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Ozet

Endiistriyel ve askeri alanlarda, akilli sistemler ve robotik uygulamalari giderek 6nem kazanmaktadir. Deniz robotigi ve
sualti araglar1 iizerine olan arastirmalar, robot kolu ve bunun sualtinda bize sagladigi pozitif etkiler iizerine
yogunlasmaktadir. Ornegin, batik arastirmasi, cevresel analizler, arkeolojik arastirmalar, sualtinda 6rnek toplama
islemleri, gemi alt1 incelemesi ve tamiratinda sualtt araclart kullanilmaktadir. Bu ¢alismada, insanin ulagamayacagi ya
da ulasmakta giicliik cektigi sualtt iglemlerinde kullanilmasi amaglanan sualti araglari i¢in 2 eksenli robot kol
(manipiilator) prototipi tasarlamistir. Prototip, Rotasyonel-Rotasyonel (RR) hareketi yapmaktadir. 4 serbestlik dereceli
bir sualti aracina entegre edilmistir ve ugta bulunan kiska¢ ile cismi kavrayabilmektedir. Manipiilator hareketi,
kavranacak nesneyle ug islevci arasindaki mesafenin kameradan gorsel geri bildirimi araciligiyla yapilmaktadir. Bunun
icin gerekli gorlintii isleme yazilimi, Raspberry Pi 3 gelistirme karti iizerinde C Programlama dilinde OpenCV
kiitiiphaneleri kullanilarak hazirlanmistir. Kameradan alinan goriintii, RGB-HSV doniisiimii ile tizerinde goriintii isleme
yapilacak formata doniistiirilmistiir. Aracin kameradan alinan gercek zamanli veriler 1s18inda, verilen bir gérevi
otonom olarak yerine getirmesi hedeflenmistir. Arama, bulma ve cisim kavrama siiregleri i¢in uygun algoritmalar
hazirlanmistir. Su stii testlerinde kameradan alinan gercek zamanli goriintii ile renk bilgisine dayali olarak nesne ve
konum tespiti yapilmistir. Manipiilator, oransal denetim yontemi ile otomatik olarak ilerleyerek kendinden 20 cm
uzaktaki bir nesneyi 20 sn iginde yakalamistir. Sualti testlerinde nesne yakalamada sorunlar yasanmistir. Ancak
hazirlanan sistem altyapisi iizerinde daha uygun kameralar kullanilarak bagarimi arttirmak miimkiindiir.

Anahtar Kelimeler: RGB-HSV déniisiimii, Sualt: robotlar1, iki eksenli manipiilatér.

Image Processing Applications for 6 Degrees of Freedom (DOF) Underwater Vehicle
and Manipulator System

Abstract

Robotics applications have been gaining considerable prominence in military and industrial fields. Researches on
marine robotics and underwater vehicles focus on the benefits of use of the robot arm and its underwater applications.
For instance; underwater vehicles can be used for shipwreck research, environmental analysis, archaeological research,
underwater specimen collection and sub-ship inspection. In the study, the 2-axis robot arm (manipulator) prototype has
been implemented for underwater vehicles that are intended to be used in underwater operations that people cannot

1Sorumlu yazar serhaty@kocaeli.edu.tr, 2burakkilcil@gmail.com
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reach or have difficulty in reaching. The prototype performs Rotational-Rotational (RR) movement. It is integrated into
a 4 degree of freedom underwater vehicle and can grasp by the gripper end effector located in front of the vehicle. The
manipulator movement is fulfilled by visual feedback of the error from the target to be grasped to the end-effector with
a camera. The image processing software required for this process has been prepared by using OpenCV libraries in the
C programming language on the Raspberry Pi 3 development board. The image taken from the camera has been
converted by RGB-HSV conversion into the format on which the image will be processed. The vehicle is aimed to
perform an assigned task autonomously refer to real-time data from the camera. Appropriate algorithms have been
prepared for searching, discovering and gripping an object. In surface tests, an object and it’s location were determined
based on color information with real time image taken from the camera. The manipulator moved automatically with the
proportional control method and capture the object 20 cm away from itself within 20 seconds. There have been
problems with object capturing during underwater tests. However, it is possible to increase the performance by using
more suitable cameras on the prepared system infrastructure.

Keywords: RGB-HSV transformation, Underwater vehicles, Biaxial manipulator.

1. GIRiS

Insan hareketlerini tekrar edebilen ve benzer mekanik

yapilar1 olan robotlarin iretimi ve gelistirilmesi
giinimiizin en onemli c¢alisma konularindan biri
olmustur (Adar, Oren ve Kozan, 2013). Endiistriyel ve
insansi robotlar iizerine yapilan arastirma ve gelistirme
galigmalar1 sayesinde, tiretim Kalitesi, verimliligi ve
tiretim robotlarmin kontrol hassasiyeti her gegen giin
artmaktadir (Conker ve Karaca, 2019). Robot
manipiilatdrlerin yapist ve hareket kabiliyeti insan kol
hareketlerine giderek yaklagsmaktadir ve bu konu
iizerinde caligmalarin yogunlastigi gozlemlenmektedir
(Michalec, 2011). Robotlara insan duyularmma benzer
ozellikler kazandirabilmek icin algilayicilar
kullanmilmistir (Kanda vd., 2002). Bu sekilde robotlar
giderek daha yetenekli hale gelmektedir. Endiistri 4.0 ve
Nesnelerin Interneti (IOT) gibi gelismelerle beraber
evlerde, sokaklarda, fabrikalarda yani hayatimizin ¢ogu
yerinde akillt nesneler ve bu nesnelerle haberlesebilen
mobil cihazlar olacaktir. Bununla beraber sanayideki
insan giiciine duyulan ihtiya¢ azalarak yerlerini

robotlara birakacaktir.

Sualt1 araci ile robot kolunun entegrasyonu sualtinda
yapilan isleri oldukg¢a kolaylagtirmistir (Aras vd., 2017).
Omegin batik arastirmasi, cevresel ve arkeolojik
aragtirmalar, sualtinda 6rnek toplama islemleri ve gemi
alti tamiratt gibi insan Kabiliyetlerinin kimi zaman
yetersiz kaldigi durumlarda sualt1 araglar1 kullanilabilir.
Giliniimiizde, ¢ok derinlerde kullanilabilen, bir veya
daha fazla manipiilatorle donatilmis Uzaktan Kumandali
Araglar (ROV) lizerinde ¢ahisilmaktadir (Antonelli,
2014). Robot manipiilatorler, girig gerilim ve akimlarini
esglidiimlii olarak ayarlayarak istenen ag1, hiz veya
yonelim ¢ikislarin1 saglayan birden fazla motor ve
stirlicti sistemine sahiptir. Bu nedenle ¢ok girisli-cok
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¢ikiglt (Multi Input-Multi Output -MIMO) sistemlerdir.
Bu tip sistemlerin, dogrusal bir modeli olusturularak
kontrol edilmesi olduk¢a giigtiir (Boughdiri vd., 2012;
Katibeha, Eghtesadb ve Bazargan-Laric, 2016). Bu
konuda yapilan bir ¢aligmada, sualtindaki nesnelerin
takibini yapmak ve konumlarini hassas bir sekilde tespit
etmek i¢in, sualti aract ve robot kolundan olusan
otonom bir sistem tasarlanmistir. Gortinti isleme ile
nesne tespit edilmekte ve ara¢ bulanik mantik yontemi
ile nesneye yaklasmaktadir. Eklemlerin hizi ve konumu,
ters kinematik hesaplamalarla, ug islevci tam nesneyi
tam kavrayacak konuma gelene kadar ayarlanmaktadir
(Cai vd., 2020). ROV’lar genellikle gemi ve ugak
batiklarinin, sualt1 tinel ve  magaralarinin
aragtirilmasinda kullanilir. Bu nedenle dar alanlarda
Klasik

Oniine

genis doniis acisina sahip olmalar1 gerekir.
ROV’lar bu sartlarda ¢alisamaz.
gecebilmek icin yapilan bir ¢alismada, yazarlar agirlik
merkezini ayarlayarak yiiksek manevra kabiliyetine
ulasan kiiciik boyutlu yeni tip bir ROV tasarlamistir
(Tolstonogov vd., 2019). Bagka bir ¢alismada,
sualtindaki nesne goOriintiisii  karadaki operatdre
yollanmaktadir. Operatdriin kol hareketi goriintii isleme
metodlar ile algilanip manipiilator eklemlerindeki a1
hareketleri ile eslestirilmekte ve nesne kavranmaktadir
(Hu vd., 2019).

Bunun

Araglarin daha bagimsiz ¢alisabilmesi ve ROV
operatorlerinin, sualtinda kaynak yapmak, vana acip
kapamak gibi tekrarlayan gdrevlerini azaltmak igin
sualt1 araci ve robot kolundan olusan otonom sistemlere
ihtiya¢ artmigtir. Otonom sualtt aract (OSA) ve
manipiilatorden olusan bir sistemin dinamik modeli ve
benzetimi, OSA ve manipiilatdriin ayr1 ayr1 modiiller
seklinde modellenip birlestirilmesi ile elde edilebilir.
Yergekimi, siiriiklenme ve kaldirma kuvvetleri ile yalpa,
yunuslama ve yonelme momentlerinin arag ve kol
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kiitlelerinin  hizlarma etkisi bilgisayar ortaminda
gozlenerek aracin  yaklagik dinamik  davranist
kestirilebilir. Biiyiik sualti araglarinda baglant1 etkileri
onemsiz olabilir. Ancak kiiciik araglarda denetleyici
gelistirirken kol hareketinin ana gdvde iizerine etkileri
dikkate  alinmalidir ~ (Periasamy,  Asokan  ve
Singaperumal, 2012).

Sualtt aracindan goriintli alma, akustik olarak iletme ve
goriintll isleme iglemleri bu alanda yer bulan diger bir
calisma konusudur. Ornek olarak bir calismada sualti
aracindan alian goriintiiler, Canny Kenar Bulma, Hue,
Luma ve Saturasyon algoritmalart kullanilarak
iyilestirilmigtir ~ (Manu  ve Karthik, 2020).
Manipiilatorlerin belirli bir ¢alisma uzay1 ve izlemesini
istedigimiz bir yoriingesi vardir. Istenenleri yerine
getirebilmek  igin kinematik
hesaplamalar1  gerekebilir. calismalarda bu
hesaplamalar i¢in karmagik geometrik yontemleri ve

eklemlerin  ters

Bazi

islem yiikii getiren sayisal yontemleri birlestiren
yontemler Onerilmistir (Routray vd., 2019). Goriintii
isleme uygulamalarina yonelik yapilan Ornek bir
caligmada ise denizden 100 m derinlikte goriintii isleme
yontemleri ile deniz kabuklar: tespit edilip araca monte
edilen sabit bir kolun vakum sistemiyle toplanmuistir.
Burada kol hareket etmemektedir. Bu nedenle aracin,
nesnenin tam stiine gelip sabit kalmasi zorunludur
(Nishida vd , 2019). Benzer bir ¢alismada sualt1 araci
farkli renkte {i¢ nesneyi referans alarak kendi konumunu
tespit etmektedir. Ardindan hedefe en kiigiik kareler
yontemiyle yaklagarak iizerine monte edilmis sabit kol
ile nesneyi yakalamaktadir (Mangipudi ve Li, 2019).

Bu calismada; 4 serbestlik dereceli bir sualti aracina
monte edilmis 2 serbestlik dereceli manipiilatér sistemi
(SAMS) tasarimi verilmigtir. Manipiilatér ashinda 3
serbestlik derecesine sahiptir ama bu ¢alismada kontrol
icin iki eksen (x-y) kullanmis, yukar1 asagi ekseni (z)
belirli bir degere ayarlanip sabit tutulmustur. SAMS
bir tespiti  ve
manipiilator ile nesneye ulasilarak onu yakalama
stirecleri kullanilan goriintii isleme ve eksenel denetim
algoritmalar1 {izerinden agiklanmistir. Manipiilatoriin
hareketli olmasi, sualti aracinin serbestlik derecesini
idealde 2 derece daha arttirarak nesneye yaklagma
kosullarini daha esnek hale getirmektedir. Arac govdesi,
kontrol karti ve iizerindeki tasarlanan
SAMS’ne 6zgiin olarak hazirlanmistir. SAMS, {izerinde

tzerindeki kameradan nesnenin

yazilimlar

yeni uygulamalar ve kontrol yontemleri gelistirmeye
actk  olarak  tasarlanmigtir.  Nesnenin  sualtinda
algilanmasi kisithidir. Suyun kiriciligi, konum tespitini
zorlastirmaktadir. Stereo kamera kullanilmasi basarimi
arttiracaktir.
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2. MATERYAL VE METOT

2.1. Lucky Fin insansiz Sualti Arac1

Kocaeli Universitesi Elektronik ve Haberlesme
Miihendisligi bolimiinde gelistirilen Lucky Fin isimli
Insansiz Sualti Araci iki sephiye, buna ek iki itis ve
manevra motoruna sahip dort serbestlik dereceli sualti
aracidir. Uzerindeki manipiilator ise sag-sol (y) ve ileri-
geri (x) olmak iizere 2 serbestlik derecesine sahiptir
(Sekil 1). Arag¢ kontrol karti iizerindeki Raspberry Pi
mini bilgisayar1 kameradan gelen goriintiiyli isleyerek
hedefle ug islevci arasindaki mesafeyi hesaplamaktadir.
Servo motorlar bu mesafe her eksende sifir olana kadar

ileri yonde c¢alisir ve kol nesneye uzanir. Ug islevci
nesneyi yakalar (Sekil EK.1)

Sekil 1. Lucky Fin insansiz SAMS
2.2. Raspberry Pi 3 Model B+

Onerilen sistemde goriintii isleme ve denetim siiregleri,
Ogrencilerin  gomiilii yazilim
geligtirmeleri icin tasarlanmis bir mini bilgisayar olan
Raspberry Pi 3 Model B+ (Choy vd., 2020) iizerinde
yiriitilmektedir (Sekil 2). Bu g¢aligma kapsaminda
Raspberry Pi, goriintii geribildirim verisini isleyerek,
sualt1 araci lizerine monte edilmis 2 serbestlik dereceli
robot kolunu denetlemistir. Ardunio, kullandig1 yiiksek
seviyeli programlama dili nedeniyle gerek kodlama,
gerek uygulama agisindan Raspberry Pi’ye gore daha
kullanigh bir gelistirme platformudur. STM tabanh
gelistirme kartlar1 ise degistirilebilir giris ¢ikis adresleri
ve diisiik maliyeti nedeniyle tercih edilmektedir.

sistemler iizerinde
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Sekil 2. Raspberry Pi 3 Model B+

Bu uygulamada ¢ok fazla giris ¢ikis  birimi
bulunmamaktadir. PWM adreslerinin sabit olmasi bir
sorun olusturmamaktadir. Buna karsilik, islem
kapasitesi yiiksek bir mini bilgisayar olmasi, OpenCV
kiitiiphanelerinin ~ kurulabilmesi, bu  kiitiiphane
iizerindeki goriintli isleme kiitiiphanelerine erigim
saglanabilmesi, kameradan alinan verilerin gecikmesiz
islenmesine ve goriintii isleme algoritmalarinin kolay
yazilmasina  olanak  saglamaktadir. 2  eksenli
manipiilatoriin  gergek zamanh kontroli igin gerekli
yazilim kodlar1 Python dilinde hazirlanmig ve
kullanilmastir.

2.3. Dort Serbestlik Dereceli Sualt1 Araci

Diinya (D) referans cercevesi ve aracin hareket
edebildigi yerel eksenler Sekil 3’te verilmistir. Arag
yatay motorlar ayni hizda ¢alistiginda x dogrultusunda
diizlemsel olarak ilerlemektedir. Farkli hizlarda veya
ters yonlerde calistiginda ise z ekseni etrafinda r agisal
hiziyla ve y acisal yer degistirmesiyle donmektedir.
Aracin dikey motorlar1 ayni hizda calistiginda z
dogrultusunda batmaktadir. Farkli hizlarda veya ters
yonlerde c¢alistiginda ise p agisal hiziyla ve ¢ agisal yer
degistirmesiyle x ekseni ¢evresinde donmektedir (Tablo.
Ek.1).
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Sekil 3. Sualti Aracinin Serbest Hareket Ettigi Yonler

2.4. ki eksenli RR (Rotasyonel-Rotasyonel) Robot
Kolu

RR eksenli (eklemli) robot kolu, 2 eksende agisal doniis
yapan bir manipiilator smifidir. Hareket eksenleri
sirastyla insanin omuz ve dirsek hareketlerine benzer
(Sekil 4). Elin kavrama islevi ise ug islevci tarafindan
yapilir (Ataman, 2017). Bu rotasyonel hareketler robot
koluna esneklik saglar, c¢alisma uzayini genisletir ve
hedefe ulagma siiresini kisaltir. Buna karsilik eklemleri
harekete geciren servo motorlarin her birinin hata
paylart  denetleyicilerden alinan  geribildirimlerle
diizeltilmelidir (Sahbaz, 2018). Ayrica her bir eklemin
kendi referans gergeveleri iizerinden birbirine gore bagil
doniisim hesaplamalar1 olduk¢a karmasik oldugundan
RR tipi robot kollarinin etkin olarak denetimi oldukca
onemlidir.

Sekil 4. iki eksenli manipiilatér (Calismada 3. eksen
kontrol edilmemistir)
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2.5. Manipiilatoriin Denetim Semasi baglantilarinin, motor ve siiriiciilerinin bulundugu bir

kontrol karti tasarlanmistir.  VNC Viewer yazilimi ile
Uygulama  asamasinda ilk olarak Raspberry Pi mikrodenetleyiciye uzaktan erisilebilmektedir.
yapilandirilmistir.  Robot kolunda her bir eklemin Raspberry Pi 1 A, manipiilator ise 2 A ile giic kaynag
strayla hareketini gdzlemlemek icin servo motorlar dénce {izerinden beslenmektedir. Robot Kolu,
kademeli bigimde kontrol edilmistir (Sekil Ek.1). mikrodenetleyici, gii¢ kat1 ve bilgisayar baglantilarinm
Denetim ve haberlesme islemleri igin {izerinde prensip semast Sekil 5 °te verilmistir.
algilayicilarin, mini bilgisayarin, haberlesme

2 EXSENL MANIPULATOR ’

— _
24 T' R
BAGLANTI EXRAN
vVE FARE
. : KONTROL KLAVYE VE
POWEREANI DEVRESI DIGER ARACLAR

RASPBERRY P

WIFI
—
MCDEM
BILGISAYAR \.‘.lm
TABLET
VNC VIEWER — TELEFON -«
VB

Sekil 5. iki eksenli manipiilator denetim sisteminin semasi

2.6. Sualti Araci1 ve Manipiilator Sistemi icin Grafik Servo Kontrol

Arayiizii Tasarim kiskac
1100

Arayiiz, Python dilinde, Tkinter arayiiz modiilii 1

kullanilarak hazirlanmistir. Arayiiz {izerinde yukari-

yukari-asagi ileri-geri

asagl, sag-sol, ileri-geri ve u¢ islevcinin agilip-
kapanmasini saglayan motor islevleri olusturulmustur.
Manuel kontrolde, nesnenin yiiksekligi gozle tespit Izoo:l
edilebildigi i¢in otomatik kontrolde kullanmadigimiz
yukar1 asagi ekseni de kullamilmistir. Yapilandirmalar
sonucunda olusturulan GUI ekrani Sekil 6.’da
verilmistir. Bu arayiiz ile arag, kullanici tarafindan el ile
yonlendirilebilmektedir.

Sekil 6. Robot kolu i¢in hazirlanan el ile denetim
arayuzi
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2.7. Ger¢ek Zamanh Goriintii isleme ile Manipiilator
Denetimi

USB kameradan alinan goriintii tizerinde; kirmizi
etiketli kiskag ile mavi etiketli nesne arasindaki mesafe,
2 boyutlu imge uzayinda piksel bazli hesaplanmistir. Bu
calismada nesne olarak genelde kalem, ¢ubuk gibi,
robot u¢ islevcisi hangi yiikseklikte olursa olsun z
(yukar asag1) dogrultusunda yakalanabilecek uzunlukta
nesneler secilmistir. Kameradan alinan goriintii bir
gerceveye kaydedili. RGB’den HSV  uzayina
doniistiiriiliir. Nesne ve Ug Islevei 6nceden tanimlanan
renk araliklari i¢inde tespit edilir. Nesnenin merkezi ve
uc¢ islevcinin merkezinin konumlar1 arasindaki fark
hesaplanir. Aralarindaki mesafe hata olarak kabul
edilmistir. Bu hata oransal olarak azaltilarak belli bir
mesafeye gelindiginde cisim kavranmigtir. Programin
PseudoCode’u Sekil 7’de verilmistir. Goriintiide
renklerin HSV renk uzayindaki esik degerleri
belirlenmistir. Pikseller aras1 mesafe (Denklem 1)’deki
gibi hesaplanabilir (Ataman,2017);

|AB] = /(x2 — x1)% + (y2 — ¥1)? 1)

Burada mavi ile isaretlenmis hedefin x eksenindeki
koordinatt x, ile, kirmizi ile isaretlenmis ug¢ islevcinin
bu eksendeki koordinati x; ile ifade edilmistir. Benzer
sekilde mavi hedefin y eksenindeki koordinati y,,
kirmizi ile isaretlenmis ug¢ islevcinin bu eksendeki
koordinatt y,’dir. ~ Kamera, u¢ islevci ve nesne
arasindaki konum hatasim1 geri bildirir. Denetleyici,
robot kolu u¢ islevcisini hareket ettirmek icin hata ile
orantili olarak servo motoru c¢alistinir. Ug islevci
ilerleyerek referans konum olan, nesneye ulasir.
Hassasiyet ve kesinlik gerektiren kontrol uygulamasi
yapilmak istendiginde kapali ¢evrim oransal kontrol
yontemi kullanilir.
uzunlugunun

Kullanilan goriintiiniin  kdsegen
hesaplanmasi ve
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kosegenin piksel uzakligina boliinmesi ile 1 pikselin
uzunluk degeri hesaplanabilmektedir. Sekil 8.’de
bulunan imgeler gosterilmistir. Bu islem ile beraber
konumu bilinen manipiilatériin nesneye olan gergek
uzakligi hesaplanabilmektedir. Nesnenin
yakalanmasinda; hesaplanan mesafe iizerinden iki
cksende oransal kontrol yapilir. Oncelikle kolun ana
govdesini tagiyan gévde servo motoru (yazilimda gévde
degiskeni ile temsil edilmistir) z ekseni etrafinda ¢
acistyla sag-sol (y) yoniinde oransal hareket eder. Yer
degistirme ise z’ye dik olan x-y diizleminde olur.
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/ /Kiitiiphaneleri projeye dahil et
import RPI.GPIO , cv2, time , math...
// Projede kullanilacak kamera kaynagi ve GPIO pinlerini tanimla ve gdrunti
// boyutlarini ayarla
cap=cv2.Videocapture (0) ...
Camera 320x240 ayarla
pi=pigpio()// servomotorlari surmek icin gerekli kiitiphane

// Projede kullanilacak dediskenleri tanimla ve ilk dederlerini ata
Kiskac (ugislevci servomotorunun iceridi), govde (y ekseninde nesnenin karsisina gelmeyi
saglayan servomotorun verisi),yukariasagi (bir kez kullanilacak), AB(karesel ortalama hata,
ilerigeri (x ekseninde nesneye ilerleme sadlayan
servomotorun verisi), mesafe2 (y eksenindeki hata), mesafel (x eksenindeki hata),
kazanc (oransal kazang) ...

// Kolu baslangi¢ konumuna getir: GPIO pinlerine bagli
7. pindeki servo motora kiskac dederinin darbe genisliginde PWM ver.
11. pindeki servo motora ilerigeri darbe genisliginde PWM ver.
8. pindeki servo motora yukariasagi dederinin darbe genisliginde PWM ver.Daha sonra hep
bu ylukseklikte kalacak, degismeyecek),
9. pindeki servo motora govde degerinin darbe genisliginde PWM ver.

// Programin calisacadi dongliyi baslat
WHILE AB<1
//Gorintiiniin giincel karesini (opencv2 ile) yakala
// ve frame dediskenine kaydet
// Gorlintiiyt orjinal hali ile gdster
cv2.imshow ('original', frame)
// 25 milisaniye boyunca klavye girdisi bekle
// imgeyi BGR (Blue Green Red) den
// HSV (Hue Saturation Vibrance) renk uzayina doniistiir
hsv=cv2.cvtColor (frame, cv2.Color BGRZ2HSV)
//Belirli bir Mavi Esik dederi belirleyerek hedefin merkez konumunu
//bul, ilgili pixelleri mavi ile maskele
IF BETWEEN lower blue, upper blue, maskblue
ELSE PRINT (‘Nesne bulunamadi’) ; EXIT
//Belli Kirmizi Esik dederi belirleyerek u¢ islevcinin merkez konumunu bul
lower red, upper red, maskred
// orta noktalarini nokta olarak isaretle
redpoint, bluepoint

//y ekseni boyunca redpoint ve bluepoint in frame icindeki y koordinatlarini bul.range(1:319)
yl=KoordinatRedpoint y ; y2=KoordinatBluepoint y
//x ekseni boyunca redpoint ve bluepoint in frame i¢indeki x koordinatlarini bul.range (1:239)
x1=KoordinatRedpoint x; x2=KoordinatBluepoint x
Mesafe2= y2-yl;
Mesafel= x2-x1;
AB= sqrt (sqr (Mesafe2) +sqr (Mesafel))
//y ve x eksenindeki servomotorlarin konumunu oransal kontrolle gilincelle (dénglide hata sifira
//yaklasana kadar
Govde=Govdetkazanc*Mesafe?2
ilerigeri=ilerigerit+kazanc*Mesafel

END WHILE

WHILE Akim<Esik Akim Dederi
Kiskac=kiskac+1l

END
Sekil 7. Goriintii Isleme ve Oransal Kontrol Programi (Pseudo Code)

Hatanin y bileseni oransal olarak azalir ve sonunda |AB| = 0’a ¢ok yakin bir degerdir. Burada geri besleme

ortadan kalkar. Diger yandan dirsek servo motoru ile oransal kontrol yapilarak nesneye ulasilmistir.

(yazilimda ileri-geri degiskeni ile temsil edilmistir) x
dogrultusunda oransal kontrol ile ilerleyerek ug islevciyi
nesneye ulagtirmistir (Sekil Ek.1). Artik bileske mesafe
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Sekil 8. Tespit edilen imgeler

Ug islevci bu agamadan sonra nesneyi yakalar. Bu
calismada, sualti aracimin kendisi nesne yakalarken
hareket halinde degildir. Operator tarafindan getirildigi
noktada sabit durmaktadir. Manipiilatoriin denetim blok
semasi Sekil 9 'da verilmistir:

e 1. Adimda, manipiilatér z dogrultusunda belirli bir
yiikseklige ayarlanir.

e 2. Adimda kameradan alian geribildirime gore y ve

x eksenlerinde ilerlenir. x eksenindeki ilerleme igin en

uygun kazang degeri, deneme yanilma yolu ile Kp=0.7
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secilmistir. Yiiksek K, degerlerinde ug islevci nesneye

carpip disiirmiistir. Disiik degerlerde ise ilerleme

yavas olmustur. Gvdenin sag ve sol hareketinde kazang
daha yiiksek segilebilir. Ancak bu ¢alismada aym
sec¢ilmistir.

e |AB| mesafesi 1 pixelin altina inince 3. Adima
gecilir ve kiskag nesneyi kavrar. Belirli bir akim
sinir degerine ulasinca hata sifir olur ve kiskag servo
motoru son PWM degerini korur.
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L ) A‘_i"” Yukari Asagi z eksenindeki
Sablt bll:Zl PWM Hareket g R Manipﬁlatér’ﬁn Z gergjek konum
yiiksekligininde > ”| dogrultusundaki —>
kalacak ag: Omuz Dinamigi 21
degerinin PWM Servo motoru
karsiligi
2. 4 . .
) dim y eksenindeki u¢
l'(Stenen Vo Vi islevci (u.i)
onum ) Saga ve Sola
¥ Kazang PWM Hareket Manipiilator’iin y gergek konumu
Yyo—> > - : >
dogrultusundaki Vi
............ K, Govde Dinamigi
' Servo motoru
: Kamer
| Geribilflirimi
' istenen PWM
i konum  X2- fleri ve Geri x eksenindeki u.i.
; ot Kazang N Hareket Manipiilatér X | gercek konumu
! i . dogrultusunda X1
; ! K, Dirsek Servo ki Dinamigi
! i motoru
Kamera
: Geribildirimi |
Y2 V1 Xo. Xy
U=I4Bl = V(xz—x1)?+ (2 —m)?
i |ABI|<1? E: 3. Adim K .
) Kavrama Hareketi iy Karst
Istenen + Kazang PWM Kiskacin Di,inc Kuvveti
Akim Tst . > ' . Dinamigi —>F
Simirt K Ug Islevci
Servomotoru
Kiskagtaki Kgyv?t-kalm
onusumu
stkismanin akim
karsilig Akim Sensérii
Sekil 9. Sisteme ait kapali ¢evirim kontrolii
3. BULGULAR nesne hareket ettirilerek koordinatlarindaki degisim

Ayn algoritmay1 farkli renkte nesneleri tespit ve
yakalama i¢in kullanabilir, aranacak rengi Onceden
tanimlayarak  farkli nesne tespit uygulamalar
yapabiliriz. Renk kontrol paneli {izerinden hangi rengin
aranacagl ayarlanabilmektedir (Sahbaz,2018). Tespit
edilen renkli nesnenin siyah beyaz goriintiisii ekranin
sag lstinde gosterilir. Nesnenin etrafinda otomatik
olarak pembe bir gerceve olusur ve X, Y, zZ koordinatlar
ise sag altta gosterilir. Sekil 10’da ug islevcinin tespiti,
Sekil 11°de ise nesnenin tespiti verilmistir. Ug islevci ve
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ekranda sayisal olarak raporlanmistir.

SAMS, uzanabilecegi bir mesafe olan 20 cm’e kadar
nesneye miidahale etmez. Bu mesafeye kadar sadece
(tarama) yapar. Bu mesafenin altinda,
manipiilatér nesneye yaklasmaya baslar ve kavrama
hareketini gergeklestirir. X, y, z verileri tespit ettikleri
rengin merkezinin o anki koordinatlarmi vermektedir.
Kontrolde z; ve z; kullanilmamaktadir. Ug islevciden
alman xi, y1 ile nesneden alinan x», Yy» koordinatlari
arasindaki fark denetim siirecini belirlemektedir.

Olglim
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Testler su altinda tekrarlanmistir. Nesne algilanmis,

manipiilatdr tepki vermis ancak su {istiindeki basari elde
edilememistir.

Orjinal i =

Siyah Beyaz Resim Sl

C\opencv\OpenCv\x64\Debug\OpenCv.exe

I ™ Kontrol Paneli - & - o
Xtk ekoen: 160 — | —t

eksen11: 179 —J
eksen2: 150 — J_
eksen22: 255 —J

Otomatikler REETENFIS]

eksen3: 60 —— J—

Sekil 10. Manipiilator ug islevcisinin tespiti ve koordinat bilgileri

84 16
163.013

FUEEER— Kayt i

Sekil 11. Hedef nesnenin tespiti ve koordinat bilgileri
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uzakhk

Zaman (saniye)

Sekil 12. Manipiilatoriin konumunun zamana bagli olarak cisme olan |AB| uzaklik degisimi

3.1. Deneysel Sonuclar

Kameradan alinan goriintiiniin islenmesi sonucu elde
edilen uzaklik islemciye aktarilmig ve bu uzaklik verisi
kullanilarak cisme otomatik yaklasim saglanmistir.
Sekil 12°de iglemciye aktarilan |AB| bileske uzaklik
bilgisinin zamana gore degisimi gdzlenmektedir.
Hazirlanan yazilim, hesaplanan mesafe iizerinden Yy
ekseninde robot kolu govdesine sag-sol hareketi
yaptirirken diger yandan x dogrultusundaki dirsegi ileri-
geri dogrultusunda ilerletmektedir (Sekil Ek.1). Burada
geri bildirim ile oransal kontrol yapilarak nesneye
ulasilmigtir. Kavrama hareketi, kiskag tizerindeki servo
motorun c¢ektigi akim belirli bir degeri gegene kadar
devam etmistir. SAMS, dip akintilari, suyun kaldirma
kuvveti gibi akiskan etkilerin bulundugu
ortamlarinda hassas gorevleri yerine getirebilmek igin
hava ortamina gore daha yavas hareket etmelidir (Sekil
Ek.2). Ug islevcimiz olan kiskag, kendinde 20 cm kadar
uzakta olan bir nesneyi, goriintii isleme ve kontrol
algoritmalarin1 kullanarak su istii testlerde 20 sn.’de
yakalamigtir. Su altinda ise kirilmanin farkli olmasi
nedeniyle yakalayamamustir.

sualti

4. TARTISMA VE SONUCLAR

2 cksenli manipiilatdr tasarimi gergeklestirilmistir.
Manipiilator sualtt aracina entegre edilmistir. Gorsel
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arayliz ekranindan manipiilatoriin otomatik ilerlemesi
izlenmistir. Sabit bir kameradan alinan gercek zamanl
goriintii ile nesne tespiti ve yakalanmasi saglanmistir.

Tek kamera kullanilarak yapilan hesaplamalar yerine,
paralel konumlandirilmig iki kameradan stereo goriintii
olusturarak derinlik analizi yapilabilir. Boylece
nesnenin 3 boyutta konumu hakkinda daha saglikli
sonuglar alinabilir. Literatiir ¢aligmalarinda agirlikli
olarak sekil bilgisi referans alinarak nesne tespit
edilmektedir. Kontrol yontemi olarak ise bulanik
mantik, yapay sinir aglari (YSA) gibi daha yeni kontrol
yontemleri denenmektedir. Bu ¢alismada, renk bilgisine
dayali nesne tespiti yapilmistir. Bu durum, sualtinda
nadir bulunan ve ayirt edici bir renge sahip nesnenin
tespitini kolaylagtirmaktadir. Ancak yontem, yosun gibi
dogal bir ortii ile kaplanmig nesnelerde etkin bigcimde
calismayacaktir. Manipiilator eksenleri PWM girisi ile
orantili ac1 degerleri veren dogrusal bir yapiya sahiptir.
PWM girisi ile itici motorlar arasinda da dogrusala
yaki bir iligki vardir. Dogrusal sistemlerde bulanik
veya YSA denetleyicilerin oransal denetleyicilere gore
belirgin bir Ustlinliikleri bulunmamaktadir. Eklemlerin
hizi ve konumu bazi ¢aligmalarda ters kinematik
hesaplamalarla yapilmaktadir. Oransal kontroliin iteratif
yapisina  gore, eksen konumlarmin  dogrudan
hesaplanmas1 ve ayarlanmasi onemli bir iistiinliiktiir.
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Ileride yapilacak c¢alismalarda eksen konumlari
kinematik hesaplamalarinin yapilmasi planlanmaktadir.

Daha 6nceden 6rnek verdigimiz Nishida vd. (2019) nin
calismasinda, goriintii igleme yontemleri kullanilarak
sualt1 aract deniz kabuklarinin tam iizerine getirilmeye
calistlmistir. Ciinkii yapilan ¢aligmada nesneler sabit bir
vakum Kolu ile toplanmak istenmistir. Nesneye
yaklagma ve kavrama asamalarinda manipiilatoriin
eksenel agilarinin  ayarlayabilmesi, sualti aracina
esneklik saglamaktadir. Yapilan bazi c¢aligmalarda,
operatorin kol hareketleri goriintli isleme veya
giyilebilir sanal gerceklik eldivenleri ile manipiilatdre
bildirilmektedir. Bu ¢aligmalar, gelismis birer ROV
uygulamasi olmakla birlikte, operatdre bagimliligi
devam ettirmektedir. Ancak bu ¢alismada oriintii isleme
ile nesnenin ug¢ islevciye olan uzakhiginin tespit

edilmistir. Buna gore manipiilatér ug¢ islevcisinin
otomatik olarak nesneye yaklasmasi saglanmistir. Bu da
sualtt aracinin  otonomlugunun artmasina  katki
saglamaktadir.
TESEKKUR
Yazarlar, c¢alismaya katkilarindan dolayr  Halit
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EKLER
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Sekil EK 1. Sisteme ait akis semast

Sekil Ek 2. Kocaeli Universitesi Lucky Fin Sualti Arac1 + Manipiilator sisteminin sualti testleri
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EKB

Deneysel calismalar sirasinda Lucky Fin aracindan elde
edilen en yiiksek hizlar Tablo Ek.1’de verilmistir
(Colgegen, 2019; Kulag, 2019; Kilci, 2020; Ergan,
2014).

Tablo Ek 1. Dért Serbestlik Dereceli Lucky Fin Sualti
Aracinin Hareket Eksenleri ve Aragtan Elde Edilen En
Yiiksek Hizlar

Dogrusal
Serbestlik | - reketin | YT Dogrusal ve
Derecesi Tanim Degistirme agisal hizlar
(DOF) ve Euler |2
acilari
1 X yoniinde X u=0.12 m/s
dogrusal
5 z y6niinde z w=0.2 m/s
dogrusal
X ekseni
gevresinde =Olci i
3 sl ) p=Olgiilemedi
yalpa
z ekseni
4 cevresinde v r=5°sn
ag1sal rota
EKC

Jacobiyen Matrisinin Elde Edilmesi

Jacobien matrisi; diinya, sualti aract ve manipiilator
eklemlerinin kendi referans c¢erceveleri arasinda
doniisiim iliskilerini ifade etmek igin genel bilgi olarak
verilmistir:

Deniz ve hava araglarinin konumlarini belirlemek icin
Euler Agilar tercih edilir. Ara¢ gévdesinin koordinat
sistemi XoYoZo koordinat sistemi ile gosterilebilir.
Benzer sekilde Diinyanin koordinat sistemi XYZ ile
gosterilir  (Yilmaz & Kilei, 2019). Asagidaki
denklemler, bir aracin dogrusal hiz vektoriinii Diinya
koordinat sistemindeki hiz vektdriine, Diinya koordinat
sistemindeki hiz vektoriini de, arag dogrusal hiz
vektoriine doniistiiriir;

Ve=J1(0, 6, p)Vo (Ek.1)
Ve=(, 9, 2)7 (Ek.2)

Vo=(u,v,w)7 (Ek.3)

J1 koordinat doniigiim matrisi, Euler yalpa (roll),
yunuslama (pitch) ve rota (yaw) acilart ile iliskilidir. J1
koordinat doniisiim matrisi ortogonaldir. Bu nedenle
asagidaki denklem yazilabilir;

Vor 10,0, p)Ve- 1T(D, 6, 9)Ve (Ek.4)

Sekil Ek 4.1. Z3* e gore Y agisal konumu
(Fossen,1991).

Sekil Ek 4.2. Y’ e gore 6 agisal konumu (Fossen,
1991).
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Sekil Ek 4.3. X1’ e gore @ agisal konumu (Fossen,
1991).

Aracin koordinat sisteminin merkezi, Diinya koordinat
sisteminin merkezi (XYZ) ile eslesene kadar
dondiiriilir.

Xz Y3 Zz koordinat sistemi, yalpa agisi vasitasiyla Zs3
ekseninin etrafinda dondiirtilir ve X, Y2 Z, koordinat
sistemi elde edilir. Daha sonra X, Y2 Z, koordinat
sistemi, Y. ekseni etrafinda yunuslama acisi kadar
dondiiriilir ve X:Y:Z; koordinat sistemi elde edilir.
X1Y1Zy, X1 ekseni etrafinda yalpa agist ile
dondiirtildiigiinde, bu XoYoZo koordinatlari elde edilir.
Dondiirme siras1 asagidaki gibidir (Antonelli, 2014);

37Y(®, 6, ¥)=Cx, Cy,o Cz, P (EK.5)

Burada Ci,j: 1 ekseni etrafinda j rotasyon agisi ile
doniigii ifade eden Rotasyon Matrisidir. Temel olarak;
1 0 0
Cx0=[0 0 S(Dl (EK.6)
0 —s@ c@
cd 0 -—s6
Cyo-|0 1 0 (Ek.7)
s6 0 cO
cy sy O
Coy=—sy cy Ol (Ek.8)
0 0 1

78

Burada, s:siniis, c:kosiniis ve t: tanjant’tir. Koordinat
doniistim matrisi Cjj ortogonal oldugu i¢in Jy;

31(8, 6, )= (Cx@ Cyo Co )T (Ek.9)
(@, 6,¥)=
cOcly  —sPcd + sPsOcy  sPsP + chsOcy
cOsy  cPcd + sPsOsy  —cPsP + cPsOsy
—s6 s@ch cPch
(Ek.10)

Aracin agisal hiz vektéri wo ile Diinya referans
gergevesine gore Euler agisal hiz vektorii we arasindaki
iliski Jo doniisiim matrisi ile bulunur.

WO:(plq!r)T (Ekll)
wWe=(0,6,0) T (Ek.12)
We=J2(0, 6, W)Wo (Ek.13)

Sadece aracin koordinat sistemini tanimladigt ve
referans cercevesine gore sadece yonelimini gosterdigi
igin, Jo donilisiim matrisi ortogonal doniisiim matrisi
ozelligi tasimaz.

(2) 0 0
Wo= [0[|+Cx ¥ 2] +Cy, U Cy,e IQ]:Jz'l(ﬁ, 0,¢) we
0 0 ]

(Ek.14)

Kinematik denklemlerin kompakt gdsterimi su
sekilde olur;

[\Z] =J(@.6,¥) [:,] (EK.15)
_[1(9,6,¥) 0
J'[ 0 (80, lp)] (Ek.16)
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cOcp —spcd + s@sbcyp  sPs@ + cPsOcy) 0
cOsyY  cpcd + sPsOsp  —cyPsP + cPsOsyp 0

I= —s6 s@cl cPch 0
0 0 0 1

0 0 0 0

0 0 0 0

Gemi Ingaat1 Mimarlar1 ve Gemi Miihendisleri Dernegi
(SNAME) notasyonunda hizlar arasi doniisim
Ek.18’deki gibidir (Antonelli,2014):

[ﬁ;]:[]l(ga 12(362)] gﬂ x=)(x)q  (Ek.18)

Diinya referans sisteminde X;=( X,y,z)" konum vektorii
ve X2=(0, 8, )" Euler ag1 vektdriidiir. Aracin dogrusal
ve agisal hizlari ise asagidaki gibidir;

ql = (qu!W)T ) qZZ(p!q’r)T (Eklg)
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0 0
0 0
0 0
sQtd  c@th
cd —s0

s@/cO c@/cO

(Ek.17)
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Yiiksek Plastisiteli Bir Kilin Miihendislik Ozelliklerine Ucucu Kiil ve Kire¢c Katkilarinin
Etkisi
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Ozet

Sisme ve biiziilme potansiyeline sahip killer iilkemizin birgok bolgesinde bulunmaktadir. Sisen killerin hacim degistirme
kapasitesine bagli olarak olusan diisey deformasyonlar yapida hasarlar olusturabilmektedir. Temel zemininin sisme
ozelligi gosteren kil mineralleri igermesi durumunda, hafif yiiklenmis yapilarin aktardig: diisiik diisey basing nedeniyle
yapida farkli oturmalar olusmakta ve biiylik hasarlara neden olabilmektedir. Bu ¢alismada, yiiksek plastisiteli Esen kiline
agirlikca %5, %10, %15, %20, %25 ve %30 oranlarinda Afsin-Elbistan ugucu kiili ilave edilerek kivam limitleri,
kompaksiyon, serbest basing ve sisme basinci deneyleri yapilmistir. Daha sonra, kire¢ miktar1 agirlik¢a %6 oraninda sabit
tutularak ayni deney serisi tekrarlanmistir. Yapilan deneysel ¢alismalar sonucunda, Afsin-Elbistan ugucu kiiliiniin yiiksek
plastisiteli Egen kilinin miihendislik 6zelliklerini iyilestirdigi tespit edilmistir.

Anahtar Kelimeler: Stabilizasyon, Yiiksek plastisiteli kil, Afsin-Elbistan ugucu kiilii, Kireg.

The Effect of Fly Ash and Lime Additives on the Engineering Properties of a High Plasticity
Clay

Abstract

Clays with the potential to swell and shrink are found in many regions of our country. Vertical deformations that occur
depending on the capacity of volume changing of the swelling clays can cause damage to the structure. In the case of a
foundation ground contains swelling clay minerals, different settlements in the structure occur due to the low vertical
pressure transferred by the lightly loaded structures and it may cause major damage. In this study, consistency limits,
compaction, free pressure, and swelling pressure tests were carried out by adding Afsin-Elbistan fly ash of 5%, 10%,
15%, 20%, 25%, and 30% by weight to high plasticity Esen clay. Then the same series of experiments was repeated,
keeping the lime amount constant at 6% by weight. As a result of the experimental studies, it was determined that Afsin-
Elbistan fly ash improved the engineering properties of Esen clay with high plasticity.

Keywords: Stabilization, High plasticity clay, Afsin-Elbistan fly ash, Lime.
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1. GIRiS

Zemin, kayaclarin kimyasal ve fiziksel ayrigma sonucu
meydana gelen, yiik altinda sekil degistirmelere ugrayan,
yol, kdprii, baraj ve hava alani gibi her tiirlii mithendislik
yapilarinin {izerine insa edildigi ve bu sekilde yapilarin
yiikiinii giivenle tagimasini bekledigimiz daneli bir
yapidir.  Miihendislik  yapilarm1  inga  etmeyi
planladigimiz alanlarin bir kismi istedigimiz mithendislik
parametrelerine sahip iken bir kismu da istedigimiz
ozelliklere sahip olmayabilir. Ozellikle, sosyo-ekonomik
gelismelerden dolay1 kentlerin biiyiimesi ve arzu edilen
miihendislik 6zelliklere sahip yerlerin azalmasi bizleri
uygun tagima giiciine sahip olmayan yerlere yapilar1 inga
etmeye zorlamaktadir. Yapi1 insast igin elverigsiz olan
zeminleri, yap1 insasina uygun hale getirmek igin
birtakim ¢aligmalar yapmak gerekebilir. Bunlardan
birkagi, derin temel yapmak, yumusak zemin tabakasinin
yeteri derinlige kadar kazilarak yerine uygun zeminin
konulmast ya da gerek kimyasal gerekse atik
malzemelerin zemine ilave edilerek zeminin yerinde
stabilize edilmesidir.

