenmistir.

Tablo 2. AODV, DSDV ve DSR Protokollerinin 6,7,8 ve 9 m/sn hizlardaki performanslari (Performance of AODV, DSDV and DSR
Protocols at speeds of 6,7,8 and 9 m/s)

PROTOKOL METRIKLER HIZLARA GORE PERFORMANSLAR
6 m/sn 7 m/sn 8 m/sn 9m/sn
PiO 48.37% 63.53% 52.53% 50.30%
GECIKME 0.90 Saniye 0.62 Saniye 0.76 Saniye 0'7.8
Saniye
AODV 513.03
VERIMLILIK 493.37 Kbps 648.00 Kbps 535.77 Kbps Kbﬁs
PDO 51.63% 36.47% 47.47% 49.70%
PiO 44.55% 60.85% 43.39% 42.39%
GECIKME 0.63 Saniye 0.58 Saniye 0.62 Saniye 0'6.7
Saniye
DSDV 432.44
VERIMLILIK 454.42 Kbps 620.70 Kbps 442.60 Kbps Kbﬁs
PDO 55.45% 39.15% 56.61% 57.61%
PiO 52.84% 66.66% 54.57% 49.73%
GECIKME 0.74 Saniye 0.63 Saniye 0.75 Saniye 0'8.1
Saniye
DSR 497.27
VERIMLILIK 528.43 Kbps 666.67 Kbps 545.72 Kbps Kbﬁs
PDO 47.16% 33.34% 45.43% 50.27%

4, Sonu(,‘ (Conclusion)

Tablo 3. AODV, DSR ve DSDV Protokollerinin se¢ilen hizlarda en iyi performansi gésterdigi hizlar (AODV, DSR and DSDV
Protocols have the best performance at the choosen speeds)

Hiz (metre / saniye)
Protokol Metrik 0 (fixed) 5

Verimlilik
PiO
Gecikme
PDO
Verimlilik
PiO
Gecikme
PDO
Verimlilik
PiO
Gecikme
PDO

15 20 25

AODV

RN

DSR

DSDV

NS NN

Performans sonuclarini igeren Tablo 3 incelendiginde, ayn1 baslangic konumuna sahip, rasgele
belirlenmis rotay: takip eden, ayni iletisim ve karakteristik 6zelliklerine sahip 20 diigiim {izerinde
gergeklestirilen simiilasyon sonuglarina gére AODV, DSR ve DSDV protokollerinin performanslarina
hareketlilik unsuru olarak hizin dogrudan etkisi oldugu goriilmektedir.

Hiz arttik¢a verimlilikte AODV protokoliiniin DSDV ve DSR protokoliine iistiin geldigi, AODV
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protokoliiniin performansi artarken digerlerinin performanslarinin hareketsiz konumdaki
performanslarina oranla diistiigii gézlemlenmistir. Yine hiz arttikca AODV protokoliiniin digtimlerin
hareketsiz hallerine gore Pi0’nda performans artisi gosterdigi, DSR ve DSDV'nin performanslari
dismektedir. Gecikme metriginde DSR’da hiz arttik¢ca performans diismiis, AODV ve DSDV sabit digiim
durumuna gore performans artisi gostermistir. PDO metriginde hiz artisi durumunda en iyi
performansi AODV protokolii gdstermis, DSR ve DSDV protokollerinde diigiimlerin hareketsiz hallerine
gore PDO’nda performans diisiisii yasanmistir.

Calismanin ana konusu olarak hareketliligin hiz unsurundaki degismede AODV, DSR ve DSDV
protokollerinin olumlu veya olumsuz sekillerde etkilendigi gozlemlenmekle birlikte simiilasyon
parametreleri ve sonuglari ¢ergevesinde AODV protokoliiniin en performansli oldugu hiz biriminin 10
m/sn (36 km/s) oldugu, DSDV ve DSR protokollerinin ise en performansl oldugu hiz biriminin 5 m/sn
(18 km/s) oldugu gorilmektedir. Bu sonuglar dogrultusunda énceki bir galismada [20] belirtilen farkl
kablosuz sensor ag tiirlerinde diigtimlerin sahip olabilecekleri hiz baremleri dogrultusunda
VANET’lerde (20-130 km/saat), RANET’lerde (0-20 km/saat), SANETlerde (20-130 km/saat) ve
FANET'lerde (6-430 km/saat) hiz tercihleri arasinda 5 ve 10 m/sn hizlari mevcut ise 5 m/sn hiz i¢in
DSDV veya DSR protokollerinin tercih edilmesi, 10 m/sn hiz i¢in ise AODV protokoliiniin tercih
edilmesi neticesinde en yiiksek performans elde edilecektir.
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Cor}volgtional neura.l network§, computed tomography (CT), mammography, ultrasound, magnetic resonance imaging
Medical image analysis, Dynamic (MRI) and diffused optical tomography (DOT). Correct analysis of these medical images is

routing algorithm required for early disease detection and application of the appropriate treatment. In image
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Biyomedikal Gortintiilerde Temel Kapsiil Ag
Mimarisinin Siniflandirma Performansinin

Incelenmesi
0Z
Hastaliklarin teshis, tani ve tedavisinde manyetik rezonans goriintiileme (MRI), difiiz optik
tomografi (DOT), pozitron emisyon tomografisi (PET), bilgisayarli tomografi (CT),
mamografi, ultrason, rontgen gibi c¢esitli gorilintiileme teknikleri kullanilmaktadir.
Hastaligin erken evrelerde tespit edilebilmesi ve dogru tedavinin uygulanabilmesi bu
medikal goriintiilerin dogru bir sekilde analiz edilmesine baghdir. Goriintii analizinde ilgili
alanin belirlenmesi ve o alana ait biiytikliik, konum yon gibi bilgilerin tespiti dogru tedavi
yontemlerinin belirlenmesi agisindan ¢ok 6nemlidir. Son on yilda olduk¢a hizhi gelisim
gosteren derin 6grenme yontemleri, goriintiileri 6nislem gerekmeden isleyebilmesi, hizli ve
dogru sonuclar vermesi nedeniyle, goriintiilerin smiflandirmas1 ve segmentasyonunda
¢okca kullanilmaktadir. Medikal goriintiilerin analizinde en yaygin kullanilan derin
6grenme mimarilerinden birisi de evrisimli sinir aglar1 (ESA) mimarisidir. Ancak ESA’'nin
goriintii 6zelliklerini ¢ikarirken, bu 6zelliklerin birbirleri arasindaki iliskiyi 6lcmekte
yetersiz kaldigi ve ozelliklere ait poz (konum, yo6n, boyut), deformasyon, doku gibi
ozellikleri saklayamadigi belirtilmistir. ESA’'nin bu dezavantajin1 gidermek ve basariy1
artirmak icin Temel Kapsiil Ag (CapsNet) Mimarisi 6nerilmistir. Bu ¢alismada medikal
Anahtar Kelimeler: CansNet goriintiilerden olusan MedMNIST veri seti toplulugu kullanmilmistir. MedMNIST veri
Res-Net, Evrisimli sinir gglan: toplulugunda bulunan RetinaMNIST, BreastMNIST, OrganMNIST-A veri setleri ile CapsNet
Medikal goriinti analizi, mimarisinin siniflandirma performansi incelenmistir. CapsNet RetinaMNIST veri setinde
Dynamik yénlendirme %54, BreastMNIST veri setinde %85.2, OrganMNIST-A veri setinde %89 basar1 elde
algoritmasi etmistir. CapsNet'in gelismis ESA modelleri ile yakin sonuglar verdigi gorilmiistir.

To cite this article: S.B. Sengul and 1. A. Ozkan, “Performance Evaluation Of Basic Capsule Network
Architecture In The Classification Of Biomedical Images” Gazi Journal of Engineering Sciences, vol. 9, no.
2, pp. 238-247, 2023. doi:10.30855/gmbd.0705067



1. Introduction

Medical imaging techniques including magnetic resonance imaging (MRI), positron emission
tomography (PET), computed tomography (CT), mammography, ultrasound, x-ray, diffused optical
tomography (DOT) and digit pathology images are frequently used in the early diagnosis, diagnosis and
treatment of various diseases[1, 26-30]. It is necessary to analyze the features of medical images
quickly and accurately in order to detect the disease in the early stages, to determine the appropriate
treatment, and predict the patient's response to treatment. Deep learning methods are structures that
can learn these features from raw data without the need for preprocessing. With the advancement of
deep learning techniques, convolutional neural networks (CNN) in medical image analysis have
successfully classified data and have been widely used [2]. It also accelerates the treatment process of
the patient by detecting small details that may not be noticed in the patient's symptoms [3]. However,
CNN is insufficient to measure the relationship between features while extracting the features of the
image. In the pooling layer, which is used to reduce the number of parameters, the location information
of the features is lost due to pixel loss and the success of the method decreases. It needs more training
data to improve the falling success. This leads to an increase in the number of parameters in the
network and, accordingly, a prolongation of the training period [4].

In the diagnosis of the disease from medical images, it is very important to determine the relevant area
and to detect the information (such as size, location, and direction) of that area. For example; the
diagnosis and treatment of bleeding in intracranial hemorrhages depends on the location of the
bleeding, one or more occurrences [5]. However, it is a disadvantage in the analysis of medical images
that CNN cannot hide and ignore information such as pose (position, direction, size), deformation, and
texture of the objects in the image.

In order to overcome these limitations of CNN and improve its success, CapsNet architecture was
proposed in 2017 [6]. In CapsNet architecture, vector output capsules are used instead of CNN's scalar
output feature maps, and a dynamic routing algorithm is used instead of pooling. CapsNet stores not
only the objects in the image, but also the physical feature information of these objects, such as pose
(position, direction, size), deformation, speed, color and texture, with capsules consisting of neuron
groups [7]. Capsule network has been applied to medical images and successful results have been
obtained due to these features and the ability to eliminate the deficiencies of CNN.

Radiologists must have a high level of expertise to examine and analyze brain images. However, some
details may not be visible to the human eye. these cases, the image interpretation support of deep
learning algorithms for correctly interpreting images can shorten the treatment process [31].
Furthermore, deep learning algorithms have been used successfully in image classification [32]. Afshar
etal. [8] classified tumor types on brain MRI images. Due to CapsNet's ability to store information about
each object on the image, they only segmented the tumor region to increase success. As a result of the
training with the same data set, they obtained an accuracy rate of 72.13% with CNN, and an accuracy
rate of 86.56% with CapsNet. Another study comparing CNN architectures and CapsNet is the detection
of muscle tears in the shoulder. While they obtained 94.75% accuracy rate with CapsNet in the study,
they obtained 93.21%, 88.45%, 87.63% and 85.20% accuracy rates from CNN, AlexNet and GoogLenet,
respectively [9]. CapsNet also gave very good results on retinal OCT images. In the study conducted to
detect glaucoma disease on OCT images, the images were gone through various preprocessing steps
such as contrast enhancement, edge detection, and bilateral filtering. Images were given to CapsNet
architecture with 3 convolution layers and 94% success was achieved. ResNet-50 architecture was
trained with the same images and 84% success rate was obtained [10]. Kumar et al. [11] also presented
a hybrid architecture by using CapsNet architecture with VGG16 architecture. In their study on the
detection of diabetic retinopathy from retinal fundus images, an accuracy rate of 74% was obtained
with CNN, while an accuracy rate of 96.24% was achieved with hybrid architecture. Madhu et al. [12]
also increased the number of convolutional layers in the architecture they developed for the diagnosis
of malaria and made changes in the dynamic routing function. Instead of the squash function used as
the activation function in the classical dynamic routing function, the ReLU activation function was used.
As aresult of the study, they obtained an accuracy of around 93%-95% from various CNN architectures
(ResNet-50, VGG19, VGG16, InceptionV3, DenseNet121, Xception, MobileNet) and 99.03% accuracy
with the CapsNet-ReLU model they developed. Yadav et al.[33] classified pneumonia from radiograph
images using capsule nets and achieved 93.80% accuracy. CapsNet has been applied for the diagnosis
and classification of various types of cancer and very successful results have been obtained [22-25].
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CapsNet has been used for feature extraction as well as classification. In the diagnosis of diseases such
as breast cancer and skin cancer, this architecture was used to extract the features of the images after
the relevant region was segmented [20,21].

This study was carried out to evaluate the classification performance of CapsNet architecture on
benchmark datasets and to compare it with the classification performance of different deep learning
models. The basic architecture is used without any innovation in the CapsNet architecture.
RetinaMNIST, BreastMNIST and OrganMNIST-A benchmark datasets in the MedMNIST[13] data
collection consisting of different medical images were used in the study.

In this study, the CapsNet architecture and dynamic routing algorithm in the 2nd section, the datasets
used and the performance criteria examined in the 3rd section, the software, hardware and the way
the study was implemented in the 4th section, and finally the results of the study were evaluated in the
5th section.

2. CapsNet Architecture

Sabour et al. have developed CapsNet architecture in 2017 [6]. The Capsule network is deep learning
architecture that stores the objects in the image and information about the objects in the image, such
as pose (position, direction, size), deformation, speed, color, texture, as well as physical feature
information with capsules consisting of neuron groups [7]. It stores the objects in the image and the
spatial relationships of the parts that make up the objects in the transformation matrix. Thus, the object
can be accurately identified even when the angle and position of the object change [14].

Architecture starts with the convolution layer. In this layer, the basic features of the image such as
edges and corners are extracted and switched to the primary capsule layer. The primary capsule layer
consists of convolution, reshaping, and squash functions that the capsule network architecture uses as
an activation function, unlike other deep learning architectures. With the squash function, images are
converted into vectorial outputs with a length between zero and one. Each capsule represents an entity
in the image. The length of the output vector of the capsule indicates the probability of that entity being
in the image. The next layer is the digit capsule layer. The dynamic routing algorithm that provides
matching between the capsule layers is implemented in this layer. And as a result, there are as many
vectors as the number of classes.

2.1. Dynamic Routing Algorithm

Dynamic routing algorithm provides matching between capsule layers. The dynamic routing algorithm
is shown in Algorithm 1.

Algorithm1. Dynamic Routing Algorithm [6]

1: procedure ROUTING (@), ;1)
2: for all capsules i in layer / and capsule j in layer (1+1): b;; € 0.
3: for r iterations do
4: for all capsule i in layer I: ¢; € softmax (b;)
5: for all capsule j in layer (I+1): s; <« z il
i
6: for all capsule j in layer (I+1): v; € squash (s;)
7: for all capsule i in layer [ and capsule j in layer (I+1): b;; € by + 1, v;;
return v;

In the algorithm, b;; is the temporary similarity variable with an initial value of 0. Its value is updated
in iteration. ¢;; matching coefficients are calculated by passing b;; through the softmax function
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(Equation (1)).
_ exp(bij)
= 2 expik) &)
) = Wiy (2)
Sj = Z Cij i ()
L

As shown in Equation (2), the input values of the capsule u; are multiplied by the weight matrix W;; to
get the estimated output vector ;; of the capsule. The product of the prediction vector and the
matching coefficient is summed up and the weighted sum s; is found (Equation (3)). The value of s; is
passed through the squash function and the output value of the capsule, v; , is calculated. The equation

of the squash function is shown in Equation (4). The squash function brings short vectors closer to 0
and long vectors closer to 1.

2
S S
" ]" J (4)

T a5 lIsll

In the last step of the algorithm, b;; is updated with the formula shown in Equation (5) and all steps
are repeated from step 4 as many as r.

bij = by + vy (5)
2.2. Loss Function (Margin Loss)

In the last layer, the digit capsule layer, the margin loss is calculated for each capsule. With this
calculation, it is determined whether the object is in the image or not.

L, = T,max(0,m* — ||v,|D? + A(1 — T,)max(0, ||v, || — m™)? (6)

The formula shown in Equation (6) is used to calculate the margin loss. If the prediction is correct, T,=1
is taken, otherwise T},=0. The lambda value is taken as 0.5. m* is 0.9 and m~ is 0.1. The total loss is
found by adding the losses of the capsules.

2.3. Network Architecture

N = 2 E
0 A 3 2
0 - s @
a S>> 8> 2
3 e 2
28 e 2 2 o
20 w e
Input RelLu Conv1 PrimaryCaps
P fter =99 2020256 T =9 | -
28x28x1 t:o . =X stride =2 » DigitCaps ~— FEully Connected Layer
iem:l: 255 7 kemel= 256
= reshape

Figure 1. CapsNet Architecture
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CapsNet Architecture consists of two parts, encoder and decoder. The decoder part reconstructs the
image, while the encoder extracts the features and classifies the image.

Figure 1 shows the CapsNet architecture. In architecture, the first layer is the convolution layer, from
which the basic features of the image such as edges and corners are extracted. It takes 28*28 single
channel images as input. After convolution with 256 core size, 9*9 filter and 1 step number, 20*20*256
sized output tensor is obtained. The second layer is the primary capsule layer. The convolution
operation is applied to the input tensor with the size of 20*20*256 as 256 kernel size, 9*9 filter and
number of steps 2. From the obtained 6*6*256 dimensional tensor, 32 8-dimensional capsules
(6*¥6*8*32) are encapsulated by the reshaping process. The squash function is used as the activation
function at the layer output. The last layer is the digit capsule layer. This layer is the one where the
dynamic routing function is used. As a result of the dynamic routing algorithm from the (6*6*8*32)
input tensor, 10 capsules, each of which has 16 dimensions, are formed. The capsule with the highest
probability value out of the capsules gives the output. After this layer, the loss calculation is made and
the image is reconstructed with fully connected layer [6].

3. Experimental Setup
3.1. MedMNIST Dataset

MedMNIST is a 28*28 dimensional collection of medical open datasets [13]. It consists of 10 2-
dimensional (28*28) data sets. All datasets are divided into train, validation and test data.

The MedMNIST data collection consists of various images such as X-ray, OCT, ultrasound, CT. All
datasets included in MedMNIST are open-to-use datasets under a Creative Commons (CC) license.

In this study, 3 data sets in MedMNIST were used. The datasets used are RetinaMNIST, BreastMNIST,
OrganMNIST-A. In Table 1, train, test and validation samples and rates of the data sets are given.

Tablo 2. The sample of train, test and validation data; Train, test and validation ratio

Datasets Train Test Validation Train Test Validation
Data Data Data Rate Rate Rate
RetinaMNIST 34581 17778 6491 60% 30% 10%
BreastMNIST 1080 400 120 67.5% 25% 7.5%
OrganMNIST-A 546 156 78 70% 20% 10%

3.1.1. RetinaMNIST

RetinaMNIST consists of diabetic retinopathy fundus images from the DeepDR dataset. It consists of 5
classes as no apparent, mild non-proliferative, moderate non-proliferative, severe non-proliferative
and proliferative diabetic retinopathy [15]. Samples from the data set are presented in Figure 2.

No apparent Mild non- Moderate non- Severe non- Proliferative
proliferative proliferative proliferative

Figure 2. RetinaMNIST image samples [15]

3.1.1. BreastMNIST

BreastMNIST consists of 780 breast ultrasound images from the Bahaya Hospital Breast Ultrasound
dataset. It is divided into 3 classes as normal, benign and malignant [16]. For classification, normal and
benign images were classified as positive and malignant images as negative. Samples of normal, benign
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and malignant cysts are shown in Figure 3.

Normal Benign Malignant
Figure 3. BreastMNIST image samples [16]

3.1.1. OrganMNIST-A

OrganMNIST- (Axial) consists of 131 abdominal CT images of the liver taken from the LiTS dataset. 11
organs are labeled in the axial plane [17]. An image sample in the axial plane is given in Figure 4.

Figure 4. OrganMNIST-A image samples [17]

3.2. Performance Metrics

Accuracy criteria are used to evaluate the performance of the CapsNet architecture and compare it with
known models.

Accuracy, precision, sensitivity and fl-score values were calculated to scale and evaluate the
performance of the architecture on medical images. Since the datasets used are multi-class, macro-
precision, macro-sensitivity and macro-f1 score formulas were taken into account while calculating the
metric (2). The formulas are detailed in Table 2.

Tablo 2. Formulas of Performance Metrics [18]

Metric Formula
_ tp; + tn;
tpi + i+ fpi +tny
l

Lot
Zizt = tp: + fpi

1
2i=1

Accuracy

Precision (Py)
l
sLo=_tPi
Recall (Ry) Tt fy
l
(B + 1)PyRy

1-score (F,
f1-score (Fy) TP Ry

4. Results and Discussions

This study was carried out on a device with Python 3.8, Tensorflow2.3, CUDA10.1.243, cuDNN7.6.5
technologies, Intel Xeon Gold 6226R processor, Nvidia Grid RTX8000-12Q graphics card. In the
creation of the CapsNet model, the study at the address “https://github.com/XifengGuo/CapsNet-
Keras” was used [19].

In the study, BreastMNIST, RetinaMNIST and OrganMNIST-A datasets were used to evaluate the
classification performance of the CapsNet architecture. The datasets in the MedMNIST data collection
are given as 28*28 sized, and they are also divided into train, test and validation. Therefore, no sizing
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or parsing was done in the datasets in the study. The datasets were used as is. Retina-MNIST and
OrganMNIST-A datasets are multi-class, BreastMNIST dataset is a binary class.

In this study, different deep learning models were used to compare the performance of CapsNet
Architecture. These models are Resnet-18, Resnet-50, Auto-sklearn, AutoKeras, Google AutoML Vision
[13]. The accuracy values of these models and the accuracy value we obtained from the CapsNet
architecture in our study are presented in Table 3. According to Table 3, CapsNet achieved an accuracy
rate of 54% on retinal fundus images, 85.2% on breast ultrasound images, and 89% on Organ CT axial
plane images, respectively. In addition, the parameter values (number of periods, batch size and
learning rates) used in each data set to obtain the best results are given in Table 4. Table 5 shows the
performance metrics of the CapsNet model on the RetinaMNIST, BreastMNIST and OrganMNIST-A
datasets. The complexity matrices of the data sets used in Figure5, Figure6 and Figure7 are presented.

Tablo 3. Performance Metrics of CapsNet on Different Datasets

Methods RetinaMNIST BreastMNIST OrganMNIST-A
Resnet-18 0.515 0.859 0.921
Resnet-50 0.490 0.853 0.916
Auto-sklearn 0.525 0.808 0.563
Auto-Keras 0.420 0.915 0.929
Google AutoML 0.530 0.865 0.818
Vision
CapsNet 0.540 0.852 0.890

Tablo 4. Parameter Values

The Numbers of Batch Size Learning Rate
Datasets
Epoch
RetinaMNIST 50 100 0.0008
BreastMNIST 50 8 0.0007
OrganMNIST-A 25 256 0.001

Tablo 5. Performance Metrics of CapsNet on Different Datasets

Methods RetinaMNIST  BreastMNIST OrganMNIST-A
Accuracy 0.540 0.852 0.890
Precision (Py) 0.340 0.895 0.901
Recall (Ry) 0.376 0.735 0.882

0.340 0.77 0.892

f1-score (Fy)

Confusion Matrix
) ' ! ’ ’ “
100
- 16 0 2 8 0
; )
o~ z 0 48 21 0
- 60
- 5 0 0 k< 0 - 40
-2
- 3 0 10 7 0
' -0
0 1 2 3 4
Predicted labels

Figure 5. RetinaMNIST Confusion Matrix
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Confusion Matrix
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Figure 6. BreastMNIST Confusion Matrix
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Figure 7. OrganMNIST-A Confusion Matrix
5. Conclusions

Although CNN models achieve very high success in image analysis, since they cannot store information
such as the pose (position, direction, size) of the objects on the image, they cannot perform accurate
analysis when they encounter images of the object at different angles. CapsNet is an architecture
developed to overcome these shortcomings of CNN. In this study, the performance of CNN, which has
achieved high success in the analysis of medical images, and CapsNet were compared.

In the literature, it has been seen that CapsNet architecture gets close results with CNN models in image
classification. Examining the training results, the basic CapsNet architecture yielded very close results
with 18-layer ResNet, 50-layer ResNet, and advanced multi-layered architectures such as Auto-sklearn,
AutoKeras, Google AutoML Vision, which try to find the best model according to the data. While results
close to these models were obtained in the BreastMNIST and OrganMNIST-A datasets, a better accuracy
rate was obtained than these models in the RetinaMNIST dataset.

As aresult of the literature review and training results, it is thought that higher success can be achieved
with differences such as increasing the number of convolution layers, making innovations in the
dynamic routing function, and using it with different architectures of the CapsNet architecture, which
has fewer layers and a simpler structure than advanced architectures.
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ABSTRACT

In this study, a dataset containing air pollution information collected from different
locations is used. This dataset contains air pollution measurement data and result
information for 25 different regions of Seoul. The values obtained from similar regions
were filtered from the whole dataset and a dataset specific to these regions was created. As
the next step, the model was trained with the values obtained in their regions and the model
was registered. This model shows very successful results when tested with the data
obtained in their own regions. However, when tested with data obtained from different
regions and not similar to these regions, the classification success of the model was very
low. The aim of this study is to show that more successful results can be obtained with the
distributed learning method, which can be a solution to this problem situation, compared
to classical machine learning. In addition, security problems during model merging and
clustering should not be ignored in Distributed Learning. For this reason, a robust
blockchain-based approach is proposed against malicious attacks during model
distribution.

Gelistirilen Dagitilmis Makine Ogrenimi
Modellerinin Blok Zincirde Depolanmasi

0Z

Bu ¢alismada farkl lokasyonlardan toplanan hava kirliligi bilgilerini iceren bir veri seti
kullanilmistir. Bu veri seti Seul sehrinin 25 farkli ilcesine ait hava kirliligi 6l¢tim bilgileri ve
sonug bilgilerini icermektedir. Benzer bolgelerden elde edilen degerler tiim veri seti
icerisinden filtrelenerek bu bolgelere has veri seti olusturulmustur. Sonraki islem basamagi
olarak, kendi bolgelerinde elde edilen degerler ile egitilip model kaydedilmistir. Bu model
kendi alanlarinda elde edilen veriler ile test edildiginde olduk¢a basarili sonuglar ortaya
koymaktadir. Fakat farkli bolgelerden elde edilen ve bu bolgeler ile benzesmeyen veriler ile
test edildiginde model siniflama basarisi olduk¢a diisiik kalmistir. Calismanin amaci bu
problem durumuna ¢éziim olabilecek olan dagitik 6grenme yontemi ile klasik makine
o6grenmesine kiyasla daha basarili sonuglar elde edilebilecegini gostermektir. Bunun
yaninda Dagitik Ogrenme kisminda model birlestirme ve toplama esnasindaki giivenlik
sorunlarinin da goéz ardi edilmemelidir. Bu sebeple model dagitimi sirasinda kotii niyetli
saldirilara karsi blockchain tabanl saglam bir yaklasim 6nerilmistir.
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1. Introduction

The latest design is the trend of design students design used all over the world. In an enterprise that
does not want to be behind the times, people like a production facility and those who prefer people's
plans. With the development attacks of the internet of things (IoT) technology, it has made great
innovations such as smart home systems and smart city planning. In addition, the data emerging in
these systems or the protection and security of these systems can be mentioned. The emergence of
these vulnerabilities depends on cyber security and the path it follows. The latest system, which is the
brightest of its content, is the Blockchain technology, which uses the ledger structure, without meeting
the manipulation of data [1]. This emerging technology with crypto flamboyance has successfully
demonstrated digital experience and experience. The smart intelligences for this system include the
trainings of the model. The model that performs learning with this orientation is related to its ability
to predict classification in data samples depending on the preferred options [2].

The sources of motivation for this study can be listed as follows.

- In this study, a method has been developed that can ensure the security of artificial intelligence
applications performed by ignoring the security parameter.

- More successful results were obtained with the distributed learning method compared to classical
machine learning.

- The data privacy problem related to the data used in artificial intelligence model training has been
prevented.
- There are security problems during model aggregation and aggregation in the Distributed Learning
section. It is necessary to propose a robust approach against malicious attacks during model collection
[3]- Storing the weights presented in this study with the blockchain provides a solution to this problem
by preventing manipulation.

In this research study, distributed learning, weight files of artificial intelligence model, blockchain
technology, Hyperledger Fabric infrastructure are explained as the subtitles of the introduction. In the
second part, studies in which blockchain and distributed learning are used together are examined. In
the third chapter, methods and techniques are explained about why weight files should be stored in a
distributed learning model and how they can be stored with smart contracts. In the fourth part of the
study, the performance measurements of the process performed were carried out and the findings
were revealed. In the last part of the study, the values obtained in the light of the findings were
discussed and the results and future study objectives were listed.

2. Technology and Methods Used in the Study

In this section, the frameworks that will be used in the structure to be realized in this research study
are examined. Distributed learning, blockchain and Hyperledger fabric framework, model weights in
machine learning are discussed.

2.1. Distributed Learning

Distributed learning is a machine learning technique that trains algorithms on a server or servers, in
which data from more than one independent device is stored in an anonymized form.

In distributed learning, each of the various devices that are part of the learning network has a copy of
the machine learning model. Different devices train the copy of the machine learning model using the
device's local data, and then the parameters in different machine learning models collect the
parameters and send them to a master device or server that updates the overall machine learning
model accordingly. This training process can be repeated until the desired level of accuracy is achieved.
In short, the main idea behind federated learning is that none of the training data is transmitted
between devices or parties, only updates to the model are shared [4]. Distributed learning is the darling
of an innovative generation of smart networks where smart devices such as mobile hardware, robots
and sensors exchange information with each other to collaboratively train machine learning models
without offloading raw data information to a central entity for centralized processing. The distributed
learning paradigm can reduce the load on centralized processors by using the computational or
communication capacity of individual agents and contributes to the protection of users' data privacy

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 249



Gurfidan & Ersoy Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

[5]- In distributed learning systems, it is a collaborative learning method that protects the privacy of
users' original data and does not share it with third parties. Recently, it has been attracting more and
more attention and use. The combination of federation and machine learning is becoming a hot new
research topic. All these reasons have been a serious motivation for the choice of distributed learning

in this study [6].
2 8 Sending back model updates
® ‘ 0 Updating models
Database B! Database B2 Database B*

Figure 1. Distributed learning system model

For the appropriate usage scenario of this technique, it is necessary to pay attention to the motivation
of choice in a sample application. In the said scenario, it is desired to have more instructive materials
for the machine learning model by combining the data obtained by similar purpose systems in different
locations. It is known that the more successful learning condition of machine learning models and the
increase in the number of heterogeneous data is the most important issue. However, at this very
moment, the laws on the protection of personal data and the concepts of data privacy have come into
play. In the General Data Protection Regulation (GDPR) criteria, important aspects regarding data
privacy and the protection of personal data are guaranteed. According to the GDPR criteria, the data of
both parties cannot be transferred or combined without the consent of their respective users [7], [8]-
Since the model weights are updated and transferred instead of transferring the data in the federated
learning technique, the data is anonymized, thus contributing to the solution of the data privacy
problem [3].

2.2. Weight Files in Machine Learning Models

In the developed machine learning models, the progress of the model can be recorded either during the
training of the model or after the training is completed. One of the purposes of this process is to ensure
that the model can continue its training from where it left off, considering that the training will take a
long time. Another purpose is to facilitate the sharing of the saved model. In addition, the time and
effort cost of developing machine learning models is very high. Turning off the hardware where the
training is performed causes all weights of the model to be lost while the memory is freed. Saving
models is critical to optimize reusability to make the most of your time. To better understand the
importance of this recorded data file, it is necessary to know the technical infrastructure of how the
model developed with machine learning performs the prediction or classification process. The data
presented to the machine learning model to be developed are usually labeled as input parameters and
output parameter or parameters. Thanks to this labeling, the model that will develop learning discovers
meaningful ways to reach the output parameter from the input parameters, depending on the
algorithm to be used, and connects these ways to a mathematical model within itself. In this fully
created mathematical discovery model, the data we call weight is revealed. These weight data have the
value that determines which input parameter will be more dominant and effective in accessing the
output parameter. The estimation or classification success of the model that has completed its training
is directly related to the correct determination of the created weights and is primarily effective. Within
the weight files, there are only meaningful numerical data for the model, completely independent of

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 250



Gurfidan & Ersoy Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

the data used in the training. For weight files, it would be correct to say an anonymized dataset in which
all the experience that can be obtained from the original data is summarized and packaged.

Research has been carried out on different methods and techniques on saving the weights of the
prepared machine learning models and saving the model. This feature, which enables a ready-made
model to be used faster and more effectively by saving the time spent in the training process, provides
a very time-saving benefit. When the state of the literature in this field is analyzed, a review study on
saving, loading and recalling machine learning models [9], research on different methods for saving
and loading machine learning models consistently [10] and different methods for saving weights [11]
are presented.

2.3. Blockchain and Hyperledger Fabric Framework

Blockchain is a chain structure consisting of interconnected blocks. Blockchain can be thought of as a
distributed database. The data on the blockchain system is stored in a ledger technology that can be
shared and cannot be changed [12]. Advantages of using the blockchain system [13], [14];

- Transactions to be made can be carried out cheaply and quickly, without being tied to a center or
person.

- Manipulation and fraud are prevented as all transactions performed on the distributed ledger
technology can be checked and verified.

- Thanks to its distributed data storage capability, it has a resilient and strong structure against the
attacks it will be exposed to.

- Since it is based on the mathematical model, there is almost no margin for error.

- It provides transparency since all members will have a peer copy of the records stored in the
distributed ledger technology.

- Thanks to smart contracts, transaction security and protocols are realized securely and quickly
without the possibility of denial or denial.

The Hyperledger project is an open source, permissioned, distributed ledger established by the Linux
Foundation [15]. This project is divided into thirteen projects. These projects have been introduced as
Fabric, Sawtooth, Indy, Burrow, Iroha, Grid, Aries, Caliper, Cello, Composer, Explorer, Quilt, Ursa [16],
[17].

3. Related Work

Blockchain technology and machine learning technology separately are interesting fields of study for
many researchers. When the literature is examined, the number of studies in these subject areas is
quite high. The use of these two workspaces together usually includes the keywords security and
communication.

Quantitatively large amounts of data and large edge devices present significant security, privacy,
service delivery, and network management challenges. The joint evaluation of blockchain and machine
learning (ML) provides significant benefits in this regard [18]. Realizing this problem area and lack, Liu
et al. carried out research on the integration of blockchain and machine learning. Among the results of
their studies, they concluded that it would be efficient to combine this field with larger fields such as
IoT (Internet of Things), Big Data and Edge Computing [19]. Adhikari and Song proposed a joint
Blockchain-based reputation system to minimize double spend and linear regression-based machine
learning to reduce system-induced latency in the field of wireless virtualization. The results obtained
in the study showed that the proposed approach outperforms other approaches in terms of expected
latency as well as expected utility for wireless virtualization [20]. Shinde and his team propose a
technological solution to eliminate the insecurities in road construction processes in India. This
recommendation system envisages that the main challenges of traditional road construction
contracting systems, which rely heavily on limited available data and assumptions regarding raw
materials and traffic behavior, will be effectively resolved. An artificial intelligence model to be
developed will perform the time and cost estimation of road construction operations. Blockchain
structure, on the other hand, will ensure the integrity of the work-time contract and reconciliation
between the stakeholders [21].
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Table 1. Detailed and comparative analysis table of existing studies

Work / Type of Type of The Aim of Contribution of
Year Algorithm Blockchain The Study The Study
No ;tnalp rz(;zldes aamfiramevséc;rtléctifr(l)r SVM outperformed all trained models,
analyzing ; N8 achieving 99.05% DA and 0.95% MCR
[22] Framework, interference  with real-time .
SVM, KNN . e . (powered by blockchain technology) to
(2022) Self-made network data, identifying multiple . .
. . . overcome security threats to networking and
blockchain potentially harmful interference .
transaction data
patterns.
No Proposes to create a reliable It establishes a link between machine
Semi- Framework machine learning system using learning technology and  blockchain
[23] supervised Self-made ’ blockchain technology that can technology. It proposes a unified analytical
(2018) learning blockchain store data in a permanent and framework for reliable machine learning
immutable way. using blockchain technology.
N]::v}\,/f)srk No She proposed a scalable and It has been seen that the created machine
[24] based Framework, efficient method to protect the learning model can detect attacks with high
(2020) Filterin Self-made allowed blockchain in the SDN accuracy and is safe to protect blockchain
schemeg blockchain domain from DDoS attack. applications from DNS Amplification attacks.
Authentication in the trade performed,
Desired to develop a smart prevention of off-chain verification,
[25] Similarity Ethereum contract-based data trading mode resolution of disputes during data trade,
(2019) Learning solution and framework using automatic payment of the balance, and the
blockchain and machine learning creation of dishonest behavior penalties are
provided.
No A model based on integrating edge
[26] Deep Framework, computlng, blockc}.)am.technology The assignment problem of the system is
; and machine learning is proposed o
(2021) Learning Self-made . formulated based on the optimization model.
blockchain to support the design of the
manufacturing system.
It is desired to propose a secure
Supervised No model that will be beneficial for Data in the field of health are shown by
[27] & Un Framework, institutions and individuals ensuring data privacy for doctors and patient
(2019) supervised Self-made operating in the field of health and relatives. Patient data is used for disease
Learning blockchain focuses on patients’ access to data  classification with machine learning
from anywhere.
It is aimed to propose a
Deep No blockchain-based machine A lightweight yet effective solution is
[28] Extreme Framework, ) . . .
(2021) Learning Self-made learning approach for network proposed for intrusion detection and
Machine blockchain security in smart home prediction in smart home networks.
technologies.
The study plans to propose a A real-time inference engine has been
[29] smart fitness service with the help  developed. The system also predicts the
(2020) SYM Hyrl):(;ll‘::i(iger of an advanced smart contract on future diet plan and exercise plan for the
blockchain networks. patient and guarantees its safety
The study proposed a Hyperledger We create.d a tru.sted and. transparent
. . encyclopedia of patient data in the study,
[30] Hyperledger  Fabric Architecture for the secure . . -
(2021) ) Fabric and efficient management of EHRs o "8 controlled dataaccess and integrity
8 for the widest stakeholders of the EHR
systems.
system.
The aim is to increase security in
io':t-:;sswach}il:\?;thbe ttr;(mslttg;;ni In this study, a security enhanced model for
Hyperledger ystems, o 5 Hyperledger Fabric based IoT based health
[31] - . utilization due to limited storage o . .
Fabric ) monitoring systems is proposed. Alternative
(2021) space, decentralized . .
o L solutions to the limitations are presented.
accountability and eliminate
single point of failure.
The aim of this paper is to propose . . . . .
- . It is the first attempt to investigate this area.
an efficient decentralized data .
. . . They formulate the TPA selection model, and
integrity checking scheme based . .
[32] Hyperledger : two selection algorithms are prepared under
- . on Hyperledger Fabric to address . . - -
(2020) Fabric . e complete and incomplete information, which
the ~security and - scalability can quickly select TPAs that satisfy users
challenges in legacy TPA-based q Y
data integrity checking schemes.
Secure storage of the model . I .
This Decision Hyperledger  developed in the distributed icrf:i;rsl;gna S;gi;?:éslg;?;tsd;iig;ig r‘r:]iils'
Work Tree Fabric learning model and the weights of 5 & y

the model

by creating a global model

When the academic studies carried out before this study are examined, Table 1 shows the aims of the
studies and the innovations they have contributed to the literature. although different algorithms are
preferred in many similar studies, studies have generally been carried out on security and data privacy.
in this study, in addition to data privacy and security, data anonymization fiction has an important
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place. In [R6], a process was followed to create an encyclopedia by storing raw data securely and
transparently and sharing it with healthcare organizations in a controlled manner. In [R7], raw data
collected from IoT devices are kept in a local chain. Afterwards, the data in the local chain is sent to a
global cloud chain with gateways. the aim here is to eliminate the single point error that may occur in
the two chains that are kept for verification purposes from the other. in addition, performance
measurements in this study do not contain any information about the scalability of the infrastructure
created by taking place in future study targets. Unlike [R7], in this work, the data itself is not stored,
but the weights kept in the machine learning model. this is perfect for data anonymization in
distributed learning machine learning. Since it does not contain meaningful expressions like the
original data, there is no threat to personal data. The work carried out in [R8] involves quite extensive
and detailed processes. In this study, a new algorithm is proposed to increase efficiency and scalability.
Since the TPA process is carried out in a way to include a third verification, it has exceeded the standard
security of Hyperledger Fabric. Comparing this study with [R8], it can be said that it has higher level
security protocols. In [R8], it is seen that the existing verification processes add additional processing
time to the blockchain. Although we have to accept its superiority in terms of security, it is important
to establish the optimum performance and security relationship.

In this study, Hyperledger Fabric developed by IBM was used as the blockchain infrastructure. The
reason for this choice is to harness the power of a truly distributed storage system that has been proven
and tested to be reliable. In addition, the Desicion Tree algorithm, whose classification success is
known, is preferred. When the aims of the study and its contribution to the literature are examined, it
is seen that it has brought an innovation to the literature. In the next section you will find a detailed
section explaining how we did the current work.

4. Proposed Model

In this section, the methods and techniques related to the blockchain structure to be used, its
installation, operation, why the weight files should be stored in the distributed learning model and how
they can be stored with smart contracts are explained. In the proposed model, Hyperledger Fabric is
used as the blockchain infrastructure. To store the data in the weight files created by machine learning,
the rough code of the smart contract created is given.

4.1. Hyperledger Fabric Setup

The Hyperledger Fabric will run on an operating system. As the operating system, the Linux-based
Ubuntu 22.04.1 version was preferred. After the installation process is completed, the prerequisites for
the Hyperledger Fabric infrastructure must be installed. Prerequisites are Curl, Git, Docker and Docker-
Compose technologies. Installations from the Ubuntu terminal can be easily performed with codes.
When the codes given below are applied in order, the prerequisites for Hyperledger Fabric installation
will be completed.

e sudo apt install curl

e sudo apt install git

e sudo apt install docker.io

e sudo apt install docker-compose

e sudo curl -sSL https://bit.ly/2ysbOFE | sudo bash -s

Figure 2. Installation codes of Hyperledger Fabric Dependencies

After the pre-installation process, the network structure to be worked on is opened. Afterwards, the
installation of channels through which communication will be carried out on this network is set up.
Then, since the coding on the existing structure will be carried out with the JavaScript language, the
necessary language settings are made.
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e cd fabric-samples/test-network

e sudo./network.sh up createChannel

e sudo ./network.sh deployCC -ccn basic -ccp ../asset-transfer-basic/chaincode-javascript -ccl JavaScript
e sudosu

o export PATH=${PWD}/../bin:$PATH

e export FABRIC_CFG_PATH=$PWD/../config/

Figure 3. Installation codes of Hyperledger Fabric Channels

After these processes are completed, organization setups should be done. The environmental variables
of the first organization are carried out by following the items below in order.

o export CORE_PEER_TLS_ENABLED=true
e export CORE_PEER_LOCALMSPID="Org1MSP"

e  export CORE_PEER_TLS_ROOTCERT_FILE=${PWD}/organizations/peerOrganizations/orgl.
example.com/peers/peer(.orgl.example.com/tls/ca.crt
e export CORE_PEER_MSPCONFIGPATH=${PWD}/organizations/peerOrganizations/orgl.

example.com/users/ Admin@orgl.example.com/msp
o export CORE_PEER_ADDRESS=localhost:7051

Figure 4. Configuration codes of Hyperledger Fabric

The necessary operational processes and ways for the organization are introduced.

e peer chaincode invoke -o localhost:7050 --ordererTLSHostnameOverride orderer.example.com --tls -
cafile ${PWD}/organizations/ordererOrganizations/example.com/orderers/orderer.example.com/
msp/tlscacerts/tlsca.example.com-cert.pem -C mychannel -n basic --peerAddresses localhost:7051 --
tlsRootCertFiles ${PWD}/organizations/peerOrganizations/orgl.example.com/peers/peer0.orgl.
example.com/tls/ca.crt --peerAddresses localhost:9051 --tlsRootCertFiles

e  ${PWD}/organizations/peerOrganizations/org2.example.com/peers/peer0.org2.example.com/tls/ca.cr
t -¢ '{"function":"InitLedger"," Args":[]}'

e peer chaincode query -C mychannel -n basic -c '{"Args":["GetAllAssets"]}'

Figure 5. Introduction of operational processes and pathways required for Hyperledger Fabric Organization

The same processes are carried out for the second organization. After these processes are completed,
wallet definitions are made.

e export CORE_PEER_TLS_ENABLED=true
e export CORE_PEER_LOCALMSPID="Org2MSP"

e  export CORE_PEER_TLS_ROOTCERT_FILE=${PWD}/organizations/peerOrganizations/org2.
example.com/peers/peer0.org2.example.com/tls/ca.crt
e export CORE_PEER_MSPCONFIGPATH=${PWD}/organizations/peerOrganizations/org2

.example.com/users/Admin@org2.example.com/msp

e export CORE_PEER_ADDRESS=localhost:9051

e peer chaincode query -C mychannel -n basic -c '{"Args":["Read Asset","asset6"]}'

e peer chaincode invoke -o localhost:7050 --ordererTLSHostnameOverride orderer.example.com --tls —
cafile ${PWD}/organizations/ordererOrganizations/example.com/orderers/orderer.example.com/
msp/tlscacerts/tlsca.example.com-cert.pem -C mychannel -n basic --peerAddresses localhost:7051 -
tlsRootCertFiles ${PWD}/organizations/peerOrganizations/orgl.example.com/peers/peer0.orgl
.example.com/tls/ca.crt --peerAddresses localhost:9051 --tlsRootCertFiles
${PWD}/organizations/peerOrganizations/org2.example.com/peers/peer0.org2.example.com/tls/ca.cr
t -c '{"function":"CreateAsset1","Args":["asset7","192.168.1.1","45","Remzi","100"]}'

Figure 6. Wallet definitions for Hyperledger Fabric Organization

With the following installation codes, Nodejs and npm installations are completed and Hyperledger
Fabric is ready to work.
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e aptinstall nodejs

e aptinstall npm

Figure 7. Setup Nodejs and npm

There is a need to define an authority that will perform its work on the Hyperledger Fabric
infrastructure. This operation can be performed with the code written in the bottom line. With the next
line of code, the server is lifted.

e node setupadminuser.js

e node server.js

Figure 8. Define admin for blockchain system

If you want to reconfigure an established and functioning infrastructure or wallet, you will first need
to reset the existing settings. This can get complicated. For this reason, it may be wiser to delete and
reinstall. The lines of code listed below first stop the active network and then clear the wallet by
deleting it.

e cd././test-network

e /network.sh down

e cd./asset-transfer-basic/application-smartcontract
e rm -r wallet

Figure 9. Delete wallet code for Hyperledger Fabric Organization
4.2. Running the Hyperledger Fabric Framework

After the installation is completed, there will be no problem in the operations you will do when you
start the system. However, when the system is stopped or closed, some processes need to be repeated
from the beginning due to security measures. These sequences of operations are given below, in order,
in item. The process, which starts with the authorization received from the terminal, continues with
the opening of the relevant files, channel installations, activation of the smart contract, identification of
the authorized person, and re-starting the server.

e sudosu

o  cd fabric-samples/test-network

o ./network.sh up createChannel -ca

o ./network.sh deployCC -ccn basic -ccp ../asset-transfer-basic/chaincode-smartcontract/ -ccl javascript
o cd./asset-transfer-basic/application-smartcontract

¢ node setupadminuser.js

e node server.js

Figure 10. Start code for Hyperledger Fabric Organization

After these processes are completed, the wallet can be started to listen with the Ip address given in the
bash files and the settings made in the contract. The records in the wallet can be tracked.

4.3. Smart Contract Structure

A smart contract is executable code running on an engineered blockchain designed to facilitate the
terms of an agreement, execute, and execute transactions between parties in mutual trust issues. It can
be thought of as a system that allows digital asset transactions to all or some of the relevant parties
after the predefined rules in smart contracts are fulfilled by the parties. Compared to traditional
contracts, smart contracts do not allow a trusted third party to operate, resulting in low transaction
costs. Prepared smart contracts will be assigned to a unique 20-byte address. Once the smart contract
is paired with a blockchain, the code assigned to the contract cannot be changed. For a contract to be
executed, it is sufficient for users to send the transaction they want to perform to the address of the
contract. The requested transaction is then evaluated by each consensus node in the network to arrive

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 255



Gurfidan & Ersoy Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

at a consensus. The status of the contract will then be updated according to the result [30]. The
consensus algorithms used, along with variables such as throughput, latency, node scalability, largely
determine the performance of the distributed system for blockchains.

Algorithm 1 Smart Contract Pseudo Code
Sfunction initLedger ()
config LedgerStandarts ()
Sfunction CreateAsset (ctx, params) <—obj
if exist (ctx) = = true then
return error
else
return (obj D [params])
function GetAllAsset (ctx, id)
const allResult =[]
10:  while! result. done then
11: allResult.Push — Key: result.value.key, Record: record
12: result « await. iterator. next ()

LEIALHE2NE

13: return allResult end

Figure 11. Smart contract pseudo code

In the prepared smart contract, the initLedger method is run to perform the initial settings that must
be made at the beginning of the ledger. Before writing new data to the notebook, it is checked whether
there is data with the same id. When a positive response is received, a new object is created and the
ledger registration process is started, and a new record is returned at the end of the transaction. The
GetAllAsset method can be run to read the records. After the necessary permissions are checked, the
data recorded in the ledger can be read and listed with the help of an iterator. Figure 11 shows the
pseudocode of the created smart contract.

The Hyperledger Fabric infrastructure uses Raft, a consensus mechanism based on Practical Byzantine
Fault Tolerance (PBFT) as a consensus algorithm. Raft is a consensus algorithm that works by
participants in the network electing a leader and approving blocks proposed by the leader. Raft is a
consensus mechanism that requires most participants in the network to agree. In this way, transactions
continue even when there are problems between some participants in the network. Raft focuses on
delivering a higher transaction speed and lower latency.

4.4, Decision Tree Model

Decision trees are an easy and interpretable algorithm from supervised learning algorithms.
Regression and classification operations can be performed with the decision tree algorithm. The
algorithm works in the inductive structure. In a developed decision tree algorithm, it is very effective
in defining a method that resembles a tree and its branches to pass the data set and to achieve the
expected results from the data set. The branches in the tree structure are based on the values of the
input parameters and are divided depending on the value of a particular property.