Stabilizasyon, zayif dayanim 6zelliklerine sahip zeminin
cesitli zemin iyilestirme yontemleriyle dis kuvvetlere
kars1 daha dayanikli hale getirilmesidir (Comert, 2005).
Katkili zemin iyilestirmesi, derin temel uygulamalarina
kiyasla daha ekonomik olmast ve uygulama teknikleri
acisindan daha basit olmasindan dolayi zayif zeminlerin
gliclendirilmesinde uygun bir yontem olabilmektedir.
Zemin stabilizasyonunda, zeminin daha sik1 bir duruma

gelmesi, tasima giiciinlin  ve kayma direncinin
artirllmasmi  yant sira sivilasma riskinin ortadan
kaldirilmasi1  hedeflenmektedir ~ (Tiirkel,  2019).

Iyilestirme yapilmasindaki maksat ve zeminin davranisi,
zemin stabilizasyonundaki uygulanacak yontemin
secimini etkileyen parametrelerdendir. Kireg, ugucu kiil,
volkanik tiif, ¢cimento, pomza ve bitiim gibi dogal ve yan
iriin konumundaki katki maddelerinin ilave edilerek
yapilan iyilestirme en yaygin kullanilan yontemlerdendir
(Giigek, 2011).

Atik malzemelerin zemin stabilizasyonunda
kullanilmasi, stabilizasyon girdilerini azaltmakla beraber
bu atik malzemelerin depolanma giderlerini de azaltir
(Baykal vd. 2004). Giiniimiizde, yan iiriin veya atiklarin
degerlendirilmesi lizerinde yogun olarak ¢aligilmaktadir.
Literatiirde atik malzemelerin zemin iyilestirilmesinde
kullanimiyla ilgili ¢aligmalar hizla artmaktadir (Kalay,
2010). Bu ¢aligmalar soyle siralanabilir. Beyaz, sar1 ve
yesil Bayburt tas1 atiklarinin zemin stabilizasyonunda
kiregle birlikte kullanilabilir oldugu (Yilmaz, 2015),

elektrik ark firm1 (EAF) ciirufu katkisinin  zemin
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stabilizasyonunda kullanilabilecegi (Mahmoudil
Moghaddam, 2011), kirmiz1 ¢amur, silis dumani ve Kireg
ile muamele edilen mikronize kilin, serbest basing, sisme
basmer ve gecirimlilik 6zelliklerinin iyilestirilmesiyle
geoteknik problemlerin ¢6ziimiinde faydali sonuglar
ortaya koydugu (Pekdemir, 2013), Afsin—Elbistan ugucu
kiiliiniin zemin iyilestirmede kullanilabilecegi (Oksiiz,
2006), statik ve sismik yiikler altinda mukavemet ve
tasima giicii kaybina ugrayarak ciddi boyutta sekil
degistirmelere maruz kalabilecek sivilagsma potansiyeli
olan zeminlerin iyilestirilmesinde ¢imentoyla birlikte
kullanilacak  bazalt fiberin, zemin iyilestirme
uygulamalarinda  kullanilabilecegi  (Tiirkel, 2019),
gocebilen bir zeminin iyilestirilmesinde atik piring
kabugu kiilii ve ¢imentonun birlikte kullanilabilecegi
(Basha vd. 2005) belirtilmistir. Endiistriyel atiklarmn kilin
mukavemet Ozelliklerini iyilestirmek i¢in kireg ile
birlikte kullanilabilecegi gosterilmistir (Bhardwaj and
Sharma, 2020). Agirlik¢a %S5 jips katkisi ile sisebilen
killerin etkin bir sekilde iyilestirilebilecegi (Civelekoglu,
2009), yumusak bir kile agirlik¢a %1 kopolimer ve %10
ucucu kiil ilave edilerek yalin numunenin serbest basing
mukavemetinin %581 artig1 belirtilmistir (Cetin, 2011).
%2 kolemanit katkist ve %6 amorf silika katkisinin
bentonit kilinde iyilestirme amagli kullanilabilecegi, %5
kireg katkisi sabit tutularak, artan amorf silika miktarinin
serbest basing mukavemetini artirdigi belirlenmistir
(Dereli, 2013). %1.5 kegiboynuzu gam katkisiyla dogal
kilin serbest basing mukavemeti %233 oranmnda artigi,
%]1.5 biyopolimer+%35 pomza katkisi ile kilin serbest
basing mukavemetinin %237 arttig1 tespit edilmistir
(Gencer, 2018). %3 kire¢ ve %10 silis dumani katkisinin
zeminin mithendislik &zelliklerinde Onemli seviyede
iyilesme sagladigi belirtilmistir (Tasc1, 2011). %10-20
oranlar1 arasinda mermer toz atiklarinin stabilizasyonda
kullanilabilecegi belirtilmistir (Y1ldiz, 2008). Ugucu kiil
ile iyilestirilmis killerde serbest basing direncinin ve
CBR degerlerinin yiikseldigi ve ugucu kiillerin karayolu

ingasinda yumusak alt temel iyilestirilmesinde
kullanilabilecegi gosterilmistir (Senol vd. 2006). %6-10
oranlarinda  ¢imentonun kilin  drenajsiz  kayma

mukavemetini artirict bir etki sagladigi belirtilmistir
(Kilig, 2008). %S5 kireg, %3.33 gelikhane ciirufu ve deniz
suyu ile karistirlan diisiik plastisiteli killerde serbest
basing mukavemetinin 16 kat artis gosterdigi, %7.5 kireg,
%3.33 ¢elikhane ciirufu ve deniz suyu karistirilan yiiksek
plastisiteli killerde ise 10 kat artis gergeklestirdigi
gosterilmistir (Bilgen, 2011). Soguk bolgelerde yol
dolgusu yapilirken ugucu kiil kullaniminin bogluk oranini
arttirmas1 nedeniyle daha disiik agirlik, daha yiiksek
stabilite sagladigi belirtilmistir (Baykal vd., 2004).
Agirlikca %5-10 oranlarinda kire¢ ¢amuru, kumlu kil,
killi balgik ve agir kil zeminleri 6zerinde olumlu etki
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yaparak orman yollarinda kire¢ camurunun iyilestirme
amagli kullanilabilecegi belirtilmistir (Eroglu, 2003).
Insaat yikint1 atiginin kaolin kilinin tagima giicii oraninda
(CBR) %500’1 agan bir iyilesme sagladig: belirtilmistir
(Kalem, 2015). Ugucu kiile %10 atik lastik ve bentonit
ilave edildiginde elde edilen hidrolik gegirgenligin
kaplama malzemesi olarak kullanilabilecek standartlarda
oldugu gosterilmistir (Cokca ve Yilmaz, 2004). Silika
dumani ve kireg katkilarimin kilin geoteknik 6zelliklerine
etkisi aragtirtlmistir (Tirkdz vd., 2018). %10 kolemit
at1g1 ve %10 kireg katkisinin, yiiksek plastisiteli killi yol
taban zemininin; islenebilirlik, plastisite, sikisabilirlik ve
dayanim gibi miihendislik 6zelliklerini 1iyilestirdigi
gosterilmigtir (Yesilgicek, 2016). %30 perlit ve %8 kirecg
katkisinin zemin stabilizasyonunda kullanilabilecegi
belirtilmistir  (Calik, 2012). Magnezyum kloriir
soliisyonunun problemli zeminlerin iyilestirilmesinde
kullanilabilecegi ve 6zellikle %7 katki seviyesinde etkin
bir iyilestirme saglandigi belirtilmistir (Agaz, 2011).
Agirlikca %10-%20 oranlarinda insaat atiklarinin kilin
serbest basing mukavemetini

basmcinin azaltilmasinda

belirtmislerdir (Cimen vd., 2017).

artirdigt  ve sigme

kullanilabilecegi

Bu c¢alismada, yiiksek plastisiteli bir kile agirlikca %S5,
%10, %15, %20, %25 ve %30 oranlarinda ucgucu kiil
ilave edilerek, karisim numunelerinde kivam limitleri,
kompaksiyon, serbest basing ve sisme basinct deneyleri
yapilmistir. Ayrica, ugucu kiil-kil karigimlarina kireg
katkisinin etkisi de arastirilmistir.  Sonugta, kilin
miithendislik 6zelliklerine ugucu kiil ve kirecin etkisi
belirlenmistir.

2. MATERYAL VE METOT
2.1. Esen Kilinin Ozellikleri

Kil zeminler, genel olarak su muhtevasindaki degisime
bagli olarak hacim degisimine ugrarlar. Hacim degisimi,
kurumada biiziilme ve 1slanmada sigsme olarak kendini
gosterir. Eger zemin kurumayi takiben islatilirsa, sisme
olusur. Biiyiikk hacimsel degisiklikler birbirini izleyen
kurak ve yagmurlu mevsimlere sahip iklim kosullarinda
gozlenir. Killi zeminlerin miihendislik yapilarini 6nemli
derecede etkileyen 6zelligi oturma, mukavemet, sisme ve
biiziilmedir. Iyi projelendirilmemis bir yapida biiziilme
ve sismeden kaynakli olusan deformasyonlar yapi igin
stirekli bir tehdit olusturmaktadir (Oweiss ve Bowman,
1981).

Bu caligmada Mugla’nin Fethiye il¢esinde yapilan Esen
barajlarinin santiye sahasindan temin edilen kil numunesi
ile ¢aligtlmistir. Numune iizerinde elek analizleri, kivam
limitleri, hidrometre ve standart kompaksiyon deneyleri
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yapilmistir. Kil iizerinde yapilan zemin smiflandirma
deneylerinden sonra numunenin igerisinde %0 cakil, %2
kum, %38 silt ve %60 kil oldugu belirlenmistir.
Birlestirilmis Zemin Siniflandirma Sistemine gore
zeminin CH (Yiksek plastisiteli kil) smifinda oldugu
tespit edilmistir (Kalay, 2010). Esen kilinin fiziksel
goriintiisit Sekil 1 ’de, kimyasal analiz test sonuglar
Tablo 1 ’de, X-Ray cihazi ile tanimlanan minerallerin
cokluk sirasina gore siralanmis hali Tablo 2 ’de ve
miihendislik 6zellikleri ise Tablo 3 ’te verilmistir.

Sekil 1. Esen kilinin fiziksel goriintiisii

Tablo 1. Esen kilinin kimyasal i¢erigi

Oksitler (% agirlik)
Na,O <0.1
MgO 174
Al,O3 4.3
SiO; 47.1
P,0s <0.1

K20 0.3

Ca0O 2.8

TiO; 0.2

MnO 0.1
Fe.03 16.6
A.Za 9.85

Tablo 2. Esen kilinin mineral igerigi

Cokluk sirasina gore mineraller
Simektit grubu mineral, serpantin grubu mineral,
kuvars, kalsit, amorf silika, amfibol grubu mineral
(cok ¢ok az), feldispat (¢ok c¢ok az), klor grubu
mineral ( ¢cok ¢ok az)
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Tablo 3. Esen kilinin miithendislik ozellikleri

Ozellikler | Miktar
Wr(%) 21
W, (%) 108
W,(%) 38
PI(%) 70
Ykmax(gr/cmd) 1.16
Wopt(%) 38
Ys(gr/cmd) 2,70

WR rotre limiti, Wi Likit limit, Wy plastik limit, Pl
plastisite indisi, Ykmax maksimum kuru birim hacim
agirlik, Wopt optimum su muhtevasi, Ys dane birim hacim
agirlik

2.2. Afsin-Elbistan Ucucu Kiiliiniin Ozellikleri

Agirlikca %80 ’ni No:200 elekten gececek sekilde
ogiitiilerek toz haline getirilen diisiik kalorili kdmiirler,
elektrik enerjisi icin termik
kullanilan baslica yakit cesitleridir. Sicak havayla
beraber firina gonderilen toz halindeki kdmiiriin yanmasi
neticesinde gazlar ve atik maddeler agiga ¢ikar (Erdogan,
1993). Toz halindeki komiiriin yakilmasit sonucunda
agiga ¢ikan, biinyesinde kati partikiiller bulunduran
gesitli gazlar bacadan yukari dogru siiriiklenirler.
Bacadan hareket eden
bilinyesindeki katt partikiillerinin atmosfere gegisini
onlemek icin bacalara silikonlar ve elektro filtreler
konulur. Bu filtreler vasitasiyla, gaz ile karisik kati
partikiillerinin yaklastk %99 'u atmosfere ge¢meden
tutularak hapsedilir. Bu sekilde biriken camsi kati
yigintiya ugucu kiil denilmektedir (Oksiiz, 2006). Bu
kiiller stingerimsi mineral, i¢i bosluklu tanecikler ve
yanmamis komiir partikiillerinden meydana gelir. Ugucu
kiillerin kimyasal bilesimlerine bakildiginda, genel
olarak %85’ini SiOy, Al,O3, CaO, ve MgO olusturur
(Tokyay ve Erdogdu, 1998).

tretmek santrallerde

yukart  yiinlii gazlarin

Termik santrallerde iiretilen elektrik enerjisi, tilkemizde
iretilen elektrik enerjisinin %50 'sinden fazlasim
olusturmaktadir. Yine iilkemizde her yil yaklasik 15
milyon ton ugucu kiil, termik santral yan {irinii olarak
iretilmektedir. Bu yan {irlinler ¢evresel sorunlar
olusturmakla beraber tasima ve depolama masraflarim
artirtp isletme girdilerini artirict bir etki de yapmaktadir.
Ulkemizde bol miktarda bulundugu halde, bu atik
urlinlerin gerek imhas1 gerek baska sektorlerde
kullanilarak faydalanilmasi hususunda yeterli derecede
caligmalar yapilmamaktadir. Santrallerden
uzaklastirilmasi ciddi problemler olusturan hatta tagima
ve depolama sirasinda enerji ve parasal kaynak harcanan
bu atiklarin bagka sektorlere kazandirilmasi faydali
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olacaktir. Ugucu kiillerin kullanilabilecegi alanlar
belirlemek adma bir arastrma yapildiginda ingaat
endiistrisi karsimiza c¢ikmaktadir. Yapr malzemesi,
cimento iiretimi, hazir beton {retimi ve hafif yapi
malzemesi iretimi alanlarinda ugucu kiiller tercih
edilebilmektedir. Geoteknik uygulamalarinda da son
derece uygun ve ckonomik ¢oziimler sunabildigi
belirtilmektedir. Bu atiklar, dolgularin stabilizasyonu,
altyap1 ve taban malzemesi, alt drenaj tabakasi, iri zemin
iyilestirme malzeme bosluklarini doldurma ve zemin
enjeksiyonu uygulamalarinda da kullanilabilmektedirler
(Oksiiz, 2006).

Bu c¢alismada, Afsin-Elbistan termik santralinden elde
edilen ugucu kiil kullanilmistir. Afsin-Elbistan termik
santralinde yakit olarak linyit komiirii kullanilmaktadir.
Bu linyit komiirii Kahramanmaras ilinin Afgin ve
Elbistan ilgelerinin sinirlart icindeki 120 km?®lik bir
alanda iiretilmektedir. Halen isletme faaliyetleri devam
etmekte olan havzanin kiglakdy agik isletmesi, Afsin ilge
merkezine 15 km ve Elbistan ilge merkezine ise 26 km
mesafede bulunmaktadir (Oksiiz, 2006). Afsin-Elbistan
ucucu kiiliinlin fiziksel goriintiisii Sekil 2 *de, kimyasal
icerigi Tablo 3 ’te, mineral igerigi Tablo 4 ’te ve
miihendislik 6zellikleri Tablo 5 *te verilmistir.

Sekil 2. Afsin-Elbistan ugucu kiiliiniin fiziksel goriintiisii

Tablo 3. Afsin-Elbistan ugucu kiiliiniin kimyasal igerigi

Oksitler % Agirlik
Na.O 0.03
MgO 1.38
Al2Os3 12.79
SiO; 31.25
P20s 0.21
K.0 0.57
CaO 41.73
TiO; 0.23
MnO 0.02
Fezos 4.94
AZa 5.72
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Tablo 4. Afsin-Elbistan ugucu kiiliinlin mineral igerigi

Mineraller
Analcline, Anyhdrite, Calcite ve Quartz

Tablo 5. Afsin-Elbistan ugucu kiiliiniin miihendislik
ozellikleri

Ozellikler Miktari
W (%) -
WL (%) -
Wr(%) -
PI(%) -
Ykmax(gr/cm®)
ys(gricm?®)
Wop(%)

2.3. Kirecin Ozellikleri

Kireg, yiiksek kalsiyumlu, magnezyumlu veya dolomitik
yapida olabilen ve sedimanter bir kaya¢ olan dogal
kiregtasindan {retilir. Kiregtaginin yapisi ve iiretim
stireci, tiretilen kirecin tipini belirler. Yiiksek kalsiyumlu
sonmemis kire¢ (CaO), monohidrete dolamatik kireg
(Ca(OH);Mg0O) ve yiiksek kalsiyumlu sonmiis kireg
(Ca(OH)2) zemin iyilestirmede en ¢ok kullanilan kireg
tipleridir (Kalay, 2010). Kil mineralleri ve kire¢ arasinda
reaksiyonlar meydana gelir. Bu reaksiyonlardan dolay1
kireg, kil igerigi yiiksek olan kohezyonlu zeminlerde iyi
bir iyilestirme saglar (Ozaydin, 2011). Kireg
stabilizasyonu, mukavemetinin  ve sekil
degistirme modiiliiniin artmasini, sisme potansiyelinin ve
sisme basinglarinin azalmasini ve ¢evre kosullar etkisi
altinda zeminin 6zelliklerinin bozulmasinin daha sinirli

zeminin

kalmasini yani dayaniklili§inin artmasini saglamaktadir.
Ayrica zeminin plastisitesini azalttig1 i¢in arazi ¢alisma
kosullarin1  iyilestirmektedir. Kiregle stabilizasyon
genellikle killi zeminlerle yapilan dolgularda &zellikle
yol insaatlarinda kullanilmaktadir (Ozaydin, 2011).

Literatiire bakildiginda, yiiksek plastisiteli killerin
stabilizasyonunda agirlikga %3-10 oraninda kireg
kullanildig1 goriilmektedir. Bu ¢alismada %6 oraninda
sonmemis kire¢ kullanilmigtir. Kullanilan kirecin
kimyasal igerigi Tablo 6 ’da ve mineral icerigi Tablo 7

’de verilmistir.
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Tablo 6. Kirecin kimyasal igerigi

Oksitler % Agirlik
Na.O <0.1
MgO 0.4
AlLO3 <0.1
SiO, 0.1
P,Os <0.1

K0 <0.1
CaO 79.3
TiO, <0.1
MnO <0.1
Fe,O3 0.1

A.Za 19.89

Tablo 7. Kirecin mineral icerigi

Mineraller
Portlandit, Aragonit (az), kalsit (az), illit (¢ok
¢ok az)

2.4. Arastirma Kapsaminda Yapilan Deneyler

Kilin kivam limitlerine, kompaksiyon parametrelerine,
sigme potansiyeline ve serbest basing direncine Afsin-
Elbistan ugucu kiilii ve kirecin etkilerinin belirlenmesi
amactyla kile Agirlikea %5, 10, 15, 20, 25 ve 30
oranlarinda Afsin-Elbistan ugucu kiilii ilave edilmistir.
Daha sonra kire¢ agirlikca %6 oraninda sabit tutularak
ayni deney serisi tekrarlanmstir. Ikili karisim olarak
adlandirilan kiil deneylerinin
tamamlanmasinin ardindan tglii karigim (kil-ugucu kiil-

kil-ugucu

kire¢) deneyleri yapilmistir.

Kivam limitleri olarak bilinen likit ve plastik limitin
belirlenmesinde  ASTM D 4318-05 deney metodu
kullanilmistir. Afsin-Elbistan ugucu kiilii ve kireg, No 40
elekten elenerek, yukarida belirtilen miktarlarda yine No
40 elekten elenen kile eklenmigtir.
kompaksiyon o6zelliklerinin belirlenmesi i¢in ASTM D
698-07 E1 standart kompaksiyon
deneyi yapilmistir. Her bir karisim orani igin standart
kompaksiyon deneylerinden elde edilen maksimum kuru
birim hacim agirhig:
verilerinden  yararlanilarak  hazirlanan
izerinde serbest basing deneyleri yapilmistir. ASTM
D2166 / D2166M-13 standartlarinda yapilan serbest
basing deneylerinde No 40 elek altina gecen numuneler
kullanilmistir. Serbest basing numuneleri 3.8cm ¢apinda
ve 7.6cm yiiksekliginde ikiye ayrilabilen ringin igine
sikistirilmistir. Ringden ¢ikarilan numuneler iizerinde 0.5
mm/dk yiikleme hiziyla yiikleme yapilarak serbest basing

Numunelerin

standartlarindaki

ve optimum su muhtevasi

numuneler

deneyleri yapilmustir. Incelenen zemin numunelerinin
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sisme basinglari, sabit hacim 6dometre deney yontemi
ASTM D 4546-90 metot C kullanilarak belirlenmistir.

3. BULGULAR

Esen kili ve Afsin-Elbistan ucucu kiilii {izerinde yapilan
standart kompaksiyon deneyleri sonucunda elde edilen
kompaksiyon egrileri Sekil 3 ’te, kile belli oranlarda
ucucu kiil ilave edilerek yapilan kompaksiyon deneyleri
sonucunda elde edilen kompaksiyon grafikleri Sekil 4 ’te
ve kil-ugucu kiil karigimlarina kireg katkisi agirhik¢a %6
oraninda sabit tutularak yapilan kompaksiyon deneyleri

sonucunda elde edilen kompaksiyon egrileri ise Sekil 5
’te verilmistir. Esen kili ve Afsin-Elbistan ucucu kiilii
iizerinde yapilan serbest basing deneyleri sonucunda elde
edilen serbest basing mukavemeti egrileri Sekil 6 ’da,
kile belli oranlarda ugucu kiil ilave edilerek yapilan
serbest basing deneyleri sonucunda elde edilen serbest
basing mukavemeti egrileri Sekil 7 *de ve Kil-ugucu kiil
karigimlarina kire¢ katkisi agirlikca %6 oraninda sabit
tutularak yapilan serbest basing deneyleri sonucunda elde
edilen serbest basing mukavemeti egrileri ise Sekil 8 *de
verilmistir. Yapilan deneysel calismalardan elde edilen
sonuglar Tablo 8 ‘de goriilmektedir.

1,2 -
&é‘ *Kil
:;o 1,15 - M Ugucu Kiil
211
Eb
g 1,05 1
;:3
1 .
£
5
0,95 -
g
N
0,9 . . . )
15 25 35 45 55 65

Su Muhtevasi (%)

Sekil 3. Esen kili ve Afsin-Elbistan ugucu kiilii numunelerinin kompaksiyon egrileri

1,25 -
1,2
1,15 -
1,1 -
1,05 -

0,95 -
0,9 -
0,85 -
0,8 . .

Kuru Birim Hacim Agirlik (gr/cm?3)

@ %S5 Ucucu kiil+%95 Kil

%10 Ugucu kiil+%90 Kil
A %15 Ugucu kiil+%385 Kil
X %20 Ugucu kiil+%80 Kil
X %25 Ugucu kiil+%75 Kil
%30 Ugucu kiil+%70 Kil

20 30 40 50
Su Muhtevasi (%)

Sekil 4. Afsin-Elbistan ugucu kiilii katkili esen kili numunelerinin kompaksiyon egrileri



Kuru Birim Hacim Agirlik (gr/cm?)

Sekil 5.

Serbest Basing Mukavemeti (kg/cm?)

1,25

1,15

1,05 -

0,95 -

0,85 -
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1,2

1,1 1

1 -

0,9 -

0,8

@ %5 Ugucu kiil+%6 Kire¢+%389 Kil

W %10 Ucucu kiil+%6 Kire¢+%84 Kil
A %15 Ugucu kiil+%6 Kire¢+%79 Kil
X %20 Ugucu kiil+%6 Kire¢+%74 Kil
X %25 Ugucu kiil+%6 Kireg+%74 Kil
® %30 Ugucu kiil+%6 Kire¢+%64 Kil

20

Serbest Basing Mukavemeti

30

40 50 60 70 80
Su Muhtevasi (%)

%6 kireg ve Afsin-Elbistan ugucu kiilii katkili esen kili numunelerinin kompaksiyon egrileri

—_—

¢ Kil
M Ugucu Kiil

0,5 1 15 2 2,5 3 3,5 4

Eksenel Birim Boy Degisimi (%)

Sekil 6. Esen kili ve Afsin-Elbistan ugucu kiilii numunelerinin serbest basing mukavemeti egrileri

=——%>5 Ugucu kiil+%95 Kil

== %10 Ugucu kiil+%90 Kil
e=te==/15 Ucgucu kiil+%85 Kil
==,20 Ucucu kiil+%80 Kil
=ie=%,25 Ucgucu kiil+%75 Kil
=0-=%30 Ugucu kiil+%70 Kil

2 3 4 5
Eksenel Birim Boy Degisimi (%)

Sekil 7. Afsin-Elbistan ugucu kiilii katkilt Esen kili numunelerinin serbest basing mukavemeti egrileri
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[uny
o
)

Serbest Basing Mukavemeti (kg/cm?)

O P N W b~ 01 O N O ©
- \

@ %S5 Ugucu kiil+%6 Kire¢+%89 Kil
B %10 Ugucu kiil+%6 Kire¢+%384 Kil
%15 Ugucu kiil+%6 Kire¢+%79 Kil
X %20 Ugucu kiil+%6 Kire¢+%74 Kil
X %25 Ugucu kiil+%6 Kire¢+%69 Kil
%30 Ugucu kiil+%6 Kire¢+%64 Kil

1,5
Eksenel Birim Boy Degisimi (%)

0 0,5 1

2

2,5 3 3,5

Sekil 8. %6 kire¢ ve Afsin-Elbistan ugucu kiilii katkili Esen kili numunelerinin serbest basing mukavemeti egrileri

Tablo 8. Numuneler {izerinde yapilan deneylerin sonuglari

Numune WL | We | PI Ykmax | oopt qu Ps
(%) | () | (%) | (grfem®) | (%) | (kglem?) | (kg/em?)

%100 Kil 108 | 38 70 1.16 38 1.96 1.60

%100 UK -- -- - 113 40 1.85 0.17

%5 UK katkili kil 103 | 34 69 1.17 40 3.64 1.56

%10 UK katkali kil 90 39 51 1.2 40 5.63 0.79

%15 UK katkalr kil 88 44 44 1.185 38 6.90 0.55

%20 UK katkili kil 82 53 29 1.180 43 4.80 0.24

%25 UK katkili kil 82 56 26 1.19 38 5.95 0.59

%30 UK katkili kil 81 52 29 1.17 35 6.40 0.59

%5 UK +%6 K katkil kil 89 59 30 1.16 42 3.40 1.01

%10 UK +%6 K katkali kil 81 57 24 1.16 44 6.85 0.40

%15 UK +%6 K katkali kil 80 54 26 1.15 40 9.28 0.35

%20 UK +%6 K katkili kil 85 53 32 1.15 43 5.40 0.10

%25 UK +%6 K katkali kil 80 54 26 1.13 44 2.78 0.36

%30 UK +%6 K katkali kil 79 55 24 1.12 44 248 0.25
Tablo 8 incelendiginde, likit limit degerinde %27 ’lere bu artis ve azalmalarin daha Dbelirgin oldugu
varan bir azalma, plastik limit degerinde %55 ‘lere varan goriilmektedir.

bir artma, plastisite indisinde %66 ‘lara varan bir azalma,
maksimum kuru birim hacim agirlikta karigimlara bagh
olarak azalma ve artmalar, optimum su muhtevasinda
genellikle bir artma, serbest basing mukavemetinde
%370 ‘lere varan bir artma ve sisme basincinda ise
onemli miktarlarda azalma gozlenmistir. Kireg ilavesi ile
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4. SONUCLAR VE TARTISMALAR

Afsin-Elbistan termik santrali ugucu kiilii kullanilarak
yapilan deneylerde katki maddesi miktarinin artmasi ile
likit limit degerinin, plastisite indisinin ve sisme
basincinin azaldigi, bunlara karsin plastik limit degerinin,
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maksimum kuru birim hacim agirhigin, optimum su
muhtevasinin ~ (genellikle) ve  serbest  basing
mukavemetinin arttig1 belirlenmistir. Ideal ugucu kiil
orani katkr miktar1 agirlikca %15 oldugu bulunmustur.

Kil-ugucu kiil karigimlarina agirlik¢a %6 kireg eklenerek
ayni deney serisi devam ettirilmigtir. Kil-ugucu kiil-%6
kire¢ karisimlarinda ugucu kiil miktariin artmasi ile likit
limit degerinin, plastisite indisinin, maksimum kuru
birim hacim agirligin ve sisme basincinin azaldigi,
bunlara karsin plastik limit degerinin, optimum su
muhtevasiin ve serbest basing mukavemetinin arttig
belirlenmistir. Kiregli ideal ugucu kiil orani katki
miktarinin agirlikga yine %15 oldugu bulunmustur.
Bulgular literatiir ile uyumlu elde edilmistir.

Afsin-Elbistan ugucu kiilii, Esen kilinin yapisindaki
bosluklu yapiy1 azaltarak maksimum kuru birim hacim
agirlign ve serbest basing mukavemetini artirmistir.
Ayrica, kil mineralleri ile kire¢ ve Afsin-Elbistan ugucu

5. SIMGELER

ASTM American society for testing and materials
A.Za Ates zayiat1

CH Yiiksek plastisiteli kil zemin

UK Afsin-Elbistan termik santrali ugucu kiili
K Kireg

PI Plastisite indisi degeri

Ps Sabit hacimli sisme basinci

WL Likit limit degeri

WP Plastik limit degeri

mopt Optimum su muhtevasi

qu Serbest basing mukavemeti

Yk Kuru birim hacim agirlig:

Ykmax Maksimum kuru birim hacim agirlig

[0) Su muhtevasi

c Eksenel gerilme

€ Eksenel sekil degistirme

Ps Sisme basinci

TESEKKUR

FYL-2020-7401 no’lu proje kapsaminda maddi destekte
bulunan Siileyman Demirel Universitesi Bilimsel
Arastirma Projeleri Koordinasyon Birimi’ne tesekkiir
ederiz.
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kiilii arasinda kimyasal reaksiyonlar meydana gelmis ve
bu reaksiyon, Esen kilinin serbest basing mukavemetini
oldukea fazla artirmistir.

Serbest basing mukavemeti artmasi ile sigme basincinin
azalmasi, kildeki katyon degistirme kapasitesi,
flokiilasyon ve aglomerasyon reaksiyonlarindan ve
zemin katki karisimindaki puzolanik reaksiyonlardan
kaynaklandigi diisiiniilmektedir. Afsin-Elbistan ugucu
kiili ve kireg ilavesi ile kil tanelerinde topaklanmalar
meydana gelmis ve kil taneleri daha iri bir zemin tanesi
gibi davranmaya baglamig, bu da likit limit degerini
azaltmusgtir.

Yapilan deneyler neticesinde Afsin-Elbistan ugucu kiilii
ve kire¢ katki malzemelerinin yiiksek plastisiteli kil
zeminlerin iyilestirilmesinde kullanilabilecegi
belirlenmistir. En ideal karisim %15 Afsin-Elbistan
ucucu kiilii ile %6 kirec katkisinda elde edilmistir.
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Abstract

Tumors occur in the brain as the cells in the brain tissue grow abnormally. Since a large amount of tumors in the brain
are cancerous, it can have consequences until the death of the sick person. Magnetic Resonance (MR) imaging is widely
used as a means of imaging brain tumors. MR images can distinguish diseased and healthy areas using the image's texture,
contrast, brightness and boundary information. In this way, planning of the treatment process of the disease can be made
by finding the shape, location, size and area of the brain tumor. In this study, the detection of the brain tumor in MR
images by using deep learning and the segmentation with K-means are performed. As a result of the study, the accuracy
obtained in detecting of the brain tumor is 84.45%, and the sensitivity is 95.04%. The study proposed detection and
segmentation of the brain tumor and, extracting the tumor area automatically.

Keywords: Magnetic resonance imaging, Brain tumor detection, Brain tumor segmentation, Deep learning, K-means

Beyin Tiimérii Varligimn Geleneksel Derin Ogrenme Teknigi Kullamlarak Tespiti ve MR
Goriintiilerinden K-Means Segmentasyonu Kullanilarak Kesin Tiimor Konumlarinin
Belirlenmesi

Ozet

Beyin dokusunda bulunan hiicrelerin anormal bir sekilde biiylimesi ile beyinde tiimdrler meydana gelmektedir. Beyinde
bulunan tiimoérlerin biiylik bir miktar1 kanserli oldugu icin, tiimorli beyin hasta kisinin 6limiine kadar sonuglar
dogurabilir. Beyin tiimoérlerinin goriintiilenmesinde yaygin olarak Manyetik Rezonans (MR) goriintiileme arag olarak
kullanilmaktadir. MR gériintiileri, goriintiiniin doku, karsitlik, parlaklik ve sinir bilgilerini kullanarak hastalikl ile saglikl1
bolgeleri ayirabilmektedir. Bu sayede, beyin tiimoériiniin sekli, konumu, biiyiikliigli, alant bulunarak hastaligin tedavi
stirecinin planlamasi yapilabilmektedir. Bu ¢aligmada, derin 6grenme yardimi ile MR goriintiilerinde beyin tiimd&riiniin
tespit edilmesi ve K-means ile boliitlenmesi islemi yapilmaktadir. Calisma sonucunda beyin tiimoriiniin tespit edilmesinde
elde edilen dogruluk oran1 %84,45, hassasiyet %95,04 olarak bulunmustur. Calisma ile, tam otomatik bir beyin timori
tespit etme ve boliitleme Onerilerek, timorlii bolgenin dogru bir sekilde ¢ikarilmasi amaglanmistir.

Anahtar kelimeler: Manyetik rezonans goriintiileme, Beyin tiimor tanima, Beyin timori boliitleme, Derin 6grenme, K-
means
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1. INTRODUCTION

A brain tumor is an abnormal growth of cells in the brain
tissue. Although some of the tumors occurring in the
brain are benign, some are cancerous and can have
consequences until the death of the person. Brain tumors
can be shown in detail by imaging methods such as
Ultrasonography, —Computed Tomography (CT),
Magnetic Resonance Imaging (MRI), and can provide
medical doctor who study the case to understand the
tumors and know the location of tumors.

Magnetic Resonance Imaging (MRI) is one of the most
used methods for imaging the build of the human body.
In particular, it has an important place in detecting
diseases that may occur in the brain, as it can offer much
more contrast between the soft tissues of the body. It can
give higher resolution and less harm than CT. By using
brain MR images, brain diseases such as Alzheimer's,
Epilepsy, Schizophrenia, Multiple Sclerosis (MS), and
brain tumor can be recognized and used for treatment.
Four standard MRI sequences (T1-weighted, T2-
weighted, T1-Gd-gadolinium enhanced and FLAIR -
Fluid Attenuated Inversion Recovery) can be used for
brain tumor diagnoses that are given in Figure 1. The data
produced by MR imaging is quite large, which makes it
very difficult to process, store, and segment the data.

Figure 1. 4 different MR modalities. From left to right:
T1-weighted, T2-weighted, T1-Gd and FLAIR. Images
taken from BRATS 2013 dataset (Menze et al., 2015).

Detection and segmentation of brain tumor by using MR
images is an important issue. Treatment can be planned
for the disease by detecting and marking the tumor, and
treatment can be tailored according to the structure of the
tumor. In the segmentation process, normal brain tissues
can be separated from diseased tissues, the location of the
tumor region can be determined and the area of the region
can be calculated by using different features of the image,
such as tissue, contrast, brightness and borders.
Segmentation of tumors in MR images can be quite
difficult due to factors such as shape, size, and location
of the tumor.
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In this study, brain tumor detection has been made on MR
images with deep learning, and after the brain tumor has
been detected, marking of the tumor area has been
performed by K-means segmentation. In the section 2,
literature review is given, and the section 3, proposed
method is explained in detail. The test results obtained in
section 4 are given and performance of the study is
measured with evaluation criteria. In the last chapter, the
results are interpreted and future studies are mentioned.

2. LITERATURE REVIEW

The detection and location of the brain tumor is very
important in the treatment process of the disease. Thanks
to the deep learning algorithms developed in recent years,
a lot of work has been done on the subject (Havaei et al.
(2017), Soltaninejad et al. (2019), Damodharan and
Raghavan (2015), Pereira et al. (2016), Gurusamy and
Subramaniam (2017), Arunkumar et al. (2019), Igbal et
al. (2018), Khan et al. (2019)). Kaya et al., (2017)
focused on T1-weighted MR images for brain tumor
segmentation using different Principal Component
Analysis (PCA) algorithms (CPCA, PPCA, EM-PCA,
GHA, APEX). They made a comparison between the
differences in PCA algorithms in MR images. Saouli et
al., (2018) proposed a fully automated end-to-end
method for segmentation of a brain tumor using three
deep learning models (2CNet, 3CNet, EnsembleNet).
Cabria and Gondra (2017), presented an algorithm based
on the analogy of the concept of potential fields in
physics. They proposed a new approach by combining
the new algorithm called Potential Field Segmentation
with other segmentation algorithms and tested the work
on the BRATS dataset. Dong et al., (2017) performed the
U-net based (Ronneberger et al. (2015)) which is very
popular and fast in biomedical image segmentation, brain
tumor segmentation in the BRATS 2015 dataset. Nazir et
al., (2019) firstly, decomposed the image into wavelet
subbands, and then divided it into high-energy subband
blocks. Finally, the high variance properties of each
block were selected by separate cosine transforms and
sent to the neural network for classification. Bahadure et
al., (2017) proposed a method for image segmentation
based on the Berkeley wavelet transform. They also
analyzed images with a Support Vector Machine (SVM)
based classifier. Bobotov and Bene (2016), proposed
automatic tumor segmentation. Firstly, they removed the
cranium region. Later, they analyzed histogram
parameters with the mixture of Gaussians and applied
morphological reconstruction and threshold applications.
Finally, they performed segmentation with the Grab Cut
algorithm.
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3. PROPOSED METHOD

Detecting the brain tumor and its location in the brain,
determining the shape, size and type of the tumor are very
important in terms of planning the treatment process. In
this study, the dataset consisting of MR images have been
preprocessed, a deep learning model has been created and
training has been performed. The trained model has been
tested with images from the test sets and it has been
determined whether there is a tumor in the MR image. At
the last stage, the segmentation of the tumor region
performed on the images determined to be tumors. The
general flow diagram of the study is given in Figure 2;
details are explained in the following sub-sections.

3.1. Dataset and Its Augmentation

In the study, the database in Kaggle (2019) was modified
and additionally, The Whole Brain Atlas (2019) resource
from Harvard University were used. 101 of the 277 MR
images in total consist of negative images (without brain
tumor) and 176 of positive images (with brain tumor). In
order to increase the success of the trainings with a small
number of images, data augmentation is frequently used,
especially in the biomedical research. New data samples
are generated by applying random operations (scale
changing, density changing, rotating the image, etc.) in
data augmentation. In this study, the data augmentation
has been done by flipping the images horizontally and
vertically, rotating the images and extending along the
axes. With the data augmentation, there are 2486 images
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in the database, 1476 positive and 1010 negative.
Random samples of both classes are given in Figure 3 in
the augmented dataset.

3.2. Preprocessing MR Images

Some pre-processing steps have been implemented
before starting the training of MR images. First, the
image has been converted to a gray level. In the image
converted to gray level, the Otsu’s thresholding method
was used to remove the cranium region from the image.
In the new image obtained, the histogram equalization
method used to contrast enhancement. Thus, the
difference between contrasts in the brain MRI image
increased, making it possible to see the possible tumor
region and the brain region more clearly. After histogram
equalization, a 5x5 Gauss filter used to eliminate small
noises in the image and the image blurred. Erosion is
applied to remove small noisy areas. Then, by performing
the dilation process, the image was restored to its original
shape after the noise removed. The MR images obtained
were converted to 256x256x3 size and made ready for
training. The original MR image and the performed
preprocess steps on the image are given in Figure 4.

Figure 4. Pre-processing steps. From left to right: gray
level image, histogram equalization and image blurring,
applying morphological processes, removing cranium
region from image.

3.3. Model Building and Training Phase

2486 MR images in the augmented dataset splitted
randomly for the 70% for training phase, 15% for the
validation phase and 15% for the test phase. Images for
training phase are brought to size 256x256, they first go
through 64 convolution filters with size 5x5, then
normalize the filter outputs and activate with the
Rectified Linear Unit (ReLU) activation function. After
this stage, it passes through the maximum pooling layer
to reduce computational complexity. These stages were
done 2 more times and at the last stage, the data flattened
and the model gives output. 211,585 parameters are
available in the model, 211,201 parameters are trainable
and 384 parameters are non-trainable.
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3.4. Testing and Segmentation Processes

Using the trained model, the presence of tumor in the MR
image for testing detected and the results are evaluated
with performance criteria. Then, in the MR images where
the tumor detected, the region of the tumor is segmented
and marked on the original image. Before performing the
segmentation process, the test images passed through the
preprocessing stages used for training. The resulting
image is segmented by using the K-means algorithm. The
K-means is one of the well-known data clustering method
for unsupervised learning. In this study, there are three
classes to segmentate the MR images into background,
tumor and the non-tumor areas. By using these different
3-class tumor location is easily extracted from the MR
images. After the K-Means method, a black-and-white
image obtained with the threshold method in the image,
small noises in the obtained image eliminated with some
morphological processes. Finally, the location of the
tumor region was found and removed from the image.
The tumor area in the segmented image is marked in the
original image. The steps applied in the segmentation
process are given in Figure 5.

Figure 5. Segmentation steps. From left to right: Using
the K-means algorithm, white regions obtained as a
result of segmentation, application of morphological

processes, application of the threshold method

4. EXPERIMENTAL WORKS

The study was performed on a PC with Ubuntu 16.04 and
Nvidia GeForce GTX 1050 graphics card. The created
model is trained to batch size 16 and epoch 25. The
training took 9 minutes and 32 seconds on the GPU. The
graph of the loss functions and accuracy functions for the
training set and the validation set at the end of the training
is given in Figure 6. As you seen in the Figure 6 that, the
validation loss and accuracy is converged when they are
reached to the sufficient epoch size.
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According to the results obtained at the end of the
training, the test MR images (221 tumors — positive, 152
healthy — negative) evaluated according to the following
performance criteria.

Confusion matrix: The confusion matrix includes True
Positive - TP (tumor with a tumor MRI image), False
Positive - FP (tumor with a healthy MR image), False
Negative - FN (healthy with a MR image with tumor),
and True Negative - TN (healthy to a healthy MR image).
At the end of the study, the confusion matrix formed as
follows.

. . 1211 47
Confusion Matrix = 11 104

The accuracy of the study (whether there is a tumor in the
MR image or not) calculated according to the following
equation.

TP+TN _ 211+104
(P+N) ~ 211+47+11+104

Accuracy = = 0.8445 Q)

Precision in the study (how many of the images called
tumors are actually tumors) calculated according to the
following equation.

F__ 211 _08178 )

Precision = ———=
(TP+FP)  211+47

Sensitivity in the study (the rate of accurately detecting
tumor MR images) calculated according to the following
equation.

P _ 211 _ 09504 ©)

Sensitivity = TPeFN — 211t
The F1 score (harmonic mean of precision and
sensitivity) in the study calculated according to the
following equation.

\ (Y5
" 070
065 — Training Accuracy
00 Validation Accuracy
»

" precisionxsensitivity _ 0.8178 x0.9504

F1=2 — = =
precision+sensitivity 0.8178 +0.9504

0.8792 4)

A comparison between the proposed method and some
studies found in especially the recent literature is given
in the Table 1 by considering the metrics of accuracy,
sensitivity and F1 score.

Table 1. Comparison between our proposed method and
studies found in the recent literature by considering three
different performance metrics.

Research Paper Performance Metrics
(Year) Accuracy | Sensitivity | F1 Score
e e
Ak(kzlgslzt) | g770m | 93.30% -
H“S‘(S;;‘%t al. . 82.00% | 80.00%
i‘t’:??;gellg;j . 96.00% | 89.00%
Th?;;lgt)a" 92.00% | 90.00% -
Mei,;zzo(s:gz o | 8445% | 95.04% | 87.92%

When we examined the table given above, it was
observed that the accuracy obtained in our study is less
successful than the other studies specifically the recent
literature (2015-2020); but higher values have been
evaluated with respect to the metrics of sensitivity and F1
score. The accuracy is a kind of metric that measures
whether there is a tumor in an MR image or not, and
therefore it is not sufficient to express the success of any
study alone. Along with the accuracy, the sensitivity,
indicating that the proportion of positives that are
correctly identified (e.g., the percentage of MR images
with tumor which are correctly classified as having
cancer), is a frequently used metric to measure the
comprehensive success of a research study. Considering
95.04% as sensitivity metric obtained in the proposed
study, MR images with tumor in the database was
detected with a very high ratio. It has been also observed
that the F1 score, which is the harmonic mean of the
precision and sensitivity metrics, gives quite close results
compared with the studies given in the Table 1. As it is
understood from the evaluation criteria, it has been
determined that the presence of a brain tumor in MR
images is high with the built model.
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After the information that the test image contains a
tumor, the image segmented to find the location of the
tumor area. In Figure 7, there are examples for accurate
and false tumor region segmentation.

Figure 7. Accurate segmentation results (top), false
segmentation results (bottom) in test MR image

It was observed that main causes of the false
segmentation results in MR images are removal cranium
area and different MR images modalities.

5. CONCLUSION

In this study, by using MR images, determined whether
there is a brain tumor in the image, and then, in the test
images with tumor, segmentation and display of the
tumor region with the K-means algorithm is realized. A
brain tumor is detected with 84.45% accuracy and
95.04% sensitivity in the study. In images containing the
detected brain tumor, segmentation has been successfully
performed. With the study, it has been aimed to plan
disease treatment more easily by making a fully
automatic tumor detection and segmentation. In future
studies, it is aimed to increase the accuracy of the system
by combining segmentation algorithms that include more
than one method.
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Abstract

Severe Acute Respiratory Syndrome Coronavirus- 2 (COVID-19) pandemic has been created worldwide chaos and also
great pressure on the health systems of countries at the same time. While some countries are able to cope with the
pandemic successfully, on the other hand, some countries have taken insufficient measures to prevent the spread of the
pandemic. In this study, the data of some European Union Region countries, which had distressful days with this pandemic,
have been used and analyzed. The main purpose of this study is to argue the effect of some factors causing different death
ratios such as sugar consumption, vaccination of TBC, and air pollution, between Italy, Spain and United Kingdom which
have been suffering from this crisis severely and Germany and Portugal which have been exhibited relatively better
conditions than others and expected to get normalized quickly during this pandemic. General evaluation of the factors
that can increase the effect of the pandemic is discussed among the focused group countries.