The information acquisition attribute minimizes the information required to classify the data points
into the relevant segments, thus ensuring the least randomness in that segment. Knowledge gain is
calculated with the formulas shown in Equation (1) and Equation (2).

Info (D) = — X1 pilog(p) (1
Info ,(0) = 53y L x infogp) @

pi is the probability that a random tuple in dataset D belongs to a class. Info(D) is the average amount
of information required to define the class, category of a data point in D. m and is the amount of data to
be retrieved. In most cases, the binary function is used since the information is encoded in bits. Info(D)
is also known as the entropy of dataset D. Equation (3) is used to calculate the information gain.
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Gain(A) = Info(D) — Info,(D) 3)

The information gain measure is used to select attributes with many values. Earnings ratios are
processes for improving results. It is calculated by the formula shown in Equation (5).

) D . D i

Splitinfo,(D) = — 7=1|T]| x log; (%) Y

GainRatio(A) = w ©
Splitinfo(A)

The Gini index considers a binary split for each attribute. No matter how many values an input
parameter has, possible subsets that can occur are formed by grouping binary pairs. This situation is
calculated with the formula shown in Equation (6).

Giniy(D) =21 Gini(D,) + 22 Gini(D,) (6)
When a decision tree is built, most of the branches will reflect anomalies in the training data due to
noise or outliers. Small changes in values can cause completely different results. Various methods are
used to eliminate this inconsistency caused by overfitting. Tree pruning is a method that typically uses
statistical measurements to remove the least reliable branches or branches supported by a few
samples. Pruned trees tend to be smaller and less complex and therefore easier to understand. They
are also often faster and better at accurately classifying independent test data. The pruning is carried

out by the method shown in Equation (7).
AGini(A) = Gini (D) — Giniy(D) 7

The above-mentioned mathematical models can be coded in Python using the necessary libraries.
Pseudo codes of the codes performed for the necessary operations are shown in Figure 3 and Figure 4.

Algorithm 2 Decision Tree Classifier Pseudo Code

1:  Import libraries

2:  Load dataset ()

3 Split dataset (Input Values)

4: Split dataset (OQutput Values)

5:  function Create Model (params) «values
6:  function Model. Fit (entropy, depth)

7 dump (model, “destination.h5”)

Figure 12. Decision Tree pseudo code

A model is developed with the code, decision trees algorithm shown in Figure 12, and the developed
model is saved. Thanks to this recording process, the trained model can be shared with the desired
point. When this sharing is realized, the node that will use the model can directly use the ready model
without having training data.

Algorithm 3 Model Client Using Pseudo Code
1:  Import libraries

Model_Load (“destination.h5”)

Test data = numpy. Array (“Input Values”)
Result = Model.Classify (“Test data”)
Print (Result)

Figure 13. Client model pseudo code

AN

Figure 4 shows the structured code block to directly use a trained model. Structures at the nodes will
be able to use the model directly without entering the training process by using this code block. This
will save on the training process.
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The model success obtained by collecting and training the data belonging to its own region, which is
one of the critical points of the study, remains the local model, while the model that is collected and
trained from all regions is described as a global model. Thanks to the code seen in Figure 13, local
models will be able to serve as global models.

5. Findings

In this study, the data set containing the Air Pollution Measurement Information of the city of Seoul,
Korea was used. This dataset contains air pollution measurement information and result information
for 25 different districts of Seoul city. The dataset is open sourced on the Kaggle dataset platform with
license number CC BY-SA 4.0. Air pollution values obtained in certain regions vary between certain
limits. The values obtained in this region were filtered from the entire data set and a data set specific
to these regions was created. Afterwards, these regions were trained with the values obtained in their
own regions and the model was recorded. When this model is tested with the data obtained in its own
fields, it shows very successful results. However, when tested with data obtained from different regions
and dissimilar to these regions, the model classification success is very low. To provide this
information, we have listed the test results we performed in Table 3. In Table 3, SO2, NO2, 03, CO,
PM10, PM25 data in the data set are shown to the model as input values. It is the classification of one
of the “Good”, “Normal”, “Bad”, “Very Bad” results determined as the expected output values from the
model. Each of the output values is expressed with different colors in Table 2. In the results section, the
classification value of the developed model and the actual result value are shown.

Table2. Model success and error status tested with values obtained from different fields

INPUT VALUES OUTPUT VALUES RESULTS
S0; NO: 0s CO PM10 PM25 Good Normal Bad ‘]’gg x;’s‘:ﬁi ﬁzts‘l‘l?:
3736 38445 12455 04 35 17 1 2 3 4 2 4
0276 0135 0031 269 985 985 1 2 3 4 3 4
0,095 0006 0007 107 985 985 1 2 3 4 2 4
0194 0002 0188 169 57 50 1 2 3 4 2 4
0106 001 0084 22 1985 985 1 2 3 4 2 4
0134 0063 0059 133 171 178 1 2 3 4 3 4
0112 0005 0006 11,9 985 985 1 2 3 4 2 4
0121 0006 0027 121 985 985 1 2 3 4 2 4
0,104 0008 0045 37 622 610 1 2 3 4 2 4
0266 0002 0125 278 268 263 1 2 3 4 2 4
0,007 0074 0003 14 122 102 1 2 3 4 3 3
0,006 007 0003 15 122 103 1 2 3 4 3 3
0,005 0028 0031 09 146 111 1 2 3 4 2 2
0,005 0019 0041 09 145 114 1 2 3 4 2 2
0,004 0039 0013 05 22 10 1 2 3 4 1 1
0,004 0034 0018 04 22 7 1 2 3 4 1 1
0,005 0033 0019 04 19 9 1 2 3 4 1 1
0,004 0035 0017 05 19 15 1 2 3 4 2 2
0,004 0041 0014 05 25 13 1 2 3 4 1 1

The result value predicted by the model and the actual value are expressed with the colors in the output
values columns in the Table 2. In these test results of an accurate and sufficiently advanced global
model, the actual values column and the predicted values column would be expected to have the same
colors. However, it is seen in Table 2 that there is a failed model in all the test data it encounters, except
for the data in which it is trained.

The success rate in the training, which was made by collecting all the data in the data set, was
determined as 98.87%. In addition, the error matrix obtained in the test processes performed with the
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model at the end of the training is shown in Figure 14/a. According to this error matrix, 99.25%
accuracy is obtained in the data that will be included in the “Good” class, while there is a 0.47% margin
of error. While 98.69% accuracy is achieved in the data that will be included in the “Normal” class, there
is a 1.31% margin of error. Data that will be included in the “Bad” class has an accuracy of 99.61% and
a margin of error of 0.39%. The data to be included in the “Very Bad” class has 66% accuracy and 34%
margin of error.

Good

Normal
'

-0.4

Bad

“02 -02

Very Bad

Good Normal Bad Very Bad Good Normal Bad Very Bad 08

a)Local Model b)Global Model
Figure 14. Confusion matrix for decision tree algorithm

The error matrix values obtained from sharing the model with the system stakeholders after the data
were combined under a single roof and the training was carried out in a single center are shown in
Figure 14/b. These results ensure that the distributed learning model is limited to serving a specific
region and is a global model. In addition, it is seen that the success achieved with the global model has
reached quite high values compared to the previous value. The model success, which showed 66%
accuracy, reached 96.36%.

To determine the time taken to save data to the blockchain structure created in another module of the
study, performance measurement was carried out with different parameters. The obtained value is
given graphically in Figure 15. Different scenario situations were used in the creation of the graph
obtained in Figure 15. According to this scenario situation, the desired amount of work per unit time,
that is, the throughput value, was changed and the measurement was made by running 10 different
threads for 20 seconds. Throughput times gradually increased from 25 to 400. In the column on the
right side of the graph, each throughput value is represented by a color and in the body of the graph it
is indicated by this color. Each measurement was increased by 25 units. The final measurement value
has been increased by 100 units. Average delay times in measurement processes, number of requests
and error percentages encountered during the process were recorded.

5 m510
45 = 1000
. = 1510
i 2020
>3
g m 2530
kS = 3010
< 2,5
& m3526
S 2
2 m3797
15 m 4030
1 m 4421
0,5 | m 4472
o ! : : Lo 4596

25 50 75 100 125 150 175 200 225 250 275 300 400
m 13100
Throughputs

Figure 15. Blockchain performance evaluation
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While recording data to the blockchain structure, an abnormal increase was noticed in the average
delay time of the measurement, where the value throughout was set to 175. When the reason for this
was investigated, it was determined that the connection with the blockchain server was broken during
this test and an attempt was made to reconnect. The reason why the average delay time is abnormal
can be verified from the graph showing the error value shown in Figure 16. This abnormality is also
partially present in the test where the throughput value is set to 200. Similarly, it can be verified from
the graph that the error value shown in Figure 126 is found. In addition, if the throughput value is set
to 250 or more, it is seen that the delay time of the system starts to increase suddenly. This shows that
the blockchain structure is approaching the upper limits of performance. When the graphs in Figure 15
and Figure 16 are examined together, it has been determined that the recording processes of the data
started to be queued after the throughput value was set to 400. This data determines the upper limit of
the system's performance.

400
300
275
250
225
200
175
150

THROUGHPUT

125
100
75
50
25

99% Response success rate 100%

25 50 75 100 125 150 175 200 225 250 275 300 400
M Request Count 510 1000 1510 2020 2530 3010 3526 4030 3797 13100 4421 4472 4596
M Error % 19 0 0 0 0 0 278 005 O 0 0 0 997

Figure 16. Different throughput values for the percentage values of the error

The number of requests made according to different throughput values and the percentage values of
the error rates encountered are shown in Figure 16 in graphic and tabular form. The number of
requests made varies between 510 and 13100 in response to the throughput values that change
gradually between 25-400. On the other hand, error percentages vary between 1.96% and 9.97%.
When the error rates are examined, an error rate of 1.96% was encountered when the first record was
tried to be created. The reason for this error is recorded as no response from the server. As soon as the
data record requests are started, it is thought that the record requests are unanswered, and an error is
made because the blockchain structure raises the ledger structure for the first record and performs the
verification of the source from which the data comes from. In addition, small error values were
observed when the throughput value was 175 and 200. The reason for this error is recorded in the
records as the connection with the server was lost, so no response could be received, and the
connection was reset again. Although no error message is encountered for the last measurement
criterion, 400 throughputs, the reason why it is passed as an error is because the recording speed is
higher than the system performance. It is thought that the error rate is high because some records are
queued and held. This measurement value shows the performance upper limit of the constructed
blockchain system.

The blockchain's average latency and throughput information can help to make some security
interpretations. The latency of a blockchain network represents how long it takes for transactions to
propagate through the network and be verified. Faster latency means that transactions are confirmed
faster, and the network runs faster. This means that users can process transactions faster and the
network can operate more efficiently. In terms of security, fast latency makes it less likely for attackers
to manipulate transactions or carry out attacks such as double spending. Throughput refers to the
number of transactions that a blockchain network can process in each period. High throughput means
that the network can process more transactions at the same time and run faster. This means that the
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network can scale better and operate efficiently to meet user demands. From a security perspective,
high throughput values make it harder for attackers to force the network to congest or degrade the
network's performance.

The Hyperledger Fabric infrastructure is an open-source platform that provides secure and scalable
blockchain solutions between its users. Security is a key feature of Hyperledger Fabric. It executes
different security mechanisms within itself. Hyperledger Fabric enables users to securely execute
transactions on the network through authentication processes and authorization mechanisms. Each
participant on the network is given a unique digital identity and transaction ownership is verified by
using this identity in transactions. It provides transaction-level privacy through private channels and
smart contracts to protect the confidentiality of transaction data. This means that only interested
parties can see the transaction data, making it inaccessible to other participants in the network.
Participants on the network provide secure communication between themselves using their digital
certificates. Provides role-based access control between users. This enables participants to define the
roles and permissions required to perform certain operations. In this way, only participants with the
relevant permissions can perform operations for which they are authorized. Smart contracts include
various security controls and validation mechanisms to prevent unauthorized access and attacks from
any part of the code. Hyperledger Fabric includes security controls and algorithms to detect and
prevent attacks on the network. When attacks are detected, notifications are sent to network
administrators and appropriate actions are taken.

6. Conclusions

In this study, a data set containing air pollution information collected from different locations was used.
To serve the purpose of the study, the values obtained from similar regions in the data set were filtered
from the entire data set and a dataset specific to these regions was created. With this dataset, model
training was carried out for the classification process using the DT algorithm. Testing of the trained
model was carried out with heterogeneous data from the entire data set. The success rate of the
obtained result is not at the desired level. In this situation, a distributed learning solution was applied
by considering data privacy and data security principles. In this solution, the model can be saved and
transmitted to different nodes via smart contracts prepared in the Hyperledger Fabric infrastructure.
After this process was performed, it was retested on the same nodes with heterogeneous data from the
entire data set, and the success rates increased significantly and ranged from 98% to 99%. To perform
the performance tests of the proposed system, different scenarios were constructed, and
measurements were made. According to this scenario, the required amount of work per unit time, that
is, the throughput value, was changed and 10 different threads were run for 20 seconds, and the
throughput times were gradually increased between 25 and 400, and measurements were made.
According to the results obtained, process performance and error rates were obtained at the desired
level.

In future studies for the implementation of this system, it is aimed to secure and automate the air-
conditioning processes of greenhouses located in different locations. In the targeted future study, it is
planned to develop an [oT member capable of collecting data from the environment in real time and
managing air conditioning systems. Machine learning method and blockchain platform setup will be
realized with the inspiration obtained from this study.
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ABSTRACT

In this study, free vibration analysis of Fiber Metal Laminated (FML) composite was performed
numerically. The FMLs are hybrid structures composed of fiber-reinforced polymer composites
such as carbon/epoxy (CARALL), glass/epoxy (GLARE), or aramid/epoxy (ARALL) with
aluminum sheets. The vibration parameters of the FML composite structures modeled by
differential quadrature (DQ) methods have been determined. The natural frequencies obtained
to prove the accuracy of the model are compared with the results obtained by experimental
method. The effects of the change in the orientation angles of the antisymmetric carbon and glass
fibers on the in-plane vibration properties of the FML plates under various boundary conditions
were numerically investigated. It was concluded that the first natural frequency value of CARALL
composite is 297.62 Hz, while the GLARE composite has a value of 236.59 Hz for the same
boundary condition and configuration cases. Furthermore, it has been obtained that the natural
frequency value of the hybrid layer sequence Al/C/G/C/Al is 278.49 Hz, and it is higher than the
natural frequency value of 254.46 Hz for the sequence Al/G/C/G/Al Another significant outcome
of the research is that the highest natural frequencies were obtained in the CCCC boundary
condition in all FMLs.

Antisimetrik Fiber Metal Laminat Plakalarin
Titresim Davranislar

0z

Bu ¢aligmada, Fiber Metal Laminat (FML) kompozit malzemenin serbest titresim analizi sayisal
olarak gerceklestirilmigir. FMLler, karbon/epoksi (CARALL), cam/epoksi (GLARE) veya
aramid/epoksi (ARALL) gibi fiber takviyeli polimer kompozitlerden olusan ve aliiminyum
levhalarla desteklenen hibrit yapilar olarak tanimlanmaktadir. Diferansiyel kuadratiir (DQ)
yontemiyle modellenen FML kompozit yapilarin titresim parametreleri belirlenmistir. Modelin
dogrulugunu kanitlamak i¢in elde edilen dogal frekanslar deneysel yontemle elde edilen
sonuglarla karsilagtirilmigtir. Antisimetrik karbon ve cam fiberlerinin yénlenme agilarinin FML
levhalarimin diizlem igi titresim 6zellikleri tizerindeki etkisi gesitli sinir kogullar: altinda sayisal
olarak incelenmistir. Ayn1 sinir kosulu ve konfigiirasyon durumlar: i¢in CARALL kompozitin
birinci dogal frekans degeri 297.62 Hz olarak bulunmustur, GLARE kompozitin ise dogal frekans
degeri 236.59 Hz olarak hesaplanmustir. Ayrica, Al/C/G/C/Al gibi hibrit tabaka dizilimine sahip
FML'nin dogal frekans degeri 278.49 Hz olarak elde edilmistir ve bu deger, Al/G/C/G/Al dizilimi
igin elde edilen 254.46 Hz dogal frekans degerinden daha yiiksektir. Arastirmanin bir diger
6nemli sonucu, tiim FML'lerde en yiiksek dogal frekanslar CCCC sinir kosulunda goriillmiistiir.
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1. Introduction

Fiber Metal Laminates (FML) are commonly utilized especially in aircraft, aerospace and automobile
industries due to their superior properties such as fatigue resistance, fatigue strength, corrosion resistance,
fracture toughness and density compared to conventional materials. Since these composites are in demand in
various industries, it is necessary to determine their dynamic and mechanical properties. The studies on free
vibration analysis of FML composites are very limited in the literature. In these studies, the equations of
motion of FML beam, plate and shell elements are generally derived using first-order (FSDT) or higher-order
(HSDT) shear deformation theory. The equations have been solved by various numerical methods such as
Galerkin, Rayleigh-Ritz, Finite Element method, and experimental studies have been carried out and the
results have been evaluated. The effects of layer thickness, fiber orientation, boundary conditions and plate
aspect ratio on vibration characteristics were investigated [1-10].

Apart from linear analyses, nonlinear vibration behaviors of these structures were also investigated. The
nonlinear equations of motion of the FML plates can be obtained using the FSDT. These equations obtained
to determine the nonlinear frequencies of the system can be solved using a numerical method for instance
Galerkin, multiple time scale methods [11, 12].

The use of the DQ method, which is one of the numerical methods that enables to achieve results with
acceptable sensitivity by using fewer elements and therefore less nodes, in the vibration behaviors of the
composite beam, plate and shell elements has been quite high in recent years. From the literature survey, it is
found that there are only few studies on the free vibration analysis of the FML beams and plates using DQ
methods. Among these studies, Maras and Yaman [10] used DQ methods to analyze the vibration behaviors
of FML composite plates. In other studies, especially circular plate and Timoshenko beam structures have
been investigated analytically and numerically [13-15].

As a result of the literature review, it has been determined that the vibration behavior of FMLs with the DQ
method is not much in the published literature. It was concluded that anti-symmetric laminates were not
examined in these studies. In terms of contributing to the literature in this study, the effects of anti-symmetric
laminates and boundary conditions on the free vibration analysis of the FML composites were examined
numerically using the DQ methods.

2. Procedure For DQ Method

The DQ method, which is one of the numerical method, gives results with acceptable precision by using less
number of nodes, was introduced by Bellman and it was stated that fast and susceptible solutions of partial
differential equations can be obtained in initial and boundary value problems [16]. To calculate the partial
derivative of a given discrete point of a function with respect to a given space variable using the DQ method,
it is necessary to find the weighted linear sum of the function values at all discrete points of that variable
region [17].

For two-dimensional problems, the number of nodes in the x-direction and in the y-direction can be
represented by the symbols Nx and Ny, respectively. For the discrete points (xi, yj) of the u(x,y) function, the
derivative expression of the r th order with respect to x, the derivative expression of the s th order with respect
to y and the derivative expressions of the (r+s) th order with respect to x and y are as follows, respectively;

N
aT X
ﬁ = Z Agz)u(xk,yj) r=12,.....N, =1 (1)
X=X k=1
N
Su y
rrvc Z ) Bj(ks) u(x,y) s=12,....,N, =1 (2)
Y=yj k=1
alr+s)y _ 9" (d5u _ Nx ) ZNy (s)
axTays xj T oxT (a_yS)xiJ’j - ZkzlAik et Bfm u(xk’ Ym) (3)

i=1,2,....,Nx ve j=1,2,.....,Ny

The expressions Ag-) and Bi(js)are the weighting coefficients of the derivative expressions for the r'th and s'th
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order xi and yj discrete points of the u(x,y) function [18]. The weighting coefficients are obtained with the
following expressions.

_ 20D
Ag) =r [Aflr 1)1‘18) - XUT], i,j=1,2,.,Nx, r=2,3,.,Nx-1 (4)
i~Xj
1 1 (s 1)
BL(]S) =S |:Bl(ls )B( ) y”_ .:|, ,] 12, ,Ny, s=2 3, ,Ny 1 (5)
Ny
AP == " AP ie10. N, =12, Nl ©)
j=1jzi 7
Ny
BY) = _Z BY;i=1,2...,Ny, s=12...,Ny-1 -
j=1jzi I

The relations giving the nodal point selection in x and y coordinates are as follows;

i-1

X; = . ,1 1,2,....Nx (8)
— g1
Y, = Ny_1,1—1,2,....,Ny 9)

In this study, the equation expressing the bending vibration of a symmetric thin-layer composite plate
according to the classical plate theory is discussed. For more details on the mathematical properties of the
governing equation, including its derivation and scientific applications, the interested reader may refer to [19,
20].

The DQ analogs of the vibration expression equation for inner nodes are defined as:

4 3 1 2 2

Duy BREF ag Wi + 4016 BJ27 TR 0 bWy + 2(Diz + 2Dee) TEF BRET 0 bW
1 3 4) —

+4D,¢ Zn+2 it a( )b( )ij + Dy, Y2 1(k)Wlk = phw?wy (10)

i=23.,n-11=23.,n—-1
Ny

where, the expressions a; j(l), a; j(z) , a; ]-(3) , a; j(4) show the weighting coefficients according to x from the
first order to the fourth order, respectively. Similarly, the weighting coefficients in the y direction from the
first order to the fourth order are b; j(l), b;; @ b; j(3) and b;; @, respectively. Also, nx and ny represent the
total number of nodes in the x and y direction, respectively.

The DQ notations of boundary condition can be written similarly. The bending moment equations
are exercised to the following partial differential derivatives: (0w /0x) -, and (OW/0x) -,

2) — 1 1) —
Dy1 Y% a( )sz + Dyp Xt} bl(k)Wlk + 2D, X727 YRi: ( )b( )ij =M,y

11
(l =12,..,n,l= 1,nx) (D

The shear force equations are placed where the displacement expression (w) is located. The DQ equations of
the boundary condition expressions are as follows:

2), (1 1), (2
Dyy Zn % alk Wy +4Ds6 Zn+2 ;{1+% a( )b( )W]k + (D12 + 4Dg) Zn+2 ;cH-% a( )b( )W]k

42 p Wi = (Vg (i = 2,3 —-11=1 (12
+2D262 Wlk - (Vx)zl (l — 49, "'Iny l - :nx)

The equation (12) does not include the four corner points( wy(i=1, n,; =1, nx))
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Similarly, the DQ equations for the (dw/dy),—o and (dw/3dy),_4 cases are:

2 1 1
Dy, Y% al(k)sz + Dyy Yt b( )Wlk + 2D;6 Zn+2 flay a( )b( )W]k =( y)l-l

(13)
(l =1Ln,l=12 ...,nx)

The DQ analog of shear force expression for the y coordinate can be given as follows, the equation does not

include the four corner points (Wil (i=1, ny,; l=1, nx)).

Doz TREL by Wi + 4D56 X327 Ti2E i by Wi + (Dyz + 4De) Tj2F E21 i by w,

(14)
+2Dys Y2 aPwy, = (I/;,)il (i=1n,;1=23,..,n,—1)

Finally, the following DQ equations are applied at the four vertices (Wl-l (i =1n, l=1, nx)):

2 2 1 1
2D YRt al(k)sz + 2D, Y32 b( )Wlk + 4Dgq n+2 SED Yt a( )b( )ij =Ry

15
(i=1,ny;l=1,nx) (13)

All equations between equation (10) and equation (15) can be written in matrix form after performing the
necessary mathematical operations.

[Kee Kei] {{Ae}} — { {0} } (16)
Kie  Kiull{w;})  (A[{w;}
The DQ analogs of the differential equation at the boundary points and all inner points are denoted by the

symbols e and i, respectively. Also, the symbols {4,}, {w;} and 1 = phw? represent the displacement vector at
the boundary points, the displacement vector at the inner points, and the eigenvalue expression, respectively.

After eliminating the {4,} vector, which represents non-zero displacements, Eq. (16) can be rewritten as:
[Kii = KinKpp Kpil{wi} = AlT{w;} (17)
The Equation (17) can be written in a simpler way and can be expressed as follows.

[K1{w;} = AllT{w;} (18)

The Equation (18) is a standard eigenvalue matrix equation and can be solved with a standard eigenvalue solver.
The vector {w;} denoting the mode shapes can be obtained in a similar way.

3. Experimental Method

The numerical results were analogized with the experimental results to prove the accuracy and applicability of
the proposed model. For this purpose, FML composite plates were produced by hot pressing method (Fig. 1).
The material placed in the hot press machine was subjected to curing by heating for 2 hours at 140 °C and 20
kN force (under 5 bar pressure).

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayimncilik 267



Maras & Yaman Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

R
- 5 : i
Fig. 1. FML composite plates manufactured: a) CARALL b) GLARE
The mechanical properties of the produced FML composite materials (Table 1) were obtained by applying
tensile test according to ASTM D3039 standard in Shimadzu tensile machine. Then, the vibration and
damping characteristics of the FML composite plates were determined using the PULSE measurement system

(computer-indexed system) consisting of many measurement channels (Fig. 2).

Table 1. The mechanical properties of the materials used manufacturing the FML plates

Material ((fﬁa) ((f}fa) (gi’za) Vi eam®)
Carbon/epoxy 29.33 29.33 2.72 0.041 1371.4
Glass/epoxy 14.01 14.01 1.06 0.145 1627.6
Al 1050 34.00 34.00 12.78 0.330 2599.2

Lazer
Vibrometer

Pulse Measurement

Fig. 2. Expeimentl t-up
4. Experimental Validation Of The Numerical Model

The accuracy and applicability of the proposed model were shown by comparing the numerical results and
the experimental results with each other. The width and length values of the FML composite plate considered
in the experimental and numerical analyzes are c=d= 0.18 mm. The thickness of each glass prepreg, carbon
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prepreg and aluminum materials are 0.18 mm, 0.25 mm and 0.3 mm, respectively. CFFC (two edges clamped
and others free), CFCC (one edge free and the others clamped), and CCCC (all edges clamped) boundary
conditions are discussed. It can be seen from Table 2, that there is a great agreement and accuracy between
the experimental results and numerical results calculated by DQ methods.

Table 2. Comparing of the natural frequencies of the FML plates

w (Hz)
Boundary Layer Solution Methods
Cond. sequence * Experi-
peri o
DQ ANSYS mental Error percentage# (%)
Al 403.8 399.3 412.1 2.1
CCCC
A2 357.0 353.6 362.5 1.5
Al 264.9 262.2 275.1 3.8
CFCC
A2 233.1 230.9 237.5 1.9
Al 89.2 76.7 80.1 10.2
CFFC
A2 78.8 67.8 752 4.6

* .
A1=(ALG 450/450_G300 /600G as0 /450G 300/600) 3 A2= (G300 600 AL G300 /600G 450 /a50_G300 600 ) ; Al=Aluminium ; Gy: Glass prepreg;
0:Fiber orientation angle; # Error percentage# (%): Percentage difference value of the experimental result and the DQ method result.

5. Numerical Analysis
In this study, the effects of changes in the number of layers, fiber orientation angles and material properties

on the natural frequencies of the FML composites in various anti-symmetric configurations as shown in Table
3, Table 4 and Table 5 were investigated.

Table 3. The configurations of GLARE

GLARE

Group Number of Lay-up sequence Orientation

layers angle
Gl 3 Al/G/ Al
G2 5 Al/G/G/G/ Al 0°/90°
G3 7 Al /G/G/G/G/G/ Al
G4 3 Al/G/ Al
G5 5 Al/G/G/G/ Al 30°/60°
G6 7 Al /G/G/G/G/G/ Al
G7 3 Al/G/ Al
G8 5 Al/G/G/G/ Al 45°/-45°
G9 7 Al /G/G/G/G/G/ Al

Table 4. The configurations of CARALL
CARALL

Group Number of Lay-up sequence Orientation

layers angle
C1 3 Al/C/ Al
C2 5 Al/C/C/C/ Al 0°/90°
C3 7 Al/C/C/C/CIC/ Al
C4 3 Al/C/ Al
C5 5 Al/C/C/C/ Al 30°/60°
C6 7 Al/C/C/C/CIC/ Al
Cc7 3 Al/C/ Al
C8 5 Al/C/C/C/ Al 45°/-45°
C9 7 Al/C/C/C/CIC/ Al
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Table 5. The configurations of HYBRID FMLs

HYBRID FMLs
Grou Lay- n Orientation Number of
oup ay-up sequence angle layers
HI AL/CIGIC/ Al 07190°
H2 Al/G/C/G/ Al
H3 AL/CIG/C/ Al .
H4 ALGICIGI Al 2060 5
H>5 Al/C/G/C/ Al o
Heé ALGICIG AL T

6. Results And Discussions

The effects of the change in the fiber orientation angles of the GLARE FMLs under the CCCC boundary
condition on the free vibrations of the structure is shown in Fig. 3. It is seen that there is no significant change
in the natural frequencies of the plate depending on the change in fiber orientation angles. This is because
glass fiber prepregs have a plain weave. The mechanical properties of these prepregs in the transverse and
longitudinal directions are very similar to each other. Thus, the stiffness of the composite structure and hence
its natural frequencies are not considerably impressed by the change in fiber orientation angles. Also, as the
number of glass fiber layers in the structure increased, the natural frequencies also increased. Similar trend is
noticed in the study of comparative dynamic analysis of carbon, aramid and glass fiber reinforced interply
and intraply hybrid composites by Aydin, et al. [21]. The reason for this is that by adding a glass fiber/epoxy
layer to the structure, the rigidity of the plate increases with the increase in the number of layers of the
structure. On the other hand, the mass amount of the composite structure also increases. As a result, the
increase in the frequencies seen in the graphs reveals that the improvement in the rigidity of the structure is
more dominant.

The effects of the change in the fiber orientation angles of the GLARE FMLs under the CFCC boundary
condition on the free vibrations of the structure is shown in Fig. 4. Similar to Fig. 3, it is seen that the change
of fiber angles does not cause a significant change on natural frequencies for the structure under the CFCC
boundary condition.

The factors affecting the natural frequency of the FML plate are stiffness, density, and mass moment of inertia.
Apart from these, it is observed that natural frequencies decrease significantly as the number of free edges of
the composite structure increases (Fig. 5). The natural frequencies of FMLs under free edge boundary
conditions are considerably lower than those of fully clamped FMLs due to the change in the restraint effect
at the edges. Thus, unlike other boundary conditions, a composite structure with a clamped boundary
condition increases its stiffness and thus its natural frequencies. When the relevant studies in the literature
supporting this inference are examined, E. V. Prasad and S. K. Sahu concluded that the boundary conditions
is more sensitive to the natural frequencies of plates [8].

w

w

o
J

002/902 [@309/60° [452/-45°

N W
w o
o o
1 1

50 -

First natural frequency (Hz)

Al /G/ Al Al /G/G/G/ Al Al /G/G/G/G/G/ Al
Lay-up sequence

Fig. 3. GLARE FMLs under CCCC boundary conditions
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250 - [102/90° [E302/602 mMA452/-452

200 -
150 -
100 -

192
o
1

First natural frequency (Hz)

o

Al /G/ Al

Lay-up sequence

Fig. 4. GLARE FMLs under CFCC boundary conditions

—%—CCCC —3—CFCC —e—CFFC

— 350 - 307.41
L
= 300 -
(8]
$ 250
>
o 200 -
T 150 A
3 105.18
& 100 - 58.1
b 30.23 44.9
2 50 ~ G_/_e—/'e
£

0

Al /G/ Al Al /G/G/G/ Al Al /G/G/G/G/G/ Al

Lay-up sequence
Fig. 5. GLARE FMLs under different boundary conditions

The effects of variation in fiber orientation angles of the carbon prepregs in the interlayers on the free
vibrations of the structure for CARALL FMLs composites under the CCCC boundary condition are presented
in Fig. 6.

The lay-up was designed as given configuration in Table 4 where the orientation angles 8 = 0°/90°, 30°/60°,
45°/45°.

The Fig. 6 is examined, it can be said that there is no significant change in the natural frequencies of the plate
even though the change in fiber orientation angles. The reason can be clarified as follows: carbon fiber
prepregs are plain woven, so their mechanical properties are close to each other in the longitudinal and
transverse directions. Therefore, there is no appreciable effect on the stiffness of the composite structure
despite the change in fiber orientation angles. It was also observed that the highest natural frequencies were
obtained as the number of carbon fiber/epoxy layers in the structure increased. Similar trend is noticed in the
study Free vibration analysis of fiber metal laminated straight beam by Maras, et al. [22].
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[02/90° E130°2/60° m452/-452
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o

o
1

300 A

200 A

100 -

o

First natural frequency (Hz)

Al /C/ Al Al /c/c/c/ Al Al /c/c/c/c/c/ Al
Lay-up sequence

Fig. 6. CARALL FMLs under CCCC boundary conditions

The effects of various boundary conditions on the vibration behavior of the CARALL structure are examined
in Fig. 7. The results show that the highest natural frequency values for the same sequence conditions of the
layers have obtained at the CCCC boundary condition where the stiffness is higher.

—»—(CCC —B—CFCC —e—CFFC
— 450 413.11
= 400 -
350 -
300 -
250 -
200 -
150
100 -

Hz

First natural frequency

1%
o
1

33.9

o

Al /C/ Al Al /C/C/C/ Al Al /C/C/C/C/C/ Al
Lay-up sequence

Fig. 7. CARALL FMLs under different boundary conditions

Fig. 8 shows the distribution plot of the natural frequencies obtained versus the change in fiber orientation
angle for the hybrid FML composites given in Table 5. As a result of the change in fiber orientation angle, it
is seen that there is no notable change in natural frequencies. Besides, the natural frequencies change with the
change in fiber type.

The effect of placing the variable fiber type in the inner layers on the vibration properties was investigated in
Fig. 9. Itis seen that the natural frequency values of the structure increase as the number of carbon fiber epoxy
layers in the structure increases by placing carbon fiber/epoxy layer instead of a glass fiber/epoxy layer.
Supporting this result, in the study by Utomo, et al. [23], examining the influence of the number and position
of the carbon fiber lamina on the natural frequency and damping ratio of the carbon-glass hybrid composite,
it is determined that there is a significant decrease in natural frequency with the increase of the glass fiber
laminates in the structures. The reason is that taking into consideration the material properties given in Table
1 as the number of carbon/epoxy layers increases, the density of the structure decrease.

Moreover, it is obtained that the natural frequency value of the Al /C/G/C/ Al sequence is higher than the
natural frequency value of the Al /G/C/G/ Al sequence from the hybrid layer sequences (Fig. 9). This is
because the lateral stiffness of the carbon/epoxy layer is higher than that of the glass/epoxy layers. Another
reason is that the mass moment of inertia of the structure has a lower value if the glass fiber/epoxy layer is
placed towards the center of the structure. When the relevant studies in the literature supporting this inference
are examined, Muddappa, et al. [24] concluded that different hybrid configurations play an important role in
the vibration behavior of the FML plate. They determined that the natural frequency of the plate is higher if
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the outermost layers have a carbon fiber/epoxy layer instead of glass fiber/epoxy.

002/90° [E309/60° M@459/-45°

E 290 -
& 280
C

(]

> 270
g

£

TE 260
=}

£ 250 A ﬁ
C

-

2 240
[N,

Al /G/C/G/ Al Al /C/G/C/ Al
Lay-up sequence
Fig. 8. Hybrid FMLs under CCCC boundary conditions

002/90¢

= 297.62
Z 300 | 278.49 —

> 254.43 —
§250 1 236.59 — T

2200

100 H

First natural fre

Al /G/G/G/ Al Al /G/C/G/ Al Al /C/G/C/Al Al/C/C/C/Al
Lay-up sequence
Fig. 9. Effects of fiber type changes on natural frequencies in 5-layer FML composites under CCCC boundary conditions

The natural frequencies of hybrid FML composites with 0°/90° fiber orientation angles were compared by
changing the boundary conditions (CCCC, CFCC, CFCC) (Fig. 10).
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Fig. 10. Hybrid FMLs under different boundary conditions

Since the stiffness of the structure is higher in the CCCC boundary condition than in other boundary
conditions, the natural frequency value of the structure is the highest in this boundary condition. Similar
trend is noticed in the study Free vibration analysis of fiber metal laminated plates by Prasad and Sahu [25].
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Fig. 11. Comparison of the first natural frequency of GLARE and CARALL composite plates

The comparison of natural frequencies of GLARE and CARALL composites under CCCC boundary
condition and having the same configuration is given in Fig. 11. Here, the F* symbol denotes the fiber type in
the form of glass fiber or carbon fiber. If the Fig. 11 is examined, it is seen that the natural frequencies of
GLARE composites are lower than those of CARALL composites. This is based on glass prepregs with a lower
elasticity modulus and higher density than carbon prepregs. When using a glass prepreg instead of a carbon
prepreg, the density of the structure and the mass moment of inertia increase, resulting in a decrease in the
natural frequency of the plates. In the study conducted by Utomo, et al. [23], which supports this result, it was
determined that adding more carbon layers to the carbon-glass hybrid composite results in an increase in the
natural frequency of the composite material.

6. Conclusion
In this study, free vibration behavior of GLARE, CARALL and Hybrid FML composites with antisymmetric
lay-up was investigated by DQ method. From the examined configurations, the following determinations can

be made.

« It was observed that there was no significant change in the natural frequencies of the plates, although the
fiber orientation angles were changed in all FMLs examined.

» The highest natural frequencies were obtained in the CCCC boundary condition in all FMLs. It was cleared
that as the number of free edges in the composite structure increases, the natural frequencies decrease
significantly.

o It was also determined that the highest natural frequencies were obtained as the number of carbon fiber
epoxy layers in the structure increased by placing a carbon fiber/epoxy layer instead of a glass fiber/epoxy

layer.

« It was concluded that the first natural frequency values of CARALL composites were found to be higher
than GLARE composites for the same boundary condition and configuration cases.
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ABSTRACT

Steel roof trusses are a frequently used element for carrying roof cover in industrial type
structures. Roof trusses are generally preferred for long spans that cannot be designed with
standard sections. These load bearing members can be created using many different types of
mesh. In recent years, it has been observed that there are damages in the steel roof trusses due
to heavy snowfall, especially in industrial buildings. Therefore, it is important to design these
members safely and economically. In this study, roof trusses with 24 m span, 0.8 m side and 3.2
m ridge height were investigated for 5 different mesh types. A total of 20 analyses were
performed for 4 different purlin distances using the SAP2000 program. Specification for
Structural Steel Buildings (AISC 360-16) published by The American Institute of Steel
Construction was used for the member design of these 20 roof trusses, whose external
geometric dimensions are the same. As a result, the most economical roof truss type and purlin
distance were determined by comparing the roof truss and roof truss + purlin weights obtained
from the design. Minimum cross sections and minimum total weight were obtained for Warren
truss mesh type with 2.4 m purlin distance.

Farkli Orgii Tiplerindeki Celik Cat1 Makaslarinin
AISC360-16 Yonetmeligine Gore Degerlendirilmesi

0z

Celik ¢at1 makaslari, endiistriyel yapilarda ¢ati ortiisiinii tagimak icin yaygin olarak kullanilan
tastyicr sistem elemanlaridir. Catr makaslar1 genellikle standart kesitlerle tasarlanamayan uzun
acikliklar icin tercih edilmektedir. Bu tagtyici elemanlar olugturmak igin birgok farkls 6rgii tiirii
kullanilmaktadir. Son yillarda 6zellikle endiistriyel binalarda yogun kar yagis1 nedeniyle gelik at1
makaslarinda hasarlar oldugu goézlemlenmektedir. Bu nedenle, bu elemanlarin giivenli ve
ekonomik bir sekilde tasarlanmasi 6nem arz etmektedir. Bu ¢alismada, 5 farkli 6rgii tipi icin 24
m agiklikls, 0.8 m kenar ve 3.2 m mahya yiiksekligine sahip ¢at1 makaslar incelenmistir. SAP2000
programi kullanilarak 4 farkli agik aralig: icin toplam 20 adet analiz yapilmustir. D1g geometrik
oOlgtileri ayni olan bu 20 adet cat1 kirisine ait elemanlarin tasariminda Amerikan Celik
Konstriiksiyon Enstitiisii tarafidan yayimlanan Yapisal Celik Binalar Yonetmeligi (AISC 360-16)
kullanilmistir. Sonug olarak, tasarimdan elde edilen ¢ati1 makasi ve ¢at1 makasi + agik agirliklar:
karsilagtirilarak en ekonomik ¢at1 makast tipi ve agik aralig1 belirlenmistir. En kiiciik kesitler ve
en kii¢iik toplam agirlik Warren kafes tipi cati makasinda 2.4 m asik aralig1 i¢in elde edilmistir.
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1. Introduction

The beams designed to carry the roof covering in steel structures are called roof beams. These beams carry
the weight of the roof covering and the loads acting on this member. Roof beams can be designed using
standard sections for short spans. The dominant internal force in the design of roof beams is usually the
bending moment. As the span increases, the bending moment formed in the beam also increases. One of the
most ideal ways to meet this moment demand is to increase the beam height. Together with the bending
moment, the shear force also occurs in the beam. However, the shear force capacity of the beam is usually
quite higher than the demand. When the moment capacity is increased by increasing the beam height, the
beam web cannot be used effectively. For this reason, designs with standard cross-sections do not give
economical results for long spans. Industrial buildings usually need large openings for a well-planned work
area. At this point, roof trusses are used instead of standard sections. Roof trusses are obtained by joining the
ends of the members at the joints. The elements used in the roof truss do not transfer moment to the joints.
Therefore, only axial force occurs on the elements of a roof truss, which is loaded from the joints. The
members utilized as a part of steel truss framework are generally angles, double angles, channels, double
channels, square hollow sections and circle hollow sections [1].

The roof truss mesh can be created in many different types. Warren truss, Howe truss and Pratt truss are the
most common types of trusses [2]. These types have been used in trusses for many years. Before the
widespread use of steel, roof trusses were usually made of wood [3]. Since the use of wooden roof trusses, the
designs of different types of roof trusses have been studied. Nowadays, optimization plays a big role in the
design of structures with a long span [4]. It is aimed to design roof trusses safely and economically by using
optimization techniques. Considering the size of the areas where roof trusses are used, a small improvement
in the design will make a great contribution economically. However, mistakes made in this design will have
very severe consequences. The cost of damage caused by excessive snow load should be considered not only
as repair costs, but also as the inability to use the building for a while, damage to the materials inside the
building, possible injuries and loss of life [5]. When the published reports on the damaged steel roof trusses
are examined, it was concluded that one of the biggest factors is the snow load [6]. It is observed that many
steel roof trusses have collapsed due to heavy snowfall in the past. In this study, it is aimed to determine which
of the roof trusses with different mesh types are the most economical for situations where snow load is the
dominant load in the design.

2. Analysis of Different Roof Truss Types

In this study, the effect of mesh types for a steel roof truss was analysed. The examined roof trusses have a
span of 24 m, a side height of 0.8 m and a ridge height of 3.2 m (Figure 1). In this design, the mesh type and
purlin distance parameters are selected as variable. A total of 20 analyses were performed for 4 different purlin
distances and 5 different mesh types.

Figure 1. 3D view of T1 type roof truss

The five different mesh types used in the study are shown in Figure 2. T1, T2 and T3 types were chosen as the
Howe, Pratt and Warren truss types, respectively, which are often used. T4 and T5 types were also created as
a combination of other types. Since the roof truss can only be loaded from the joints, each type of mesh is
arranged for purlin distance of 3.0 m, 2.4 m, 2.0 m and 1.5 m. The models created according to different purlin
distances for the T1 mesh type are shown in Figure 3 as an example.
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Figure 2. Roof truss types

The analyses were performed using SAP2000 v23.0 structural analysis and design program [7]. The steel grade
of the profiles to be used in the steel roof truss has been selected as S235 defined in TS EN 10025-2 [8]. S235

grade steel has 235 MPa yield strength and 360 MPa tensile strength.

This study was carried out for the case when the snow load is effective in the design. For this reason, only the
dead load (D) and snow load (S) are taken into account in the design. Other loads such as earthquake load,
wind load, ice load and storm load have been ignored. The design was made in accordance with the Load and
Resistance Factor Design (LRFD) provision. The following load combinations were obtained using ASCE/SEI

7-16 [9].

Load combinations for the limit states of strength;

. 14D

. 12D +0.5S

. 12D +1.6S

Load combinations for the limit states of serviceability;
. 1.0D+0.5S
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Figure 3. T1 type roof trusses with different purlin distances

The double angle built-up section was used for designing tension and compression members of roof trusses.
A typical double angle section is shown in Figure 4. Also, all double angle sections used in steel design are
given in Table 1.

v b V

Figure 4. Typical double angle section (2LbXt/c/)
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Table 1. Steel section list used in the design

Section list
21.45X4.5/10/ 2L75X7/10/
2L50X5/10/ 21.80X8/10/
2155X5/10/ 21.90X9/10/
2L.60X6/10/ 21.100X10/10/
2L.65X6/10/ 2L110X10/10/
2L.70X7/10/ 2L120X12/10/

One end of the roof trusses was modeled as a pinned support and the other end as a roller support. Also,
pinned connections were defined at the ends of the members. The weight of the roof trusses was automatically
added to the dead load. In addition, a dead load of 0.1 kN/m?* on the roof was taken into account. The
characteristic snow load value was determined as 1.60 kN/m? from TS EN 1991-1-3 [10]. The distance between
the roof trusses was considered to be 7.5 m. The individual loads at the joints were calculated by the loads
spread over the area were multiplied by the purlin distance and 7.5 m. The snow load values calculated for
T1-3.0 roof truss are shown in Figure 5 as an example.

18.
36.
36. .

Figure 5. Snow load for T1-3.0 (kN)

The axial force values of the members found as a result of the analysis are shown in Figure 6, and the deformed
roof truss shape is shown in Figure 7 for T1-3.0 roof truss.

o]
B

SA7 74
[
1%
/A
/

4N

TN D

Figure 6. Axial force diagram for T1-3.0 (kN)

£45.3
-1 K

Figure 7. Deformed shape for T1-3.0

In the SAP2000 program, the analyses were performed in the two dimensions. The design of steel elements
was made using the AISC 360-16 regulation [11]. When designing the tension members, the limit states of
tensile yielding in the gross section and tensile rupture in the net section were taken into account using
Equation 1 and Equation 2, respectively. It was assumed that the effective net area to gross area ratio of
members is 0.8. In addition, the limit value of 300 which is recommended by the regulation was used for the
slenderness of the tension members.

Py =FE, x A (the limit state of tensile yielding) (1)
P,.=FE, * A, (the limit state of tensile rupture) (2)
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Where; P, characteristic tensile strength, Fy: yield stress, F.: tensile stress, Ag: gross area of a section, A.:
effective section area which can be calculated by A, * U (U: shear lag factor, A,: net section area)

The limit states of flexural buckling and flexural-torsional buckling were taken into account when designing
the compression members by Equations 3 to 7. All the sections given in Table 1 are classified as nonslender-
element sections according to AISC360-16 Table B4.1a. For this reason, local buckling does not occur in the
compression members. In addition to the strength of these elements, it was checked that the slenderness did
not exceed the maximum permissible value of 200. In these elements, since the both ends of the elements are
connected with pinned support, the effective length factor is taken as 1. For built-up sections, it is necessary
to calculate the modified slenderness value depending on the type and placement of the fasteners. In this
study, the fasteners were not calculated. Therefore, it was assumed that the modified slenderness ratio of the
members was 1.1 times the slenderness ratio of the corresponding member. The same cross-section was
selected to the complete top chord elements when designing. Similarly, the all bottom chord elements were
designed with the same cross-section. The design results for the T1-3.0 roof truss are shown in Figure 8.

B = For x Ay (the limit state of buckling) (3)
Fy Fy

When 2 < 2.25 E., = (0.658% |E, (4)

When 2 > 2.25 F,. = 0.877F, (5)

F, = iEZ (for flexural buckling) (6)

F

(Feyz':-l Fez) [1 — ’1 - (:ji—FFE:ZH)Z] (for flexural-torsional buckling) (7)

Where; Py.: characteristic compression strength, F,: yield stress, F.: elastic buckling stress, F.y: elastic buckling
stress about y-axis, Fe,: elastic buckling stress about longitudinal axis, Fo.: critical stress, Ag: gross area of a
section, L.: effective length of member for buckling, E: modulus of elasticity of steel (200000 MPa), r: radius
of gyration, H: flexural constant.

N
N

- — 10, L 0.7,
S AN i

HLAI0N AT X

2N 19 Py & % %

O 2 3 ) X

200x0r10/2  2090x910rS 2L90X9/10/ 2L90X9/10/ 2L90X9M10/  V2L00X9M0/  N2L9OX9AGI [ £ O
o~ o~

Figure 8. Design sections and capacity ratios for T1-3.0

In addition to the roof truss, the design of purlins was also made. The purlins were solved as a singular element
independently of the roof truss (Figure 9). One end of the purlins is designed as a pinned support, the other
end is designed as a roller support. The purlins are designed to have a sag rod at the L/ 3 points (L: beam
span). For this reason, the displacement in the horizontal direction is restricted at L / 3 points.
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Figure 9. 3D view of purlins

The snow load was added on the purlins as a linear distributed load (Figure 10). The purlins standing on the
roof truss have the effect of bending in both directions due to the slope of the roof truss. Linear distributed
loads were obtained by multiplying the purlin distance with the snow load acting on the unit area. The loads
found were distributed in 2 directions according to the slope of the roof truss. The obtained bending moment
graphs are given in Figure 11.

Figure 10. Snow load for the purlins (kN/m)

Purlins are designed under the effect of two-way bending moment and shear force. IPE sections were used for
the purlins. Since all cross-sections used in the purlins are compact, the design was made by considering the
limit state of yielding and the limit state of lateral torsional buckling for bending about major axis using
Equation 8 to 11. Similarly, for bending about minor axis, the limit state of yielding was taken into account
by Equation 12. The capacity ratios of purlins under the effect of two-way bending moment are shown in
Figure 12. For the shear force, the design was made using Equation 13 and Equation 14 in the strong and weak
direction, respectively. Also, the capacity ratios for shear forces in both directions are given in Figure 13.
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M3-3 M2-2
Figure 11. The bending moments M 3-3 and M 2-2 formed on the purlins (kNm)

M, = M, = E,W,, (the limit state of yielding) (8)

For L, < L, (the limit state of lateral-torsional buckling does not apply)  (9)

For L, < L, < L, M, = C, [Mp — (M, — 0.7E,W,,) (f”_’f:)] < M, (10)
For L, > L, M, = F, W, (11)
M, = M, = EW,, < 1.6EW,, (the limit state of yielding) (12)
V, = 0.6F,A,Cy (13)
V, = 0.6F,bst;Cyy (14)

Where; M,.: characteristic flexural strength, M,: plastic flexural strength, W, plastic section modulus about
the x-axis, W elastic section modulus about the x-axis, Wy,: plastic section modulus about the y-axis, Wey:
elastic section modulus about the y-axis, Cy: lateral-torsional buckling modification factor, F: critical stress
for lateral-torsional buckling Ly: length between points that are either braced against lateral displacement of
the compression flange or braced against twist of the cross section, L,: the limiting laterally unbraced length
for the limit state of yielding, L: the limiting unbraced length for the limit state of inelastic lateral-torsional
buckling, A,: area of web, C,; and C,.: the web shear strength coefficients, be: width of flange, tg thickness of
flange.
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The roof truss weights obtained as a result of the analysis are given in Table 2. Also, the obtained data are
shown in Figure 14 as a surface plot. The lowest roof truss weight was achieved for the T3 (Warren) type at a
purlin distance of 2.4 m. Table 3 shows how much the roof truss weights are higher than the lowest roof truss

weight by percentage.
Table 2. Roof truss weights (kN)

Purlin distance (m)  Roof truss type

T1 T2 T3 T4 T5 Avg.
3.0 19.17 18.40 17.34 18.56 18.18 18.33
2.4 18.24 17.70 16.86* 17.52 17.35 17.53
2.0 18.27 17.97 17.22 17.54 17.13 17.63
1.5 18.95 18.66 18.08 17.95 17.59 18.25
Avg. 18.66 18.18 17.38 17.89 17.56

*Minimum weight
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Figure 14. Surface plot of truss weight

Table 3. Percentage difference according to the minimum roof truss weights (%)
Purlin distance (m)  Roof truss type

T1 T2 T3 T4 T5
3.0 13.68 9.13 2.85 10.06 7.83
2.4 8.19 4.96 0.00 3.93 291
2.0 8.38 6.58 2.13 4.01 1.61
15 1241 10.66 7.25 6.47 4.32

When the comparison was made according to the type of mesh, the weights of the roof trusses from the lowest
to the highest were obtained as follows (Figure 15);

Wiz < Wrs < Wry < W < Wiy

In this comparison, the same ranking was obtained for the average values and the minimum values.
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o
€ 18.00 ——T2
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" 1780 =13
o
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K] —=T5
2 17.40
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Figure 15. Truss weights vs mesh types

When the roof truss weights are evaluated according to the purlin distance, the following ranking has been
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obtained (Figure 16).

for the average roof truss weights;
Way < Wi < Wis < Wiy

for the minimum roof truss weights;
Wiy < Wi < W30 < Wi
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Figure 16. Truss weights vs purlin distances

The displacements at the midpoint of the roof trusses are shown in Table 4. The maximum allowable
displacement is calculated as 80 mm using the limit value of L/300 [9]. All the displacement values obtained
are less than this limit value.

Table 4. Displacements at the midpoint of the roof trusses (mm)
Purlin distance (m)  Roof truss type

T1 T2 T3 T4 T5
3.0 22.34 23.57 21.79 22.45 22.99
2.4 22.76 23.99 22.74 23.11 23.05
2.0 22.89 23.83 22.73 22.75 23.21
15 22.78 23.62 23.02 22.39 22.94

As aresult of the analysis of the purlins, the purlin sections were obtained as shown in the Table 5. The weight
of a purlin with a length of 7.5 m for each section is indicated in the third column of Table 5. For each purlin
distance, the total number of purlins between two roof trusses and, accordingly, the total weight of the purlins
were calculated.

Table 5. Cross sections and weights of the purlins

Purlin Purlin Purlin weight Number of Total purlin
distance (m) section (kN) purlins weight (kN)
3.0 IPE 240 2.26 10 22.58

24 IPE 220 1.93 12 23.14

2.0 IPE 200 1.65 14 23.04

1.5 IPE 180 1.38 18 24.84

The total roof weight was obtained by collecting the purlin weights and the roof truss weights (Table 6). In
addition, the percentage differences according to the minimum value are shown in Table 7.
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Table 6. Total roof weights (kN)
Purlin distance (m)  Roof truss type

T1 T2 T3 T4 T5 Avg.
3.0 41.75 40.98 39.92* 41.14 40.76 40.91
2.4 41.38 40.83 40.00 40.66 40.49 40.67
2.0 41.32 41.01 40.26 40.58 40.18 40.67
1.5 43.79 43.50 42.92 42.79 42.43 43.09
Avg. 42.06 41.58 40.78 41.29 40.96

*Minimum weight

Table 7. Percentage difference according to minimum total roof weights (%)
Purlin distance (m)  Roof truss type

T1 T2 T3 T4 T5
3.0 4.58 2.66 0.00 3.05 2.10
2.4 3.65 2.29 0.19 1.85 1.42
2.0 3.50 2.74 0.86 1.65 0.64
15 9.70 8.96 7.52 7.19 6.28

With the addition of purlin weights, it is seen that the order given for the mesh type remains the same (Figure
17);

Wiz < Wrs < Wry < W < Wiy

However, with the addition of purlin weights, it is seen that the order given for the purlin distance changes as
follows (Figure 18);

for the average roof truss weights;
Wiy =Wap<Wio<Wis

for the minimum roof truss weights;

Wi < Was < Wi < Wis
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Figure 17. Total roof weights vs mesh types
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Figure 18. Total roof weights vs purlin distances
4. Results and Discussion

Many steel roofs have been damaged due to heavy snowfalls experienced in recent years. These damages have
led to great financial losses. In order to prevent these losses, a design should be made that has both sufficient
strength and is economical. For this reason, this study has been carried out in order to provide convenience
to those who want to design a steel roof. In this study, the effect of mesh type and purlin distance on the
weight of steel roof trusses was investigated in the case where snow load is the dominant load. The results
obtained from this study are limited to the cases where only the snow load is effective in the design. Some
important results of this study can be summarized as follows:

e The most economical result among the types of roof truss mesh is obtained from the T3 (Warren)
type with 3.0 m purlin distance.

e In the weight of the steel roof, the roof trusses and the purlins have approximately the same
proportion of impact.

e  For purlin distances below 2 m, the T5 type works better than the T3 type.

o  The low truss weights have been achieved for the purlin distances of 2.0 m - 2.4 m. Although, an
increase in total purlin weight was observed with a decrease in purlin distance. As a result, the
minimum values for the total roof weight were obtained between 2.0 m - 3.0 m.

o The biggest roof truss weights were obtained from the T1 type. Similarly, the 1.5 m purlin distance
has also led to obtaining the biggest roof weights.

o  Similar displacement values were obtained for all roof trusses.
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ABSTRACT

The fabrication of intricately formed parts, challenging with the traditional manufacturing
approach, is facilitated by additive manufacturing (AM). Stacking the material layer by layer
and using the 3D data from the model, parts are created using this technique. The design of
parts with various porosities inside the same cell structure and industry sector-specific
manufacture are both made possible by this technology. With varied infill geometries and
porosity ratios, pieces made from PLA material with different mechanical properties were
compared in this study. Parts were made for this purpose using fused deposition modeling
(FDM) and various infill geometries (Octet, Gyroid, and Cross). The unit cell size for infill
geometries was set at 5x5x5mm, and test samples with porosities of 50%, 30%, and 20% were
created. Tensile, compression, and impact tests were conducted to examine the mechanical
behavior of these parts, and the best unit cell structure was selected based on the assessed
mechanical properties. In general, it was found that all fill geometries' mechanical qualities
declined with increasing porosity ratio. The Octet infill geometry structure had the maximum
tensile strength. However, the Cross infill geometry sample had the most significant
deformation.

Eklemeli Imalat ile Uretilen PLA Yapilarda Dolgu
Geometrisi ve Gozenek Oraninin Mekanik
Ozelliklere Etkisi

0z

Eklemeli imalat (EI) yontemi, geleneksel iiretim teknikleri ile imalati zor olan kompleks
geometrili pargalarin kolay bir sekilde iiretilmesini saglayan bir imalat metodudur. Bu imalat
yonteminde, iiretilecek olan modelin 3D verileri yardimiyla malzeme katmanlar halinde yigilarak
parcalar tiretilmektedir. Eriyik yigma modelleme (EYM) y6ntemi termoplastik malzemelerden
parqa iiretiminde siklikla kullamilan bir EI yéntemidir. Bu ¢alismada, PLA malzemeden {iretilen
parcalarda farkli dolgu geometrisi ve gézenek oraninin bu pargalarin mekanik 6zelliklerine etkisi
deneysel olarak incelenmistir. Pargalarin mekanik davraniglarini aragtirmak amaciyla gekme,
basma ve darbe deneyleri ilgili standartlara gore yapilmis ve karsilastirilan mekanik ozellikler
acisindan en uygun birim hiicre yapisi belirlenmistir. Bu amagla, farkli dolgu geometrilerine
(Octet, Gyroid ve Cross) ve gozenek oranlarina (%50, %30 ve %20) sahip numuneler birim hiicre
boyutu 5x5x5mm olacak sekilde her bir deney standardina uygun boyutlarda modellenmis ve
EYM yontemiyle tretilmistir. Genel olarak, tiim dolgu geometrilerinde gézeneklilik oraninin
artmasiyla mekanik ozelliklerin kotiilestigi gortilmistiir. Octet dolgu geometrili yapida en yiiksek
¢ekme dayanimi elde edilirken, Cross dolgu geometrili yapida en fazla sekil degisimi gortilmiistiir.
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1. Introduction

Depending on the development of technology, the demand for special products is increasing with improved
geometry, weight/strength, and aesthetics that can be used in different areas. Traditional machining methods
may be insufficient to meet the geometrically optimized part/product needs and increase product demands,
especially to provide the desired strength. For this purpose, different production technologies are being
developed apart from traditional production methods. In contrast to machining, manufacturing technologies
(plastic forming, additive manufacturing, welding, casting, etc.) in which materials are shaped by adding a
wide range of product needs can be met. In this context, additive manufacturing methods, also known as
three-dimensional (3D) manufacturing, which entered our lives with the developing technology, have begun
to be used in all industries. In this production method, a piece that is difficult to produce with the machining
method can be designed in 3D in a computer environment and produced in layers. In this manufacturing
technology, parts with complex geometries can be produced at affordable costs, and industrial parts from
many different materials such as plastic, ceramic, metal, or composite.

The additive manufacturing (AM) method allows structures to be built relatively quickly with highly complex
infill geometries. With technological advances, the AM, which has been used for producing non-functional
prototypes for years, has enabled making products with more industrial use potential than prototype
products. In addition, AM has enabled the making of products of the same or better quality than traditional
manufacturing methods for highly complex parts. The infill term, referring to the internal structure of an
object printed in additive manufacturing, represents a stable structure selected by the user in the slicing
software and a certain percentage of volume formed by this structure. The infill pattern and volume
percentage significantly affect the printing process and the printed object's physical properties. Therefore, a
high-volume percentage increases material consumption and printing time while producing parts that are
more resistant to external loads [1]. In this context, experimental and theoretical studies have been conducted
in the literature to determine the optimum infill geometries that can guide users in the design of light and
mechanically robust prints [2,3]. For example, Deshpande et al. [4] investigated the effective mechanical
properties of octet-lattice structures experimentally and theoretically. They stated that octet-lattice structures
could be used as an alternative to metallic foams in porous structures. Baich et al. [5] investigated the
interaction between filler designs and mechanical properties according to ASTM test standards and
production cost time. They stated that continuous infill with the same production costs has higher strength
under all loading conditions than double-layer intermittent filler. Vicente et al. [6] performed an experimental
study to investigate the effect of filling patterns and density on the mechanical properties of acrylonitrile
butadiene styrene (ABS) parts produced by AM. They stated that the difference in modulus of elasticity
between honeycomb and linear patterns might be due to the different deposition trajectories and interlayer
bonding regions between both patterns. Kumar et al. [7] stated in their studies that annealing and high filling
density of FDM improved the mechanical properties of the samples printed with Polyethylene Terephthalate
Glycol (PETG) and Carbon Fiber reinforced Polyethylene Terephthalate Glycol (CFPETG) material.
Ganeshkumar et al. [8] experimentally and theoretically investigated the effects of gyroid, rhombic, circular,
octahedron, and honeycomb fillers on the mechanical properties of 3D-printed Polylactic Acid (PLA) parts.
They stated that the honeycomb infill pattern exhibited better mechanical properties than other infill
structures. Lubombo and Huneault [9] analyzed the mechanical properties of PLA samples produced with
FDM using three infill densities and five infill patterns by tensile and bending tests. The results showed that
the hexagonal filler type performed best in balancing tension and bending mechanical properties. On the
other hand, in addition to static tests, there are also studies examining the effect of filler geometry and density
on mechanical properties in parts produced with AM under dynamic loads, albeit slightly. Tsouknidas et al.
[10] investigated the effects of filling geometry and density on the energy absorption capacity of cylindrical
parts produced with PLA and stated that the filling density has the most substantial effect on energy
absorption, followed by layer height and filling pattern, respectively.

In this study, the effect of infill geometry and porosity on the mechanical behavior of the part was investigated
experimentally in PLA-based plastic products produced using AM technology. It is understood from the
literature that the tensile and compression behavior of parts produced with AM in different infill geometries
is generally examined. In the presented study, the effect of the porosity ratio and the filling geometry on the
part's mechanical properties was determined by impact tests in addition to the tensile and compression
behavior. For this purpose, experimental samples with different pore ratios were modeled and produced in
Octet, Gyroid, and Cross fill geometries, which are recommended for industrial use. The samples were
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modeled according to the relevant test standards and produced using a 3D printer based on the FDM method.
Finally, it is aimed to contribute to the literature by determining the most suitable filling geometry and
porosity ratio based on the considered mechanical properties.

2. Material and Methods
2.1. Material and Infill Geometry

In this study, three different infill geometries, Octet, Gyroid, and Cross, and three different porosity ratios
(20%, 30%, and 50%) were decided apart from previous studies. Figure 1 shows the infill geometries selected
for the test samples. Accordingly, parametric designs of Polylactic Acid (PLA) based samples were made for
tensile, compression, and impact tests using 3D CURA software. The temperature was kept constant during
the production of the samples. In the FDM-based additive manufacturing process, the most proper
production parameters (such as printing speed, temperature, and construction direction) for the selected
plastic material were obtained from the studies in the literature [11]. Some mechanical and physical
properties of PLA used in the study are given in Table 1.

Table 1 Mechanical and physical properties of PLA [12]

. Melting . Impact Glass Transition
Density Melt Flow Rate Temperature Tensile Strength Strength Temperature, T
1.24 g/cc 7-9 g/10 dk. 165-180 °C 43 MPa 0.310] 55-60 °C

Figure 1 Unit cell structures used for infills [13].

2.2. Design and Production of Samples

Compression tests were carried out per the ASTM D695 standard, used in determining the rigid plastics'
compression properties, to examine the effect of infill geometry and porosity ratio on the mechanical
compression properties. To this end, Octet, Gyroid, and Cross unit cell shaped compression samples were
designed with external dimensions of 25mmx25mmx25mm and pore ratios of 20%, 30%, and 50%.
Additionally, relative density is an essential property used to characterize the mechanical behavior of cellular
materials. Therefore, in the study, the porosity ratios of the samples were adjusted without changing the unit
cell dimensions (5x5x5, in mm), only by changing the cell filling rates. The designed compression samples
were produced using the FDM method from PLA material at a constant temperature (200 °C) in the Ultimaker
additive manufacturing device [14].

For tensile strength of mechanical properties, samples with Octet, Gyroid, Cross unit cell structure, and 20-
50% porosity ratios were designed and manufactured according to ASTM D638 standard. ASTM-D638
standard is a test method used to determine the tensile properties of rectangular plastic specimens. This
standard has five different types of test specimens that can be used for reinforced composites, rigid, semi-
rigid, non-rigid plastics, and rigid pipes. Type 1 specimen, whose dimensions are given in Figure 2, was used
for the tensile test. The tensile specimens were produced using the 3D printer according to the above-
mentioned manufacturing conditions.
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Figure 2. Type 1 specimen dimensions (mm)

Impact behavior was investigated as the third method in the analysis of the mechanical properties of PLA
parts produced by additive manufacturing. For this purpose, unnotched 10x10x80 mm length samples with
20%, 30% and 50% filling ratios were produced in accordance with ISO 179 standard. The ISO 179 standard
determines plastics' Charpy impact strength with pendulum-type testers. In design of these sample, octet,
gyroid, and cross-unit cell shapes were used in the core of the structure. As with other mechanical property
samples, the printing temperature for impact samples was set at 200°C.

3. Experimental Studies

To evaluate the effects of infill geometry and porosity ratio on the mechanical properties of the parts produced
with FDM, tensile, compression, and impact tests were applied to the samples according to the relevant
standards. In this context, compression tests were conducted according to the ASTM D1621 standard, which
is used to determine the compressive behaviors of solid cellular plastics. An Instron tensile-compression test
machine was used for the test. The loading speed was set at a constant 2 mm/min and carried out as a quasi-
static compression test. The tests were carried out by turning each printed sample in the printing direction
and perpendicular to the printing direction (90°). A total of 36 samples were tested by performing two retests
for each sample. In addition, no lubricant was used on the contact surfaces between the sample and the plate
during the experiments. The same test device was also used for the tensile test. Tensile tests were carried out
per the ASTM D638 test standard, in the form of a semi-static tensile test, by applying a speed of 2 mm/min.
The samples' tensile damage loads were determined using the force-elongation curves obtained at the end of
the test. The examples of the images of the samples during and after the tensile test are given in Figure 3.

Figure 3. Application of the tensile test and the final state of the samples.

Impact tests were carried out according to the ISO 179 (Charpy test) standard to determine the impact
resistance of the samples produced by the FDM method. Devotrans pendulum impact tester was used for
Charpy impact tests. In the experiments, a hammer with a 152.7 g weight, suitable for the physical properties
of the plastic material, was used. Samples were produced with the dimensions of 80x10x8 mm for the test.
Additionally, shell structures with a thickness of 0.5 mm were formed on the samples' bottom, top and side
surfaces. The steps of the impact test are shown in Figure 4.
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b)

c) d)

Figure 4. The stages of impact test: a) Initial position of the hammer on the test device, b) Sample binding, c) Impact location of the
hammer on the test device, d) Sample view after the test [14].

4. Results and Discussions

4.1. Compression Test Results

20 % porosity 30 % porosity 50 % porosity

Octet

Gyroid

Cross

Figure 5. Shape changes in the samples at the end of the compression test.

To examine the effect of infill geometry (unit cell structure) and porosity ratio on the compressive strength

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik
295



Yesiloglu, Ozmen & Ginay Gazi Muhendislik Bilimleri Dergisi: 9(2), 2022

in PLA-based parts, six samples from each infill geometry were subjected to compression testing per ASTM
D1621 standard. In Figure 5, the images of the samples after the compression test are given. In addition, the
stress-strain diagrams obtained at the end of the compression test, depending on the change in the porosity
ratio of the samples with Octet, Gyroid, and Cross unit cell structures, are given in Figure 6-8, respectively.
The elastic modulus of the samples was calculated by considering the elastic region in the compressive stress-
strain diagram and given in Table 1.

Table 1. Elasticity modulus and yield stress obtained by the compression test.

Modulus of Elasticity (MPa)

Perpendicular to the printing In printing direction
direction

Porosity Ratio (%) Cross Gyroid Octet Cross Gyroid Octet
20 829.59 1107.50 135.42 874.40 926.77 1137.50
30 537.79 534.69 80.674 573.05 601.55 911.55
50 459.14 402.60 55.343 534.16 485.64 724.38

Yield Strength (MPa)

20 15.72 18.43 1.180 18.01 16.16 18.75
30 9.29 9.21 0.708 10.71 9.83 13.08
50 8.18 5.58 0.646 9.87 7.05 9.86

In stress-strain diagrams obtained from compression tests of cellular structures and materials, it is stated that,
generally, three deformation zones occur. These three regions are; the elastic region, called the pre-yielding
stage, the plateau region formed after yielding, and the final compression region. The deformation behavior
of these structures is classified as brittle or ductile depending on the plateau region's stress-strain values [15].
As can be seen from the graphs given in Figure 6-8, the stress-strain diagrams of the compression specimens
consist of elastic, plateau, and final compression regions. Similar compression behaviors were obtained in
different cellular structures [16]. When the compression behavior was evaluated in general, it was determined
that the compressive elasticity modulus of the samples increased in all infill geometries with decreasing
porosity. Structural anisotropy is one of the most critical parameters affecting the mechanical properties of
porous parts produced with FDM. It has been stated that increasing the unit cell size of the cellular structure
increases the printing sensitivity of the printer, which reduces the structural anisotropy of the additive
manufacturing part [17]. Therefore, the structural anisotropy of the samples increased as the unit cell size of
the fill geometry decreased. This formation caused an increase in the compressive elasticity modulus in
samples with different fill geometry.
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Figure 6. Stress-strain diagrams of specimens with Gyroid infill geometry; a) Direction 1 (perpendicular to printing direction) b)
Direction 2 (in printing direction).
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Figure 7. Stress-strain diagrams of specimens with Cross infill geometry; a) Direction 1 (perpendicular to printing direction) b)
Direction 2 (in printing direction).
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Figure 8. Stress-strain diagrams of specimens with Octet infill geometry; a) Direction 1 (perpendicular to printing direction) b)
Direction 2 (in printing direction).

The Octet infill geometry samples' elasticity modulus were obtained as 724.38 MPa, 911.55 MPa, and 1137.5
MPa on average for 50%, 30%, and 20% density ratios, respectively, by the compressing in the printing
direction. However, these were obtained as 55.343 MPa, 80.674 MPa, and 135.42 MPa, respectively, by
compressing perpendicular to the sample's printing direction. In the samples with gyroid infill geometry, the
modulus of elasticity was obtained as 926.77 MPa, 601.55 MPa, and 485.64 MPa for the 50%, 30%, and 20%
porosity ratios, respectively, by compressing the sample in the printing direction. In addition, compressive
elasticity modules of 402.6 MPa, 534.69 MPa, and 1107.5 MPa were obtained for the specimen’s compressed
perpendicular to the printing direction. However, the compressive modulus of elasticities for specimens with
Cross infill geometry were obtained as 534.16 MPa, 573.05 MPa, and 874.4 MPa in the printing direction for
50%, 30%, and 20% porosity ratios, respectively, and obtained as 459.14 MPa, 537.79 MPa and 829.59 MPa in
the opposite to the printing direction. According to these results, the highest compressive elasticity modules
and yield stresses were obtained in Octet infill geometry when the specimen was positioned vertically (in the
printing direction). In contrast, the lowest compressive stress and elasticity modules were obtained when the
specimen was positioned perpendicular to the printing direction. In addition, when the specimen was
positioned horizontally (perpendicular to the printing direction), the highest compressive stresses and
modulus of elasticity were obtained in the Cross infill geometry, except for the 20% porosity ratio. These
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results show that the compression behavior of the parts may change according to the printing direction of the
parts, according to the difference in the filling geometry as well as the material type [18].

4.2. Tensile Test Results

Three samples from each cell structure were subjected to tensile tests to determine the effect of infill geometry
and porosity ratio on tensile strength. Samples prepared according to ASTM D638 standards were tested using
an Instron tensile-compression tester. At the end of the test, the effects of the pore ratio and filler geometry
on the tensile strength were examined by taking the average of the results obtained for the three samples.

The views of the samples after the tensile test are given in Figure 9. In the tensile tests of the filled samples
produced by the FDM method, the fracture of the samples starts from the corners close to the sample holding
jaws due to the stress concentrations caused by the diameter transitions. In the presented study, deformations
occurred as fractures in the diameter transition region of the samples with Gyroid and Octet infill geometries.
When the fracture patterns were examined, it was seen that some ductile deformation occurred due to the
cellular structure. On the other hand, the deformation in Cross-infill geometry samples first occurred as the
separation of the unit cells along the mid-symmetry line of the sample. Then it ruptured in the diameter
transition region as in the Gyroid and Octet cell-filled samples.

a) Octet

b) Cross

¢) Gyroid

Figure 9. Views of the samples with a 20% porosity ratio after the tensile test.
g p p y

The stress-strain diagrams of PLA samples with Octet, Gyroid, and Cross infill geometries depending on the
change in porosity ratios are given in Figure 10, respectively. However, the sample's tensile modulus of
elasticity was calculated by considering the elastic region in the stress-strain diagram. According to the infill
geometry and porosity ratio, the modulus of elasticities were calculated as 37.70 MPa, 25.55 MPa, and 19.34
MPa in Cross infill samples, 34.13 MPa, 26.82 MPa, and 19.26 MPa in Gyroid infill samples, and 5.21 MPa,
4.87 MPa and 3.86 MPa in Octet infill samples, respectively, for 20%, 30%, and 50% porosity ratios. When
the effect of the porosity ratio on the mechanical properties was evaluated, each sample's elasticity modulus
decreased with increasing the porosity ratio from 20% to 50%. As mentioned in the literatures, these results
showed that the tensile strength and modulus of elasticity decreased with decreasing density or increasing the
pore ratio [19, 20], and indicated that the tensile behavior had a similar trend in different infill geometries.
Besides, the elasticity modulus of Cross and Gyroid infill samples were higher than Octet infill samples at all
porosity ratios.
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Figure 11. The effect of infill geometry on tensile behavior of samples; a) 50%, b) 30% and c) 20%.
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Stress-strain diagrams in Figure 11 are given to evaluate the effect of infill geometry on tensile mechanical
behavior of PLA specimens. When compared according to the infill geometry, it is seen that the Octet infill
samples have the highest tensile strength in all porosity ratios. Slightly lower breaking stress values were
obtained in the samples with Gyroid infill geometry compared to those with Octet infill geometry. However,
while the lowest breaking stresses were obtained in Cross cell filled samples, higher deformations occurred
compared to Octet and Gyroid infill samples.

4.3. Impact Test Results

The Charpy impact test was applied to the samples, prepared according to ISO 179 standard, to evaluate the
effects of infill geometry and porosity ratio on the impact resistance in PLA-based parts. A 0.5 mm thick shell
was formed on the sample's bottom, top, and side faces produced according to the standard, and the other
two surfaces along the sample length were left open. The sample was positioned as Direction-1 and Direction-
2 during the test according to the contact state of the hammer. In Direction-1 positioning, the sample is
positioned so that its shell-covered face encounters the impact load of the hammer. However, in Direction-2
positioning, the sample is positioned so that its open face encounters the impact load of the hammer. The
tests were carried out in two ways according to these directional positions. The appearances of the samples
after the experiments are given in Figure 12.

20% porosity ratio 30% porosity ratio 50% porosity ratio

Direction 1

Octet

Direction 2

Direction 1

Cross

Direction 2

Direction 1

Gyroid

Pl il el (el
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SR R L A | "~
RS O S M |
BN RN R R A

A% VINTIN | -

Direction 2

Figure 12. Views of the samples after the impact test

The impact resistances obtained when the samples are positioned as Direction-1 and Direction-2 are given in
Figures 13a-13b, respectively. When the impact energies of the samples given in Figures 13a-13b are
evaluated, the impact resistances of the Octet infill samples remain approximately the same. When the
fracture pictures of the Octet samples obtained after the impact test were examined, the infill geometry could
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not fulfill its task due to the insufficient connection between the infill patterns (Figure 12). This situation
showed that the impact energy acting on the sample with Octet infill geometry was absorbed mainly by the
sample's shell face. At the same time, it is seen that the breaks are not along a certain line. Thus, approximately
the same impact energies were obtained. However, according to Figure 13, the impact resistances of the
Gyroid infill samples increased as the pore ratio decreased. However, the impact resistances of Cross samples
decreased by reducing the porosity ratio from 50% to 30% in Cross samples and then increased. In parallel
with the literature [21], it was concluded that there is no linear relationship between the change in pore ratio
and impact strength due to changing infill geometry.
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Figure 13. Variation of impact energies with positioning samples for a) Direction 1, b) Direction-2

When the impact energies of the samples for Direction-2 are examined, it is seen that the impact resistances
of the samples with Gyroid and Cross infill geometries decrease as the porosity ratio increases (Figure 13b).
On the other hand, the impact resistances of the Octet infill samples remained approximately the same.
However, it was determined that the impact resistances of Gyroid and Cross infill samples were higher than
Octet infill samples at all porosity ratios. When a comparison is made in terms of the positioning of the
samples as Direction-1 and Direction-2, it has been revealed that more impact energy can be absorbed in the
Direction-2 positioning of the sample. In addition, it can be stated that the shell layer applied to the lower and
upper surfaces of the samples increases the impact resistance. This result is attributed to the increasing density
towards the sample surface as mentioned in the literature [22].
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5. Conclusions

In this study, the mechanical behavior of PLA-based parts produced with three different infill geometries
(Gyroid, Cross, and Octet) and porosity ratios (20%, 30%, and 50%) by FDM additive manufacturing method
was investigated by applying tensile, compression and impact tests. The main findings obtained from the
experimental studies, carried out per the related standards, are summarized below:

¢ When the compressive behavior of the samples was evaluated, increasing the porosity ratio decreased
the compressive elasticity modulus and yield stress of the samples. However, each infill geometry
showed different responses to compression load at the same porosity ratio.

e The lowest compressive elasticity modulus and yield stress were obtained in Octet infill geometry
when the samples were compressed horizontally (perpendicular to the construction direction).
When the samples were compressed vertically (in the direction of construction), the lowest
compressive elasticity modulus occurred in the Cross infill geometry and the lowest yield stress in
the Gyroid infill geometry.

e When the tensile behavior is examined, increasing the porosity ratio increases the tensile modulus
of elasticity. The highest tensile strength and modulus of elasticity were obtained in Octet infill
geometry. However, the lowest tensile strength, modulus of elasticity, and highest deformations were
obtained in the Cross infill geometry.

e  When an evaluation is made in terms of impact resistance, the impact resistance increases as the
porosity ratio decreases in the structure with Gyroid infill geometry. The lowest impact resistance
was obtained in all porosity ratios in samples with Octet infill geometry. In addition, it was observed
that the shell structure, added to the outside of the samples, increased their impact resistances.
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ABSTRACT

Alternative sources of silica, most abundant in the earth's crust, are converted into useful high-
temperature crystalline phases. In this study, temperature dependent phase transformations of
silica sand and rice husk sourced silica with and without the addition of 10 % by weight
elemental iron were investigated. For this purpose, firstly, the initial silica sources were calcined
at 700 °C for 2 hours, ground into fine powder and placed on a carbon substrate and heat
treated in a tube furnace at 1500 °C for 2 hours in argon atmosphere. The phase transformation
characteristics of the final material were made by XRD and SEM analysis. A mixture of
cristobalite-tridymite and high purity cristobalite was observed in rice husk ash with and
without Fe addition, respectively. In the same order, XRD phase pure tridymite and cristobalite
phases were observed in silica sand. As a result, XRD phase pure or tailored transformations of
these crystalline phases were obtained depending on the Fe addition and silica source.

AKADEMIK
YAYINCILIK

Belirli Silika Kaynaklarinin Yiiksek-Sicaklik Doniisiimlerinde

Fe Ilavesinin Etkisi

0z

Alternatif silika kaynaklar1 yer kabugunda bol bulunduklarindan, yararl yiiksek sicaklikta
kristal fazlara doniistiiriliirler. Bu ¢alismada, agirlikca % 10 elemental demir katkili ve katkisiz
silis kumu ve piring kabugu esasli silislerin sicakliga bagli faz doniisiimleri incelenmistir. Bu
amagla, ilk olarak baslangig silika kaynaklar1 700 °C' de 2 saat kalsine edilmis, ince toz haline
getirilmis ve bir karbon altlik {izerine yerlestirildikten sonra argon atmosferinde 1500 °C'de bir
tip firinda 2 saat 1s1l isleme tabi tutulmugtur. Nihai malzemenin faz doniistim karakteristikleri
XRD ve SEM analizi ile yapilmistir. Fe katkili ve katkisiz piring kabugu kiiliinde sirastyla bir
kristobalit-tridimit karisimi ve yiiksek saflikta kristobalit gozlenmistir. Ayni sira ile silis
kumunda XRD faz saf tridimit ve kristobalit fazlar1 gozlenmistir. Sonug olarak, Fe katkisina ve
silis kaynagina bagli olarak bu kristal fazlarin XRD faz saf veya uyarlanmus doniisiimleri elde
edilmistir.
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1. Introduction

Following oxygen, silicon is the most abundant element in the earth's crust and together they form silica.
Containing a minimum 98 % SiO,, silica sand is a hard mineral that is very resistant to temperature and
chemical effects [1]. Because of these intrinsic properties, it is always used in different industries, for example,
on the floors where heavy equipment is working, where high abrasion resistance is required, it is used safely
in construction and in the production of building chemical materials due to its structure that is not affected
by acids [2]. Rice is one of the most important food sources in the world, 72 % of which is consumed by
humans and then the husk remains as natural waste. Rice husk contains silica (70-90 %) depending on the
geography and climatic conditions where the rice is grown. The type and amount of silica in the husk depend
on the calcination temperature and time. Rice husk ash is obtained by burning rice husk at temperatures over
500 °C and contains a little carbon of organic origins. It is used as a source of silica in the production of
geopolymer [3], concrete or high-temperature composites and ceramics such as SiC [4], SisN, [5]. Silica is a
polymorph material that can change its molecular structure with temperature. Silica, which is in the form of
crystalline quartz at low temperatures, transforms into the crystalline tridymite phase at 870 °C and forms
cristobalite at around 1470 °C [6-8]. These refractories can be effectively utilized in various areas such as glass,
paints, ceramics, plastics, and construction products [9, 10].

In terms of contributing to the circular economy with a sustainable and waste-reducing approach, these two
silica resources can be effectively used in the transformation of these useful refractories. There is limited study
in literature directly related to the current study; however, the addition of iron was reported as 3-17 wt. % in
a related study [11]. 10 % wt. iron addition was fixed, considering that the low amount of iron would act as a
trace metal and the excess amount of iron would promote single-phase cristobalite conversation [12, 13]. In
this study, temperature-dependent phase transformations of silica sand and rice husk-sourced silica with and
without the addition of 10 % by weight elemental iron were investigated.

2. Materials and Methods

Silica sand and rice husk used as local silica sources in this study were obtained from Samsun and Osmancik,
respectively. Elemental Fe was used as the catalyst and graphite plate was used as the substrate. First, both
silica sources were calcined at 700 °C for 2 hours in an open-air furnace to remove possible organic
compounds. Following the calcination, they were ground into powders in a mortar and pestle and
subsequently sieved to 63 pm particle sizes. With their use without additives, the initial samples were
homogenized in a planetary ball mill (Fritsch Pulverisette 7) with YSZ (ZrO, and Y,O:;) vessel and balls by
adding elemental Fe 10 % to both silica sources. The designed samples are based on silica sand (SS) and rice
husk ash (RHA) deemed as SS-0, SS-10, RHA-0, and RHA-10. Simultaneously, surface cleaning processes of
graphite substrates were carried out in Daihan Wish WUC-D22H brand ultrasonic bath device. The heat
treatment of the samples was carried out in the PTF 16/75/450 model atmosphere-controlled tube furnace.
0.5 grams of powder was taken from each sample and placed on the graphite substrate in such a way that they
do not come into contact with each other, and then the substrate was inserted in the center of the furnace
where the temperature changes were the least, and the lids of the tube were closed (Fig. la). The heat
treatments were carried out by providing a continuous flow of argon gas from the tube within the program
including two isothermal soaks at 750 °C and 1500 °C for 0.5 and 2 h in Fig. 1b, respectively.

0
| 1500 °C

$°Cmin  $°C'min
750°C 750°C

samples

Argon tube
Temperature *C

Tene'h B

Figure 1. Tube furnace set-up and heat-treatment program.

Following the reaction products were ground into a fine powder, and the EMPYREAN diffractometer
(A =0.15418 nm, mean of A1 and A2) equipped with a CuKa source was analyzed by PANanalytical X-ray
diffraction. The tests used a voltage of 40 kV, a current of 30 mA, a rise of 0.02, (20), a Bragg angle from 10°
to 80° (20), and a scan rate of 1°/min. The resulting peaks were defined manually by matching with single Jade
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9 software. Microstructure images of the synthesized powders (Quanta 450 SEM) were obtained by scanning
electron microscope at 25K magnification, 10-20 kV voltage range, and high vacuum and with a secondary
electron detector. Crystallite sizes of transformed phases calculated considering the XRD peak of every
converted phase by the Debby scherer equation D=0.9 A/ (P12 cos 0), where A=X-Ray wavelength,
Bu2=calculated with half-maximum of the strongest peak, 8=diffraction angle and d= crystallite size.

3. Results and Discussion

Fig. 2 shows the XRD pattern of all the samples heat treated in a tube furnace at 1500 °C for 2 hours in a
flowing argon atmosphere. Morphological and chemical content characterizations of the rice husk used in
this study by SEM-EDS before and after calcination were reported in our most recent study [4]. In EDS
analysis, while silicon and oxygen constitute the majority of the chemical content by weight percent, 5 %
potassium and carbon were found as the most following content and the rest consists of trace elements. It has
also been evaluated in other studies that surface oxides formed during calcination cause carbon that has not
been removed from the rice husk ash [14]. However, it is seen that the unburned carbon in the final product
is completely removed from the structure upon heating at 1500 °C for 2 hours after calcination in the current
study. A mixture of both cristobalite and tridymite polymorphs is seen in sample RHA-10. Here, it is
concluded that iron inhibits cristobalite formation in a limited way. Fibrous rice husk was able to ground into
a finer grain size than silica sand, which has a Mohs hardness of around 7 after calcination with pestle and
mortar.

Therefore, the high surface area of rice husk allowed a high iron-derived liquid phase on the surface of the
grains, partially preventing cristobalite formation. In the rice husk sample without iron addition, RHA-0,
severe XRD phase pure cristobalite peaks were observed. Tridymite nearly transforms into cristobalite at 1470
°C with polymorphic transformation seen between (25-30°)=2-theta in the RHA-0 sample [15].

XRD phase pure tridymite formation with a total of four main characteristic peaks, three between 20°-30° 2-
theta and one with 36° 2-theta is observed as a result of XRD performed after heat treatment of SS-10 sample
[16]. In the case of SS-0 without iron addition, cristobalite formation, which is a high-temperature polymorph
of silica, shifts the tridymite peaks to cristobalite. This can be explained by the fact that the addition of iron in
the SS-10 sample forms a eutectic phase due to high-temperature heat treatment and predominantly
prevented the formation of cristobalite. In addition to the cristobalite form of silica, some graphite peaks
originating from the graphite substrate are also observed in the SS-0 sample. The structural integrity of the
graphite substrate is disrupted by high temperatures, and efflorescence occurs on its surface that can easily
diffuse to the samples on it. These degradations were easily seen from the naked eye inspection of the graphite
substrate after the experiment.

Since iron differently inhibited cristobalite formation in both silica sources, this resulted in the formation of
mixed structures of cristobalite and tridymite in different amounts. Depending on the desired properties of
the resulting material, the starting composition and heat treatment can be designed.

T
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Figure. 2. XRD patterns of SS-0, SS-10, RHA-0, RHA-10 samples heat treated in a tube furnace at 1500 °C for 2 hours in argon
atmosphere. C: Cristobalite, T:Tridymite, G:Graphite).

The SEM micrographs of RHA-0 and RHA-10 samples heat treated in a tube furnace at 1500 °C for 2 hours
in an argon atmosphere are shown in Fig 3. The general microstructure in Fig 3a is mainly composed of
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hexagonal particles ascribed to typical tridymite formation consistent with XRD (a crystallite size 3.62 at 2
theta=20.57) results in Fig. 2 [17]. On the other hand, with the effect of 10 percent iron addition, some of the
hexagonal particles grew into fibers having 10 um in width and about two micrometers in length (Fig 3b) [13,
19]. The formation mechanism of SiO; fibers could be expressed by the following reaction;

2CO, @+ Si(s) ——> 2CO + SiO, (1)

Fiber formation with high a aspect ratio depends on a catalyst-assisted vapor-liquid-solid mechanism [20]. In
the current study iron promoted to increase the fiber formation by playing as a catalyst. Fig 3c reveals a
homogeneous tailored morphology of traditional hexagonal prismatic, leaf-like and lath-shaped of cristobalite
with a crystallite size of 4.63 at 2 theta=26.53. The hexagonal grains are approximately 20 pm in size and there
are leaf-like and lath-shaped particles of 1-2 um both sizes, which are relatively regularly distributed in the
main hexagonal structure [21]. The shapely tailored morphology can contribute to the strength of the ceramic
materials to be produced from these powders by creating a driving force for sintering due to the structural
difference, both in this way and in terms of increasing the fracture toughness of the lath-shaped parts in the
structure [22].

Figure 3. (a) General SEM micrographs of RHA-10, b) high magnification image of fibrous, (c) RHA-0 samples heat treated in a tube
furnace at 1500 °C for 2 hours in an argon atmosphere.

Fig. 4 depicts the SEM micrographs of SS-0 and SS-10 samples heat treated in a tube furnace at 1500 °C for 2
hours in an argon atmosphere. By the evaluation made in the XRD analysis (Fig.2), it is seen that the
microstructure consists of coarser crystals when compared to the powders synthesized from rice husk in the
general image the Fig 4a. From the magnified image in Fig. 4b, it is deduced that the grains are about 100
microns and about 10 times larger than the sizes of the powders synthesized from this rice husk [23]. Similar
to powders synthesized from rice husk, hexagonal and fiber-shaped bimodal morphology is observed. This is
consistent with the detection of tridymite-cristobalite with a crystallite size of 2.56 at 2 theta=21.97 in XRD
analyses. The addition of iron could not complete the tridymite-cristobalite transformation due to its coarse
structure, and this allowed mixing the structure as a phase as well as shape tailoring [24]. Long enough fibers
with a width of 20 pum in the structure can be effective in the crack deflection mechanism in the ceramic
material to be produced from these powders [25]. A more uniform structure consisting of coarse
agglomerated and fine spherical-shaped particles is seen in Fig. 4c and this structure is adjusted to phase pure
cristobalite as seen from the XRD analysis with a crystallite size 2.81 at 2 theta=22.03.
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Fig.ure 4. (a) General SEM micrographs of SS-10, b) high magnification image of fibrous, (c) SS-0 samples heat treated in a tube
furnace at 1500 °C for 2 hours in an argon atmosphere.

4. Conclusion

As a result, it was observed that the addition of elemental iron had different effects on the high-temperature
transformations of silica sand and rice husk ash. While the Fe-added silica sand sample resulted in phase pure
tridymite, the non-added silica sand ash resulted in a mixture of cristobalite and graphite. On the other hand,
the tridymite-cristobalite binary structure was obtained from the iron-added rice husk ash, while phase pure
cristobalite was obtained from the non-added. While iron provides phase pure tridymite transformation in
rice husk ash due to its fine grain size, a binary structure is achieved in coarse-grained silica sand due to the
incomplete tridymite-cristobalite transformation. The presence of phase in the resulting material can be
controlled by adding iron to the initial silica sources. In addition to its environmentally friendly approach to
waste reduction, the tailored refractories synthesized in this study are proposable for various industries such
as glass, paints, ceramics, plastics, and construction products.
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ABSTRACT

In this study, the effects of multiple printing parameters on the screw pull out force of PLA
samples produced with a 3D printer were investigated statistically. Based on the Taguchi L27
orthogonal array, tests were carried out at different levels of printing speed, printing
temperature, infill density, build plate temperature and infill pattern factors. Experiment results
were assessed at the 95 % confidence level with analysis of variance, main effects and interaction
graphs. Thus, the effects of factors and some two-way interactions on the screw pull out force
and the levels that give the optimum response are determined. Accordingly, it is obtained that
only the printing temperature, infill rate, infill pattern and printing temperature-fill rate factors
and interactions are significant; It is also found that the infill density has the highest effect on
the holding force with 55.08 %, followed by the printing temperature (18.62 %), printing
temperature-infill density (12.19 %) and infill pattern (4.03 %). Finally optimum pull out force
is predicted at the second level of printing speed (A= 50 mm/s), third level of printing
temperature (Bs= 230 ‘C), third level of infill density (Cs=100 %), third level of build plate
temperature (D3;=80 ‘C) and the first level of infill pattern (E;= Grid) as 1885.89 N. In 3
confirmation experiments performed at these levels, an average pull out force of 1993.33 N is
obtained and it is determined that the result was within the specified confidence interval. Thus,
the optimization made is of sufficient accuracy.

Eriyik Yigma Modelleme ile Uretilen PLA Pargalarin
Vida Tutma Kuvvetlerinin Istatistiksel Olarak
Degerlendirilmesi

0z

Bu ¢alismada, 3D yazici ile liretilen PLA numunelerin ¢oklu yazdirma parametrelerinin vida tutma kuvveti
uizerindeki etkileri istatistiksel olarak arastirilmistir. Taguchi L27 Ortogonal dizi esas alinarak, yazdirma
hizi, yazdirma sicakligi, doluluk orani, tabla sicakligl ve dolgu deseni faktorlerinin farkl seviyelerinde
testler gerceklestirilmistir. Test sonuclari, varyans analizi, ana etkiler ve etkilesim grafikleri ile % 95
giiven seviyesinde degerlendirilmistir. Boylece faktorlerin ve baz etkilesimlerin vida tutma kuvveti
uizerindekKi etkileri ve optimum cevabi veren seviyeler belirlenmistir. Buna gére sadece yazdirma sicakligi,
doluluk orani, dolgu deseni ve yazdirma sicakligi-doluluk orani faktor ve etkilesimlerinin anlamli oldugu
belirlenmistir. Ayrica, doluluk oraninin % 55.08’lik oranla tutma kuvveti izerinde en yiiksek etkiye sahip
oldugu ve bunu sirasiyla yazdirma sicakligl (% 18.62), doluluk orani (% 12.19) ve dolgu deseni (% 4.03) faktor
ve etkilesimlerinin izledigi gézlemlenmistir. Son olarak, optimum tutma kuvveti yazdirma hizinin ikinci (A2= 50
mm/s), yazdirma sicakliginin tigiincii (Bs= 230 °C), doluluk oranmin tgincii (Cs= % 100), tabla sicakhiginin
t¢iincii (Ds= 80 °C) ve dolgu deseninin birinci seviyesinde (E;= Grid) 1885.89 N olarak tahmin edilmistir. Bu
seviyelerde gergeklestirilen 3 adet dogrulama deneyinde, ortalama 1993.33 N'luk tutma kuvveti elde edilmis olup,
sonucun belirlenen giiven araliginda oldugu tespit edilmistir. Boylece yapilan optimizasyonun yeterli dogrulukta
oldugu soylenebilir.

To cite this article: A M., Pinar, B. Ergene, G. Atlihan, A. A. Magatly, F., Kaya, B., Karahan and M. E. Nisanc1
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1. Gll‘l$ (Introduction)

Mevcut katmanli (eklemeli) tiretim metotlar1 i¢inde tiretim cihazlarimin kullanilabilirliginin yani sira
malzeme temininin de kolay olmasi nedeniyle eriyik yima modelleme (EYM) siklikla tercih edilmektedir [1,
2]. Bu yontemde filament adi verilen kompozit esasli ya da saf termoplastik polimer, zit dogrultuda
dondiiriilen iki diskten gegerek bir rezistansa yonlendirilir. Eriyik haldeki polimer, itme kuvvetinin etkisiyle
nozul c¢apmna diigiriilerek imalat tablasina akitilir. Boylelikle, malzemenin katmanlar halinde st iste
biriktirilmesiyle parca ii¢ boyutlu olarak tretilmis olur. Eklemeli imalat geleneksel iiretim teknikleriyle
mukayese edildiginde, attk malzeme miktarimin azligi, nispeten daha diisiik ticretle prototip olusturma,
gogunlukla ikincil islemlere gerek kalmadan parganin tek seferde kolayca olusturulmasi gibi cesitli avantajlara
sahiptir [3-5]. Bu avantajlarinin yani sira, eklemeli iiretim geleneksel imalat tekniklerine gore anlamli kilan
en onemli 6zellik, geleneksel imalat yontemleriyle iiretimi olduk¢a zahmetli veya olanaksiz olan, karmagik
sekillere sahip Ozellikle otomotiv, biyomedikal, havacilik ve mimari alanindaki parcalarin kolaylikla
tiretebilmesidir [6-8]. EYM teknolojisi kabaca su adimlardan olusmaktadir: Parcanin bir CAD programinda
olusturulup STL formatinda kaydedilmesi; dilimleyici yazilimiyla baski parametrelerinin belirlenip 3B
yazicinin kontrol tinitesine uygun G kodlara doniistiiriilmesi; ve bu kodlar: iceren par¢a NC dosyasinin 3B
yaziciya yollanip parca basim isleminin gerceklestirilmesi. Dilimleyici yazilimla belirlenen bask:
parametreleri, parcanin kalitesini, mekanik 6zelliklerini ve tiretim siiresini direkt olarak etkilemekte olup,
bityitk 6nem arz etmektedir. Asagida bu alanda yapilan caligmalar 6zetlenmektedir.