Keywords: Covid-19, Sugar consumption, TBC vaccine, Air pollution.

Covid-19 Kaynakh Oliim Oranlarimin Secili Faktorlerle flgisine Yonelik Data Analizi:
Ispanya, italya, Birlesik Krallik, Almanya ve Portekiz Ornekleri

Ozet

Siddetli Akut Solunum Sendromu Koronaviriis-2 (COVID-19) salginm1 diinya ¢apinda bir kaos yaratirken ayn1 zamanda
iilkelerin saglik sistemleri iizerinde de biiyiik bir baski yaratmistir. Bazi iilkeler pandemiyle basarili bir sekilde basa
¢ikarken, diger taraftan bazi iilkeler pandeminin yayilmasint 6nlemede yetersiz kalmistir. Bu ¢aligmada, pandemi
stirecinde sikintili giinler geciren bazi Avrupa Birligi Bolgesi iilkelerinin verileri kullanilmis ve analiz edilmistir. Bu
calismanin temel amaci, bu krizden ciddi sekilde etkilenen italya, Ispanya ve Birlesik Krallik ile digerlerine nispeten daha
iyi bir durum sergileyen ve hizla normale dénmesi beklenen Almanya ve Portekiz arasinda seker tiiketimi, TBC asisi,
hava kirliligi gibi farkl1 6liim oranlarina neden olan bazi1 faktérlerin etkisini tartigmaktir. Pandeminin etkisini artirabilecek
faktorlerin genel degerlendirmesi, odak grup iilkeleri arasinda karsilagtirmalar yapilarak tartigilmaktadir.

Anahtar Kelimeler: Covid-19, Seker tiiketimi, TBC agis1, Hava kirliligi.

ICorresponding author orkunteke@gmail.com, 2tolga.depci@iste.edu.tr, 3aytemis.depci@iste.edu.tr


https://orcid.org/0000-0003-4390-263X
https://orcid.org/0000-0001-9562-8068
https://orcid.org/0000-0002-6536-9584

Teke O., Depci T. ve Depci A. (2020). ileri Miihendislik Calismalar ve Teknolojileri Dergisi, 1(2), 98-114

1. INTRODUCTION

Since ancient times, it had been faced with many virutic
or bacterial diseases which are invisible enemies of
humanity such as plague, Spanish Flu, SARS (Severe
acute respiratory syndrome) MERS (Middle East
Respiratory Syndrome), Ebola pandemics causing
massive deaths. Nowadays, humanity is in trouble with
another invisible enemy called COVID-19 and
struggling global scale. In the future, as long as the
humanity continues to harm the nature and pillage the
wildlife, it seems that such zoonotic pandemics will
follow on.

COVID-19, which causes lethal effects, especially in the
elderly and people with chronic disease, has been
identified as the same family and zoonotic with SARS
and MERS viruses (Wang et all. 2020). As known, this
pandemic started at Wuhan region in China in the last
days of December 2019 also deaths were reported at the
end of 2019. The virus, which had spreading rate that
increased as exponentially globally, spread to almost the
whole world (Fig. 1 and Fig. 2).

Some countries ignored this pandemic at first and their

health system reached maximum capacity rapidly and

they became inadequate to provide even basic health

care services. However, some countries took

precautions like “social distancing, isolation, curfew etc.”
and targeted “Controlled spreading” which means

spreading the number of infected people in time and not

putting pressure on their health system.

R0 CRITE] Cases T R

Figure 1. Global Confirmed cases and fatalities (Until
14.04.2020)
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Figure 2. Global Confirmed cases and fatalities
excluded China (Until 14.04.2020)

Italy, Spain and United Kingdom announced much more
cases and deaths than other European region countries.
Day by day their numbers are increasing. Also, in the
three countries, the ratio of mortality to the confirmed
cases is constantly increasing due to the pressure on the
health care systems. However, in countries such as
Germany and Portugal, although the number of cases
has been increased, mortality rates and spreading rates
remain stable.

With the COVID-19 epidemic, the number of cases and
cases and intensive care unit needs are increased.
Therefore, the suppression of health systems occurred to
great concerns about the health system capacities of
European countries and the effective response for
patients, who needs treatment, ability. Europe has
become a new epicenter with the United States. The
mortality rate, which is 4% in China, is 13% in Italy and
11% in Spain (Ceylan, 2020).

In this study, in addition to precautions taken by
countries, it has been tried to analyze whether there is a
relationship between the death resulted by COVID-19 in
terms of vaccine calendars, air pollution and sugar
consumption.
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2. SPREADING PROCESS OF COVID-19
PANDEMIC IN FOCUSED COUNTRIES

2.1. The Short History of Covid-19 Pandemic in Italy

After announcing this outbreak as “Pandemic”, the first
official cases were seen in Italy with the positive tests of
2 tourists coming from China on 31 st January 2020.
This date has been confirmed by Italian government as
the starting date of the spread of the virus all around the
country. After this case, as the global scale, the disease
factor spread, throughout the country with exponential
velocity and almost in one and half months, nearly two
hundred thousand people were infected.

On 31 st of January 2020 Italian government firstly
suspended all flights from China and a few weeks later,
all domestic and international flights were suspended to
prevent spreading. After, the first day of March, the
government made some regulations regarding the social
life such as social distancing, isolation and quarantine.

By April 15, Italy had conducted about 1,117,400 tests
for the virus. Due to the limited numbers of tests
performed, the real number of infected people in Italy,
as in other countries, is estimated to be higher than the
official count (Lau etc. 2020).

Recent days with the isolation and quarantine, the
situation is getting quite better than before. One of the
most important scale for normalization is “recovery rate
vs date rate”. This rate is decreased positively in Italy

(Fig. 3).
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Figure 3. Total Confirmed cases and fatalities in Italy
(Until 14.04.2020)
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Confirmed cases and daily deaths decrease with
precautions (curfew, quarantine etc.) taken by the
government (Fig. 4-5). While the death rate decreases
due to the decrease in the number of cases and the
pressure on the health system, the recovery rates
increase (Fig. 6).
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Figure 6. Recovery rate vs. death rate in Italy
(Worldometers, 2020)

2.2. The Short History of Covid-19 Pandemic in
Spain

Spain is one of the countries which have been affected
much more from COVID-19 pandemic. The first case
was confirmed on 31 of January 2020, with the test
result of a German tourist in Canary Islands. On 14™ of
March 2020 national lockdown was announced and still
continues.

Between 26 st of February- 13" of March 2020 period
was recorded as the fastest spreading period in the
country. During this period, almost 120.000 people
attended to “International Women’s Day” celebration in
Madrid. In addition, various gatherings, events and
organizations made a lot of people infected. After this
period, death numbers and confirmed cases decreased
constantly. Until the mid of April, almost more than
10.000 confirmed cases and more than 900 deaths
reported daily. The country declared state of emergency
until 26 April 2020.

It was stated that confirmed cases, infected numbers and
deaths periodically decreased in Spain which is one of
the countries with the highest number of cases and the
most affected by the Covid 19 epidemic in Europe until
the mid of April. Until 16 April 2020, there have been
182,816 confirmed cases and 19,130 deaths in Spain

(Fig. 7).
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Figure 7. Confirmed cases and fatalities in Spain
(Until 15.04.2020)

Daily new cases and deaths are still at high numbers.
Spain has an irregular daily cases and deaths chart. This
situation also suppresses the recovery rate-death rate
chart, which shows that countries are on the right
direction in the COVID-19 struggle (Fig. 8, Fig. 9 and
Fig. 10).
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Figure 10. Recovery rate vs. death rate in Spain
(Worldometers, 2020)

2.3. The Short History of Covid-19 Pandemic in
United Kingdom (UK)

In UK, first confirmed case was identified last week of
January, transmission was announced in February and
the number of confirmed cases increased rapidly in
March. When novel coronavirus outbreak was
announced as “Pandemic” by World Health
Organization, British Government did not take this
situation seriously and tried “Herd Immunity”. However,
with the acceleration of transmission of the virus, almost
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more than 100.000 people were infected in a really short
time and this situation was threatened UK Health Care
System because of the inadequate capacity of hospitals
and as a result the mortality rate increased around the
Kingdom.

Because of the rapid increase of confirmed cases and
deaths, the government made some legal arrangements
regarding domestic and international flights, closure of
schools and universities, imposing travel restrictions and
cancelation of organizations which people can join
collectively and brought rules about social distancing
and self-isolation. On 18 March 2020, British
government announced “Lockdown” across the country.
Also, mid of March, Crown Prince Charles and late
March UK Prime Minister Boris Johnson tested positive
for the virus. In April 5% the Prime Minister
hospitalized and needed intensive care due to the disease.
Boris Johnson left hospital on 12 April 2020.

Mid of April, UK has had almost more than 100.000
confirmed cases and 13.000 deaths (Fig. 11). The
number of cases and deaths continue to increase in UK,
whose massive outbreak cannot be controlled down (Fig.
12).
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Figure 11. Total Confirmed cases and fatalities in UK
(Until 14.04.2020)
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Figure 12. Daily confirmed cases and deaths in UK
(Until 16.04.2020)

2.4. The Short History of Covid-19 Pandemic in
Germany

COVID-19 Pandemic reached to Germany 27 January
2020 that confirmed first case Bavaria, Munich.
Germany is one of the most successful countries in
Europe that can control the pandemic. Transmission of
disease is getting under control day by day with
cooperation of the government policies and Robert Koch
Institute (RKI). RKI created Pandemic Master Plan
which is about precautions and upper level surveillance
and test applications as much as possible.

According to RKI plan which started in February,
prohibiting travels, closure of schools- kinder gardens
and institutes, closing of borders to five neighborhood
countries, cancellation of all flights, social distancing-
isolation and solid quarantine protocols were regulated
and done. By these means, German government moved
one step ahead and announced “National Curfew” on 22
March 2020.

Despite the increasing number of cases, Germany seems
to be the most successful crisis coordinator among
European countries with its low mortality rate and less
pressure of the health system. With almost 2 million
tests are done in a short time (20629 tests per 1 million

people) Germany has the highest test numbers in Europe.

Thus, early diagnosis and quarantine procedures of
infected people are provided (Fig. 13 and Fig. 14).
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Within those countries, Germany has one of the best
recovery rate- death rate numbers in Europe (Fig. 15).

With the advantage of Prime Minister Angelina Merkel
who is a scientist, Germany, which combines scientific
data with German discipling, is one of the countries that
can overcome this pandemic with minimum damage
compared to the other European Countries.
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Figure 13. Daily confirmed cases and deaths in UK
(Until 16.04.2020)
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Figure 15. Daily confirmed cases and deaths in UK
(Until 16.04.2020) (Worldometers, 2020)

2.5. The Short History of Covid-19 Pandemic in
Portugal

Portugal is one of the smallest countries in Eurasia
Region with its high potential tourism destinations and
therefore naturally affected from this pandemic like the
other European Countries. However, this pandemic
reached to Portugal on mid of March. On 24 March, the
Portuguese Government admitted that the country could
not struggle with COVID-19 any more, as it is
widespread, and, on 26 March, the country entered
the Mitigation Stage. The health care sites dedicated to
fight the disease started including the Portugal Health
center groups. Portuguese Government decreed special
measures  in  restricting  people  movements
between municipalities with very few exceptions,
closing all airports to civil transportation and increased
control in the national borders.

Compared to the population of Portugal, they have a
similar profile with Germany. They took precautions
early and determined their policies according to this
scientific examination and modeling. Their number of
tests approached 250.000 in a period of 1 month (21.678
in 1 million people- Third in Europe) and they applied
strict quarantine procedures prevailing over the chaos
seen in other Mediterranean countries. The number of
cases and deaths are lower in Portugal along with
Germany. Daily cases and deaths are in a decreasing
trend (Fig. 16 and Fig.17).
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3. COUNTRY BASIS ANALYSIS OF
FACTORS THAT CAN INCREASE THE
IMPACT OF THE PANDEMIC

3.1. Sugar Consumption, Obesity and Diabetes of
Focused Countries

After the 2005 sugar reform in Europe, sugar production
and consumption were tried to be regulated by
introducing certain quotas to the market (El Behri et all,
2008). Although the European Commission, WHO and
other health organizations have also tried to prevent
excessive consumption of sugar, obesity and diabetes
are still one of the most important metabolic disorders
that threaten Europe.

Food and beverage consumption with corn-derived
fructose plays an important role which increases
childhood and youth chronic diseases rapidly in the
modern world (Malik, Schulze, Hu, 2006; Korkmaz,
2008; Tam et al., 2006; Moreno and Rodriguez 2007,
Ochoa, Moreno-Aliaga, Martinez-Gonzalez, Martinez,
Marti, 2007). High fructose intake increases insulin
resistance and causes impaired glucose tolerance
triggering the development of chronic diseases such as
hyperinsulinemia, hypertriglyceridemia and
hypertension (Isgiizar et all. 2016).

It can be said that healthy nutritional habits have a
positive effect on people's immune systems. However,
the conditions of countries' access to food, the welfare
level of citizens, and their purchasing power of food in
terms of balanced nutrition is different for each country.
Also, sugar consumption is another controversial topic.
Some studies show that there is a negative relationship
between the excessive sugar consumption and the
strength of the immune system. According to a study
conducted at Warwick Medical School (WMS); high
blood sugar levels reduce the sensitivity of special
receptors that recognize bacteria and viruses. Rising
sugar levels block the receptors that play a role in the
immune system, making the body susceptible to
bacterial and virutic infections (WMS,20011).

The effects of sugar on human health are examined
under 3 main headings. The first suggests that sugar is
the main cause of dental caries, and a noticeable
decrease in caries incidents were observed with the
lower sugar consumption. Secondly, it suggests that the
excessive consumption of sugar causes obesity and
diabetes in the future, with the storage of sugar as fat in
the body. Thirdly, it argues that excessive sugar intake
could displace micronutrient-dense foods from the diet,
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resulting of vitamin and mineral deficiency (Ruxton et
all. 1999).

The World Health Organization (WHQ) emphasizes that
a maximum of 5% of the daily intake of energy should
consist of simple sugar, and health problems may begin
above this amount (WHO, 2019).

In this part, the nutritional habits and sugar consumption
of the 5 countries have been investigated since the
pandemic spreading rate may have an effect on this.
According to International Diabetes Federation (IDF)
2016 data, sugar intake in adults’ ranges from about 16-
17% in Spain and in the United Kingdom. Worryingly,
sugar intake is much higher among children to nearly
25% in Portugal (de Sabata et.al. 2016). There may be a
relationship between immune system disorders and
COVID-19 deaths due to the obesity and sugar
consumption.

Between focused countries, Germany is the lead on table
with high sugar consumption than others. It is clearly
seen that they are above the EU average which is around
20 kg / capita. In focused countries, only Portugal has
below average consumption value among adults (Table.
1).



Teke O., Depci T. ve Depci A. (2020). ileri Miihendislik Calismalar ve Teknolojileri Dergisi, 1(2), 98-114

Table 1. Countries Sugar Consumption in 2018 (Protectivity Insurance, 2019)

Consumption

Country Population (metric tonnes)
Germany 82,665,600 2,645
UK 65,648,054 2
Italy 60,497,174 1,706
Spain 46,549,045 1,215
Portugal 10,309,73 1,95

As known, Spain- Italy and UK have higher mortality
rates than other European countries. Especially Spain
has almost 429 deaths/ 1M Pop. When the table is
analyzed according to COVID 19 mortality rates,
Germany's low mortality rate contradicts the relation
between sugar consumption and possible COVID-19
deaths.

Having relatively high mortality rates, Italy, Spain and
UK are among the countries with high sugar
consumption ratios and this cause-effect relationship

may have investigated further as a possible field of study.

According to OECD data, the country with the highest
obesity rate in focused group countries is Portugal (Fig.
18). UK is the second and Germany is the third. Italy has
the lowest obesity rate. When COVID 19 related deaths
are analyzed, UK, Italy and Spain have higher mortality
rates than Portugal and Germany.
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Figure 18. Obesity Rates of Focused Group Countries
(OECD, 2020)
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“Past- Today and Future Projection for Countries”
Publication of International Diabetes Federation,
suggest that diabetes, which is a chronic disease, is seen
in Germany much higher than other focused group
countries in 2010 and 2019 (Fig. 19) (IDF, 2020). In the
future, it is thought that Germany will take the lead in
this matter. In addition, although the diabetes rate of
Spain was low in 2010, it is another important
conclusion drawn from the data that it increased in 2019
and reached almost the same level with Italy. When the
future projection is examined, it is thought that Spain
will surpass Italy. UK has followed a stable rate over the
years. This rate is not expected to change in the future.
Portugal has a low level of diabetes rate despite the
intense sugar consumption. This is not expected to
undergo a critical change in the coming period.
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Figure 19. Diabetes Rates of Focused Group Countries
(IDF, 2020)

3.2. Vaccine Calendars of Focused Countries

It is well known that vaccine is very significant as a
primary protection of the public health for virutic and
bacterial diseases. The immunization with vaccines
against preventable infections and other diseases which
can be contagious is the best defense mechanism we
have. In the past, immunization with vaccines proved its
success with smallpox and other success with smallpox
and other diseases as such. Thanks to widespread
vaccination, Europe and most of the places around the
world are pollution- free now.

The application of the vaccines, which cause various
discussions around the world, differs from country to
country. While some countries necessarily add some
vaccines to their vaccine calendars, some countries do
not need to.

If considered within the scope of COVID-19, the existed
vaccines related to the other viral illnesses and lung
diseases may cause some countries to survive from the
pandemic process with lesser damage.

107

Scientists and researchers work on the vaccine for
COVID-19 across the world but only a few started first
phase trial which indicates producing the safe and
effective vaccine may take months, even years.

Looking at the focus group countries, we see an
interesting picture. In the focus group, only the UK and
Portugal included tuberculosis (TBC) vaccine in their
vaccine calendars. As known, TBC is a really dangerous
and contagious disease. European Union Recommended
Vaccine Calendars are given for focused group (Fig. 20,
Fig. 21, Fig. 22, Fig. 23and Fig.24) (European Centre
for Disease Prevention and Control (ECDC), 2020).
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Figure 20. Portugal Recommended Vaccine Calendar (ECDC, 2020)
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Figure 24. Germany Recommended Vaccine Calendar (ECDC, 2020)

In Germany; TBC vaccine is neither mandatory nor
recommended and Mass Vaccination was applied
between 1961- 1998. The vaccination policy that
performed between these years may also be an important
data for COVID-19 related deaths which is lesser than
other countries. It can be considered that people who
have been vaccinated in this period will be more
resistant to COVID-19 (Zwerling A. Et.al.: 2011).

Like Germany, TBC vaccine is neither mandatory nor
recommended in Italy and Spain. There was no any
information about mass vaccination in the past years for
Italy. In Spain, Catalonia suspended TBC in 1971 and
last TBC policy of Spain performed between 1965 and
1981 (Asociacion Espafiola de Vacunologia, 2018).
Lack of TBC vaccine policy may have triggered high
COVID-19 related deaths (Zwerling A. Et.al.: 2011).

In Portugal, National Vaccination Programme has
existed since 1965. TBC was given to all newborns in
hospitals (Portugal Ministry of Health, 2020).

UK launched the TBC vaccine policy in 1953. Among
the focused group countries, UK is the first country to
integrate TBC policy into its health system. Until 2005,
all school children aged 10-14 and newborns at risk were
vaccinated. All children were given a single dose (there
is no evidence of an extra protection of the second or
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more doses). This vaccine policy was terminated in 2005
due to the costs. However, the recommended
vaccination schedule of UK still includes the TBC
vaccine for new births. The UK, which is on the TBC
vaccination schedule as such preventive activity, has
been one of the countries most affected by COVID-19
related deaths (NHS, 2016).

Although TBC vaccination is mandatory in UK and
Portugal, mortality rates are lower in Portugal than UK.
In addition, in Germany, which is not compulsory, low
mortality rates are seen in Portugal compared to the
other countries. Miller et all (2019) found that countries
without a universal TBC vaccination policy (Italy, the
Netherlands, USA) are more severely affected than
countries with long-standing TBC policies.

Especially, in Iberian Peninsula, analyze to COVID-19
related mortality rates between Spain and Portugal, the
fact that, TBC vaccine is on the calendar in Portugal and
the vaccination was applied to masses. In these countries,
which have similar geography and physical
characteristics, TBC vaccine may have been an
advantage
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3.1.3. Air Pollution of Focused Group

Air pollution, which can be defined as the unfavorable
amount and density of foreign substances in the air,
negatively affects the health of people, animals and
other life forms. Widespread using of low-calorie and
high sulfur coals for heating purposes and application of
wrong combustion techniques cause air pollution. In
addition, high population, mass consumerism and mass
production among with the exhaust gases coming out of
the motor vehicles whose number is increasing rapidly
can be considered as the significant factors of air
pollution. Wrong selection of location for the
establishment of industrial facilities, ignoring to take
necessary measures to protect the environment (no
chimney filter, no treatment plant, etc.) and not using
appropriate technologies boost the air pollution.

Aiir pollution causes an increase in respiratory diseases
in humans. For example; it is known that it prevents the
development and maturation of blood cells, negatively
affects the accumulation in the blood and urine, and
carbon monoxide (CO) combines with hemoglobin in
the blood disrupting oxygen transport. Also, sulfur
dioxide (SO2) has sharp, suffocating and irritating
effects on the upper respiratory tract. Especially the
smoke penetrates from the lungs to the alveolus which
has a negative effect.

Air pollution sources;

» Burning fossil fuels in heating,
electricity generation, transportation
and related sectors

> Solvent use and industrial processes
(chemical and mining sectors)

» Disorganized waste management.

» Unconscious agricultural applications
(excessive using of pesticides)

» Natural sources: Volcanic eruptions,
sea salt spraying, dust storms etc.

Although decrease in the urban population exposed to
air pollutants in Europe until 2017 (Fig. 25), increasing
industrialization and improper practices in agriculture
and other related industrial process still put pressure on
the air pollutants data (IEA, 2020). WHO declares that
these numbers which are related to urban population
exposed to air pollution is much more (Fig. 26) (WHO,
2020).
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Chart ~ Urban papulation exposed to air pollutant concentrations above selected limit and target values

— P10

Figure 25. Urban population exposed to air pollutant
concentrations

Chart — Urban papulation exposed to air pollutant concentrations above WHO air quality guidelines

“og,,

Figure 26. Urban population exposed to air pollutant
concentrations above WHO air quality guidelines

Considering the air pollution data at the end of 2018 (Fig.
27), itis seen that Italy, one of the focus group countries,
is the most polluted of all. It is a remarkable detail that
Germany has an average level in the list due to the heavy
industry and it is below Italy. The other countries such
as Spain and UK do not have a high value. The best air
quality country of the focus group is Portugal (WHO,
2020).
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PM2.5 Country/Region Ranking
(pg/m?)
1. Bosnia & Herzegovina (40.9)
2. Macedonia (35.5)
3. Kosovo (30.4)
SN 9504 4. Bulgaria (25.8)
5. Serbia (23.9)
6. Poland (22.3)
7. Croatia (22.2)
8. Czech Republic (20.2)
9. Romania (18.6)
10. Slovakia (18.2)
11. Lithuania (17.5)
12. Hungary (16.8)
13. Austria (15.0)
14. Italy (14.9)
15. Ukraine (14.0)
16. Belgium (13.5)
17. France (13.2)
18. Germany (13.1)
1554 19. Netherlands (11.7)
20. Switzerland (11.6)
21.Russia (11.4)
22. Luxembourg (11.2)
23. Malta (11.0)
354 24. United Kingdom (10.8)
25. Spain (10.4)
26. Portugal (10.3)
== 27. Ireland (9.5)
@ 28. Norway (7.6)
12.0 S8 29. Sweden (7.4)
100 S 30.Estonia (7.2)
i B 31. Finland (6.6)
B 32.Iceland (5.0)

= 150.4

Figure 27. Air pollution monitoring of Europe (WHO, 2020)

As is well known, many European countries have
declared a lockdown to stop the spread of COVID-19.
Therefore, activities that cause daily air pollution have
stopped and there has been a noticeable change in air
quality in Europe.

4. DISCUSSION

The COVID-19 outbreak, which started from China and
spread all over the world and declared as Pandemic by
WHO, affected the whole world and over two million
people were infected. As a result, it has reached a death
rate of nearly two hundred thousand people.

As the direction of the pandemic graph begins to
normalize in some countries day by day, high cases and
mortality rates continue in the countries examined

within the scope of the study such as UK, Spain and Italy.

However, in Germany and Portugal, which are the other
focused countries of the study, although the number of
cases increased, it is observed that these countries may
enter normalization processes in a shorter period of time.
The mortality rate is lower in these countries comparing
with the others.

In this study, which factors might cause mortality rate
difference among focused group countries s
investigated and selected factors include sugar
consumption, vaccine calendars and air pollution.

Germany has a lower mortality rate than other countries
during the pandemic, although it has more sugar
consumption than other countries. On the other hand,
UK, Spain and Italy faced higher mortality rates, even
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though they had less consumption value than Germany.
Portugal, which draws a similar epidemic curve with
Germany, is in opposition to Germany in terms of sugar
consumption.

Also, vaccination calendars of focused group countries
are examined. This study particularly dwells on the
vaccination of TBC which is a dangerous lung disease
and found out that it is only in the calendar of the UK
and Portugal among other focused group countries.

Although there is not a great difference between
vaccines for other viral diseases in vaccine calendars,
this subject is also an issue that needs to be investigated
further. One of the reasons for the huge difference at
COVID-19 related mortality rates between Spain and
Portugal which are both in the Iberian Peninsula can be
explained with the TBC vaccine which is in Portugal's
vaccination calendar and the country suffer less
COVID-19 related deaths.

Although Germany does not have the TBC vaccine in its
calendar, it seems to be the country with the lowest
mortality rate with Portugal when compared with the
other focused group countries. When the TBC vaccine
and COVID-19 related deaths are examined, this
parameter should be evaluated definitely.

Along with Italy and Spain, UK is one of the countries
with the highest mortality rate in the focused group,
although the TBC vaccine is on the calendar and the
existing negative situation contrasts between the
relationship between TBC vaccine and COVID-19
related deaths.
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In terms of air pollution, Italy has the dirtiest air than
other focused group countries. This may cause to have
higher mortality rates in Italy during the COVID-19
outbreak. UK and Spain have average air pollution rates.
Despite Germany's heavy and developed industry, it is
cleaner than Italy. Portugal with its low air pollution and
low death ratios of COVID-19 can prove the
significance of good air quality on our endurance to the
virus.

5. CONCLUSION

Having less sugar consumption and less air pollution,
Portugal exhibits less mortality rates during this
pandemic which proves that there could be a possible
relationship between these variables with the death
ratios of COVID-19. It should not be overlooked,
however, that Germany, having high sugar
consumptions and moderate air pollution, gives lower
mortality rate values when compared with the other
focused group EU countries. Sugar intake of UK, Italy
and Spain should not be underestimated since those
countries also have numbers above standards.
Nevertheless, more detailed analysis regarding the
relationship between sugar consumption and COVID-19
deaths will be essential in the future.

Portugal, included the vaccination of TBC in their
vaccine calendar and suffers less COVID-19 related
deaths when compared with Spain. It is noteworthy that
both being Iberian Peninsula countries, the two country
exhibit different death ratios of COVID-19. More
detailed research should be done to understand the
relationship between COVID-19 deaths and TBC
Vaccine.

Not having TBC vaccine in its calendar, Germany is one
of the lowest mortality rates in the focused countries.
Therefore, the effectiveness of TBC vaccine is
concerned for COVID-19, this parameter should be
evaluated separately.

Most particularly, Italy and then UK and Spain have
high air pollution rates which is accordance with the
high COVID-19 death ratios. In this regard, as a study
subject it can be investigated by associating with the
deaths from COVID-19 in future studies.
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Ozet

Bu ¢alismada kablosuz gii¢ transferi yapan bir sistemin analizi i¢in etkin bir yontem Onerilmistir. Bu amagla sistemin
yapis1 incelenmis ve analizi igin genellestirilmis diiglim denklemleri yonteminin nasil uygulanacagi gdsterilmistir.
Kablosuz gii¢ transferi yapan sistem seri rezonans devresi topolojisi iizerine kurulmustur. Analiz yontemi drnek bir sistem
iizerinde uygulanmistir. Sistemin en temel elemani olan bobinin tasarimi, Ansys Maxwell programi ile
gergeklestirilmistir. Uygulanan yontemle devrenin sistem denklemleri analitik olarak kolay bir sekilde ¢ikarilmistir.
Sistem denklemleri Laplace bolgesinde ¢oziilerek, devrenin dinamigi, zaman sabitleri ve gecici haldeki durumu hakkinda
yorumlar yapilmistir. Daha sonra, sistem denklemleri zaman bolgesine aktarilarak, devrenin sayisal analizi elde edilmistir.

Anahtar Kelimeler: Kablosuz Gii¢ Transferi, Analiz, Genellestirilmis Diigiim Denklemleri, Rezonans Devresi.

Analysis of Wireless Power Transfer System with Modified Nodal Equations Approach

Abstract

In this study, an effective method is proposed for the analysis of a system that transfers wireless power. For this purpose,
the structure of the system is examined and it is shown how to apply the generalized nodal equations method for analysis.
The system that transfers wireless power is based on the series resonance circuit topology. The analysis method is applied
to a sample system. The design of the coil, the most basic element of the system, is realized with the Ansys Maxwell
program. System equations of the circuit are easily obtained analytically with the applied method. By solving system
equations in Laplace domain, comments are made about the dynamics of the circuit, time constants and its transient state.
Then, system equations are transferred to the time domain and numerical analysis of the circuit is obtained.

Keywords: Wireless Power Transfer, Analysis, Modified Nodal Equations, Resonance Circuit.
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1. GIRIS

Giinlik hayatimizda kullandigimiz cihazlarin  ¢ogu
elektrik enerjisi ile ¢alismaktadir. Ozellikle telefon,
bilgisayar, tablet gibi cihazlarin giinliik yasantimizin
ayrilmaz bir parcasi oldugunu diisiindigiimiizde, bu
cihazlarin sarj durumlari, sarj edilebilirligi ve sarj edilme
siireleri gibi konular biiyiik onem tagimaktadir. Elektrikli
cihazlarin hemen hemen hepsi sarj edilebilmek igin
kabloya ihtiya¢ duymaktadir. Bu cihazlarin kablo ile sarj1
esnasinda, kullaniminin getirdigi kisitlamalar ve kablo
ihtiyacini ortadan kaldirmak i¢in, kablosuz sarj sistemleri
gelistirilmis ve su anda piyasada
yayginlasmaya baglamistir. Sadece elektronik cihazlar
icin degil elektrikli araglarin sarj edilmesi igin de biiyiik
aktarma yapabilen iretimler

kullanimi1

giigler seviyesinde

bulunmaktadir.

Sistemde, sarj mesafesi ve verimin artirilmasi en temel
problemdir. Kabul edilebilir mesafe ve yiiksek gii¢ iletim
verimi Ozelliklerinden dolayi, manyetik rezonans
teknikleri gelecek vadeden ¢o6ziimlerdir (Yang, May
2017) (Avisire , Shahat, & Sharaf, Oct. 2018) (Youn &
Choi, June 2015) (Tang, Nov. 2018) (Choi , Kwak, &
Kim, Sept. 2016). Enerji transferinin ana elemanlarinm
olusturan alic1 ve verici devresindeki bobinler arasindaki
manyetik etkilesim mesafeyle ve konumla degisir.
(Agcal, Bekiroglu, & Ozcira, 2018) calismasinda
sistemdeki alict ve verici bobinlerin konumsal ve agisal
olarak hizalanmis ve hizalanmamis durumlarma gore
verimi incelemistir. Kablosuz gii¢ transferinin elektrikli
araglara uygulanmasi ile ilgili ¢alismalar yogunlasmaya
baglamigtir (Liu, Field circuit coupling analysis of
dynamic wireless charging for electric vehicle, Nov.
2018) (Niculae & lordache, 2019) (Liu, Jiang, & Qiu,
Overview of coil designs for wireless charging of electric
vehicle, May 2017) (Khutwat & Gaur, Oct. 2016).

Bu ¢alismada, kablosuz gii¢ transferi sisteminin analizine
etkin bir katki saglanmigtir. Bu amagla, sistem
denklemlerinin analitik olarak daha kolay ve sistematik
bir sekilde elde edilmesine olanak saglayan
Genellestirilmis Diigim denklemleri (GDD)
yaklasiminin nasil kullanilacagi aciklanmistir. Ayrica,
elde edilen devre denklemlerinden, sistemin dinamik
analizi de yapilmustir.

2. SISTEM YAPISI

Kablosuz gii¢ transferi yapan sistemler genel olarak
verici (transmitter) ve alict (receiver) devrelerinden
olugsmaktadir. Bu devreler genel itibariyle yiiksek
frekansta caligtirilirken maksimum verimi saglamak i¢in
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bir rezonans devre topolojisi ile tasarlanmaktadir.
Sisteme iliskin devre topolojisi Sekil 1°de verilmistir. Bu
topolojiye gore, rezonans frekansinda yiikiin endiiktif
(Ly) ve Kkapasitif (Cz) bilesenlerinin  empedanslari
birbirlerini sifirlar ve yiik empedans: sadece bobinin
omik direncinden olusur. Dolayistyla, toplam empedans
en diisiik seviyede olur. Bu da akiminin genliginin ve
giiciin maksimum olmasini saglar (Fincan, 2015).

Sekil 1. Kablosuz gii¢ aktarim devresi

Kablosuz gii¢ aktarim devresi, aslinda hava niiveli
karsiliklt endiiktans iceren manyetik etkilesimli bir
devredir. Bu tiir devreler genel itibariyle yiiksek
frekansta calistiklart igin kablosuz gii¢ aktarim yapan
devrelerin  beslenmesi  gii¢  elektronigi  devreleri
kullanilarak yapilmaktadir. Giig elektronigi
elemanlarmin anahtarlama durumlart da g6z Oniine
alindiginda devrenin yapist daha karmasik hale
gelmektedir. Bu nedenle devrenin analizi durum
degiskenleri ile yapilirsa matematiksel denklemlerin
ifade edilmesinde baz1 zorluklar ile karsilasilabilir. (Isak,
Kelebekler, & Yildiz, Kasim 2007) ¢alismasinda
karsilikli endiiktansin etkisinin anahtarlamali devrelerde
nasil ifade edildigi incelenmistir. Calismada hem
karsilikli endiiktansin hem de anahtarlama modelinin
genellestirilmis diiglim denklemleriyle Laplace ve zaman
bolgesinde kolayca ifade edildigi belirtilmistir.

Genellestirilmis diigim denklemleriyle (GDD) devre
analizi yapilirken, durum degiskenleri yOntemine
nazaran daha fazla bilinmeyen ve denklem elde
edilmesine karsin, denklemlerin elde edilmesi ve
¢oziilmesi daha kolay olmaktadir. GDD yodntemi ¢ok
karmagik devrelerin  modellenmesini ve analizini
kolaylastirdig1 igin birgok paket program ve bilimsel
¢aligmalarda kullanilmaktadir.

Bu c¢aligmada, devrede kullanilacak bobinlerin 6z
endiiktanslar1 ve ortak endiiktans degerleri Ansys
Maxwell programindan elde edilmistir. Daha sonra belli
bir frekans degeri secilip devrenin rezonansa girmesi igin
gerekli kapasite degerleri belirlenerek devre tasarimi
gergeklestirilmistir. Tasarlanan devrenin analizi ise,
aciklanan avantajlarindan dolay1 genellestirilmis diigiim
denklemleri ile yapilmistir.
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3. BOBIN VE DEVRE TASARIMI

Kablosuz gii¢ aktariminda, bobin tasarimi ve manyetik
giic aktarimi en O6nemli kisimdir. Verici tarafindaki
bobinden gegen alternatif akim sonucu bobinin tizerinde
bir manyetik alan olusturmaktadir. Bu manyetik alan
verici (transmitter) tarafindaki bobin (L1) ile etkilesime
giren alict (receiver) taraftaki bobinin (L) bulundugu
devrede bir akim akmasimi saglamaktadir. Bu nedenle
uygun bobin secimi yapilirken iletkenin endiiktansi,
kesiti ve bobin boyutlar1 dikkate alinmasi gereken
parametrelerdir.

Ansys Maxwell programi ile tasarlanan 10 kHz’deki
bobinin (Sekil 2) parametreleri Tablo 1’de verilmistir ve
bobinlerin sarg1 diren¢leri ihmal edilmistir.

Tablo 1. Ansys Maxwell programu ile tasarlanan
bobinin parametreleri

Bobin Verici Alici Bobini
Parametreleri Bobini (L) (L2)

i cap 50 mm 50 mm
Dis cap 132.8 mm 105.6 mm
Sarim sayisi 30 20
iletkenler arasi 0.687 mm 0.687 mm
mesafe

iletken kesiti 0.5 mm? 0.5 mm?
Oz endiiktans 45.2 uH 32.4 uH
Ortak enditktans  6.37 pH

Kublaj katsayisi, | 0.166372

k

Bobinler arasi 30 mm

mesafe

Sekil 2. Tasarlanan bobinlerin Ansys Maxwell’deki
goriinimi

Kablosuz gii¢c aktarim sistemleri, hava niiveli bir
transformator gibi diisiiniilebilir. Buradan hareketle, akan
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akimin yiiksek frekansta zamanla degismesi, iki bobin
arasindaki ortak endiiktansin olabildigince yiiksek olmasi
ve bobinlerden akan akimdan dogacak gii¢ kaybinin en
az olmas1 yiiksek verimli bir sistem i¢in gereklidir.

Rezonans devreleri, sistemin verimliligini arttirmak i¢in
kullanilir. Eger devreye endiiktif reaktans ile kapasitif
reaktans1 birbirine esitleyecek frekansta bir gerilim
uygulanirsa, devredeki toplam empedans sadece omik
ozellik gosterecek ve akim maksimum seviyede
akacaktir. Verilen bu frekansa rezonans frekansi (fr)
denir. Rezonans frekansimnin esitligi denklem 1°de
verilmistir.

fr
1

 2nVIC

M

Tasarlanan sistem i¢in rezonans frekansi f; =10kHz
secilmigtir. Ansys Maxwell programi ile tasarlanan
bobinlerin parametre degerleri de Tablo 1’de verilmistir.
Denklem 1 kullanilarak, gerekli olan kapasite degeri
belirlenebilir. Denklem 1’den gerekli kapasite degeri
asagidaki gibi ifade edilebilir.

c

() 1 @

Denklem 2’ye gore elde edilen, alict ve verici taraftaki
kapasite degerleri C; = 5.6 uF, C, = 7.8 uF olarak elde
edilir. Belirlenen degerler sonucunda sistemin esdeger
devresi Sekil 3’°te verilmistir.

C1=5.6 uF

+
e(t) L1
Ssin(wt) ’\) 45.2 yH

Sekil 3. Sistemin elektriksel esdeger devresi
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4. GENELLESTIRILMIiS DUGUM
DENKLEMLERI iLE ANALIiZ

Sekil 3’te gosterilen kablosuz gii¢ aktarimi devresinin
analizi GDD yontemiyle yapilacaktir. Verici devresine
bagli gerilim kaynagi L; bobini {lizerinde manyetik alan
olusmasini saglar. Bu manyetik alan alic1 devresindeki L»
bobininde bir gerilim indiikleyerek, verici devresinden
alic1 devresine manyetik olarak enerji aktarilmis olur.

Devreye ait temel diigiim denklemleri Laplace
bolgesinde asagida verilmistir.

a=ig+i=0 = sC Uy, —Up) + i
=0 3)

b-iy, —ic, =0 = iy —sC(Uy—"Up)

=0 C)

C_)icz_iLz =0 = SCz(UC_Ud)_ iLz
=0 )

d—=ig,—ic,=0 = Gg,(Ug)— sC;(U:—Uy)

=0 (6)

Denklem sisteminin ¢éziimlenebilmesi i¢in bilinmeyen
sayisi kadar denklemin olusturulmasi gerekmektedir.
GDD sistemi igin gerekli olan ek denklemler asagida
verilmistir.

Ly = Up
= SLliL1 - SM,:LZ (7)

L2 d _UC = SLZI:LZ
— sMiy, 3

e
=U, €)

Denklem sistemi,

rsC;,  —sC; 0 0 0 0 17
—sC; sC; 0 0 1 0 0
0 0 sC, —sC, 0 -1 0
0 0 —sC; sCy + G, 0 0 0
0 1 0 0 —sL;, sM 0
0 0 -1 0 sM —sL, 0
L1 0 0 0 0 0 0-
0
0
0
=|0]e¢
0
0
[ 1.

Bu sistemin genel yapisi, Laplace bolgesinde denklem
10’da verilmistir.

(G +sC)X(s) =BU(s) > A(s)X(s)
= BU(s) (10)

Burada G, C, B matrisleri katsay1 matrisleridir. Tim
iletkenlikler ve frekanstan bagimsiz degerler G matrisini
olusturur. Frekans ile ilgili olan endiiktans ve kapasite
degerleri C matrisinde yer alir. U matrisi ise bagimsiz
akim ve gerilim kaynaklari ile sifirdan farkli kapasite ve
endiiktanslarin baglangi¢ kosullarini i¢eren vektordiir.

Sistemin ¢oziimii, denklem 11°deki gibi ifade edilir.

X(s) = (G +sC)"'BU(s)
= A(s)"1BU(s) (11

Burada  A(s) = (G + sC) matrisine  devrenin
karakteristik matrisi denir. Denklem 11°deki A(s)
matrisinin tersi denklem 12’deki gibidir.

A(s)™?
1 .
= (mAd](A(S))> (12)

det(A(s))
_Q(s)
" R(s) 13
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Denklem 12 ve 13°teki ifadeler denklem 11°de yerine
konur.

X(s)

_ (Adj(AGs))BR(S)

= ( 06) ) u(s) (14)
Denklem 14’deki Q(s) polinomu tim devre

degiskenlerinin paydasinda ortak olarak goriliir. Bu
polinoma devrenin karakteristik denklemi denir. Bu
denklem, devrenin karakteristik davranisi hakkinda
onemli bilgiler icerir. Karakteristik denklemin kokleri
devrenin kutuplarini (6zdegerlerini) verir. Kutuplarin
carpmaya gore tersi devrenin zaman sabitini belirler.

Q(s) polinomunun kokleri devrenin kutuplarini
(6zdegerlerini) vermektedir. Sekil 3’de verilen devre
elemanlarinin sayisal degerlerine goére, devrenin kokleri

asagida verilmistir.

o= (—1.3853 + 6.2441i)x10*
o, = (—1.3853 — 6.2441i)x10*
oz= (—0.2019 + 6.2660i)x10*

o= (—0.2019 — 6.2660i)x10*

Sistemin kokleri kompleks (a + bi ve a < 0) yapida
oldugundan, devre gegici hal bolgesinde titresimli bir
hareket yaparak kararli hale gelir. Sistemin gecici hal
siiresi, devrenin zaman sabitleri, dolayisiyla devrenin
kutuplar1 ile bulunabilir. Devrenin zaman sabitleri
asagida verilmistir.

1

T =—
17 |-1.3853x10%|

=722 us

_ 1
T 1-0.2019x104|

T, = 0.495 ms
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Sistemin gegici hal siiresi yani kararli hale gelme siiresi
5T,4x slresi kadardir. Burada t, > 7; oldugundan,
devrenin gegici hal siiresi siiresi, 5T, = 2.475 ms dir.

Sistemin zaman bolgesindeki analizi igin, Laplace
bolgesinden zaman bolgesine kolay bir islemle

gecilebilir. Bunun i¢in (G + sC) matrisi (G +%C)

matrisine  cevrilerek  yapilir.  Sistemin
bolgesindeki diizenlenmis hali denklem 15°te verilmistir.

zaman

dXx(t)
GX(t) + CT

= BU(t) (15)

Devredeki elemanlarn degerleri Sekil 3’te verilmistir.
Devrenin zaman bolgesi denklemleri denklem 16’da
gosterilmigtir. Sayisal ¢oziimler Trapez yoOntemi elde
edilmistir. Analiz sonucu elde edilen grafikler Sekil 4,
Sekil 5 ve Sekil 6’da verilmistir.

Sekil 4’te devreye uygulanan gerilimin degisimi
verilmigtir. Sekil 5’te, verici ve alici devrelerindeki
bobinlerin {izerindeki gerilimlerin degisimi verilmistir.
Bu gerilim degerleri ayn1 zamanda Sekil 3’teki b ve ¢
diigtimlerinin gerilimleridir.



Kocacik A.N. ve Yildiz A.B. (2020). ileri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 115-122

-60

-80

-100

0 0 0 0 0 0 1yVUa] ¢ -¢, 0 0 0 0 07 [Ua] tO
00 0 0 1 0 O||Uy| |-¢c, s¢c; o0 0 0 0 o] [Us| [0
00 0 0 0 -1 o0||U 0 0 ¢ —C 0 0 0f4(Ye| o
00 0 G, 0 0 Ofjlaj+f0 0 -G C 0 0 0|—fUe|=(0|Uq (16)
010 0 0 0 ol O o0 0 0 -L; M of |u| |0
00 -1 0 0 0 Ol o o0 o0 o0 M -L, of || |0
1 0 o o o o ollizkJ] o o o o o o o lil 4
6
Ua
4 _|
2 —
s
2
5 | | | | |
0 05 1 1.5 2 25 3
Time(sn) %107
Sekil 4. Girig gerilimi (U,)
100
80
60
40
20
S
-20
-40

Time(sn) % 10-3

Sekil 5. Verici ve alict devrelerindeki bobinlerin gerilimleri (Upy, UL2)
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Sekil 6. Verici ve alict devrelerindeki bobinlerden akan akimlar (Ip1, 112)

Sekil 6’da verici ve alict devrelerindeki bobinlerden akan
akimlarin degisimi verilmistir. Akim degerlerinin yiiksek
¢itkmasi, verici ve alict devrelerindeki rezonans yapisindan
kaynaklanmaktadir.