Ercan ve Yunus [5] PLA (Polilaktik asit) malzemeyi kullanarak 6 farkli dolgu deseninde sandvi¢ panel
tiretimini gergeklestirmisler ve bunlara ait maksimum basma gerilmesi degerleri ve elastisite modiillerini
karsilagtirmiglardir. Chaidas vd. [9] PLA yazdirma sicakliginin yiizey kalitesi itizerindeki etkilerini
aragtirmuslardir. Calismada ortalama yiizey purtzlaliigi, maksimum profil yiiksekligi ve RMS piiriizlilitk
parametrelerinin farkli sicaklik degerlerindeki degisimleri degerlendirilmistir. Giinay vd. [10] EYM y6ntemi
ile tiretilen PLA+ numunelerin 3 farkli doluluk orani ve iki farkli tarama agisindaki ¢ekme ve egme
dayanimlarini arastirmiglardir. Buna gore, 3B yazici ile sabit tiretim hizi (60 mm/s), 3 degisik doluluk orani
(% 50, % 75 ve % 100) ve 2 farkli tarama agisinda (-45/+45° ve 0/90°) standarda uygun gekme ve egme test
numuneleri hazirlamiglardir. Deney numunelerini standart gekme cihazinda ii¢ nokta egme ve cekme testine
tabi tutarak, deneysel sonuglari degerlendirmislerdir. Aydin vd. [11] 3B yazict ile {iiretilen PLA
numunelerinde, yazdirma sicakligr (190 °C, 200 °C, 210 °C ve 220 °C) ve yazdirma hiz1 (30, 50 ve 70
mm)/saniye) parametrelerinin reolojik 6zelliklerini, sertlik ve gekme performanslarini ¢caligmuslar, ve sistemin
optimizasyonunu gerceklestirmislerdir. Tokdemir vd. [12] 3 farkli markaya ait ahsap katkili PLA filament
kullanarak, 2 farkli katman kalinligi, 2 farkli duvar kalinligi ve 2 farkli doldurma oraninda diretilen
numunelerin ¢ekme mukavemetlerini gozlemlemislerdir. Altun vd [13], [12] no’lu yayinda belirtilen ayni
malzeme ve parametreleri kullanarak, bunlarin yiizey piiriizliiliigii ve boyutsal dogruluk tizerindeki etkilerini
tartismuglardir. Glinay vd. [14] 3B yazict ile tiretilen PLA+ parcalarin gekme mukavemetini Taguchi yontemi
ile optimize etmislerdir. L18 deney tasarimi esas alinarak, farkli yazdirma hizi, doluluk orani ve tarama agilar
seviyelerinde gerceklestirilen testler, varyans analizi ile degerlendirilmistir. Menderes vd [15] 3B yazici ile imal
edilen Polietileterftalat Glikol (PET-G) numunelerin farkli dolgu deseni ve iist katman sayisinda gerceklesen
basim iglemlerinde titresim Olgiimleri gergeklestirmisler ve bunlarin yiizey kalitesi iizerindeki etkilerini
belirlemiglerdir. Bir diger ¢caligmada ise, Ergene vd. [16] PET-G malzemeden EYM ile tirettikleri konik a¢ili
kiriglerin titresim ozelliklerini hem deneysel hem de sonlu elemanlar analizi yardimu ile tespit etmislerdir.
Ergene ve Cagin [17] ise, PET-G malzemeden {iretilen yapilarin ¢ekme 6zelliklerini farkli ¢ekme hizlarinda
deneysel olarak incelemislerdir.

Diger yandan polimer malzemelere ait vida tutma performansina ait ¢caligmalar asagida degerlendirilmistir.
Zeren ve Maral [18], orta yogunluklu polietilen numunelerin farkli termal ¢cevrim ve ¢evre kosullarindaki vida
tutma performansini arastirmiglardir. Bu amagla numuneler farkl ¢evre kosullar1 icin 5 guruba ayrilmis olup,
cam kapta 1 ay siireyle bekletilmistir. Buna goére birinci grup 20 °C'deki suda, ikinci grup. 60 °C'de suda,
tciinci grup 20 °C'de NaCl ile doymus suda, dordiincii grup 60 °C'de NaCl ile doymus suda, besinci grup 60
°C'de kuru ortamdaki firinda bekletilmistir. Tiim numuneler M4 civata ile boydan boya olacak sekilde
vidalanmigtir. Buna goére sulu ortamdaki numunelerin vida tutma dayaniminin arttig1; doymus NaCl suyuna
batirilan numunelerin vida styirma performansinin, suya batirilan numunelere gore daha diisiik oldugu ve
genel olarak vida tutma kuvvetinin sicaklikla ters orantili olarak degistigi elde edilmigtir. Unal [19] cam elyaf
takviyeli polimer kompozit numunelerin metrik, yuvarlak testere, trapez ve kare profilli civata
baglantilarindaki vida tutma kuvvetlerini deneysel ve sonlu elemanlar yontemiyle arastirmistir. Buna gore
tim vidalarin dis Gstii caplar1 ve adimlari sirasiyla 16 ve 2mm olarak alinmustir. Yapilan, test ve analiz
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sonuglarinda metrik dis profiline sahip vidanin vida tutma performansinin daha iyi oldugu saptanmustr.
Sayisal ve deneysel sonuglarin iyi bir uyum igerisinde oldugu goriilmektedir. Yu vd. [20], demiryolu traversleri
i¢in tiretilen ahsap, sentetik kompozit, geri dontistiiriilmiis plastik ve partikiil dolgulu re¢ine numunelerin
GageLok-5 vida ray1 civatasi ile baglantilarina ait vida tutma mukavemeti ve delik mikro yapis: iizerinden
hasar analizini incelemislerdir. Ayrica malzeme ozelliklerinin vida tutma dayanimi ve kirilma davranist
tizerindeki etkisini belirlemislerdir. Buna gore, farkli travers malzemeleri arasinda vida tutma dayaniminda
istatistiksel olarak anlamli bir fark oldugunu ve malzemelerin kayma mukavemeti ile vida tutma mukavemeti
arasinda yiiksek bir korelasyon oldugunu tespit etmislerdir. Kubiak vd. [21] bir cift ¢ekirdekli pedikiil
civatasini ve ticari olarak temin edilebilen bir silindirik pedikiil crvatasinin vida tutma mukavemetini, ti¢ farkls
yogunluktaki (0,16, 0,32 ve 0,64 g/cm®) politiretan kopiik malzeme tizerinde test etmiglerdir. Cift gekirdekli
pedikiil vidalarin tiim poliiiretan kopiik malzemeler icin diiz silindiriklere gore daha yiiksek tutma kuvveti
performans: gosterdikleri elde edilmistir. Einafsar vd. [22] farkli matkap caplarina sahip 20 adet konik
cekirdekli titanyum civatay1 yiiksek yogunluklu polietilen bloklara vidalamislardir. Montaj esnasinda her
civata i¢in maksimum torku kaydetmislerdir. Bu islemi takiben kemik vida yapisinin dogal frekansini 6lgmek
i¢in ivme Ol¢er ve akustik modal analiz gerceklestirmislerdir. Son olarak da tahribath cekme testinden vida
tutma kuvveti, yer degistirme ve enerji dagilimi verilerini elde etmislerdir. Matkap ¢api ile vida tutma kuvveti
ve torkun ters orantili olarak degistigini yiiksek korelasyonda elde etmislerdir. Einafsar vd. [23] iki farkli
gozenekli yapiya sahip poliiiretan kopiik ve yiiksek yogunluklu polietilen numuneler iizerinde vida tutma
testleri gerceklestirmislerdir. Kirkbes adet titanyum pedikiil vidasi her bir malzemede 10, 20 ve 30 mm
derinlikte vidalanmis olup, bunlara ait katilik, akma kuvveti, vida tutma kuvveti ve yer degistirme degerleri
olgiilmiistiir. Serbest gerilimli ve 6n gerilimli olmak {izere iki farkli durum i¢in homojenlestirilmis sonlu
elemanlar analizleri gerceklestirerek deneysel verilerle mukayese etmislerdir.

Yukaridaki veriler 1s1¢1nda, 3B yazicilarla tiretilen polimer malzemelerin bircok mekanik 6zellikleri ve yiizey
kaliteleri incelenirken vida tutma kuvvetlerinin belirlendigi bir ¢aliymaya ulagilamamistir. Buna karsin,
onerilen ¢aligmada, literatiirde 6nemli bir eksikligi giderecek, yazdirma parametrelerinin vida tutma kuvveti
tizerindeki etkileri degerlendirilmistir.

2. Materyal ve Metot (Material and Method)

Yapilan fizibilite ve pilot test ¢aligmalarmin bir sonucu olarak PLA deney numunesi boyutlar: Sekil 1’de
verilmistir.

20
12

M6
@20

e} —
Sekil 1. Numunelere ait 6lgiiler (Dimensions of samples)

Numunelerin 6l¢iimii 6ncesinde, Sekil 2’de verilen 6l¢iim diizeneginin imalati gerceklestirilmistir.
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Sekil 2.Vida tutma kuvveti 6lgiim diizenegi (Screw pull out force measurement system)

Deney diizenegi toplamda 9 parcadan olusmaktadir (Sekil 2). Bunlar 1: Ust baglant: pargass; 2: Ust baglanti
parqast ile iist baglanti saplamasinin baglantisini yapan M4 somun; 3: Ust baglanti saplamasi (M4); 4: Numune
ile tist baglant1 saplamasinin baglantisini yapan numune iist somunu (M4); 5: Numune; 6: Numune ile alt
baglant: saplamasinin baglantisini yapan numune alt somunu (M6); 7: Alt baglanti saplamasi (M6); 8: Alt
baglant1 parcast ile alt baglant: saplamasinin baglantisini yapan alt somun (M6) ve 9: Alt baglanti parcasidir.
Numunelerin c¢enelere baglantisini gerceklestiren 1 ve 9 numarali alt ve {ist baglant1 parcalar1 De Lorenzo
$547-8899 Universal Tornada islenmistir. Numunelerin baglant: parcalarina tutturulmasini saglayan 3 ve 7
numarali baglanti saplamalari (sirasiyla M4 ve M6) hazir olarak temin edilmis olup, testere tezgahi ile uygun
boyda kesilmistir. Bu iglemin ardindan torna tezgahinda sirasiyla hassas boya getirilmis, capaklar1 alinip
montaj kolaylig1 saglamasi icin pah kirilmistir. Sistemdeki baglantilar1 gerceklestiren 2 ser adet M4 ve M6
somunlar hirdavat¢idan hazir olarak temin edilmigtir.

Numuneye ait katt model Solidworks yazilim1 kullanilarak merkezinde 1 mm’lik boydan boya bir delik unsuru
olacak sekilde ¢izilmistir. Bu delik unsurunun sebebi numunenin M4 ve M6 vida unsurlarina ait delik ve
kilavuz operasyonlarinda eksen kaciklarini engellemek {izere pilot delik vazifesi gormesidir. STL dosya
formatindaki numune dosyasinda Cura dilimleme yazilimi kullanilarak deney parametreleri olusturulmus ve
her bir numuneye ait G-kodlar elde edilmistir. Asagida deney parametreleri disinda sabit olarak alinan bask:
parametreleri verilmistir (Tablo 1).

Tablo 1. Sabit olarak alinan yazdirma parametreleri (Constant printing parameters)

Yazdirma parametresi Birim Deger
Filament gap1 mm 1.75
Nozul ¢ap1 mm 0.4
Katman kalinhigt mm 0.2
Bosta ¢aligma hizi mm/s 100
Fan hiz1 % 100

Numuneler, Creality-Ender 3 Pro 3B yazicida (Sekil 3) 1.75 mm ¢apinda ve 1.24 g/cm’ yogunlugunda
Microzey marka PLA filament kullanilarak olusturulmustur.
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Baski Alani: 22x22x25 cm

Yazici Boyutlari: 44x41x46.5 cm
Maksimum Hareket Hizi: 180mm/s

Filament: 1.75 PLA TPU,ABS

Giris Voltaji: AC 110-220V 50-60Hz

Cikis: DC24V 15A 360W

Nozzle: 0.4mm

Hassasiyet: £0.1mm

Dosya Bicimi: STL,0BJ,G-CODE

Calisma Modu: Bilgisayar baglantisi ya da SD Kart
Max Nozzle Sicakh@i: 255 Derece

Max Tabla Sicakligi: 110 Derece

Sekil 3. Numunelerin basildig1 yazici ve buna ait 6zellikler (The 3D printer on which the samples are printed and its properties)

Deney tasarimi esas alinarak farkli baski parametrelerinde basilan numuneler, iiniversal torna tezgihi
aynasina baglanarak sirasiyla $3.3 mm matkapla delinmis ve sonrasinda M4 kilavuzla iist kisimdaki vida
tutma kuvvetinin ol¢iilecegi vida unsuru olusturulmustur. Sonrasinda parca diger tarafindan torna aynasina
baglanip alt kisimdaki vida unsurunu olugturmak tizere 5 mm’lik matkapla delinip M6 kilavuz ¢ekilmistir.
Numunelerin baglanti aparatlari, saplamalar ve somunlarla montaji sonrasinda 6l¢iim agamasina gelinmistir

(Sekil 4).

Sekil 4. Ol¢iim dncesi numunenin hazirlanmasi (Preparation of the sample before measurement)

Numunelere ait vida tutma kuvveti 6l¢timleri 100 kN kapasiteli Hardway WDW100 serisi ¢ift kolon gekme-
basma test cihazinda ASTM D638-14 Tip4’e uygun olarak 5 mm/dk’lik ¢ekme hizinda gerceklestirilmistir
(Sekil 5).

R SN VN

Sekil 5. Numunelere ait vida tutma kuvvetlerinin 6l¢iilmesi (Measuring the screw pull out forces of the samples)

Cekme testleri sonucunda cihazdan alinan maksimum kuvvet degeri vida tutma kuvveti (F,,) olarak alinip,
istatistiki hesaplamalarda kullanilmigtir. Asagida 20 mm/s’lik yazdirma hizi, 200 “C’lik yazdirma sicakligi, %
60 doluluk oraninda 40 "C’lik tabla sicakligi ve ve Grid dolgu deseni sartlarinda gergeklestirilen 1 no’lu deneye
ait sonuglar verilmigtir (Sekil 6).
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Coil No/Packet No Type Circle
Size(mm) 4 So(mm3 1257
Lo(mm) 75 Lu(mm)
A(%) / Su{mm3 /
2(%) / Fra(kN) _y|0.480
Rm(MPa) 38 FeH(kN) /
ReH(MPa) / FeL(kN) /
ReL(MPa) / ﬁp(k() 0.270
Rp(MPa) 21 E({GPa) 1
Stress(MPa) Stress-Strain Curve
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36.00

32.00

28.00

24.00

20.00

16.00

12.00

8.000

4.000

0 T T T T T T T T i
0 250 5.00 750 10.0 125 15.0 175 200 225 25.0
Strain(%)

Sekil 6. Vida tutma kuvveti degerinin belirlenmesi (Determination of screw pull out force value)

Sekil 6’da goruldiigi gibi, vida tutma kuvveti ¢ekme testindeki maksimum kuvvet olan 480 N olarak
almmustir.

3. Deney Tasarimi ve Istatistiksel Degerlendirme (Experiment Design and Statistical Evaluation)

Tiim istatistiki calismalar ,Taguchi yontemi ile % 95 giiven seviyesinde (0.05 anlamlilik oraninda) Minitab 18
yazilimi ile gerceklestirilmistir. Karmagik hesaplamalar icermemesi, minimum deneyle yapilabilmesi ve
bagimsiz degiskenlerin en iyi seviyelerinin kolaylikla elde edilmesi sebebiyle yontem endiistriyel ve akademik
aragtirmalarda siklikla tercih edilmektedir. Yontem, sistem, parametre ve tolerans tasarimi gibi ana
bolimlerinden olusmaktadir (Sekil 7) [24-27].

PARAMETRE TASARIMI
Uygun bir ortogonal dizinin (OD)
secilmesi

. Faktér ve etkilesimlerin OD'nin
SISTEM TASARIMI siitunlarina atanmast
Faktor ve etkilesimlerin A TOLERANS TASARIMI|
behrle:mem —p> Deneylerin yapilmast =P Given araligimn belirlenmesi

N ) . &
Faktér seviyelerinin - ..
belirler%nesi Verilerin analizi

A d
Faktorlerin optimal seviyelerinin
belirlenmesi

A
Dogrulama deneylerinin yapilmasi

Sekil 7. Taguchi metodunun uygulama adimlar1 (Application steps of the Taguchi method) [24-27]

Sistem tasarimi, bagimli degiskeni etkileyen islem parametrelerinin ve bu parametrelere ait seviyelerin tespit
edildigi boliimdiir. Parametre tasarimi, Taguchi yonteminin en kapsaml ve kritik boliimtdiir. Bu kisimda,
islem parametrelerine iliskin en iyi seviyeler elde edilmekte; bu seviyelerdeki bagimli degisken tahmin
edilmekte ve bu seviyelerdeki dogrulama deneyleri yapilmaktadir. Tolerans tasarimi kisminda, belirli giiven
mertebesinde, tahmin edilen bagimli degiskenin alt ve iist limitleri hesaplanmaktadir. Nihayetinde,
dogrulama testlerine ait sonug, bu aralifin icerisindeyse, yontemin optimizasyonu yeterli dogrulukta ortaya
koydugu kabul edilmektedir [24-27].

Sunulan ¢aligmada, eriyik yigma sekillendirme ile elde edilen PLA numunelerin {iretilmesindeki, 6nemli islem
parametrelerinin (yazdirma hizi, yazdirma sicakligs, doluluk orani, tabla sicaklig1 ve dolgu deseni) ve bunlara
ait ikili etkilesimlerin vida tutma kuvveti tizerindeki etkileri Taguchi yontemi kullanilarak istatistiki olarak
tartistlmigtir. Tablo 2’de yapilan pilot deneyler sonucunda elde edilen faktorler ve bunlara ait 6zellikler
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verilmistir.
Tablo 2. Faktorler ve bunlara ait 6zellikler (Factors used and their properties)
Seviyeler
Faktorler Birimler
1 2 3

Yazdirma hizi (A) mm/s 20 50 80
Yazdirma sicakligi (B) ‘C 200 215 230
Doluluk orani (C) % 60 80 100
Tabla sicaklig1 (D) ‘C 40 60 80
Dolgu deseni (E) - Grid Line Gyroid

Aragtirmadaki test miktarini ve hassasiyetini direkt olarak etkileyen OD’nin tespiti, islem parametrelerinin ve
bunlara ait etkilesimlerin toplam serbestlik derecesini esas alarak belirlenmektedir. Secilecek OD’ye ait
serbestlik derecesi deney sisteminin serbestlik derecesinden biiyiik ya da esit olmalidir [24-27]. Sistemin
serbestlik derecesi, faktor ve etkilesimlerin serbestlik derecelerinin toplanmasiyla elde edilmektedir [24-27].
flgili islem parametresine ait serbestlik derecesi, o faktére ait seviye sayisindan 1 cikartilarak tespit
edilmektedir. Béylece, deney sistemimizde bes islem parametresi kullanildigindan, faktérlere ait serbestlik
derecesi 5x2=10 dur. Etkilesimlerde ise, etkilesimi olusturan parametrelere ait serbestlik dereceleri ¢arpilarak
belirlenmektedir. Sistemde 2 adet etkilesim diisiiniildigiinden, bunlara ait serbestlik derecesi 2x4=8 dir.
Boylece, sistemin serbestlik derecesi 10+8=18 olarak hesaplanmaktadir. Deneylerde 13 siitiin ve 27 satirdan
olusan 26 serbestlik dereceli L27 ortogonal dizi se¢ilmistir (Sekil 8). Bu matris test planin: olusturmakta olup,
dizideki 27 satir parametrelerin farkli kombinasyonlarindaki deneyleri gostermektedir. Dizinin siitunlarina
faktor ve bunlara ait etkilesimler atanmaktadir. Bu islem igin en yaygin metot lineer grafik yontemidir. Sekil
8deki lineer grafikte gorilldiigi gibi matristeki birinci siitiin yazdirma hizina (A), ikinci siitun yazdirma
sicakligina (B), besinci siitiin doluluk oranina (C), dokuzuncu siitun tabla sicakligina (D), onuncu siitun dolgu
deseni ve geri kalanlarda ikili etkilesimlere atanmustir.

Deney Siitun no
Y I T2 314576 789 w0[unll[13
4 | B |GxD|CxE| C |AxC|AxC|BxC| D | E |BxC| CxE|GxD
1 1] 1] 1|1 |1 |1 |11 1|1 |1]|]1]1
B 1| 1] 11221221212 ]2]2]2 A: Yazduma iz
3 1 | 1111131313313 1]3]3]3]3 B: Yazdirma sicaklig:
n 1] 2] 2 2111212 1213]13]3
5 1212 2222333111 C: Doluluk orani
6 112121231313 1 ! 1121212 D: Tabla sicaklig1
7 13331113332 ]12]2
3 1 [3 3 [ 32221113353 E: Dolgu deseni
g 1131333332 z2]z2]1]1]1
10 2 |1 ]2 31231121311 ]2]3
11 2 123231231231
12 2 1233123123 ]1]2
13 2 1213|1112 131213 ]1]3]1]2
14 2 2 3 12313121213
15 2 23131 ]2]1]2]3]2]3]1
16 2 |3 ] 121231311 ]z2]12]3]1
17 2 |3 ] 1212131 ]1]2]3]3]1]2
B 2 [3 12312231 ]1]2]3
19 3113211321113 ]2]1]3]2
) 3113221321113 ]2]1]3
p1 31323213 ]2]1]3]2]1
b2 3 2131321213321
b3 312132111313 2]1]1]3]2
ba 321332 ]1]1]3]2]2]1]3
b5 3 32 1132321213
b6 31321213113 ]2]13]2]1
b7 3 321321213 ]1]3]2

$Sekil 8. Faktor ve etkilesimlerin lineer grafik yontemiyle siitunlara aktarilmas: ve L27 OD (Assignment of the factors and interactions to
columns with linear graph method and L27 OA)

3.1. Deneysel bulgular ve istatistiksel analiz (Experimental results and statistical analysis)

Tablo 3’te L27 ortogonal dizi esas alinarak yapilan deney plani ve vida tutma kuvveti (F,,, N) 6l¢iim sonuglar:
gorilmektedir.
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Tablo 3. Numunelere ait vida tutma kuvveti sonuglar1 (Screw holding force results of samples)

Test Yazdirma Yazdirma Doluluk oran1 Tabla Dolgu F
no. hiz1 (A) sicakligi (B) (@) sicakligs (D) deseni (E) "
480
1 20 200 60 40 Grid
2
2 20 200 80 60 Line 325
. 800
3 20 200 100 80 Gyroid
. 475
4 20 215 60 60 Line
. 520
5 20 215 80 80 Gyroid
. 995
6 20 215 100 40 Grid
465
7 20 230 60 80 Gyroid
. 785
8 20 230 80 40 Grid
. 2005
9 20 230 100 60 Line
. 320
10 50 200 60 60 Gyroid
X 640
11 50 200 80 80 Grid
4
12 50 200 100 40 Line 945
525
13 50 215 60 80 Grid
. 720
14 50 215 80 40 Line
. 935
15 50 215 100 60 Gyroid
16 50 230 60 40 Line >30
. 785
17 50 230 80 60 Gyroid
2110
18 50 230 100 80 Grid
. 435
19 80 200 60 80 Line
. 505
20 80 200 80 40 Gyroid
890
21 80 200 100 60 Grid
. 425
22 80 215 60 40 Gyroid
900
23 80 215 80 60 Grid
11
24 80 215 100 80 Line 60
625
25 80 230 60 60 Grid
925
26 80 230 80 80 Line
1310
27 80 230 100 40 Gyroid

3.1.1. Varyans analizi (ANOVA) (Analysis of Variance (ANOVA))

Caligmada yazdirma hizi (A), yazdirma sicakligs (B), doluluk orani (C), tabla sicaklig: (D), dolgu deseni (E) ve
bunlara ait 2 adet ikili etkilesimlerin (BxC ve BxE) vida tutma kuvveti tizerindeki etkilerini incelemek ve
anlamli parametreleri belirlemek i¢cin ANOVA gerceklestirilmistir. Sonuglara ait ANOVA degerleri Tablo 4'te
verilmistir. Buna gore; yazdirma sicakligi, doluluk orani, dolgu deseni ve yazdirma sicakligi-doluluk oran:
faktor ve etkilesimleri anlamlidir. Ayrica, doluluk oraninin % 55.08’lik oranla tutma kuvveti iizerinde en
dominant etkiye sahip oldugu ve bunu anlamlilik oraniyla yazdirma sicakligi (% 18.62), yazdirma sicakligi-
doluluk orani (% 12.19) ve dolgu deseni (% 4.03) islem parametreleri izlemektedir. Polimer iiriinlerin imalat
parametrelerinin, ¢ekme dayanimlarina olan etkilerinin incelendigi giincel literatiir caligmalar:
incelendiginde de, doluluk oraninin en 6nemli parametrelerden biri oldugu vurgulanmustir [28]. Hikmat vd.
[29] EYM ile PLA malzemeden {irettikleri numunelerin yazdirma parametrelerinin ¢cekme dayanimlarina
etkilerini Taguchi metodu ile degerlendirmiglerdir. Calismanin sonucunda, imalat yoniiniin en etkili
parametre oldugunu bunu anlamlilik sirasina gore, nozul ¢api, doluluk orani, dis gerceve sayisi, nozul
sicakligy, tiretim agisinin ve yazdirma hizinin izledigini elde etmislerdir. Calismamiz ile paralel olarak doluluk
oraninin ¢ekme mukavemeti tizerinde anlamli ve yazdirma hizinin da anlamli olmadigini gézlemlemislerdir.
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Tablo 4. Tutma kuvveti sonuglarl lan ANOVA (ANOV A for pull out force results)

Kaynak DF SS 1% F Fo,os ss’ PCR
Yazdirma hiz1 (A) 2) 13780 - 4.46 - -
Yazdirma sicakligs (B) 2 957135 478568 25.01 4.46 918869.88 18.62
Doluluk orani (C) 2 2756169 1378084 72.03 4.46 2717903.88 55.08
Tabla sicakligi (D) 2) 48802 - 4.46 - -
Dolgu deseni (E) 2 237146 118573 6.20 4.46 198880.88 4.03
BxC 4 678115 169529 8.86 3.84 601584.76 12.19
CxE (4) 66920 - 3.84 -
Hata 16 306121 19132.56 - 497445.6 10.08
Toplam 26 4934685 - 4934685 100

DF: Serbestlik derecesi, SS: Kareler toplami, V: Varyans, SS Saf kareler toplamu ve
PCR: Yiizde katki orani

3.1.2. Optimum tutma kuvvetinin belirlenmesi ve tartisma (Determination of the optimum pull out force and
discussion)

Faktorlerin optimum tutma kuvvetini veren seviyeleri ANOVA, ana/etkilesim grafikleri esas alinarak tespit
edilmistir. Ana etkiler grafigi (Sekil 9) incelendiginde, anlamli parametrelerden tutma kuvvetinin yazdirma
sicaklig1 ve doluluk oraniyla dogru orantili olarak degistigi; yine en yiiksek tutma kuvvetinin “Grid” dolgu
deseninde elde edildigi bunu “line” ve “gyroid” desenlerinin izledigi a¢ik¢a gérilmektedir. Buna gore 230
‘C’lik yazdirma sicakliginda, % 100 doluluk oraninda ve Grid doluluk deseninde optimum tutma kuvveti elde
edilecektir. Benzer sekilde etkilesim grafiginde ($ekil 10) yazdirma sicakligi-doluluk orani etkilesiminde, 230
‘C‘lik yazdirma sicakliginda ve % 100’liik doluluk oraninda dramatik bir kuvvet artisi elde edilmistir. Anlaml
olmayan faktorlere ait grafiklere bakildiginda, 50 mm/dk’lik yazdirma hizinda ve 80 ‘C’lik tabla sicakliginda
daha ytiksek tutma kuvvetleri gozlemlenmistir.

Yazdirma hiz1 (A) | Yazdirma sicakligs (B) | Doluluk oram (C)

1200
1000
800
600

400

20 50 80 200 215 230 60 80 100
Tabla sicaklig1 (D) Dolgu deseni (E)

1200
1000

Tutma kuwveti (Fm). N

800

600
400

40 60 80 Grid Line  Gyroid

Sekil 9. i§lem parametrelerine ait ana etkiler grafigi (Main effects graph of process parameters)

’} Yazdirma
1500 ; sicakligi (B)
" ——
, ‘ - 215
1000 -Yazdirma sicakhi (B) "}f/ - P Sl 230
Z, 500 s
,é /9 Doluluk
[L o 1500 orani (C)
= 2 L T —— 60
| i
@ R Doluluk orani (C) e | 1000 7% oy
E .- om i =es oo
—a ST
- et |
- e Laman s SWRGR 500
E Dolgu
& 1500 deseni ()
—@— Grid
- — B Line
1000 Dolgu deseni (E) — &~ Gyroid
500
200 215 230 Grid  Line Gyroid

Sekil 10. Faktorlere ait ikili etkilesimler grafigi (two-way interactions graph of factors)
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Bu verilere 15181nda, optimum kuvvet yazdirma hizinin ikinci (A= 50 mm/s), yazdirma sicakliginin tgiincii
(Bs= 230 °C), doluluk oraninin tigiincii (Cs;= % 100), tabla sicakliginin tigiincii (Ds= 80 “C) ve dolgu deseninin
birinci seviyesinde (E;= Grid) elde edilmistir. Taguchi optimum tutma kuvvetini agagidaki esitlikle tahmin
etmektedir.

Pi=Mpscs + Me1 - Mo (1)

Mspscs Yazdirma sicakligs ve doluluk oraninin 3. seviyesinde gerceklesen deneylere ait ortalama (1808.33 N),
Mg; Dolgu deseninin 1. seviyesinde gerceklesen deneylere ait ortalama (883.3 N) ve Mo da tiim deney
sonuglarmna ait ortalamayi (805.74 N) ifade etmektedir Buna gére optimum tutma kuvveti 1885.89 N olarak
tahmin edilmistir.

Bu islemi takiben sistemin optimizasyonu yeterli dogrulukta gerceklestirdiginin test edilmesi gerekmektedir.
Bunun i¢in ilk adim giiven araliginin (CI) belirlenmesidir ve agagidaki esitlikler yardimiyla hesaplanmaktadir
[27].

1/2
cl = (F0_05(1,DF6).V3 [ﬁf + %D )

Esitlikteki Foos(1,DF.), 0.05 anlamlilik diizeyinde 1’e ve hatanin serbestlik derecesi (16) dikkate alinarak ilgili
tablolardan 4.49 olarak alinmistir. V, hatanin varyans degerini ifade etmektedir ve 19132.56 olarak elde
edilmistir. R en iyi faktor degerlerinde yapilan dogrulama test sayisini temsil etmektedir ve {i¢ adet
gerceklestirilmistir. Son olarak ., etkin tekrarlama sayisidir ve Es. 3 kullanilarak hesaplanmaktadir.

Nesr = N/(1+ V) (3)

Burada, N (27) toplam test sayisini, V; (6) de, ortalamanin tahmin edildigi faktor ve etkilesimlere ait toplam
serbestlik derecesini belirtmektedir. Buna gore, .y 3.86 olarak belirlenmistir. Béylece, CI=+ 225.59 olarak elde
edilmistir. Yapilan 3 adet dogrulama testine ait sonuglarin ortalamasimin 1660.3<C,,<2111.48 araliginda yer
almasi gerekmektedir. Buna gore, en iyi sartlarda (A,=50mm/dk, B;=230 °C, C5=% 100, D= 80 ‘C ve E;= Grid)
gerceklestirilen dogrulama deneylerinde 1993.33 N ortalama tutma kuvveti elde edilmis olup, sistemin
optimizasyonu basart ile gerceklestirilmistir.

4. Sonuglar (Conclusions)

Farkli yazdirma parametrelerinin eriyik yigma modelleme yontemiyle ile iiretilen PLA numunelerdeki farkli
yazdirma parametrelerinin vida tutma kuvveti tizerindeki etkileri Taguchi metodolojisi ile degerlendirilmis
ve asagidaki sonuglar elde edilmistir:

e  Varyans analizine gore, yazdirma sicaklig, doluluk orani, dolgu deseni ve yazdirma sicakligi-doluluk
orani faktor ve etkilesimleri anlamhidir. Ayrica, doluluk oraninin % 55.08’lik oranla tutma kuvveti
tizerinde en yiiksek etkiye sahip oldugu ve bunu sirasiyla yazdirma sicaklig (% 18.62), yazdirma
sicakligi- doluluk orani (% 12.19) ve dolgu deseni (% 4.03) faktor ve etkilesimleri izlemektedir.

e Ana etkiler grafigine gore, vida tutma kuvvetinin yazdirma sicakligi, doluluk orani ve tabla sicaklig1
ile dogru orantili olarak degistigi gézlemlenirken, “Grid” dolgu deseninde en yiiksek tutma kuvveti
elde edilmis ve bunu “Lines” ve "Gyroid” seviyelerinin izledigi belirlenmistir. Etkilesim grafigi
dikkate alindiginda, ana etkiler grafigini dogrular nitelikte yazdirma sicakligi-doluluk orani
etkilesiminde 230 ‘C yazdirma sicakliginda ve % 100 doluluk oraninda gok anlaml bir artis oldugu

gozlemlenmistir

e  Optimum tutma kuvvetinin yazdirma hizinin ikinci (A.= 50 mm/s), yazdirma sicakliginin tgiincii
(Bs= 230 °C), doluluk oraninin tigtincii (Cs= % 100), tabla sicakliginin tigiincii (Ds= 80 ‘C) ve dolgu
deseninin birinci seviyesinde (E;= Grid) elde edilmis ve Taguchi tarafindan 1885.89 N olarak tahmin
edilmistir. Yine bu seviyelerde gerceklestirilen 3 adet dogrulama deneylerinde ortalama 1993.33
N’luk tutma kuvveti elde edilmis olup, belirlenen giiven araliginda oldugu tespit edilmistir. Boylece
yapilan optimizasyonun yeterli dogrulukta oldugu soylenebilir.
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ABSTRACT

Keywords: Soil amplification, Soil amplification is known as the increase in amplitudes of seismic waves as they pass through
Surface topography, Earthquake, the soil layers. It depends on many factors such as seismic bedrock depth and slope, the
Geophysics thickness of its layers, physical and lithological properties, discontinuities, and topography. In

this study, the effect of surface topography on local soil amplification was investigated. A
Vocational Eighor Schonl of Technical software called SiteEffect3D has been developed to examine soil behavior with the three-
cational 1gher Scl O ecnnici . . . .
? Sciences, Dgep artm ;ot of Computer dimensional finite element method. With the software, the effect of surface topography on local
Technologies, soil amplification was investigated using various three-dimensional models. These models were
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Yizey Topografyasinin Zemin Biiylitmesine Etkisi

0z

Zemin blyltmesi, sismik dalgalarin zemin tabakalarindan gegerken genliklerindeki
artis olarak bilinir. Zemin biiyiitmesi, sismik ana kaya derinligi ve egimi, fiziksel ve
litolojik 6zellikleri, yanal ve diisey siireksizlikler, tabakalarin kalinlig1 ve topografyasi
gibi bircok etkene baghdir. Bu calismada, yiizey topografyasinin yerel zemin
biiytitmesine etkisi arastirilmistir. Zemin tepkisinin 3- Boyutlu sonlu eleman yontemiyle
inceleyebilmek i¢in SiteEffect3D isminde bir yazilim gelistirilmistir. Bu yazilim ile ytizey
topografyasinin yerel zemin biiyiitmesine etkisi ¢esitli 3-Boyutlu modeller kullanilarak
incelenmistir. Bu modeller 17 Agustos 1999 izmit depremi (Mw. 7.4) ivme kayd:i ve
sentetik ivme kayitlarina maruz birakilmis, dinamik analiz sonucunda model
topografyasi lizerindeki sonlu eleman diigiimlerinde hesaplanan doruk ivme degeri
sonuglarindan grafikler elde edilmistir.

Dinamik analiz sonuglari, ytlizey topografyasi kullanildiginda doruk ivme degerlerinin
onemli dl¢iide degistigini gostermektedir. Diiz alanlarin az oldugu tepeliklerde doruk
ivme degerleri yliksek cikmakta, tepenin egimi de sonucu etkilemektedir. Diiz alanlarin

Anahtar Kelimeler: Zemin daha genis oldugu bolgelerde bulunan tepeliklerde de doruk ivme degeri sonuglarinda
bityiitmesi, Yiizey topografyasi, dikkate deger degisiklikler goriilmistiir. Ancak, genis diizliikler igerisinde bulunan
Deprem, Jeofizik tepelerde egim degisiminin etkisi gorece daha azdir.

To cite this article: A. Dogan and U.Dikmen, “Effect of Surface Topography on Soil Amplification”, Gazi
Journal of Engineering Sciences, vol. 9, no. 2, pp. 322-333, 2023. doi:10.30855/gmbd.0705074



1. Gll‘l$ (Introduction)

Sismik dalgalar yer i¢inde yayildikea, genliklerinde, frekans bilesenlerinde ve seyahat siirelerinde degisiklikler
olur. Bu degisikliklerin cesitli nedenleri olabilir [1, 2]. Bunlar; en istteki zemin katmaniyla onun altinda
bulunan katmanlar ve anakayanin farkli yogunlukta olmasi ve bu katmanlarin sismik hizlar: farkli etkilemesi
nedeniyle olusan empedans farkliliklari, anakayanin derinligi, zemin tabakalarinin kalinlik farklari,
stireksizlikler, zemin tabakalarina ait dinamik ve fiziki 6zellikler, ana kaya ve yeryiizeyi topografyasi sayilabilir
[3-8].

Topografyanin kuvvetli yer hareketleri sirasinda zemin yiizeyindeki etkisi bir¢ok ¢alismaya konu olmustur.
Topografik diizensizliklerin zemin biiyiitmesine etkileri incelenmistir [2, 9-11]. Hasal (2009) yaptig
calismada topografik ozellikleri, hem zemin iistiinde hem de zemin altinda katmanlarin geometrik 6zellikleri
seklinde tanimlamaktadir. Yaptig1 ¢alismanin sonuglarinda, zemin tabakalarinin yatay dogrultuda sinirli
genisligi olan ova ve vadi sinirlarinda dalga hareketinde doniigiimlere ve yiizey dalgalarina yol agtigini, iki
boyutlu rezonans durumlari olusabildigini, yer hareketinin frekans igerigi ve genliginin vadi kenarlariyla
ortasinda farklilik olusturdugu, dik yamaglarda ve tepelerde ani genlik artislar: goriilebilecegini belirtmistir.
Baska bir ¢caligmada, ¢evresi diiz olan tepelik alanlarda SH dalgalarinin tepe iistiinde yiiksek biiylitme degerine
ulastigini, vadi olan bolgelerde ise tam tersi kii¢iiltme olacagin, bilyiitmenin ise yatay bilesenlerde ¢ok daha
fark edilebilir oldugunu ve bunlarin egim, sismik dalgalarin gelis agis1 ve yoniiyle de ilgili olabilecegi
belirtilmistir [12]. Jibson (1987) bir yamacin zirvesinde 6l¢iilen ortalama doruk ivme degerlerinin (PGA)
tabandakinden 2.5 kat daha yiiksek oldugunu soylemistir. Bazi ¢alismalar, aliivyal vadilerde deprem
dalgasinin etkilerinin 1-Boyutlu (1-B) analizlerle dogru bir sekilde tahmin edilemeyecegini ortaya koymustur
[13-15]. Baska bir ¢alisma, P, SV ve SH dalgalarinin aliivyal bir vadideki etkilerini incelemisler, spektral
bityiitmelerin 1-B analizlerle elde edilen sonuglardan yaklasik 4 kat daha fazla ¢ikabilecegini gostermistir [16].
Bard ve Gariel (1986) sig ve derin vadilerde 1-B ve 2- Boyutlu (2-B) analizler yaparak, transfer
fonksiyonlarinin vadi merkezinden kenarlara dogru 6nemli 6lgiide degistigini, vadi kenarinda ise tamamen
farklilagtigini gostermistir [17]. Bazi caligmalarda, vadi derinliginin baskin periyot iizerindeki etkisinin vadi
genisliginden daha ¢ok oldugunu saptamigve vadi kenarlarindaki egim arttik¢a vadi merkezindeki spektral
biiylitmenin arttigini belirtmiglerdir [18, 19]. Rassem vd. (1997) yerel zemin baskin periyodunun vadi
merkezinde vadinin diger yerlerine gore daha fazla oldugunu belirtmistir [18]. Poursartip vd. (2017)
calismalarinda 2-B topografik diizensizliklerin yerel zemin etkisini arastirmus, topografyanin zemin
bityiitmesine 6nemli katkilar1 oldugunu belirterek modelleme yapilirken fiziksel arazinin miimkiin oldugu
kadar aslina sadik bir geometrik temsilini korumanin 6nemine vurgu yapmustir [20]. Derghoum ve
Derghoum (2023) Cezayir'in Konstantin sehrinin Ciloc bolgesinde yaptiklar: ¢alismada yiizey jeolojisi ve
topografya diizensizliklerinin zemin biiylitmesine etkilerini aragtirmislardir. Maksimum saha bityiitmelerinin
inceledikleri tepenin arkasinda meydana geldigini ve aliivyal homojen olusumlarin diger durumlara gore
yiiksek spektral biiyiitmelere neden oldugunu belirtmislerdir [21]. Zhang vd. (2018) Cin, Sichuan, Zigong
sehrinde yaptiklar1 ¢alismada topografyanin ve yumusak malzemelerin yerel varliginin hem arazi
gozlemlerinde hem de sayisal modelde yer hareketini 6nemli 6l¢iide artirdigini tespit etmistir [22]. Baron vd.
(2022) Italya’da yaptiklari ¢alisma sonucunda, topografik egim ile amplifikasyon arasinda iliski oldugunu
ortaya koymustur [23].

Bu caligmada, farkli yiizey topografyalarini temsil edecek sekilde olusturulan sentetik modeller kullanilarak
3-Boyutlu (3-B) dinamik analizler gerceklestirilmistir. Bu dinamik analizlerin sonuglarinda sonlu eleman
model topografyasina ait diigiim noktalarinda hesaplanan PGA degerleri kullanarak haritalandirilmis ve
sonuglar karsilastirilmali olarak degerlendirilmistir.

2. Materyal ve Metot (Material and method)

Caligma kapsaminda gesitli sentetik 3-B sonlu eleman modelleri hazirlanmistir. Bunlar, diiz e§imsiz zemin
(%0 egim), %30, %45 ve %60 egimli topografyaya sahip modeller olusturularak topografyanin etkisi
aragtirilmigtir. Ttm modellerle dinamik analizler gerceklestirilmis, elde edilen PGA degerleri kullanilarak
olusturulan PGA haritalar1 karsilagtirilmigtir. Daha sonra bu modeller cesitli ivmelere maruz birakilarak
yeniden dinamik analizler gerceklestirilmistir. Sonra X ve Y yoniinde daha genis 3-B modeller olusturularak
daha biiytik diizliiklerde bulunan farkli egimlere sahip tepelerin etkisi arastirilmistir. Modellerin hazirlanmasi
ve dinamik analizlerin gerceklestirilmesi SiteEffect3D programi kullanilarak yapilmistir [2]. MATLAB tabanli
gelistirilen SiteEffect3D yazilimi 3-B ag olusturulmasinda diizgiin dortyiizlii (tetrahedron) eleman kullanir.
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3-B agin olusturulmasinda ve rafine edilmesinde MATLAB programlama ortami PDE ara¢ komutlarindan
yararlanir.

Uygulamalarda modellerin gesitli giris ivmelerine maruz kaldiklarindaki sonuglarda ortaya ¢ikan degisim de
aragtirilmistir. Bunun i¢in kullanilan giris ivmeleri farkli oldugundan her bir test islemine ait PGA renk
olgekleri kendi i¢inde ayni, fakat diger testlerde farkli kullanilmistir. Tim yiizeylerde sinir kosullart
uygulanmis olup sadece st yiizey serbest birakilmistir. Makaledeki grafik sayisinin ¢ok artmamasi icin
birbirine ¢ok benzer sonuglar: bulunan yatay bilesenlerden sadece bir tanesi (X bileseni) ile diisey bilesen (Z
bileseni) kullanilmistir. Yapilan dinamik analizlerde sentetik ivme kayitlar1 ve 17 Agustos 1999 Izmit depremi
(Mw. 7.4) ivme kayd1 kullanilmistir. Kullanilan yapay modeller tekdiize ve izotrop olup zemin parametreleri
modellere gore farklilik gostermektedir.

Tim modellerde agdaki sonlu elemanlarn en boy oranlari (aspect ratio) literatiire uygun olarak
olusturulmustur. Modellerdeki sonlu elemanlarin en boy oranlari, Model 1’de egimin olmadig1 ve egimin %30
oldugu ilk iki modelde 1-2 arasinda, e§imin %45 oldugu modelde 1-3 arasinda, egimin %60 oldugu modelde
ise 1-6 arasinda degismektedir. Model 2’de tiim egimlerdeki modellerde en boy oranlari 1-2 arasinda
degismektedir. Literatiirde sonlu eleman modellerinde kabul edilen ideal en boy oranlar1 1-3 veya 1-5
araligindadir. Bazi arastirmacilar en boy oraninin 10 degerine kadar dikkatli olarak kullanilabilecegini ancak
10 degerinden sonra kullanilmamast gerektigini tavsiye etmektedirler [24, 25]. Bagka goriisteki arastirmacilar
ise en boy oraninin sonuglar iizerindeki etkisinin zannedildigi gibi bityiik olmadigini ifade etmektedirler [26-
28]. Caligmada kullanilan sonlu elemanlarin en boy oranlart literatiirde belirtilen sartlara uygundur. Buna ek
olarak sonlu eleman boyutlarinin uygunlugu, deprem ivme kaydinin frekans icerigi agisindan 6rnekleme
teoremi de dikkate alinarak kontrol edilmistir.

Caligmada yapilan dinamik analizlerde Neumann ve Dirichlet sinir kogsullar: kullanilmistir. Neumann sinir
sartinda eleman sinirlarinda yer degistirmelerin tiirevleri, Dirichlet sinir sartinda ise eleman sinirlarinda yer
degistirmeler 6n tanimlidir. Model sinirlarindan yansimayi azaltmak igin, ylizey topografyasini temsil eden
elemanlar hari¢, model smir elemanlart digar1 dogru uzatimis ancak dinamik analiz sonuglar
degerlendirilirken sadece sekillerde gosterilen model boyutlar: dikkate alinmistur.

Yapilan dinamik analizlerde Rayleigh soniim yaklagimi kullanilmigtir [29]. Rayleigh sontim yaklasimi viskoz
sonim uygulamalarinda siklikla kullanilan bir soniim yaklagimidir. Rayleigh séniimii Esitlik 1’de verildigi
sekliyle kiitle ve sikilikla orantili bir séniim uygular.

Ci = O(iMl- +ﬁiKi (1)

Buradaki o ve B ilgilenilen frekans aralig1 ve soniim oranina bagli olarak belirlenen sabitleri, i alt indisi ise
hesaplamanin i. eleman igin yapildigini gosterir. M; eleman model kiitle dizeyi, K ise eleman sikilik dizeyidir.
Ayrica a ve B ile sontim orani arasinda Esitlik 2 ‘deki gibi bir iliski mevcuttur.

Eizf_‘i'l'ﬁixw 2

Burada w frekans degeri, § sontim oramdir. w degeri K dizeyinin 6z degerlerinin karekokii alinarak elde edilir.
Rayleigh sontim dizeyinin dogal frekanslara bagh degisimi Sekil 1’de gosterilmigtir [30]. Dinamik analiz
stirecinde her bir zaman yinelemesi (iterasyonda) sonunda sonlu elemanlarda gelisen deformasyon
diizeylerine bagl olarak eleman soniim degerleri giincellenir. Zeminlerde frekansin séniim tizerindeki katkis:
ihmal edilebilir diizeydedir. Soniim i¢in, genel yaklasim; ilgilenilen frekans bandinda digik séniim
degerlerinin ve bu frekans bandinin disinda ise biiyiik soniim degerlerinin uygulanmasi seklindedir.
flgilenilen iki frekans degerinden kiiiik olani, w; basitce incelenen modelin temel kipinin (mode) sahip
oldugu frekans degeri segilir. Ikinci frekans degeri Esitlik 3 ile hesaplanir. Burada N degerinin belirlenmesi
tizerine yapilan ¢aligmalar (6zellikle 1-B), yiiksek kipteki titresimlerin temel kip titresimin tek kat1 olacak
sekilde gerceklestigini gostermistir [29].

w, = Nw, (3)

Burada N = Wy,prem /W, degerinden biiyiik en yakin tek say1 olacak sekilde segilir. Waepyren frekansi analizde
giris olarak kullanilan deprem ivme kaydinin temel titresim frekansidir. Modeldeki her bir sonlu eleman i¢in
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w; ve w; frekanslarinin belirlenmesiyle a; ve f§; degiskenleri Esitlik (4a, 4b) ile hesaplanur.

ai = ZEL + ﬁ (4a)
1
Bi =28+ ity (4b)

Her bir elemanin séniim oranini gosteren &; degeri, model kiitle, M ve sikilik, K dizeleri ile modelin w; temel
titresim frekansi yardimiyla Esitlik 5’ten elde edilir.

Koo' = wiMg?' (5)

Burada ¢' modelin temel kip seklini gosterir. Sekil 1’de goriilecegi tizere, Rayleigh soniim yaklagimi sismik
dalga tizerinde w; ve w; frekans araliginda diisiik, bu frekanslarin disinda yiiksek séniim uygulamaktadir.

§
a Bw
Sty
w
w1 w2

Sekil 1. Séniim oraninin (§) dogal titresim frekanst ile degisimi
3. Bulgular ve Tartisma (Findings and Discussion)

Bu ¢alismada kullanilan 3-B sonlu eleman modelleri 2 ayr1 grup halinde olusturulmustur. Her bir model
grubu igerisinde %0, %30, %45 ve %60 olmak iizere 4 farkli yiizey egimiicermektedir. Modelleri birbirleriyle
kiyaslayabilmek i¢in zemin parametreleri tiim modellerde ayn1 alinmustr.

3.1. Model 1 (Model 1)
{lk grup modellere ait geometrik ozellikler, X ve Y yoniinde 180m, Z yoniinde 100m olacak sekilde tekdiize

yapida hazirlanmistir. Modellere ait zemin parametreleri Tablo 1’de verilmistir.

Tablo 1. Model 1’e ait zemin parametreleri (Soil parameters of Model 1)

Vp Hiz1 (m/s) Vs Hizi (m/s) Yogunluk (g/cm?)
770 240 1.9

Model 1 grubundaki sentetik 3-B sonlu eleman modelleri Sekil 2’de verilmistir.
3.1.1. Model 1 - Test 1 (Model 1 - Test 1)

Test 1 i¢in giris ivmesi X, Y ve Z bilesenlerinde sabit 0.1g olarak verilmistir. Sekil 2’de verilen farkli egimlere
sahip Model 1 kullanilarak gerceklestirilen dinamik analizler sonucunda elde edilen X ve Z bilesenlerine ait
PGA grafikleri Sekil 3-4’de verilmistir.