Kablosuz gii¢ transferi yapan sistemlerde kacak akilarin
yiiksek olmasindan dolay1 alici (sekonder) tarafa aktarilacak
giic miktar1 6nemli miktarda azalmaktadir. Bunun ana
sebebi olugan ortak akinin manyetik direnci yiiksek olan
havadan devresini tamamlamasidir.

Sekil 5°de alict taraftaki bobin iizerindeki gerilimin
beklenildigi iizere verici taraftaki bobinin geriliminden daha
diisiik degerdedir. Ancak Sekil 6’da alic1 taraftaki bobinden
akan akimin verici taraftaki akan akimdan daha diisiik
¢ikmasi, hem alic1 devresindeki yiik direncinin olmasi hem
de  kagak aki olmasindan
kaynaklanmaktadir. Laplace bolgesinde hesaplanan gegici
hal siiresinin Sekil 5 ve Sekil 6’da grafiklerde de goriildiigi
gibi 2.475 ms civarindadir.

miktariin fazla
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5. SONUCLAR

Bu calismada kablosuz gii¢ aktarimi yapan bir devrenin
analizi i¢in etkin bir yontem Onerilmistir. Kullanilan
yontem ile kolay bir sekilde sistemin denklemleri elde
edilmis ve devre karakteristigi belirlenmistir. Devrenin s-
bolgesinde ve t-bdlgesinde analizi yapilmistir. Laplace
bolgesinde devrenin karakteristik matrisi ¢ikarildiktan
sonra devrenin kutuplari, zaman sabitleri, gecici halin siiresi
ve karakteristik yapist belirlenmistir. Zaman bdlgesinde
devrenin sayisal analizi gerceklestirilip, devrenin dinamik
cevabi dogrulanmistir.
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Kazikh Radye Temel Boyutlarinin Oturma Davranis1 Dikkate Alinarak Optimum Tasarimi

Raziye BOZKURT*! {2, Atila DEMIROZ*?
*Konya Teknik Universitesi, Miihendislik Fakiiltesi, Insaat Miihendisligi Boliimii, 42250, Konya
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Ozet

Giiniimiizde gelisen teknoloji ve artan niifus oranina bagli olarak, yiliksek katli yapilarmn insas1 zorunlu hale gelmistir. Bu
durum yap1 ve temel giivenligi agisindan ¢alismalarin arttirilmasini da gerekli kilmaktadir. Ciinkii, genellikle yiiksek katli
binalar i¢in tasarlanan kazikli radye temeller maliyet agisindan beklenmedik rakamlar sunabilmektedir. Bu durumun
oniine gecebilmek amaci ile uygun boyutlandirmanin segilmesi gerekir. Kazik ve radye boyutlarinin hem ekonomik hem
de giivenli tarafta kalabilecek sekilde dogru tasarlanmasi gerekir. Dolayisiyla boyutlarin, tagima kapasitesi ve oturma
miktarlari tizerindeki etkileri bilinmelidir. Bu amagla, bu ¢caligmada, kazik uzunlugu, kazik cap1 ve kazik sayisinin kazikl
radye temellerdeki oturma davranisi iizerindeki etkileri aragtirilmistir. Gelistirilen drnek bir matematik model dikkate
alinarak, Randolph metodu esasli bir hesap kodu yazilmis, boyutlandirma degisimine bagli olarak maksimum oturma ve
farkli oturma degerleri analiz edilmistir. Analiz sonuglar1 grafiksel olarak sunulmustur. Calisma sonucunda, optimum
¢6zlimiin kazik boyunun ve ¢apinin arttirilmasina bagli oldugu gosterilmistir. Ayrica kazik sayisi ve lokasyonunun oturma
davranigina etkisi arastirilmistir.

Anahtar Kelimeler: Kazikli radye temeller, Oturma esash boyutlandirma, Kazik uzunlugu, Randolph metodu.

Optimum Design by Considering the Settlement Behavior of Pile Raft Foundation Dimensions

Abstract

Due to the developing technology and the increasing population rate today, the construction of high-rise buildings has
become mandatory. This situation makes it necessary to increase the studies in terms of structure and foundation safety.
Because piled raft foundations, which are generally designed for high-rise buildings, can offer unexpected figures in terms
of cost. In order to prevent this situation, proper sizing should be chosen. Pile and raft sizes must be designed correctly
so that they can remain both economical and safe. Therefore, the effects of dimensions on bearing capacity and settlement
amounts should be known. For this purpose, in this study, the effects of pile length, pile diameter and pile number on pile
raft foundation settlement behavior were investigated. Considering a sample mathematical model developed, an account
code based on the Randolph method was written, and the maximum settlement and different settlement values were
analyzed depending on the sizing change. Analysis results are presented graphically. As a result of the study, it was shown
that the optimum solution depends on increasing the pile length and diameter. In addition, the effect of the number and
location of the pile on the settlement behavior was investigated.

Keywords: Distributed Pile raft foundations, Settlement based sizing, Pile length, Randolph method.

1Sorumlu yazar drraziyebozkurt@gmail.com, 2ademiroz@ktun.edu.tr
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1. GIRIS

Kazikli radye temeller, radye temelin tek basina giivenlik
kriterlerini ~ saglayamadigt  durumlarda, —miimkiin
oldugunca az sayida kazigin radye temele uygun
lokasyonla yerlestirilmesidir. Ozellikleri itibari ile
tahmin edilemeyen degigkenler nedeniyle, kazikli radye
temeller karmasik bir yapiya sahiptir. Sonlu elemanlar ve
sonlu farklar gibi sayisal analiz yontemleri giiniimiizde
kazikli radye temellerin ¢6ziimii i¢in uygun ¢oziimler
sunmaktadir (Onalp, 2010). Radye temeller yiik tasima
kapasitesi agisindan yeterli giivenlik kriterlerini saglasa
dahi, zaman igerisinde asir1 oturmalar olusabilir. Yapi
giivenligi acisindan, oturmalarin 6niine gegebilmek igin
toplam ve farkli oturmalar1 kontrol altina alan alternatif
¢Oziimler bulunmustur (Alver, 2015).

Radyenin boyutlarinin arttirilmasi ¢ogu durumda yapi
alant icerisinde miimkiin olamamaktadir. Ayrica
ekonomik anlamda problem teskil etmektedir. Radye
temellerde, oturmalarin hizmet gorebilirlik durumu i¢in
kabul edilebilir smirlara g¢ekilebilmesi konusunda hem
tasima giiciinii arttirmak hem de oturmalarin minimize
edilmesi i¢in kaziklarin ilavesi Onerilmektedir. Limit
durum analizi, deformasyon analizi ve yapisal analiz
kaziklarin tasarimi igin {i¢ agsamadir (Fellenius, 1976).

Radye temelin zeminle etkilestigi, yani radye temel
zemin temasinin kesilmedigi durumda yiik, radye temel
ve kaziklar arasinda paylasilarak zemine aktarilir. Biitiin
yiikiin kaziklar tarafindan tasinmadigi, radye temelin de
belirli oranlarda yiik tagidig1 bilinmektedir. Bu durumda
esas konu yiikiin hangi oranlarda kazik ve radye arasinda
paylasildigidir. Bu noktada, amag, toplam ve farkli
oturmalar kontrol altinda tutularak, tasima giicii
acisindan gilivenligin saglanmasi ve ayni zamanda
ekonomik bir ¢dziim gerekmektedir.
Ekonomik tasarim igin, farkli ve toplam oturmalari
kontrol altinda tutan, yeterli sayida kazigin, ¢ap1 (D),
uzunlugu (L), aralig1 (s) ile radye temelin kalinligmin (t)
belirlenmesi gerekir. Dolayis1 ile kazik
hesaplanmasinda ve boyutlarinin belirlenmesinde oturma
miktarinda ki azalma en belirleyici parametre olmaktadir.

Bu nedenle bu calisma da gelistirilen bir zemin 6rnegi

sunulmasi

say1sinin

iizerinden, boyutlandirmalara bagli degisen oturma
degerleri ekonomiklik gozetilerek yorumlanmustir.
Kazikli radye temelin oturma esasli tasarimina ydnelik
bir analiz yapilmistir.

Oturma hesab1 zeminin elastik 6zellikleri ile ilgilidir. Bu
parametreler elastisite modiilii (E), kayma modiilii (G) ve
poisson oranidir (v). Yontem olarak Randolph yontemi
secilmigtir. Caligmada, ilk asamada kazik boyu (L) ve
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kazik sayis1 sabit tutularak, kazik ¢apinin (D) degisimine
bagli olusan maksimum oturma (Smax) ve farkli oturma
(diff (S)) degerleri, ikinci asamada kazik ¢api (D) ve
kazik sayist sabit tutularak, kazik uzunlugu (L)
degisimine bagli olusan oturma degerleri, igiinci
asamada ise kazik capt (D) ve kazik boyu (L) sabit
tutularak kazik sayismma ve yerlesimine bagli olarak
olusan oturma degerleri incelenmistir. Son asamada ise
radye kalinlig1 (t) degisimi sonucunda oturmanin nasil
degistigi yorumlanmistir. Calismanin amaci, kazikli
radye temellerin oturma esash tasarim ilkeleri dikkate
alinarak, Randolph metodu ile yazilan bir kod ile
optimizasyonudur. Giivenli bir sekilde, oturmay1 belli
smirlar  igerisinde tutarak, kazikli radye temelin
ekonomiklik acisindan optimize edilmesidir.

2. YONTEM

Kazikli radye temellerin oturma hesabt igin bircok
yontem gelistirilmigtir. Bu yOntemler basitlestirilmis,
yaklasik ve bilgisayar tasarimli kesin ydntemlerdir.
Caligmada basitlestirilmis yontemlerden olan Randolph
yontemi kullanilmigtir. Randolph yo6nteminin temelini
oOlugturan formiilasyonlar ile Esdeger Radye yontemi
benimsenmistir. Randolph yonteminde farkli zemin
tabakalarin1 dikkate almak yerine, ortalama bir zemin,
tek bir tabaka gibi diigiiniilmektedir. Bu tabakanin kayma
modiilii (G), agirlikli ortalama ve maksimum kayma
modiiliiniin %251 alinarak hesaplanmistir. MATLAB
programinda yazilan bir kod kullanilarak kazik sayisi,
uzunlugu, kazik sayist ve radye kalinligi i¢in ¢dziim
yapilmistir. Problemin esas amaci, her bir kazigin
rijitligini ve kaziklar arasindaki etkilesimi g6z Oniine
alarak, boyutlarin optimum sinirlarda minimize edilerek
ekonomik ¢6ziimlerin sunulmasidir.

Radyenin tamamen elastik oldugu kabulii yapilmistir. Bu
kabul ile {ist yapi, ylikii kaziklar arasinda esit olarak
paylastirabilir. Bir kazikli radye temel sistemi
matematiksel olarak tanmimlanmis ve izah edilen
yontemler kullanilarak analizler yapilmis ve boyut
degisimlerine bagli oturma degerleri tablolar yardimi ile
grafiksel olarak gosterilmistir. Gegmisten bugiine, kazik
grubu ve radye temel arasindaki yiik paylagimi igin
birgok denklem oOnerilmistir. Radye temelin tasidig
yiikiin kazik grubunun tagidig1 yiike orani, P,/Pp Denklem
(1), yardimi ile hesaplanabilir (Randolph vd. 1993).
Burada radyenin tamamen rijit oldugu kabul edilmistir.
Kabule gore radyenin oturmasi ile kazik grubunun
oturmasinin esit olmasidir. Fakat bu kabul gercek radye
davranist ile farklilik gostermektedir.
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P, 1-08(K,/K,) K
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Pr: Radye temelin tasidigr yiik, Pp: Kazik grubunun

4n 27 tanhy 1
+p7. —

R _ (l—V)(: g T 2
G W, g, 1 4n  tanhy 1

n'l(l—v)f oo,

Pt: Kaziga gelen yiik, Wt: Kazigin oturmasi, Lp: Kazigin
uzunlugu, .ro: Kazigmm yarigapt, Gi: Kazik ucundaki

zeminin kayma modiilii

Formiilde kullanilan diger parametreler denklem (3)’deki
sekilde hesaplanir.

n=r/r

£=G,/G,

p=G,, /G

A=E, /G, )
E=In(r, /1)

r, ={0.25+ &2.5 p(1-v)-0.25]}L,
w=(n)(2/()")

Gavg: zeminin ortalama kayma modiilii, Ep: kazigmm
elastisite modiilii, ro: kazik taban yarigapi, v: Poisson
orani

Kaziklar arasi etkilesimden dolayi, kazik grubunun
rijitligi icin verimlilik katsayisi olarak adlandirilan bir
faktor kullanilmaktadir. Su sekilde denklem (4) yardimi
ile hesaplanir.

n=1/ Zaii (4)

ij=1

n: Verimlilik katsayisi, aij: Her bir kazigin diger kazik
iizerinde ki etkisi, n: Kazik sayisi

Denklem (5) yardimi ile su sekilde hesaplanabilir.
K,=n-K;n ®)
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Randolph tarafindan her bir kazigin diger kazik
iizerindeki etkisi su sekilde hesaplanabilir.

(6)

Do: Kazik capi, S: Kaziklar arasi mesafe, rm: Etki
yarigapi

r,={0.25+ £[25 p(1- v)-0.25]|L, (7)

Fo kaziklarin zemini 1iyilestirici
hesaplanmaktadir. Burada o, kaziklar arasinda

etkisinden dolay1
ki
etkilesimi ifade etmektedir.

. :2pr+sin(2pr)+QZ[sinh(zpr)-zpr}2Q[cosh(2ﬂLp)—1] ®)
‘ [2+20° Jsinh (2L, ) +4Qcosh (2L,

L, kazik boyunu ifade etmektedir ve diger parametreler
su sekilde hesaplanabilir.

©)

Ep: kazigin elastisite modiilii, Ap: kazigin enkesit alani,
G: zeminin ortalama kayma modiili

K.

Q=_—_b (10)
E.-A - u

Kobi: kazigin taban rijitligi, Do: kazik cap1

Kyi = = D.:C (11)
21\ 1-v

Is: sekil faktorii

Temel sistemi bir biitiin olarak diisiiniiliirse, bir kazigmn
dogrusal olmayan davranigi tiim sistemin davranisini
etkilemektedir. Bu yiizden Caputo ve Viggiani’ ye gore
i=j durumunda, denklem (12) dikkate alinmahdir
(Caputo ve Viggiani, 1984). Bu denklem incelendiginde
goriilmektedir ki, kaziga etki eden ylik arttik¢a, dogrusal
olmayan davranig temel sistemine daha ¢ok etki ettirilmis
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olmaktadir.
a, = ;Q (12)
1o~
Qi Jimit

Q i, timit: tekil kazigin tagima kapasitesi

Terzaghi ve Peck, kazik gruplarinin oturma hesabinda
kullanilan Esdeger radye yontemini gelistirmislerdir
(Terzaghi ve Peck, 1967). Bu yonteme gore, kazik
grubunun oturmasi, kazik uzunluguna ve tarafsiz eksene
baghidir. Kazik uzunlugunun i¢te biri yaklasik olarak
tarafsiz eksen olarak ifade edilir (Tomlinson, 2008).

Tarafsiz eksenin yerinin belirlenmesi 6nemli bir etkendir.
Esdeger radye seviyesi belirlenerek, oturma hesab1 sig
temellerde ki gibi yapilabilir. Oturma hesabinda gercekte
kargilan durumla, hesaplarda elde edilen degerler
arasinda, farklihk  olusmaktadir. nedeni,
oturmanin tek yonde olustugu varsayilirken, sahada ii¢
boyutta deformasyonlarin olusmasidir. Bu durum dikkate
alinarak, bir diizeltme faktorii uygulanir.

Bunun

Si — Mt -G, - B
E

U1, Uo: etki faktorii

gn: yayili yiik, B: radye genisligi, E: zeminin Elastisite

modiilii

(13)

Bu diizeltmelerin yani sira, derinlik diizeltmesi de
yapilarak elde edilen oturma analizi degeri su sekilde
ifade edilebilir. Diizeltme degerleri abaklardan elde
edilmektedir.

S =S X 1ty X iy (14)

Mg Uginci boyut diizeltmesi,

My - derinlik diizeltmesi

3. KAZIKLI RADYE TEMELLERIN
OTURMA TABANLI OPTIMUM
BOYUTLANDIRILMASI

Tasarim degiskenlerine gore, Randolph metodu dikkate
alinarak yazilan bir MATLAB kodu ile boyutlandirmaya
baglh oturma analizi yapilmistir. Kazik c¢api, kazik
uzunlugu, radye kalinlig1 ve kazik sayis1 degistirilerek,
oturma davranigina etkileri arastirilmigtir.
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3.1. Tasarim Degiskenleri
Tasarim degiskenleri tablo 1°de verilmistir.

Tablo 1. Tasarim degiskenleri ve degerleri

Parametreler
Kazik capt (D) m
Kazik uzunlugu (L) m

Degerler
0.8,1.0,1.2,14,16,18
20, 24, 28, 32, 36, 40

30, 32, 36, 40, 50, 64, 100

Kazik sayis1

3.2. Problemin Tammmlanmasi

Tasarlanan kazikli radye temele ait genel 6zellikler Tablo
2’de verilmistir. Bu degerlere gore kazik uzunlugu, kazik
cap1, kazik sayisit ve radye kalinligr degistirilerek, elde
edilen analiz sonuglar1 su sekilde tanimlanabilir.

Tablo 2. Tasarim degiskenleri ve degerleri

Genel Ozellikler Degerler
Radye kalinligi 1.2
Radye eni (m) 20
Radye uzunlugu (m) 50
Radyeye gelen iiniform yiik (kPa) 200

Tek bir kazigin tasima kapasitesi (kPa) 50

Kaziklar aras1 x yoniindeki mesafe (m) 1
Kaziklar aras1 y yoniindeki mesafe (m) 1

Poisson orani 0.2
Kazik uzunlugu ort kayma modiilii (kPa) 120
Maksimum kayma modilii (kPa) 160

4. ANALIZ BULGULARI

Kapasite hesabi, yapisal ve oturma hesabi dikkate
almarak kazikli radye temel hesabi yapilmaktadir.
Belirtildigi iizere bu ¢alisma da oturma davranigi temel
almarak analiz yapilmistir. Oturma davranigt zeminin
elastik 6zelliklerini temsil eden parametreler, Elastisite
modiilii (E), Kayma modiilii (G) ve Poisson oranina (v)
baglidir. Caligma da boyut etkisinin oturma davranigina
etkisi arastirildig1 i¢in, boyutlar sirasi ile degistirilerek
olusan maksimum oturma ve farkli oturma degerleri
grafiksel olarak analiz edilmistir.

4.1. Kazik Capr Degisiminin Oturma Davranmsina
Etkisi

Kazik ¢ap1 0.8, 1.0, 1.2, 1.4, 1.6 ve 1.8 araliginda
degisirken, radye kalinlig1 t=1.2 m, kazik uzunlugu 20 m
ve kazik yerlesimi 30 (5%6) olarak secilmistir. Tablo 3°de
cap degisimine bagli olusan maksimum oturma ve farkli
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oturma degerleri verilmistir. Sonuglar incelendiginde
goriilmektedir ki, kazik c¢apmnin arttirilmasi oturma
degerlerinin azalmas1 yoniinde bir etki olusturmaktadir.
Fakat tasarim asamasinda, kazik ¢apinin arttirilmasinda
ekonomiklik g6z 6niinde bulundurulmalidir.

Tablo 3. Kazik ¢apina bagli maksimum oturma (Smax) ve
farkli oturma (diff(S)) degerleri

Kazik Cap1 (D) (M)  Smax(cm)  Diff (S) (cm)
0.8 9.92 1.64
1.0 9.67 1.60
1.2 9.44 1.56
14 9.24 1.52
1.6 9.04 1.49
1.8 8.86 1.46
100 D‘-Smax‘ Grafi?i
98 -
96
E 94+
9]
92
90
88 : : : : : . : : :
08 09 1 1.1 12 13 14 15 16 17 18
D (Kazik Cap1)
Sekil 1. D-Spax grafigi
166 D‘-diff(s‘) Grafigi
1.64
1.62
16
1.58 -
@
E 1.56
154
1.52
151
148
1.46 : . — : ‘ — :
08 09 1 1.1 12 13 14 15 16 1.7 18
D (Kazik Cap1)

Sekil 2. D-diff(S) grafigi
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42. Kazk  Uzunlugunun Oturma

Davramsina Etkisi

Degisiminin

Kazik uzunluklar1 20, 24, 28, 32, 36 ve 40 m, radye
kalinlig1 1.2 m, kazik ¢ap1 0.8 m ve kazik yerlesimi 30
(5%6) olarak secilmistir. Kazik tasima kapasitesini
arttirdig1 ve zemine iyilestirme sagladigi bilinen kazik
uzunlugunun arttirilmasi, oturma davranisi lizerinde de
olumlu sonuglar vermektedir. Bu sonuca gore, kazik
uzunlugunun arttirllmast ile degerlerinin
azalmasi arasinda yaklasik olarak dogrusal bir iliski
oldugu goriilmektedir. Ayn1 zamanda, zeminin derinlik
ile iyilesecegi disiiniiliirse, oturmalar1 azaltmanin en
etkili yolunun kazik uzunlugunun arttirilmasi oldugu
goriilmektedir.

oturma

Tablo 4. Kazik uzunlugunz bagli maksimum oturma
(Smax) ve farkli oturma (diff(S)) degerleri

Kazik Uzunlugu Smax Diff (S)
(L)m (cm) (cm)
20 9.60 1.60
24 8.74 1.36
28 7.98 1.18
32 7.36 1.05
36 6.83 0.94
40 6.38 0.85
10 L‘-Smax‘ Grafigi
95
ol
85
g .
n
751
7 \
65 \\\<

. . . . . . . . .
20 22 24 26 28 30 32 34 36 38 40
L (Kazik Boyu)

Sekil 3. L-Smax grafigi
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L-diff(S) Grafigi

0.8 L L L L L L L L I
20 22 24 26 28 30 32 34 36 38 40

L (Kazik Boyu)

Sekil 4. L-diff (S) grafigi

43. Kazk Sayist1 Degisiminin Oturma Davranisina
Etkisi

L=20m, uzunlugunda D=0.8 m, ¢apinda, 30, 32, 36, 40,
50, 64 ve 100 arasinda degisen kaziklarda, radye kalinlig
1.2 m olarak secilmistir. Kazik sayisina bagli olarak
olugan oturma degerleri Tablo 5’ te verilmistir. Kazik
sayisinin  arttirtlmast  ilk  asamada  oturmalari
azaltmaktadir. Fakat, kazik sayisinin artigi, oturmalarda
onemli bir azalmaya neden olmadigi gibi, farkh
oturmalarinda arttig1 goriilmektedir. Bu davranisin esas
nedeni ise Kazik-Zemin-Kazik etkilesimidir. Kazik araligi
azaldikga, kaziklar arasi etkilesim artmakta ve kazik
sayisinin artigt olumsuz sonuglar olusturabilmektedir.
Kazikli radye temelin optimizasyon calismalarindaki
esas amacin optimum kazik sayisinin tespit edilmesi
oldugunu sdyleyebiliriz. Kazik sayisinda artisa ragmen
oturmalarda ortaya ¢ikan bu durum, Esdeger Radye
yaklagimini dogrular niteliktedir.

Tablo 5. Kazik sayisina bagli maksimum oturma (Smax)
ve farkli oturma (diff(S)) degerleri

Kazik sayisi ve Smax Diff (S)
yerlesimi (cm) (cm)

30 (5%6) 9.67 1.59

32 (8x4) 9.35 1.60

36 (9%4) 9.15 1.68

40 (10x4) 8.93 1.71

50 (10%5) 8.84 1.80

64 (8x8) 8.69 1.81

100 (10x10) 8.05 1.92
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08 Kazik Yerlegim Sayisi-Smax Grafigi

961
941

921 \

Smax
/

. . . . .
30 40 50 60 70 80 90 100
Kazik Yerlesim Sayisi

Sekil 5. Kazik yerlesim say1si-Smax grafigi

105 Kazik Yerlesim Sayisi-diff(S) Grafigi

165

. . . . .
50 60 70 80 90 100
Kazik Yerlesim Sayisi

30 4‘0
Sekil 6. Kazik yerlesimi sayisi-diff (S) grafigi

4.4. Radye Kalinhg1 Degisiminin Oturma Davranisia
Etkisi

Radye kalinlig1, yazilan koda bagli olarak 1-3 m arasinda
degisen degerlere gore hesaplanmigtir. Niimerik analiz
anlaminda maksimum oturma ve farkli oturma degerleri
arasinda c¢ok fazla bir degisim goriilmemistir. Fakat
sahada, radye temel kalinliginin arttirilmasinin oturma
davranist lizerinde pozitif etkileri oldugu goz ardi
edilmemelidir. Yani oturma davramigin1 azaltan bir
davranig sergilemektedir.

5. SONUCLAR VE TARTISMALAR
Oturmalarin belirli sinirlarda tutularak, maksimum
ekonominin saglanmasi, kazikli radye temel tasariminin
esas amaglarindan  birisidir.  Randolph  metodu
kullanilarak olusturulan MATLAB koduna gore kazik
¢ap1, uzunlugu, sayisina ve radye kalinlig1 degiskenlerine

gore oturma degerleri incelenmistir. Oturmanin daha
fazla azalmadig1 kazik 6zelliklerinde, ¢6ziimiin optimum
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oldugu diisiiniilebilir. Dort asamadan olusan analizin
sonuglar1 su sekilde 6zetlenebilir:

e  Kazik uzunlugunun arttirilmasiyla tagima kapasitesi
artig ve oturmanin azalttig1 i¢in en optimum ¢6ziimii
sagladig diistiniilebilir.

e  Optimum ¢dziim, oturma degerlerinin ¢ok farklilik
gostermedigi kazik sayisinda elde edilmektedir.

e Kazik capmin arttirilmast maksimum ve farkli
oturma davranisinin azaltilmasi iizerinde dogrusal
bir davranis sunmaktadir. Radye kalinliginin
arttirilmasi, sahada oturmalar1 kontrol eden sonuglar
sunmaktadir. Fakat yapilan Randolph yontemi esasl
niimerik analizlerde, radye kalinliginin
arttirtlmasinin gézle gorilir bir etki olusturmadigt
tespit edilmistir.

e Kazik sayisinin arttirilmasina bagl olarak kaziklar
arasi etkilesim artmaktadir. Ortaya ¢ikan bu duruma
gore, kazik sayisinin arttirilmasti, belirli bir noktadan
sonra oturma davranisi iizerinde degigsmeyen bir etki
olusturmaktadir.

e Kazik sayisinin, ekonomiklik dikkate alinarak,
dogru tespit edilmesi 6nem arz etmektedir.

e Kazik sayisinin arttirilmasi, kaziklar arasi grup
etkisinden dolayi, farkli oturmalari arttirmaktadir.
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Abstract

Energy demand is increasing rapidly in developing countries (Turkey is one of them) and fossil fuels play an important
role in meeting this demand. In terms of pricing, it seems unlikely that energy produced by fossil fuels can compete with
renewable energy sources. This paper investigates whether the possibility of converting to a 100% renewable energy
system for the current energy system. A simulation tool, EnergyPLAN, was used to investigate the implementation of
100% renewable energy system. EnergyPLAN is a computer-based tool that models a country's energy system and
predicts system behavior and explores future energy systems to identify trends for energy use and emissions. The study
has been performed for renewable scenarios designed for 2050. Turkey is used as a case study; however, it reflects various
energy systems today which use power plants for the heating, cooling, industry, electricity, and transport sectors. There
are five analysis steps which are: 1) a reference model of the current Turkish energy system was constructed, 2) increase
and install new renewable energy generation to replace the remaining fossil fuels, 3) introduction of district heating, 4)
removal of nuclear power plants, and finally, 5) the implementation of electric vehicles (EVs). These energy-systems
were compared according to carbon emission and produced energy; so that the benefits from each could be used to create
an ‘optimum’ scenario. The results are very promising since they indicate that the transition to a 100% renewable energy
system can begin today, without increasing the fossil fuel power plants in the short- or long-term, if the generated power
based on the volatile energy sources photovoltaics (PV), wind energy (onshore) and hydropower forecasted for 2050
become a reality.

Keywords: 100% renewable energy, Energy savings, Power system flexibility, Solar energy, Transport, Wind energy.

%100 Yenilenebilir Enerji Sistemi: 2050 Tiirkiye Ornegi

Ozet

Gelismekte olan iilkelerde (Tiirkiye de bunlardan biri) enerji talebi hizla artmakta ve fosil yakitlar bu talebin
karsilanmasinda 6nemli rol oynamaktadir. Enerji fiyatlar1 agisindan, fosil yakitlar tarafindan iretilen enerjinin
yenilenebilir enerji kaynaklari ile rekabet etmesi pek olas1 gorinmemektedir. Bu makalede, mevcut enerji sistemi igin
%100 yenilenebilir bir enerji sistemine doniistiirme olasiliginin olup olmadigini arastirilmaktadir. % 100 yenilenebilir
enerji sisteminin uygulanmasini arastirmak i¢in EnergyPLAN adli bir yazilim simiilasyon aract kullanilmistir.
EnergyPL AN, bir iilkenin enerji sistemini modelleyen ve sistem davranisini tahmin eden, enerji kullanimi ve emisyon
egilimlerini belirlemek i¢in gelecekteki enerji sistemlerini aragtiran bilgisayar tabanl bir yazilimdir. Caligma, 2050 igin
tasarlanan yenilenebilir senaryolar i¢in gergeklestirilmistir. Vaka ¢alismasinda Tiirkiye drneginde; giiniimiizdeki 1sitma,
sogutma, sanayi, elektrik ve ulastirma sektdrleri i¢in enerji santrallerini kullanan g¢esitli enerji sistemlerini yansitilmistir.
Bes analiz adimi uygulanmistir: 1) mevcut Tiirk enerji sistemi referans modeli olarak alinmuis, 2) fosil yakitlarin yerine
yenilenebilir enerji liretiminin artirilmasi ve yeni santrallerin kurulmasi hedeflenmis, 3) bdlgesel 1sitmanin sistemlerinin
hayata gecirilmesi amaglanmuis, 4) niikleer enerji santralleri kaldirilmig ve son olarak, 5) elektrikli araglar uygulanmistir.
Her bir enerji sistemi i¢in karbon salinimina ve iiretilen enerjiye gore karsilastirilmistir; boylece her birinden elde edilen
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sonuglar "optimum" bir senaryo olusturmak i¢in kullanilmigtir. Sonuglar, fosil yakit santrallerini kisa veya uzun vadede
arttirmadan; 2050 i¢in dngoriilen yenilenebilir enerji kaynaklar1 fotovoltaik, riizgar ve hidroelektrik enerjisine dayali
olarak iiretilen gii¢ gercege doniistiiriildiigiinde % 100 yenilenebilir enerji sistemine gegisin bugiin umut verici olarak

baslayabilecegini gostermektedir.

Anahtar Kelimeler: % 100 yenilenebilir enerji, Enerji tasarrufu, Giines enerjisi, Elektrikli araglar, Riizgar enerjisi.

1. INTRODUCTION

As of 2018, global daily oil production has reached for
the first time the amount of 100 million barrels
(Hacquard, Simoén, Hache, 2019). The unsustainable
massive scale of fossil fuel production and its
dependence pollutes the Earth. According to the
estimates of the American Energy Information Agency
(EIA), as of the end of 2019; in the light of new
technologies such as developing technologies, marine
drilling and rock oil, global crude oil, biofuel, and liquid
hydrocarbons have a life of up to 30 years (“International
Energy Outlook™, 2019). According to current estimates,
at this rate, we'll run out of gas and oil in 50 years or so,
and in about a century for coal (Agbulut, Bakir, 2019;
Stolic, Pesic, Milosevic, Spasic, Lazic, 2018).
Conversely, we have abundant sun, rain, and wind
which are all renewable energy (Foley, 1992). What if
we could replace fossil fuel dependence with an existence
based completely on renewables?

The ecological debt began to form in the early 1970s in
separate countries and large industrial cities. Now,
almost all countries are debtors, and unfortunately, every
year the day of exceeding the opportunities of the Earth
comes ever earlier. Can we stop this huge conveyor? It
may be possible but it's too difficult. The keyword in this
mission is renewable resources!

Everyone likes electricity, technology, and being able to
visit interesting parts of the world through the miracles
of travel, television, the internet, all things that have now
become commonplace, thanks to energy from fossil
fuels. If fossil fuels have given us all these benefits, does
that mean we should continue to use them forever? It's
appropriate to acknowledge and be grateful for the
benefits that coal, and gas, and oil have brought us, but
what we know today that we didn't know all that much
about 300 years ago, is that they also have significant
drawbacks.

First, there's the simple issue of pollution due to usage of
fossil fuels. Extracting and burning fossil fuels creates an
enormous amount of pollution, choking our lungs,
dirtying our air, and contaminating our water and our
soil. Coal is the worst. Considering only the health costs

131

from air pollution, coal has not been economically viable
for a long time. So why are we still using it? Because
those who bear the costs are not those who reap the
profits. Around the world it's estimated that almost four
million people die prematurely every year from outdoor
air pollution, 200,000 of those in the U.S. alone. In 2018,
the State of Global Air report estimated that 95% of the
world's population lives in areas that don't have healthy
air according to World Health Organization standards.
Imagine people who can afford to buy houses in nicer
neighborhoods with better air quality. It's usually those
who can't afford a better place to live who bear the brunt
of the impacts. From mountaintop coal removal, to oil
spills, and the tar sands, fossil fuels exert a massive cost
that is subsidized by all of us who share the land, the
water, and the air that they pollute, but things are
changing. Everyone needs electricity, most of us would
agree, and there are still nearly a billion people who don't
have it, but did you know that most of the new energy
growth is in renewables? Bloomberg's New Energy
Outlook estimates that we'll be up to 50% by 2050, only
counting wind and solar. Today, continuing to promote
fossil fuels is like investing in horse farms and buggy
businesses when Henry Ford is already turning out the
Model-T Ford, or snapping up Blockbuster stocks and
stockpiling DVDs, when Netflix is already taking over
the market. The world is changing and even though it
might seem scary sometimes, clinging to the past is not
going to stop it.

One of the significant drawbacks of using fossil fuels is
climate change. Extracting and burning coal, and gas, and
oil releases carbon dioxide and other heat-trapping gases
directly into the atmosphere that would otherwise take
millions of years to reach it. These gases have built up to
the point where they're increasing the temperature of the
entire planet, and this is already affecting our lives and
our economy in very serious ways. The world knows this
and that's why, 195 countries met in Paris and agreed to
keep warming below at least two degrees Celsius in 2015.
This agreement has enormous implications for our
energy sources, because, for countries that take this
seriously, it means they have to do more to cut fossil fuel
use faster and bump up clean energy. China, Britain,
France, India plans to ban all gas and diesel vehicles by
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2040 (Burch, Gilchrist, 2018). Wind turbines generate 47
% of Danish electricity (Reuters, 2020 January, 02), and
the Netherlands plans to cut its emissions by 95% till
2050. Iceland (“The Energy Sector”, 2011 November 11)
and Norway (Hagos, Gebremedhin, Zethraeus, 2014) are
already producing, its electricity from renewables. Many
organizations are also divesting from fossil fuels for both
practical and ethical reasons.

By 2018, a total of more than $6 trillion had been diverted
from fossil fuels, and that number continues to grow. The
bottom line is that: fossil fuels got us to where we are
today, but they take us further at our peril. Thankfully,
now we have better, cleaner, and cheaper ways to get the
energy we need, ways that don't pollute our air and our
water, and don't change our climate. Imagine fuel without
fear. No climate change. No oil spills, dead coal miners,
dirty air, devastated lands, lost wildlife. No energy
poverty.

At this point, we can increase our negative effects on our
health and our planet by choosing to extend our
dependence on fossil fuels. On the other hand, we can
decide to adopt and invest in cleaner and sustainable
opportunities, thereby ending some of our current habits
and choices. This may mean: all land vehicles will
become electrified in the years ahead, all roofs will be
covered with solar panels, all buildings will be insulated
to prevent heat loss, all products will be designed to last
longer, and their reuse and recycling will be easily
provided. This may also mean the discontinuation of
fossil fuel use. This represents a major challenge, even if
we ignore the relevant politics and focus on science and
engineering. By understanding how we use energy, we
can better understand the problem. We have thought
about this question for decades, while renewable energy
sources (RES) are considered an important resource in
many countries around the world but currently still only
provide about 14% of our needs (Pimentel, Herz,
Glickstein, Zimmerman, Allen, Becker, Seidel, 2002).
The biggest challenge is to increase the use of renewable
resources to generate electrical energy in the supply
system and to promote renewable energy production in a
safe, economical (Akella, Saini, Sharma, 2009) and cost
effective (Frondel, Ritter, Schmidt, Vance, 2010)
manner.

The major challenge of sustainable development of RES
is identified. Many RES (especially solar and wind and
hydro) generate intermittent power. Wherever
intermittent power sources reach high grid penetration
levels, energy storage becomes a critical factor that can
solve these issues to provide reliable energy services (El
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Bassam, Maegaard, Schlichting, 2013). These
intermittent resources have to integrate into the energy
system, especially the electricity supply. Some sectors
such as transportation may have more difficulty in
transitioning to cleaner energy alternatives compared to
other sectors (Kemfert, Breyer, Oei, 2020). Many liquid
fuels play a primary role in the predominant type of
transportation. The attitude we have is to say that this will
be a game changer. Based on the example of Turkey, this
article identifies and discusses possible solutions for
energy problems and to transform it.

Foreign dependence in energy is an important problem
not only economically but also politically. As a matter of
fact, providing energy to a large extent from foreign
sources may also lead to a national security weakness. In
terms of Turkey, energy is a major risk threatening the
high rate of dependence on foreign energy security. The
subject of foreign dependence on energy (Uslu, 2008); in
the past, it had become a serious impediment for Turkey's
economy. Today, this dependence will continue to reduce
at a certain rate primarily ensure achievement of higher
growth rates then use that the economic potential of
Turkey (Yildiz, 2010).

Despite some difficulties, the transition to clean energy
is currently taking place across Europe. Companies,
landlords, municipalities, local authorities, and the
European Union (EU) are already taking action by
building smart grids (Leal-Arcas, Lashiewska, Proedrou,
2017), installing solar (Suri, Huld, Dunlop, Ossenbrink,
2007) and wind energy systems (Gonzalez, Lacal-
Arantegui, 2016), implementing corporate innovation
programs to invest, setting standards and labels (Blok,
2006). Therefore, for sustainable development strategies
in Turkey, there are still significant obstacles to
overcome in order to increase renewable energy
production, savings, efficiency improvements and
abandon dependence on fossil fuels (Balat, 2010; Topalls,
Alagoz, 2014). As a result, Turkey is now facing these
problems from RES to increase the share of intermittent
electricity, to improve the efficiency of existing power
plants, and to include the transport sector for future
strategies (Kaygusuz, 2002).

For sustainable development considering not only
environmental but also social and economic aspects must
be taken into account together by using RES, because
there is no requirement of fuel (Vera, Langlois, 2007).
Figure 1 is a diagram that shows the three portions that
work together to make up sustainability (Chilan, Torres,
Machuca, Cordova, Pérez, Gamez, 2018).



Coban H.H. (2020). ileri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 130-141

"lll%HHHHEQigiIiiE!EHHHHH!I"'

Figure 1. The three pillars of sustainability (Gyamfi,
Derkyi, Asuamah, Aduako, 2018)

People could think to start figuring out how can we
introduce the same flexibility in other parts of the energy
system that we previously had the luxury of in the form
of fossil fuels in the past. It is supposed that firstly it is

not just a great change because we're replacing fossil
fuels but the tones are set that this is also a really good
change because it's a very cost-effective thing to do, as
illustrated in Figure 2 (“Lazard Levelized Cost of Energy
Analysis”, 2019, November) It is a pictorial overview in
a very simple way about the Turkish energy system looks
like today. They're all very dependent on fossil fuels. It
is an obvious thing that's happening when it is done this
type of change is that it is replacing some fossil fuels in
the electricity sector with this new form of energy in the
form of renewable energy. The two key things have to be
added in Figure 2 which are to use RES and the transport
on the demand side. The heat and transport are very
separated from one another. There is a kind of have three
layers in the energy demand system which are electricity,
heating/cooling, and transport.

Energy
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: Renewable | PofTr iuall_tv Electricity
r—>1 or fluctuating |
: energy i I power 1 Market
vy »  Electricity
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Non-Pgpewable Power Electricity Heating < :
fu urce Plants Storage !
r-_----
7 N PR
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Figure 2. Interactions between technological innovation energy systems today and the future.

The cost of electricity production (Ragheb, 2017;
Branker, Pathak, Pearce, 2011; Bemis, Doangelis,
Michael, 1990) is based on existing technologies for
producing electricity from three types of plants a wind
farm, a baseload coal-fired power station, and a base loss
combined cycle gas turbine power plant. If we do the
calculations based on current technologies and current
costs of construction and development wind turbines are
now producing electricity at a similar price to baseload
coal-fired power stations. That's power stations that have
the luxury of operating almost all of the year-round
which we know our power stations won't get to do as we
bring in more and more wind power. Changing this
energy system and the interaction from fossil fuels over
to renewable energy can still be done at a cost-effective
level. As seen in Figure 3; if we even have to introduce
new storage technologies because the price of wind
power is relatively cheap compared to what our
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alternatives are. It's not a burden for countries; it's an
opportunity to take a new form of energy production that
we can produce ourselves at a very cheap price.

Levelized Cost of Electricity (S/MWHh)

Gas combined cycle

Coal

Nuclear

Gas Peaking

Wind

Geothermal

Solar thermal tpwer with storage
Solar PV - Community

Solar PV - Rooftop Residental

o

50 100

Figure 3. Benchmark Levelized Cost of Electricity

In Turkey, the theoretical hydroelectric potential is 433
billion kwh, while the technically usable potential is 216
billion kWh and the economic hydroelectric energy
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potential is 140 billion kWh/year (Atalay, Ulu, 2018). Renewabele Energy Potential

Meanwhile, Turkey has considerable potential for other 100% -

types of renewable energy, especially solar, geothermal, 90% . 6,60%  260% = Coal

and wind power. Thus, Turkey is a great example of the igi = Naturel Gas
situation in many ways: the transport sector uses 0% s = Hydropower
completely liquid fuels, the hydro potential is not big 50% Wind
enough to take the place of fossil fuels, but has great ;‘Z; = Solar
potential for intermittent renewable sources. The wind o = Geothermal
and photovoltaic energy potential of Turkey presented in 10% ®Others
Figure 4 and 5 respectively. As seen from the figures, 0% potentialof RES primary energy 0

there are many areas all over the country, especially in consumption in 2018

west parts for wind power, where the average wind speed
is over 7 m/s at 50 m height and south parts for solar
power where the photovoltaic power is over 5 kwh/kwp.

Figure 6. The primary energy consumption in 2018
compared to potential of RES in Turkey.

e L 2. REFERENCE SCENARIO
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B s
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| 4
é z,s world’s total. The coal-based power plants that use
0 extremely poor-quality lignite supply more than 40% of the
5 total electric energy demand of Turkey (Kilic, 2006). Figure
. (o3 o - - 7 and 8 show the development from 2010 to present and
b"{j . o’ ; ;= ; shows the future view up to 2050 according to the reference
Figure 4. Wind energy potential atlas of Turkey (Kaya, scenarto.
Celik)
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Figure 8. New capacity installations of the different
technologies
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Two problems arise when analyzing the possibilities of
continuing development and replacing more fossil fuels
with renewable energy.

First problem is today the transportation
sector remains almost totally dependent on petroleum. The
total number of vehicles in traffic by the year 2019 reached
2,339,551 in Turkey and 37.7% of these vehicles use
Liquified Petroleum Gas (LPG), while 37.3% use diesel,
24.6% use gasoline and only 0.1% use hybrid, and electric
(Ozer, Vural, 2021).

The other problem which consists of includes power grid
operation, system flexibility requirements is the integration
of electricity generation from a gas-fired power plant and
wind and solar power. The gas-fired power plants have not
been operated to balance fluctuations in renewables mostly
small hydropower plants. Consequently, the most
economical way to prevent the problems caused by
fluctuations in electricity consumption during the day and
year is to activate more renewable power plants (Akpinar,
2005).

In the workshop titled “Energy Security” which is
organized by Presidential Security and Foreign Policy
Committee, attended by members of the board of directors,
representatives of relevant state institutions, academics,
think tank representatives and experts the main elements of
Turkey's energy strategy are summarized as follows:

1) Diversification of resources and routes in the supply
of oil and natural gas, which are imported energy sources,

2) Increasing the share of domestic and renewable
energy,

3) Increasing energy efficiency,

4) The nuclear is intended to be included in the energy
basket.

When the situation in 2015 and the reference expected in
2050 are compared, it assumes the following development:

In 2015, the amount of electricity generation increased
by 3.07% compared to 2014, reaching 259.69 TWwh.
Consumption amount increased by 2,69% compared to
2014 and reached 264,14 TWh. Turkey's demand for
electricity at the rate of 126% between the years 2017-2050
due to increasing population and rising economic growth in
2050 will reach an annual level of 653 terawatts-hour.

Replacing all existing coal and oil-fired generation across
the country by new natural gas-fired and hydropower plant
units when the lifetime of the old plants exceeds.
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The installed capacity of power in the year 2015 is
expected to rise from 73147MW to 415GW in the year
2050. The increase will mainly constitute more than half of
the installed power by solar and wind power plants.

2.1. Methodology

The main objective of the study is to evaluate whether it
is probable to obtain all of the energy supply from RES
until 2050 in Turkey through global transformations to be
realized in technical, legal terms. The EnergyPLAN model
which is a deterministic input/output tool that uses an
hourly simulation over a period of one year is used for
calculations. In the calculations, the features of the
intermittent nature of RES have been taken into
consideration. In recent years, a number of EnergyPLAN
models (Lund, 1999; Koo, Park, Shin, Yoon, 2011;
@stergaard, Mathiesen, Moéller, Lund, 2010) have been
proposed in order to analyze the energy, environmental,
and economic impact of various energy strategies for large-
scale integration of renewable energy.