Model I'in kullanildig1 Test I’e ait sonuglar incelendiginde egimsiz model (%0 egim) ile diger modellerin
PGA sonuglarinin farkl oldugu agik¢a goriilmektedir. X bileseni sonuglaria bakildiginda egimsiz model ile
%30 egimli model sonuglarinin birbirine kismen daha yakin oldugu, diger egimlere sahip modellerle farkin
daha fazla oldugu ve egimsiz modelde PGA degerlerinin 6zellikle modelin kenarlarinda gérece daha yiiksek
oldugu gozlemlenmektedir. Z bileseni sonuglarina bakildiginda ise egimsiz model ile diger egimlere sahip
model sonuglarinin farkli oldugu ve X bileseninde oldugu gibi egimsiz modelde PGA degerlerinin 6zellikle
modelin kenarlarinda gorece daha yiiksek oldugu gozlemlenmektedir.
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Z(m)

Z(m)

Y(m) 00 X(m) Y(m) o0 X(m)
() (d)
Sekil 2. Farkli egime sahip yiizey topografyali modeller, a) Egim yok, b) Egim %30, c) Egim %45 ve d) Egim %60
(Models with different sloping surface topographies, a) Flat surface, b) Slope 30%, ¢) Slope 45% and d) Slope 60%)

% PGA - X Bilogeni B PGA - X Bileseni
018 018
016 016
6 6
o1 014
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004 004
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1 0 1 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Dogu-Bati Dogu-Bati
(@ (b)
B PGA - X Bileseni ; PGA - X Bileseni
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o6 016
6 6
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5 o 5 012
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3 3
5 i 5 5 64 "5
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24 5 24 3
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Dogu-Bati Dogu-Bati
(c) (d)

Sekil 3. Testl‘den elde edilen X bileseni PGA grafikleri, a) Egim yok, b) Egim %30, ¢) Egim %45 ve d) Egim %60
( PGA graphics obtained as a result of Testt for X-component, a) Flat surface, b) Slope 30%, ) Slope 45% and d) Slope 60%)

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymecilik 326



Dogan & Dikmen Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

PGA - Z Bileseni PGA - Z Bileseni
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Sekil 4. Testl’den elde edilen Z -bileseni PGA grafikleri, a) Egim yok, b) Egim %30, ¢) Egim %45 ve d) Egim %60
(PGA graphics obtained as a result of Test1 for Z-component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)

3.1.2. Model 1 - Test 2 (Model 1 - Test 2)

Test 2 i¢in giris ivmesi X, Y ve Z bilesenlerinde sabit 0.5g olarak verilmistir. Model 1 kullanilarak
gerceklestirilen dinamik analizler sonucunda elde edilen X ve Z bilesenlerine ait PGA grafikleri Sekil 5-6’da
verilmisti

PGA - X Bileseni PGA - X Bilegeni

o @

Kuzey-Giiney
-
Kuzey-Giiney
.

w

°

°
w

~

°

1 2 3 4 s 6 7 4
Dogu-Bati Dogu-Bati

(a) (®)

B PGA - X Bileseni B PGA - X Bileseni

Kuzey-Giiney
o v- >
Kuzey-Giiney
o «

w

~

Dogu-Bati Dogu-Bati
() (d)
Sekil 5. Test2’den elde edilen X bilegeni PGA grafikleri, a) Egim yok, b) Egim %30, ¢) Egim %45 ve d) Egim %60
(PGA graphics obtained as a result of Test2 for X component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)

Model I'in kullanildig1 Test 2’ye ait sonuglar incelendiginde egimsiz model (%0 egim) ile diger modellerin
PGA sonuglarmin farkli oldugu agik¢a goriilmektedir. X bileseni sonuglarina bakildiginda egimsiz modelde
PGA degerlerinin 6zellikle modelin kenarlarinda gorece daha yiiksek oldugu gézlemlenmektedir. Z bileseni
sonuglarma bakildiginda ise e§imsiz model ile diger egimlere sahip model sonuglarmin farkli oldugu ve X
bileseninde oldugu gibi egimsiz modelde PGA degerlerinin 6zellikle modelin kenarlarinda ortasina gére daha
yiiksek oldugu gozlemlenmektedir. Bununla birlikte, Z bileseni sonuglarinda %60 egime sahip modelin PGA
degerleri hem kenarlarda hem de ortada yiiksektir. Ayni zamanda 6zellikle Z bilegeni sonuglarinda egimin
artistyla PGA degerlerinin de arttig1 goriilmektedir.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymecilik 327



Dogan & Dikmen Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

PGA - Z Bileseni PGA - Z Bileseni

@

\4
~

°
°
&

°

o
o

.
N

<@

Kuzey-Giiney
Kuzey-Giiney

w

~
~

°

1 2 3 4 5 6 7 1 2 3 4 5 6 7
Dogu-Bati Dogu-Bati
@ (b)
. PGA -Z Bileseni E PGA -Z Bileseni

®

07
. 06

o
o

Kuzey-Giiney
o

Kuzey-Giiney
o

w

~

1 2 3 4 5 6 7 1 2 3 4 5 6 %
Dogu-Bati Dogu-Bati

() (d)
Sekil 6. Test2’den elde edilen Z bileseni PGA grafikleri, a) Egim yok, b) Egim %30, c) Egim %45 ve d) Egim %60
(PGA graphics obtained as a result of Test2 for Z component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)

3.2. Model 2 (Model 2)

Model 2’de olusturulan modelin boyutlar1 hem X hem de Y y6nlerinde iki kat genisletilmistir. Modelin X ve
Y yonlerindeki uzunlugu, modeldeki digiim noktalar: arasindaki ortalama uzunluk degerinin on iki katidur.
Tiim yiizeylerde sinur kosullar: uygulanmus, sadece iist yiizey serbest birakilmigtir. Ayni diizlem tizerinde en
yakin diigiim noktalarinin arasindaki mesafe 30m’dir. ikinci grup modellere ait geometrik dzellikler, X ve Y
yoniinde 360m, Z yoniinde 100m olacak sekilde homojen yapida hazirlanmistir. Modellere ait zemin
parametreleri Tablo 2’de verilmistir.

Tablo 2. Model 2’ye ait zemin parametreleri (Soil parameters of Model 2)

Vp Hiz1 (m/s) Vs Hizi (m/s) Yogunluk (g/cm?)
770 240 1.9

Model 2 grubundaki sentetik 3-B sonlu eleman modelleri Sekil 7’de verilmektedir.

Z(m)
Z(m)

Z(m)

o(m) 00 X (m)

(d)
Sekil 7. Genis alanh farkli egime sahip yiizey topografyali modeller, a) Egim yok, b) Egim %30, c) Egim %45 ve d) Egim %60
(Large-area topographic models with different slopes, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)
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3.2.1. Model 2 - Test 3 (Model 2 - Test 3)

Test 3 i¢in giris ivmesi X, Y ve Z bilesenlerinde sabit 0.1g olarak verilmistir. Model 2 kullanilarak
gerceklestirilen dinamik analizler sonucunda elde edilen X ve Z bilesenlerine ait PGA grafikleri Sekil 8 ve 9°’da
verilmistir. Model 2’nin kullanildig1 Test 3’e ait sonuglar incelendiginde egimsiz model (%0 egim) ile diger
modellerin PGA sonuglarinin ¢ok farkli oldugu agik¢a goriilmektedir. Hem X bileseni hem de Z bileseni
sonuglarina bakildiginda egimsiz modelde PGA degerlerinin 6zellikle modelin kenarlarinda gérece daha
yiiksek oldugu gozlemlenmektedir. Bununla birlikte, yine her iki bilesene ait sonuglarda egimli modellerde
model ortasinda yiiksek PGA degerlerine sahip bir sirt ile onun bir yaninda ¢ok daha diisitk PGA degerine
sahip bir bolge ve diger yaninda ise sirt bolgesine gore gorece daha diisiik PGA degerine sahip alanlar ile
kenarlara dogru daha diisen PGA degerine sahip alanlar goze ¢arpmaktadir.

PGA - X Bileseni PGA - X Bileseni
12 018 12 018
0.16 0.16
10 e a5 10 014
> 0.12 > 0.12
28 - 28 -
3 s 3 o1 2
3 s 3 3
3 0 * 3s o
x 000 x
0.08 0.06
4 4
0.04 0.04
2 0.02 2 0.02
— 0 0
2 4 6 8 10 12 2 4 6 8 10 12
Dogu-Bati Dogu-Bati
(a) (b)
PGA - X Bileseni PGA - X Bileseni
018 2 018
016 0.6
10
014 014
> 0.12 > 0.12
2 - 2s _
3 s 3 o1 2
1
£ N g
t4
Se
H 00 3. ocs
0.08 0.06
4
i —— =
0.02 2 0.02
o 0
2 4 6 8 10 12 2 4 6 8 10 12
Dogu-Bati Dogu-Bati
() (d)

Sekil 8. Test3’ten elde edilen X bileseni PGA grafikleri, a) Egim yok, b) Egim %30, ¢) Egim %45 ve d) Egim %60
(PGA graphics obtained as a result of Test3 for X component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)

PGA -Z Bilogeni PGA - Z Bilegeni
12 018 018
016 016
» 0.14 0.14
> 0.12 F 3 0.12
28 - H -
3 o 28 o1 2
S 3 z 3
(] a ] o
S 0.08 3 0.8
M <
0.06 0.06
4 —
0.04 0.04
N 002 002
o o
2 4 6 s 10 2
Dogu-Bat
(a)
PGA -Z Biloseni
018 018
016 016
04 o
3 012 % 012
g g _
3 e 3 o1 2
g s 3 3
] ¢ g &
< 0.08 2 0.08
0.06 0.06
0.04 0.04
002 002
3 o
2 4 6 8 10 2 2 4 6 8 10 12
Dogu-Bat Dogu-Bat
(© (d)

Sekil 9. Test3’ten elde edilen Z bileseni PGA grafikleri, a) Egim yok, b) Egim %30, c) Egim %45 ve d) Egim %60
(PGA graphics obtained as a result of Test3 for Z component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)
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3.2.2. Model 2 - Test 4 (Model 2 - Test 4)

Test 4 i¢in giris ivmesi olarak Afet ve Acil Durum Bagkanlig1 (AFAD) tarafindan igletilmekte olan 4106 kod
numarali Kocaeli Gebze istasyonuna ait 17 Agustos 1999 ivme kaydi 6lgeklenerek verilmistir (Sekil 10). Model
2 kullanilarak gerceklestirilen dinamik analizler sonucunda elde edilen X ve Z bilesenlerine ait PGA grafikleri
Sekil 11-12’de verilmistir.

Girig ivmesi - 17 Agustos 1999 - 4106 Kocaeli Gebze istasyonu - Olgekli

T T T 1 I
Giris (X) - Pik ivmeler = +0.14 ve 0.14

0.2

)

i

[ 5 10 15 20 25 30 35 40 45
Zaman (s)

-0.2

T T T I L
[ Girs (Y) - Pik ivmeler = +0.26 ve -0.14

L

-0.2

%

1 |
[ 5 10 15 20 25 30 35 40 45
Zaman -t (sn)

T T T T T T T L L
Giris (Z) - Pik ivmeler = +0.11 ve -0.2

| | |

1 | 1 L 1 1
0 5 10 15 20 25 30 35 40 45
Zaman -t (sn)

0.2

o

Sekil 10. 17 Agustos 1999 [zmit depremi (Mw. 7.4) Gebze-Kocaeli istasyonu ivme kaydi - 6lgekli
(Acceleration record of 17, August 1999 Izmit Earthquake (Mw. 7.4) obtained at Gebze-Kocaeli station - scaled)

PGA - X Bileseni PGA - X Bilegeni
0.8 0.8
0.7 0.7
0.6 0.6
3 3
g 05 _ g 05 _
9 g o H
2
g 0s § 03
5 5
< <
0.3 0.3
0.2 0.2
0.1 0.1
0 0
2 4 6 8 10 12 2 4 6 8 10 12
Dogu-Bati Dogu-Bati
(a) (b)
PGA - X Bileseni
0.8 0.8
0.7 0.7
0.6 06
g 3
e 05 _ e 05
2 3 g 3
Zf 04 9 E;‘ 049
5 5
< <
0.3 0.3
0.2 0.2
0.1 0.1
0 0
2 4 6 8 10 12
Dogu-Bati Dogu-Bati
(c) (d)

Sekil 11. Test4’ten elde edilen X bileseni PGA grafikleri, a) Egim yok, b) Egim %30, ¢) Egim %45 ve d) Egim %60
( PGA graphics obtained as a result of Test4 for X component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)
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PGA - Z Bileseni
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Sekil 12. Test4’ten elde edilen Z bileseni PGA grafikleri, a) Egim yok, b) Egim %30, ¢) Egim %45 ve d) Egim %60
(PGA graphics obtained as a result of Test4 for Z component, a) Flat surface, b) Slope 30%, c) Slope 45% and d) Slope 60%)

Model 2’nin kullanildig1 Test 4’e ait sonuglar incelendiginde egimsiz model (%0 egim) ile diger modellerin
PGA sonuglarinin ¢ok farkli oldugu agik¢a goriilmektedir. X bileseni sonuglarina bakildiginda egimsiz
modelde PGA degerlerinin 6zellikle modelin ortalarinda gorece daha yiiksek oldugu gézlemlenmektedir. Z
bileseni sonuglarina bakildiginda egimsiz modelde PGA degerlerinin 6zellikle modelin kenarlarinda goérece
daha yiiksek oldugu g6zlemlenmektedir. Bununla birlikte, her iki bilesene ait sonuglarda egimli modellerde
model ortasindan bir kenara dogru gorece daha yiiksek PGA degerlerine sahip alanlar ile onun diger yaninda
¢ok daha diisitk PGA degerine sahip bolge goze carpmaktadir.

4, Sonuc;lar ve Tart1§ma (Results and Discussion)

Dinamik analiz sonucunda, ylizey topografyasinin 3-B sonlu eleman modelinde doruk ivme degerleri
tizerinde 6nemli bir etkiye sahip oldugu goriilmistiir. Sentetik modellerle yapilan ¢aligmalarda alani gorece
daha dar olan diizliikler iizerinde bulunan tepelerde doruk ivme degerlerinde biiyiik farkliliklar oldugu ve
tepenin egimine baglh olarak farklilagtig1 goriilmistiir. Gorece daha genis diizliiklerde tepelik alanlar olmast
durumunda yine doruk ivme degerlerinde dikkate deger degisimler oldugu, ancak egime bagli etkinin genis
diizlige sahip alanlarda azaldigi gozlemlenmistir. Gergek deprem ivme kayitlariyla yapilan calisma
sonuglarinda farkliliklar olsa da topografya egiminin degisimiyle sonuglardaki doruk ivme degerlerindeki
degisim acik¢a goriilmektedir. Gergek deprem ivme kaydi ile sentetik ivme kayitlar1 kullanilarak yapilan
dinamik analiz sonuglarindaki farkliligin, frekans iceriginin farklilik gostermesi ve bunun farkli zemin
ozelliklerine etkisinin degiskenligiyle iliskili olabilecegi diistiniilmektedir.

Tiim sonuglar, modelde yiizey topografyasinin dikkate alinmamasinin dinamik analiz sonuglarinda degisime
sebep olabilecek 6nemli bir faktdr oldugunu agik¢a gostermektedir. Ozellikle tepe, vadi gibi belirgin
topografik farkliliklarin bulundugu ortamlarda yapilacak dinamik analiz ¢alismalarinin topografyanin da
modele mutlaka eklenerek 3-B olarak yapilmasinin énemli oldugu ve sonuglar tizerinde kayda deger
degisikliklere sebep olabilecegi goriilmektedir. Bu ¢aligmadan elde edilen sonuglarin literatiirdeki diger
¢alismalardan elde edilen sonuglarila uyumlu oldugu goriilmektedir.
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Tiim zemin tiirleri, ivme kayitlari ve her tiirlii zemin modelinin tek bir ¢alismada degerlendirilmesi miimkiin
olmadigindan, bu ¢alisma belirlenen zemin parametreleri, kullanilan 6rnek ivme kayitlar: ve modellerle sinirlt
tutulmugtur. Yapilan dinamik analizler bu parametrelerle gergeklestirilmis ve sonuglar buna gore elde
edilmistir. ileride yapilmasi diisiiniillen ¢aligmalarda farkli zemin parametreleri ve farkli ivme kayitlari
kullanilarak daha farkli topografik zemin tirlerinin incelenmesi konunun daha da genisletilmesini
saglayacaktir.
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ABSTRACT

Missiles and rockets, which are launchable systems with nozzle-based guidance, have a wide
range of applications in controlling the flight path of flying systems, utilizing aerodynamic
control methods. Currently, thrust vector control systems are used in conjunction with
aerodynamic control methods to achieve high maneuverability for these systems. Thrust vector
control systems are implemented using various techniques and prove to be highly effective in
providing high maneuverability to short-range missile systems, particularly in military
domains. This study focuses on the method of jet vanes with mechanical deflectors, which
belongs to the fixed-nozzle family. Within the scope of this study, a prototype that allows the
investigation of the jet vanes method has been developed, and a test setup has been constructed
to control the movements of this prototype. A microcontroller-based architecture was used in
the designed and produced system, the jet vanes was controlled by PI and PID control
techniques in MATLAB/Simulink environment, and the real-time results were examined.
Based on the experimental studies, it has been determined that in the thrust vector control
system where thrust is provided by an electric device and guidance is achieved through jet
vanes, the performance with PID control is superior to that with PI control.

Itki Vektoriiniin Dogrusal Kontroliinde Ugus Yolu
Takip Basariminin Incelenmesi

0z

Flize ve roket gibi lile ¢ikish yonlendirmeye sahip ugar sistemlerin ucus yolu
kontroliinde aerodinamik kontrol (kanat, kanard ve kuyruk) yontemleri genis bir
kullanim alanina sahiptir. Son zamanlarda gerceklestirilen uluslararasi ¢alismalarda, bu
sistemlerin yiiksek manevra kabiliyetine ulagsmalar1 maksadiyla aerodinamik kontrol
yontemleriyle birlikte itki vektor kontrol sistemlerinin de kullanildigi goriilmektedir.
Farkli tekniklerle uygulanabilen itki vektor kontrol sistemleri, 6zellikle kisa mesafeli
fiize sistemlerine yiiksek manevra kabiliyeti kazandirma noktasinda oldukea etkilidir.
Bu c¢alismada sabit liile ailesinden, mekanik saptiricili 6zelliklere sahip jet kanatgiklar
yontemi ele alinmistir. Calisma kapsaminda, jet kanatgiklari yonteminin incelenebilecegi
bir prototip gelistirilerek hareketlerinin kontrol edilebilecegi bir test diizenegi
uretilmistir. Tasarlanarak tretilen sistemde mikrodenetleyici tabanli bir mimari
kullanilmis, jet kanatgiklart MATLAB/ Simulink ortaminda oransal-integral (PI) ve
oransal-integral-tiirev (PID) kontrol teknikleri ile denetlenmis, gercek zamanl alinan
sonuglar irdelenmistir. Yerytiziine dik ugus yolunun takip edildigi deneysel ¢alismalarda
PI kontrol icin maksimum asma 0,9°, yiikselme zamani 0,02 saniye, yerlesme zamani
2,41 saniye elde edilirken, PID kontrol icin maksimum asma 0,25°, yilikselme zamani
0,015 saniye, yerlesme zaman 1,42 saniye elde edilmistir. Benzetim ve deneysel
calismalar neticesinde itkinin elektrikli bir aygitla saglandigi ve yonlendirmenin jet
kanatciklari ile gerceklestirildigi itki vektor kontrol sisteminde PID kontrol ile basarimin
PI kontrole oranla daha iyi oldugu sonucuna ulasilmistir.
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1. Gll‘l§ (Introduction)

1900'erin baglarindaki gelismelerden bu yana, fiizeler modern savaslarda giderek daha kritik unsurlar haline
gelmislerdir. Genel olarak fiize sistemleri stratejik ve taktik fiizeler olarak iki sinifa ayrilabilir. Stratejik fiizeler;
bilinen, sabit hedeflere dogru uzun mesafeler kat etmek icin tasarlanmustir. Taktik fiizeler ise giidiim ve
kontrol teknolojilerinin daha kritik oldugu, daha kisa menzilli, manevra yapan ve manevra yapmayan
hedefleri takip etmek veya engellemek maksadiyla kullanilmaktadir [1]. Stratejik fiizeler o6ncelikle
egzoatmosferik kosullarda, taktik fiizeler ise en yaygin olarak endoatmosferik kosullarda ¢alismaktadir.
Modern savaslarda yeni teknolojilerin iistel bir hizla biylidiigi goriilmektedir. Bu teknolojik ilerlemelerin
neticesi olarak, ugar sistemlerin kabiliyetlerinin artmasina paralel olarak fiize sistemlerinin kabiliyetleri de
hizla gelismektedir. Taktik fiizelerin kullanim alanlarinin daha kisa menziller ve engel olusturabilecek
unsurlarla dolu olan alanlarda kullanilmalarindan dolay1 daha yiiksek doniis ve manevra kabiliyetlerine sahip
olmalar1 gerekmektedir. Bu sebeple, yiiksek hiicum agisi, yiiksek manevra ve yiiksek yanal hizlanma kabiliyeti
gerekliliklerinin ortaya ¢ikmasiyla birlikte geleneksel kontrol yontemlerinden (kuyruk, kanat, kanard vb.
aerodinamik kontroller) daha fazlasina ihtiyag duyulmaktadir [2]. itki vektor kontrol (IVK) sistemleri bahse
konu kabiliyetleri gelistirmek ve iyilestirmek maksadiyla ortaya ¢ikmis sistemlerdir.

Ugar sistemlerin ve fiizelerin ugus yolu kontroliinde yaygin olarak aerodinamik kontrol (kanatlar, kanatgiklar
ve kanardlar) unsurlar: kullanilmaktadir [3]. Fakat gliniimiizde uluslararasi ¢aligmalardan gorildigi tizere,
ucar sistemlerin yiliksek manevra kabiliyetine erisebilmeleri noktasinda tek bagina aerodinamik kontrol
sistemleri yeterli olmamaktadir [4]. Aerodinamik kontroliin 6tesinde yiiksek manevra kabiliyetinin
kazandirilmasi maksadiyla itki vektor sistemleri kullanilmaktadir [5].

IVK sistemleri, ucaklarin ve fiizelerin ugus yolunu kontrol etmek igin kullanilmaktadir. Bununla birlikte
yiiksek manevra kabiliyetine sahip fiize sistemlerinde, aerodinamik kontrol sistemler ile [VK sistemlerinin bir
arada kullanildig1 goriilmektedir.

Bu ¢alisma kapsaminda; itki vektor sistemleri arasinda yaygin olarak tercih edilen jet kanat¢iklart metodu
kullanilmis, kanatgiklarin denetimi igin ise PI ve PID kontrol algoritmalari kullanilmistir. Onerilen bu
algoritmalar, tasarlanarak iiretilen prototip sistem {izerinde test edilmis, elde edilen sonuglar irdelenmis, geri
beslemeler neticesinde MATLAB/Simulink ortaminda hazirlanan algoritmalar iizerinde gerekli iyilestirmeler
yapilarak ucus yolu kontroliinde bagarimi yiiksek sonuglarin elde edilmesi hedeflenmistir. Bu ¢aligma ile
literatiirde ilk defa itkinin elektrikli bir aygitla saglandigi ve yonlendirmenin jet kanatgiklari ile
gerceklestirildigi itki vektor kontrol sisteminde, tanimlanan ugus yolunun takibi saglanmigtir.

1.1. Aerodinamik kontrol tipleri (Aerodynamic control types)

Ozellikle uzun menzilli hava savunma fiizelerinde yiiksek hiicum agilarinda, yiiksek seviyede manevra
kabiliyeti sagladig1 icin kuyruk kontrolii tercih edilir [6]. Kuyruk kontrollii fiizenin basitlestirilmis yapist Sekil

la’da verilmistir.
A ‘ - A =

‘ ‘ - g -
(@ (b) ©

Sekil 1. Aerodinamik kontrol tipleri: a) kuyruk kontrollii fiize, b) kanat kontrollii fiize, ¢) kanard kontrollii fiize (Aerodynamic control
types: a) tail-controlled missiles, b) wing-controlled missiles, ¢) canard-controlled missiles )

Kanat kontrollii fiizeler, ilk gelistirilen fiize kontrol tiplerinden olup, giiniimiiz modern fiizelerinde daha az
tercih edilmektedir. Kanat kontroliiniin en biiyiik avantaji, fiizenin ¢ok kii¢iik kanat hareketlerine ¢ok hizli
tepki gosterebilmesidir [6,7]. Kanat kontrollii fiizenin basitlestirilmis yapist Sekil 1b’de verilmistir.

Kanard kontrollii fiizeler, diisitk hiicum agilarinda ¢ok iyi manevra yetenegine sahiptirler. Bunun yaninda
yiksek agilarda akisin ayrilmasi nedeniyle kontrol etkinligini kaybeden fiizelerdir [8]. Kanard kontrollii
fiizenin basitlestirilmis yapisi Sekil 1c’te verilmistir.
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1.2. Ttki vektor kontrol sistemleri (Thrust vector control systems)

Ugar sistemlerin ve fiizelerin ugus yollarini kontrol etmek igin IVK sistemleri kullanilir. Yiiksek manevra
kabiliyetine sahip fiize sistemleri, aerodinamik kontrol (kanatlar, kanatgiklar, kuyruk ve kanardlar) ve IVK
sistemlerinin beraber kullanimini gerektirir. Tiim IVK sistemleri temelde benzer sekillerde caligir.

[VK sistemlerinde ana itme vektdriiniin yon ¢izgisi, aracin agirlik merkezinden gegmeyecek sekilde saptirilir.
Moment, $ekil 2a’da gosterildigi gibi aracin agirlik merkezi etrafinda manevra yapabilecegi sekilde
olugturulur [9].

Atis Ekseni

+ Egilme

- Sapma + Sapma

Agurlik Merkezi

l;l.:lglﬂntl
Noktast
(@) (b)

Sekil 2. VK sistemleri: a) Bir [VK sisteminin ¢aligma prensibi, b) egilme ve sapma yénlerinin gdsterimi (TVC systems: a) operating
principle of a TVC system, b) yaw and pitch directions)

ltki Kuvveti
Vekiora

- Egilme

Roket ve fiizelerde itme vektorlerinin yoniinii kontrol etmek; bir aracin egilme (yunuslama), sapma ve déonme
hareketlerini kontrol etmekle miimkiindiir [4,10]. Sekil 2b’de IVK sistemlerinde egilme ve sapma yonleri
gorilmektedir.

Sekil 3’te [VK sistemlerinin siniflandirildigi sema verilmistir. Bu calismada sabit liile, mekanik saptiricy, jet
kanat¢iklar: yontemi tercih edilmistir.

1.3. Jet Kanatgiklar1 IVK Sistemleri (Jet vanes TVC systems)

Jet kanatgiklar1 [VK sistemlerinde, liile ¢ikisina yerlestirilen kanatciklar, lillenin dis hatlarini takip eder. Jet,
fiize merkez hattina gore olusturdugu dosnme momentlerine ek olarak egilme ve sapma momentleri olusturur.
Jet kanatgiklar1 IVK sistemleri ilk olarak Alman V-2 fiizelerinde kullanilmistir [9,11,12]. Jet kanatgiklar1 IVK
sistemine iligkin basitlestirilmis yap1 Sekil 4’te verilmistir.
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Sekil 3. IVK sistemlerinin siniflandiriimast ve bu galismada kullanilan yéntemin gésterimi [2] (Classification of TVC systems and displaying
of the method used in this study)

Govde
o~ Kanatcik Destegi

Kanatgik Donity L
Ekseni Merkezi )
T Kanatciklar

Pozisyon Segmani

Sekil 4. Liile tertibatinin ¢ikisina monte edilmis jet kanatgiklar1 IVK sistemi [13] (Jet vanes TVC system mounted to outlet of the nozzle
mechanism)
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2. Materyal ve Metod (Material and Method)

Galisma kapsaminda, jet kanatgiklar1 IVK yéntemi kullanilarak bir fiize sistemi tasarimi gergeklestirilmis ve
bundan sonraki béliimlerde “mekanik sistem” olarak anilmistir. Gelistirilen mekanik sistemi kontrol etmek
iizere bir elektronik donanim tasarlanarak prototip iiretimi gergeklestirilmistir. Jet kanatgiklar1 IVK yéntemi
kullanilarak gerceklestirilen sisteme ait basitlestirilmis blok sema Sekil 5’te verilmistir.

Mekanik Tasarim

Y

Mekanik Bilesenler | Elektronik Bilesenler
A

Elektronik Tasarim Bilgisayar

< »
-q :

matlab

Sekil 5. Jet kanatgiklart IVK ydéntemi kullanilarak gerceklestirilen sisteme ait basitlestirilmis blok sema (Simplified block diagram of the
system realized using the jet vanes TVC method)

2.1. Mekanik sistem tasarimi (Design of the mechanical system)
2.1.1. 3B prototip tasarimi (Designing of the 3D prototype)

Uygulamada kullanilacak mekanik sistemi gelistirmek tizere 3B ortamda kati model tasarim c¢aligmast
gerceklestirilmistir. Bu kapsamda tasarlanan mekanik sisteme ait goriintiiler Sekil 6’da verilmistir. Kati model
tasarim asamasinda SolidWorks kati model tasarim programi kullanilmustir. Mekanik sistem iizerinde
bulunmas: gereken ve kanatgiklari kontrol eden servo motorlara ait numaralandirmalar Sekil 6¢’de
goriilmektedir. 3B modeli olusturulan sistem 3B yazicidan ¢iktr alinmis ve {iretimi gerceklestirilen sistem
deneysel caligmalarda kullanilmistir. 3B ¢iktist alinan mekanik sisteme ait goriintiiler Sekil 7’de verilmistir.

Servo 2

(c) (¢) (d) (e)

Sekil 6. Prototip tasarimina ait gériiniimler: a, b, d, e) yandan gériiniisler, c) tistten goriiniis, ¢) alttan goriiniis (Views of the prototype
design : a,b,d,e) side views, c) top view, ¢) bottom view)
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Ataletsel
Olgiim
Unitesi

Fan
Motoru

Servo 4

va

(2)

Sekil 7. Mekanik sistem prototip gériiniisleri: a) Ustten gériiniis, b) Alttan goriiniis (Views of the mechanical system : a) top view, b) bottom
view)

2.1.2. Test platformu tasarimi (Designing of the test platform)

Tasarmi gergeklestirilen mekanik sistem tizerinde deneysel caligmalar gerceklestirmek tizere iki eksende
hareket serbestligine sahip bir test platformu gelistirilmistir. Bu kapsamda Sekil 8'de goriintimleri verilen test
platformunun kati modeli tasarlanmis ve 3B yazici ile tiretilmistir (Sekil 9). Test platformu x ve y eksenlerinde
+45%ye kadar hareket serbestligi saglamaktadir. Bu serbestlik degeri giris béliimiinde ele alinan tim VK
sistemlerinde kullanmak i¢in uygun bir degerdir. Kurulan test platformunda, baglanti noktalarinda 12 mm’lik
disiik siirtiinmeye sahip rulmanlar kullanilarak hareket serbestliginde siirtiinme i¢in optimum sartlarin
olusmasi hedeflenmigtir.

Sekil 8. Test platformuna ait 3B kat: model tasarim gériintiileri: a) tistten goriiniim, b, ¢, ¢) yandan goriiniimler (3D solid model design
images of the test platform: a) top view, b,c,¢) side views)

Sekil 9. Test platformunun gériiniimii (Appearance of the test platform)
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2.2. Elektronik donanim tasarimi (Design of the electronic hardware)

Sistemde itki olusturmak icin hava akigindan faydalanilmig, bu hava akigini olusturmak igin ise kontrol
tnitesine sahip fircasiz dogru akim (BLDC) motoru igeren bir fan kullanilmigtir. Olusturulan hava akigini
yonlendirmek ve itki vektoriinii kontrol etmek tizere dort adet servo motor kullanilmistir. Sistemde fiize
pozisyon Olctimleri, servo motorlarin kontroli ve BLDC motor denetimi i¢cin ATMEGA2560
mikrodenetleyici tabanli bir elektronik donanim tasarimi gerceklestirilmistir. Elektronik donanima ait
basitlestirilmis blok sema Sekil 10’da, devre semast ise Sekil 11°de verilmistir. Sistem bilesenlerinin tiretilen
devre kartina baglantilari ise Sekil 12’de verilmistir.

Referans /~ N\ Kontrol Fan Kontrol " Servol
+\_J (PI/ PID) Unitesi (ESC) A > ‘
AN

Servo4

" Servo3
‘ Ataletsel Olgiim
L Unitesi 3 .‘._

Sekil 10. Elektronik donanima ait basitlestirilmis blok sema (Simplified block diagram of electronic hardware)
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Sekil 11. Elektronik donanima ait devre semast (Circuit diagram of electronic hardware)

Sekil 11’de verilen devre semasinda, referans sinyali J7’den bir potansiyometre yardimiyla 0~5V araliginda
uygulanmaktadur. Itki olusturmak i¢in kullanilan fana ait BLDC’yi kontrol etmek igin bir ESC bulunmaktadur.
ESC'yi kontrol etmek icin mikrodenetleyiciden bir darbe genislik modiilasyon (PWM) ¢ikis1 ayrilmis ve bu
cikig devrede J5 konnektériine aktarilmugtir. Itki vektriiniin kontrolii i¢in kullanilan dért adet servo motorun
kontrolil i¢in mikrodenetleyicide dort farkli PWM cikusi ayrilmis ve bu ¢ikislar J1, J2, J3, J4 konnektorlerine
aktarilmistir. x-y dogrultularindaki pozisyon 6l¢limii igin MPU9250 ataletsel 6lgiim {initesi kullanilmis, bu
tinite ile 6lgtilen pozisyon verileri devrede kullanilan iki adet MCP4725-A0 sayisaldan analoga gevirici ile
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0~5V araligina donustirilmistiir. Tasarlanan elektronik donanim sayesinde kapali bir ¢evrim olugturulmus
ve itki vektoriiniin kontrol edilebilmesi i¢in gerekli tiim sartlar saglanmistir. Tasarlanan [VK sistemi iizerinde,
oransal-integral (PI) ve oransal-integral-tiirev (PID) kontrol algoritmalar: kullanilarak en iyileme ¢aligmalari
gerceklestirilmistir.

LI9[LIDA UOASIZOg
£-x Soreuy

Sekil 12. Sistem bilesenlerinin devre kartina baglantis1 (Connection of system components to the circuit board)
2.3. Jet kanat¢iklart modelinde uygulanan kontrol tasarimi (Implemented control design in the jet vanes model)

Jet kanatciklari kontrol yonteminin MATLAB/ Simulink ortaminda hazirlanmig modeli Sekil 13’te verilmistir.
Ataletsel 6l¢tim tinitesinden alian x ve y eksenlerinin ag1 bilgileri modele A1 ve A2 pinlerinden analog girdi
yapilmaktadir. Modelde goriildiigii {izere pin 6 ve pin 7’ye irtibatlanan servo motorlar ile pin 8 ve pin 9a
irtibatlanan servo motorlar es zamanl olarak ayn1 a¢1 degerleri ile ¢aliymaktadir. 6 ve 7 numaralar pinlerde
bulunan sevro motorlar x ekseninde, 8 ve 9 numarali pinlerde bulunan servo motorlar ise y ekseninde itki
vektoriinti kontrol etmektedir. Sistem modeli PID kontrol gerceklestirecek sekilde tasarlanmis olmasina
karsin, tiirevsel parametre katsayisi ‘0’ verilerek sistem PI kontrol gerceklestirecek sekilde galitirilabilir.
Ayrica oransal, tiirevsel, integral parametre katsayilarinin farkli degerleri icin sistem P, PI, PD, PID kontrol
sonuglarini incelemek i¢in kullanilabilir. Bu ¢aligmada tasarlanan sisteme iligkin PI ve PID kontrol sonuglari
incelenmistir. Modelden alinan deneysel veriler ger¢ek zamanli olarak izlenerek kayzt altina alinabilmektedir.

ARDUINO
P;G
ARDUINO N l
Pin: A1 @;RDUIND @
S
ARDUINO Pn7
Pin: A2
ARDUINO
Png
®
i ARDUINO
Pno
ARDUINO
Pin: AD

Sekil 13. Jet kanatgiklari kontrol diyagramina ait MATLAB/ Simulink gériiniim{i (MATLAB/ Simulink view of the jet vanes control diagram)

PI denetleyicide K,, Ki, PID denetleyicide ise K;, Ki, Kq parametrelerinin belirlenmesi 6nem tasimaktadir. Bu
calismada K, K;, Kq parametrelerinin belirlenmesi i¢in Ziegler-Nichols yontemi kullanilmistir. John G.
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Ziegler ve Nathaniel B. Nichols tarafindan 1942 yilinda onerilen yontem, islem frekans tepki analizine
dayanan popiiler bir yontemdir ve nihai kazang yontemi olarak da bilinir. Ziegler-Nichols yontemi ile K, K,
Kq parametreleri belirlenirken, oncelikle denetleyici diigitk kazangl ve tiirev katkis1 bulunmayan kapali
dongiiye yerlestirilir. Ardindan kazang ayarlanarak kontrol sisteminin siirekli titresim yapmasi saglanir. Bu
durumda elde edilen kazang nihai kazang (K,) ve titresim periyodu nihai periyod (P.) olarak adlandirilir. K,
ve P, degerleri Tablo 1’de yerine yazilarak K, K;, K4 parametreleri belirlenebilir [14].

Tablo 1. Ziegler-Nichols yonteminde parametrelerin elde edilmesi (Obtaining the parameters in the Ziegler-Nichols method)

Kontrol Tiirii K, Ki Ka
P Ku/2 - -

PI Ku/2,2 Pu/1,2 -
PID Ku/1,7 Pu/2 Pu/8

Tiim bu bilgiler 15181nda, yiiriitiillen ¢aligmalar sonucunda K, degeri 7,14 ve P, degeri 3,28 elde edilmistir. Bu
degerler Tablo 1’de yerine yazildiginda PI ve PID kontrol i¢in ihtiya¢ duyulan parametreler Tablo 2’deki gibi
elde edilmistir.

Tablo 2. Sistemde kullanilan parametreler (Parameters used in system)

Kontrol Tiirii K, Ki Ka
PI 3,25 2,75 -
PID 4,20 1,65 0,41

3. Deneysel Calismalar (Experimental Studies)

Tasarlanarak iiretilen IVK sisteminin kontrol basarimini degerlendirmek ve en iyilestirme galismalarinda
kullanmak tizere bazi1 deneysel calismalar gerceklestirilmistir. Deneysel ¢alismalar dort sathada ve farkli ugus
senaryolari icin gerceklestirilmistir. Senaryolarin tamaminda bir ugus yolunun, belirlenen kontrol teknigi ile
takip performansi incelenmistir. Bu kapsamda oncelikle PI, ardindan PID kontrol i¢in ¢alismalar
yuriitilmistir. Elde edilen tim veriler gercek zamanl olarak kaydedilmis ve degerlendirilmistir.
Caligmalarda MATLAB/ Simulink ortaminda gelistirilen ve Sekil 13’te verilen model baz alinmistir.

3.1. Sabit ugus yolu tepkisinin incelenmesi (Examination of fixed flight path response)
Sabit ugus yolu tepkisinin incelendigi senaryo kapsaminda, durus agisina gore 0°, 5°, 10°, 15”1lik sabit sapma

acilart belirlenmistir. Sekil 14’te, farkli ¢alismalar icin sistemin izlemesi gereken referans ugus yollar
verilmistir.

!

| .
i U

0

10°
Sekil 14. 0°, 5°, 10°, 15°’lik sabit sapma agilar1 i¢in durug pozisyonlari (Standing positions for fixed yaw angles of 0°, 5°, 10°, 15°)

0° 5
Tim ugus yollar i¢cin PI ve PID kontroller uygulanarak sistemin belirlenen ugus yolunu takip edebilme

basarimi incelenmistir. Bu ¢aligmalar neticesinde kontrolcii 6zelinde elde edilen veriler Tablo 3’te ve elde
edilen grafikler Sekil 15’te verilmistir.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymecilik 342



Atik & Gurkan Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

Tablo 3. Sabit ugus yolu tepkisi deneyleri neticesinde elde edilen veriler (Data obtained as a result of fixed flight path response experiments)

Ugus Yolu Kontrol Maksimum Yiikselme Yerlesme
Sapma Agis1 Tiirii Asim Zamani Zamani
[°] [°] [sn] [sn]

0 PI 0,90 0,020 2,41

5 PI 1,10 0,190 2,83

10 PI 1,50 0,220 3,19

15 PI 2,10 0,240 3,41

0 PID 0,25 0,015 1,42

5 PID 0,60 0,080 1,48

10 PID 0,74 0,060 1,65

15 PID 0,75 0,090 1,71

Sabit ugus yolu tepkisi (Pl kontrol) Sabit ugus yolu tepkisi (PID kontrol)

Ugus Yolu Agisi [derece]
©

Ugus Yolu Agisi [derece]
©

4 g 4 1
2 b 2 b
ofF-- -\~ 0 BAAAAN A A
2 . . L . . L . L L 2 L . L L . L L . .
0 1 2 3 4 5 6 7 8 9 1 0 1 2 3 4 5 6 7 8 9 10
Zaman [saniye] Zaman [saniye]

Sekil 15. Sabit ugus yolu tepkisi deneyleri neticesinde elde edilen grafikler (Graphs obtained as a result of fixed flight path response experiments)
3.2. Bozucu etki tepkisinin incelenmesi (Examination of the disruptive impulse response)

Bozucu etki tepkisinin incelendigi bu senaryoda ii¢ farkli caligma gerceklestirilmistir. Senaryo kapsaminda,
durus agisina gore 0°, 10°, 15°lik sabit sapma agilart ile ugus yolu takip eden sisteme 20°’yi agmayacak sekilde
bozucu etki uygulanmis ve buna karsilik sistemin tepkisi incelenmistir. Tiim ugus yollar1 i¢in PI ve PID
kontroller uygulanarak sistemin bozucu etkiye ragmen belirlenen ugus yolunu takip edebilme bagarimi
incelenmistir. Bu ¢aligmalar neticesinde kontrolcii 6zelinde elde edilen veriler Tablo 4’te ve elde edilen
grafikler Sekil 16’da verilmistir.

Tablo 4. Bozucu etki tepkisi deneyleri neticesinde elde edilen veriler (Data obtained as a result of disruptive impulse response experiments)

Ugus Yolu Kontrol Maksimum Yeniden
Sapma Agisi Tiirii Asim Yerlesme

[°] [°] Zamani [sn]
0 PI 18,85 2,70

10 PI 18,50 4,70

15 PI 18,66 3,80

0 PID 11,50 0,90

10 PID 9,67 0,80

15 PID 19,20 1,40
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Bozucu etki tepkisi (15 derece Pl kontrol)

T T T
§ 10 H 8
@ @ @
S 5 = ke
[ B, [ @
53 o 53
g0 r < <
3 1 2 E
S5 g S
> > o
3.-10 3 3
=1 =) =}

-15

20

2 4 6 8 10 2 4 6 8 10 0 2 4 6 8 10

Zaman [saniye]

Bozucu etki tepkisi (0 derece PID kontrol)

Zaman [saniye]

Bozucu etki tepkisi (10 derece PID kontrol)

Zaman [saniye]

Bozucu etki tepkisi (15 derece PID kontrol)

20 20
o o 5
Sé @ 15 9 ‘6
3 3 3
k=2 = =
s z B, 10
g z0 $1 9% z
=] =) 5 =)
° ° S 5
> > >
o o o
g £s g
=1 ] >0

0 -5

6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Zaman [saniye] Zaman [saniye] Zaman [saniye]

Sekil 16. Bozucu etki tepkisi deneyleri neticesinde elde edilen grafikler (Graphs obtained as a result of disruptive impulse response experiments)
3.3. Sabit fonksiyon tepkisinin incelenmesi (Examination of the constant function response)

Bu boliimde, sabit sapma agist ile ugus yolu takip eden sisteme parametreleri bilinen sabit bir giris fonksiyonu
uygulanmis, bu durumda ugus yolu davranisi incelenmigtir. Bu kapsamda 0° sapma agist ile ugus yolunu takip
eden sisteme giris fonksiyonu olarak siniis fonksiyonu uygulanmustir. Deney sonucunda, elde edilen grafikler
Sekil 17°de verilmistir. Grafik ve deneysel veriler incelendiginde PI kontrol i¢in 3,2°, PID kontrol i¢in 0,79°
maksimum agimlarin elde edildigi goriilmektedir.

Sabit fonksiyon tepkisi (Pl kontrol)
T T T

Ugus Yolu Agisi [derece]

Zaman [saniye]

Sabit fonksiyon tepkisi (PID kontrol)
T T T

Ugus Yolu Agisi [derece]
n (=]

Zaman [saniye]
Sekil 17. Sabit fonksiyon tepkisi deneyleri neticesinde elde edilen grafikler (Graphs obtained as a result of constant function response
experiments)

3.4. Degisken basamak fonksiyon tepkisinin incelenmesi (Examination of the variable step function response)

Degisken basamak fonksiyon tepkisinin incelenmesi deneyleri kapsaminda; ugus yolu sapma agilari sirasryla
0°, 5%, 10°, 15° olacak sekilde degisken zaman araliklariyla uygulanmis ve sistemin davranisi incelenmistir.
Deneyler sonucunda, elde edilen grafikler Sekil 18’de verilmistir. Sekil 18 incelendiginde sisteme referans
olarak uygulanan sapma agilarinin bagarili sekilde takip edildigi gorilmektedir. PI kontroliin uygulandig:
deneylerde 0°, 5°, 10°, 15°lik ucus yollar1 i¢in sirastyla 0,35°, 0,24°, 0,4° ve 0,49°lik ortalama asimlar elde
edilmistir. PID kontroliin uygulandig1 deneylerde ise 0°, 5°, 10°, 15°lik ucus yollari i¢in sirastyla 0,07°, 0,12°,
0,16° ve 0,17°’lik ortalama agimlar elde edilmistir.
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Degisken basamak fonksiyon tepkisi (Pl kontrol)
T T T

20 T T

o

Ugus Yolu Agisi [derece]
o 3

Zaman [saniye]

Degisken basamak fonksiyon tepkisi (PID kontrol)
T T T T T

20 T

Ugus Yolu Agisi [derece]
=
T

e,

0 5 10 15 20 25 30 35 40
Zaman [saniye]

Sekil 18. Degisken basamak fonksiyon tepkisi deneyleri neticesinde elde edilen grafikler (Graphs obtained as a result of variable step function
response experiments)

0

4, Deney Sonuqlarl ve Tartlsma (Experiment Results and Discussion)

Bu galismada; IVK tekniklerinden jet kanatgiklar1 yonteminin kullanildig1 bir test sistemi tasarlanarak iiretimi
gercelestirilmis, itki vektoriinii olusturmak icin elektrik enerjisinden faydalanilarak elde edilen hava
kullanilmas, sistemin PI ve PID kontrol altinda davranislar1 deneysel ¢alismalarla incelenmistir.

Sabit agili ugus yolu takibinde sapma agis1 arttik¢a maksimum agim, yiikselme zamani ve yerlesme zamani
parametreleri de kontrol tipine bakilmaksiniz artis gostermis, en iyi parametreler 0° sapma agisi icin elde
edilmistir. Bozucu etki tepkisi deneylerinde, 0° ugus yolu takibi esnasinda uygulanan bozucu etkiye kars: PI
kontrol ve PID kontrol igin sirasiyla 2,7 ve 0,9 saniyelik yerlesme zamanlar1 elde edilmistir. Ugus yolunun
5%1lik tepe sapma agisina sahip bir siniis fonksiyonu olmas: durumunda PI ve PID kontrol i¢in sirastyla 3,2°
ve 0,79%lik maksimum asimlar meydana gelmistir. Sabit acilt ugus yolu tepkisinin incelenmesi maksadiyla
yapilan deneysel ¢aligmalarda elde edilen sonuglar bir arada degerlendirildiginde, Sekil 19°da verilen faz-
diizlem grafikleri elde edilmistir. Faz-diizlem grafikleri degerlendirildiginde, sabit a¢ili ugus yolu takibinde
PID kontrolcti ile elde edilen ortalama sapmanin, PI kontrolcii ile elde edilen ortalama sapmalara gore daha
iyi performans sergiledigi sonucuna ulagilmistir. Elde edilen sonuglar, 6nerilen PI ve PID kontrolciilerin
Lyapunov kararlilik kriterlerine gore asimptotik kararli oldugunu géstermektedir.

Referans ugus yolu agisi:0 derece Referans ugus yolu agisi:5 derece
T T T T T T ™ T

0.6 T T T 5 T
Pl Kontrol Pl Kontrol
04t PID Kontrol ar PID Kontrol
N N 3r
T T
= 02r =
2 827
£ £
ER s'r
o o
> > 0
@02 g
> >
=] =
-04 |
2F
06 . h f " . . n . 3 . . . f . I
-1 -0.8 -0.6 -0.4 0.2 0 0.2 0.4 0.6 0.8 0 1 2 3 4 5 6 7
Ugus Yolu Agisi Ugus Yolu Agist
5 Referans ugus yolu agisi:10 derece s Referans ugus yolu agisi:15 derece
Pl Kontrol Pl Kontrol
4+ PID Kontrol 6l PID Kontrol
N N
N gl N
z It
i 3
o 2 3
< < 5L
2 2 2
S 1r S
> >
o> )
E El
&> 0 o
=) =]
“r 2
2 . . . . . " L . L L . " L .
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16 18
Ugus Yolu Agisi Ugus Yolu Agisi

Sekil 19. Kontrolcii faz-diizlem grafikleri (Controller phasor diagrams)

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymecilik 345



Atik & Gurkan Gazi Muhendislik Bilimleri Dergisi: 9(2), 2023

Ugiincii boliimde elde edilen deneysel bulgular bir arada degerlendirildiginde; itki vektdriiniin kontroliinde
PI ve PID denetimlerinin ucus yolu takibinde etkin olarak kullanilabilecegi, PID kontrol i¢in elde edilen
yikselme zamani, maksimum asma ve oturma zamani gibi temel denetim parametrelerinin PI kontrol
sonuglarma gore daha iyi oldugu sonucuna varilmistir. En iyi ugus yolu takip sonuglarinin elde edildigi PID
kontrol sonuglar literatiirdeki benzer ¢aligmalardan elde edilen sonuglar ile uyumludur.
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ABSTRACT

Keywords: Diizce, Aqueducts, Turkey is located on the Alpine-Himalayan seismic belt, which is an important earthquake belt

Earthquakes of the world. A lot of earthquakes have occurred in Anatolia in historical periods. In addition to

B _ this, civilization was established in them in Anatolia and dozens of them were destroyed. Turkey
"Bolu Abant Izzet Baysal University, . i . L. . . . . . .

Engineering Faculty, acts as a bridge connecting Europe and Asia, where civilizations intersect in this region. Diizce

Dept. of Civil Engineering province is located in a region with high seismicity. The North Anatolian Fault system is

14030 Center/Bolu dominant in this region. Diizce province is under the influence of the Diizce fault, which is a

Orcid: 0000-0001-6297-8571

e mail: atesali2000@gmail.com branch of the NAFZ system. It has been exposed to many earthquakes in historical periods.

Recently, two major destructive earthquakes have been shaken on 17 August 1999 and 12
“Corresponding author: November 1999. There are multiple structures and traces from the Roman period in Konuralp
atesali2000@gmail.com.tr district. The most important of these is the historical ancient Aqueducts. The wreckage of
aqueducts still stands witness to history. It is estimated that these arches were damaged in
historical earthquakes. Aqueducts still servise outside the district for touristic purposes.

Prusias Ad Hypium Roma Dénemi Antik Su
Kemerleri ve Tarihi Depremlerde Yok Oluslari

0z

Tiirkiye Diinyanin 6nemli bir deprem kusagi olan Alp Himalaya deprem kusag {izerinde
bulunmaktadir. Anadolu’da tarihsel dénemlerde sayisiz depremler meydana gelmistir. Ayrica
Anadolu’da onlarda medeniyet kurulmus ve onlarcasi ise yikilmustir. Tirkiye bu bolgede
medeniyetlerin kesistigi Avrupa ile Asya’yr birlestiren bir koprii gorevi yerine getirmektedir.
Diizce ili konum olarak depremselligi yiiksek olan bir bolgede bulunmaktadir. Bu bolgede Kuzey
Anadolu Fay sistemi (KAFZ) etkisi hakimdir. Diizce ili KAFZ sisteminin bir kolu olan Diizce fay1
etkisinde bulunmaktadir. Tarihsel donemlerde bir¢ok depremlere maruz kalmistir. Son
donemlerde de 17 Agustos 1999 ve 12 Kasim 1999 tarihlerinde iki biiyiik yikici depremle
sarsilmistir. Konuralp ilgesinde Roma déneminden kalan birden ¢ok yapi ve izler bulunmaktadr.
Bunlardan en 6nemlisi ise tarihi antik Su kemerleridir. Su kemerlerinin enkazi hala tarihe taniklik
etmektedir. Bu kemerlerin tarihi depremlerde zarar gordiigii tahmin edilmektedir. Hala ilgenin

Anahtar Kelimeler: Diizce, e g -
disinda su kemerleri turistik amagla gérevini stirdiirmektedir.

Su kemeleri, Depremler

To cite this article:AliAtes, “Prusias Ad Hypium Ancient Aqueducts Of The Roman Period And Loss
Occurrences Due To Historical Earthquake,” Gazi Journal of Engineering Sciences, vol. 9, no. 2, pp. 347-359,
2023. doi:10.30855/gmbd.0705076



Gazi Mihendislik Bilimleri Dergisi: 9(2), 2023

1. Gll‘l§ (Introduction)

Tiirkiye bolgesel olarak Alp Himalaya deprem kusa8: tizerindedir. Bundan dolay: da aktif tektonik rejimi
tizerinde yer almakta olup, kusak hareketliligi dogrudan dogruya tilkemizi etkilemektedir. Ayrica tilkemizde
etkin olan Kuzey Anadolu Fay sistemi (KAFZ) 6zellikle tilkemizin kuzeyinden bir bastan diger basa yaklasik
1200 km uzunluga sahip oldugu i¢in Diizce ilini etkilemektedir. Bunun yaninda iilkemiz tektonik olarak Arap
plakasinin kuzeye dogru yonelmesi ile bir stkigma rejimi altindadir. Biitiin bu tektonik yapisal olaylar Diizce
ilini etkilemektedir.

Bu baglamda Anadolu’da bir¢ok medeniyetler tarihsel depremlere maruz kalmislardir. KAFZ sistemi ana kol
ve tali kollara ayrilmugtir [1]. Ulkemizin kuzeyinde dogudan batiya devam eden bir ¢okiintii alan1 mevcuttur.
Saros korfezinden baslayarak doguya dogru Marmara Denizinin kuzeyinde Diizce- Bolu ¢okiintii hattt
bolgesinin de dahil oldugu bir kusak bulunmaktadir. Bu kusak Kelkit vadisi, Erzincan Erzurum Pasinler’i
icine alarak Aras cukurlugu ile Tirkiye’den ¢ikmaktadir [1, 2]. Bu bélgede aletsel ve tarihsel kayitlara
bakildiginda ciddi sayida ve bityiikliiklerde depremler meydana gelmistir. Diizce ili bolgesel olarak aktif bir
deprem kugag tizerindedir. Bolgede tarihsel donemlerde de ¢ok ciddi depremler yasanmistir. Bu aktif rejim
Diizce’yi oldukga etkilemistir. Bu depremlerde can ve mal kayiplar1 oldugu gibi tarihi yapilarda yikilmistir.
Diizce ve havzasinin zemin formasyonu heniiz stabil ve duragan bir yap: degildir. Halen bir sikisma ve oturma
egilimi gostermektedir. Diizce yakin gegmis donemde iki biiyiik depremle sarsilmis ve ¢ok sayida can ve mal
kayiplar1 yasanmugtir. 17 Agustos 1999 ve 12 Kasim 1999 depremleri meydana gelmis ve Diizce’ de ciddi
hasarlar olugmustur. Diizce ilinin aktivitesinin yiiksekligi bilinmektedir [1,2,3,4].

Bu bolgede bircok medeniyetler depremlerde yikilmis ve enkaza ugramistir. Anadolu’da bu tarihi yapilari ve
enkazlar1 gormek miimkiindiir. PRUSIAS AD HYPIUM yerlesim merkezi de bunlardan birisidir. Bu yerlegim
merkezinde Roma donemi tarihi Su yapilari da mevcuttur [5]. Ayrica Su kemerleri enkazlari tarihi
depremlerin izini tasimaktadir. Bu su kemeri enkazlarinin ise tarihi depremlerde zarar gordiigii ve yikildig
tahmin edilmektedir.

2. Materyal ve Metot (Material and Method)

2.1. Calisma alani (Study Area)

Aragtirma alani Diizce ili Konuralp smnurlari icindedir. Diizce bat1 Karadeniz bolgesinde yer almakta olup,
Istanbul-Ankara oto yolu {izerinde bulunmaktadir (Sekil 1). Tarihi bir yerlesim yeridir. Ve degisik adlarla
amlmistir. Ilce merkezinin topografik yapist diiz ve diize yakindir. Konuralp yerleskesi su kemerlerinin
oldugu ilge ve kentin kuzeyinde yer almaktadir. Diizce ilinin deniz seviyesinden yiiksekligi 150 m civarindadir.

KARADENIZ

Sekil 1. Diizce ili yer bulduru haritasi (Duzce Province local map) [6]

2.2. Caligma alaninin jeolojisi ve depremselligi (Geology and seicmicity of area)

Tirkiye tilke olarak, Alpin yani Alp Himalayalar sisteminin kuzey ve giiney etkisinin altinda oldugu sikisma
rejimi altindadir. Herseniyen orojenize ait izler genel olarak bozulmus durumdadir. Calisma alan1 Kuzey
Anadolu Fay sistemi etkisi altindadir. Kuzeye ayrilan kol, tektonik olarak yan kollara ayrilmaktadur.
Anadolu’nun kuzeyinde dogudan batiya dogru ilerleyen bir ¢okiintii alan1 bulunmaktadir. Saros Korfezinin
baslangicindan Marmara’nin kuzeyini de i¢ine alan Diizce- Bolu hattinda jeolojik olarak bir ¢6kiintii alan
bulunmaktadir. Bu ¢izgisel uzanti Kelkit Vadisi, Erzincan, Erzurum Pasinler'i i¢ine alarak Aras ¢ukurlugu ile

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yaymcilik 348



Gazi Mihendislik Bilimleri Dergisi: 9(2), 2023

Tirkiye'den ayrilmaktadir [4]. Diizce, sistematik olarak hareketli bir deprem kusag tizerinde yer almaktadir
[4]. Plaka tektoni8i acisindan ¢ok hareketli ve aktif bir rejim Diizce'yi etkisi altina almistir. Diizce kent
yerlesim yeri zeminleri  yerlesmis ve stabil yapida degildir. Bundan dolayr da konveksiyon ve ¢okme
davranislari ciddi bir 6neme sahiptir. Diizce ili ana kayaglardan uzak giiney bat1 ydniinde 0.5-3 derecelik bir
egimle diizliikte kurulmustur.

Diizce yerleskesi akarsu, kanal ve tagkin bolgesi ¢okiintii sahasi iizerinde yer almakta ve jeolojik olarak
acilmaktadir. Yerleske bolgesinde geng tortu kalinlig: yaklagik 175-225 m arasinda degismektedir. Asar suyu
ve Melen ¢ay1 sehrin merkezinden akar gider ve 1slah edilmemis noktalardan tasar. Kent yerleskesinin litolojik
yapist daha cok silt ve kil, kismen de kum ve ¢akil kompozisyonundan olugsmaktadir [7]. Giineyden gegen
Diizce fayina yaklasik 10 km. uzaklikta bulunmaktadir. Tagkin havzasinin, taskindan korunmus alanda kalin
bir zemin yapisi olusmustur. Kent merkezinde zemin baslangicindan su seviyesi derinligi 2,5-3,5 m arasinda
degismektedir ve giiney yoniinde artan bir sekilde siglasmaktadir. Bu azalan su diizeyi seviyesi 6nemli 6l¢iide
kanal 1slah ¢aligmalar1 ve Melen ¢aymnin 2,5-4,0 m arasinda yataginda gémiilmiis olusu ile daha sonradan
meydana gelmistir. Kent yerleskesinin giineyi otobana yakin ve ana kayaglardan tahminen 1 km., kuzey
tarafindaki Caycuma formasyonundan asag1 yukar: 1,5 km. mesafedeki akarsu etkisinde aliivyal yelpazesi ve
golsel ¢okiintii alaninda genis bir sahada bulunur. Uzerinde bulundugu alan yapisal litoloji ¢akil, kum, silt,
kilden olugmaktadir. Bolge halan tektonik olarak sikisma etkisinde oldugu i¢in zemin yapist halan durayl ve
oturmus degildir. Bu baglamda, Efteni goli tiim Diizce baseninin hem su toplama merkezi hem de artarak
derinlesen ve genisleyerek acilan depolama sahasidir. Bu yiizden gol ¢evresinde 260 m olan ¢6kel kalinlig
artarak siglagir. Bu devinimin siirekliligi ile Golyaka ilge yerleskesi jeolojik olarak gelecek donemde gol iginde
kaybolacaktir. Golyaka ilgesinden akan akarsu yatag 1slah edilmis ve derinlestirilmistir [1,4]. Bundan dolay:
yer alt1 su seviyesi 1,5-2,5 m arasinda degismektedir.

Cilimli ilce yerleskesi Caycuma formasyonu i¢ine saplanmis goreceli eski bir alitvyon yelpazesinin tizerinde,
kismen temel kayalar tizerine yer almaktadir [1, 4, 6]. Hemen 6niinde Cilimli fay1 doguya dogru yol alir.
Mevcut akarsu ¢ay1 yelpazeyi derince yarmis ve diisiik bir rélyef olusturmustur. Ilge yerlegkesinin bulundugu
bolge ve kuzeyi olduk¢a engebelidir. Ancak buradaki faylarin (Cilimli fayr dahil) yakin dénemde bir
aktivitesinin oldugu yoniinde bir kayit yoktur. Glimiisova yerleskesi ise Yigilca iiyesi volkanit {izerinde yer
almaktadir. Burada litolojik yap1 volkanik bres ve tiiflerden olugmaktadir. Yapisal formasyonun iizerinde,
topografyaya bagl olarak 0,5-1,5 kalinliginda zemin yapisi olusmustur. Cumayeri yerleskesi, batidan gelen
gegici mevsimlik bir akarsuyun Melen Cayina ulastig1 yerde bulunmaktadir. Ana kayalar kuzeyden 1 km.,
gliney batida 2 km. uzaklikta yer alir. Altivyon bazli tortul kalinligi 100-130 m arasinda oldugu 6n
goriilmektedir. Ana litoloji ince kum-silt ve kilden ibarettir. Melen Cayinin Menderesli akis rejimi hem
drenaji hem de yoredeki tortul ¢esidini belirlemektedir. Diizce kent yerleskesi ve ¢aliyma sahasi, kuarterner
altivyal ¢okellerin fazlaca genis olarak yayilmis oldugu bir yerleskedir. Aliivyal malzemeler akarsu yollar
boyunca olusmustur. Yiiksek noktalarda yer yer, andezit ve diabaz tiirinde volkanik kayalar izlenmektedir
(Sekil 2).

Fan (Quaternary

| [QGd Deita (Quatemary
i ngd Marsh (Quaternary

! Marsh (Quaternary

1 Surface craked of
{ W 97 August 1999

] earthquake

—— active fault

® Borehole

= Trial pit

0 ? hkm

Sekil 2. Calisma sahasinin jeoloji haritast (MTA jeoloji haritasindan diizenlenmistir) (Geology map of study site modified by MTA) [7]
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2.3. Aktif faylar ve deprem potansiyeli (Active fault and seismicity potential)

Diizce baseni iilkemizin en Onemli aktif faylarindan olan Kuzey Anadolu Fayr (KAFZ) diizerinde
bulunmaktadir. Bu KAFZ sistemi, doguda Karliova noktasindan baglayarak iilkenin kuzey kesimini dogu bati
yoniinde bagtan basa bir hat boyunca geger gider. Bolu bolgesine kadar genelde tek parcalardan olusur ve
bolgede izlenen bu fay, Bolu'nun bati kesiminde (Dokurcum Vadisi) ¢atallanarak kollara ayrilir. Burada iki
temel kola ayrilarak Marmara Denizine dogru ilerler. Sakarya-Diizce yoresindeki Hendek ve diger faylarda
KAFZ sistemine katilir ve KAFZ sisteminin yaklasik genisligi 40 km'ye ulagir. Diizce baseninde yer alan
yerleskeler son dénemde bu zonda bulunan aktif fay kollarinin meydana getirdigi biiyiik depremlerin yikici
etkisinde kalmigtir. 1944, 1957 ve 1967 yillarindaki depremler bu KAFZ sisteminin Bolu Abant ve Abant
Golii-Adapazar: Ovasi arasinda yiizey faylanmast sonucu meydana gelmistir. Diizce basenine en yakin olan
ve deprem potansiyeli tagtyan aktif KAFZ sisteminin kollar1 bu basenini olusturmustur. Diizce, Hendek faylari
aktif fay yapisina sahiptir. Cilimli fayi ise olast aktif bir faydir. Son zamanlarda etkinligi goriilmemistir (Sekil
3) [1,4].

Sekil 3. Bolu ve Diizce Civarinin diri faylari (Active fault existed around the Bolu Duzce provision) [6]

2.3.1. Diizce fay1 (Dizce fault)

Diizce Baseninin giiney sinirlarinda yer alan ve ili gevreleyen KAFZ sisteminin bu kolu Diizce fay1 olarak
adlandirilmistir ve uzunlugu ise 70 km civarindadir. Diizce fay1 bilinen {i¢ parcadan olugsmaktadir. Ve sag
yonli dogrultu atimi bir faydir. Akyazi yerleskesinin sinirlari icerisinde kuvaterner 6ncesi jeolojik zamanda
ana kayalar iginde izleri takip edilmektedir. Diizce kesiminde ise Diizce fay1 yine kuvaterner yash altivyonel
zeminler ve ana kayalar i¢inde dokunak olarak takip edilmektedir. Son donemlerde bu faymn etkinligi
morfolojide fay ani inis ve cikislar1 arazi degisimleri, yer degistirmis dereler ve sirt seklinde olusan yapisal
yikseltiler Diizce faymin etkinligini gosteren anomalilerdir. Bu fay 17 Agustos ve 12 Kasim 1999 tarihinde iki
kez kirilmistir [1,4,6]. 17 Agustos’ta kirilan ve 130 km uzunluga sahip olan bu parcanin 30 km’lik dogu
boliimii Diizce Fayina aittir. 17 Agustos depremi KAFZ sisteminin Diizce kolu bolimiinde de olusmustur. 12
Kasim’da meydana gelen kirilma ise Diizce kolunun dogu kesiminde Efteni Golii ile Bolu ilinin kuzey
batisinda yer alan Pirahmetler kesiminde kirilmistir ve uzunlugu yaklasik olarak 45 km’dir [1,4,6,7,8].

2.3.2. Hendek fay1 (Hendek fault)

Diizce baseninin bat1 tarafinda Sapanca Golii ile Hendek Yerleskesi ve Cumayeri hattinda yer alan Kuzey
dogu, Giiney bat1 yonlii olan bu fay Hendek adiyla bilinmektedir. Bu fay tahmini olarak 50 km ve Sag yonlii
dogrultu atimli bir faydir. Hendek fay1 Sakarya baseninde asili yiizer halde goriintillenmis ve haritaya
aktarilmistir. Bu fayin Hendek ve Cumayeri ortak hattinda 25 km’lik parcas: yiizeysel olarak ¢ok nettir.
Yiizeyde sag tarafa yonelen, etkin ve biiyilk basinglar sonucu gelisen sirtliklar i¢inde kuvaterner yash
Karapiir¢ek yapisini bu fay kesmektedir. Son depremlerin izleri Hendek Kuzey batisinda yarik seklinde
gozlenmistir. Bu fay tizerinde gozlenen kiriklar sag yonelimli ve dogrultu atimli yapisal forma sahiptir. Kirilan
pargalar tizerinde yer yer 2-5 cm civarinda sag tarafa dogru yer degistirmeler meydana gelmistir [1,4, 6,7,8].
Bu yiizeyde olusan hareketlilik 17 Agustos depremine bagl olarak Hendek kolu tizerinde stres birikiminin
varligini gosteren isaretler olarak diistinilebilir.
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2.3.3. Cilimli fay1 (Gilimli fault)

Diizce baseninde yerleskenin Kuzeyinde Cumayeri ile Konuralp arasinda ilerler. Cilimli fay1 yaklasik olarak
15 km uzunluga sahip ve Giiney Bat1 ydniinde uzanan Hendek fayinin devaminda yer almaktadir. Kuzey bati
ile Giiney dogu uzantili olan bu fay yerleskenin Kuzeyinde yer alan Odunluk Dagi ile Diizce baseninde
yuzeysel olarak jeolojik uyumsuzluk gostermektedir. Fay hatt1 tizerinde kaynak dizilimleri izlenmistir ve
Cilimli fay1 hareketliligi olan bir fay olarak kabul edilebilir [1,4,6,7,8].

2.3.4. Son yiiz yilda meydana gelen depremler (Earthquakes occured in last century)

Caligma sahas1 Kuzey Anadolu Fay sistemi icinde yer aldig1 i¢in aktif bir b6lgedir. Hem tarihsel hem de aletsel
donem kayitlarina bakildiginda bu bélgede degisik zamanlarda degisik biiyiiklitkte depremlerin yasandig: ve
farkli medeniyetlerin yikilip yok oldugu anlagilmaktadir [9]. Yakin zamanda bu sahayz etkileyen aletsel veriler
(1900- 2016) yillarin1 kapsayan etkileyici depremler Bogazi¢i Universitesi Kandilli Rasathanesi Deprem
Aragtirma Enstitiisit tarafindan kayit altina aligmis ve farkli amaglar icin kullanilmak {izere hizmete
sunulmugtur. Bunun i¢in 1900 ila 2016 donemini kapsayan yillara ait depremleri derlemek i¢cin 100 km ¢aplt
bir alanin i¢ine diigen, magnitiidii 4,5-7,5 arasinda olan 131 adet deprem kaydt tespit edilmistir (Cizelge 1)
[10].

Tablo 1. Calisma alaninda 100 km’lik ¢ap iginde meydana gelen tarihsel depremler (The earthquakes occured in study site in radius of 100 km
in historical period) [10]

No Deprem Kodu Enlem Boylam Derinlik (Km) Mw  Yer
1 20141022171105 40.406 30.1147 007.5 4.5 Tagoluk-Geyve (Sakarya)
2 20131124204937 40.784 31.8763 007.6 4.6 Ulumescit- (Bolu)
3 20060208040741 40.710 30.3648 008.7 4.5 Arifiye (Sakarya)
4 20040413214722 40.750 31.6400 0010 4.6 Yenikéy- (Bolu)
5  20030521082150 40.780 30.9600 0014 4.5 Yesilova-Golyaka (Diizce)
6 20010826004112 40.980 31.5400 0006 4.6 Caftlik-Yigilca (Diizce)
7 20000823134127 40.710 30.7500 0009 5.0 Camlica-Hendek (Sakarya
8 20000214065634 40.980 31.7800 0009 4.8 Yesiloz-Devrek (Zonguldak
9 19991213191337 40.700 30.7400 0007 4.7 Camlica-Hendek (Sakarya)
10 19991119195907 40.780 30.9700 0009 5.0 Yazlik-Gélyaka (Diizce)
11 19991117081526 40.800 31.4600 0009 5.0 Kizilagil- (Bolu)
12 19991116175117 40.790 31.6000 0001 4.9 Kozlu- (Bolu)
13 19991113025200 40.780 30.3000 0010 4.7 Cubuklu-Serdivan (Sakarya)
14 19991113005400 40.720 31.0000 0010 4.7 Bakacak-Golyaka (Diizce)
15 19991112222100 40.750 31.3900 0010 4.8 Dariyeribakacak-Kaynash (Diizce)
16 19991112205400 40.760 31.3800 0010 4.5 Dariyeribakacak-Kaynash (Diizce)
17 19991112200500 40.740 31.0000 0010 4.5 Yunusefendi-Gélyaka (Diizce)
18 19991112191600 40.740 31.3800 0010 4.7 Yesiltepe-Kaynash (Diizce)
19 19991112190700 40.770 31.2000 0010 4.5 Given- (Diizce)
20 19991112182400 40.760 31.1100 0010 4.7 Aydinpinar-(Diizce)
21 19991112181400 40.750 31.3600 0010 5.0 Yesiltepe-Kaynasl: (Diizce)
22 19991112180500 40.700 31.7000 0010 4.7 Demirciler- (Bolu)
23 19991112175700 40.740 31.4000 010 4.8 Dariyeribakacak-Kaynagh (Diizce)
24 19991112175400 40.770 31.2600 0010 4.7 Findikli-Kaynagh (Diizce)
25 19991112175200 40.760 31.2200 0010 48  Ozyanik- (Diizce)
26 19991112174700 40.720 30.9500 0010 4.8 Sagmalipinar-Gélyaka (Diizce)
27 19991112173000 40.750 31.4500 0010 5.2 Elmalik- (Bolu)
28 19991112172700 40.750 31.4000 0010 52 Dariyeribakacak-Kaynagh (Diizce)
29 19991112172300 40.760 31.1600 0010 5.1 Kaledibi- (Diizce)
30 19991112171800 40.740 31.0500 0010 5.4 Hamamiistii-Golyaka (Diizce)
31 19991112171700 40.750 31.1000 0010 52 Aydinpinar- (Diizce)
32 19991112165720 40.740 31.2100 0025 7.2 Ugur- (Diizce)
33 19991111144125 40.740 30.2700 0022 57 Asagiderekoy-Serdivan (Sakarya)
34 19991107165442 40.710 30.7000 0010 5.0 Altindere-Akyaz1 (Sakarya)
35 19990917194906 40.720 30.1000 0015 4.5 Sirinsulhiye-Kartepe (Kocaeli)
36 19990913115528 40.770 30.1000 0019 5.8 Bayraktar-Izmit (Kocaeli)
37 19990831083323 40.780 29.9600 0010 4.6 Izmit (Kocaeli)
38 19990831081051 40.750 29.9200 0017 5.2 Kocaeli
39 19990829101455 40.880 31.2300 0007 4.8 Esentepe- (Diizce)
40 19990822143059 40.740 30.6800 0005 5.0 Ortakdy-Hendek (Sakarya)
41 19990819130412 40.790 30.5800 0006 4.8 Catalkoprii-Akyazi (Sakarya)
42 19990817211407 40.490 31.0200 0006 4.5 Giiveytepe-Mudurnu (Bolu)
43 19990817115809 40.570 30.5100 0016 4.5 Belpinar-Geyve (Sakarya)
44 19990817090212 40.770 31.1100 0016 5.0 Cinarli- (Diizce)
45 19990817031401 40.640 30.6500 0015 5.5 Kuzuluk-Akyazi (Sakarya)
46 19990817000137 40.760 29.9700 0018 7.4 Basiskele (Kocaeli)
47 19790628212209 40.780 31.8500 0000 4.7 Yayladinlar- (Bolu)
48 19700419133341 40.000 30.9000 010.0 5.3 Taycilar-Tepebasi (Eskisehir)
49 19690212084305 40.700 30.2900 030.0 4.6 Uzunkum-Sapanca (Sakarya)
50  19680328171220 40.500 31.3400 006.0 4.8 Dedeler-Mudurnu (Bolu)
51  19680318054000 40.300 30.5300 039.0 4.7 Yesilyurt-Adapazar: (Sakarya)
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52 19670918233934 40.8600 30.3000 033.0 4.5 Nasuhlar-Adapazari (Sakarya)
53 19670814200925 40.400 30.3700 025.0 4.8 SERDIVAN(SAKARYA)
No Deprem Kodu Enlem Boylam Derinlik (Km) Mw  Yer
54  19670814113419 40.600 30.2700 033.0 4.5 Nailiye-Sapanca (Sakarya)
55 19670814014556 40.700 30.3800 023.0 4.5 Serdivan (Sakarya)
56  19670802153323 40.600 30.4600 030.0 4.5 Kayalar Resitbey-Erenler(Sakarya)
57  19670801010510 40.400 30.4000 046.0 4.5 Aydinlar-Geyve (Sakarya)
58  19670801001334 40.700 30.5200 026.0 49 Teketaban-Karapiircek (Sakarya)
59  19670730190548 40.700 30.8000 010.0 4.5 Bakacak-Hendek (Sakarya)
60 19670730185846 40.700 30.4600 027.0 4.8 Kiigiikesence-Erenler (Sakarya)
61 19670730102510 40.700 30.5600 022.0 4.5 Catalkoprii- Akyazi (Sakarya)
62 19670730015718 40.000 30.5800 007.0 4.5 Mesepinari-Karapiircek (Sakarya)
63 19670730013101 40.200 30.5200 018.0 57 Teketaban-Karapiircek (Sakarya)
64 19670730011931 40.700 30.5800 023.0 4.9 Bediltahirbey-Akyazi (Sakarya)
65  19670726091606 40.600 30.6700 021.0 4.6 Serefiye- Akyazi (Sakarya)
66  19670723231914 40.600 30.6300 015.0 4.6 Tagburun-Akyazi (Sakarya)
67  19670723155709 40.300 30.5900 023.0 4.7 Bigkidere-Akyazi (Sakarya)
68 19670723074223 40.700 30.3600 011.0 44 Serdivan (Sakarya)
69 19670723044855 40.600 30.3600 033.0 49 Bogazkoy-Geyve (Sakarya)
70  19670723040339 40.600 30.3500 021.0 4.8 Findiksuyu-Geyve (Sakarya)
71 19670722234159 40.600 30.5300 030.0 4.9 Karapiircek (Sakarya)
72 19670722220835 40.800 30.5200 040.0 4.6 Hacilar-Adapazari (Sakarya)
73 19670722212741 41.000 30.4500 049.0 48 Konuklu-Ferizli(Sakarya)
74 19670722212141 41.000 30.4500 0.490 49 Konuklu-Ferizli(Sakarya)
75  19670722203540 40.790 30.4200 004.0 5.0 Kopriibasi-Adapazari (Sakarya)
76  19670722194730 41.070 30.5900 059.0 49 Konacik-Karasu (Sakarya)
77 19670722181400 40.700 30.8000 010.0 4.5 Bakacak-Hendek (Sakarya)
78 19670722180955 40.720 30.5100 035.0 54 Ekinli-Erenler (Sakarya)
79  19670722180854 40.700 30.8000 010.0 4.8 Bakacak-Hendek (Sakarya)
80  19670722174806 40.660 30.6200 026.0 52 Alaagac-Akyaz1 (Sakarya)
81  19670722173007 40.730 30.5300 010.0 5.1 Bediltahirbey-Akyazi (Sakarya)
82  19670722171854 40.700 30.8000 010.0 4.5 Bakacak-Hendek (Sakarya)
83  19670722171410 40.700 30.8000 006.0 5.5 Bakacak-Hendek (Sakarya)
84 19670722165658 40.670 30.6900 033.0 6.2 Giizlek-Akyazi (Sakarya)
85  19670407174007 40.000 31.0000 010.0 4.5 Belkese-Alpu (Eskisehir)
86  19661230015709 40.740 30.7400 031.0 4.5 Siileymaniye-Hendek (Sakarya)
87  19641213140902 40.700 31.0000 010.0 4.5 Camlibel-Gélyaka (Diizce)
88  19581123130738 40.490 30.6900 010.0 4.6 Kasikgiseyhler-Goyniik (Bolu)
89  19570602011200 40.710 30.7800 010.0 49 Kizanlhk-Hendek (Sakarya)
90  19570601210820 40.680 30.8400 040.0 49 Kurtulug-Hendek (Sakarya)
91 19570601052659 40.750 30.8600 050.0 53 Degirmentepe-Golyaka (Diizce)
92 19570530142951 40.650 31.2400 010.0 4.5 Samandere (Diizce)
93 19570530130756 40.620 31.7800 010.0 4.5 Caygokpinar (Bolu)
94  19570529101748 40.830 30.7700 020.0 52 Nuriye-Hendek (Sakarya)
95 19570529084752 40.720 31.0400 020.0 49 Giizeldere-Golyaka (Diizce)
96  19570528053348 40.570 31.0200 040.0 49 Tagkesti-Mudurnu (Bolu) [
97 19570528000953 40.580 30.5300 050.0 4.9 Ahmediye-Karapiirgek (Sakarya)
98  19570527110134 40.730 30.9500 050.0 5.8 Sagmalipinar-Gélyaka (Diizce)
99  19570527082424 41.130 30.6500 070.0 4.8 Thsaniye-Karasu (Sakarya)
100 19570527070514 40.840 31.1700 080.0 49 Diizce (Diizce)
101  19570527062037 41.140 31.1900 080.0 4.5 Beyhanli-Akgakoca (Diizce)
102 19570526093638 40.760 30.8100 010.0 5.9 Harmantepe-Hendek (Sakarya)
103 19570526091640 41.420 31.0900 010.0 52 Akgakoca Agiklari-Diizce
104 19570526091359 41.340 30.7000 100.0 5.3 Kocaali Agiklari-Sakarya
105  19570526085451 40.600 30.7400 040.0 5.5 Durmuslar-Akyazi (Sakarya)
106 19570526063335 40.670 31.0000 010.0 6.7 Giizeldere-Golyaka (Diizce)
107 19560714190107 40.320 30.9000 040.0 4.8 Dedeler-Géyniik(Bolu)
108 19560106145259 41.000 30.2000 010.0 52 Mancarlar-Kandira (Kocaeli)
109 19520122231500 40.800 30.4000 015.0 4.6 Adapazar (Sakarya)
110 19491128184718 40.980 30.7400 010.0 49 Kurudere-Karasu (Sakarya)
111 19481213020000 41.000 30.0000 015.0 4.5 Hacigeyh-Kandira (Kocaeli)
112 19450209022800 40.500 31.2000 030.0 52 Esenkaya-Mudurnu (Bolu) [
113 19440405044043 40.840 31.1200 010.0 5.6 Mamure- (Diizce)
114 19440202033317 40.740 31.4400 040.0 53 Elmalik- (Bolu)
115  19440201060852 40.700 31.2700 010.0 53 Samandere- (Diizce)
116 19430906163247 40.210 31.3500 010.0 52 Akdere-Nallthan (Ankara)
117 19430620164757 40.840 30.7300 010.0 5.6 Kahraman-Hendek (Sakarya)
118 19430620153254 40.850 30.5100 010.0 6.4 Tirkbeylik Kisla-Sogiitlii (Sakarya)
119 19400613110200 41.340 30.1700 030.0 4.8 Agva Agiklari-Istanbul (Karadeniz)
120 19330515032305 41.260 31.0900 060.0 4.9 Akgakoca Agiklari-Diizce Karadeniz)
121 19330205053000 41.500 31.5000 010.0 4.6 Kozlu Agiklari-Zonguldak
122 19321015221954 40.900 30.6000 015.0 4.7 Aktefek-Hendek (Sakarya)
123 19290427221806 40.510 31.4300 070.0 49 Sarpincik-Mudurnu (Bolu)
124 19290405231815 41.500 31.5000 033.0 4.9 Kozlu Agiklar1-Zonguldak Karadeniz)
125 19290405082655 41.610 31.2300 010.0 4.8 Eregli Agiklar1-Zonguldak
126 19280124073611 40.990 30.8600 010.0 5.5 Koviik Pelit-Kocaali (Sakarya)
127 19261216175405 40.130 30.7200 010.0 5.8 Bey yayla-Saricakaya (Eskisehir)
128 19250624000034 40.880 30.3900 010.0 4.8 Kayrancik-Adapazari (Sakarya)
129 19230529113402 41.000 30.0000 025.0 5.6 Hac1 $eyh-Kandira (Kocaeli)
130 19070821000000 40.700 30.1000 015.0 5.6 Sirin Sulhiye-Kartepe (Kocaeli)
131 19051022034200 41.000 31.0000 027.0 54 Esma Hanim-Akgakoca (Diizce)
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Tablo 1’de verilen deprem kayitlarina gére olusturulmus harita dagilim: Sekil 4 *de grafik dagilimi ise Sekil
5’de verilmistir.

ALETSEL DONEM DEPREMLERIM 2 4.0 (1900 - 2021) @
N°E NE 3Z°E

(7a%,
?_"g;

— ¢

*FAYLAR MTA(Emre vedg. 2013) @I
Sekil 4. Diizce ve gevresi 100 km ¢apinda tarihsel depremlerin harita dagilimi (Distrubution of historical earthquake around the Duzce
provision in Radius of 100 km) [10]

DEPREMLERIN ZAMAN DAGILIM OZELLIKLERI
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Sekil 5. 1900-2016 yillar1 arasinda 4,5 ve daha bityiik depremlerin zamana gore dagilim grafigi (Distrubution of earthquakes versus time
biggar than 4.5 between 1900 and 2016) [10]

2.3.5. Potansiyel deprem biiytikliigiiniin tahmini (Prediction of magnitiide of earthquake potential)

Diizce bolgesel olarak aktif bir deprem kusag iizerindedir. Bu bolgeyi Kuzey Anadolu Fay zonunun bir ana
kolu olan Diizce Fay: etkilemektedir. Ayrica bu bolgenin tarihsel ve aletsel donemlerde de aktif oldugu tarihi
kayitlardan anlasiimaktadir. Gegmiste farkli medeniyetlerin bu bolgede yasadigini yikilmis tarihi kalintilardan
anlayabiliyoruz. Son zamanda yasanan iki biiyiik yikict depremler; 17 Agustos (Mw=7.2) ve 12 Kasim
depremleri (Mw=7.1) KAFZ'nun Diizce segmenti {izerinde meydana gelmistir. Buradan Diizce faymnin aktif
oldugunu ve deprem iiretme potansiyelinin varligini anlamaliyiz. Dolayist ile bu fay hala etkindir ve deprem
tiretme potansiyeli vardir. Gegmiste de yasanan yikict depremlerin yine bu fay iizerinde meydana geldigini
soyleyebiliriz. Bu baglamda Diizce fayinin hangi biiyiikliikte bir deprem ve depreme bagh ivme iiretecegini
tahmin etmek imkanlarimiz icindedir. Bu konuda kaynaklara bakildiginda ve olmus olan depremler
incelendiginde, eger faylarin segmentleri biliniyorsa deprem aninda bu segmentlerin 1/3 oraninda
kirilabilecegi Mark [11] tarafindan ortaya konulmustur. Burada deprem biiyiikliigiinii tahmin edebilmek icin
yerlesim merkezini icine alacak sekilde 100 km ¢apinda bir daire ¢izilir ve etkin olan faya dik olacak sekilde
bir hat ¢izilir ve deprem parametreleri hesaplanabilmektedir (Sekil 6).
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Sekil 6. Diizce ve ¢aligma sahasini etkileyen faylar (Faults affecting Duzce province and study site) [11]

Deprem parametreleri Wells and Coppersmith [12]in  6nerdigi asagidaki esitlik ile (Es.1)
hesaplanabilmektedir.

Mw=4,86+1,32 Log L (1)

Mw: Fayn trettigi enerjiye bagl deprem bityiikliigi, L ise fay uzunlugunu (km) gostermektedir. Bu hesaba
gore Diizce fay1 12 Kasim depreminde oldugu gibi Mw= 7.2 biiyiikliigtinde deprem iiretebilir. Yine Diizce
faymnin hangi biiytikliikte ivme tiretebilecegi Ulusay ve ark.[13]’{in gelistirdikleri esitlik ile (Es.2) hesaplamak
miimkiindiir.

-Re+ +
PGA:2.180’0218(33’3 Mw-Re+7,8427SA+18,9282SB (2)

Esitlikte yumusak zeminler icin SA=0, SB=1 aliir. Re: yerlesim yerine olan kus ugusu en yakin dikey
mesafedir. Mw: Deprem biiyiikliigiidiir. Islemin sonunda bu fayin 0,51 g biiyiikliigiinde bir deprem ivmesi
potansiyeli oldugu gorilmektedir. Son 12 Kasim 1999 depreminde de , Dogu- Bat1 yoniinde 513 cm/sn*lik
bir ivme degeri 6l¢miistiir.

3. Depremlerde Hasar Gormiis Tarihi Prusias Ad Hypium(Konuralp) Su Kemerlerinin
Incelenmesi (Examination of Aqueducts in Historical Prusias Ad Hypium(Konuralp) Damaged in Old Earthquakes)

3.1. Prusias ad ,Hypium ve su kemerleri (Aqueducts in Prusias Ad Hypium)

Bithynia kenti olan Prusias ad Hypium, (Konuralp) Yerleskesinin tarihi M.O. 3. Yiizyila kadar gitmektedir.
Yerlesim merkezi kiigitk Melen ¢ay1 (Hypios) kenarinda giivenli yer olarak bir tepenin tizerine kurulmustur.
M.S. 3. Yiizyilda elde edilen bazi yazitlara gore kentin kurulusunda katkisi olan Megar ve Thabaililer, bir
Megara ve Boiotia ortak yerlesimi olan Herakleia'dan getirdikleri Kieros adin1 buraya vermislerdir [5,9,14,15].
Bithynia Krali 1. Prusias (M.0.228-182) Kieros'u kendi sinirlar1 igine katarak kente kendi adinin vermistir.
Ay sekilde Bursa ve Gemlik'teki diger Prusias kentlerinden ayrilmasi i¢in yerleskeye, Prusias Pros Hypios
(Melen Kenarindaki Prusias) denmistir. Kentte su sorunu oldugu i¢in M.S. 2. yiizyilin baglarinda ise P.
Domitiuslulianus kente su getirilmesi i¢in maddi destek saglamistir [5,9,14,15]. Daha sonra, M.S.3. yiizyilda
kentin ileri gelenlerinden aristokratlarindan Gavinius Sacerdos kentte su kemerleri yapilmasi konusunda
yardimda bulunmus ve su kemeri yapilmasini istemistir.
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3.2. Prusias ad Hypium (konuralp) kenti roma dénemi su kemerleri (Aqueducts of Roman period in Prusias ad Hypium
(konuralp) city)

Eski medeniyetlerde bu giinkii tiinel agma teknolojisi olmadig: i¢in yer ¢ekimi kuvvetinden faydalanma
yoluna gitmislerdir. Topografya fazla dik egimli degilse ayak yapmadan da yiizeyde kapali su kanallari ile suyu
istene noktaya iletmislerdir (Sekil 7). Su kanallar1 genelde 1/150 ila 1/500 degisen bir egim ile cazibe etkisinde
iletilmektedir ($ekil 7). Yiiksekligin 2 m ‘den daha fazla oldugu noktalarda arazinin egimini korumak amaci
ile su kanal1 yerine su kemerleri ile suyu iletmek daha ¢ok tercih edilen bir yontem olmustur. Bu baglamda
yliksek noktalardan algak noktalar1 su tagirken 6nlerine ¢ikan egimli yerlerde ayakli kemer yaparak suyu bir
noktadan diger noktaya iletmislerdir ($ekil 8).

Sekil 8. Ayakli ingaa teknigi (Method of construction with food) [11]

Deniz seviyesinden yaklasik 214 m yiikseklikte bulunan vadinin en diisiik seviyesindeki Kemerkasim
koyiindeki su kemerleri yaklagik 5 km yerleskenin Batisinda Konuralp yerleskesine, kentin Kuzeyinde 222 m
ytikseklikteki noktada bulunan noktaya su kemerleri, tiinel ve kanallar ile iletildigi diisiiniilmektedir (Sekil 7).
Bu durumu yine Konuralp beldesinde bulunan moloz tas ile yapilmis su kemerlerinin bulunmasi Roma
donemine ait oldugunu ve Kasimkemer kéyiinde de benzer su kemerleri bulundugun i¢in bu diistinceyi
dogruladig1 kabul edilmektedir. A¢ik kanal yontemindeki koruma ve sabotaja maruz kalma ve heyelan olmasi
durumunda zarar gérme riskini karst 6nlem olarak Romalilar tiinel ve ayakli su kemerlerini tercih etmislerdir
(Sekil 9, Sekil 10).
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Sekil 10. Konuralp su kemerleri kalintist (Debris of aqueducts in Konuralp) [13]

Diizce ve gevresi deprem bolgesi oldugu icin Romalilarin yiiksek ayakli su kemerleri yapmaktan kagindiklar
ve bir yiikseklik sinirmni asmadiklarini gormekteyiz. Genellikle su kemerlerinin 21 m’nin altinda oldugu
goriilmektedir. Bu yiikseklige yakin noktalarda su kemerleri daha dar mesafeli ayaklar ise daha kalin inga
edilmistir. Ancak zorunluluk olmasi halinde gift katli alt ve st ayaklar iist iiste gelecek sekilde inga edilmistir.
Su kemerleri yapmak genelde ¢ok kolaydir. Kemer yaklarinin dis yiizeye bakan kismi kesme tas veya pisirilmis
tugladan i¢ kisimlar: ile moloz tas veya ¢imentodan yapiliyordu. Kemer duvarlarinda hafif malzeme ve
yapimda iskele kullaniliyordu. Iskeleler yuvali sekilde ve deliklere sabit bir sekilde monte ediliyor, sokiilmesi
halinde ise kirislerin yerleri bosluklu bir hal aliyordu ($ekil 11).

Sekil 11. Kemerde iskele bogluklar1 (Gap of scaffold in aqueducts) [11]
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Imparator Augustus halkin su ihtiyacinin karsilanmasi ve iletimi igin M.O bir kurul kurmugtur. M.S.97-104
yillar1 arasinda Frontinus bagkanlik etmis ve bu kurulun goérevlerini ve kimlerin gorevli oldugunu yazdig
kitapta anlatmustir. Bu kurulda planct usta ve is¢i gibi elamlar bulundugunu ve su saglanmasi ve iletimi
konularinda galistiklar1 anlasilmaktadir. Konuralp yerleskesinde, suyun kaynag ile kent merkezi arasinda
tiinel, kanal ve su kemerleri ile saglanan su giizergahi uzunlugunun yaklagik 9 km oldugu diigiiniilmektedir.

3.3. Prusias ad Hypium (Konuralp) kenti Roma dénemi su kemerleri kalintilar1 (Ruins of aqueducts of Roman period
Prusias ad Hypium Konuralp city)

Prusias ad Hypium (Konuralp) kenti ¢aglar boyunca cesitli medeniyetlerin besigi olmustur. Bu durum kentin
bulundugu yerleskedeki tarihi izler ve kalintilarin ortaya ¢ikarilmasi ile anlagilmaktadir. Burada giin yiiziine
¢ikarilan bu kalintilar ¢ok farkli medeniyetlerin burada yasadigini gostermektedir. Ates [9] daha onceki
¢alismasinda burada farkli kiiltiirel degerlerin gecmis depremlerde yikildigini ve enkazlarinin halen Konuralp
miizesinde ziyaretgilere agildigini belirtmektedir. Yine ayni sekilde Su kemerleri de ge¢mis depremlerin izini
tagimaktadir. Her ne kadar bazi Su kemeri yapilarinin moloz ve kesem tagindan yapildig1 iin tarihe yenik
distigti distiniilse de ashinda bu bélgede yasanmis biiyiik depremlerin oldugu tarihsel kayitlardan da
anlasilmaktadir. Dolayist ile yapildig: tarih itibari ile donemin mimari ve yapr teknolojisine bagh olarak
saglam yapildig: bir gercektir. Zira glintimiize kadar tarihin izlerini korumustur. Roma dénemi Su kemeri
yapilarinin ge¢mis depremlerde yikildig: tarihi kaynaklardan anlagilmaktadir (Sekil 12 - 17).

Sekil 12. Tarihi depremlerin izleri ve yikilmig Roma donemi Su kemerleri (Traces of historical earthquakes and debris of aqueducts built in
Roman period)

by T b R e

Sekil 14. Farkli agilardan ¢ekilmis yikilmig tarihi Roma donemi Su kemeri yapilari (Aqueducts collapsed and various views in Roman period)
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Sekil 16. 1900’11 yillarda ayakta kalabilmis farkli agilardan resmi alinmig Roma dénemi Su kemerleri (Aqueducts standing and various views
1900’s time in Roman period)

Selahattin | ki 2~4®iéRsiyo

Sekil 17. 1900’]ii yillarda ayakta kalabilmis ve duyarli bir vatandagimizin anilarindan kalan ve yikilmig Roma dénemi Su kemerleri
(Aqueducts standing 1900’s time and gained from a curious individual in Konuralp in Roman period)

4, Sonu(;lar (Discussion)

Bu ¢alismada Prusias ad Hypium (Konuralp) kenti Roma Donemi Su Kemerleri Kalintilarinin varlig1 ve tarihi
izleri, yikilma nedenleri arastirilmigtir. Diizce ve ¢evresi KAFZ sistemi etkisi altindadir. Anadolu Plakasi Arap
yarim adasinin Anadolu plakasini Kuzey bati yoniinde diger ifade ile saatin tersi yoniinde déndiirmeye
calismasi sonucu bu bolge bir depresyona maruz kalarak aktivitesini Kuaternerden beri stirdiirmektedir.
Bundan dolay1 bolge tarihsel donemde ve aletsel donemde bir¢ok yikici depreme maruz kalmistir. Yine Diizce
ve cevresinde ge¢mis depremlerin izlerine 6zellikle de Roma dénemi polis sitelerinde han hamam gibi yapilara
rastlanmaktadir. Konuralp Miizesi bu konuda oldukga fazla kiiltiirel degerlerle ilgili gegmis medeniyetlere
sahip ve tarihi kalintilar ziyaretcilere agiktir. Bu baglamda yine Roma dénemine ait su kemerleri dikkat
¢ekmektedir. O dénemin mimari tarzini yansitarak o giinkii teknolojik imkanlarla 9 km uzaklikta yerlesik
Kemerkasim kéytinden bu giinkii Konuralp Kent merkezine muhtesem sayilacak su yapilart ile su iletilmistir.
Diizce Faymin aktivitesinin deprem iiretme potansiyeli simdi oldugu gibi Roma doneminde de etkin oldugu
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distiniilmektedir. Diizce fay1 son donemde 17 Agustos (Mw=7,2) ve 12 Kasim 1999 (MW=7,1) depremi ile
aktivitesini ortaya koymustur.

Sonug olarak digsardan bakildiginda Roma dénemine iligkin muhtesem sayilacak su kemerlerinin yikilma
nedenleri olarak moloz taglarinin tarihi siireg icinde bozusmasina bagl olabilecegi ihtimal dahilinde olsa da
Diizce Fayinin deprem iiretme potansiyeli sonucu olugan depremlerle yikildig1 sonucuna varilmistir.
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ABSTRACT

Shared electric scooters, also known as e-scooters, were introduced to Turkey in 2019, following
their worldwide usage since 2017 as a form of micro-mobility. Literature studies conducted at
the national level on e-scooters, which are a new type of transportation, are relatively
inadequate. In this regard, it is aimed to conduct detailed research on shared e-scooter usage in
order to achieve optimal benefits. In this study, an online survey was carried out in Istanbul,
which has the highest population in Turkey. Two types of methods were used in the analysis of
the obtained data set: chi-square and weighting. Firstly, the significance of the relationship
between the participants' categorically organized socio-economic characteristics and their
shared e-scooter usage status was examined. The results showed that men (38%), young people
(43%), with high levels of education (38%), and with high monthly transportation expenses
(45%) had a higher preference for e-scooters. Secondly, significant correlations were found
between usage characteristics such as travel distance, frequency of usage, average monthly
transportation expense, and preferred second mode of transportation. Lastly the primary
reasons for e-scooter usage were presented through the weighting method. Specifically, it was
found that the preference of e-scooter users was due to its fun mode of transportation (30%).
On the other hand, non-users did not prefer e-scooters due to safety concerns (14%).
Additionally, the primary improvement necessary for wider adoption was the provision of
dedicated e-scooter lanes (35%).