Using EnergyPLAN results and monitoring data allows
to produce realistic results of national energy systems and
outline detailed scenarios. The following steps outline the
basic steps required to create a reference with EnergyPLAN:

1) The total annual production/demand of electricity,
district heating, electricity production from
renewable energy and nuclear sources, Electrolysis
and electricity storage systems in TWh/year;

2) Demand for heating and cooling systems in
TWhlyear;

3) Heat supply and distributed generation from
individual buildings;

4) Fuel consumption and heat and power production
for industry;

5) Annual fuel consumption (jet fuel, diesel, gasoline,
natural gas) data in TWh/year. This may require
local data collection.

6) Annual energy production conversion of waste in
TWhlyear;

7) Annual production from biomass conversion plants
in TWh/year;

8) Installation costs (these costs include overall

investments, fixed operations and maintenance,
variable operation and maintenance, fuel, and
transportation).

Outputs are total Carbon dioxide (CO,) emission, costs,
including energy balances and resulting annual productions,
fuel consumption, electricity import / export, and income
from electricity exchange. it is possible to see a block
diagram in Figure 9 that describes the model used for the
analysis and the construction of the scenarios.
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Figure 9. Input, processing and output diagram of EnergyPLAN software

The level of electricity demand from RES is varied for each
cycle from 0 % to 100 % to identify the best alternative. As
the wind, rain, and solar level increase, electricity generated
in a power plant is more than the consumption and the
batteries are unable to absorb it. It is defined as Excess
Electricity Production and when it occurs it cannot be
exported outside the country; as a consequence, players
cannot get additional income from EEP. As an example; so
much power was produced by German (“Independent”,
Berke, 2018, January 04) and Danish (“Theguardian”,
Neslen, 2015, July 10) renewable power sources that the
country was able to meet its domestic electricity demand
and export power to neighbor countries or people
essentially got paid to use electricity.

The initial point for the study is the key assumption that
development with sustainable generation and use of
electricity involves four main technological changes,
namely energy savings on the demand side, improve energy
efficiency on the production side, replacing conventional
vehicles with electric vehicles and replacing of fossil fuels
by various types of completely renewable energy. As a
result, the following four technological innovations have
been implemented for the study.

Savings: 82% of the energy consumption in the buildings
is used for heating and it constitutes 26% of the total energy
spent in the country. Turkey meets 70% of its energy needs
from imported sources. The most effective way to achieve
energy efficiency in heating as well as cooling is through
thermal insulation. Insulating homes is like covering the
house with a blanket. In this way, cold cannot enter inside

136

and heat cannot escape from inside. Materials with high
insulation value should be preferred in buildings and
installations. In windows with double or triple glass, heat
loss might be reduced by half. Roof, wall, floor insulation
should be made without interruption. As we know, the
heated air rises and tries to escape from the roof. Therefore,
the roof must first be insulated. More than 20% savings can
be achieved in energy bills just by doing roof insulation.
When the buildings are insulated with the right products
and the right applications, heating and cooling can be
achieved by consuming an average of 50% less energy.
Thus, fuel and electricity bills can be halved. This savings
in homes also contributes to the country's economy.

Efficiency: A combination of more thermal power stations
with better efficiencies. The better operational ratio of
system throughput over total power is defined as 40%
electric output and 35% heat output of thermal power
station plants. For this purpose, energy output and energy
economic efficiency can be achieved by the improvement
of existing steam-turbine/engine technologies or the
decision to utilize waste heat rather than produce another
power energy to satisfy the new cooling energy demand.

Renewable energy sources (RES): It is planned to produce
34000 MW hydroelectric, 20000MW wind energy, 5000
MW solar energy, 1000 MW geothermal energy, and 1000
MW biomass energy within the 2023 targets. This is the
direction with the objectives of RES by the year 2023, the
provision of at least 30% of Turkey's demand for electricity
is planned. By 2050, the country aims to switch to 100%
renewable energy use.
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Transport: Today, the most important fuel for transport is
fossil fuels. Today, 20% of CO, emissions in EU countries
are due to road transport (Westbrook, Westbrook, 2001). The
EU aims to reduce the “Greenhouse Gas Density”
originating from vehicles to 10 % by 2020. Fossil fuels will
run out in the near future and irreversible damages to the
environment have the biggest ignition share in the
development of electric vehicle technology.

Alternative energy supply options were evaluated and
electricity and biodiesel could be used for light vehicles.
Biodiesel fuel, which is produced by converting organic
oils such as sunflower, soybean, safflower and canola into
fuel by mixing them with alcohol and base, is a renewable
and reliable bioenergy source (Eryilmaz, Yesilyurt, Cesur,
Gokdogan, 2016). It is formed by mixing these oils with the
required alcohol (methanol or ethanol) in the presence of a
catalyst and the necessary chemical reactions to produce
the final product. In this way, a fuel with less exhaust
emission and more environmentally friendly can be
produced (Hosseini, Wahid, 2012). As an agricultural country;
it is also possible to supply enough biomass for the biofuels
in this scenario in Turkey (Oguz, Ogut, Eryilmaz, 2007). This
means that this scenario could be implemented quicker
since less biomass is required to grow over the coming
years.

According to the Turkish Statistical Institute data, 54.1% of
the 23,132,670 registered motor vehicles constitutes cars
(12509319 units). 4711205 of the cars are diesel, 4710863
are LPG and 3038788 are gasoline. Converting less than 2
tons of petrol or diesel vehicles into an electric one and fuel
cell electric vehicles that are powered by hydrogen.
Aircraft fuel was not taken into account in this
transformation. Here, the same ratio was used in the
reference scenario to convert 201 TWh total oil
consumption to 70.5 TWh electricity consumption.
Turkey’s first domestically produced all-electric car was
introduced December 2019 and it's expected to be out on
the roads by 2022. According to estimates 3 out of 10
people in Turkey will use electric vehicles by 2030.

3. RESULTS

The transition is divided into 5 steps to help explain the
changes that are taking place. For each step, findings are
presented separately; the Reference 2050 scenario as the
initial point, and moving towards the Electric vehicles for
Turkey. For these 5 steps, the aim is to assess the observable
effect on the environment and primary energy. The Primary
Energy Supply indicator is measured by major fuel type to
properly assess the impact on energy. On the other hand,
evaluating typically measurements of total yearly carbon
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dioxide emissions is to analyze the impact on the
environment. These data have been chosen since the
‘optimum’ case can often vary depending on the basic aim,
such as maximum green energy or minimum CO;
emissions.

In the second step, it is planned to obtain the highest level
of efficiency from RES and to maximize installed power
which is planned to reach 294.8GW for solar power,
63.3GW for wind power, 28.9 for hydropower in 2050.

In the third step, in order to have green buildings that often
include measures to reduce energy consumption the heat
and cooling demand in buildings is reduced by means of
improvements in insulation, windows, and doors. In this
study, it is assumed that there will be a 11% reduction in
electricity demand compared to the Reference scenario in
households and industry by using savings methods as it is
mentioned. As expected, this additional heat-saving
reduces energy demand, CO- emissions, and costs of the
energy system.

In the fourth step, nuclear power is removed which reduces
the Primary Energy Supply, but it increases the CO,
emissions. Primary Energy Supply is comparatively less
because the assumed efficiency of nuclear power is 35%,
which is lower than the efficiency of power plants that
replace nuclear power. Consequently, the total energy
demand is lower when power plants replace nuclear power.
Nuclear power plants generally operate at full capacity
hence it cannot offer flexible working arrangements as well.
When nuclear power plants are removed from the system,
it is possible for intermittent renewables to supply a large
share of grid electricity and to decrease foreign dependency
in energy demand.

The last step is the implementation of electric vehicles (EVs)
in the transport system. In this scenario, 80 % of the fuel
used in cars whether petrol, diesel, or even LPG with a
weight of less than 2 tons is replaced with electricity. To
achieve this transformation, it is presumed that EVs have
an efficiency of 200Wh/km, while petrol and diesel
vehicles have an average efficiency of 780Wh/km and
600Wh/km respectively. Figure 10 displays the Primary
Energy Supply and CO2 emissions for each technological
change steps.
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Figure 10. Comparison of the five steps in the transition
to sustainable development by primary energy supply and
carbon dioxide emissions.

It can be difficult to quantify the demand for electric
heating, as it is documented with hot water, rather than as a
separate entity. It was estimated that 6% of all domestic
electricity is used for space heating and 6% for hot water.
Figure 11 shows overall heat production for the residential
and tertiary sectors. As seen in the figure, the heat demand
half was reduced in the summer months; for hot water use
only.

District Heating Production MW
70000

60000 |

50000
N

40000

30000 —
20000
10000
0
D
& FHE&E e s &3 & -S“é @‘&} &
¢ & + LS E&z o &
o & 9

e REF2050 === No Nuclear Heat save RES ~mmmEvs

Figure 11. The modelled district heat production
distribution in 2050 in MW.

These 5 steps outline a basic pathway to convert the Turkish
energy system from traditional fuels to 100% renewable
energy. The energy system including the transport sector
can also be supplied with renewable potential. The
sustainable energy system has been designed which
potentially can be maintained by domestic renewable
resources mostly wind and solar. The full block model
diagram is presented with a Sankey diagram in Figure 12.
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4. CONCLUSIONS

This study has presented the possibility of a potential
pathway to 100% renewable energy for the Turkish energy
system toward 2050. The design methodology is a very
complex process. The combination of a creative phase,
which includes experienced experts and detailed system
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Figure 12. Sankey diagram of the 100% renewable energy system.

analysis, seems effective and can be recommended.

The main technological changes at all stages of required to
implement the carbon-free and green energy system
scenario are wind energy, hydroelectricity, solar energy,
electric vehicles, heat saving, individual heat pumps,
district heating. The virtues of that it will be delivered a
green power and district heating a cost-effective and last
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extend our country will be independent. Many of the
technologies are already mature enough that everyone can
use them easily and it can be applied today, particularly in
the electricity and heat industries.

Transitioning is presented in a series of 5 steps, which the
Turkish energy system is converted from primarily fossil
fuels resources to 100% renewables means the end of
power production from fossil fuel-based power plants.
These steps are rigorous processes based on hourly
analyses of the complete green energy system, including
electricity, heating, cooling, as well as industry, and
transport. The corresponding effect is quantified in energy
(PES), environment (carbon emissions) for each step. This
ambitious undertaking will help the country to reach its
final goal of a decarbonized energy system and generating
100 % of its electricity from renewable sources by 2050.

Future aspects
In the future, it is recommended to investigate:

e What is the key to using alternative sources
such as solar and wind energy? It is storage - so
we can have ready energy when the sun is not
rising or when the wind is not blowing.

e  Other sectors must also change; the 100% clean
renewable energy solution also requires;
transport is lacking behind other sectors, needs
to step up through comprehensive action and
support of other sectors. Transport (electric cars,
trucks and trains, air and sea transport) needs
clean energy, less energy consumption, and
should be more energy-efficient. Experts think
that Turkey can replace 40% of road
transportation by trains.

e The heating, cooling, and hot water demand
conversion into renewables.

e It is necessary to have a smart grid to manage
intermittent renewable energy generation and
energy storage.

e Whether more energy savings can be made
within the industry sector.

e Whether waste incineration can be more
efficient and sustainable.
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Ozet

Teknolojik gelismeler ve talep artigi limanlarda yapilan konteyner tagimaciligt miktarini artirmistir. Bu artis limanlari
etkin yonetiminin 6nemini belirginlestirmistir. Taginan triinlerin limanlarda uygun bir plana gore gegici veya kalici
olarak depolama yeri belirleme biitiin siirecin saglikli bir sekilde isleyebilmesi agisindan hayati bir dneme sahiptir.
Caligmamizda, bu problemin ¢6ziimii i¢in yeni bir sezgisel yontem gelistirilmis ve ¢aligma igerisinde agiklanmistir ve
rastgele olusturulan c¢odziimler ile karsilagtirilmistir. Calismada ele aliman problemde performans, konteynerlerin
toplanmasinda konteynerlerin yer degistirme (ellecleme) sayisi ile Olgiiliir. Yer degistirme sayisinin az veya hig
olmamasi istenir. Yontemin yer degistirme sayisi ne kadar az ise performansi o kadar iyidir. Calismada, 3 farkh
depolama alant hacmi dikkate alinmistir. Bunlar sirasiyla, 24, 48 ve 80 birim konteyner depolama alani hacimleridir.
Her bir depolama alan1 hacmi kendi icerisinde 3 farkli gelen konteyner sayisinda incelenmistir. 24 birim konteyner
hacme sahip depolama alaninda sirasiyla 10, 18 ve 24 adet gelen konteyner vardir. 48 birim konteyner hacme sahip
depolama alaninda sirasiyla 20, 36 ve 48 adet gelen konteyner vardir. Son olarak 80 birim konteyner hacme sahip
depolama alaninda sirasiyla 40, 60 ve 80 adet gelen konteyner vardir. Boylece 9 farkli grup veri incelenmistir ve her
grupta 50 tekrar yapilmistir. Toplam 450 farkli deney yapilmis ve 450 farkli sonug elde edilmistir. Onerilen sezgisel
yontem 450 deney verisinin 255’inde (%56,67) 0 yer degistirme ile optimum sonug¢ bulmustur. Geri kalan 195 deney
verisinde minimum 1, maksimum 40 yer degistirme gerceklesmistir. Onerilen sezgisel yontem, 450 deney verisini
toplam 1725 yer degistirme ile ¢ozmiistiir. Rastgele ¢dziimde ise 450 deneyde toplam 16622 adet yer degistirme ile
¢Oziim elde edilmistir.

Anahtar Kelimeler: Deniz yolu tasimacihigi, Konteyner tasimacihigi, Depolama yeri belirleme problemi, Sezgisel
yontem.

A New Heuristic Method for Solving The Storage Location Problem for Outbound Containers

Abstract

Technological developments and the increase in demand have increased the amount of container transportation in ports.
This increase has highlighted the importance of effective management of ports. Determining the temporary or
permanent storage location of the transported products in the ports according to an appropriate plan is of vital
importance in terms of the healthy functioning of the whole process. In our study, a new heuristic method was
developed for the solution of this problem and explained in the study and compared with randomly generated solutions.
In the problem addressed in the study, performance is measured by the number of displacement (handling) of the
containers in the collection of the containers. It is desired that the number of displacements is low or not at all. The
smaller the number of displacements of the method, the better its performance. In the study, 3 different storage space
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volumes were taken into account. These are 24 (small), 48 (medium) and 80 (large) unit container storage volumes,
respectively. Each storage area has been analyzed in 3 different incoming containers. In the storage area with 24 unit
container volume, there are 10, 18 and 24 incoming containers, respectively. In the storage area with 48 unit container
volume, there are 20, 36 and 48 incoming containers. Finally, there are 40, 60 and 80 incoming containers, respectively,
in the storage area with a volume of 80 units. Thus, 9 different groups of data were examined and 50 repetitions were
made in each group. A total of 450 different experiments were conducted and 450 different results were obtained. The
proposed heuristic method has found optimum results with O displacement in 255 (56.67%) of the 450 experimental
data. In the remaining 195 experimental data, a minimum of 1, a maximum of 40 displacements occurred. The proposed
heuristic method solved 450 experimental data with a total of 1725 displacements. In the random solution, a solution
was obtained with a total of 16622 displacements in 450 experiments.

Keywords: Seaway transport, Container transportation, Storage location problem, Heuristic method.

1. GIRIS

Cok uluslu sirket sayisinda kiiresel artig uluslararasi
ticaret talebinin artmasma neden olmustur. Artan bu
talep dolayisiyla karadan veya deniz yolu ile
tasimaciligin 6nemi artmistir. Ozellikle deniz yolu
tagimaciligi, iretilen driinlerin taginmasi ve lojistik
faaliyetleri gibi tedarik zinciri yonetiminde 6nemli bir
yere sahiptir. Deniz yolu tagimaciliginin 6nemli bir
kismint konteyner tasimaciligi olusturmaktadir. Birim
yik konseptinin O6nemli bir parcasi olan konteyner,
uluslararasi deniz tasimaciligi {riinlerin tasimasinda
siiphesiz 6nem kazanmistir. Konteynerler, deniz ve
kara tasiyicilarmin varig siirelerindeki farkliliklar:
hesaba katarak gecici olarak depolanir. Depolama
alani, liman konteyner terminallerinde kritik bir
kaynaktir. Giden konteynerler ig¢in depolama konumu
atamast  konteyner tasimaciliginin  verimliliginin
gelistirilmesi ve bir geminin etrafta dolagma siiresinin
azaltilmas: agisindan Onemlidir. Bir konteyner
terminalinde {i¢ farkli tipte konteyner bulunur. Gelen
(inbound), giden (outbound) ve aktarma
(transshipment) konteynerleridir (Chen ve Lu, 2012;
Reyes vd., 2019; Liu, 2020; Magli¢ vd., 2020).
Genellikle yurtdigindan ithal olan gelen konteynerler,
gemi (vessel) rihtima (berth) geldiginde kisa bir siire
icinde bir gemiden bosaltilir ve dig kamyonlara
aktarilana kadar 1 ila 10 giin boyunca konteyner
tersanesinde (yard) kalirlar. Giden konteynerler tahmin
edilebilir sekilde ayrilir, ancak rastgele bir sirayla
gelirler. Giden konteynerler kisa silirede gemiye
yiiklenir. Genellikle bunlar diger iilkelere giden ihracat
konteynerleridir. Aktarma konteynerleri bir gemiden
bosaltilir, birkag giin tersanede kalir ve bagka bir
gemiye yiiklenir. Aktarma konteynerleri i¢in alan
tahsisi, giden konteynerlere benzer sekilde yapilabilir.
Konteyner terminallerinde, giden konteynerlerin
yukleme sirasi, liman konteyneri terminallerindeki

gemi operasyonunun verimliligini Onemli olgiide
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etkiler (Chen ve Lu, 2012). Konteynerleri siralarken,
yiik planlayicilart genellikle rithtim vinglerinin  ve
tersane ekipmanlarmin tasima c¢abalarint en aza
indirmeye, geminin stabilitesini korumaya ve istifteki
her bir yuvaya (slot) yiiklenecek konteynerin varig yeri
ve boyutuna gore belirlenen yiikleme gereksinimlerini
kargilamaya ¢alisir. Etkin bir yiik dizisine sahip olmak
icin, giden  konteynerler en uygun yere
yerlestirilmelidir.  Giden konteynerlerin gelis sirasi
rastgele oldugu i¢in bunlarin en az yer degistirme ile
gemiye yliklenmeleri zor bir problemdir (Reyes vd.,
2019; Liu, 2020). Bu makalenin ana odagi, giden
konteynerler i¢in depolama alanlarinin dnceden tahsis
edilmesi amaciyla bir yiikleme yontemi Onermek,
boylece yiikleme isleminde maksimum verim elde
etmektir. Yer degistirme sayisi ile maliyet arasinda
dogrudan bir iliski vardir. Ne kadar az yer degistirme
olursa toplam maliyet o kadar az olmaktadir. Bu
nedenle bu calisma maliyet yerine yer degistirme
sayisinin  azaltilmasma  odaklamilmistir.  Proje
onerisinde dikkate alinan problem NP-zor oldugu ve
sezgisel yontemin performansint test etmede ¢ok
sayida test problemi dikkate alinacagi igin bu
problemin ¢éziimiinde sezgisel yontem kullanilacaktir
(Sivrikaya, 2013).

Bir konteyner terminalinden gecen bir konteyner
kaynaklanan maliyet, toplam konteyner tasima
maliyetinin yaklasik ti¢te birini olusturur (Kim, 2016).
Bundan dolay1, miisteri taleplerinin karsilanmasini ve
maliyetlerin azaltilmasini saglamak i¢in bir konteyner
terminalinin maliyetlerinin  azaltilma
iyilestirme  konteyner

operasyonel
vardir.  Bu
terminallerindeki konteyner yer degistirme sayisinin en
aza indirilmesi ile saglanabilir. Bu ¢aligmanin literatiire
saglayacag1 katkilar1 agiklamak gerekirse bu son
egilimleri yansitan bu c¢alisma, bir konteyner
terminalinin  operasyonel  verimliligini  artirmak
dolayistyla maliyetleri azaltmak i¢in konteyner yer

arayiglari
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degistirme probleminin ¢ozlimiine yonelik daha iyi
performans saglayan yeni bir sezgisel yontem sunmay1
amaclamaktadir.

2. LITERATUR iNCELEMESI

Caligmamizin konusu olan depolama yeri belirleme
problemi diger adiyla konteyner yer degistirme
problemi literatiirde c¢alisilmig bir problemdir (Reyes
vd., 2019; Liu, 2020; Magli¢ vd. 2020; Sivrikaya,
2013; Kim, 2016). Bu ana problemin ¢alismamizda ele
aldigimiz bir alt problemi olan giden konteynerler igin
depolama yeri belirleme problemi nispeten az
calistlmis  bir problemdir. Makalemizde giden
konteynerler i¢in depolama yeri belirleme problemine
odaklanilmig bu konudaki literatiir incelenmistir.

Bu konuyla ilgili ilk ¢alisma Taleb-lbrahimi ve
arkadaglar tarafindan 1993 yilinda yapilan ¢aligmadir.
Bu calismada, statik ve dinamik olmak tizere iki farkli
tasima ve depolama stratejisi ele alinmistir. Ayrica,
cesitli gemiler i¢in kalici alanda yer ayirmak i¢in en iyi
zamanlar1 belirlemek amaciyla bir operasyon prosediirii
ve sezgisel algoritma sunulmustur (Taleb-Ibrahimi vd.,
1993). Preston ve Kozan (2001) giden konteynerlerin
depolanma seklini belirlemek icin genetik algoritma
teknigini  kullanmistir. Bir konteynerin terminalde
onceden atanmis bir depolama alanina sahip oldugu
calismada varsayilir ve giden
konteynerlerin rastgele gelisi géz ardi edilmistir. Kim
ve arkadaslar1 (2000), yikleme islemleri sirasinda
konteynerlerin yer degistirme sayisint azaltmak igin
onceden Dbelirlenmis tersane koyuna giden bir
konteynerin depolama yerini belirleyerek tek tek
konteynerin konumlandirilmasi asamasina
odaklanmistir.  Problemi ¢6zmek igin  dinamik
programlama yontemi kullamilmistir. Ancak, giden

bununla birlikte

konteynerler i¢in bir tersane koyunun nasil segilecegi
her iki asamada almmamistir.  Ayrica,
konteynerlerin varig yeri bilgileri dikkate alinmamstir.
Kim ve Park (2003) ¢alismalarinda ilgili konteynerlerin
yerlestirme asamasit ve bosluk yerlestirme asamasi
olmak iizere giden konteynerler ig¢in depolama yerlerini
belirleme siirecini iki asamaya ayirmistir. Yazarlar, ilk
agsamada yer tahsisi problemini ¢6zmek i¢in karma tam
say1li matematiksel model gelistirmislerdir. Chen ve Lu
caligmalarinda  literatiir  incelemesinden,  giden
konteynerler i¢in depolama yeri atama problemi
hakkinda  kapsamli  bir c¢alisgma  olmadigini
belirtmiglerdir. Caligmalarinda bir liman terminalindeki
giden konteynerlerin depolama yerini belirlemek igin
sistematik bir yaklasim Onermiglerdir. Calismada
problem iki asamada ¢oziilmiistiir. Ilk asamada tersane

ele
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koylart ve farkli gemiler i¢in sinirlandirilmis
konteynerlere tahsis edilecek her bir tersane koyundaki
yerlerin miktar1 belirlenir. Her bir konteyner i¢in kesin
depolama yeri ikinci asamada belirlenir. Yazarlar,
birinci asamadaki problem karma tam sayili
matematiksel model ile ¢ozerken, ikinci asamadaki
problemi ¢6zmek i¢in bir hibrit dizi istifleme
algoritmasini sunmusglardir. Deney sonuglari, 6nerilen
yaklasimin giden konteynerler icin depolama yeri
atama probleminin ¢6ziiminde etkili ve verimli
oldugunu gostermektedir (Chen ve Lu, 2012). Le ve
Yu (2013) terminale rastgele giren giden konteynerler
icin bir rastgele hibrit istifleme algoritmasini
sunmuglardir. Algoritmanm ilk asamasinda, bloklar
arasindaki dagilim kullanim oranina gore analiz
edilmistir. Ikinci asamada ise koy konfigiirasyonunun
optimizasyonu hibrit genetik algoritma kullanilarak
gerceklestirilmistir. arkadaglarn  (2014)
calismalarinda  giden  konteynerlerin, konteyner
tersanesindeki depolama yeri belirleme probleminin
genellikle iki ardistk asama ile tersane-koy atama
probleminin ve alan tahsisi probleminin ¢6ziimi ile

optimize edilebildigi, fakat global optimal ¢6ziim elde

Hu ve

edilemedigini belirtmislerdir. Bu ¢aligmada, ¢6ziim i¢in
tersane-koy atama problemi ve alan tahsisi
problemlerini entegre bir optimizasyon siireci olarak
kullanan, bir dig-i¢ hiicresel otomat algoritmasi
Onerilmigtir. Zhang ve arkadaglart (2014) konteyner
terminallerindeki giden konteynerlerin  depolama
yerlerini  incelemektedir. Daha literatiirde
sunulmus olan modeli gelistirmislerdir. Calismada iki

once

farkli yeni depolama yeri belirleme algoritmasi
sunulmustur. Onerilen iki algoritmanin, orijinal iyimser
modelden  daha  iyi  performans  gosterdigi

belirlenmigtir. Zhang ve arkadaglarinin (2014) yapmus
olduklar1 diger calismada konteyner alma asamasinda
gelen konteynerlerin konum atamalarini
incelemislerdir. Problem igin literatiir, bir agirlik grubu
tizerindeki geri kalan konteynerlerin
konteynerlerin alma

oraninin,
islemi boyunca degismeden
kaldigint varsaymistir. Bu varsayim uygulama ile
tutarsizdir. Ciinkii bir agirhik grubu {izerindeki geri
kalan konteynerlerin oran1 daha once alinmis olan
konteynerlere gore siirekli olarak ayarlanmalidir. Bu
nedenle, yazarlar, iki yeni dinamik programlama
modeline yol acan iki farkli ellecleme yontemi
onermislerdir. Bu iki model, var olan kii¢lik dlgekli
orneklerdeki modelle karsilagtirilir. Caligmada biiyiik
6lcekli ornekler igin iki asamali bir sezgisel yontem
Onerilmigtir. Woo vd. (2016) ¢aligmalarinda giden
konteynerlerin depolanmasi i¢in depolama fiyati
cizelgeleme problemini ele almiglardir. Caligsmada fiyat
cizelgesinin iki unsurdan olustugu bunlarinda iicretsiz
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zaman ve iicretli zamani asan durumdan olustugu
belirtilmistir. Ucretsiz zaman, bir konteynerin bahcede
iicretsiz olarak kalabilecegi maksimum siiredir. Ucretli
zaman da ticretsiz zamandan daha fazla siire depolanan
konteynerlerin iicret 6dedigi zamandir. Matematiksel
modeller, optimum depolama fiyatt zamanlamasini,
terminalin toplam kari en list diizeye ¢ikarilacak veya
toplam sistemin maliyeti en aza indirilecek sekilde
belirlemek i¢in yazarlar tarafindan gelistirilmistir.
Guerra-Olivares ve arkadaslar1 (2015) ¢alismalarinda
konteyner tagima ekipmani olarak istifleme araclarini
kullanan konteyner yer degistirme problemi i¢in ger¢ek
zamanl bir sezgisel yontem sunmuslardir. Yazarlar
calismalarinda onerdikleri sezgisel yontemin, yakin
yerlerdeki koy istifinde iyi yer degistirme koordinatlari
aradigini belirtmislerdir. Yer degistirme hareketlerin ve
aragla seyahat mesafesinin azaltilmasiin
dengelenmesine c¢alisilmis ve daha sonra sezgisel
yontemin performanst Sili ve Meksika'daki daha kiiglik
konteyner terminallerindeki genel bir uygulama ile
karsilagtirilmistir. Zao ve arkadaslar1 (2015) otomatik
konteyner  terminallerinde giden  konteynerlerin
depolama tahsisi problemi igin simiilasyon tabanli bir
optimizasyon  yontemi  Onermiglerdir.
¢aligmalarinda depolama planlarinda rihtim vinglerinin
bekleme degerlendirmek igin kullanilan
Zamanli-Renkli-Petri-Net igeren bir simiilasyon modeli
olusturmuslardir. Bu simiilasyon tabanli optimizasyon
yontemini  olusturmak  igin  Pargacik  Siiriisii
Optimizasyonu (PSO) ve Genetik Algoritma (GA)
temelli iki optimizasyon yaklasimi ¢aligmada

Yazarlar

siiresini

onerilmistir. Bu oOnerilen yontemin etkinligi, iki
optimizasyon  yaklagimmin  karsilastirilmast  ile
dogrulanmistir.

Zhang ve arkadaglari (2015) yiikleme islemleri
sirasinda  konteynerlerin yeniden yer degistirmesini
azaltmak i¢in terminallerdeki giden konteynirlarin
konum atamalarimi incelemislerdir.  Literatiirdeki
¢aligmalar, pratikte dogru olmayan her bir agirlik grubu
icin konteynere ulagsma olasiligmin, tim alma iglemi
boyunca degismedigini varsaymaktadir. Bu ¢alisma,
terminale ulasmayan kalan konteynerlerin
ulasma  olasiliklarint  incelemistir. Daha  sonra
calismada ele alman problem icin kisitlanmis bir
dinamik programlama modeli yazarlar tarafindan
sunulmustur.

hentiz

Woo ve arkadaglart (2016) c¢alismalarinda giden
konteynerlerin depolanmasi i¢in depolama fiyati
cizelgeleme problemini ele almiglardir. Calismada fiyat
¢izelgesinin iki unsurdan olustugu bunlarinda iicretsiz
zaman ve icretli zamani asan durumdan olustugu
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belirtilmistir. Ucretsiz zaman, bir konteynerin bahgede
iicretsiz olarak kalabilecegi maksimum siiredir. Ucretli
zaman da iicretsiz zamandan daha fazla siire depolanan
konteynerlerin iicret ddedigi zamandir. Matematiksel
modeller, optimum depolama fiyatt zamanlamasini,
terminalin toplam kari en {ist diizeye ¢ikarilacak veya
toplam sistemin maliyeti en aza indirilecek sekilde
belirlemek i¢in yazarlar tarafindan gelistirilmistir.
Guerra-Olivares ve arkadaglar1 (2018)¢alismalarinda
konteyner ellegleme ekipmani olarak erigim istifleme
araglarin kullanildig1 konteyner alan tahsisi problemi
icin sezgisel bir prosediir sunmaktadir. Literatiirde
sunulmus prosediirler, kaucuk tekerlekli portal vingler
icin gecerlidir. Bu nedenle, yazarlar ¢alismalarini Latin
Amerika gibi gelismekte olan iilkelerde kiiciik veya
orta Olgekli limanlarin yaygmn olarak kullandigi,
istifleme araglar1 kullanan liman terminalleri vakalari
ile genisletmislerdir. Ayrica, literatiirde yakin zamanda
bir gelistirmiglerdir.  Bu
calismanin literatiire katkisi, limana varig sirasi
verildiginde bir grup konteyneri yiiklemek i¢in gereken
konteyner yer degistirme sayisinin alt sinirint
hesaplayan matematiksel modeli sunmus olmasidir. He
ve arkadaslar1 (2019) giden konteyner depolama yeri
belirleme problemini ele almiglardir. Yazarlar problemi
yiirliyen islemlerin kolaylastirilabilmesi igin bir dizi
giden konteynerin belirli atama kurallarma gore
tersanede  nasil  istiflenmesi  gerektigi  olarak
tanimlanabilecegini  belirtmiglerdir. Bu problemin

sunulmus prosediirii

¢oziilmesi zor bir problem oldugunu belirtmisler ve
problemin ¢éziimii i¢in yeni bir pargacik siiriisii
optimizasyonu yontemi sunmuslardir. Calismalar
sonucunda algoritmanin  problemin
¢oziimiinde anlamli bir performans elde ettigini
gostermiglerdir.  Senyigit ve Arsav (2019) giden
konteynerlerin istiflenmesinde operasyonel karar verme
problemine odaklanmiglar ve katman kaydirma
yaklagimi ile hibrit dizi istifleme algoritmasini ele
alman problemde kullanmislardir. Senyigit ve Arsav

Onerilen

(2019) bir deniz istasyonunda disar1 giden konteynerler
icin depolama konumu atama problemini ve bu
problemin ¢6ziimii i¢in kullanilan hibrit dizi istifleme
algoritmasin1  sayisal bir ornek ile c¢aligmalarinda
aciklamislardir. Reyes ve arkadaslari ¢aligmalarinda [2]
depolama yeri atama problemi i¢in bir derleme
calismasi yapmiglardir. Caligmalarinda 2005 ve 2017
yillar1 arasinda yapilan konu ile ilgili calismalar
dikkate alinmistir (Reyes vd., 2019).
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3. ANALiZ METODU

Konteyner depolama yeri belirleme problemi, liman
sahasinda istiflenmis ve istiften alinig sirast bilinen
belirli sayida konteyner iceren tek bir konteyner
sirasinin  tamamen bosaltilmast igin yapilacak yer
degistirme sayisinin en aza indirilmesi ile ilgilenen bir
problemdir. Bu problem konteyner yer degistirme
problemi olarak da adlandirilmaktadir. Bu problem bir
gercek zamanli karar verme problemidir (Chen ve Lu,
2012). Gelen konteynerler i¢in depolama yeri belirleme
problemi, konteyner yer degistirme verimliligini
artirmak ve bir geminin geri doniis siiresini azaltmak
i¢cin 6nemlidir. Bir konteyner terminalindeki ana gorev,
belirli bir siparise gore konteynerleri nakliye igin bir
konteyner kamyonuna yiiklemek amaciyla tersaneden
konteyner almak ve aktarmaktir. Bir konteyner
terminali, her biri birgok konteyner y1gimimi barindiran
koylara ayrilmistir. Bu ¢alismada, Chen ve Lu’un 2012
yilinda yapmis olduklar1 calismada oldugu gibi
konteynerlerin agirliklarina gére 9 farkli gruba
ayrildigt kabul edilmistir. Konteyner agirlik numarast
artikca konteyner agirliginin artig1 kabul edilmektedir.
Konteynerlerin agirliklarina gore gruplandiriimasindaki
amag¢ yikleme islemlerinin verimliligini artirmaktir.
Depolama alani iginde konteynerler istifler halinde
depolanir. Bir tersaneden konteyner almak igin en
ideal durum, her bir y1ginin iistiindeki (agir) konteyneri
almaktir (Chen ve Lu, 2012).
Konteynerler istifleme alanina gelis sirasina gore
Gelen  konteynerler  bittiginde, bu
konteynerler en agirdan bagslayarak toplanirlar. Bu
toplama hafif konteyner yukarida agir
konteyner asagida yerlestirilirse, agir konteynerin
almmast i¢in hafif konteyner kaldirilir bu isleme yer
degistirme (ellegleme) denir. Olas1 yer degistirmeleri
engellemek icin hangi yigmin secilmesi gerektigini
onceden planlamak Onemlidir.  Ciinki
konteyner yerlestirme daha sonra yeniden yer
degistirmeye neden olabilir. Konteyner hareketlerinin
toplam sayisin1 azaltmak vincin c¢aligma siiresini
azaltir. Konteyner yer degistirme problemi, liman
sahasinda istiflenmis ve istiften alinig sirast bilinen
belirli sayida konteyner iceren tek bir konteyner
sirasinin tamamen bosaltilmas1 i¢in yapilacak yer
degistirme sayisinin en aza indirilmesi ile ilgilenen bir
problemdir. Sekil-1 de konteynerlerin tersaneden
alinma goriintisii gosterilmigtir. Sekil-2 de ise bir
tersane  koyuna rastgele gelen  konteynerlerin
istiflenmesi gosterilmistir.

oncelikli olarak
dizilirler.

sirasinda

plansiz
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Sekil 1. Konteynerlerin tersaneden alinma goriintiisii

Bir konteynerin alinmasi ve toplanmasi asagidaki
gore  yapilir.  Limanda  giden
konteynerlerin islem gdrmesi i¢in gerekli ve yeterli

varsayimlara

kaynaklarin oldugu kabul edilmistir. Gemilerin rthtim
bilindigi varsayilmaktadir. Gelen
konteynerlerin standart oldugu kabul edilmistir. Ayn1
koya yerlestirilen konteynerlerin ayni varis noktasina
gidecekleri varsayilmistir. Konteynerler limana rastgele
sayi ve sirada gelmektedirler. Konteynerlerin
tasinmasinda vingler ve/veya kamyonlar kullanilir. Bir
ving sadece her istifin iistinde bulunan Kkonteyneri
kaldirabilir. Bir istifin yiiksekligi belirli sayida
konteyner yiiksekligi ile siirhidir. Her istif, belirli

tahsisinin

sayidaki konteynerlerin sirasindan ve belirli sayida
konteyner yiiksekliginde koylardan olusur.
Konteynerlerin agirliklarina gore 9 farkli gruba
ayrildigr kabul edilmistir. Konteyner agirlik numarasi
artikca konteyner agirhigmin artigi kabul edilmektedir.
Belli bir tersane koyunda, daha agir konteynerlerin
(konteyner numarast biyiikk olanlarin) daha hafif
konteynerlerden (konteyner numarasi biiyiik olanlarin)
once yiiklenecegi varsayilmaktadir. Giden konteynerler
icin  depolama yerinin  belirlenmesi, yiikleme
islemlerinin verimliliginin arttirilmasinda ¢ok 6nemli
oldugu icin bu ¢alisma ile yeni bir sezgisel yontem
onerilmistir.

Onerilen sezgisel yontemi anlatabilmek i¢in sayisal bir
ornek verilmigtir. Bu 6rnek i¢in tersane koyunun 6
strasinin ve her siranin da 4 konteyner yiiksekliginin
oldugu kabul edilmistir. Ayn1 varis yerine génderilmesi
gereken rastgele gelis siras1 olugturulmus 24 adet giden
konteyner bulunmaktadir. Rakamlarin konteynerlerin
agirliklarini gosterdigi bu konteynerlerin gelis sirast 6,
8,7,7,2,8,6,4,9,57,4,4,1,59,8,3,8,3,8,9,7,
3 seklindedir.
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9 8 9(9)-1 | 9(16)-2 | 8(21)-6 | 9(22)-3 | 7(23)-9 |2(24)-23
6 7 5 8(6)-4 |7(11)-10 | 8(19)-7 |5(15)-15 | 4(13)-18 | 3(20)-20
2 5 4 8(2)-5 | 7(4)-11 | 8(17)-8 |5(10)-16 | 4(12)-19 | 3(18)-21
1 2 1 6 (1)-13 | 7(3)-12 | 6(7)-14 | 4(8)-17 | 2(5)-22 | 1(14)-24
Pl
e o0 | ]
istif 0 Istif 1 Istif 2 istif 3

Sekil 2. Bir tersane koyuna rastgele gelen
konteynerlerin istiflenmesinin gosterilmesi

Onerilen sezgisel yontemin sayisal érnek igin ¢oziimii
sekil-3’te gosterilmistir. Sekil 3 incelendiginde her bir
hiicrede A(B)-C seklinde bir gosterim vardir. Bu
gosterimde A simgesi konteynerin agirlik numarasini
(1-9) gostermektedir. B simgesi ise tersane koyunda
istiflenmis konteynerlerin koya gelis sirasin1 (1-24)
gostermektedir. C simgesi ise tersane koyunda
istiflenmis konteynerlerin toplanma sirasin1 (1-24)
gostermektedir. Ornegin sag iist kdsede yer alan 3(24)-
20 hiicresi bu hiicreye yerlestirilen konteynerin
agirliginin 3, gelis sirasinin 24 toplanma sirasinin da 20
oldugunu gostermektedir. Boylece oOnerilen sezgisel
yontem problemi, 0 yer degistirme ile optimum sekilde
¢ozmiistiir. Ornegin en son gelen konteynerin agirhik
numarast 2 olsaydi, 3 nolu konteynerler toplanirken iki
kez bu konteyner kaldirilacak ve 2 yer degistirme ile
onerilen sezgisel yontem sonug verecekti. Bu duruma
gbre Onerilen sezgisel yontemin ¢ozimi sekil-4’te
gosterilmistir.

9(9)-1 | 9(16)-2 [8(21)-6 | 9(22)-3 | 7(23)-9 | 3(24)-20
8(6)-4 | 7(11)-10 | 8(19)-7 | 5(15)-15 | 4(13)-18 | 3(20)-21
8(2)-5 | 7(4)-11 |8(17)-8|5(10)-16 | 4(12)-19 | 3(18)-22
6 (1)-13 | 7(3)-12 | 6(7)-14 | 4(8)-17 | 2(5)-23 | 1(14)-24

Sekil 3. Onerilen sezgisel yontemin sayisal drnek igin
¢ozlimiiniin gosterilmesi
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Sekil 4. Onerilen sezgisel yontemin yer degistirme olan
sayisal 6rnek icin ¢ozlimiiniin gdsterilmesi

Onerilen sezgisel yontemin sahte kodu asagidaki
gibidir.

Begin

Programda kullanilacak degiskenler olusturulur.

if (Gelen agirlik degeri <= Depolama alaninda
maksimum agirlik siniflandirma degerleri )

{
for ()
{Gelen agirhik degerinin depolama

alanindaki yeri kontrol edilip yer varsa konteyner
ellegleme yapilmadan yerlestirilir.}

if  (Gelen
yerlestirilemediyse)

konteyner kendi  alanina

{Gelen konteyner agirlik degerinden daha
agir konteynerlerin yerlestirme yerlerinin ilk sirasi
kontrol ediliyor yer var ise yerlestirilir.}

if (Gelen konteyner yerlestirilemediyse)

{ Gelen konteyner agirlik degerinden daha
kiigiik agirlik degerine sahip yerlestirme alanlart
kontrol edilip ellegleme yapilmadan konteyner
yerlestirilir. }

if (Gelen konteyner yerlestirilemediyse)
{ Gelen konteyner agirlik degerinden daha

agir konteynerlerin yerlestirme yerlerinin tamami
kontrol edilerek ellegleme yapilmadan konteyner
yerlestirilir.}

if (Gelen konteyner yerlestirilemediyse)

{ depolama alaninda maksimum agirlik
siniflandirma degerinden baglayarak en az ellecleme

yeri armir ve konteyner yerlestirildikten sonra
ellegleme degeri ellegcleme degeri kadar artirilir.}
}

if (Gelen agirlik degeri > Depolama alaninda
maksimum agirlik siniflandirma degerleri)

{
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for ()

{ depolama alaninda maksimum agirlk
smiflandirma degerinden baglayarak arama yapilir ve
ellecleme yapilmadan gelen konteyner yerlestirilir. }

if (Gelen konteyner yerlestirilemediyse)

{depolama alaninda maksimum agirlik
smiflandirma degerinden baslayarak en az ellegleme
yeri armir ve konteyner yerlestirildikten sonra
ellecleme degeri yapilan ellecleme degeri kadar
artirilir. }

}
End

4. ANALIZ

Bu bolimde oOnerilen sezgisel yontem kullanilarak
¢oziilen 450 oOrnekten elde edilen Onerilen sezgisel
rastgele
gosterilmektedir. Sonuglar tablolarda gosterilmistir. Bu

yontemin sonuglari ve sonuglar
tablolarda Onerilen sezgisel yontemin sonuglart H
siitununda, rastgele ¢oziimle elde edilen sonuglar R
sitununda, her bir tekrar No siitunda ve 1’den 80’e
kadar sayilar da giden konteyner sayilarini
gostermektedir. Giden konteynerler i¢in depolama yeri
belirleme probleminde performans: etkileyen faktorler
vardir. Bunlardan ilki giden konteyner sayisidir (GKS).
Ikinci faktér bu konteynerlerin  yerlestirilecegi
depolama alanidir (DA). Bu hacim konteyner sayisi ile
Olgtiliir.

Tablo 1°de GKS=10 ve DA=24 oldugu grupta elde
edilen sonuglar gosterilmigtir. Tablo 1 incelendiginde
onerilen sezgisel yontemin olusturulan 50 6rneklemi O
tekrarda ¢ozdiigii fakat rastgele ¢oziimde ise 87 adet
tekrar oldugu belirlenmistir. Rastgele ¢6ziimde en
biiylik tekrar sayisinin 4 adet oldugu belirlenmistir.
Onerilen sezgisel yontem 50 orneklemin hepsini
optimum ¢6ziim ile bulurken rastgele ¢oziim ise sadece
9 tanesinde optimum ¢dziim bulmustur.

Tablo 2°’de GKS=18 ve DA=24 oldugu grupta elde
edilen sonuglar gosterilmistir. Tablo 2 incelendiginde
Onerilen sezgisel yontemin olusturulan 50 &rneklemi
toplam 12 tekrarda ¢6zdiigii fakat rastgele ¢oziimde ise
419 adet tekrar oldugu belirlenmistir. Onerilen sezgisel
yontem 50 oOrneklemin 41 tanesini sifir tekrar ile
optimum sonug¢ ile ¢dzerken rastgele ¢oziimde hig
optimum ¢dziime rastlanilmamustir. Onerilen sezgisel
yontemin ¢dziimlerinde en bilyilik tekrar sayis1 2’dir.
Rastgele ¢oziimde en biiylik tekrar sayisi ise 12 adet
oldugu belirlenmistir. Rastgele ¢oziimde en kiigiik
tekrar sayis1 ise 4 adet oldugu belirlenmistir.
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Tablo 3’te GKS=24 ve DA=24 oldugu grupta elde
edilen sonucglar gosterilmistir. Tablo 3 incelendiginde
Onerilen sezgisel yontemin olusturulan 50 Orneklemi
toplam 200 tekrarda c¢ozdiigii fakat rastgele ¢oziimde
ise 805 adet tekrar oldugu belirlenmistir. Onerilen
sezgisel yontem 50 6rneklemin 5 tanesini sifir tekrar ile
optimum sonu¢ ile ¢ozerken rastgele ¢oziimde hig
optimum ¢oziime rastlanilmanmstir. Onerilen sezgisel
yontemin ¢dzlimlerinde en biiyiik tekrar sayist 9’dur.
Rastgele ¢oziimde en biiyiik tekrar sayisi ise 23 adet
oldugu belirlenmistir. Rastgele ¢oziimde en kiiciik
tekrar sayist ise 8 adet oldugu belirlenmistir.