Paylasimli Elektrikli Skuter Kullaniminin
Aragtirilmast: Istanbul 1li Ornegi

0z

Diinyada 2017 yilindan beri kullanilan ve mikromobilite araglarindan biri olan paylasimli
elektrikli skuterler (e-skuter), Tiirkiye’de 2019 yilinda hayatimiza girmistir. Yeni bir ulagim tiirii
olan e-skuterlerin incelendigi ulusal diizeydeki literatiir ¢alismalar1 nispeten yetersiz
goriilmiistiir. Bu dogrultuda optimum fayda saglamak icin paylasimli e-skuter kullaniminin
detayli sekilde arastirilmasi hedeflenmistir. Calisma kapsaminda, Tiirkiye’nin niifusu en yiiksek
ili olan Istanbul’da ¢evrimigi anket yapilmis, elde edilen veri setinin analizinde ki-kare ve
agirliklandirma olmak fizere iki tiir yontem kullanilmistir. Ilk olarak katilimcilarin kategorik
olarak diizenlenen sosyo-ekonomik ozellikleri ile paylasimli e-skuter kullanim durumlar
arasindaki iligkilerin anlamlilifi incelenmistir. Buna gore paylasimli e-skuteri tercih etme
egiliminin erkeklerde (%38), genclerde (%43), yliksek egitim seviyesinde (%38) ve aylik ulasim
gideri fazla olan kisilerde (%45) daha yiiksek oldugu gériilmiistiir. Ikinci olarak kullanim
ozelliklerine ait degiskenlerin birbirleri ile olan iligkileri istatistiksel agidan sorgulanmustir. Buna
gore yolculuk mesafesi, kullanim siklig1, ortalama aylik skuter ulasim gideri ve tercih edilen ikinci
ulagim tiirii parametrelerinin birbirleri ile iligkilerinin anlamli oldugu goriilmiistiir. Son olarak e-
skuter kullanan katilimcilarin tercih etmelerinin (eglenceli bir ulagim tiirii olmasi-%30), e-skuter
kullanmayan katilimcilarin kullanmamalarinin (giivenli bulunmamasi-%14) ve kullanimlarini
saglayacak iyilestirmelerin (kendine ait yolunun olmasi-%35) agirhiklandirma yontemi ile birincil
¢iktilar1 sunulmustur.

To cite this article: A. Polat, I. Adalioglu, M. Ceyhan Erdogan, S. Bozatli Kartal and G. Sarisoy, “Paylagimli
Elektrikli Skuter Kullaniminin Arastirilmast: Istanbul 1li Ornegi,” Gazi Journal of Engineering Sciences, vol.9,
no.2, pp. 360-379, 2023. doi:10.30855/gmbd.0705077
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1. Gll‘l$ (Introduction)

Kentlerde niifusun hizla artmasi ile trafik yogunlugu, park alanlarinin yetersizligi, hava kirliligi gibi birgok
problem ortaya ¢ikmakta ve kent i¢i ulasimda yeni ¢oziimlere ihtiya¢ duyulmaktadir. Bu baglamda tiim
diinyada oldugu gibi iilkemizde de siirdiiriilebilir ulasima son yillarda bityiikk 6nem verilmektedir.
Stirdirilebilir ulasimi etkin bir sekilde yonetebilmek igin halihazirda kabul goren yaklagimlardan biri
araglarin paylagimli olarak kullanilmasidir. Paylagiml kullanim, arag sahipligi olmaksizin araglarin e zamanlt
veya siralt bir sekilde kullanilmasina olanak saglamaktadir. Paylasimli kullanim araglarindan biri olan
paylasimli elektrikli skuterler (e-skuter) son yillarda diinyada ve tilkemizde ilgi odag1 haline gelmistir.

E-skuterler hiz1 en fazla 25 km/sa’e ulasan, tekerlekli, fren mekanizmasina sahip, ayak tahtast ve tutamag:
olabilen, dikey bir direksiyon mekanizmast icerebilen, ayakta kullanilan ve lityum iyon pil ile donatilmus sarj
edilebilen bataryas: olan elektrikli araglardir [1]-[5]. Teknolojide yasanan gelismeler bu araglarin mobil
uygulamalar tizerinden paylasimli olarak kullanilabilmesine olanak saglamistir. Mobil uygulamalar ile
paylasgimli e-skuterlerin erisimi ve kullanimimin izlenebilirligi kolaylastirilmistir. Kullanicilar uygulama
tizerinden bulunduklari boélgede herhangi bir konumda bulunan e-skuterleri GPS donanimi sayesinde
haritada gorebilirler. Boylece e-skuterleri kiralayabilir, gidecekleri yere kadar siirebilir ve varis noktasinda
diledikleri bir yerde park edebilirler.

Diinyada ilk olarak 2017 yilinda, ABD’nin Santa Monica kentinde e-skuter kiralama hizmeti baglamis ve bu
hizmetler diinya ¢apinda biiyiik 6l¢tide genislemistir. E-skuter hizmeti sunan bir firma 2018 yilinda e-skuter
ile diinya ¢apinda 26 milyondan fazla yolculuk yapildigini agciklamistir [6]. Tiirkiye’de ise bu hizmet 2019
yilinda Istanbul’da bir firma ile baglamus ve 14 Nisan 2021 tarihinde 31454 sayili Resmi Gazete ile “Elektrikli
Skuter Yonetmeligi” yiiriirlige girmistir [5]. Artan ilgi sonucu bir¢ok firma pazara dahil olarak farkli kentlere
hizmet sunmaya baslamistir. Hizmet sunan firmalarin artisina paralel olarak e-skuter kullanimi da artmstir.
Bu artisla beraber iilkemizde paylasimli e-skuter planlamasinin uygun ve dogru bir sekilde yerine getirilmesi
i¢in kisilerin sosyo-ekonomik ve kullanim durumlar ile ilgili akademik ¢aligmalar yapilmaya baslanmustir.
Buna kargin e-skuterler heniiz ¢ok yeni bir ulagim tiirii oldugundan mevcut ¢alismalar stratejik kararlar
verebilmek igin yeterli diizeyde degildir. Bu da hem firmalar hem de kullanicilar igin dezavantajlar
olugturmaktadir.

Konunun detayli irdelenmesi amaciyla genis kapsamli bir literatiir ¢alismasi yapilmistir. Literatiir
incelemeleri sonucu genglerin [7], [8], erkeklerin [8]-[10], yiiksek egitim seviyeli [11]-[13] ve yiiksek gelirli
kisilerin [10], [11] e-skuter kullanma egiliminin daha yiiksek oldugu ortaya ¢ikmistir. Jiao ve Bai [7] yaptiklar
calismada 2018-2019 tarihleri arasinda ABD’nin Austin sehrinde paylasimli e-skuter ile yapilan toplam 1,7
milyon yolculugu incelemis; e-skuter yolculuklarina ait ortalama yolculuk mesafesini 1,2 km, ortalama
yolculuk siiresini ise 7,55 dakika olarak hesaplamistir. Bagka bir caligmada ise mevcut bir e-skuter bulmak icin
ylriime siiresinin nadiren 3-4 dakikay1 astig1 ve toplam yolculuk siirelerinin ¢ogunlukla 10-19 dakika
arasinda oldugu sonucuna varilmistir [9]. Slovakya'nin Bratislava kentinde yapilan bir diger ¢alismada, ti¢
farkli ulagim tiiriniin (e-skuter, paylagimli bisiklet ve yiiriime) Bratislava'nin banliy6lerinden birinden, sehir
merkezinden ve sehrin aktarma merkezinden ¢ikan bir yolcuya gore belirlenen siirede (5, 10 ve 15 dk) ne
kadar menzilde alanlar taradig: izlenmistir. E-skuterler ile yapilan yolculuklarin {i¢ bolgede de diger tiirlere
gore daha uzun menzilde alan taradig goriilmistiir [14]. Degele vd. [15] yaptiklar: ¢alismada da yas, yolculuk
stiresi, yolculuk mesafesi ve gelir degiskenlerinin e-skuter pazarlama stratejilerinin belirlenmesinde kritik
parametreler oldugunu saptamistir.

Yeni ulagim tiirlerinin ortaya ¢ikmasi ile kentlerde mevcut yolculuk tiirleri arasinda gegcisler yaganmaktadir.
Yasanan bu gegcislere sebebiyet veren tiirlerden biri olarak son yillarda e-skuterler karsimiza ¢ikmaktadir. Bu
konuda yapilan caligmalarda e-skuterlerin 6zel ara¢ yolculuklarindan daha ¢ok toplu tagimayla [9], [14] ve
yluriiyerek [9], [12] yapilan yolculuklar: etkilemis oldugu sonucuna varilmustir. Eccarius vd. [16] ise yaptiklar:
benzer bir ¢aligmada tiir degisiminin %50-80’lik kismim yiiriime, bisiklet ve toplu tasima yolculuklarinin
olusturdugunu bulmustur. ABD’nin Arizona eyaletinde yapilan baska bir ¢alismada ise kullanicilarin %57’si
paylasgimli e-skuterin erisilebilir olmamasi durumunda yiiriime tiiriint tercih edecegini belirtmis, bu da
paylasimli e-skuterin daha gok ytiriimenin yerini aldigini ve dolayli olarak kisa mesafelerde kullanildigin
gostermistir [8].

E-skuterlerin sehir i¢inde kullaniminin eglenceli olmasi, yolculuk siiresini optimize etmesi, bisiklete kiyasla
kullanim kolayligina sahip olmasi bu tiirii daha cazip hale getirmektedir. Hatta bazi kullanicilar e-skuterlerin
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kullaniminin nispeten daha pahali oldugunu, fakat siiriis keyfinden 6tiirii bu durumu 6nemsemediklerini
belirtmislerdir [4], [9]. Bununla birlikte Christoforou vd. [9] yaptiklar1 ¢alismada e-skuterlerin ¢ogunlukla
eglence, gezme, aile ve arkadas ziyaretleri gibi zorunlu olmayan yolculuklarda kullanildigini vurgulamstir.

Genel olarak yapilan ¢alismalara bakildiginda e-skuterler 6zel arag¢ sahipligini azaltacak seviyede bir tiir
gecisine sebep olmamis, bu da ¢evresel anlamda pozitif yonde bir etki yaratmamistir. Yine de aragtirmacilar
gelecekte bu mikromobilitenin tesvik edilip mevcut kosullar1 daha da iyilestirilirse kullanimmin artmaya
baslayacagini ve mikro-iklimi iyilestiren, ekolojik fayda saglayan siirdiiriilebilir ulagimin 6nem kazanacagin
vurgulamiglardir [14]. E-skuterler konusunda merak edilen ve aragtirilan bir diger konu ise park alanlaridir.
E-skuter kullanicilarinin varis noktasinda istedigi herhangi bir yere park edebilmesinin sorunlara yol
agabilecegi diisiiniilmektedir. Bu dogrultuda, ABD’nin Kaliforniya eyaletinde park halindeki 530 e-skutere ait
fotograflar toplanmus; bunlarin %97’sinin park kurallarina uygun oldugu, %2’sinden daha azinin ise engelli
gecis bolgelerini isgal ettigi sonucuna ulagilmistir. Kurallara uygun park eden kisilerin ise %90’ mimn ya
kaldirimlarin kenarina ya da yaya trafiginin disinda bir alana park ettigi gozlemlenmistir [17].

Kelsey C. English vd. [18] ABD’nin Teksas eyaletinde iki farkl: acil servise bagvuran 124 e-skuter kullanicist
ile ilgili yaptiklar1 bir ¢aligmada, kazalarin olusma nedenlerinin %9,7’sinin motorlu bir aragla ¢arpisma,
%84,7’sinin de aragtan diisme sonucu ortaya ¢iktigini belirlemislerdir. Yaralanmalar icinde bas ve yiiz
yaralanmalarinin %45,5 ile en yiiksek oranda oldugu ve sadece 2 kazazedenin kask taktigi sonucuna
ulasilmustir. Ma vd. [19]'nin yaptiklar1 ¢alismada ise yol yiizeyinin diizgiinliigiine bagl titresim seviyesi,
kullanicilarin arag iizerinde dengede durabilmesi ve ani frenleme gibi kaza ile iliskili parametreler
incelenmistir. Buna gore asfalt kaplamalarda e-skuter kullanmanin ayni uzunluktaki beton kaplamalara gore
daha az tehlikeli oldugu gorillmiistiir. Bu caligmaya ve yapilan diger ¢alismalara genel olarak bakildiginda,
kisilerin e-skuter ile ilgili endiselerinin; kaza yapma olasiliginin fazlalig1, kontrolii kaybetme korkusu, sabit
olmamasi, giivenli bulmama, bozuk yol ylizeyi ve elverissiz arazi oldugu goriilmistiir [8].

ABD’nin Indianapolis kentinde yapilan ¢aligmada 2018 ile 2019 tarihleri arasinda kente ait yiizey sicaklig,
hava sicaklig, goriis mesafesi, nem, yagis ve riizgar gibi hava durumu ile ilgili verilerin yaninda e-skuter ile
yapilan yolculuklara ait baslangig, bitis noktalar: ve kat edilen mesafe verileri kullanilmistir. Verilerin analizi
sonucunda ki aylarinda yolculuk sayisinin %30-80 oraninda diistiigii, buna karsin ortalama yolculuk
mesafesi ve siiresinin etkilenmedigi ortaya konulmustur [20].

Tiirkiye'de ise paylasimli e-skuter ile ilgili ¢aliyma sayis1 son derece sinirlidir. Istanbul’daki e-skuter
kullanicilarinin sosyo-ekonomik ozellikleri, yolculuk davranislari, giivenlik sorunlari, kullanim nedenleri,
kargilagilan zorluklar ve kiralama ticreti 6deme isteginin ¢evrimici anket yontemiyle arastirildigi tez
calismasinda veriler tizerinden gesitli ¢apraz sorgular yapilarak hipotezler olusturulmustur. Daha sonra
hipotezler sinanarak gruplar arasinda anlamli bir farklilik olup olmadig1 incelenmistir. Yapilan ki-kare testi
sonucunda e-skuter kullanim siklig: ile cinsiyet arasinda anlamli bir iligki bulunmus, is durumu ve gelir
durumu ile kullanim sikli$1 arasindaki iliski anlamli ¢itkmamustir. Elde edilen sonuglara gére; kullanicilar
%57,7 oraninda erkek, %51,6 oraninda 25-34 yas araligindadir. Ayrica kullanicilarin %69,8’i lisans ve yiiksek
lisans mezunudur. Téim bu sonuglar literatiirde incelenen ¢aligmalardaki sonuglarla genel olarak benzerlik
gostermektedir. Bununla birlikte e-skutere olan tiirel kaymalar incelendiginde, kullanicilarin %67,7’sinin
ylriime yerine, %8,9’unun taksi yerine bu tiirii tercih ettigi belirlenmigtir [21].

[stanbul’da yapilan bir diger calismada e-skuterlerin gehir icinde ihtiyag duyuldugu yerlere zamaninda
yerlestirilmesine yardimeci olmak igin trafik uygulamalari, sosyal medyadan gelen konum etiketleri ve
gevrimici anket verileri kullanilmis ve bir karar destek sistemi olusturulmaya ¢alistlmistir. Yapilan anketler
sonucunda kullanicilarin %81,7’sinin 18-36 yas araliginda oldugu bunlarin ise %47,6'lik kismini 24-30 yas
arast kigilerin olusturdugu goriilmiistiir. Bu da literatiirdeki diger ¢aligmalarla benzer sonuglari ortaya
koymaktadur [22].

Tiirkiye'de yapilan bir baska c¢alismada, e-skuter kullanimlarinda fayda ve maliyet unsurlarimin etkileri
aragtirilmigtir. Tiirkiye genelinde 118 kisiye yapilan ¢evrimigi anket ile ¢aligmada; katilimcilarin, e-skuter
hizmetlerini benimsemelerinde etkili olan faktorler Deger Temelli Benimseme Modeli (DTBM) ile
incelenmistir. Calisma sonucunda tiiketicilerin e-skuterler ile ilgili algiladiklar1 degeri kullanishlik, eglence ve
algilanan ticretin etkiledigi ortaya ¢ikmugtir. Tiirkiye’de tiiketicilerin paylagimli e-skuter hizmetlerini eglence
amacityla kullandiklari, hizmet icin 6denen ficretin algilanan degeri olumsuz etkiledigi ve maliyet yukii
azaltildig: takdirde tiiketici nezdinde degerinin artacagi belirtilmistir [10].
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E-skuterler ile ilgili kapsamli bir literatiir arastirmasi sonucunda, bireylerin ve sirketlerin genellikle bu
araglardan maksimum fayday: elde etmek icin hangi yontemleri izleyebileceklerinin irdelendigi goriilmuistiir.
Bu ¢aligmada, iilkemizde en yiiksek niifusa sahip Istanbul ilinde yapilan ¢evrimici anket giktilar1 veri seti
olarak kullanilmistir. Calismada kullanilan gevrimigi anket iki hedef gruba yénelik planlanmistir. Ilk hedef
grup paylagimli e-skuter deneyimi olan katilimcilardir. Bu katiimcilarin sosyo-ekonomik profilleri,
paylasimli e-skuter kullanim ozellikleri ve tercih nedenleri ki-kare testi ve agirhiklandirma yontemleri
kullanilarak istatistiksel olarak irdelenmistir. Ikinci hedef grup ise paylagimli e-skuter deneyimi olmayan
katilmcilardir. Burada katilimcilarin sosyo-ekonomik profillerinin yani sira paylasimli e-skuteri tercih
etmeme nedenleri, tercih etmelerini saglayacak iyilestirmeler agirhiklandirma yontemi kullanilarak
aragtirilmistir.

2. Materyal ve Metot (Material and Method)

Materyal ve metot boliimii dort kisimda detaylica irdelenmistir. Bunlar; anket agiklamasi, 6rneklem dagilimi,
akis diyagrami ve kullanilan yontemler seklindedir.

2.1. Anket agiklamast (Survey design)

Anket temelde ti¢ b6liimden olusmaktadir. Bunlar; katilimcilarin kisisel bilgileri, paylasimli e-skuter kullanim
bilgileri ve bu tiire yonelik katilimc1 degerlendirmeleridir. Ilgili béliimlerin agiklamalari, anketteki sorular,
soru ve secim tiirleri Tablo 1’de verilmistir. Ayrica anket kapsaminda paylasimli e-skuter kullananlarin yani
sira kullanmayanlarin da goriisleri alinmigtir. Ancak ¢alismada paylagimli e-skuter kullanim giizergahlari ile
ilgili ayrintili bir caligma yapilmamustir.

Anket sorularina cevap olarak belirlenen segenekler ve katilimcilarin segim sayisi ile ilgili tanimlamalarin
aciklamasi agagida maddeler halinde verilmistir.

e Coklu Secenek-Tek Se¢im: Bu tiir sorularda, cevap i¢in 6nceden belirlenen segenekler katilimciya
sunulmakta, sonrasinda katilimei kendisine sunulan seceneklerden sadece birini se¢ebilmektedir.

o Segenek Yok-Agik Uglu: Bu tiir sorularda, katilimcrya herhangi bir segenek sunulmaz, kendisi cevabi
bagimsiz sekilde girmektedir.

e Coklu Segenek—Coklu Secim: Bu tiir sorularda, cevap icin onceden belirlenen segenekler katilimciya
sunulmakta, sonrasinda katilimei kendisine sunulan seceneklerden belirlenen en yiiksek se¢me sayisina
uyarak secim yapabilmektedir (Anket kapsaminda en yiiksek se¢me sayist ii¢ olarak belirlenmistir ve
ilgili verilerin analizinde agirliklandirma y6ntemi kullanilmistir). Ayrica bu tiir sorularda diger segenegi
ile katilimci kendine 6zgii se¢imi de yapabilmektedir.

Coklu segenek icerisinde katilimcilara sunulan segenek metinleri saha gézlemlerinden ve literatiir kismindaki
calismalardan elde edilen bilgiler kullanilarak olusturulmustur. Anket ¢alismasinda kullanict profilinin
belirlenmesine yonelik yoneltilen demografik o6zelliklerin ve e-skuter kullanim bilgilerinin yer aldig1
boliimdeki ¢coklu cevap secenekleri literatiirde yer alan bazi ¢alismalarla benzerlik gostermektedir [21], [23].
Caligmanin bulgular béliimiinde de her bir anket sorusunda yer alan segenekler verilmis ve yapilan analizler

sunulmustur.
Tablo 1. Anket sorulari ile ilgili bilgiler (Information about survey questions)
ANKET BOLUM SECENEK SECIM
BOLUMU ACIKLAMA ANKET SORUSU SAYISI SAYISI
i . Katilanlara ait Cinsiyet, egitim diizeyi, aylik gelir, ehliyet .
Kigisel bilgiler tanimlayici durumu, tasit sahipligi bilgileri. Goklu segenek Tek seim
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istatistikler Ikamet edilen ilge, yas, meslek, ort. aylik ulasim
gideri bilgileri. Segenek yok Acik uglu
Kendinize ait araciniz var ise hangi tiir/tiirlerde .
oldugunu belirtiniz. Goklu segenek Goklu segim
Paylasimli e-skuteri daha 6nce hi¢ kullandiniz .
) Coklu segenek Tek se¢im
Paylagimlt Payl I1 e-sk i
ylagimli e-skuter kullanimu i¢in ort. aylik
e-skuter harcamaniz? Secenek yok Agik uglu
kullanimina ait - —
tanimlayici Paylagimli e-skuteri hangi ilgede Secenek yok Acik uclu
istatistikler kullantyorsunuz?
Paylasimli e-skuteri gogunlukla nerede .
kullaniyorsunuz? Coklu segenek Tek se¢im
Paylagiml .
e-skuter Paylagimli e-skuter hangi yolculuk amaciyla Coklu secenek Coklu secim
Paylagimlt e~ o e kullaniyorsunuz?
skuter kullanim
bilgileri Paylagimli
e-skuter Paylagiml e-skuteri genellikle hangi yolculuk Klu secenck Tek secim
kullanim mesafelerinde kullanmay tercih ediyorsunuz? (oklu segene ek seg
mesafesi
Zorunlu yolculuklarinizda paylasimli .
Kullanim amac:  €-skuteri ne siklikta kullaniyorsunuz? Goklu segenek Tek secim
ve siklik iliskisi Zorunlu olmayan yolculuklarimizda paylagiml e- .
skuteri ne siklikta kullanryorsunuz? Goldu secenck Tek segim
eP:}l’:zi:rIillll Yolculuklarinizda paylasimli e-skutere
ulasm tiirlerine ulagamadiginizda oncelikle hangi arag tiiriini Coklu segenek Tek se¢im
e tki§si kullantyorsunuz?
Paylasimli e-skuter ile ilgili agsagidaki yargilardan .
hangisi veya hangileri sizin igin tercih sebebidir? Goldu secenck Goldu secim
Zorunlu yolculuklarda paylasimli e-skuter
Paylagiml kullanmama nedeniniz nelerdir? (Sadece zorunlu  Coklu segenek Coklu segim
e-skuterin olmayan yolculuklarda kullaniyorsa)
kullananlarin Zorunlu olmayan yolculuklarinizda paylasiml e-
goriisleri skuter kullanmama nedeniniz nelerdir? (Sadece Coklu segenek Coklu segim
Paylagimli zorunlu yolculuklarda kullaniyorsa)
e-skuterin Pavl It e-skuter ile ileili gdri snerilerini
katilimcilar ayragum e-skuter e Lgli gorus ve onerieriniz Segenek yok Acik uglu
varsa bizimle paylagabilir misiniz?
agisindan
durumu
Paylagimli e-skuteri kullanmama nedenleriniz .
nelerdir? Coklu segenek Coklu segim
eP:}l’:zi:rIillll Paylagimli e-skuter ile ilgili verilen
kullanmayanlart iyilestirmelerden hangileri yapilirsa paylagimli Coklu segenek Coklu segim
P scooter kullanirsiniz?
n goriisleri
Paylasiml e-skuter ile ilgili goriis ve onerileriniz Secenek yok Acik uclu

varsa bizimle paylagabilir misiniz?

2.2. Orneklem dagilimi (Sample distribution)

Tiirkiye’de 2020 yili Eyliil ayina kadar 35 bin e-skuter ile 3 milyonu askin kisiye hizmet verilmistir [24].
Istanbul ilinde ise 2021 yil1 Agustos ay1 itibariyle 52.182 adet e-skuter faaliyet gostermistir [25]. Bu durumlar,
tilkemizdeki e-skuter tagimaciligl sektoriiniin hizli bitytimesini gosterir niteliktedir. Ayrica 2021 yili niifus
degerlerinin yaklagik olarak Tiirkiye genelinde 85 milyon, Istanbul ilinde 16 milyon kisi oldugu gériilmektedir
[26] Sunulan veriler dikkate alindiginda, anket ¢aligmasinin yapildig: Ocak ile Mart 2021 tarihleri arasinda
Istanbul ili 6zelinde e-skuter kullanan Kkisilerin niifusa oraninin %20’yi ge¢medigi saptanmistir. Bu bilgiler
dogrultusunda, 6rneklem sayisinin belirlenmesinde kullanilan formiil Denklem 1’de verilmistir [27]. Buna
gore; 6ngoriilen e-skuter kullanma orani (p=0,20), ongoriilen e-skuter kullanmama orani (q=0,80), z degeri
(%5 anlamlilik diizeyi i¢in 1,96), hata pay1 (e=0,05) degerleri i¢in 6rneklem sayist 246 olarak hesaplanmugtir.
Belirlenen 6rneklem sayisina uygun olarak anket ¢caligmasina 314 kisi katilim gostermistir.

Z2XpXxq
=—
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n: Orneklem sayis

p: Evrende incelenen bir olaymn ongériilen gerceklesme orani

q: Evrende incelenen bir olaymn ongériilen gerceklesmeme orani
z: Segilen anlamlilik diizeyinde z degeri

e: Hata Pay1

Literatiirde, paylasimli e-skuter kullanimu ile ilgili yapilan ¢aliymalarda 6rneklem se¢iminde farkls tekniklerin
kullanildigr goriilmiistiir. Bu tekniklerden biri de kartopu 6rnekleme teknigidir [21], [28]-[30]. Bu teknigin
kullanildig1 ¢alismalarda katilimcilarin ankete dahil edilmesi icin yas [28], bélge [21], [28], meslek [30] vb.
kisitlar yer alabilmektedir. Bunlar dikkate alindiginda sanal ortamda hazirlanan ¢evrimigi anket, Istanbul
ilinde yasayan ve 18 yas tizeri kisilere kartopu 6rnekleme teknigi kullanilarak yine sanal ortamda (6zellikle
sosyal medya iizerinden) dagitilmistir.

Ankete katilan e-skuter kullanan veya kullanmayan kisilerin, yasadiklari ilgelere gére oransal dagilimlar: Sekil
I’de gosterilmistir. Analizler sonucunda gelistirilen haritalar ArcGIS Pro 3.0 [31] programindan elde
edilmistir. Sekil 1’de kullanilan iki degiskenli renkler (Bivariate Colors) analizi, yagsanilan il¢e bazli olarak e-
skuter kullanan oranini tek harita tizerinde 3x3 matris ile gruplamaktadir. Bu, diger analiz tekniklerinden
farkli olarak verilerin daha etkili bir sekilde sunulmasini saglamaktadir. Oyle ki iiglii renk skalasi ile ikamet
edilen ilgelerde e-skuter kullanan ve kullanmayanlarin toplam anket sayisina gore goreceli oranlar
saptanabilmektedir. Orneklem dagilimindan anlagilabilecegi gibi, yapilan anketler tiim Istanbul sehrini
kapsasa da 6zellikle sahil kesimlerinde yogunlagsmaktadir. Sehrin i¢ kesimlerinde yer alan ilgelerde e-skuter
kullanmayanlarin oraninin daha yiiksek oldugu goriilmektedir.
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Sekil 1. Katilimcilarin yagadig ilgelere gore e-skuter kullanim durumunun oransal dagilimi (Proportional distribution of shared e-scooter
usage status by districts where the participants live)

Paylagimli e-skuter kullanilan ilge bilgileri incelendiginde, verilerin yaklasik %70’inin Kadikéy, Besiktas,
Sariyer, Uskiidar ve Maltepe ilgelerinde yogunlagtii goriilmektedir (Sekil 2). Diger taraftan; Bakirkdy,
Beyoglu gibi ilgelerde yasayan katilimcilarda e-skuter kullananlarin oran yiiksek olmasina karsin bu ilceler
i¢indeki e-skuter kullaniminin orta diizeyde oldugu belirlenmistir. Bu sonuglar, kisilerin e-skuteri yasadiklar:
ilceler disinda da kullandigini gostermektedir.
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Sekil 2. E-skuter kullanilan ilgelerin oransal dagilimi (Proportional distribution of districts where shared e-scooters are used)

2.3. Akis diyagrami (Flow chart)

Caligma kapsaminda yapilan anketlerden elde edilen veriler ii¢ sinifta toplanmustir. Bunlar; kisilerin sosyo-

ekonomik durumlarina, e-skuter kullananlarin yolculuklar: ile

ilgili bilgilerine ve e-skuter kullanma

durumuna gore tercih ya da Onerilerine ait verilerdir. Bu veriler ve analiz siireci daha ayrintili olarak akig

diyagrami tizerinden gosterilmistir (Sekil 3). Buna gore, kisilerin

sosyo-ekonomik yapilarinin kullanma

durumuyla ve paylasimli e-skuter yolculuk 6zelliklerinin birbirleriyle iliskileri test edilmistir. Bu iligkilerin

anlamliliginin test edilmesi, verilerin birbiri arasindaki bagla

ntinin  agiklanabilir olma durumunu

gostermektedir. Bu dogrultuda, analizlerde ki-kare testi kullanilmis ve sonuglar yorumlanmustir. Diger

yandan yolculuk amaci, e-skuter kullanan ve kullanmayanlara tercih
secenek-¢oklu se¢im tiiriinde sorular sorulmustur. Yani katihimcilar

nedenleri ve iyilestirmeler ile ilgili coklu
birden ¢ok secenegi secebilmektedir. Bu

dogrultuda, kisilerin agirliklarinin esit oldugu varsayilmis ve belirledigi secenek sayisina gore secenek
agirliklar: saptanmustir. Ozetle, elde edilen veriler akis diyagramunin ilgili agamalarinda hem anlamlilik hem

de agirhiklandirma tizerinden yorumlanarak degerlendirilmistir.

)

Anketlerin Yapilmasi

J
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Sekil 3. Akig Diyagrami (Flow chart)
2.4. Kullanilan yontemler (Methodology)
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Caligma kapsaminda veri setinin analizi siirecinde iki tiir yontem kullanilmis ve bunlar detaylica
agiklanmustir.

2.4.1. Ki-kare testi (Chi square test)

Nitel iki degisken arasinda istatistiksel olarak anlamli bir iliski olup olmadigi ki-kare testi ile
incelenebilmektedir [32]. Literatiirde paylasimli e-skuter kullaniminin incelendigi ¢aligmalarda da ki-kare
testinden faydalanilmustir [33]-[35]. Bu dogrultuda, ¢alismada ankete katilanlarin cinsiyet, yas, egitim diizeyi,
ehliyet durumu, otomobil sahipligi, aylik gelir ve aylik ulagim gideri gibi kategorik olarak diizenlenen sosyo-
ekonomik ozellikleri ile paylagimli e-skuter kullanim durumlar: arasindaki iliskiyi belirlemek i¢in yontem
olarak ki-kare testi kullanilmistir. Bu kapsamda veriler IBM SPSS Statistics 20.0 paket programi [36]
kullanilarak analiz edilmistir. G6zlenen degerler ile beklenen degerler arasindaki farki arastiran ki-kare testi,
farklihigr anlamli buldugunda iki kategorik degisken arasinda anlamli bir iliski oldugunu ve bagimsiz
kategorik degiskenin bagimli kategorik degisken tizerinde etkisi oldugunu gostermektedir. Ki-kare testine ait
formiil Denklem 2’de verilmistir [37].

c

X = ) Z (G’B;R’) @

=1 i=1 J

¢, I: satir, stitun sayilari

Gj;: gozlenen deger

Bj: beklenen deger

X?hes: Hesaplanan ki-kare degeri

Caligmada sosyo-ekonomik ozellikler ve e-skuter kullanim durumu arasindaki iliski %5 ve %10 anlamlilik
diizeylerinde ki-kare testi yontemi ile arastirilmigtir. Sonrasinda, paylasimli e-skuter kullanicilarina ait
yolculuk 6zellikleri (yolculuk amaci, yolculuk mesafesi, kullanim sikligi, ort. aylik skuter ulagim gideri ve
tercih edilen ikinci ulagim tirit) arasindaki iligkilerin durumu benzer sekilde %5 ve %10 anlamlilik
diizeylerinde ki-kare testi yontemi ile irdelenmistir. Buna gore:

o ki secenege sahip iki yolculuk ozelligi (2 x 2 tablolarda) karsilastirilmus ve ki-kare testi beklenen frekans
degerlerden biri 5’ten kiigiik ise Fisher’s Exact testi [38],

o Ikiden fazla secenege sahip iki yolculuk ozelligi (n x m tablolarda, n > 2 veya m > 2) kargilagtirilmis ve
ki-kare testi beklenen frekans degerlerinin %20’sinden fazlas1 5’ten kiigiik ise Fisher-Freeman-Halton
testi [38], [39]

kullanilmigtir. Bununla birlikte ¢alismada kullanim ozellikleri arasindaki iliskilerin giictinii 6l¢mek igin
Cramer’s V katsayisi kullanilmustir. n x m tablolarda iki degisken arasindaki iliski giiclinii gosteren Cramer’s
V katsayist 0 ile 1 arasinda degerler almaktadir. 0 degeri iliskinin olmadigini géstermekte, 1 degerine dogru
iligki artmaktadir [40].

2.4.2. Agirliklandirma yontemi (Weighting method)

Paylagimli e-skuter kullanan katilimcilarin yolculuk amaglari, tercih etme nedenleri, farkli yolculuk tiirlerinde
neden kullanmadiklary; e-skuter kullanmayan katilimcilarin ise bu tiirii neden tercih etmedikleri ve tercih
etmelerini saglayacak diizenlemeler irdelenmis, boylece e-skuterin gelisimi katilimeci agisindan
degerlendirilmistir. Bu agsamada katilimcilara yoneltilen sorulara cevap olarak 6nceden hazirlanmisg
secenekler arasindan bir ya da daha fazlasin1 segme hakk: verilmistir (Anket kapsaminda en yiiksek segme
sayist {i¢ olarak belirlenmistir). Katilimcilarin belirledigi segeneklerin agirliklar ile ilgili yeterli bilgiye sahip
olunmadigindan agirlik degerleri Denklem 3’te tanimlanan esit agirliklar yontemi (normallestirilmis agirhik)
kullanilarak belirlenmigtir [41], [42].

Wiy = 1/5; (3)

Wi 1" inci siradaki katilimer igin k. siradaki segeneginin normallestirilmis agirlik degeri
si : I’ inci siradaki katilimcinin belirledigi segeneklerin sayisi
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Sonrasinda, tiim katilimcilardan elde edilen agirliklarin secenek bazli olarak aritmetik ortalamasi alinmistir
(Denklem 4). Normallestirilmis agirliklar kullanilarak yapilan ortalama hesaplamasi tiim se¢enekler i¢inde
baz alinan segenegin yiizdesel agirligini da vermektedir. Boylece, kullanilan yéntem ile ankete katilan her
bireyin esit derecede sonuca etki etmesi saglanmigtir.

n
1
Wrop) = X = EZ Wi (i) (4)
i=1
Wi : tiim secenekler iginde k. secenegin ytizdesel agirlig:
i : k. siradaki segeneginin normallestirilmis agirlik degerinin aritmetik ortalamasi
Wi 1" inci siradaki katilimer igin k. siradaki segeneginin normallestirilmis agirlik degeri
n = toplam katilimci sayis1 (Arastirma yapilan gruba ait)

3. Bulgular (Findings)

Mikromobilite araglarindan paylagiml e-skuter kullaniminin irdelenmesinde, akis diyagramina uygun olarak
incelemeler yapilmistir.

3.1. Paylagimli e-skuter kullanim durumu ile kisi 6zellikleri arasindaki iliskiler (Relationships between usage of
shared e-scooter and characteristics of participants)

Analizlerde Ocak ile Mart 2021 tarihleri arasinda ¢evrimici ortamda yapilan anket verileri kullanilmistir. Veri
seti [stanbul ilinde yasayan 314 katilimctya aittir. Analiz siirecinde paylasimli e-skuter kullanim durumunun
irdelenebilmesi icin paylasiml e-skuter kullananlar ve kullanmayanlar iki gruba ayrilmistir. Bu ayrima gore
ankete katilanlara ait tanimlayici istatistik verileri Tablo 2’de verilmistir. Anket yapilan kisilerin %33’tintin
paylasimli e-skuteri daha 6nce kullandig1, %67 sinin ise hi¢ kullanmadig: belirlenmistir.

Tablo 2. Tiim katilimcilara ait tanimlayici istatistikler (Descriptive statistics for all participants)

Gruplar Paylasimli e-skuter Paylasimli e-skuter Toplam
P Kullananlar Kullanmayanlar Katilima
Say1 o Say1 o Say1 o
Kullanma Durumu 104 % 210 % 314 %
Erkek 70 38 114 62 184 59
Cinsiyet
Kadin 34 26 96 74 130 41
20-25 37 43 50 57 87 28
26-30 38 33 76 67 114 36
Yas
30-35 19 27 51 73 70 22
35+ 10 23 33 77 43 14
Lise ve Oncesi 14 23 46 77 60 19
Egitim Lisans 65 38 104 62 169 54
Diizeyi
Lisanstiistii 25 29 60 71 85 27
Ehliyet Ehliyeti yok 14 25 42 75 56 18
Durumu Ehliyet var* 90 35 168 65 258 82
Otomobil Evet 42 32 88 68 130 41
Sahipligi Hayir 62 34 122 66 184 59
1000 alt1 13 32 28 68 41 13
1000-2500 11 46 13 54 24 8
2500-4000 16 29 40 71 56 18
Ayhk
Gelir (TL) 4000-5500 25 40 38 60 63 20
5500-7000 15 25 46 75 61 19
7000-8500 8 38 13 62 21 7
8500+ 16 33 32 67 48 15
0-100 29 25 87 75 116 37
Ayhik Ulagim 101-250 18 35 34 65 52 17
Gideri (TL) 251-500 32 35 59 65 91 29
500+ 25 45 30 55 55 17

* A ve B sinif ehliyetlerden en az birine sahip katihmcilardir.
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Paylagimli e-skuter kullanim durumu ile kisi 6zellikleri arasindaki iligkilerin irdelenmesinde ki-kare testi
kullanilmig ve analiz sonuglart Tablo 3’te verilmistir. Katihimecilarin tanimlayicr istatistik verileri ve ki-kare
sonuglarina gore:

e  Paylagiml e-skuter kullanim orani erkeklerde %38, kadinlarda %26 olarak belirlenmistir. Paylagimli e-
skuter kullanim durumunun %5 anlamlilik diizeyinde cinsiyet ile iliskili oldugu (p<0,05) ve paylagimli
e-skuter kullaniminin erkeklerde daha yiiksek oldugu gortlmektedir. Yapilan bir ¢aligma da ayni
anlamliik diizeyinde (p<0,05) e-skuter kullanimu ile cinsiyetin iligkili oldugu sonucunu destekler
niteliktedir [21].

e Paylagiml e-skuter kullanimmin 20-25 yas araligindaki kisilerde en yiiksek oranda (%43) oldugu
goriilmektedir. Paylasimli e-skuter kullanim durumunun %10 anlamlilik diizeyinde yas ile iliskili oldugu
(p<0,10) belirlenmistir. Buna gore, yas yikseldikge paylasimli e-skuter kullaniminin azaldig
goriilmektedir. Yakin sonuglar; 2019 yilinda Fransa’nin Paris kentinde yapilan bir anket ¢alismasindan
da elde edilmis ve ¢alismada, kullanicilarin ¢cogunlugunun 18-29 yas aras: erkekler oldugu sonucuna
ulagilmistir [9].

e  Paylagimli e-skuter kullanim orani lisans mezunlarinda %38 ile en yiiksektir, bunu %29 ile lisansiistii ve
%23 ile lise ve Oncesi egitim diizeyleri izlemektedir. Paylagimli e-skuter kullanim durumu ile %10
anlamlilik diizeyinde mezun olunan egitim seviyesi arasinda iliski oldugu goriilmektedir (p<0,10).
Egitim seviyesi yiiksek olanlarda ozellikle lisans mezunlarinda, paylasiml e-skuter kullanimi daha
yliksektir. 2019 yilinda Yeni Zelanda’da yapilan ¢alismada [11], 2020 yilinda Avusturya’da yapilan
caligmada [12] ve 2020 yilinda Ispanya’da yapilan bir diger ¢aligmada da benzer sonuglara ulagilmig olup
[13], egitim seviyesi yiiksek bireylerin paylagimli e-skuter kullanim oranlarmin yiiksek oldugu
gorilmiistiir. Yapilan benzer bir ¢alismada da egitim diizeyi ile kullanim oran: arasindaki iliskinin
anlaml oldugu gortlmiistiir[23].

e Paylagiml e-skuter kullaniminda en yiiksek oranin (%45) aylik ulasim gideri 500 TL ve iizeri kisilerde
oldugu saptanmustir. Paylagimli e-skuter kullanimi ile aylik ulasim gideri arasinda %10 anlamlilik
diizeyinde iliski oldugu belirlenmistir (p<0,10). Buna gore, aylik ulasim gideri yiikseldik¢e paylasimli e-
skuter kullaniminin da arttig1 goriilmektedir.

e Paylagiml e-skuter kullanimimin ehliyete sahip olanlarda daha yiiksek oldugu (%35) goriilmektedir.
Ancak, ki-kare testi sonucunda paylasimli e-skuter kullanimu ile ehliyet sahipligi arasinda anlaml bir
iligki belirlenmemistir.

e Paylagiml e-skuter kullanim oranimin otomobil sahipligine gore oransal olarak kiigiikk mertebelerde

kullanimi ile otomobil sahipligi arasinda anlamlr bir iligki saptanmamustir.

e Paylagiml e-skuter kullanim durumu ile kisilerin aylik geliri arasinda dogrusal bir iligki goriilmemistir.
Benzer sekilde, ki-kare testi sonucunda paylasimli e-skuter kullanimi ile aylik gelir arasinda anlamli bir
iligki bulunmamistir. Bu durum, paylasimli e-skuter kullaniminda gelirin 6neminin olmadig: ve bu tiire
her kesimin erisebildigi sonucunu ortaya koymaktadir. Yeni Zelanda'da yapilan benzer bir ¢alismada
yliksek gelirli kisilerin e-skuter kullanma oraninin daha yiiksek oldugu sonucu ¢ikmasina karsin [11]
Ispanya’da yapilan baska bir calismada ise gelir seviyesi yiiksek kisilerin e-skuter kullanim oraninin
disiik oldugu goérilmiistiir [13]. Literatiirdeki iki ¢aliymanin aksine bu ¢aliymada gelir seviyesinin e-
skuter kullanimi iizerinde belirgin bir rol oynamadig: diisiiniilmektedir.
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Tablo 3. Kisi 6zellikleri ile e-skuter kullanim durumu arasindaki iligkiler (Relationships between person characteristics and usage of shared e-

scooter)
Kisi Ozellikleri Serbestlik Derecesi (sd) X p
Cinsiyet 1 4,862 0,027*
Yas 3 6,497 0,090**
Egitim Diizeyi 2 5,299 0,071**
Ehliyet Durumu 1 2,029 0,154
Otomobil Sahipligi 1 0,066 0,797
Aylik Gelir (TL) 6 5,775 0,449
Aylik Ulagim Gideri (TL) 3 7,455 0,059**

* %5 anlamlilik diizeyi
** %10 anlamlilik diizeyi

3.2. Paylagimli e-skuter kullanim 6zelliklerinin birbiriyle iligkileri (Relationships between shared e-scooter usage
features)

Kullanim o6zellikleri arasindaki iliski incelenmeden o6nce, paylasimli e-skuter kullanicilarimin yolculuk
amaglar1 irdelenmistir. Incelemedeki amag hem veri setinin yolculuk amacina yonelik dagilimini gérmek hem
de bu tiiriin mevcut durumda kent i¢i ulasimdaki yerini degerlendirmektir. Buna gore, paylasimli e-skuteri
kullananlarin 6ncelikli yolculuk amacinda ilk sirada (agirliklandirilmig sonuglara gére) %67 oranla eglence
amagli yolculuklar yer almaktadir (Sekil 4). Bu durum paylasimli e-skuterin heniiz ana ulagim aract olarak
algilanmadigini da gostermektedir.

70 ~
60
50 ~

40 A

(%)

30 +
20 A

10 ~

0 I ] 1 | -

Eglence Ev Is Alisveris Okul Diger

Sekil 4. Paylagimli e-skuterin yolculuk amacina gore kullanim oranlari (Shared e-scooter usage rates by trip purpose)

Yolculuk amaci agisindan diger bir degerlendirmede, bir kisinin yaptig1 yolculuk temelde iki gruba ayrilmis
ve bu dogrultuda katilimcilara yolculuk amacina gore ayri sorular yoneltilmistir. Bu yolculuk gruplar: zorunlu
yolculuklar ve zorunlu olmayan yolculuklardir. Zorunlu yolculuklar evden ise/okula ya da isten/okuldan eve
yapilan yolculuklardir. Zorunlu olmayan yolculuklar ise ziyaret, eglence, aligveris amagli yapilan
yolculuklardir. Bazi katilimcilar paylasiml e-skuterleri sadece zorunlu ya da zorunlu olmayan yolculuklarda
tercih ederken, bazi katihimcilar ise her iki yolculuk tiiriinde de paylasimli e-skuterleri tercih edebilmektedir.
Bu dogrultuda, paylasimli e-skuter kullanimina ait tanimlayic1 istatistik verileri Tablo 4’te 6zetlenmistir.
Analizde kullanilan veriler, 104 paylasimli e-skuter kullanicisindan alinan 144 adet kullanim 6zelligi verisine
aittir. Burada bazi katilimcilar hem zorunlu hem de zorunlu olmayan yolculuklari ile ilgili kullanim bilgileri
vermislerdir.

Kullanim 6zellikleri disinda veri setinden elde edilen diger ¢iktilar, paylasimli e-skuter kullananlarin %7’sinin
kendisine ait e-skuteri bulundugu; %9unun paylasimli e-skuteri sadece f{niversite kampiislerinde
kullandigidir. Paylasimli e-skuter markalar: iilkemizde genellikle yeni girisim firmalar1 oldugu i¢in 6zellikle
tniversite kampiislerinde ortaya ¢ikip daha sonra sehirlere yayilmaktadir. Buna karsin tiniversitelere giris ve
cikislar tiim kullanicilar icin kisith oldugundan paylagimli e-skuterlerin daha ¢ok sehir merkezlerinde
kullanildig1 goriilmektedir. ABD’nin Austin kentinde yapilan ¢aligmada kullanicilarin yalnizca %10’unun
tniversite kampiisiinde toplanmasi bu diistinceyi destekler niteliktedir [7].
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Tablo 4. Paylasimh e-skuter kullanim 6zelliklerine ait tanimlayici istatistikler (Descriptive statistics for shared e-scooter usage features)

Ozellikler Gruplar Say1 %
Zorunlu yolculuk 57 40
Yolculuk Amaci
Zorunlu olmayan yolculuk 87 60
500 m alt1 26 18
Tercih Edilen 500 m -1km 49 34
Yolculuk Mesafesi 1km - 3 km 48 33
3 km ve tizeri 21 15
Ayda ortalama 1 defa ve daha az 81 56
Ayda ortalama 2 defa 39 27
Kullanim Sikhigt
Haftada ortalama 1-3 defa 9 6
Haftada ortalama 5 ve tizeri 15 11
25 ve alt1 68 47
Ort. Aylik Skuter )
Ulagim Gideri (TL) 6-50 2 36
50+ 24 17
Yiiriime 72 50
Tercih Edilen Ikinci Bisiklet 4 3
Ulagim Tiird Taksi 31 21
Toplu Tagima 37 26

Paylagimli e-skuter kullanimina ait tanimlayici istatistik verilerine gore:

e Paylasimli e-skuter kullananlarin %60’ bu tirii zorunlu olmayan yolculuklarda tercih ettigi
gorilmiistiir. Buna gore paylagimli e-skuterin zorunlu olmayan yolculuklarda daha cok tercih edildigi
soylenebilmektedir. Bu sonug; ABD, Fransa ve Almanya’da yapilan c¢alismalarla benzerlik
gostermektedir [8], [9], [43].

e Paylagiml e-skuter kullananlarin tercih ettigi yolculuk mesafesi %67 oranla 500-3000 m arasinda
yogunlasmaktadir. Bu durum e-skuterin kent merkezlerinde nispeten kisa mesafeli olarak kullanildigini
gostermektedir. Bu sonug, baska bir ¢alismada elde edilen 1,2 km ortalama yolculuk mesafesi gibi net
bir deger vermese de tercih edilen yolculuk mesafesinin benzer bir aralikta oldugunu desteklemektedir

[7].
e Paylagimli e-skuter kullananlarin %83’tiniin kullanim sikliginin ayda 2 ve daha az oldugu goriilmektedir.

e Paylasimhi e-skuter kullananlarin ort. aylik skuter ulasim gideri genellikle 0-50 TL arasinda
degismektedir (%83).

e  Paylagiml e-skuter kullananlarin bu tiire ulasamadiklarinda tercih edecegi ikinci ulasim tirii %50 ile
ylriime, %21 ile taksi, %26 ile toplu tasima ve %3 ile bisiklettir. ABD’de yapilan bir caligmada da “E-
skutere ulasma imkaniniz yoksa hangisini tercih ederdiniz?” sorusuna kullanicilarin %57’si yiiriime,
%251 otomobil ve %8’i bisiklet seklinde cevap vermislerdir [8]. Fransa’da yapilan bir ¢alisma ile
paylasimli e-skuter kullanicilarinin nadiren 3-4 dakikay: agan yiiriime yaptiklar: sonucuna varilmistir
[9]. Bununla birlikte paylagimli e-skuterin yiiriime ve diger ulasim tiirleri tizerine etkileri de anket
sonuglar ile benzerlikler ortaya koymaktadir [9], [12], [44]. Yiiriime seceneginin daha az se¢ilmesinin
yiriime aligkanligini azaltabilecegi ve saglik agisindan olumsuz sonuglar yaratabilecegi iizerine de
mutlaka degerlendirme yapilmalidir.