Tablo 4’te GKS=20 ve DA=48 oldugu grupta elde
edilen sonuglar gosterilmistir. Tablo 4 incelendiginde
Onerilen sezgisel yontemin olusturulan 50 Grneklemi
hi¢ tekrar olmadan, optimum sonug ile ¢ozdiigii fakat
rastgele c¢oziimde ise 329 adet oldugu
belirlenmistir. Rastgele ¢6ziimde en biiyiik tekrar sayisi
ise 14 adet oldugu belirlenmistir. Rastgele ¢oziimde en
kiigiik tekrar sayisi ise 2 adet oldugu belirlenmistir.

tekrar

Tablo 5’te GKS=36 ve DA=48 oldugu grupta elde
edilen sonuglar gosterilmistir. Tablo 5 incelendiginde
Onerilen sezgisel yontemin olusturulan 50 Grneklemi
toplam 21 tekrar ile ¢6zdiigii fakat rastgele ¢oziimde ise
1405 adet tekrar oldugu belirlenmistir.  Onerilen
sezgisel yontem 50 orneklemin 42 tanesini sifir tekrar
ile optimum sonug ile ¢cdzerken rastgele ¢oziimde hig
optimum ¢dziime rastlanilmanmstir. Onerilen sezgisel
yontemin ¢oziimlerinde en biiyiik tekrar sayisi 6’dir.
Rastgele ¢oziimde en biiyiik tekrar sayisi ise 40 adet
oldugu belirlenmistir. Rastgele ¢oziimde en kiigiik
tekrar sayist ise 17 adet oldugu belirlenmistir.

Tablo 6’da GKS=48 ve DA=48 oldugu grupta elde
edilen sonuglar gosterilmistir. Tablo 6 incelendiginde
Onerilen sezgisel yontemin olusturulan 50 Grneklemi
toplam 475 tekrar ile ¢ozdiigii fakat rastgele ¢oziimde
ise 2698 adet tekrar oldugu belirlenmistir. Onerilen
sezgisel yontemin ¢dziimlerinde en biiyiik tekrar sayisi
25°dir. Onerilen sezgisel yontem sadece 4 érneklemde
optimum sonug bulmustur. Rastgele ¢éziimde en biiyiik
tekrar sayis1 ise 78 adet oldugu belirlenmistir. Rastgele
¢oziimde en kiiglik tekrar sayisi ise 35 adet oldugu
belirlenmistir.

Tablo 7°de GKS=40 ve DA=80 oldugu grupta elde
edilen sonuclar gosterilmistir. Tablo 7 incelendiginde
onerilen sezgisel yontemin olusturulan 50 Grneklemi
toplam O tekrar (optimum sonug) ile ¢ozdiugii fakat
rastgele ¢Oziimde ise 1305 adet tekrar oldugu
belirlenmistir. Rastgele ¢oziimde en biiyiik tekrar sayis1
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ise 37 adet oldugu belirlenmistir. Rastgele ¢oziimde en
kiiciik tekrar sayisi ise 17 adet oldugu belirlenmistir.

Tablo 8’de GKS=60 ve DA=80 oldugu grupta elde
edilen sonuglar gosterilmistir. Tablo 8 incelendiginde
Onerilen sezgisel yontemin olusturulan 50 &rneklemi
toplam 33 tekrar ile ¢6zdiigii fakat rastgele ¢coziimde ise
toplam 3283 adet tekrar oldugu belirlenmistir. Onerilen
sezgisel yontemin 50 6rneklemin 34 tanesini optimum
sonug ile ¢6zdiigii belirlenmistir. Rastgele ¢oziimde en
biiylik tekrar sayist ise 79 adet oldugu belirlenmistir.
Rastgele ¢oziimde en kiigiik tekrar sayisi ise 47 adet
oldugu belirlenmistir.

Tablo 9 ve 10°da GKS=80 ve DA=80 oldugu grupta
elde edilen sonuglar gosterilmistir. Tablo 9 ve 10
incelendiginde Onerilen sezgisel yontemin olusturulan
50 orneklemi toplam 984 tekrar ile ¢ozdiigii fakat
rastgele ¢oziimde ise 6291 oldugu
belirlenmistir. Onerilen sezgisel yéntemin ¢dziimiinde
en biiyiik tekrar sayis1 40’dir. En az tekrar sayisi ise
3’tiir. Rastgele ¢cozlimde en biiylik tekrar sayist ise 152
adet oldugu belirlenmistir. Rastgele ¢oziimde en kiigiik
tekrar sayisi ise 90 adet oldugu belirlenmistir. Tablo
11’de 450 deney sonucu ozet olarak gosterilmistir.
Deney incelendiginde Onerilen
yontemin 450 deney sonucunun hepsinde rastgele

adet tekrar

sonuglari sezgisel
¢Oziim sonuglarina gore daha iyi sonug¢ buldugu
belirlenmigtir. GKS, DA konteyner sayisina yaklastikca
problemin zorlugu artmaktadir. Onerilen sezgisel
yontemin performans:  kotiilesmektedir.  Onerilen
sezgisel yontem 450 deneyin 255 tanesini (%56.67)
optimum sonu¢ olan sifir tekrar ile ¢ozmiistiir. Bu
durum Onerilen sezgisel yontemin performansinin
yeterli oldugunu gostermektedir.

5. SONUCLAR VE TARTISMALAR

Kiiresellesen diinyada yiik tagimaciligi 6nemi giderek
artan bir bilimsel problemdir. Diinyamizin biiyiik
¢ogunlugu denizlerle gevrili oldugu i¢in deniz yolu yiik
tasimaciligi 6n plana c¢ikmaktadir. Deniz yolu yiik
tagimacilif1 igerisinde konteyner ile tasimacilik en ¢ok
tercih edilen tiirdiir. Konteynerlerin liman igerisinde
depolama stratejik bir karardir. Bu karar dogrudan
limanda yapilan yiik tasimaciligimin verimliligini
etkiler. Bu calismada giden konteynerlerin depolama
yeri belirleme problemine ve bu problemin ¢dziimiine
odaklanilmistir. Bu kapsamda yeni bir sezgisel yontem
gelistirilmistir. Bu problemin ¢oziimiinde performans
gostergesi ellecleme sayisidir. Ellecleme sayist az olan
yontem en iyisidir. Onerilen sezgisel yontemin elde
ettigi ¢oziimler rastgele ¢oziim ile karsilastirilmistir.
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Karsilastirma yaparken farkli gelen konteyner sayisi ve
depolama alan1 degerleri dikkate alinmistir. Dikkate
alman problem de temel kisit depolama alanidir.
Calismada kiigiik, orta ve biiylik hacimleri temsil
edecek sekilde 3 farkli depolama alan1 hacmi
kullanilmigtir. Bunlar sirasiyla 24, 48 ve 80 konteyner
adetlik depolama alanlaridir. Gergek hayatta gelen
konteyner sayisi belirli degildir ve bu konteynerler
rastgele limana gelir. Bu durum farkli depolama alant
doluluk oranlarimin olusmas ile sonuglanir. Depolama
doluluk oran1 %0 ile %100 arasinda degisir. Calismada
farkli gelen konteyner sayilar1 belirlenmistir. Bu gelen
konteyner sayilar1 sirasiyla 10, 18, 20, 24, 36, 40, 48,
60 ve 80’dir. Kiiciik olarak nitelendirebilecegimiz, 24
konteyner hacme sahip olan depolama alani igin
sirastyla 10, 18 ve 24 adet gelen konteyner sayisi
dikkate almmustir. Orta  biyiiklik  olarak
nitelendirebilecegimiz 48 konteyner hacme sahip olan
depolama alani igin sirasiyla 20, 36 ve 48 adet gelen
konteyner sayis1 dikkate alinmistir. Son olarak biiyiik
olarak nitelendirebilecegimiz 80 konteyner hacme
sahip olan depolama alani i¢in sirastyla 40, 60 ve 80
adet gelen konteyner sayis1 dikkate alinmustir. Tablo 1
ile Tablo 9 arasinda ¢aligmada kullanilan veriler
gosterilmistir. Tablo 10°da ise elde edilen sonuglar
gosterilmistir. Tablo 10 incelendiginde Onerilen
sezgisel yoOntemin kiiciik hacimli setlerinin
hepsinde optimum ¢6ziim elde ettigi belirlenmistir.
Doluluk  oram1  artikga yonteminin
performansmin dogal olarak diistiigi gozlenmistir.
Kargilagtirmanin sonucunda, 450 deneyin 255 tanesini
optimum sonu¢ ile ¢dzen yeni sezgisel yOntemin
performansimin belirgin bir sekilde daha iyi oldugu
belirlenmistir. Gelecek ¢alisma olarak Onerilen sezgisel
yontemin performansi gercek hayat verileri ile test
edilmesi  planlanmaktadir.  Ayrica ele alinan
probleminin ¢6ziimiinde ileriki ¢aligmalarda yeni
sezgisel yontemler gelistirilebilir. Mevcut caligmada
ellegleme sayis1 performans gostergesi olarak dikkate
caligmalarda maliyet, vb.
gostergeler performans gostergesi olarak kullanilabilir.

veri

sezgisel

alinirken  ileriki siire
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24 oldugu durumda elde edilen veriler ve ¢dziimler

10 ve DA=

Tablo 1. GKS
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24 oldugu durumda elde edilen veriler ve ¢oziimler

18 ve DA=

Tablo 2. GKS
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24 oldugu durumda elde edilen veriler ve ¢oziimler

=24 ve DA=

Tablo 3. GKS
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48 oldugu durumda elde edilen veriler ve ¢oziimler

=20 ve DA=

Tablo 4. GKS
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48 oldugu durumda elde edilen veriler ve ¢oziimler

=36 ve DA=

Tablo 5. GKS
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48 oldugu durumda elde edilen veriler ve ¢oziimler

=48 ve DA=

Tablo 6. GKS
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80 oldugu durumda elde edilen veriler ve ¢oziimler

=40 ve DA=

Tablo 7. GKS
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80 oldugu durumda elde edilen veriler ve ¢oziimler

=60 ve DA=

Tablo 8. GKS
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80 oldugu durumda elde edilen veriler ve ¢éziimler-1

=80 ve DA=

Tablo 9. GKS
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80 oldugu durumda elde edilen veriler ve ¢dzliimler-2

80 ve DA=

Tablo 10. GKS

8N BRNE NS 88388283 8828 RER3I85NBY28Y88T 988388
A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AAAAAA A A A A A A
IS RIRISENIIBE~ENoo~ 8o 8RR S IRBR-NSNI8BITINA-RR~ I ~3
m31738475357326597871555716575148461636264263124783
m005169982118259977869857396652647782726694964962616
—nm996973256865272922662943194896687993751758140071976
——”24l788459ll516659l95141723929523896976862374847124
—pm11284183483387592929941422934357691518135413163619
E58532327126l6169l589536866472272228226743765136853
_M62686375669298137894777943917134385244887997275481
n724454955543259596714770032292611442945515635952731
n61672994243443426836298969594355146364621951627132
n487244l8872555822686199742373117494965575784338398
m23l5869l314271271877847265976822494986215635518668
w67217552462625948773665155414149561346412177879659
%16815175697917617546214857575629435368177276394292
w84422696774949439471626831511938369361749213166159
%27866957932992923779555925293599472539382336334686
%97317865997957566362975248954185249149575421197287
M34615987925673839157825191919313344263164113621628
m47268478768478624787653525786257496422574423897942
&84216965961164615392823593941273381278932522569342
m.79513465749183177551998234426197356721484147452722
m19868663722562371623415387477664486956253647747974
w33457762629252194144553351756683562364557369561157
%14528463631945445696118995188732422374529683861991
m26513936765818724882492143956899529919924487196188
%0015690047496626869285429434393455574125798298466167
%17753526517946831134689283239359481871617858891493
M29997748792542515748468384372758857534995113638924
m36624148167425274184182548486562739864538823493825
Q77g45435679368658l45762649639915579478334971343272
rﬂ66332611257533777816316781934651733924772465761116
m21256223964796-I_42444335734858121378936464265144548
w93234831232639269722499513878776166212596956161825
%71828699473526935318142793899993944799771164879849
M21991386299294175449126364857652679594655628934965
%375250016163197625115378994783563927271835895277821
%13958552185646942145718978137658685916945378815648
M-.-.22774799111623927697354464578936649779362195949913
“67439686254712197795349428628771439457696571136923
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Tablo 11. Deney sonuglarinin 6zeti

Senyigit vd. (2020). Ileri Miihendislik Caligmalar1 ve Teknolojileri Dergisi, 1(2), 142-161

GKS DA H R H R Minimum Maksimum Minimum Maksimum
10 24 0 87 0.00 0.01 0 0 0 4
18 24 12 419 0.01 0.03 0 2 2 12
24 24 200 805 0.12 0.05 0 9 8 23
20 48 0 329 0.00 0.02 0 0 2 14
36 48 21 1405 0.01 0.08 0 6 17 40
48 48 475 2698 0.28 0.16 0 25 35 78
40 80 0 1305 0.00 0.08 0 0 17 37
60 80 33 3283 0.02 0.20 0 47 79
80 80 984 6291 0.57 0.38 3 40 90 152

Toplam 1725 16622 1 1

161



fleri Mithendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 162-170

Aksehir Grabeninin Depremselligi

Canan AKIN*'2/ Fuzuli YAGMURLU*?
*Siileyman Demirel Universitesi, Miihendislik Fakiiltesi, Jeoloji Miihendisligi Bolimii, 1sparta, 32200, Tiirkiye

Arastirma Makalesi, Gelis Tarihi; 23.11.2020, Kabul Tarihi; 13.12.2020

Ozet

GB Anadolu’nun en 6nemli ¢okiintii alanlarindan biri olan Aksehir Grabeni giiniimiizde sismik aktivitenin en yogun
olarak gelistigi bolgelerin baginda gelir. Boélgede KB-GD yo6niinde uzanim goésteren Aksehir Grabeni, Sultandagi
yiikseltisinin dogu boliimiinde yer alir. Aksehir Grabeni giineyden Aksehir Fayi ile sinirlanir. Aksehir Fayi, Aksehir-
Simav Fay Zonunun giiney bolimiinii olusturan ve giinlimiizde halen aktif olan en 6nemli segmenttir. Calisma
bolgesinde K55 B yoniinde uzanim gosteren Aksehir Fayi, Sultandaglart metamorfik masifi ile Aksehir Grabenini
dolduran aliivyonlar1 birbirinden ayiran normal atimli bir faydir. KB-GD yoniinde uzanim gosteren Aksehir
Grabeninin giiney kenarinda Aksehir Fay1 boyunca aliivyonal yelpaze tortullar: ve birikinti konileri ile bunlara eslik
eden yamag¢ molozlar1 olagan olarak bulunur. Bunun yani sira, topografyada yanal yonde izlenebilen fay sarpliklari,
breslenme kusaklar1 ve hidrotermal alterasyon zonlar1, Aksehir Fay Zonu iizerinde yaygin olarak gézlenebilen diger
onemli yapisal 6zelliklerdir. Aksehir Grabeni ve bunu sinirlayan Aksehir Fay1, daha gok orta biiyiiklitkte depremlerin
meydana geldigi sismik bir rejime sahiptir.Bu ¢alismada bolgede meydana gelen tarihi ve aletsel donemdeki depremlere
dayanarak bolgenin deprem aktivitesi irdelenecektir.

Anahtar Kelimeler: Depremsellik, Aksehir grabeni, Aksehir fayi.

Seismicity of Aksehir Graben

Abstract

Aksehir Graben, one of the most important depression areas of SW Anatolia, is one of the regions where seismic activity
is most intensely developed today. The Aksehir Graben extending in a NW-SE direction in the region is located in the
eastern part of the Sultandag elevation. The Aksehir Graben is bounded by the Aksehir Fault in the south. The Aksehir
fault is the most important segment that forms the southern part of the Aksehir-Simav Fault Zone and is still active today.
The Aksehir Fault, which extends in the N55 W direction in the study area, is a normal-slip fault separating the Sultandagi
metamorphic massif and the alluvium filling the Aksehir graben. Alluvial fan sediments and accumulation cones and
accompanying slope debris are commonly found along the Aksehir Fault on the southern edge of the Aksehir Graben,
which extends in a NW-SE direction. In addition, fault scarp, breccia zones and hydrothermal alteration zones that can
be observed laterally in the topography are other important structural features that can be widely observed on the Aksehir
Fault Zone. The Aksehir Graben and the Aksehir Fault that limits it have a seismic regime in which mostly medium-sized
earthquakes occur. In this study, the earthquake activity of the region will be examined based on the earthquakes in the
historical and instrumental period.

Keywords: Seismicity, Aksehir graben, Aksehir fault.

1Sorumlu yazar canan_oner@yahoo.com, 2fuzuliyagmurlu@sdu.edu.tr
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1. GIRIS

Bati Anadolu ve GB-Anadolu’nun giincel tektonik
yapist, daha ¢ok Anadolu’nun timiinii etkileyen
bolgesel jeodinamik olaylarin kontroliinde
bigimlenmistir. Bu bdlgesel jeodinamik olaylar
baslica dort grup i¢inde toplamak miimkiindiir. Bunlar
strasi ile (1) Arap levhasinin Bitlis-Zagros bindirmesi
boyunca Dogu Anadolu ve Iran levhasmnin altina
dalmasi, (2) Kuzey Anadolu Fay1 (KAF) ve Dogu
Anadolu Faylarinin (DAF) etkisi altinda Anadolu
levhasinin batiya dogru kaymasi; (3) Afrika levhasinin
Kibris — Girit yaylar1 boyunca Ege levhasmin altina
dalmast ve (4) Bati Anadolu ve Ege levhalarinin
glineybat1 yoniinde kaymasi1 olarak Ozetlenebilir
(Yagmurlu & Sentiirk, 2005).

Anadolu levhasinin KAF ve DAF’in kontroliinde
batrya dogru hareketi, Ege ve Bati Anadolu levhalari
icinde K-G ve GB-KD yoniinde gelisen genisleme
rejimlerinin ortaya c¢ikmasina neden olmustur. Bu
genigleme rejimleri sonucunda Ege bdlgesinde D-B
yonlii grabenlerin yami sira, KB ve KD gidisli
grabenlerin ve ¢okiintii alanlar1 ortaya ¢ikmistir.

Baslica KD yo6niinde uzanim gosteren Fethiye—Burdur
Fay Zonu (FBFZ), ayn1 zamanda Ege ve Bat1 Anadolu
levhasinin giiney simirin1 karsilamaktadir. FBFZ ‘nun
kuzeyinde kalan alanlarda Ege ve Bat1 Anadolu levhasi
gilineybatiya dogru 3 cm/yillik bir hizla kaymaktadir
(Yagmurlu &Sentiirk, 2005). GB-yoniinde gelisen bu
kayma hareketi, Ege ve Bati Anadolu bdlgesinde,
Mugla-Yatagan Fayi, Dinar Fayi, Aksehir Fay: ve
Simav Fayi gibi giiniimiizde halen aktif olan KB-
gidigli normal fay sistemlerinin ortaya ¢ikmasina
neden olmustur.

Bat1 Anadolu-Ege levhasi sismik olarak oldukga aktif
bir bolge olup o6zetlenen jeodinamik etkenlerin
kontroliinde hizla genislemeye ugramaktadir. K- G
yonlii genisleme orani yilda 30-40 mm civarindadir
(Oral ve digerleri, 1995; LePichon X., 1995). Kuzey-
Gliney genisleme ile iligkili horst-havza graben
sistemleri ve D-B uzanimli normal faylanmalar Bati
Anadolu-Ege Bolgesi’ndeki ¢okiintii alanlari igin
karakteristiktir (McKenzie, 1978; Dewey ve Sengor,
1979; Taymaz & Price, 1992). Grabenlerle ilgili fay
diizlemi ¢6ziimleri ¢ogunlukla kuzey-giiney yonlii bir
gerilmeye isaret eder (McKenzie D. P., 1972).
Marmara Denizi ve ¢evresinde Kuzey Anadolu Fay
Zonunun etkisi ile kuzeydogu-giineybatiya dogru bir
acilma vardir. Kuzey Anadolu Fay Zonunun ve
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Anadolu levhasinin giineybati yoniinde ki hareketi
sonucu, Isparta Acisinin dogu kanadi giineybati
yoniinde rotasyona ugramistir (Ozkaymak ve digerleri,
2017). Bati Anadolu’daki genel gerilme bir elin
parmaklarinin acilmasina benzer bir goriinim sunar
(Sengor, 1980). Isparta agis1 ve yakin gevresi, eski,
gegis ve yeni tektonik donemlerin birbirleri ile olan
iligkilerinin ve bu donemde gelisen yapilarin
gdzlenebildigi bir bolgedir (Kogyigit,1984).

Aksehir Grabeni ile ona eslik eden ikincil grabenler
Isparta agisinin kuzeyi ile Orta Anadolu arasinda yer
almaktadir. KB yoniinde uzanim gosteren Aksehir
Grabeni, yorede boylar1 10 ile 25 km arasinda degisen
normal fay segmentleri tarafindan sinirlandirilmistir.
Ana faya paralel gelismis sintetik ve antitetik fay
bilesenleri, Aksehir Fay Zonu boyunca olagan olarak
gozlenir. KB yoniinde uzanim gosteren Aksehir Fayi
ile buna eslik eden sintetik ve antitetik fay bilesenleri,
Afyon Aksehir Grabeni boyunca, metamorfiklerden
olusan temel kayalarini, graben dolgularini ve yamag
molozlarmi ¢ogu yerde keser (Kogyigit ve Ozacar,
2003). Aksehir Grabeni ana ¢izgilerde simetrik
sayilabilecek bir ¢okiintii ovast 6zelligi tasir. Graben
giineyden Aksehir Fayi, kuzeyden ise Cobanlar Fay
Her iki fay zonuda grabenin
gelisinde rol oynamistir. Ancak, bdlgenin morfolojik
ozellikleri yami1 siwra, tarihsel deprem kayitlart
incelendiginde, Aksehir grabeninin giiney kenarinin,
depremsellik agisindan, daha aktif oldugunu belirtmek
mimkiindir. Afyon Aksehir Grabeni giineyden
Sultandagi metamorfik masifi ile sinirlanir. Grabenin
Sultandaglari ile olan sinir boyunca, oldukg¢a dik ve
geng sayilabilecek morfolojik falezler ve tiggen sekilli

Zonu ile smirlanir.

yamagclar yer alir. Aksehir Fayr aym1 zamanda, Bati
Anadolu’da Aksehir-Simav Fay Sistemi olarak
adlandirilan KB gidigli fay sisteminin en onemli
bilesenlerinden biridir. Yukarida da belirtildigi gibi,
Aksehir Fay: giinlimiizde halen aktif ve yikici deprem
iireten bir faydir. Bu depremlerden oOlgiilebilen en
yikict deprem Mw= 6.1 olan ve 03/02/2002 de
meydana gelen Sultandagi Depremidir.

2. CALISMA ALANININ JEOLOJiSi VE
TEKTONIGI

Sultandag1 Masifi, Afyon Aksehir Grabenini giineyden
sinirlar.  Onceki arastiricilar tarafindan  Sultandagi
Metamorfikleri olan adlandirilan kristalin masif yapi
egemen olarak diisiik dereceli metamorfiklerden ve
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metasedimanter kayalardan olusur (Ketin, 1977,
Sengor, Goriir, & Saroglu, 1985; Aksoy & Bozdag,
2008).Sultandag1 masifini olusturan disiik dereceli
metamorfik kayalar, Orta Kambriyen-Ust Permiyen
yas araliginda degisen diisiik dereceli metamorfik
kayalar egemen olarak, rekristalize kiregtasi, kuvarsit,
meta-gakiltasi, meta-kumtasi, sleyt, fillit ve kalksist
gibi bilesenlerden meydana gelmistir (Ketin,1977).
Yorede calisan arastiricilarin bir bolimii Sultandagi
Masifini olusturan kayaclarin Alpin Orojenezine bagli
olarak yesilsist fasiyesinde bagkalasim gecirdiklerini
belirtirler. Aksehir Grabeninin giiney boliimiinde genis
yayilim gosteren Sultandagi Masifine ait metamorfik
kayalar, grabeni dolduran Orta Miyosen ve Pliyo-
Kuvaterner yaslt karasal ve golsel tortullar tarafindan
(Kosedere, Dogancik ve Tasgkoprii Formasyonlari)
uyumsuz olarak ortiilmistiir (Demirkol, 1977; Aksoy
& Bozdag, 2008) (Sekill).

Aksehir ve Eber goéllerinin iginde bulundugu Aksehir
Grabeni i¢inde kalin bir dolgu ¢okelimi mevcuttur.

Grabeni dolduran tortul dolgulari, iki ana grup icinde
toplamak miimkiindiir. Bunlar alttan iiste dogru (1)
Orta-Ge¢ Miyosen yash golsel tortul istif, (2) Pliyo-
Kuvaterner yaslt fluviyal ve aluvyonal yelpaze
tortullarindan olusan kirintili istiftir(Sekil 1). Her iki
tortul istif arasinda ¢ogu yerde agisal uyumsuzluk yer
alir. Yersel olarak komiir diizeyleri i¢eren Orta-Geg
Miyosen yash golsel istif, bazi arastiricilar tarafindan
eski graben dolgusu olarak kabul ederek eski graben
dolgusunu acisal uyumsuz olarak iistleyen Pliyo-
Kuvaterner yasli fluviyal tortullarida, yeni graben
dolgusu olarak tanimlamislardir (Kogyigit & Deveci,
2005).

Yasli graben dolgusunu olusturan golsel tortullar
egemen olarak Aksehir Grabeninin kuzey boliimiinde
yayitlhim gostermesine karsin, gen¢ graben dolgusuna
ait kirmtili tortullar biiyiik boliimii ile grabenin giiney
kenarinda, Sultan Daglarinin kuzey eteklerinde

yayilim gosterir (Aksoy ve Bozdag, 2008).

2
S | y
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Sekil 1. Aksehir ve yakin cevresinin stratigrafik kesiti (Kogyigit & Ozacar, 2003 ten degistirilmistir)
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3. AKSEHIR FAYI

Aksehir Fayi, Aksehir-Simav Fay Zonunun giiney
boliimiini olusturan en 6nemli segmenttir. Aksehir
ilge merkezi ile Sultandag ilgesi arasinda uzanim

gosteren Aksehir Fayi, ana cizgilerde KS55B
dogrultusunda 100 km kadar wuzanimli olup,
Sultandaglar1 metamorfik masifi ile Aksehir

grabenini birbirinden ayiran normal atimli bir faydir.
Faym egimi c¢ogunlukla 65-75° kuzeydoguya
dogrudur. KB-GD yoniinde uzanim gosteren Aksehir
Grabeninin giiney kenarinda Aksehir Fay1 boyunca
aliivyonal yelpaze tortullar1 ve birikinti konileri ile
bunlara eslik eden yamag¢ molozlar1 olagan olarak
bulunur. Bunun yani sira, topografyada yanal yonde
izlenebilen fay sarpliklari, breslenme kusaklari ve
hidrotermal alterasyon zonlari, Aksehir Fay Zonu
tizerinde yaygin olarak go6zlenebilen yapisal
ozelliklerdir. Aksehir fay1 Cay ilgesinin kuzeyinde,
KD uzaniml Karamik ve Bolvadin Faylari tarafindan
kesilir.

Aksehir Fay1 ile buna eslik eden aktif fay segmentleri
tizerinde tarihsel ve aletsel donemde orta ile biyiik
sayilabilecek magnitiidlii  (6rnegin, 5-6.0 M)
depremler meydana gelmistir. Aksehir Grabeni iginde
yer alan belli bagh aktif fay segmentlerini sirasi ile,
Aksehir Fayi, Cobanlar Fay Zonu, Isiklar Fay Zonu,
Yunak Fay Zonu, ve Ilgin Fay Zonu bulunmaktadir
(yerbilimleri.mta.gov.tr, 2020) . Bunun yani sira, bu
faylara eslik eden Bolvadin Fay1, Biiyiikkarabag Fay1
ve Cukurcak Faylar1 da sismik aktivite gosteren fay
sistemlerini  olusturur. ~ Aksehir  grabeninde
gerceklesen bilylik depremler daha ¢ok Aksehir fay
segmenti tizerinde gergeklesmistir.

2000-2002 yillarinda meydana gelen Cay ve
Sultandagi Depremleri faym Cay, Kali Cay1, Maltepe
segmentlerinde ylizey kirigi meydana getirmistir
(Emre, ve digerleri, 2003).
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Sekil 2. Aksehir Grabeni ve yakin ¢evresinde yer alan fay sistemleri (yerbilimleri.mta.gov.tr, 2020; Kogyigit ve

digerleri 2002°den derlenmistir, 6l¢eksizdir)
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4. SiSMiK AKTIiVITE

Aksehir Grabeninde yogun mikrosismik aktivite
gozlenir (Tablo1,2 Sekil 3). Graben smirlarinda ve
grabeni denetleyen fay/fay sistemler, iizerinde; 1900
yilindan glinlimiize kadar biyikligi (Ms) 3.5 dan
biiyiikk 118 adet deprem meydan gelmistir. Son
yiizyillda magnitidii Mw=>5.0'dan biiyiik 14 deprem
meydana  gelmistir  (www.koeri.boun.edu.tr).
Depremler cogunlukla yilizeye yakin derinliklerde
meydana gelmistir. Grabeni kontrol eden faylarda
gelisen depremler incelendiginde (1900-2020)
deprem biiyiikliigiiniin 3.5-4 araliginda kiimelendigi
goriilmektedir. Bu depremlerin en yikici olanlari (1)
Gokgeyaka - Emirdag depremi (1.4.1919), (2)
Tursunlu-Tuzlukgu depremi  (26.9.1921), (3)

20/11/1924 inli - Cay depremi (20.11.1924), (4)
Eber-Cay depremi (16.07.1946), (5) Eber - Cay
depremi (15.12.2000) ile ile farkli zamanlarda
meydana gelen Cay, Cobanlar, Hamidiye (Bolvadin)
ve Tagkopri depremleridir. (Sekil 3).

Ozellikle 2002 ve 2000 yillarinda meydana gelen
ana depremler ve art¢ct soklar bir¢ok arastirmaci
tarafindan arastirilmistir. Yapilan odak mekanizma
¢oziimleri Aksehir Faymin egim atimli normal fay
oldugunu dogrulamaktadir (Taymaz T., 1991).

Tablo 2. Aletsel donem 6ncesi depremler (Pinar ve
Lahn, 1956; Ozer, 2006; Akyiiz ve digerleri, 2006,
Ozkaymak ve digerleri, 2019).

No |Tarih Haritada Kodu Yer
. . . - 11766 1766 Afyonkarahisar, Suhut
Aksehir grabeni ve yakin c¢evresinde tarihsel 51795 1705 Af;y/onkarahisars
donemde meydana gelen depremlere ait bir¢ok 313/11/1862 1862 a Afyonkarahisar, Suhut
calismalar bulunmaktadir (Pmar ve Lahn, 1956; ;‘Il(‘”lmfzm(/lw 1;%62% ify"“k?;ahisar’ Subt
> oo . asim- Ara. © onya, mn
Ozer, 2006; Ozkaymak ve digerleri, 2019). 6126-27/6/1866 18662 Konia,lé n
Calismamizda arastirmacilarin  tarihsel deprem 7/5 /5/1866 1866 b Afyonkarahisar,Suhut, Agzikara
verileri harita tizerinde gosterilmistir (Sekil 3 ve 8 Temmuz- Kasim/ 1866 1866¢ Konya, lign
. . 9 Ekim, 1867 1867 Afyonkarahisar
Tablo 1,2). Grabeni kontrol eden faylarda gelisen 10/1 /91873 1873 Afyonkarahisar
depremler incelendiginde (1900-2020) deprem 11/23/12/ 1877 1877 Afyonkarahisar
o el qes s e - . o 12128 /1/1885 1885 Afyonkarahisar
biyiikligiiniin =~ 3.5-4 araliginda  kiimelendigi |7 [l T Konya llgn
gorulmektedlr (http//WWW koeri .boun.edu.tr, 14/23 /5/1897 1897 Afyonkarahisar
2020).
Tablo 1. 1900-2020 arasinda meydana gelen magnetiitii 4.5’ten biiylik depremler
No Olus tarihi - Olus zamani  Enlem Boylam Der(km) xM MD ML Mw Ms Mb Tip Yer
1 27.07.2011  0958:1310 383.368 318.680 5 48 0 48 0 48 Ke GEDIKOREN-ILGIN (KONYA)
2 15.05.2005 = 10542692 386.217 307.803 5 45 0 45 0 0 Ke DEGIRMENDERE- (AFYONKARAHISAR)
3 3022002 11543450 386300 310100 10 48 45 0 0 48 Ke CAY (AFYONKARAHISAR)
4 3022002 11395510 386.500 310.100 10 50 46 0 0 51 Ke CAY(AFYONKARAHISAR)
5 3022002 09:26:44.10 386.800 308.200 5 6 59 0 6 0 0 Ke COBANLAR (AFYONKARAHISAR)
6 3022000 07143640 367000 308700 10 56 52 56 0 55 Ke HAMIDIYE-BOLVADIN (AFYONKARAHISAR)
7 3022002 07:11:2860 385.800 312500 10 61 61 0 6 0 0 Ke TASKOPRU-SULTANDAGI (AFYONKARAHISAR)
8 22032001 06:21:17.60 387.400 308.700 10 48 48 0 0 0 Ke KOCAOZ-COBANLAR (AFYONKARAHISAR)
9 15122000 16444420 386300 31190 13 58 58 0 0 0 Ke EBER-CAY (AFYONKARAHISAR)
10 170011986 02115230 385500 313.700 39 46 0 0 0 46 Ke TASKOPRU-SULTANDAGI (AFYONKARAHISAR)
1 17041982 17314420 381600 32130 0 45 0 0 0 45 Ke CESMECIK-KADINHANI(KONYA)
12 4041970 12060470 389.000 303.000 45 45 0 0 0 Ke CATKUYU-SINANPASA (AFYONKARAHISAR)
13 29031970  02:37:11.80 390100 304.000 3 46 46 0 0 0 Ke IHSANIYE (AFYONKARAHISAR)
14 20031970 02274180 390100 304000 33 47 45 45 47 44 46 Ke IHSANIYE (AFYONKARAHISAR)
15 28031970 21370470 37000 314000 5 48 48 0 0 0 Ke CUKURCAK-SULTANDAGI (AFYONKARAHISAR)
16 24041969 02493700 384.000 319.000 26 45 43 43 45 42 44  Ke YORAZLAR-ILGIN (KONYA)
17 22061956 00465380 364800 319400 40 48 47 46 48 46 47 Ke TEKELER-ILGIN (KONYA)
18 1607.1946 19453050 386.300 311.500 40 53 5 5 53 51 51 Ke EBER-CAY (AFYONKARAHISAR)
19 21021946 15431220 382400 317.900 60 56 54 53 56 55 54 Ke SEBILLER-ILGIN (KONYA)
0 12011931 15553400 385000 319000 30 53 5 49 53 5 5 Ke GOLYAKA-ILGIN (KONYA)
20 120011931 15061240 384.700 318.000 20 53 5 49 53 5 5 Ke KUNDULLU-TUZLUKCU (KONYA)
22 20111924 20274500 385500 307.800 10 59 57 56 59 59 56 Ke INLI-CAY (AFYONKARAHISAR)
B 26001921 09261010 384200 31790 10 55 53 53 55 54 53 Ke TURSUNLU-TUZLUKCU (KONYA)
24 13041921 04540500 384.000 318.000 30 54 51 51 54 52 51 Ke TURSUNLU-TUZLUKCU (KONYA)
25 1041901 00000100 384000 314.000 5 5 5 0 0 0 Ke ATAKENT-AKSEHIR (KONYA)

166



Akin C. ve Yagmurlu F. (2020). {leri Miihendislik Caligmalari ve Teknolojileri Dergisi, 1(2), 162-170

5. SONUCLAR VE TARTISMALAR

Aksehir Fay1 KB yoniinde 100 km'ye ulasan uzunlugu
ile Bati Anadolunun en onemli aktif faylarindan
biridir. Aksehir fay1, Sultandagi metamorfik masifi ile
Aksehir Grabenini dolduran Pliyo-Kuvaterner yash
tortullar arasinda gelismistir. Bolgede temeli
olusturan Sultandagi Masifi daha ¢ok diisiik dereceli
metamorfiklerden ve meta-sedimanter kayalardan
olusur. Sultandagi metamorfik masifini kuzeyden
sinirlayan Aksehir fayr boyunca, topografyada yanal
yonde izlenebilen basamakli yapilarin yanmi sira,
hidrotermal alterasyon kusaklar1 ve breslenme zonlar1
olagan olarak gozlenir.

Aksehir grabenini giineyden sinirlayan Aksehir fayi,
bolgedeki en onemli aktif fay segmentini olusturur.
Bu nedenle yorede tarihsel ve aletsel donemde
meydana gelen biiylik sayilabilecek depremlerin
onemli bir boliimii Aksehir Fay Segmenti iizerinde

Aksehir Fay1 ve Aksehir Grabeninde aletsel donemde
meydana gelen depremler incelendiginde Mw 6 dan
bliyik bir deprem  gorilmemektedir  (http:
(http://www.koeri.boun.edu.tr).Farkli aragtirmacilarin
tarihsel donem i¢in yaptiklar1 ¢aligmalarda meydana
gelen depremlerin Mw olarak 6 nin istiinde olmagt
goriisii mevcuttur (Ozkaymak ve digerleri, 2019;
Akytiz ve digerleri, 2006). Aksehir Fayr iizerinde
meydana gelen depremleri mal ve can kaybina neden
olmasinin en bilyiik nedeni yerel zemin 6zellikleri ile
yapt stogundaki kalite eksikligi olmalidir. 2000 ve
2002 yilinda Cay ve Sultandagi il¢elerinde meydana
gelen 5.9 ve 6.1 biiyiikliigiinde ki depremlerden sonra,
Aksehir Fay1 ile ilgili pek ¢ok arastirma ve fay
¢oziimleri Bu aragtirmalar ve fay
¢oziimleri sonucunda Aksehir fayinin normal bir fay
oldugu dogrulanmaistir.

yapilmistir.

olusmustur.
— p—
RO G —
- chece Blylk Karabag
s Gebeceler,
4 03/02/2002
M=5.6D=10km. goiyadin 2K
= Karapinar Egrikuyu
Kocatépe 1861’7;5. Cobanlar ® 16/07/1946 Ot Karabag R Cebrail Kuzéren
0[%_;3 M=5.3 D=40 km.
Geikeracasrén 03/02/2 03/02/2002 ® ® 15122000 i
M=6 D=5km.M=59D=10 km. M=5.8 D=13 km. Turgut
Kizildag Cay 03/02/2002 Korasi
20/11/1924
0300 M=6.1D= .
M= 5.9 D= 10 km. MEGID- 0k Yésitoks
5""':‘ 1766 B Akkonak Sultandag Ak(;:hv ey Biyiikoba
e 1862a,b
12/01/1931
Bozan Karamik o Akbaba 12/01/1931 Gélyaka M=35.3 D= 30 km.
akifga — 53D
Balgikhisar ; =T M=53D-20
Icikli
s Armutlu Kérkuler Saraykoy 20/09/1921 Gavussugol Avdagy
M=55D=10 km. @ 13/04/1921
Siicall M=5.4 D=30 km.
rak A o3| o Bogazkent Gedikoren
Karaadilli 01/04/1901
Yalvag s Argithani
N 3 Jm. Gy Hein 1862
Akginl Gamii Mecidiye LS 1862 a, ¢
Haryakli [osss) ® 1801
Gengal o @ 21/02/1946
i ool Corince s M=56D=60km.

Sekil 3. 1900-2020 tarihleri arasinda grabende meydana gelen magnetiitii 5’ten biiyiik depremler
(http://www.koeri.boun.edu.tr, 2020)
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Ozet

Bu calismada binalarda 1s1 yalitimi1 hakkinda ayrintili bir literatiir taramasi verilmistir. Binalarda kullanilan 1s1 yaliim
malzemeleri, uygulama yontemleri tanmitilmistir. Isi  yalitim hesaplamalarinda kullanilan  “Derece-Giin”,
“Termoekonomik Optimizasyon” ve “TS 825 Standardi” metotlari hakkinda karsilagtirmali bilgiler verilmistir.
Calismada Tiirkiye’nin farkli cografi konumlarinda, binalarda 1s1 yalitimini ve bina duvarlarinda degisen kosullara gore
EPS, XPS, tas yiinii, cam yiinii vb. yalittm malzemelerinden hangilerinin kullanilacagini, kullanilacak malzemenin
optimum kalinlik ve geri 6deme siirelerini inceleyen ¢aligmalar derlenerek tablolar halinde sunulmustur.

Anahtar Kelimeler: Binalarda enerji verimliligi, Binalarda 1s1 yalitimi, Is1 yalittim uygulamalari, Enerji verimliligi

Application of Thermal Insulation in Buildings by Climate Zones in Turkey

Abstract

In this study, a detailed literature review about thermal insulation in buildings is given. Thermal insulation materials
used in buildings and their application methods are introduced. Comparative information has been compiled on the
"Degree-Day", "Thermoeconomic Optimization™ and "TS 825 Standard" methods those are used in thermal insulation
calculations. In the paper, the studies examining, which insulation materials to use (EPS, XPS, rock wool, glass wool
etc.) in buildings envelop, depending on the changing conditions are compiled and presented in tables. The literature
review was performed for different geographic locations of Turkey.

Keywords: Energy efficiency in buildings, Thermal insulation in buildings, Thermal insulation applications, Energy
efficiency.
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1. GIRiS

Giliniimiizde gerek kiiresel 1sinmayla ilgili problemler
(Al-Sanea, 2002), gerekse enerji temininin ekonomi
tizerindeki yikii (Dombayci vd., 2017) gibi bir¢ok
nedenden dolay1 enerji verimliligi caligmalar1 hayati
oneme sahiptir. Enerji verimliligi ¢caligmalartyla toplam
karbon ayak izi disiiriillemezse, gelecek nesillere ne
insani yasam standartlarina sahip bir iilke, ne de icinde
yasanilabilir bir diinya birakmamiz —miimkiindiir.
Siirdiiriilebilir  bir diinya igin enerji verimliligi
caligmalarinin, en yiiksek enerji tiiketen sektdrden
baslamas1 tavsiye edilmektedir. Bu sektor de ¢ol
ikliminden (Al-Sanea vd., 2012) iliman iklime kadar
(Arena ve De Rosa, 2003) farkli iklimlere sahip
Diinya'nin bircok bdlgesinde bina sektorii olarak
belirlenmistir.
icerisinde binalarin paymin Avrupa’da %40 (De Alegria
Mancisidor vd., 2009), ingiltere’de %50 (Arena ve De
Rosa, 2003), Filistin’de %60 dan fazlasi oldugu
belirtilmektedir. CO; salimminda toplam emisyonun
%70 inin insani aktivitelerden (UNEP, 2009), Avrupa
birligi tilkelerinde salinimin %40 daha fazlasinin ise
bina sektoriinden (Dimoudi ve Tompa, 2008; Cabeza,
2010) kaynaklandigi Dbelirtilmektedir. Bu yiizden
Avrupa  birligi “20-20-20”  direktifi
eklenmis ve %20 enerji verimliligi ve %20 CO:
verilmigtir

Literatiirde, toplam enerji kullanimi

mevzuatina
emisyonlarinin  azaltilmast  talimati
(Rodriguez-Soria, 2015).

Ulkemizde de enerjinin biiyiik bir kismi binalarda
tiiketilmektedir ve bu enerjinin %80°1 1sitma sogutma
amagli kullanilmaktadir (Giirel ve Cingiz, 2011).
Enerjinin en ¢ok tiiketildigi sektorde (bina sektorii) en
fazla enerji iklimlendirme amagli kullanildigindan,
yalitimla enerji verimliliginde yapilacak olan en kiigiik
iyilestirmenin toplam enerji verimliligi ve toplam
karbon ayak izi tizerindeki yaygm etkisinin 6nemli
olacagi belirtilmektedir (Golcii vd., 2006). Bu yiizden,
bu ¢alismada binalarda yalitim konusu ele alinmustir.

Is1 yalitimi1, uygun sekilde uygulandiginda 1s1 akig hizini

yavaglatan malzeme veya malzemeler
kombinasyonudur. Yalitim malzemeleri, yiiksek 1s1
direnci nedeniyle binaya giren veya binadan g¢ikan 1s1
akigini engeller veya azaltir (ASHRAE, 2001). Ozellikle
zorlu iklim kosullarma sahip bolgelerde bulunan
binalarda, enerji verimliligini artirma yoniinde 6nemli
katki saglar (Al-Sanea, 2012; Al-Homoud, 2001). Ist
yalitiminda belirlenen en ekonomik yalitim kalinligi,
toplam maliyetin minimum noktasina karsilik gelen
kalinliktir (optimum yalitim kalinligi) (Giirel ve Cingiz,
2011). Bununla birlikte, Tiirkiye'de her iklim kosulunda

uygulanacak yalittim kalinliklar1 TS 825 Standardinda
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belirtilmektedir. TS 825 (2008) Standardinin amaci,
binalarm iklimlendirme i¢in harcadiklar1 enerjide
tasarruf saglamak ve gerekli enerjinin hesaplanmasi
konusunda kullanilacak olan standart hesap metodunu
ve degerlerini tarif etmektir.

Binalarda iklimlendirme, 1sil konforu saglamak
amactyla yapilir. Isil konfor, kisinin bulundugu ¢evreyle
ilgili bir sorunu-sikdyeti olmamas: hali veya insanin
sthhatli ve {retken olabilecegi 1si1l parametrelerin
saglanmasi olarak aciklanabilir (isbilir, 2009). Isil
konforu tahmin etmek icin 1s1l ortam hakkinda dogru
bilgiye ihtiya¢ vardir. Sicaklik, hiz ve nem kabaca 1sil
ortami temsil edebilir (Kaynakli vd., 2003). Aym
mekanda bulunan insanlar ayni derecede memnuniyete
sahip degildir. Ciinkii 1s1l  konfor, &znel bir
degerlendirme olup hisler ve duygulara dayanmaktadir
(Kaynakli vd., 2003). Isil konforun 6 parametreye
sahiptir. Bunlar gevresel ve kisisel parametreler olarak
ikiye ayrilir. Havanin sicakligi, izafi nemi, hizi ve
ortalama 1simim sicaklifi gevresel parametrelerdir ve
kisinin hareketlilik diizeyi ve giysi direnci kisisel
parametrelerdir (Kaynakli vd., 2002). Kapali alanda
bulunan kisilerin ruh hallerinin iyi calisma
kapasitelerinin maksimum olmasini saglayan sartlara
“konfor araligi” denir (Al-Sanea vd., 2012). Kabul
edilebilir oda hava sicaklig1 yaz aylarinda 21-22 °C, kis
aylarinda ise 20-21 °C'dir (isbilir, 2009). Oda
sicakliginin ¢alisma verimine etkisi diyagram Sekil
1.”de verilmistir (Seppanen, 2006).