Paylasimli e-skuter kullanim 6zellikleri arasindaki iligkilerin irdelenmesinde ki-kare testi kullanilmis ve analiz
sonuglar1 Tablo 5’te verilmistir. Ki-kare testi sonuglarina gore; yolculuk amaci ile diger kullanim 6zellikleri
arasinda anlaml bir iligki belirlenmemis, yolculuk mesafesi, kullanim siklig1, ort. aylik skuter ulagim gideri ve
tercih edilen ikinci ulagim tiirli parametrelerinin birbiriyle %5 ya da %10 anlamlilik diizeylerinde iliskili
oldugu goralmiistiir (p<0,05 ya da p<0,10).
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Tablo 5. Paylasimli e-skuter kullanim 6zellikleri arasindaki iliskiler (Relationships between shared e-scooter usage features)
Ort. Aylik Skuter

Ozellikler Xﬁ;ﬂuk Kdoel::lﬁl;li( Kullanim Sikhign ~ Ulasim Gideri Eizg:Z?ielln Tinci
Yolculuk Amaci - 0,787 0,233 0,105 0,587

Yolculuk Mesafesi 0,787 - 0,005* 0,075%* 0,150

Kullanim Siklig1 0,233 0,005* - 0,000% 0,067**

Sggfn? lélzji‘;ter 0,105 0,075** 0,000* - 0,011*

Tercih Edilen Ikinci 0,587 0,150 0,067+ 0,011*

Ulagim Tiirii

* %5 anlamlilik diizeyi
** %10 anlamlilik diizeyi

Kullanicilardan elde edilen verilerden birisi olan yolculuk amaci degiskeni ile diger tiim degiskenler arasinda
anlamli bir iliski bulunamamistir. Bundan dolay: detayli incelemede yolculuk amaci degiskeninden s6z
edilmemistir. Paylasimli e-skuterin yolculuk amaci verisinde ozellikle zorunlu olmayan yolculuklarda
kullanim oraninin yiiksek olmasi, yolculuk amacinin diger degiskenler ile anlamli iliskisinin bulunmama
nedenlerindendir. Yolculuk mesafesi, kullanim siklig1 ve ort. aylik skuter ulasim gideri degiskenleri arasindaki
iligkiler incelendiginde, iligkinin dogrusal bir yapida oldugu ve degiskenlerden biri yiikseldiginde digerinin de
yikseldigi gortilmektedir. Anlamli iligkiye sahip bu degiskenlere detaylica bakildiginda:

¢ Yolculuk mesafesi ve kullanim sikliginin istatistiksel olarak %5 anlamhilik diizeyinde iligkili oldugu
(p<0,05) ve iligki diizeyinin de diisiik seviyede oldugu belirlenmistir (Cramer’s V degeri=0,22).

¢ Yolculuk mesafesi ve ort. aylik skuter ulagim gideri arasinda istatistiksel olarak %10 anlamlilik diizeyinde
iliski oldugu (p<0,10) ve iliski diizeyinin de disitk seviyede oldugu saptanmistir (Cramer’s V
degeri=0,20).

e Kullanim siklig1 ve ort. aylik skuter ulagim gideri arasinda istatistiksel olarak %5 anlamlilik diizeyinde
iliski oldugu (p<0,05) ve iliski diizeyinin de orta seviyede oldugu hesaplanmistir (Cramer’s V
degeri=0,50).

Kullanim sikhign ve ort. aylik skuter ulasim giderinin tercih edilen ikinci ulagim tird ile iliskisi
degerlendirildiginde:

¢  Kullanim siklig1 ve tercih edilen ikinci ulagim tiirii arasinda istatistiksel olarak %10 anlamlilik diizeyinde
iliski oldugu (p<0,10) ve iliski diizeyinin de diisiik seviyede oldugu belirlenmistir (Cramer’s V
degeri=0,19).

e Ort. aylik skuter ulasim gideri ve tercih edilen ikinci ulasim tiirii arasinda istatistiksel olarak %5
anlamlilik diizeyinde iliski oldugu (p<0,05) ve iligki diizeyinin de diisiik seviyede oldugu hesaplanmigtir
(Cramer’s V degeri=0,23).

Sekil 5’te verilen grafikler ile ilgili agiklamalar ve yorumlar maddeler halinde verilmistir. Buna gore:

o Yolculuk mesafesi ve kullanim siklig1 (A): Daha sik skuter kullanan kisilerin diger kisilere gére daha uzun
mesafelerde bu tiirii kullandi8y, en az skuter kullanan kisilerin ise diger mesafelere gore en kisa mesafede
bu tiirii daha fazla kullandiklar: gériilmistiir. Bu iki sonug birbirini destekler niteliktedir.

o Yolculuk mesafesi ve ort. aylik skuter ulasim gideri (B): E-skuter kullanim mesafesi arttik¢a yolculuklara
6denen aylik ticretlerin de arttig1 goriilmiistiir. Bu durum mesafe ve fiyat iligkisi agisindan beklenen bir
sonugtur.

o Yolculuk mesafesi ve tercih edilen ikinci ulasim tiirii (C): Caligma kapsaminda bu iki degisken arasinda
anlaml: bir iligki bulunmamigtir. Bu anlamda e-skutere erisilemedigi durumlarda kullanicilarin ikinci
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tiir tercihlerinde yolculuk mesafelerinin bir 6nemi olmadig1 gériilmektedir. Yani kullanicilarin yolculuk
mesafelerinin artmasi veya azalmasi tercih ettikleri ikinci ulagim tiiriinii etkilememektedir. Bu durum,
skuter kullanim mesafelerinin diger ulagim tiirlerine gore (taksi ve toplu tasima) nispeten kisa olmas ile
aciklanabilir.

o Kullamim sikligi ve tercih edilen ikinci ulasim tiirii (C): E-skuter kullanim siklig1 fazla olan kisilerin, e-
skutere ulagamadiklarinda 6ncelikli olarak tercih ettikleri ulagim tiiriiniin oransal olarak taksiler oldugu
goriilmektedir. E-skuter kullanim siklig1 daha az olan kisilerin ise ikinci tercihlerinin oransal olarak
yliriime ve toplu tagima oldugu belirlenmistir.

Kullanim sikligi ve ort. aylik skuter ulasim gideri (D): Kisilerin e-skuter kullanim siklig1 arttik¢a oransal
olarak ort. aylik skutere harcanan giderlerinin de arttig1 gortilmiistiir. Bu durum sik kullanim ve 6denen
fiyat iligkisi acisindan beklenen bir sonugtur.

Ort. aylik skuter ulasim gideri ve tercih edilen ikinci ulasim tiirii (E): Ort. aylik skuter gideri daha az olan
kisilerin, e-skutere ulasamadiklarinda oransal olarak sectikleri alternatif ikinci tiiriin yiiriime oldugu
gorilmigtiir. Ort. aylik skuter gideri daha fazla olan kigilerin ise e-skutere ulagamadiklarinda oransal
olarak segtikleri ikinci tiiriin taksi oldugu belirlenmistir.

Genel olarak bakildiginda, paylasimli e-skuteri daha kisa mesafelerde, daha az kullanim sikliginda tercih
eden ve ort. e-skuter ulasgim gideri az olan kullanicilarin ikinci ulagim tiirii olarak yiiriime ve toplu
tasimaya egilimlerinin daha yiiksek oldugu goriilmiistiir.
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Sekil 5. Paylagimli e-skuter kullanim 6zelliklerine ait grafikler (Graphs of shared e-scooter usage features)
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3.3. Paylagimli e-skuterin katilimcilar agisindan durumu (Situation of shared e-scooter for participants)

Paylasimli e-skuteri kullanan katilimcilara bu tiirii tercih etme nedenleri sorulmus ve eglenceli bir ulagim tiirii
olmasi (agirliklandirilmig sonuglara gore) ilk neden olarak belirlenmistir. Ayrica se¢im nedenleri arasinda yer
alan ‘Covid-19 salgini nedeniyle daha giivenli olmasi’ cevab: salginlarin bu tiire olan ilgiyi daha da
artirabilecegini gostermektedir. Paylasimli e-skuter igin siralanmus tercih edilme nedenleri $ekil 6'da
verilmistir.

(%)

Eglenceli bir ulagim tiirii olmasi

Park sorununun olmamasi

Trafik sikisgikhginda daha pratik ve hizli olmasi
Covid-19 salgmi sebebiyle daha giivenli olmast
Toplu tagimasiz yolculuga imkan saglamasi
Cevre dostu olmasi

Toplu tagimaya erisimi kolaylastirmasi
Ucretinin uygun olmasi

Arazi egiminin elverisli olmast

Sekil 6. Paylagimli e-skuter kullananlarin tercih nedenleri (Reasons for preference of shared e-scooter users)

Paylagimli e-skuteri zorunlu ya da zorunlu olmayan yolculuklarda kullanmayanlarin nedenleri belirlenerek
yolculuk amacina gore kullanim sikligini artirabilecek etkenler irdelenmistir. Paylagimli e-skuteri hig
kullanmayanlara da bu tiirii tercih etmeme nedenleri ve hangi iyilestirmeler ile tercih edebilecekleri sorularak
kullanict sayisinin artmasindaki engeller saptanmistir. Bu dogrultuda, paylasimli e-skuter kullanicilarina,
yolculuk tiiriine gore tercihini olumsuz etkileyen nedenler sorulmustur. Agirliklandirilmis sonuglara gore,
zorunlu yolculuklarda bu tiirii kullanmama nedenlerinin ilk tigiinde giivenli bulunmamasy, ticretlerin yiiksek
olmasi ve bozuk yol yiizeyi yer almaktadir. Zorunlu olmayan yolculuklarda ise paylasimli e-skuter
kullanmama nedenlerinin ilk iigiinde ficretlerin yiiksek olmasi, yayalarin ve diger siiriiciilerin uygunsuz
davranislar1 ve giivenli bulunmamasi yer almaktadir (Sekil 7). Buna gére paylasimli e-skuter {icretlerinin
yiiksek olmasinin her iki yolculuk tiiriinde de olumsuz bir neden oldugu goriilmekte, bu konuda yapilacak
diizenlemelerin paylagimli e-skuter kullanimini etkileyecegi diisiiniilmektedir. Bu ¢aligmada, katilimcilarin
gelirleri ve kullanim durumlari arasinda anlamli bir iligki bulunmasa da paylasimli e-skuter kullanmayanlarin
ticretleri fazla bulmasi irdelenmesi gereken 6nemli bir bulgudur.

o
wn
—
o
—
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o
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Gilvenli bulunmamasi
Ucretlerin yiitksek olmasi
Bozuk yol yiizeyi
Yolculuk stiresinin uzun olmasi
Sadece tek kisilik ziyarete olanak saglamas
Yayalarmn ve diger siiriiciilerin uygunsuz davramslar:
Bolgedeki skuter sayist yetersizligi
Diisiik konforlu olmasi
Kullanim zorlugu
Diger
mZorunlu Yolculuklar ~ mZorunlu Olmayan Yolculuklar

Sekil 7. Paylagimli e-skuter kullanmama nedenleri (Reasons for not using shared e-scooter)
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Paylasimli e-skuter aracini hi¢ kullanmayanlara bu tiirii tercih etmeme nedenleri sorulmustur.
Agirliklandirilmis sonuglara gore; ilk nedenin skuterin giivenli bulunmamasi oldugu goriilmiistiir. Bu yanitt
skuter kullaniminin bilinmemesi secenegi takip etmistir. Bununla birlikte verilen cevaplar arag, isletme,
kullanici, gevre, yol ve diger olmak iizere alt1 kategori altinda toplanmistir. Bu durumda tercih etmeme
nedenlerini olugturan cevaplarin %27’sinin ara¢ kaynakli oldugu goriilmiistiir ($ekil 8). ABD’nin Arizona
eyaletinde yapilan benzer bir ¢alismada paylagimli e-skuter kullanmayan kisilere tercih etmeme nedenleri
sorulmugtur. Katilimcilardan bu tiiriin cazip bulunmamasi, kaza yapma olasiliginin fazla olmasi, kontrolii
kaybetme korkusu, sabit olmamasi sebebiyle diismekten korkulmasi gibi ¢ogunlugu ara¢ kaynakli
nedenlerden olusan cevaplar alinmigtir [8]. Belirlenen nedenlerin iyilestirilmesinin, paylasimli e-skuter
kullanmayan bu kesimin tercihlerinde degisiklige yol acabilecegi 6ngoriilmektedir.

A:ARAG (%27)

A1:Giivenli Bulunmamasi (%14)

A2:Tek kisilik kullanima yonelik olmasi (%6)

A3:Disiik konforlu olmasi (%5)

A4:Kullanim zorlugu (%2)

B:ISLETME (%22)

B1:Ucretlerin yiiksek olmasi (%10)

B2:Bolgedeki skuter sayis1 yetersizligi (%9)

B3:Yolculuk siiresinin uzun olmasi (%2)

B4:Bulunulan bélgede olmamasi (%1)

C:KULLANICI (%17)

C1:Kullanimimn bilinmemesi (%12)

C2:Thtiya¢ duyulmamasi (%5)

D:CEVRE (%13)

D1:Yayalarin ve diger siiriiciilerin uygunsuz davramst (%11)
D2:Utanma, ¢ekinme (%2)

E-YOL (%13)

E1:Bozuk yol yiizeyi (%8)

E2:Arazi egiminin elverigsiz olmasi (%5)

F-DIGER (%8)

0' |

Sekil 8. Paylagimli e-skuteri hig kullanmayanlarin tercih etmeme nedenleri (Reasons for not using shared e-scooter according to non-users)

Paylasgimli e-skuteri hi¢ kullanmayanlara bu tiirii tercih etmeleri i¢in nasil iyilestirmeler istedikleri
sorulmustur. Agirliklandirilmis sonuglara gore; bu soruyu yanitlayan katilimcilarin %35’ kendine ait yolunun
olmasi cevabini vermistir. Bununla birlikte verilen cevaplar altyapi, teknoloji, isletme, planlama ve diger
seklinde bes kategori altinda toplanmistir. Istenilen iyilestirmelerin %66’sin1 teknoloji ve isletme ile ilgili
degisikliklerin olusturdugu gortilmiistiir (Sekil 9).

ALTYAPI TEKNOLOJI ISLETME

Ulagim Kartlan ile Odeme imkam Deretleria
%16

Kendine ait yolunun olmas

%35

Daha yiiksek -
Bataryalarm daha uzun hualars m

omiirli olmas cikabilmesi

%9 %6

PLANLAMA § e
Park alanlarmm daha net belirlenmesi DIGER
%6 %2

Sekil 9. Paylagimli e-skuteri hig kullanmayanlarin istedikleri iyilestirmeler (Improvements requested by non-users)

4, Sonug veE Degerlendirme (Results and Discussion)
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Paylagimli e-skuter sistemleri 6zellikle son yillarda kent ici ulagimda yer edinmeye baglamistir. Tiirkiye’nin
en yiiksek niifusuna sahip Istanbul ilinde yapilan bu ¢aligmada, katilimcilarin sosyo-ekonomik ve paylagimli
e-skuter kullanim 6zellikleri incelenmistir. Buna gore, ¢aliymanin literatiire katkilar: su sekildedir:

o Cinsiyet, yas, egitim seviyesi ve ort. aylik ulasim gideri ile paylasimlhi e-skuter kullanma durumu
arasindaki iligkiler istatistiksel olarak anlamli bulunmustur. Ancak ehliyet durumu, otomobil sahipligi
ve aylik gelir ile e-skuter kullanma durumu arasinda istatistiksel a¢idan anlamli iligkiler
belirlenmemistir. Literatiirde cinsiyet [8]-[10], [21], yas [7], [8], [22] ve egitim seviyesi [11]-[13], [23]
degiskenlerinde benzer sonuglarin alindig1 goriilmiis, ancak aylik gelir degiskeni [10], [11], [13] i¢in
farkli sonuglarin elde edildigi saptanmistur.

e  Paylagimli e-skuteri tercih etme egiliminin erkeklerde (%38), genclerde (20-25 yas aralig1, %43), yitksek
egitim seviyesine sahip (lisans mezunlari, %38) ve ort. aylik ulasim gideri yiiksek olan kisilerde (500+
TL, %45) daha fazla oldugu belirlenmistir. Literatiirde benzer sonuglara rastlanmis olup, erkeklerin [8]-
[10], [21], genglerin [7], [8], [22] ve yiiksek egitim seviyeli kisilerin [11]-[13], [23] e-skuter kullanma
olasiliginin daha fazla oldugu goértlmistiir. Bu ¢alismada, gelir seviyesinin e-skuter kullanim durumu
tizerinde belirgin bir etkisinin olmadig1 saptanmustir. Literatiirdeki ¢alismalardan birinde yiiksek gelirli
kisilerin e-skuter kullanma oraninin daha yiiksek oldugu [11], diger bir ¢aliymada gelir seviyesi yiiksek
kisilerin e-skuter kullanim oraninin diisiik oldugu gortilmiistiir [13].

e  Paylagiml e-skuter kullanim 6zellikleri arasindaki iliskiler irdelendiginde, istatistiksel a¢idan yolculuk
amact ile diger kullanim 6zellikleri arasinda anlamli bir iliski olmadigy; yolculuk mesafesi, kullanim
siklig1, ort. aylik skuter ulasim gideri ve tercih edilen ikinci ulagim tiirii parametrelerinin birbiriyle
iligkilerinin anlamli oldugu gérilmistiir.

e Paylagiml e-skuter kullanicilarinin bu tiire ulasamadiklarinda 6ncelikli olarak hangi ulagim tirtini
tercih ettikleri aragtirilmis, %50’sinin yiiriimeyi sectigi saptanmistir. Diger tercih edilen ulagim tiirlerine
bakildiginda toplu tagimanin %26, taksinin ise %21 oran ile secildigi belirlenmistir. Bu durum paylagiml
e-skuterin kisa mesafeli toplu tagima yolculuklarinda da segilebilirligini gostermektedir. Bu sonug,
literatiirdeki e-skuterin 6zel ara¢ yolculuklarindan daha ¢ok toplu tasimayla [9], [14] ve yiirtiyerek [9],
[12], [21] yapilan yolculuklar: etkilemis oldugu ¢iktis: ile bagdagmaktadir.

e Paylasimli e-skuter kullananlarin tercih nedenleri arastirildiginda, sirasiyla ilk iki neden eglenceli ulagim
tirit olmas1 ve park sorununun olmamasidir. Buna gore paylasimli e-skuterin zorunlu olmayan
yolculuklarda (%60) daha ¢ok tercih edildigi sdylenebilmektedir. Yolculuk amacina yonelik bu sonug
literatiirde yapilan ¢alismalar ile benzerlik gostermektedir [8], [9], [43].

e Paylasiml e-skuter kullanimini olumsuz etkileyen en 6nemli unsur bu tiiriin giivenli bulunmamasidir.
Kiralama ticretlerinin yitksek olmasi ve bozuk yol yiizeyi de diger yiiksek oranli unsurlardir. Bu sonuglar,
literatiirde yer alan kaza yapma olasiliginin fazla olmasi, kontrolii kaybetme korkusu, sabit olmama,
givenli bulmama, bozuk yol yiizeyi ve arazinin elverigsiz olmasi gibi endiselerle paralellik
gostermektedir [8], [19].

e Paylagimli e-skuteri hi¢ kullanmayan katilimcilarin tercih etmeme nedenlerinde, ilk iki sirada bu tiiriin
giivenli bulunmamasi (%14) ve kullaniminin bilinmemesi (%12) bulunmaktadir. Bu kisilerin istedikleri
iyilestirmelerin baglicalar1 ise; kendine ait yolunun olmasi (%35) ve ulasim kartlar ile 6deme imkani
(%16) olarak belirlenmistir. Belirlenen sorunlarin ¢6ziimii ve iyilestirmelerin yapilmasi ile paylagiml e-
skuter kullanmayan bu kesimin tercihlerinde degisiklik olmasi1 6ngériilmektedir.

Calisma sonuglarina gore gelistirilen 6neri ve diisiinceler maddeler halinde verilmigtir. Buna gore:

e  Paylasgiml e-skuterlerin cogunlukla eglence amaglh kullanildig tespit edilmistir, bu da heniiz temel bir
ulagim aract olarak kabul edilmediklerini gostermektedir. Sehir i¢i toplu tagima ag1 dikkate almarak
erisilebilir noktalara e-skuter kiralama istasyonlari yerlestirilir ve giivenli giizergahlar olusturulursa, e-
skuterlerin kisa mesafeli aktarma yolculuklarinda kullanimi artacak ve bu tiir stirdiiriilebilir ulagima
daha faydali hizmet verecektir.
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e  E-skuterlerin bir grup katilima tarafindan giivenli bulunmamasi bu tiire olan cazibeyi diisiiren en
onemli faktordiir. Bu nedenle merkezi ve yerel yonetimlerin bolgede giivenli ve uygun altyapiya sahip
glizergahlari belirlemesi ve yatirimei firmalarin verimli isletme sartlarini saglamasinin e-skuterlere olan
talebi yiikseltecegi diigiiniilmektedir.

e Potansiyel e-skuter kullanicilarina yonelik giivenli siiriis egitimi ve diger tasit siirticiilerine farkindalik
egitimi verilmelidir. Yonetmelikte yas sinirlamasi ve koruyucu ekipman ile ilgili giivenlik tedbirleri
olmasina karsin bu tedbirler kullanicilar arasinda tam olarak uygulamaya gecirilememistir. Bu nedenle
ilerleyen dénemlerde yatirimer firmalarm kullanicilara e-skuterin yani sira koruyucu ekipmanlar: da
sunmasl, ilgili bolgelerde de gerekli denetimlerin artirilmasi ve cezai yaptirimlarin uygulanmasi
gerekmektedir.

e  Yonetmelik, e-skuterlerin yaya yollarinda siiriilmesini yasaklayarak sadece bisiklet ve arag yollarinda
kullanilmasina izin vermistir. Ancak, mevcut bisiklet yollarinin yeterli olmadig1 durumlarda kullanicilar
arag yollarinda e-skuterleri siirmek zorunda kalmaktadir. Bu durum 6zellikle Istanbul gibi yogun
trafigin yasandigi sehirlerde ciddi kazalara sebebiyet verebilmektedir. Bu nedenle, e-skuterlerin ve diger
mikromobilite araglarinin sik kullanildig1 giizergahlarda bu araglarin giivenle kullanilabilecegi
kendilerine ait yollarin olusturulmasi 6nerilmektedir.

e  Paylasimli e-skuter kullanmayanlarin istedikleri iyilestirmeler %66 oranla teknoloji ve altyap: kaynakli
diizenlemelerdir. Bu durum, arag performans kriterleri ve altyap1 imkanlarinim bir grup katilimcinin
beklentilerini karsilamadigini gostermektedir. Teknolojik agidan ar-ge ¢alismalari kapsaminda batarya
ve ulagim kart1 entegrasyonunun saglanmasy; altyapi agisindan da e-skutere tahsisli yolun gelistirilmesi
ile bu tiiriin tercih edilmesinin artacag: ongérilmektedir.

o Tercih edilen ikinci tiiriin ort. aylik skuter ulasim gideri fazla olan kisilerde daha yiiksek oranla taksi,
ort. aylik skuter ulagim gideri az olan kisilerde ise daha yiiksek oranla yiiriime oldugu goriilmistiir. Buna
gore, e-skuter bulamayanlarin ikinci tiir tercih ticretleri ile e-skutere harcanan ticretlerin dogru orantili
oldugu gorilmiistiir. Bu dogrultuda, e-skuteri sik kullanan kisilere ozellikle mesafe bazli uygun
fiyatlandirma segeneklerinin sunulmasi, kullanici memnuniyetini artirarak isletme verimini
ylikseltebilecektir. Ayrica mesafe bazli artan ya da kullanim sikligi bazli azalan iicretlendirme
segeneklerinin bu tiiriin kullanimini da artiracags diisiiniilmektedir.

{lerleyen galismalarda incelenmesi fayda saglayacak bazi oneriler su sekildedir:

e Bolgede e-skuter kullanimindan dolay1 bedensel engelli kisilerin hareketliliginin olumsuz etkilenmemesi
irdelenmesi gereken 6nemli konulardan biridir. Ozellikle yollara rastgele park edilebilen e-skuterler bu
bireylerin ulagimlarini engelleyebilmektedir. Bu dogrultuda yayalar acisindan e-skuter ulagim
planlamast ve e-skuterlerin ses ve 1s1k uyarili bir hale getirilmesi konulari tizerine diigiiniilmelidir.

e  Genglerin daha fazla tercih ettigi ve ¢ogunlukla yiirime yerine kullanilan e-skuterlerin kullaniminin
artmasinin zamanla fiziksel aktiviteleri diisiirebilecegi goriilmektedir. Bu konunun detayl: irdelenmesi
gereken onemli bir aragtirma konusu oldugu diistiniilmektedir.

e  E-skuterler mevcut durumda ¢ogunlukla diger tasit trafigi ile beraber kullanildig: icin kullanici
glivenliini artiracak onlemler {izerinde galisgilmalidir. Bu 6nlemler kullanici iizerindeki koruyucu

ekipmanlarin (kask, dizlik vb.) belirlenmesi ve giivenli arag donanimlarinin (arkadan gelen trafigi
gorebilmeleri i¢in araca ayna eklenmesi vb.) saptanmasi {izerine de olmalidur.
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ABSTRACT

The most important resource in navigational safety for marine vehicles is radar information.
The information from the radar is read continuously by an operator and the navigation process
is tried to be carried out safely. In navigational safety, it is very important that the operator does
not misclassify for object detection. In this study, for the first time in the literature, a fuzzy
logic-based classifier has been created for navigational safety in the light of information
obtained from radar with artificial intelligence. The classifier is designed to detect vessels, land,
buoys and unidentified objects. Since there is no data set presented in the literature, fuzzy logic
model, which is an expert-based artificial intelligence method, has been preferred. On the other
hand, in order to test the performance of the model, a dataset is proposed with the algorithm
designed synthetically from the help of expert experiences. As a result of the analysis, it has
been shown that the fuzzy model can detect objects successfully. Moreover, it is predicted that
this model will play a key role in the design of intelligent radar systems in the future

Seyir Radar Verileri Kullanilarak Yiizen veya Sabit
Hedeflerin Tespiti Icin Bulanik Siniflandirict
Tasarimi

0z

Deniz araglar igin seyir giivenliginde en 6nemli kaynak radar bilgisidir. Radardan gelen bilgiler
bir operator tarafinda siirekli okunarak seyir siireci giivenli sekilde yiiriitiilmeye ¢alisiimaktadir.
Seyir giivenliginde, nesne tespiti i¢cin operatoriin hatali siniflandirma yapmamasi ok 6nemli bir
durumdur. Buradan hareketle bu galismada, literatiirde ilk defa yapay zeka ile radardan alinan
bilgiler 1s181nda seyir giivenligi i¢in bulanik mantik temelli bir siiflandirict olusturulmustur.
Siniflandiricy, deniz araglari, kara pargasi, samandira ve tanimsiz nesneleri algilayabilecek sekilde
tasarlanmugtir. Hali hazirda literatiirde sunulan bir veri seti olmamasi nedeniyle uzman temelli
yapay zeki metodu olan bulanik mantik modeli tercih edilmistir. Diger taraftan, olusturulan
modelin bagarimin: test etmek i¢in, uzman deneyimleri yardimiyla sentetik olarak olusturulan
algoritma ile bir veri seti 6nerilmis ve model bu veriyle test edilmistir. Analiz sonucunda bulanik
modelin basarili bicimde nesne tespiti yapabildigi gosterilmistir. Dahasi, bu modelin gelecekte
akall1 radar sistemleri tasarimlar1 igin anahtar rol oynayacagi 6ngoriilmektedir.
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1. Gll‘l$ (Introduction)

Miihendislik Tasarimy, fiziksel ¢6ziim uzayinda iyi tanimlanmus ihtiyaglar: karsilayan tiriinii olugturmak icin
yuritiilen faaliyetler olarak ifade edilebilir. Bu faaliyetler yiiriitiiliirken siirekli yenilenen bir siireg soz
konusudur. Tasarimci, tasarim sirasinda deneyimlere, algilara veya bazi temel matematiksel analizlere dayal:
olarak sistemin bir én tasarimini gelistirir. On tasarimin kabul edilebilir olup olmadigini belirlemek igin
analizler yapilir.

Radarlar, teknolojik olarak radyo dalgalari ile taginan enerjinin uzaktaki nesneye ulasip yansiyarak tekrar
kaynaga geri donmesi ile elde edilen bilgiyi isleyerek nesne tipi, yon ve uzaklik kestirimlerini yapabilen
cihazlardir [1]. Genel olarak kullanim alanlarina gére hava ve deniz radarlar1 olmak tizere ikiye ayrilirken,
calistig1 frekans bandina(x band, s band) gore de siniflandirilabilmektedirler. Bir radar temelde sinyal ireteci,
verici, alic1 ve anten yapilarindan olugsmaktadir [1] [2]. Bu yapisal diizende birden fazla kontrol edilebilen
anten teknolojisi kullanilarak adaptif hedef takibi ve 6nceliklendirme iglemleri gerceklestirilebilmektedir. Bu
islemsel siirecte, hiz, boyut, pozisyon ve yon parametreleri radar bagsarimini artirmak igin 6ncelikli olarak
kullanilmaktadur.

Son yiizyilda, endiistrinin pek ¢ok alaninda dogrusal olmayan karar sistemlerinde bagarimi artirmak amacryla
yapay zekd metotlar1 siklikla kullanilmaya baglanmugtir [3]. Ozellikle Zadeh, 1965 yilinda énerilen bulanik
kiime teorisi, bir kiimeye ait olma kararsizliginin daha iyi modellenebilmesi nedeniyle kontrol ve benzetim
alanlarinda siklikla kullanilabilir hale gelmistir [4]. Diger yapay zekd metotlarinin aksine uzman
deneyimleriyle olusturulan kural tabani yardimiyla parametre kestiriminde basariminin yitksek oldugu
gozlemlenmistir [4-6]. Son zamanlarda deniz araglarinin seyir siireglerinde, takip, tehdit ve ¢arpigma risk
analizi siniflandirmalarinda  Bulantk Mantik(BM) yaklasgimi basarith bir sekilde kullanilabilecegi
gosterilmistir.

Hava araglarinda; Beger ve arkadaslari, tasarladiklar1 4 girisli (Mesafe, Hiz, Irtifa ve Tirmanma Orani) ve
1(Tehdit seviyesi) ¢ikisli BM model tasarlanmigtir. Alinan girislere gore denizde veya havadaki araclar icin
tehdit seviyesi farkli senaryolar igin test edilerek basarim seviyesi ortaya konulmustur [7]. Er, yapmis oldugu
tez ¢aligmasinda, faz dizili radar optimum parametrelerinin ayarlanmasi amaciyla BM model tasarlamistir [8].
Modelde, hedefler tizerinde radar hiizmesinin hedef iizerinde kalma ve tekrar bakma siirelerini tanimlayan
TBS degerleri ayarlanmak suretiyle tespit ve takip bagarimi artirilmaya ¢aligilmistir. Son asamada model, farkls
test senaryolariyla test edilmis ve istatistiksel bagarimi ortaya konulmugtur. Coskun, 2021 yilinda 6nerdigi tez
calismasinda radar kaynakli bir hava savunma sistemi tasarlamistir [9]. Bu sistem radar bilgilerinden elde
edilen bilgileri giris alarak hedef nesnenin tehdit seviyesini BM model ile kestirmeye ¢alismaktadir. Testler
sonucunda 6nerilen modelin yaklagik %99.8 gibi yiiksek bir bagarima sahip oldugu gosterilmistir.

Diger taraftan deniz araglarinda; Shakuat ve Otero, deniz altilar i¢in ger¢ek zamanli bir konum tespit modeli
onermislerdir [10]. Bu model, BM ve radial temelli yapay sinir aglarini birlikte kullanarak degisen kosullarda
konum sapmalarini hizh tespit edebilmektedir. Onerilen modelin basarimi Monte Carlo simiilasyonlariyla
test edilerek gosterilmistir. Liu ve arkadaslari, gelecegin deniz araglar1 olarak kabul edilen otonom gemilerde
hedef gemi tiiriinii belirlemek amaciyla radar sinyalleri ve otomatik tanimlama sistemleri(AIS) verilerini
birlestirerek kullanan kalman filtreli hibrit bir bulanik mantik temelli karar sistemi olusturmuslardir [11].
Sistemin farkli senaryolar yardimiyla ¢oklu gemileri algilayabildigi gosterilmistir. Shi ve Arkadaslari, bolgesel
gemi carpigma riskini tahmin etmek i¢in bir BM model ortaya koymuslardir [12]. Yapilan analizlerde 6nerilen
modelin risk analizini basarili sekilde kestirebildigi ortaya konulmustur. Cinar, BM temelli bir radar kaynak
yonetim sitemi Onermistir [13]. Tasarlanan sistem, savas gemilerinin yogun trafik kosullarinda radar
sistemlerinin karar modiillerinden kaynakli gecikmeleri azaltacak sekilde hizli ve dogru karara ulasmay1
amaclamaktadir. Boylece daha giivenilir ve hatasiz radar takipleri icra edilecegi vurgulanmistir. Meng ve Tian,
hipersonik araglarin (HGVs) tanimlanip izlenebilmesi igin sirali radar verilerini isleyerek ara¢ tehdit
siniflandirmasini yapabilecek tip 2 BM modeli 6nermislerdir [14]. Bu modelde, radar yankilarindan gelen
darbeleri kutupsal olarak degerlendirip araglarin manevra, hiz, azimut ve mesafe verileri matematiksel olarak
hesaplanarak BM modele giris olarak sunulmustur. Simiilasyon sonucunda, modelin hedef araci kesin bir
izleme orani, ortalama ilk 6ncelik, net bir tehdit derecesi ve daha kisa bir dengeleme siiresi ile bagarili sekilde
tespit edip izleyebildigi ortaya konulmustur.
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Bu caligmada, literatiir aragtirmalarinda gozlemlendigi iizere deniz seyir siirecinde radar tabanli nesne
siniflandirma iglemi insan kaynagi tabanli olmasi nedeniyle insan hatalarini minimum indirmek ve son karara
yardimct bir akilli model olusturmak amaciyla literatiirde ilk defa uzman temelli BM tabanli bir siniflandirict
tasarlanmigtir. Elde edilen siniflandirici, sentetik olarak hazirlanan farkli senaryolar ile analiz edilip test
edilmistir.

2. Materyal ve Metod (Material and Method)

2.1. Veri seti ve On hazirlik (Dataset and Pre-proccessing)

Siniflandirici modelin tasariminda, hazir bir veri seti olmamasi nedeniyle askeri ve sivil radar seyir
uzmanlarindan bilgiler alinarak tasarlanan modelin giris kriterleri belirlenmistir. Ek olarak radar ciktilar
analiz edilerek belirlenen girislerin nicel sinirlart hesaplanmistir. Onerilen BM siniflandirici 4 giris ve 1 ¢ikisa
sahip olacak sekilde tasarlanmistir. Burada, Hiz, boyut, pozisyon ve yon bilgileri giris, Nesne sinifi bilgisi ise
cikis olarak segilmistir. Toplamda 1427 ornek ile olusturulan veri setine ait istatistik sonuglar Tablo 1’de
sunulmustur.

Tablo 1. Model girdi ve ¢iktilarinin istatistiksel sinirlari (Statistical limits of model inputs and outputs).

Min-Max Ort. Std
Hiz 0-40 (knot) 14.69 9.397
Girigler Boyut 0-500(m) 207.53 108.57
Pozisyon Sabit-Degisken 0.996 0.065
Yon 0-1 0.996 0.065
Cikis Simif 0-7

2.2. Bulanik Mantik (Fuzzy Logic)

Bulanik Mantik(BM) ¢ikarim sistemi(FIS), uzman deneyimine dayali bulanik kiime teorisine dayali bir yapay
zekd modelidir [3]. Genellikle kontrolcii olarak goriilen BM modeller son zamanlarda siniflandirici olarak ta
karsimiza ¢ikmaktadir. Temel olarak dogrusal olamayan test zorluklar: siirecinde uzman deneyimi ile
karasizlik durumunu ¢ok iyi modelleyebilmektedir [3] [4]. BM modeller; girislerin dilsel ifadeler ile
betimlenmesi (bulaniklastirma), Dilsel ifadelerden bulanik ¢ikislarin elde edilmesi i¢in kestirim kurallarinin
olusturulmasi (Kural Tabanr) ve bulanik ¢ikislarin gercek ¢ikislara doniistiiriilmesi (Durulastirma) siireglerini
icermektedir. BM basarim: en ¢ok deneyimlerden olusturulan kural tabanimna bagl olarak degismektedir.
Literatiirde, Mamdani ve Takagi-Sugeno ¢ikarim yontemleri ile bulanik kiimelerden dilsel ¢ikiglarin elde
edilmesinde siklikla kullanilan yontemlerdir [15] [16] .

2.3. Bulanik siniflandirict model (Fuzzy classifier model)

Caligmada, dort giris, 1 ¢cikish bulanik siniflandirici tasarimi gergeklestirilmistir. Model, Mamdani yontemi
temelli ve 4 giris — 1 ¢ikig olacak sekilde tasarlanmistir. Tasarima ait model blok diyagrami Sekil 1’de
gosterilmistir.

Hiz
Sinif
Boyut Bulamk Denetimli n
Pozisyon Siniflandirica
Yon

Sekil 1. Tasarlanan bulanik siniflandiricinin blok semasi (Block diagram of designed fuzzy classifier)

Model girisleri olarak, radar yansilariyla(echo) elde edilen Boyut, Hiz pozisyon ve yon gibi veriler secilmistir.
Boyut girdisi(Sekil 2a); 0-400m araliginda, 7 tyelik kiimesi kullanilarak, hiz girdisi(Sekil 2b); 0-40knot
araliginda, 4 iiyelik kiimesiyle, pozisyon(S$ekil 2c) ve yon(Sekil 2d) girdileri; 0-1 araliginda 2 iiyelik kiimesi ile
tasarlanmigtir. Diger taraftan, ¢ikis olarak 8 diyelik kiimesinden olusan smif bilgisi tasarimi
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olusturmustur(Sekil 2e). Burada 8 sinif; 0 bilinmeyen cisim, 1 kara pargasi, 2 samandira, 3 balikei teknesi, 4
destroyer, 5 firkateyn, 6 hiicumbot, 7 ucak gemisi olarak diisiiniilmustiir. Girisler ve ¢ikis bulanik fonksiyonlar
ile modellenerek tasarimin bulaniklagtirma agamasi gerceklestirilmistir.
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Sekil 2. Bulanik siniflandirici giris tiyelik fonksiyonlari, a)Boyut, b) Hiz, ¢) Pozisyon, d) Yon, e) Cikus tiyelik fonksiyonu (Fuzzy classifier
input membership functions, a):Size, b) Velocity, c) Position, d) Direction, ) Output membership function).

Uzman goriislerinden elde edilen kistaslar yardimiyla, bulanik siniflandiricinin kural tabani olusturulmus ve
ornek olarak, kural tabaninda kullanilan 8 adet kural Tablo 2’de gosterilmistir.

Tablo 2. Ornek kural taban1 uzay1 (Sample rule base space).

Kurallar Girigler Cikis
Boyut Hiz Pozisyon Yon Sinf

K1 sifir caz sabit yok 1

K2 cck caz degisken yok 0

K3 ck az degisken var 3

K4 bk az degisken var 6

K5 cck caz sabit yok 2

K6 b orta degisken var 7

K7 0 az degisken var 4

K8 o orta degisken var 4

Tasarimin son agamasinda ise agirlik merkezi ¢ikarim yontemi kullanilarak bulanik ¢ikislar durulastirilarak,
gercek cikiglara doniistiiriilmiistiir. Istatistiksel basar1 kriterleri yardimryla ortaya konulan modelin bagarimi
Olgtilmiigtir.
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3. Deneysel Sonuglar (Experimental Results)

Onerilen model tasariminda, literatiirde hali hazirda bir veri seti bulunmamaktadir. Bu baglamda, tasarim
asamasi seyir radar konusunda uzman personelin deneyimleri dikkate alinarak hazirlanmistir. Buradan
hareket ile tasarlanan modelin dogrulugunda giris ve ¢ikiglar arasindaki korelasyonun seviyesi artirilmaya
caligilmigtir. Onerilen bulanik modelin performansini analiz edebilmek igin, giris uzayna karsilik, ¢ikisin
yuzey grafikleri cizilerek karakteristiksel davranis ortaya konulmustur. Gozlemlenen yiizey grafikleri Sekil
3’te gosterilmistir.

Boyut

400

Pozisyon / Yon

(®)

Sekil 3. Bulanik siniflandiricinin 3D giris-¢ikis uzayindaki davranisy; a) boyut, hiz ve ¢ikis arasi, b) boyut, pozisyon/y6n ve ¢ikis arast
(Behavior of fuzzy classifier in 3D input-output space; a) between size, velocity and output, b) between size, position/direction and output).

Sekil 3’te goriildiigii gibi ¢ikis davranigini boyut ve hiz girdileri direkt olarak etkilemekte ve 6zellikle boyut
girdisi araliklarinda cikisin 6nemli olgtide etkilendigi gozlemlenmistir. Askeri seyir sirasinda radar
analizlerindeki beklentilerle ortiisen sekilde siniflandirma yogunlugunun 50-250m araliginda giirbiiz etkiye
sahip oldugu gortlmistiir. Diger taraftan, pozisyon ve yon bilgileri ayn1 aralikta siniflandirma keskinligini
artirtp basarimi artirdig: 6lgiimlenmistir.

Son olarak, tasarlanan siniflandiricinin bagarimini 6l¢gmek amaciyla uzman temelli gézlemler dikkate alinarak
sentetik bir veri seti olusturulmaya ¢alisilmistir. Veri seti sinir araliklarinda rastgele olarak belirlenmistir. Veri
setinde, her sinif i¢in birden fazla 6rnek olacak sekilde, aralik genislikleri g6z oniine alinarak homojene yakin
olarak 490 o6rnekli veri uzay: elde edilmistir. Elde edilen veri setinin dagilimini gostermek igin rastgele 48
ornek secilmis ve model bagarimi bu senaryo ile test edilmistir. Test kriterleri olarak, ortalama mutlak
hata(Mae), ortalama karesel hata(Mse) ve Determinasyon Katsayist (R2) kullanilmistir. Deneysel sonuglar
Tablo 3’te gosterilmistir.
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Tablo 3. 48 6rnekli rassal veri seti i¢in istatistik analiz sonuglari (Statistical analysis results for 48-sample random dataset.).

Tahmin Mutlak Karesel

Boyut Hiz Poz. Yon Beklenen edilen Fark Fark

2 3 1 1 0 0.0025 0.0025  0.0000
2 2 1 1 0 0.0016 0.0016  0.0000
0 0 0 0 1 1.0005 0.0005  0.0000
2 0 0 0 2 1.9995 0.0005  0.0000
4 0 0 0 2 2.0000 0.0000  0.0000
1 0 0 0 2 1.9995 0.0005  0.0000
5 0 0 0 2 3.0050 1.0050 1.0100
3 0 0 0 2 1.9995 0.0005  0.0000
23 6 1 1 3 3.0001 0.0001  0.0000
9 3 1 1 3 3.0005 0.0005  0.0000
51 8 1 1 3 4.5321 1.5321 2.3474
13 13 1 1 3 3.0001 0.0001  0.0000
17 11 1 1 3 3.0001 0.0001  0.0000
43 11 1 1 3 3.0641 0.0641  0.0041
30 7 1 1 3 3.0001 0.0001  0.0000
5 2 1 1 3 3.0007 0.0007  0.0000
150 28 1 1 4 4.2027 0.2027  0.0411
194 28 1 1 4 4.3239 0.3239  0.1049
161 12 1 1 4 4.0004 0.0004  0.0000
171 22 1 1 4 4.0002 0.0002  0.0000
179 4 1 1 4 4.0067 0.0067  0.0000
198 12 1 1 4 4.6519 0.6519  0.4249
180 28 1 1 4 4.0080 0.0080  0.0001
182 18 1 1 4 4.0149 0.0149  0.0002
106 30 1 1 5 4.9996 0.0004  0.0000
98 30 1 1 5 4.9996 0.0004  0.0000
138 23 1 1 5 4.8627 0.1373  0.0188
136 25 1 1 5 49162 0.0838  0.0070
145 11 1 1 5 4.5601 0.4399  0.1936
106 30 1 1 5 4.9996 0.0004  0.0000
116 9 1 1 5 4.9997 0.0003  0.0000
141 12 1 1 5 4.7520 0.2480  0.0615
55 35 1 1 6 5.9995 0.0005  0.0000
69 32 1 1 6 5.9996 0.0005  0.0000
62 22 1 1 6 5.9995 0.0005  0.0000
59 11 1 1 6 5.9995 0.0005  0.0000
62 18 1 1 6 5.9995 0.0005  0.0000
71 1 1 1 6 5.9994 0.0006  0.0000
66 30 1 1 6 5.9996 0.0004  0.0000
71 20 1 1 6 5.9995 0.0005  0.0000
367 4 1 1 7 6.9993 0.0007  0.0000
269 13 1 1 7 6.9993 0.0007  0.0000
214 20 1 1 7 6.3218 0.6782  0.4600
230 22 1 1 7 6.9346 0.0654  0.0043
316 18 1 1 7 6.9993 0.0007  0.0000
372 23 1 1 7 6.9993 0.0007  0.0000
357 7 1 1 7 6.9993 0.0007  0.0000
330 22 1 1 7 6.9993 0.0007  0.0000
Mae: 0.1142 R? 0.9739
Mse: 0.0975

Tablo 3’te goriildigii gibi, 48 ornekli rastgele secilen veri seti icin istatistiksel test sonuglari; ortalama mutlak
hata 0.11, ortalama karesel hata ise 0.097 ve determinasyon katsayzsi ise yaklasik %97 olarak elde edilmistir.

Diger taraftan sentetik olarak elde edilen 490 6rneKkli tiim veri setine ait istatistiksel basarim sonuglari da elde
edilmis ayr1 ayr1 tiim simiflara ait siniflandirma basarimi karmagiklik matrisi ve istatistiksel analiz ile elde
edilmigtir. Sekil 4’te tiim veri seti icin modelin sinifsal bagarim oranlar1 ve Tablo 4’te ise tiim veri seti i¢in
gozlemlenen istatistiksel bagsarim oranlar1 gosterilmistir.
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0 1 2 3 4 5 6 7
Tahmin Edilen
Sekil 4. Ttim veri seti i¢in sinif bazli bagarim oranlari (Class-based success rates for all dataset).

Tablo 4. Tim veri seti istatistiksel bagarim sonuglar: (All dataset statistical performance results).

Siniflar Mae Mse Dogruluk (%100)

0 0.002012 4.25311E-06 100
1 0.000495 2.45074E-07 100
2 0.201311 0.202005158 80

3 0.187613 0.254575179 87.64
4 0.095957 0.034915954 95

5 0.101563 0.049110894 93.75
6 0.000513 2.73184E-07 100
7 0.045727 0.035971431 95.79

R? 0.96858481

Sekil 4 ve Tablo 4 analiz edildiginde tasarlanan bulanik siniflandiricinin ortalama 0.085 mutlak hata, ortalama
0.072 karesel hata ile diisiik bir tahmin hatasina, 0.96 determinasyon katsayisi ile bagarili bir korelasyon
ortalamasina ve ortalama %94.49 dogruluk katsayisina sahip oldugu gériilmiistiir. Onerilen model, deneyim
tabanl olusturulan veri seti ile test edildiginde tiim siniflar i¢in %80 ve tizerinde smiflandirma basarimi
sergilemistir.

4, Sonu(;lar (Conclusion)

Deniz seyir siirecinde radar iizerinde nesne tespiti insan kontrolii ile saglanmaktadir. Bu nedenle, insan
kaynakli hata nedeniyle ticari ve askeri gemiler i¢in zaman zaman istenmeyen problemlerle
karsilagilabilmektedir. Bu ¢alismada, seyir siirecinde radar tahminlerinin yapay zeka ile yapilmasi amaciyla
bir karar destek sistemi ortaya konulmustur. Daha 6nce literatiirde ortaya konulmus bir veri seti olmamasi
nedeniyle burada uzman temelli bir yapay zeka algoritmasi olan Tip 1 Bulanik mantik metodu segilmis ve
literatiirde ilk defa bulanik tabanl bir radar tahmin modeli gelistirilmistir.

Tasarlanan model analiz edildiginde gorilmiistiir ki, bulanik siniflandirici 8 siufit bagarili bir sekilde
algilayabilmektedir(%80 ve tizeri). Analiz sonuglarinda, sirasiyla modelin; samandira i¢in araligin ¢ok diisiik
olmasi nedeniyle %80, balik¢1 gemisi icin %88, firkateyn i¢in %93.45, destroyer i¢in %95, ucak gemisi igin
%95.8, kara pargasi, bilinmeyen cisim ve hiicumbot siniflarini ise %100 basarim ile tahmin edebildigi
gozlemlenmistir. Toplamda bu ¢alisma ile literatiirde ilk defa radarlar icin akilli bir model sunulmustur.
Bulanik mantik algoritmasinin kararsizligi iyi modelleyebilmesi ve uzman tabanli olmasi nedeniyle
siniflandirma bagarimi yiiksek bir tasarim gerceklestirilmistir. Diger taraftan, ¢calisma ile literatiire yeni bir
veri seti ongoriisii de sunulmustur. Boylece gelecek ¢alismalara 11k tutacaktir.

Caligmanin kisitlari, bazi siiflarin 6l¢iim araliklarinin kisa olmasinin basarimi diigiirmesi, literatiirde daha
onceden bir veri setinin bulunmamasi ve segilen radara gore araliklarin degisebilirligi olarak
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ongoriilmektedir. Gelecek ¢aligmalarda, model tasarimu tip 2 bulanik model ve diger yapay zeka modelleri ile
gerceklestirilmeye caligilacaktir.
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