Ve

Konfor aralifi;; odada bulunan havanin sicakligi,
cevredeki sicakligt  (Oztiirk, 2011;
Mcquiston, 2000), havadaki nemi ve hava hiz1 ile
karakterize edilmektedir. Konfor araliginin
saglanmasindaki 6nemli parametrelerden biri i¢ yiizey
sicakligidir. Tablo 1’de gesitli konfor durumlart igin ig
ortam sicakligi ile i¢ yiizey sicakligi arasindaki iliski
goriilmektedir (Usta, 2009).

ylizeylerinin

X100 +

£ 90

i 80

g.

=z 70 4 | | | , ]

o 10 15 20 25 30 35
Oda Sicaklig

Sekil 1. Sicakligin ¢aligma verimine etkisi (Seppanen,
2006)
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Tablo 1. i¢ ortam (Ti) ve I¢ yiizey (Ty) sicakliklar:
arasindaki farka gore konfor sartlart (Usta, 2009)

Tablo 2. Binalarda 1s1 kayip yerleri ve oranlari
(Askadar, 2005, Altinigik, 2006)

Ti-Ty | Konfor Durumu Cok Kath Bina  Tek Kath Bina
2 Cok konforlu D1s Duvar 40% 25%
3 Konforlu Pencere 30% 20%
4 Az konforlu Cati 7% 22%
6 Konforsuz Bodrum 6% 20%
8,5 Soguk Dosemesi
>8,5 Cok soguk Hava Kagig1 17% 13%

I¢ ortam sicakhigi ile i¢ yiizey sicakhigr farkinin 2-3 °C
olmasi, konfor hissiyati olusturmaktadir. I¢ ortam
sicaklig ile i¢ yilizey sicakligi farkinin 6 “C’nin iizerinde
olmasi  durumunda  konfor  hissiyatindan
edilememektedir. Binalarda yeterli yalitim yapilmazsa

SOz

1s1l konfor saglanamamakta, bu da harcanan yakitin
yalnizca binay1r degil atmosferi de 1sitmasina ve
gereginden fazla yakit harcanmasina neden olmakta,
binanin kullanim maliyetini yiikseltirken, ayn1 zamanda
yakitlarin atmosfere saldiklari, sagligi tehdit eden
gazlarla, ¢evrede olusacak kirlilikte artisa neden
olmaktadir (Sezer, 2005).

2. UYGULAMA YERINE GORE YALITIM
CESITLERI

Izolasyon malzemeleri 1s1 akisina engel oldugu igin,
binalarda dogru izolasyon ile 6nemli 6lciide maliyet
tasarrufu saglanabilir. Bina boliimlerinde
uygulanabilecek yalitim gesitleri o6nemli
uygulama esaslar1 asagida maddeler halinde verilmistir.

ve bazi

2.1. Dosemelerde 1s1 yalitima

Toprak zeminle temas halindeki désemelerde, asmolen
tavan, ara bolgede bulunan désemelerde ve dosemelerde
1sitilamayan hacim {iistii bolgelere uygulanan 1st yalitim
¢esididir. Dikkat edilmesi gereken hususlar dosemedeki
beton yiizeyinin diizgiin ve temiz olmasi, toz ve
atiklardan arindirilmasidir. Is1 yalitmi igin segilecek
olan yalitm malzemesinin yeterli diizeyde basi
gerilmesine karsi dirence sahip olmasi gerekmektedir
(TCCSB, 2015).

2.2. Dis duvarda 1s1 yalitimi

Binanin dis duvarlarindaki dig veyahut i¢ bolgelerden 1s1
yalitimmin  gerceklestirilmesidir.  Yaliim levhalari
arasinda bogluk kalmamasina 6nem gosterilmelidir. Yaz
aylarinda yalitimhi duvar i¢ ylizey sicakligi ile yalitimsiz
duvar i¢ yiizey sicakligi arasinda 17-18 °C civar1 bir
fark meydana gelmektedir (Cengel, 1998; Incropera,
2001).
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2.3. Tavan arasi1 yalitim

Catilarda kullanilan 1s1 yalittm malzemeleri {i¢ farkli
sekilde uygulanabilir; mertek arasina, mertek iizerine,
mertek altina.

2.4. Pencerelerde 1s1 yalitimi

Diiz cam finiteleri, artik yerlerini ¢ift veya iicli cam
iinitelerine sahip olan 1s1-giines kontrol kaplamali ve 1s1
kontrol kaplamali iinitelere devretmektedir. Isi-giines
kontrol kaplamali
sayesinde pencerelerde olusacak 1s1 kaybi, standart ¢ift
camli tnitelerle kiyaslandiginda 6nemli oranda azalma
saglamaktadir.

olan cam {nitelerin  kullanimi

IST YALITIM PLAKASI
SU YALITIM MEMBRANI

YATAY LATA
+—— DIKEY LATA

— TASIYIQ MERTEK

—— TASIYICI DUVAR

Sekil 2. Mertek arasina, mertek altina, mertek {izerine yalitim

Binalarda meydana gelen 1s1 kayiplart dis duvar,
pencere, ¢at, bodrum ddsemesi ve hava kagagi olmak
izere 5 yerde incelenebilir. Binalarin farkli yerlerinde
meydana gelen 1s1 kayiplarinin oranlari, binalarin gok
katli veya tek katli olmasina gore farklilik gosterebilir
(Kiirekei, 2016; Yildiz vd., 2008).
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3. 1SI YALITIMINDA KULLANILAN
MALZEME CESITLERI

Yalitimda kullanilacak yerlere gore birgok malzeme
cesidi mevcuttur (TS 7316 EN 13163/AC, 2009; TS
901-1 EN13162, 2005). Yalitim malzemeleri inorganik,
organik, kombine ve yeni teknoloji maddeleri olmak
izere 4 farkli smifta smiflandiriir (Papadopoulos,
2005). Malzemeyi 1s1 yalitiminda kullanilabilen bir
malzeme olarak tanimlayabilmek i¢in, CEN Standardi
veya ISO Standardi esas alinarak, 1sil iletkenlik
katsayismin 0,065 W/m.K 'den kiiciik olmas: gerekir
(Simsek, 2019; Ozer, 2006). Ist yalitim malzemeleri, 1s1
depolama alanmi1 degildir (Al-Sanea, 2011). Yalitimda
kullanilacak olan malzemenin sahip oldugu 1s1l
iletkenlik katsay1 degeri ile malzemenin 1s1 gegisine
karsi gosterdigi direng ters orantilidir. Is1 yalitim
malzemelerinde uygulandiklar1 alanlara goére farkli
ozellikler aranmaktadir. Bunlar malzemenin yogunlugu,
1s1l  iletkenlik  katsayisi, yangin sinifi, mekanik
dayanimi, sicaklik dayanimi, su emme kapasitesi, buhar
difiizyon direnci ve boyutsal kararliliktir (Simsek, 2019;
Simsek, 2019; Ozer, 2006). Tablo 3'de Isbilir (2009) ve
Cevre ve Sehircilik Bakanligi tarafindan verilen 1s1
yalitim malzemelerinin iletkenlik  katsayilar

karsilagtirilmigtir.

1s1l

Tablo 3'te verilen cam yiinii ve ahsap yiinii 1s1 iletim
katsayisi, iki kaynakta da farkliliklar gostermektedir.
Tas yiini, EPS, XPS malzemelerinin 1sil iletkenlik
katsayilar1 ise uyum igerisindedir. Tablo 4'de bazi 1s1
yalitim malzemelerinin ¢esitli parametreler yardimi ile
karsilastirilmast yapilmistir.

Su buhart diflizyon diren¢ katsayis1 diisiik olan
malzemeler (cam ylinii, tag yiinii) su buharinin ve nemin
disar1 ¢ikigina karsi herhangi bir direng gostermezler. Su
buhar1 difiizyon direng katsayisi yiiksek olan XPS
malzemesi ise nemin disar1 ¢ikmasina izin verir ancak
tas ylinii ve cam yiiniine gore daha fazla direng gosterir.
Isil  iletkenlik  katsayisina  bakildiginda ~ XPS
malzemesinin yaliim i¢in cam yilini ve tas yini
malzemelere gore daha avantajli oldugu goriilmektedir
buna karst XPS'nin sicaklik dayanimi tas yiiniine gore
daha azdir.
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Tablo 3. Giiniimiizde en sik tercih edilen 1s1 yalitim
malzemelerinin 1s1l iletkenlik katsayilari

Malzemeler Isil Tletkenlik Isil Tletkenlik
Katsaysi (Isbilir, Katsayisi
2009; Ozeng, 2007)  (TCCSB, 2015)

Cam Yiini 0,004 0,035-0,050

Tas Yiini 0,04 0,05-0,050

EPS 0,04 0,035-0,040

XPS 0,028-0,031 0,030-0,040

Ahsap yiinii 0,09-0,15 0,035-0,076

Tablo 4. Is1 yalitim malzemelerinin ¢esitli parametreler
ile karsilastirilmast

Cam Tas XPS Cam
Yiinii Yiinii (RG,  Kopiigi
(Ogzer, (Ozeng, 2008) (Uzun,
2006) 2007) 2013)
Yogunluk 1) 100 30150 2548 100-200
(kg/m?)
Isil
Hetkenlik 0,04 0,04 0,03 0,052
Degeri
(W/m.K)
Sicaklik 260/
Dayammi  -50/+250  650-1000 -50/+75
A +430
(°O
Su Buhan
Diflizyon 1 1 80-225 10000
Direng
Katsayis1 (i)




Tablo 5. Is1 yalitim malzemelerinin farkli bina yapida kullanimi (Simgek, 2019)
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Yap1 Bolmesi XPS EPS Tas yiinii Cam yiinii Gaz beton
Bodrum Kat Tabani1 Basing Dayanimi Yeterli Basing Yeterli Basing Tercih Edilmiyor Tercih
Agisindan En Dayanimi Saglamiyor Dayanimi Yeterli Basing Edilmiyor
Uygun ve En Fazla Saglamiyor. Dayanimi Fazla Alan
Tercih Edilen Ekonomik Degil. Saglamiyor Kaybina Neden
Malzeme Olur Ekonomik
Degil.
U.Z e_rlnde Suya Kars1 Suya Karst
Gezinilmeyen
Yaygin Olarak Korunmal Korunmali. .
. . Catilarda Kullanimi . . Tercih
Teras Catilar Tercih Edilen Gezinilmeyen Gezinilmeyen Teras .
Uygun. (Basing - L Edilmemekte
Malzeme e Teras Catilar Igin Catilar I¢in Daha
Dayanim: Disiik Daha Uygun Uygun
Malzeme) yo ve
Yeterli Basing Yeterli Basing
D D
Yeterli Basing ailyamml . ayanimt
Davanim Saglamiyor Saglamiyor. Ahsap
Dosemeler Uygun . 4 Ahsap Elemanlar Elemanlar ile Uygun Degil
Saglamiyor. . . . . .
S Ile Ezilmesi Ezilmesi
Ezilebilir. . .
Engellenmeli Engellenmeli
Ekonomik Degil Ekonomik Degil
Yangin
Yonetmeligine Gore
Cepheler (28.50 ) Yanglflw Ozelligi Gelistirilplis
o Yonetmeligine B1 Smifina Sahip Uygun Uygun Uygun
M*nin Altinda) N .. .
Gore Uygun Degil Sertifikas1 Olan
EPS’nin Kullanimi
Uygundur.
Yangin Yangin
Cepheler (28.50 o g
%zeriniie) Yonetmeligine Yonetmeligine Gore Uygun Uygun Uygun
Gore Uygun Degil Uygun Degil
Zemin Kotu Yangin Yangin
Uzerindeki 1.5 M Yonetmeligine Yonetmeligine Gore Uygun Uygun Uygun
Mesafe Gore Uygun Degil Uygun Degil
Bina Yiiksekligi 6.50
M'den Fazla Olan Yangin Yangin
Binalarda Pencere ve Yonetmeligine Yonetmeligine Gore Uygun Uygun Uygun
Benzeri Bosluklarinin ~ Gore Uygun Degil Uygun Degil
Yan Kenarlari
Yangin yalitimi Yangin yalitimi
Egimli Catilar sagladlgl igin sagladlgl igin tercih Tercih
Uygun Uygun tercih edilmekte edilmekte .
edilmemekte
Suya kars1 Suya kars1
korunmali korunmali
Farkl1 Yiikseklige
Sahip Bitisik
Nizamdaki Yapilarda, Yangin Yangin
Algak Binanm Cati Yonetmeligine Yonetmeligine Gore Uygun Uygun Uygun
Hizasindaki Yiiksek Gore Uygun Degil Uygun Degil
Bina Katinin Dig

Cephe Kaplamasi

4. 1S1 YALITIMININ HESAPLANMA

METOTLARI

Is1 yalittmmin hesaplanmasi i¢in en sik kullanilan g

yOntem;
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i. Derece-giin (6miir-maliyet optimizasyonu),
ii. Termoekonomik optimizasyon,
iii. TS 825 Standardidir.
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e Is1 yalitimmin yaninda ses ve
yalitimlarinin da gerekli olup olmadigi,

e Kullanilacak yaliim malzemesinin bulundugu
ortam kosullarindaki 6mrii,

e Bina yalitimiyla ilgili

yangin

prosediirlere/
yonetmeliklere uygunlugudur.

e Binalarda yalittim1  hesaplanirken bu
parametreler de dikkate enerji
verimliligi en iyi sekilde saglanmis olur.

151
aliirsa

5. TURKIYE'DE CESITLi iLLERDE
GERCEKLESTIRILEN ISI YALITIM
CALISMALARI

Tablo 6’da Tirkiye’nin biitiin iklim bélgeleri igin
gercgeklestirilmig, farkli yakit tiirleri i¢in hesaplanan
optimum yalittm kalligimmi inceleyen ¢alismalarin
sonuglari Degerlendirilen  ¢aligmalar
arasinda en disiik yalitim kalinligi 0,0022 m XPS

sunulmustur.

malzemesi ile komiir kullanimi durumunda Aydm igin,
en yiiksek yalitim kalinlig1 ise 0,314 m EPS malzemesi
LPG kullanimi icin  tespit
edilmistir. Tablo 6, hesaplama yapilan her bir il i¢in
kiyaslama yapilabilmesi i¢in miimkiin oldugu kadar
alternatifli olarak verilmistir. Ornegin (Ugar ve Balo,
2009) Aydin igin optimum izolasyon kalinligi 0,0022 m
= 2,2 mm olarak, Bolattiirk, (2006) de 0,041 m = 41 mm
ve Fertelli (2013) te de 0,035 m = 35 mm olarak
verilmektedir. Burada Fertelli (2013) ve Bolattiirk
(2006) arasinda %150 ye yakin fark bulunmaktadir.
Bununla birlikte kiyaslanabilir biiyiikliiklerdir. Ancak
(Ucar ve Balo, 2009) nolu referansta verilen 2,2 mm’lik
polistren plaka kalinligi ne piyasa sartlarini yansitan
gercekei ne de mihendislik agisindan anlamli  bir
Ol¢iidiir. Bu caligmada bahsedilen yalitim kalinligi
uygulamadan once diger kaynaklara bagvurmakta fayda
vardir.

ile durumunda Sivas

Aydin i¢in yapilan ¢aligmalarda meydana gelen farkin
en 6nemli sebeplerinden biri, optimum yalitim kalinligi
hesaplanirken, bolgenin Derece Giin sayisi, yakit fiyati,
yalitm malzemesinin fiyati yakitin alt 1s1l
degerlerinin géz dniine alinmis olmasidir.

Ve

Literatiir arastirmasinda 6rnek alinan makalelerde, 1s1
kayb1 hesaplarinda kullanilan derece giin sayisi, i¢
ortam sicakligmin 15 °C den itibaren 24 °C ye kadar
farklt sicakliklar kullanilmasiyla degismektedir. DG
hesaplanirken dis ortam sicakhigi da  sonucu
degistirmektedir. Benzer sekilde yakit ve hammaddesi
ithal edilen polistren yalitim malzemesinin maliyeti de
hem diinyadaki petrol fiyatlarina hem de Tiirkiye’deki
doviz kuruna bagl olarak degismektedir. Yakitin alt 1s1l

176

degeri komiir haricindeki diger yakitlar igin yaklasik
kabul edilmektedir. Ancak yerli ve ithal komiir arasinda
yakitin alt 1s1l degeri agisindan 6nemli Olgiide fark
bulunmaktadir. Tablo 6 de ele alinan makalelerde
gozlenen bu degisiklikler sonuca ciddi oranda tesir
etmektedir. Bu yiizden de literatiirde yer alan bilgilerin
alternatifli olarak incelenmesi
makalede oldugu gibi detayl literatiir taramalarindan
kiyaslamali olarak ele alinmasmin daha dogru oldugu
degerlendirilmektedir.

ve mimkiinse bu

Tablo 6°da dikkati ¢eken bir bagka 6nemli nokta: biitiin
calismalarda elde edilen yaliim kalinligi degerleri
birbirleriyle farkliliklar gdsterse de, yakita gore
optimum yalitim kalinlig1 siralamasi aynidir. Diger bir
deyisle, biitiin ¢alismalar en kalin yalitmin LPG, daha
sonra sirastyla elektrik, fuel-oil, dogalgaz ve yerli
komiir i¢in gerekli oldugu konusunda birbirini tasdik
etmektedir. Tablo 7°de yaliimin geri ddeme siireleri
verilmistir. Burada sunulan sonuglar, optimum yalitim
kalinlig1 analizinde elde edilen sonuglara paralel olarak
en kisa geri 6deme siiresinin LPG kullanilan durumda
ve en uzun geri stiresinin  yerli
kullanildig1 durumda saglandigi tespit edilmektedir.

6deme komiir

Farkli yakit tiirlerinin incelendigi c¢aligmalarda
genellikle 1sitma DG durumu dikkate alinmistir. Bunun
dogal bir sonucu olarak soguk iklimlerin geri 6deme
stireleri sicak iklimdeki illere gore daha kisa olmaktadir.
Geri 6deme siiresi en kisa olan durum, dogal gaz
kullanim durumunda Erzurum’da cam yiinii ile yapilan
yalitimda 0,07 yil olarak belirlenmistir (Tolun, 2010).
Bu siire yaklagik 26 giine denk gelmektedir. Bu sonuca
gore Erzurum’da yapilacak olan yaliim yatirima,
yalitilacak mahallin 1sitilmasi i¢in gereken 1 aylik yakit
masrafindan kisa olmaktadir. Tolun (2010) a gore, tas
yilinii ve EPS ile yapilan yalitimlarin geri 6deme siireleri
de sirasiyla 36 ve 72 giin olarak hesaplanmistir. Bu
sonuglar mantikli ve anlamli degerler degildir. Yalitimin
bu sonuglar géz Oniine almarak yapilmamasi, diger
bilimsel ¢alismalarm  da  degerlendirilmesi  ve
kiyaslanmasi gerekmektedir. Tablo 7'ye gbre en uzun
geri 0deme siiresi ise XPS ile yalitilan bina igin
dogalgaz kullanilmas1 durumunda 4,5 yilla Iskenderun
olarak belirlenmistir (Ugar ve Balo, 2009). Iliman bir
iklime sahip olan Iskenderun bolgesi igin Isitma DG
degeri de kii¢lik oldugundan, geri 6deme siiresi olduk¢a
uzun olmaktadir. Ancak tabii ki, yaz aylarinda sogutma
yapilan donemlerde de yalitim biiyiikk Onem arz
etmektedir. Soguk iklimlerde kigin 1sitma ne kadar
maliyetli ise, sicak iklimlerde de yazin yapilan sogutma
o derece maliyetlidir. Bu yiizden iki bodlge arasinda
karar verirken yalnizca 1sitma DG te degil sogutma DG
e gore de analiz yapmak gerekmektedir.



Tablo 6. Yalitim malzeme gesitlerinin, illere ve yakit tiirine gére optimum yalitim kalinliklari (m)
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XPS

EPS

Tas Yiinii

Cam Yiini

Sehirler

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Adana
(Bolattiirk, 2008)
Adana
(Bolattiirk,2006)
Agr (Ugar ve
Balo, 2009)
Agr
(Bolattiirk,2006)
Ankara (Tolun,
2010)

Ankara (Kurekci,
2016)

Ankara (Yildiz
vd., 2008)
Antalya
(Aktemur, 2018)
Antalya
(Bolattiirk, 208)
Antalya (Tolun,
2010)

Antalya
(Bolattiirk,2006)
Ardahan
(Bolattiirk,2006)
Aydm (Bolattiirk,
2008)

Aydn (Ucar ve
Balo, 2009)
Aydm
(Bolattiirk,2006)

0,024

0,0314 10,0261 0,0619 0,0764

0,030

0,079

0,0050 0,0022 0,0210 0,0286

0,033

0,031

0,037

0,093

0,041

0,055

0,065

0,147

0,071

0,067

0,078

0,172

0,084

0,04-
0,02

0,060

0,0648

0,032-
0,025

0,070

0,158

0,033-
0,027

0,0225

0,076

0,070

0,038

0,076

0,08

0,016

0,083

0,062

0,092

0,133 0,155 0,142

0,112 0,168

0,16

0,050

0,05

0,05

0,12

0,1

0,12

0,113

0,075

0,08

0,058

0,06

0,092

0,06

0,1

0,158

0,1

177
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XPS

EPS

Tas Yiinii

Cam Yiini

Sehirler

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik
Dogalgaz

Komiir

Fuel-Oil
LPG

Elektrik
Dogalgaz

Komiir

Fuel-Oil

LPG
Elektrik

Dogalgaz
Komiir
Fuel-Oil
LPG

Elektrik

Aydn (Fertelli,
2013)

Balikesir (Kon,
2017)

Bursa (Sisman,
2007)

Denizli (Dimoudi
veTompa, 2008)
Denizli
(Dombayeci vd,
2006)

Elazig (Ucar ve
Balo, 2009)
Erzincan
(Comakli ve
Yiiksel, 2003)
Erzincan
(Bolattiirk,2006)
Erzurum (Tolun,
2010)

Erzurum (Comakh
ve Yiiksel, 2003)
Erzurum (Sisman,
2007)

Erzurum
(Kurekei, 2016)
Eskisehir (Sisman,
2007)

Eskisehir (Unalan
vd., 2006)

0,020

0,050

0,0182 0,0190

0,058

0,056

0,035

0,051

0,070

0,065

0,073

0,0360

0,113

0,081

0,100

0,0551

0,132

0,067

- 0,071

- 0,076

0,0448- -

0,121 -

- 0,059

- 0,109

- 0,07

0,072

0,095

0,0851

0,1048

0,130

0,103 0,139

0,138 0,174

0,000

0,259 0,032

- 0,077

- 0,04

0,013

0,047

0,048

0,043

0,080

0,061

0,042

0,082

0,068

0,057 0,043

0,089 0,138

0,097 0,099 0,138 0,185

0,165 - - -
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XPS

EPS

Tas Yiinii

Cam Yiini

Sehirler

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG
Elektrik

Hakkari (Unalan
vd., 2006)

Hatay (Anber ve
Celik, 2014)
Hatay (Bolattiirk,
2008)

Isparta
(Bolattiirk,2006)
Iskenderun
(Bolattiirk, 2008)
Iskenderun
(Bolattiirk,2006)
[stanbul (Tolun,
2010)

Istanbul
(Bolattiirk,2006)
Istanbul (Kurekei,
2016)

Izmir (Bolattiirk,
208)

Izmir (Sisman,
2007)

Izmir (Kon, 2017)
Izmir (Kurekci,
2016)

[zmir (Yildiz vd.,
2008)

Kars (Comakli ve
Yiiksel, 2003)
Kars (Kon, 2017)

0,061

0,04

0,054

0,019

0,043

0,070

0,073

0,04

0,064

0,024

0,052

0,072

0,118

0,105

0,046

0,087

0,107

0,138

0,123

0,056

0,103

0,147

0,126

0,034-
0,026

0,113

0,037-
0,016

0,050

0,094

0,032-
0,027

0,02

0,028

0,060

0,064

0,042

0,099

0,03

0,065

0,052

0,107

0,101

0,086

0,066

0,149

0,114

0,101

0,203

0,03

0,04

0,04

0,05

0,084 0,089 0,118 0,152 -

0,03

0,03

0,1

0,075 0,1

0,133 0,136 0,197 0,267 -
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XPS

EPS

Tas Yiinii

Cam Yiini

Sehirler

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz
Komiir
Fuel-Qil
LPG
Elektrik

Dogalgaz

Komiir

Fuel-Oil
LPG

Elektrik

Kocaeli (Ucar ve
Balo, 2009)
Konya (Aktemur,
2018)

Konya (Kon,
2017)

Malatya (Fertelli,
2013)

Manisa
(Bolattiirk,2006)
Mardin
(Bolattiirk,2006)
Mersin (Bolattiirk,
208)

Nevsehir
(Kurekci, 2016)
Sivas (Aktemur,
2018)

Sivas (Kon, 2017)
Sivas (Kurekei,
2016)

Sivas (Fertelli,
2013)

Trabzon
(Bolattiirk,2006)
Trabzon (Fertelli,
2013)

Sanliurfa
(Aktemur, 2018)
Usak (Bolattiirk,2006)

0,0106

0,057

0,044

0,036

0,047

0,059

0,061

0,058

0,040

0,031

0,048

0,0113

0,059

0,065

0,044

0,057

0,070

0,062

0,084

0,049

0,049

0,058

0,0252

0,086

0,109

0,075

0,094

0,114

0,092

0,135

0,082

0,085

0,096

0,0408

0,127

0,131

0,089

0,111

0,133

0,126

0,162

0,097

0,104

0,112

0,0324

0,110

0,081

0,101

0,034-
0,020

0,122

0,137

0,089

0,086

0,103

0,12

0,081

0,129
0,085
0,089

0,107

0,147

0,083

0,16
0,087

0,107

0,121

0,286

0,121 0,177

0,314

0,129 0,176

0,130 0,193

0,205

0,119 0,145

0,282

0,110 0,112 0,161 0,233

0,128 0,158 -

0,309

0,116 0,118 0,171 0,232

0,107 0,121

1
o
N
o
ol
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Tablo 7. Yalitim malzeme c¢esitlerinin, illere ve yakit tiirline gore geri 6deme siireleri (yil)

Sehirler

XPS

EPS

Tas Yiinii

Cam Yiinii

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Adana (Bolattiirk,
208)

Adana
(Bolattiirk,2006)
Agr (Ucar ve
Balo, 2009)

Agri
(Bolattiirk,2006)
Ankara (Tolun,
2010)

Ankara (Kurekci,
2016)

Antalya (Aktemur,
2018)

Antalya
(Bolattiirk, 208)
Antalya (Tolun,
2010)

Antalya
(Bolattiirk,2006)
Ardahan
(Bolattiirk,2006)
Aydin (Bolattiirk,
208)

Aydin (Ucar ve
Balo, 2009)
Aydm
(Bolattiirk,2006)

3.50

2.50

1.70

291

161

3.15

2.68

2.86

2.48

1.58

2.47

151

3.13

231

1.91

2.15

1.35

1.76

131

2.80

1.69

1.74

1.87

1.29

1.62

1.26

2.52

1.57

3.39-4.87

1.83

2.01

1.32

3.81-4.39

1.70

1.29

3.74-4.15

2.66

1.64

0.38

2.02

2.60

0.96

1.73

0.70

1.46

1.03

0.22
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XPS

EPS

Tas Yiinii

Cam Yiinii

Sehirler

Dogalgaz
Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz
Komiir

Fuel-Oil

LPG

Elektrik
Dogalgaz
Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Bursa (Sisman,
2007)

Denizli (Dimoudi
veTompa, 2008)
Denizli (Dombayci
vd, 2006)

Elazig (Ucar ve
Balo, 2009)
Erzincan (Comakli
ve Yiiksel, 2003)
Erzincan
(Bolattiirk,2006)
Erzurum (Tolun,
2010)

Erzurum (Comakl
ve Yiiksel, 2003)
Erzurum (Sisman,
2007)

Erzurum (Kurekci,
2016)

Eskisehir (Sisman,
2007)

Eskisehir
(Bolattiirk,2006)
Hakkari
(Bolattiirk,2006)
Hatay (Anber ve
Celik, 2014)
Hatay (Bolattiirk,
208)

275 | 274

186 | 1.70

191 174

181  1.67

155  0.97

2.40

1.41

1.43

1.39

2.13

1.35

1.36

1.33

2.27

1.38

1.40

1.36

3.67-4.32

155 | 1.43

- 1.58

- 1.45

1.29

193 154

2.28

2.40

2.39

1.54

1.89

- 152 | 114

1.60

1.81

1.60

1.37

1.28

0.94
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XPS

EPS

Tas Yiinii

Cam Yiinii

Sehirler

Dogalgaz

Komiir
Fuel-Qil

LPG

Elektrik
Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir

Fuel-Oil

LPG

Elektrik

Dogalgaz

Komiir
Fuel-Qil

LPG

Elektrik

Iskenderun
(Bolattiirk, 208)

Iskenderun
(Bolattiirk,2006)
Isparta
(Bolattiirk,2006)
Istanbul (Tolun,
2010)

Istanbul
(Bolattiirk,2006)
Istanbul (Kurekci,
2016)

[zmir (Bolattiirk,
208)

[zmir (Sisman,
2007)

Izmir (Kurekci,
2016)

Kars (Comakli ve
Yiiksel, 2003)
Kocaeli (Ucar ve
Balo, 2009)
Konya (Aktemur,
2018)

Manisa
(Bolattiirk,2006)
Mardin
(Bolattiirk,2006)

451

1.94

2.22

3.78

2.52

2.10

3.49 2.13

1.77 1.45

1.98 1.55

295 | 260

2.19 1.64

1.89 1.51

1.90

1.37

1.45

2.33

1.53

1.42

3.47-5.47 -

2.02 -

1.41 -

- 0.55

1.50 -

- 241

3.81-4.19 -

2.46 -

1.59 -

1.47 -

2.68

1.45

0.18
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Mersin (Bolattiirk, 208) - - - 3.65-4.93 - - - - - - - - - - - -
XPS EPS Tas Yiinii Cam Yiinii
Sehirler gn % § g E éﬂ E § g g éﬂ :E § g E i§ E § 2 E
iz % 0 Pfo:Pviopio:ciroi:c
?gfg;hir (Kurekel, | 1o 170 141 | 134 138 S N R e I e - - -
;i)vla;‘)(Aktem“r’ - - - - - 023 016 - | 009 | - - - - - - 021 015 - 008 -
;i)"l"zs) (Kurekei, A i - - 178 | 153 | 129 091 | - | - | - | - - - -
(Tgi?jtf;w%) 233 | 206 158 = 148 1.54 - - - - . . . . i i i ) ] . )
ez | | | | - S M e A ol A I S A AN A sl ol A il B
EJBS(?lkattﬁrk,QOOG) 208 187 149 141 1.46 - - - - . . . . i i ) ) ] ) ]
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6. SONUCLAR

Binalarda 1s1 yalitmmin dogru bir sekilde yapilmasi
sonucunda, hem ekonomik hem de enerji bazinda tasarruf
saglandig1 anlasilmaktadir. Is1 yalitimi sayesinde 1sitma,
sogutma giderlerinde azalma ve yapilarda konforlu bir
ortam olusacagl i¢in enerjide tasarruf saglanir. Bu
calisgmada yalittm konusunda elde edilen ¢ikarimlar
asagida maddeler halinde siralanmaistr;

1. Binalarda 1s1 yalitimi sadece dis duvar ile sinirlt
degildir. Binanin ¢ati, yer, tavan, ¢ati arast vb.
boélgelerine yalitimin yapilmasi gerektigi ve her
bolgenin kendisine goére optimum yalitim
kalinlig1 farkli oldugu

goriilmektedir.

ve malzemesinin

Binalarda 1s1 yalitimi i¢in optimum kalinligin
tespitinin de 3 farkli metot kullanilmaktadir;
Omiir maliyet optimizasyonu, Termoekonomik
optimizasyon, TS 825.

TS 825 Standard: uygulanarak yapilan optimum
yalittm  kalinligit  hesabi, Omiir maliyet
optimizasyon ve termoekonomik optimizasyon
metodlart ile yapilan optimum yalitim kalinligi
hesaplarindan daha diisiik ¢iktig1 ve bu sayede
geri O0deme siiresinin de diger iki metoda
nazaran daha diistik oldugu goriilmektedir.

Ist yalitimi ¢evre kirliligi ile de dogru
orantilidir. Is1 yalitimmim olmadigi binalarda
gereksiz yakit tiiketimi gerceklestigi icin hava
kirliligi meydana gelir. Bu da hem kiiresel
1sinmaya hem de iklim degisikligine sebep olur.

5. Optimum yaliim kalinhig1 ile ilgili yapilan
caligmalar arasinda uyusmazliklar Bu
ylizden bu c¢alismanin benzeri, belirli bir bolgeye
odaklanarak ilgili literatiirii detayli olarak taramak,
uygulamact miihendislere yol gdsterici olacagi
degerlendirilmektedir.

vardir.
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Ozet

Deney tasarimi yontemleri yapilan deneylerin maliyetlerini diigiiren, sonuglarin giivenilirligini artiran, az deneyle
istenen hedefe kisa siirede ulastiran tekniklerdir. Biyolojik proses c¢alismalarinda istenen hedefe yonelik, hedefi
dogrudan veya dolayl olarak etkileyen birgok faktér bulunmaktadir. Uygun deney tasarim yontemiyle gergege en yakin
ve hassas sonuca ulagmak miimkiindiir. Yapilan bu g¢alismada literatiirde yaygin olarak kullanilan deney tasarim
yontemlerinden tam faktoriyel dizayni, Taguchi metodu, Box—Behnken tasarimi, merkezi kompozit tasarimi ve
Plackett—Burman tasarim yontemlerinin biyoproseslerde en uygun deger kosullarina nasil ulastigint ve bu ¢aligsmalarda
deney tasarim yontemlerinin uygulama ornekleri hakkinda bilgi verilmistir.

Anahtar Kelimeler: Deneysel tasarim yontemleri, Proses optimizasyonu, Biyoproses.

Application of Experimental Design Method in Bioprocess Studies

Abstract

Experimental design methods are the techniques that reduce the costs of the experiments performed, increase the
reliability of the results, and reach the desired goal in a short time with less experimentation. In the work of biological
processes, there are many factors aimed at the desired goal, that affect the target directly or indirectly. It is possible to
reach the most accurate and accurate result with the appropriate experimental design method. In this study, information
is given about how the full factorial design, Taguchi method, Box-Behnken design, central composite design, and
Plackett-Burman design methods, which are among the widely used experimental design methods in the literature, reach
the most appropriate value conditions in implementations and application examples of these methods in bioprocess
studies.

Keywords: Experimental design methods, Process optimization, Bioprocess.
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1. GIRiS

Deneysel tasarim, deneysel sonuglarin analizinden sonra
deneyde etkili olan parametrelerden bazilarini secerek,
ilgilenilen bir yanit iizerine etkilerini tespit etmek icin
kontrollii bir sekilde degistirildigi bir siire¢ analiz
seklidir. Bu analiz siireci gesitli bagimsiz faktorlerin
bagimli bir faktdr iizerindeki etkilerinin belirlenmesi
icin de kullanilmasimi miimkiin kilmaktadir (Keskin
Giindogdu vd., 2016). Simiilasyon deneylerinin dikkatli

bir sekilde planlanmasi ve tasarlanmasi, modelin
girdilerindeki  degisikliklerin ~ ¢iktilar1  {izerindeki
etkilerini tahmin etmenin etkili yollarm1 sunarak,

zamandan ve emekten tasarruf saglamak i¢in yardimei
olmaktadir. Deney tasarim yontemleri birgok alanda
uygulanabilmekle birlikte, biyolojik ¢alismalarda
kullanimi1 daha yaygindir. Biyoteknolojik prosesler,
prosesin performansi tizerinde 6nemli bir etkiye sahip
olabilecek ¢ok sayida degiskeni, besleme malzemesi
ozelligi ve hammadde o6zelligi bulunmasi sebebiyle
oldukca karmasiktir. Deneysel tasarim yontemleriyle
deneye etki etken birgok faktoriin degisik seviyeleri,
ayni anda incelenmekte ve bir faktoriin durumu, diger
faktor veya faktorlerin degisik seviyelerinde ele
alimabilmektedir. Bu caligmada biyolojik proseslerin
tasarim asamasinda yaygin olarak kullanilan deney
tasarim yontemleri tartigilmistir.

2. DENEY TASARIMI

Tarafsiz, hassas ve iyi organize edilmis bir deney
tasarlamak i¢in deneyin planlama asamasinda bilimsel
bir yaklasim gereklidir (Ozkan vd., 2019). Klasik deney
tasarimi yaklasimlarindan olan Tek seferde tek faktor
yontemi (one factor at a time), pek cok iiriiniin ve
analitik yontemin gelistirilmesi ve optimizasyonunda
kullanilmigtir. Bu yaklagimda faktorlerden biri uygun
bir aralikta (veya seviyelerde) degistirilirken diger
degiskenler sabit tutulmaktadir (Ghanem vd., 2009).
Ancak bu yaklasimda, deneye etki eden ilgili tiim
degiskenlerin  birlesik etkisini gormek miimkiin
olmamaktadir. Tek seferde tek faktdriin arastirildigi bu
yontem uygulama zamani agisindan verimli olmamakla
birlikte optimum seviyeleri tespit etmek igin bir dizi
deney  gerektirmektedir.  Ustelik bu  ydntemin
sonuglarmin giivenirligi diisiiktiir ve hata oram yiiksektir
(Alshehria vd., 2016). Bununla birlikte, istatistiksel bir
deneysel tasarim yontemiyle prosese etki eden tiim
parametreleri optimize ederek tek seferde tek faktor
metodunun eksikliklerinin iistesinden gelmek
miimkiindiir. Istatistiksel deney tasarim yontemleri bir
veya daha fazla oOlciilebilir girdi degiskenleri arasindaki
regresyon modelini deneysel olarak tanimlamaktadir. Bu
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yontemler ortam kosullarmin optimizasyonu, verimi
artirma, yapilan deney sayist ve maliyetini diigiirme
bakimindan biiyiik avantajlar saglamaktadir (Ozkan vd.,
2019). Bu metotlarin etkin kullanimi ile prosesin kontrol
edilmesi kolay olmaktadir. Bircok deney tasarim modeli
bulunmakla birlikte bu modeller birka¢ ortak adimdan
olugmaktadir. Bu ortak adimlar Sekil 1'de verilmistir
(Jacyna vd., 2019).

F

. 1 ) secilen faktarler ve degerleri

Yanitlarin secimi ‘

)
P |

"3 ) Deneysel tasanm modelinin segimi

4 ) Planlanan deneylerin yiiriitiilmesi

w
-

Verilerin istatistiksel analizi

Sekil 1. Deney tasarimi modeli metodolojisine goére
deney tasarimi (Jacyna vd, 2019’dan uyarlanmustir)

Deneysel bir plan olusturmak igin bu adimlar1 takip
etmek, planlanan ¢aligmanm daha verimli olmasina
yardimer olabilir. Yapilacak aragtirma yeni veya iyi
bilinmeyen bir sistemse, prosediiriin ilk agamasi, istenen
yanitlari  (6rnegin, {irlin  verimi ve verimlilik)
etkileyebilecek  faktorlerin  se¢imi Bu
faktorlerin  kontrol edilmesi kolay olmali (6rnegin
konsantrasyon, sicaklik, akis hiz1) ve ayrica test edilecek
araliklar1 6nceden belirlenmelidir. Bazi deneylerde bu
araliklar1 belirlemek i¢in bir dizi tarama testi yapilir.

Yapilan test deneylerinin sonuglart degerlendirilerek,

olmalidir.

yalmizca verilen siireci etkileyen en 6nemli parametreler
secilir ve caligma araligi belirlenir. Ayrica bu durum
onemli sayida deneyin yapilmasini da engelleyecektir.
Deneyin bir sonraki adim1 gézlemlenecek parametreleri
ve degerlerinin karsilamasi gereken kriterleri yani
yanitlari belirlemektir. Bu asamada, deneye etki eden en
onemli parametreler de belirlenebilir. Hem faktorler
hem de yanitlar belirlendikten sonra uygun deney plani
secilir. Alinmak istenen bilginin ayrintisi, maliyet ve

siireye bagh  olarak, uygun deney tasarim
yontemlerinden biri segilir (Jacyna vd., 2019).
Secilen  yontemle  rasgelelestirme  kullanilarak,

kontrolsiiz degiskenlerin elde edilen sonuglar tizerindeki
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etkisini en aza indirmek amaglanir. Arastirma planinda
bazi deneysel noktalar igin tekrarlarin dahil edilmesi,
incelenen Ornegin rastgele hatalardan nasil etkilendigini
belirlemeye yardimci olacaktir. Ozetle, deney tasarimi
ve optimizasyonu yaklagiminda, arastirmanin dikkatli
bir sekilde planlanmasi, bir 6lglim verisi matrisi elde
etmek icin planlanan deneylerin yapilmasi, deney
sonuglarmin istatistiksel analizi ve yorumlanmas: ile
bilimsel siire¢ tamamlanir.

3. BIYOPROSESLERDE DENEY TASARIMI

Son yirmi yilda 6nemi ve degeri anlasilan biyoteknoloji
"Biyolojik kokenli ham maddelerden as1, gida gibi yeni
iiriinler tiretmek icin miihendislik ve biyolojik bilim
ilkelerinin uygulanmasi" olarak tamimlanabilir. Baska
bir deyisle, “Canli organizma / iiriinii veya triinlerinin
insan sagligimi ve insan gevresini degistirmek veya
iyilestirmek i¢in kullanilmasi”dir (Verma vd., 2011).
Biyoteknolojinin bir¢ok uygulama alani olmakla birlikte
bunlarin baginda sanayi ve laboratuvar 6lgekli iiretim ve
caligmalar gelmektedir. Biyoteknolojik ¢aligmalarin
bir¢ogunda substrat canli organizmalar tarafindan {irline

dontistiriilmektedir.
Biyoproses, bir biyoreaktorde enzim,
mikroorganizmalar, Dbitki hiicreleri veya hayvan

hiicreleri gibi biyokatalizorlerin farmasétik, yiyecek, ve
yakit gibi diriinlerin iiretiminde kullanildig1 deneysel bir
stiregtir (Singh, 2015).

Biyoproses teknolojileri, hem birden ¢ok parametrenin
ayarlanmasini ilkelerinin
uygulanmasimi engelleyen komplikasyonlari igerdikleri
icin etkili problem ¢6zme yontemlerini gerektirmektedir
(Lee vd., 2006).

hem de mihendislik

Bir biyoprosese yapilan herhangi bir girisim, belirli
ciktilart etkileyen veya etkilemeyen c¢ok sayida
etkilesimli etkilesimsiz  faktorlerle sonuglanir.
Ornegin, biiyiime faktorleri, vitaminler ve mikrobiyal
stres faktorleri gibi ortam kosullarin degistirilmesi
organizmada degisimlere yol agmaktadir. Bu durum
deneyde amaclanan sonucu dogrudan etkilemektedir. Bu
karmasayr gidermek icin
yasarim yontemlerinden birisi segilerek gercek kosullara

Ve

sisteme uygun deneysel

uygun optimizasyon yapilabilir.
3.1. Tarama Tasarimlari

Deneysel tasarimimin temel planlanan bir
caligmadan elde edilecek bilgi miktarini en {ist diizeye
¢ikarirken, deney sayisini ve dolayisiyla elde edilen veri
miktarin1 en aza indirmeye ¢aligmaktir. Bu tiir deneysel

amaci,
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tasarimlar, siireci etkileyen faktorleri aramaya ve bazi
durumlarda calisilan parametreler arasinda meydana
gelen etkilesimleri fark etmeye odaklanacaktir. Tarama
amaclt en popiiler deneysel tasarim yOntemleri
Faktoriyel Tasarimlaridir. Bu tasarim  ydntem,
deneylerdeki faktorlerin ayn1 anda degistigi temeline
dayanir. Bu tasarimda iki ya da daha fazla faktoriin ana
etkilerini ve birbirleriyle etkilesimlerinin etkilerini ayn1
anda arastirmak igin kullanilan bir yontemdir (Ozkan
vd., 2019). Faktoriyel tasarimlardan yaygm olarak
kullanilan yontemlerden birisi tam faktoriyel deney
tasarimidir. Tam faktoriyel deney tasariminin ¢ok
sebebiyle proseslerin
kalitenin

boyutlu bir yontem olmasi
maliyetlerinin  azaltilmasi,
saglanabilmektedir. Tam faktoriyel yontemine gore
deney sayisi Esitlik 1°de verilmistir.

artirilmasi

nk @)
Esitlik 1°de verilen N deney sayisini, n seviye sayisint, k
faktor sayisin1 gostermektedir (Zimriit, 2009).

Deney tasariminda incelenen parametreler arasindaki
etkilesimlerin ihmal edilebilir ya da toplam deney
sayisinin  ¢ok yiiksek oldugu durumlarda
faktoriyel tasarim yaklagimi uygulanabilmektedir.

kismi

En basit tarama yontemlerinden biri olan Plackett-
Burman Tasarimi (PBD) iki seviyeli kismi faktoriyel
tasarim  yontemidir. Biyolojik
olmamasi, ¢evreden kolayca etkilenmesi ve ayrica

orneklerin  kararli

biyoproseslerde ~ gergeklesen  biyokimyasal  ve
fizikokimyasal degisiklikler Plackett-Burman
tasariminin  uygulanmasini  popiiler hale gelmistir

(Jacynavd., 2019).

Plackett-Burman tasarimindan deney sonuglarina bagl
cesitli faktorlerin etkilerini tanimlamak i¢in Esitlik 2°de
verilen denklem kullanilir.

Y=ﬁ0+zlfili (2)

Esitlik 2’de verilen Y yanit, Po sabit, Bi dogrusal
katsayiy1, Xj segilen faktor derecelerini gostermektedir.
Bu yontemle deneysel sonug¢larin varyans analizinde,
ANOVA testiyle anlamli faktorler segilir (Plackett vd.,
1946; Wang vd., 2009).

3.2. Optimizasyon Dizaym

Faktoriyel Tasarimlar genelde degisken seciminde
kullanirken, optimum parametre degerlerine ulasmak
i¢in Yanit Yiizey Yontemi kullanilir. Bu yontem sadece
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optimum kosullar1 belirlemekle kalmayip, ayn1 zamanda
bir siireci tasarlamak i¢in gerekli bilgileri de verecektir.
Yanit Yiizey Yontemi, 6zel deneysel tasarimlari Taylor
birinci ve ikinci dereceden denklemlerle birlestiren
optimum kosullar1 belirlemeye yonelik bilimsel bir
yaklagimdir. Bu yontemde, yaniti (verim, safsizlik
seviyesi vb.) tanimlayan Taylor genisleme egrisinin
yiizeyi belirlenir. Ayrica bu yontemde degiskenlerin
sayisi Onemlidir. Degisken sayisi arttik¢a tasarimlarin
gerektirdigi deney sayist da katlanarak artmaktadir.
Faktorler ve yanitlar arasinda elde edilen iliskilerin
grafiksel gosterimi, Yanit Yiizey Yontemi’nin diger bir
avantajidir.  Yanit Yiizey YoOntemi’nin temeli olan
Taylor denklemi Esitlik 3’te verilmistir.

Y=A+B-X1+C-Xot............ +H- XIP+IX%+. .o +
M-X1-Xo+N- X1 X3+......... (3)
Esitlik 3’teki A,B,C...denklem terimlerinin

katsayilarini, Xi. degisken 1 icin dogrusal terim, Xp;
degisken 2 icin dogrusal terimi, X:% degisken 1 icin
dogrusal olmayan kare terimi, Xo%degisken 2 icin
dogrusal olmayan kare terimini, X;-X»; degisken 1 ve
degisken 2 icin etkilesim terimini, X1-Xs; degisken 1 ve
degisken 3 igin etkilesim terimini gdstermektedir
(Geiger, 2014; Jacynavd., 2019).

Optimizasyon tasariminda yaygin kullanilan diger bir
yontem, Merkezi Kompozit Tasarimidir (MKT). Bu
yontemde eksenel noktalar (o) ve merkez noktalar
olmak {izere iki faktoriyel nokta bulunur. Yontemin iki
faktoriyel noktasi, deneydeki bir faktoriin + (en yiiksek)
veya — (en diisiik) diizeyleridir. Eksenel noktalar Esitlik
4’te verilen denklemle belirlenir. Esitlikte verilen k
degeri bagimsiz degisken sayisini ifade etmektedir
(Tirk, 2016).

o = 2k/4 4)

Merkez noktalar ise deneysel hatayr tahmin etmek igin
tekrar edilen noktalardir. Sonug olarak MKT’de her bir
parametrenin bes diizeyi vardir. Bunlar +1 ve -1
faktoriyel noktalar + o ve — o eksenel noktalar, 0 olarak

ifade edilen merkez noktasidir. MKT yontemi
uygulanarak elde edilen sonuglar karesel model
kullanilarak degerlendirilir (Esitlik (5)).

k k-1 k k
V=B +2hr+X b, + LAk

i=1 i=1 i=1

J=itl (5)
Bu model n tane degiskenin lineer etkilerini, karesel
etkilerini ve aralarindaki etkilesimi dikkate almaktadir.
Burada verilen Y yanit, Bo sabit katsayiyi, Bi lineer
katsayi, Bij, 1 ve j degiskenleri arasindaki etkilesim
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etkisini ve k faktor sayisim tarif etmektedir. En kiigiik
kareler yonteminde ise regresyon analizi ile de ikinci
derece modeldeki katsayilar tahmin edilerek regresyon
denklemi olusturulur. Olusturulan denklemle de yanitlar
igin sonuglar elde edilerek, tahminlerin
dogrulugu, modelin deney tasarimi igin yeterliligi
kontrol edilir (Tirk, 2016).

tahmini

Deneysel caligmada goézlemlenecek yaniti etkileyen
faktorleri sistematik olarak dogrusal, iissel ve ikili
etkilerinin incelendigi bir yaklasim olan yiizey yanit
metoduna alternatif olan diger bir yontem Box-
Behnken tasarimidir. Bu yéntemde, minimum (-1), orta
(0) ve maksimum (+1) olmak {izere her bir degiskenin
esit aralikta {i¢ farkli seviyede ol¢limii yapilarak yanit
degiskenindeki degisim incelenmektedir (Arslan vd.,
2018). Bu tasarimlarda 1. ve 2. dereceden model
katsayilarinin etkili bir sekilde kestirimi yapilabilir.
Ayni sayida faktoriin oldugu deney igin, MKT’ye gore
daha nokta igerdiginden bu yontem daha
ekonomiktir. ~ Fakat icinde  faktdriyel tasarim
bulundurmadigi igin ardisik siralt denemeler ig¢in uygun
olmadigi, yani yapilmis bir faktériyel tasarimdaki

az

denemelerle birlestirilemeyecegi unutulmamamladir.
Ayrica bu tasarimda eksen noktalart bulunmadig: igin
faktor seviyelerinin alt ve {ist limitlerinin disina

¢ikilmast miimkiin degildir (Demir vd., 2017).

Taguchi metodu, bir deney tasarim ydntemi olmasinin
otesinde Ozellikle yiiksek kalitede sistem tasarimi igin
son derece faydali bir tekniktir. Bu yontemde faktdrler
arasindaki etkilesimler belirli 0Glgiide
Taguchi Deney Tasarimi yonteminde elde edilen deney
sinyal/giiriilti  (S/N) oranina ¢evrilerek
degerlendirilmektedir. Sinyal degeri sistemin verdigi ve
Olgiilmek istenen gercek degeri, girilti degeri ise

thmal edilir.

sonuglart

Olgiilen faktor igerisindeki istenmeyen faktorlerin
etkisini temsil etmektedir. Sinyal/giliriilti oraninin
hesaplamasinda  deneyler  sonucunda  ulasilmasi

hedeflenen yanitin 6zelligi onemlidir. Buna gore diisiik
deger iyi (yaklagimin amaci en diisiik degere ulagsmak),
yiiksek deger iyi (yaklasimi amaci en yiiksek degere
ulagmak) ve nominal deger iyi (yaklasgimin amaci
ortalama bir degere ulasmak) olmak {iizere her ii¢
yaklagima gore S/N  hesaplamast yapilir. Segilen
yaklagima gore yapilan hesaplamada biiylik olan S/N

degeri deney tasarimi i¢in en 1iyi performansi
gostermektedir (I¢ vd., 2016).
En kii¢iik en iyi oldugu durumda;
1 n
S/y = —10log (5 ny‘)
(6)
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En biiyiik en iyi oldugu durumda;

n
1 1
S/ = — _Z_
/N 10 log (n . 1},(?_)
iz

()
Nominal en iyi oldugu durumda:
52
S/\ = —10log (y—)
N Sz ®)
y== Vi
= (©)
2 1 n 512
8= Z(y: -9
i=1 (10)

Esitliklerde yi; performans yanitini, i gozlem degerini, n;
deneme test sayismi, y; ortalama degeri, S% gdzlem
degerlerinin varyansini ifade etmektedir. Ayrica varyans
analizi. ANOVA testi ile yapilir. Faktorlerin proses
lizerine etkileri istatistiksel olarak ortaya konulur (Yang
vd., 1998).

Hem S/N orani, hem de varyans analizi degerlendirerek
faktorlerin, prosesi optimum performansa ulastiracak
kombinasyonu belirlenir. Bu tasarimi diger deney
tasarimlarindan ayiran onemli bir unsur da faktorlerin
birbirinden bagimsiz olarak degerlendirebilir olmasidir
(Savagkan vd., 2010).

Son olarak, deney tasarim ydntemlerinden birisi olan
Plackett- yaklagimiyla ¢ok  sayidaki
faktorlerden hangilerinin yanit iizerinde etkisinin oldugu
tespit edilmektedir. Bu tasarimin avantaji diger tasarim
yontemlerine gore daha az sayida deneme gerektirmesi
olup, dezavantaji ise yapilarmin karmasik olmasidir. Bu

Burman

tasarim iki seviyeli kesirli faktoriyel tasarimlardan
olusmaktadir.

N sayida deneyde, k=N-1 degisken oldugunda ve deney
say1s1 N’nin 4 'iin kat1 oldugu durumlarda
kullanilmaktadir. Plackett-Burman tasarimlari kiibik
olup, geometrik olmayan tasarimlar olarak
adlandirilmaktadir (Karshoglu vd., 2015).
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4, BIYOPROSES CALISMALARINDA
DENEYSEL TASARIM YONTEMLERININ
UYGULAMALARI

Biyoproseslerde gerceklestirilen islemin verimliligi,
performansi, iiriin kalitesi gibi istenen hedefi direk veya
dolayli olarak etkileyen ¢ok sayida degisken
bulunmaktadir. Klasik deney tasarimi yaklagimlarindan
en cok uygulanan tek seferde tek faktor yontemi ile
optimum degere ulagsmak ekonomik olmamakla birlikte
sonuglarin hassasiyeti diisiik olmakta ve deneysel siireg

olduk¢a  zaman  almaktadir.  Glinlimiizde bu
olumsuzluklar1 gidermek i¢in deneysel tasarim
yontemleri uygulanmaktadir. Bu yontemle klasik

yonteme gore daha az sayida deneyle, bir¢ok degiskenin
etkisi ayn anda goriilebilmektedir. Elde edilen verilerin
islenmesiyle secilen degiskenlerin
degerlerinde istenen amaca ulasmanin miimkiin oldugu

optimum

goriilmektedir.

Literatiirde deneysel tasarim yontemlerinin uygulandigi
biyoproses c¢alismalar1 incelendiginde bilyiik bir
cogunlugunda organizmanin iretildigi besiyerinin
bilesimi, biyokiitle miktari, ortam sicakligi ve pH’mn
optimize edildigi goriilmektedir. Giinlimiizde yaygin
olarak kullanilan deneysel tasarim yontemlerinden tam
faktoriyel dizaym, Taguchi metodu, Box—Behnken
tasarimi, merkezi kompozit tasarimi ve Plackett—
Burman tasariminin uygulandigi bazi biyolojik proses
calismalarinin listesi Tablo 1’de verilmistir. Tablo 1°den
de goriildigii gibi yapilan biyoproses ¢alismalarinda gok
genis bir yelpazede islemler yapilmaktadir. Ornegin;
canlilarin {irettigi bazi enzimlerin iretimi, laktik asit
iretimi, biyohidrojen iiretimi, mikrobiyal canlilarin
metabolit iriinlerinin verimliligi, biyosurfaktant tiretim
kosullarinin  belirlenmesi gibi birgok biyoteknolojik
uygulamada c¢esitli deneysel tasarim yOntemlerinin
uygulandigi ve istenen hedefe ulasildigi goriillmektedir.
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Tablo 1. Biyoproses ¢aligmalarinda kullanilan deneysel tasarim yontemlerinin uygulama 6rnekleri

Kullamilan
Proses deneysel Faktorler Yanit Referans
tasarim
yontemi
Pepton  konsantrasyonu,
maya  konsantrasyonu,
amonyum stilfat derisimi,
Biyosiirfaktant Tam u_r_e derisimi (amor,l,y?m (Fontes vd., 2010)
iretimi faktoriyel 's'ulfat . ve maya _,OZ,I.ml 0.5 g/ maya Oziti
dizayn oneirnh. . Olfude kullanarak AST i¢in 20.9
etkilemigtir. AST (yilizey i ..
o mNm* ve EI igin % 73.1
gerilimi  farki) ve El
(emiilsifikasyon indeksi)
proses icin  bagiml
degisken olarak tespit
edilmigtir.
Sicaklik, pH, calkalama
hizi, enzim Statik kosullar altinda
Bijinensis  species | Tam konsantrasyonu, tampon |  yagsiz siit ortamindaki
Laktik asit Gretimi faktoriyel | yonsantrasyonu,  yiizey Lb22b susu, peynir alt1 .
dizayn aktif madde tipi, yiizey | suyuna gore 2.30 kat daha (Tari vd., 2010)
aktif madde | fazla laktik asit {iretmistir.
konsantrasyonu
Maksimum verim ve
hidrojen iiretim oranlari
Biyohidrojen Tam Ortam pH’1 ve sicaklik sirastyla 308 mL Hp /g | (Wang vd., 2009)
liretimi faktoriyel substrat ve 11.5 mL / saat
dizayn bulunmustur.
Aspergillus  oryzae MgSO4, KH3PO4, fire,
CBS 819.72 soya kiispesi hidrolizati, L
tarafindan a-amilaz | T20UChi | kazeinik asit hidrolizar, | ¢ 2Milaz retimi ISL.1 (kammoun vdl, 2008)
{iretimi metodu gliserol, (NH4)2S04, U/mL'ye ulagmistir.
CoCl; derisimleri
Inek giibresinin Calkalama  hizi, pH, Sicaklik ve pH’ nin
anaerobik sicaklik, substrat | hidrojen iiretimi i¢in etkin
fermantasyonu il | Taguchi konsantrasyonu, K;HPO4 parametre oldugu (Wang vd., 2013)
hidrojen iiretimi metodu derisimi anlagilmistir.
Bacillus Sicaklik, pH, tanik asit
licheniformis KBR6 konsantrasyonu, fosfat | .. . :
tarafindan tanaz | Taguchi konsantrasyonu, nitrojen Uretilen ma,kSImum tanaz | (Mohapatra vd., 2009)
iiretimi metodu konsantrasyonu, Mg?* 043 U/mLye ulasmustir.
iyon konsantrasyonu
S. cerevisiae inokulum | Biyoetanol verimi (20
Biyoetanol Box_ orani, S. cerevisiae seker | &/ L%2 i{lokﬁlunj, as}da,
fermantasyon Behnken konsantrasyonu, . 2 giinlik Su re(()i ¢) tiketilen
verimi Tasarimi Fermantasyon siiresi sekere gore % 45.55 ve (Coban vd., 2012)

verimlilik 0.19 kg / m®h
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degerdedir.

Misir  kepeginden En yiiksek seker verimine

Trichosporon 0.53 g / g musir kepegi

oleaginosus Box- Biyokiitle ~miktari, asit | pidrolizatlarindan 30

ATCC20509 Behnken | yiiklemesi ve on islem | gakika siireyle% 5 kati | (Lee vd., 2017)
kullanilarak Tasarimi stiresi yiklemesi ve% 1 asit

mikrobiyal lipit yiiklemesi 6n islem

iretimi kosulunda elde edildi.

ﬁZﬁz;?II:ri niger Enzim  konsantrasyonu, '

pektinaz iretimi igin | BOX— (NH4)2SOs, K2HPOQy, }09.'63' U/ mL.p.ekt‘lnfalz

biyoproses Behnken MgS0O4.5H,0, .KC| .Ve tiretimi gergeklestirilmistir. (El Enshasy vd., 2018)
optimizasyonu Tasarimi FeS0O4.5H,0 derisimleri

elde
verilen Ongoriilen deger
0.1495 U/mL kitinazdir.

Tasarimdan edilen

Trichoderma virens | Merkezi Baglangi¢ pH degerleri,
.. . . . Bu parametreler .
tarafindan  kitinaz | Kompozit | kitin, amonyum siilfat ve .| (Wasli vd., 2009)
e laboratuvarda test edilmis
iiretimi Tasarimi1 metanol konsantrasyonlari . o
ve elde edilen nihai kitinaz
konsantrasyonu
0.1471U/mL bulunmustur.
Sicaklik, substrat
Tarimsal ~ Atiktan | Merkezi llzonsantrasyonu, indiktor MOS e_lden taT.Tm ,,edl,ler? (Muthuvelayudham
Trichoderma Reesei | Kompozit .ons?ntrasyonu, pH, | maksimum s«.jgaz iiretimi vd., 2010)
RutC30 Kullanarak | Tasarimi inokiilym yast ve | 10.50 U/ mLdir
Seliilaz Uretimi galkalama hizi
Inek diskisindan | Merkezi Substratin  pH", pepton | Optimum kosullarda 4210
Bacillus halodurans | Kompozit | derisimi  ve  sodyum | IU/g enzim aktivitesinin .
A .. . (Vijayaraghavan vd.,
INDI18 tarafindan | Tasarim dihidrojen fosfat derigsmi | model tahmini deneysel 2016)
karboksimetilseliilaz konsantrasyonu olarak 4140 1U/g olarak
iretimi dogrulanmustir.
Azadirachta indica Glikoz derigimi, nitrat
kiiltiiriinde hiicre | Plackett- | derisimi, fosfat | Maksimum  kuru  hiicre
biiyiimesi ve Burman konsantrasyonu, agirligi  ve azadirachtin | (Prakash vd., 2005)
azadirachtin tiretimi | Tasarimi MgS04.7H20  derisimi, | tretimi sirastyla 21.2 g/L
i¢in optimizasyon inokiilum seviyesi ve 265 mg/g olarak
gerceklestirilmistir.
S.cerevisiae Plackett— Substrat konsantrasyonu, | Optimum kosullar altinda
tarafindan onceden | Burman Tween 80 | etanol verimi 0.45 g/L/saat
islenmi 5 T konsantrasyonu, -|ile 16.4 /L etanol .
islenmis bugday | Tasarimi _ Yy ) B g (Singh vd., 2012)
Samant glukozidaz dozu, seliilaz | konsantrasyonu elde
hidrolizatindan derisimi, hidroliz siiresi, | edilmistir.

etanol Uretimi

calkalama hiz1
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Sakkaroz, {iire, maya

miktarlari, KH>POy,,

MgS0..7H-0,

CaCI2.4H20,

(NH4)6M07.4H20,
Candida famata'nin | Plackett- ZnS04.TH20, Maksimum flavin | (Yatsyshyn vd., 2010)
rekombinant  susu | Burman CuS04.5H:0, mononiikleotid iretimi
tarafindan flavin | Tasarimi CoCl2.6H:0, Fe(NH2)2 | 1337 mg/L olarak
mononiikleotid (504)2.6H0, belirlenmistir
{iretimi CsHs07Nas.NH-0,

BeS0,4.5H,0, NaF,

KH2P04, CaCI2.4H20,

(NH4)6Mo07.4H,0,

BeS04.5H;0 derisimleri

5. SONUCLAR ve TARTISMALAR

Yapilacak olan ¢aligmada ya da bir liretimde maliyeti
azaltan, kaliteyi arttiran,
yiiksek olmasini saglayan bilimsel bir yaklagim olan

sonuglarin  giivenirliginin

deney tasarim yontemlerinin uygulanmasit onem arz
etmektedir. Amaglanan hedefi etkileyen bir¢ok bilinen
ve bilinmeyen faktorlerin etki ettigi karmasik biyolojik
proseslerde en hassas ve en kisa siirede sonuca
ulasmanin,  sisteme  uygun  deneysel
yontemlerinden biri veya birkaginit birlikte uygulayarak

tasarim

miimkiin oldugu gorilmistiir. Bu c¢aligmada yaygin
kullanilan  deneysel tasarim yoOntemleri bu
yontemlerin biyoproses c¢aligmalarinda uygulamalari
hakkinda bilgi verilmistir.
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Abstract

This study aims to explain the development of the robotic Lower Extremity Exoskeleton (LEE) systems between 1960
and 2019 in chronological order. The scans performed in the exoskeleton system’s design have shown that a modeling
program, such as AnyBody, and OpenSim, should be used first to observe the design and software animation, followed
by the mechanical development of the system using sensors and motors. Also, the use of OpenSim and AnyBody
musculoskeletal system software has been proven to play an essential role in designing the human-exoskeleton by
eliminating the high costs and risks of the mechanical designs. Furthermore, these modeling systems can enable rapid
optimization of the LEE design by detecting the forces and torques falling on the human muscles.

Keywords: Modeling, Exoskeleton, AnyBody, LEE, Rehabilitation.

Robotik Alt Ekstremite Dis iskeletlerin Modellenmesi ve Tasarimi

Ozet

Bu ¢alismanin amaci, 1960-2019 yillar arasinda robotik Alt Ekstremite Dis Iskelet (LEE) sistemlerinin gelisimini
kronolojik sirayla agiklamaktir. Dig iskelet sisteminin tasariminda yapilan taramalar, dncelikle tasarim ve yazilim
animasyonunu goézlemlemek i¢in AnyBody ve OpenSim gibi bir modelleme programinin kullanilmasi gerektigini,
ardindan sensorler ve motorlar kullanilarak sistemin mekanik olarak gelistirilmesi gerektigini gostermistir. Ayrica
OpenSim ve AnyBody kas-iskelet sistemi yazilimlarinin kullanimimin, mekanik tasarimlarin yiiksek maliyet ve risklerini
ortadan kaldirarak insan-dis iskelet tasariminda dnemli rol oynadig1 kanitlanmistir. Ayrica, bu modelleme sistemleri,
insan kaslarina diisen kuvvetleri ve torklari tespit ederek LEE tasariminin hizli optimizasyonunu saglayabilir.

Anahtar Kelimeler: Modelleme, Dis iskelet, AnyBody, AEDI, Rehabilitasyon.
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1. INTRODUCTION

In the world, many people lose their functionality of
lower limbs and motor skills due to musculoskeletal
diseases caused by either aging, such as in the elderly
population or traffic accidents (O'Sullivan, Schmitz, &
Fulk, 2019). Hence, many people need physical therapy
to regain their lost motor skills and muscle functions.
After the Second World War, mechanically designed
exoskeleton systems have evolved towards mechanical
designs with technology development. The Robotic
exoskeleton system (RES) has been used to improve
patient and rehabilitation (Calabro et al., 2016). RES is
used for medical purposes in patients and the military and
industry for more comfortable transport of heavy loads
by providing backbone support. However, this study
focuses only on the design and modeling of RES for
physical therapy.

Robotic LEE Systems (RLEES) are rehabilitation tools
used to develop or recover walking ability in partial or
total ability due to stroke, spinal cord injury (SCI),
orthopedic, and neurological causes. With this robotic
system, the neuronal pathway is activated to regain the
nervous system (Louie, Eng, & Lam, 2015). The
treatment’s primary purpose is to mobilize the untreated
lower extremities’ normal distribution by providing
support without causing any harmful side effects to the
patients. The exoskeleton system plays an active role in
gaining movement abilities such as standing, walking up
the stairway, and climbing, especially in people with
impaired mobility (Bogue, 2015; Federici, Meloni,
Bracalenti, & De Filippis, 2015; Li et al., 2015; Nam et
al., 2017; Riener, 2016).

The development of robotic exoskeleton has always been
limited until the last 15 years due to being an expensive,
lengthy, and complicated process. With the animation
and computer-aided modeling programs such as
OpenSim and AnyBody, these design processes and costs
have been minimized in recent years(Agarwal,
Narayanan, Lee, Mendel, & Krovi, 2010).

The rest of the paper is organized into five parts. The first
part introduces the historical development and
emphasized features of the RLEES designs. In the second
part, the design similarities and differences between the
robotic systems are discussed. The lower extremity
muscle groups based on modeling and the simulation
models are emphasized in the third part. In the fourth
part, biomechanical analysis and design processes that
are performed with modeling programs have been
examined. In the last part, the modeling programs, the
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characteristics of the model designs that are designed
today are examined, and predictions on the possible
designs in the future are discussed.

2. THE DEVELOPMENTAL FEATURES OF
ROBOTIC LEE SYSTEMS

The First LEE “Hardiman” was designed in 1960 for
military purposes to balance the legs’ load distribution.
Medically, the first robotic exoskeleton system is the
Lokomat developed by Hocoma (Figure 1). The Lokomat
consists of a gait orthosis mounted on a treadmill and a
weight support unit that supports it. Lokomat supports
and assists the patient’s walking by providing functional
gait training, especially for lower extremity problems
(Riener, 2016). The Lokomat with having a total of 4
degrees of freedom (DOF) has the necessary trigger
mechanism to provide the patient with sufficient torque
for linear motion in the hip, knee, and sagittal
plane(Michaud, Cherni, Begon, Girardin-Vignola, &
Roussel, 2017). The simulation programs and algorithms
of Lokomat provide a virtual reality environment while
the patient is walking and increases the patient’s
mobility(Wallard, Dietrich, Kerlirzin, & Bredin, 2015).
Functional motion and sensory stimulation, controlled by
computer commands, help patients to walk by
synchronizing with the treadmill according to the typical
walking pattern in patients with Multiple Sclerosis (MS)
and Spinal Cord Injury (SCI) (Hussain, Jamwal, &
Ghayesh, 2017; Sapiee, Marhaban, Ishak, & Miskon,
2018).

Figure 1. Lokomat gait rehabilitation robot (Riener,
2016).

Another medical robot is the Active Leg Exoskeleton
(ALEX) gait rehabilitation robot, developed by Delaware
University for patients having gait disabilities (Yan,
Cempini, Oddo, & Vitiello, 2015).ALEX (Figure 2) is
designed using a force field controller to move humans
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by the regular walking pattern in the desired trajectory.
With seven degrees of freedom (DOF) points ((three in
the waist joint, two in the hip joint (flexion/extension and
abduction/adduction), one in the knee joint
(flexion/extension) and one in the ankle (plantar /
dorsiflexion)) ALEX has more DOF than Locomat. The
sagittal plane’s hip and knee joints move linearly with the
actuators, while the wrist joints are passively designed
with springs (B. Chen et al., 2016). The hip and knee
joints are also equipped with force-torque sensors and
encoders for feedback on human joints. ALEX is a
clinically approved, exoskeleton gait system. It is used
effectively in the rehabilitation of stroke patients. The
human gait model and training are very close to an
average persons’ walking distance and speed. Thus, it
provides safe and effective walking(Banala, Kim,
Agrawal, & Scholz, 2008; J. Li et al., 2019).

Figure 2. ALEX |1l Gait Rehabilitation Robot (Stegall,
Zanotto, & Agrawal, 2017).

Another gait assisting exoskeleton robot used in the
lower extremity patients is the EksoGT device (Figure 3)
developed by Ekso Bionics (Richmond, CA, USA). This
exoskeleton robot is used to improve the mobility,
strength, and endurance of patients with spinal cord
injury, partial or complete loss of function in lower limb
limbs due to stroke, traumatic brain injury, and MS (J. Li
et al., 2019). Also, EksoGT is the first exoskeleton used
in the treatment process of patients with stroke and
approved by the US Food and Drug Commission
(FDA)(Sirlantzis, Larsen, Kanumuru, & Oprea, 2019).
EksoGT has a total of 6 DOFs, 3 DOFs per leg. Hip and
knee DOF joints are actively designed to assist the patient
in moving on the sagittal plane. In contrast, the ankle
DOF joint was designed to be passive during the
movement. For rehabilitation, the exoskeleton’s support
can be adjusted in parallel with the development of the
patient. Clinically, EksoGT allows the patient to walk in
a very similar way to a regular gait model of a healthy
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person by providing additional walking opportunities
(Bionics, 2016).

Figure 3. EksoGT Lower Extremity Exoskeleton
(Gardner, Potgieter, & Noble, 2017).

The use of LEEs for therapeutic purposes also includes
the treatment of paraplegic patients. The first of these
robots was the ReWalk exoskeleton (Figure 4),
developed by ReWalk Robotics (Marlborough, MA,
USA). ReWalk exoskeleton was developed to increase
patients’ health quality with Spinal Cord Injury (SCI)
daily at home and in public areas. ReWalk exoskeleton
allows people with SCI to coordinate healthy hip and
knee movements to keep them standing and
walking(Raab, Krakow, Tripp, & Jung, 2016). ReWalk is
controlled by a computer program that receives signals
from sensors, sensing the motion intention attached to the
patients. It detects the self-initiated gait by sensing the
upper body’s forward inclination and imitate the natural
walking pattern of a healthy person with a strong
body(RANJITHA, 2019). According to the clinical study
results of ReWalk LEE, paralyzed patients can
practically stand up, which presents excellent
opportunities for enabling patients with paralytic
disorders to achieve substantial independence and restore
their quality of life. These results also show that patients
experience a reduction in secondary complications from
wheelchair life, such as depression and neuropathic
pain(Esquenazi, Talaty, Packel, & Saulino, 2012;
Hartigan et al., 2015).
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Figure 4. Sections of ReWalk LEE(Manns, Hurd, &
Yang, 2019).

Another gait assisting exoskeleton is Vanderbilt,
developed by Goldfad (Figure 5). It provides gait
assistance to patients suffering from lower extremity
problems. This exoskeleton was designed like a “Lego
puzzle” as in it could easily be split into pieces and
reassembled (Federici et al., 2015; Rupal, Singla, & Virk,
2016). This exoskeleton’s weight is only 27 kg, but it can
be used in patients up to 200 kg. The data from the
sensors placed on the patient’s hip and knee joints is
evaluated with an embedded computer system, and the
patient is allowed to perform repetitive movements with
the actuators in the knee and hip(Gurvinder & Virk,
2016). Another feature of Vanderbilt is its functional
electrical stimulation with robotic assisting. This feature
allows the robot to work with the muscles while at the
same time reducing the energy consumption as well as
helping to heal the physiological wounds of the patient
(Kirsch, Alibeji, Dicianno, & Sharma, 2016; Yan et al.,
2015).
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Figure 5. Vanderbilt Gait Assisting Exoskeleton.

CUHK-EXO LEE system, as shown in Figure 6 from
Hong Kong University, is designed to help patients
having paralysis to perform routine daily movements
such as sitting, standing, and walking(B. Chen et al.,
2018; Yan et al., 2015). CUHK-EKO LEE has a
backpack, crutches, and a user interface. This
exoskeleton’s most important feature is that it has an
anthropomorphic  structure to provide maximum
synchronization between user movement and robot joints
mechanically(B. Chen et al., 2018; Liang et al., 2018).
Another feature of this exoskeleton is that crutches use
smart machine technology as part of human interaction.
Sensor usage in crutches provides information about the
patient’s motion used to control the knee and hip actuator
movements and establish the necessary angles(B. Chen
etal., 2015).

Backpack

Hip Actuator
Thigh Brace

Knee Actuator
Anti-flexion Bar
Shank Brace

Passive Ankle
Joint

Figure 6. CUHK-EXO Exoskeleton (B. Chen, Zhong,
etal., 2017).

Figure 7 displays the Hybrid Assistive Limb (HAL) is a
wearable robot designed to rehabilitate patients with
chronic physical disability in the lower extremity
muscles due to a disease such as a stroke (Grasmiicke,
Cruciger, Meindl, Schildhauer, & Aach, 2017). While
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potentiometers are used to measure the joint angle, the
ground response force sensors, gyroscope and
accelerometer are used for a body posture assessment.
Skin surface electromyography (SEMG) electrodes
placed on the knee and the hip are used to predict the
intended movement(Cha & Kim, 2018; Chinmilli,
Redkar, Zhang, & Sugar, 2017). Also, HAL uses a
control system that allows the user and the exoskeleton
to synchronize their movements.

Figure 7. HAL exoskeleton (Jansen et al., 2018).

The Windwalker project organized by Twente University
could be considered a new perspective in LEE designs
(Figure 8). This exoskeleton design project consists of
three main elements: Brain-Computer Interface (BCI),
Virtual Reality, and mechanical design control (Mironov,
Kastalskiy, Lobov, & Kazantsev, 2017). Mechanically,
the MindWalker exoskeleton is equipped with support
for flexion/extension and knee flexion/extension. These
actuators are designed using the Series Elastic Actuating
(SEA) principle, based on the muscles’ anatomical
features, allowing different control implementations and
safe and compliant interactions with their surroundings
(Y. Lietal., 2019). In this exoskeleton, an algorithm has
been developed to determine the user-intended motion to
assist weight shift and online-adaptation of the step width
in maintaining balance. This algorithm works with smart
sensors such as precision joint angle sensors, inertial
measuring units (IMU), force/torque sensors, obstacle
detection, etc. These sensors are connected to a network
generated by the fast field bus system called EtherCAT
(B. Chen, Zhao, Ma, Qin, & Liao, 2017; Ren, Deng,
Zhao, & Li, 2018; Wang et al., 2014).
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Figure 8. Prototype design of Mindwalker Exoskeleton
(Wang et al., 2015).

3. SIMILAR AND DiFFERENT ASPECTS OF
LEE SYSTEMS

In recent years, the studies of all LEEs on the hip and
knee joints, whether mechanical or robotic, are designed
with dynamic movement capability where the ankle joint
is designed as passive. LEE designs are aimed to support
a balanced distribution of the load and aid the human
backbone (Zhang et al., 2017). The mechanical parts
design intends to ensure a balanced distribution of the
load, thus reducing the weight and effort on the spine,
joints, and muscles to the minimum (B. Chen, Zhong, et
al., 2017; Meng et al., 2015). RLEE assisted gait training
and treatment programs to aim to improve the patient’s
neuronal pathway activity by increasing muscle and joint
activities. The robotic gait-assisted system is based on the
human gait model, and therefore, the human gait analysis
must be well studied. In gait analysis studies, EMG and
joint freedom are analyzed by video and image
processing. These methods are generally used to
determine the movement and movement intention
(Bulea, Lerner, & Damiano, 2018). It has recently been
observed that EEG and EMG are used together to assess
RLEEs (Crea et al., 2018). Artificial intelligence
algorithms are applied to work following physiological
and robotic applications(Haeberle et al., 2019; Ling, Yu,
& Li, 2019). Additionally, utilized visual-virtual games
enable patients to perform their movements without
being clenched and increase their participation in the
rehabilitation  process(Mubin,  Alnajjar,  Jishtu,
Alsinglawi, & Al Mahmud, 2019).
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Table 1. Some commercial LEE’s and their properties.

Exoskeleton Name

Usage Purpose

Actuated DOF

Actuator

Sensors

Specific Design Features

BLEXX (Agrawal, Dube,
Kansara, Shah, & Sheth,

2016; Zoss, Kazerooni, &

Human Strength
Augmentation

Gait Assistance

Hip Flexion/Extension

Hip Abduction/Adduction

Knee Flexion/Extension

Electric Motor

Force sensor

Body local area network

Hybrid position and force controller

Chu, 2005)
Ankle Flexion/Extension
Human Strength Plantar pressure
Hip Flexion/Extension DC servo Motor
HAL 5 (Shah, | Augmentation sensor
Mascarenhas, Menon, & Harmonic Conscious recognition based on
Gait Rehabilitation Knee Flexion/Extension Angle sensor
reducer plantar pressure and torso angle

Mengle, 2019; Yeung &

Tong, 2018)

Shoulder Flexion/Extension

Elbow Flexion/Extension

Gyroscope

HEXAR (W. Kim, Kim,
Lim, Moon, & Han, 2017;
Yeem, Heo, Kim, & Kwon,

2018)

Human Strength

Augmentation

Hip Flexion/Extension

Knee Flexion/Extension

Electric Motor

Physical Human-
Robot Interaction
(pPHRI) sensor

Force sensor

pHRI-based control

Quasi-anthropomorphic
Active/Passive/Quasi-passive

Joint

LOKOMAT(Riener, 2016;
Yue, Lin, Zhang, Qiu, &

Cheng, 2018)

Gait Rehabilitation

Hip Flexion/Extension

Knee Flexion/Extension

Electric Motor

Position sensor

Force Sensor

Bodyweight support system

Visual feedback

ROBOGAIT(Poberznik,
2018; van Hedel & Aurich,

2016)

Gait Rehabilitation

Hip Flexion/Extension

Knee Flexion/Extension

Electric Motor

Position sensor

Force Sensor

Weight supported system

Visual feedback

ALEX (UNIiVERSITY OF
DELEWARE-USA)  (Jin,

2018; Nam et al., 2017)

Gait Rehabilitation for

stroke patients

Hip Flexion/Extension

Knee Flexion/Extension

Linear Actuator
(Max

Torque:50Nm)

Encoder
Force torque

Footswitch sensor

Human-robot coordination

EKSO BIONICS (Brenner,

2016)

Human Strength
Augmentation

Gait Rehabilitation

Hip Flexion/Extension

Knee Flexion/Extension

Electric Motor

Position sensor

Force Sensor

Pressure sensor

Microcomputer controlled algorithm

REWALK(Neuhaus et al.,

Hip Flexion/Extension

Position sensor

Windows operated computer

Human Locomotion | Knee Flexion/Extension Force Sensor Graphical user interface
2011; Ortlieb, Bouri, & Electric Motor
Assistance Pressure sensor
Bleuler, 2017)
Internal senor
VANDERBILT (Murray & Hip Flexion/Extension Position sensor Low weight
Human Locomotion
Goldfarb, 2012; Rupal et Knee Flexion/Extension Electric Motor Force Sensor Functional electrical stimulation
Assistance

al., 2016)
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CUHK-EXO(B. Chenetal.,
Human
2018; B. Chen, Zhong, et
Assistance

al., 2017)

Locomotion

Hip Flexion/Extension

Knee Flexion/Extension

Electric Motor

Force

sensor

Force sensor

sensing

PD controller

mobile phone

Motion intention recognition

Human-machine

interface  with

Although the designs mechanically are similar to each
other, their sensor technologies and control algorithms
are differentiated. Musculoskeletal modeling has gained
importance in applying control algorithms and design
features, which are expensive and time-consuming to be

tested in real exoskeletal systems (Valente, Crimi,
Vanella, Schileo, & Taddei, 2017). Therefore, the
Table 2. Types of LEE Designed in Universities.

2 features
universities.

following sections are focused on the application of
Musculoskeletal modeling in LEE modeling. Table 1
presents the commercially produced RLEEs, and Table

the prototype RLEEs produced by

Specific Design

Exoskeleton Name Usage Purpose | Actuated DOF Actuator Sensors
Features
. . . . . Cop  Stability
Walking Assistance LEE Hip Flexion/Extension | 200 W Brushless DC [ Angle,  Force,
Patients  with Motor, Harmonic | Plantar contact, control
(Yonsei University of South Korea) (J.- | |ower limb | Knee reducer, Hip joint | and Kinematic
H. Kim et al., 2015; Li et al., 2015) analysis Flexion/Extension torque:79.3Nm, Knee | Inclonometer Analysis
joint torque:42.2Nm | sensor
- ) . RSEA Mong BN34- .
IHMC Mobility Assist Exoskeleton | Paralysis . . . An optical .
. . . Hip Flexion/Extension, [ 25Eu-02  brushless Position
(Florida Institute for Human and | patients for . ] | rotary encoder,
. o . . Abduction/Adduction | motor, Harmonic | control,
Machine Cognition - America) (Ansari, | human Linear encoder,
) Knee reducer, Output . Force/Torque
Atkeson, Choset, & Travers, 2015; | locomotion . . Footswitch
) . Flexion/Extension Torque:80Nm control
Park, Lee, Shin, & Cho, 2015) assistance
. . . Encoder, Force, [ ZMP  stability
) . | Hip Flexion/Extension
Lower Limb Power-Assist Exoskeleton | Lower extremity K EMG, Laser | control
nee
(Japan Saga University) (Li et al., 2015) | weakness  for . . Maxon Dc motors Ranging, Conscious
) Flexion/Extension ]
daily usage Plantar contact | EMG signal
sensor based control
Three axes
Hip Flexion/Extension angular
Knee ; Swing  phase
Wearable Power Assist Locomotor | Patient with Flexion/Extensi acceleration, Step traect
o . exion/Extension ep trajectory
(WPAL-Japan Nagoya University) | lower limb DC Servo Motor Plantar pressure
. Ankle Sensor Control of
(Fuse et al., 2019; Yatsuya et al., 2018) | analysis o .
dorsiflexion/plantar Encoder lower limb
Flexion
Brushless Maxon
ATLAS (Centre for automation and motors.  Harmonic .
o . . . . . Plantar pressure | Cop  stability
Robotics in Spain) (Cestari, Sanz- L Hip Flexion/Extension | reducer, Peak |
. . Quadriplegic distribution Control,
Merodio, Arevalo, & Garcia, 2014; . Knee torque;57Nm, ]
. . patients . . sensor Conscious
Sanz-Merodio, Cestari, Arevalo, & Flexion/Extension Average Torque: B
. Angle Sensor recognition
Garcia, 2012) 32Nm
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Knee-Ankle-Foot  Robot  (National

University of Singapore) (G. Chen,

Flexion/Extension
Ankle

Rehabilitation

motor, Harmonic

reducer, screw nut,

Angular sensor

Force sensor

Hip Flexion/Extension, | Pneumatic ~ muscle
Abduction/Adduction | actuator (pPMAsS),
. . Patients  with | Knee Torque:60 Nm .
Lower Body Exoskeleton (University of . . . The design of
lower-limb Flexion/Extension EMG sensor
Salford UK) (Costa & Caldwell, 2006) . the actuator
paralysis Ankle
dorsiFlexion/plantar
Flexion
Maxon DC brushless | EMG sensor,
Knee

The design of

the actuator

Ortholog (the Rio Grande do Sul

robot Maximum output [ Acceleration Gait phase
Salim, & Yu, 2015; G. Chen & Yu, 2014) dorsiFlexion/plantar o
. torque:700N sensor Classification
Flexion
Giat Hip Flexion/Extension | 24V/150WDC Motor

o . rehabilitation for | Knee Planetary gear Brain wave
Federal  University-Brazil)  (Roer, . . . Encoder
_ Spinal cord | Flexion/Extension reducer control
Abehsera, & Sagi, 2015) o .
injury patients
Walking Supporting . . . . 24V/100W DC Servo | Plantar Pressure )
. Human walking | Hip Flexion/Extension Design of
Exoskeleton(WSE((Necmettin Erbakan . motor sensor )
. . . assistance  for mechanical
University-Turkey) (Onen, Botsal,, | Knee Holzer  effect
Disabled People . . Reducer (100:1) structure
Kalyoncu, Sahin, & Tinkir, 2017) Flexion/Extension sensor
Robotic Exoskeleton(Carlos 111 | Robotic walking Inclinometer
:University Spain) (Gonzalez-Vargas, | assistance  for| . . Hip 24V/90W Maxon | Force Sensor Trajectory
. . Hip Flexion/Extension
Ibaiiez, Contreras-Vidal, Van der | Lower limb DC Motor Imu Sensor Control
Kooij, & Pons, 2016) patients

4. MODELING OF LEE ROBOTS

The design process of LEE robots includes hazards and
risks due to the inability to fully understand the human-
robot interaction(Skantze & Johansson, 2015). For this
reason, the modeling of robots in terms of mechanical
design and control mechanisms of LEEs is essential.
Modeling enables the design of ergonomic systems to
balance the load on the human body and the robotic
garments’ durability to be worn on humans.

The interaction between the musculoskeletal system and
the exoskeleton’s design needs to be well understood for
maximum effect and minimum discomfort. For this
purpose, many modeling programs such as MSC
software, Freebody, Matlab, SimMechanics, Maplesim,
AnyBody, and OpenSim are being used to perform
dynamic analysis exoskeletons on the human
neuromuscular structure. The most widely used
modeling software with high-quality data production on
humans’ musculoskeletal system is the AnyBody Tech
commercial software and Open-source OpenSim
modeling software.
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4.1. OpenSim Modelling Software

OpenSim is open-source software developed by
Stanford University in 2007 and is a modeling program
for the musculoskeletal system. This modeling program
enables kinematic and dynamic analysis of gait and
body movement(Khamar, Edrisi, & Zahiri, 2019). It
enables new active and passive prostheses, such as new
exoskeletons, based on the data analysis and model
generation. An example of this is the study conducted by
Baskar H et al.(2016) using OpenSim in which
application of a LEE musculoskeletal model showed a
reduction of torque and metabolic energy requirement
for the hips, knees, and wrists during gait (Baskar &
Nadaradjane, 2016; Mortensen & Merryweather, 2018).

4.2. AnyBody Modelling Software

The AnyBody modeling system is a commercial
software offered by AnyBody Tech, enabling the
analysis of human interaction with the external
environment. AnyBody allows modeling of the lower
limb, upper extremity, or the whole body in any desired
size (Huysamen, Nugent, & O’Sullivan, 2014). In this
way, kinematic and dynamic analysis of the person’s
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walking and daily movements in the desired height and
weight can be simulated (Diez et al., 2017). Also, the
effects of joint-span, muscle strength, and torques, and
human-exoskeleton interactions can be investigated.
AnyBody Tech enables the design of ergonomic LEEs
suitable for human skeletal structure through modeling
according to the human musculoskeletal system. Access
to previous exoskeleton models acts as a base and starts
to design new exoskeletons (Zhou, Li, & Bai, 2017). An
example of this is Fournier B. (2018) ’s study, the
modelling and characterization of a passive biomimetic
ankle for a Lower Extremity Powered Exoskeleton
(LEPE), defining requirements for a mechanical ankle
design that can reduce crutch loads and thus extend the
use of LEPE. In this study, it has been suggested that
passive variable stiffness including second-order elastic
spring elements for ankle using the existing exoskeletal
and crutches models can be applied in the biomimetic
ankle functions of the ankles and thus, the LEPE user
will have increased vertical movement, control and
reduced use of crutches(B. Fournier, 2018).

5. MODELLING AND BIOMECHANICAL
ANALYSIS OF LEE

To examine an exoskeleton’s physical behavior, it is
necessary to perform kinematic and dynamic analysis
and obtain a mathematical model. If the rotation of angle
positions generated by the hip and knee joints during a
single human walking cycle is identified, the actuator
forces required to generate the walking movement can
be calculated. As the exoskeleton is a system that assists
in walking movements, the assisted movement is
considered to be slow motion, and the dynamic loads are
neglected. LEE models are generally based on the
double pendulum system with 2 DOFs which are
considered parallel to the exoskeleton. The free-body
diagram representing the system is shown in Figure 9. 11
represents the thigh bone while 12 represents the calf
bone. 6; shows the position in which the hip joint refers
in the vertical direction, while 6, indicates the position
of the knee joint relative to the thigh. The P1 and P2
show the variable lengths of the upper and lower
actuators, respectively. It is possible to calculate the
length of the two actuators as a function of the hip and
knee angle positions. In particular, P2 is calculated using
Equation 1.
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Figure 9. Kinematic structure of double DOF
exoskeleton.
az = g_ 92

(Ea.1)
P, = /12 +d? —2l,d cosa,

On the other hand, P1 can be calculated as in Equation
2.

a=,/l1?+c?
= R

— oin—1¢
& =sin "

: (Eq.2)
§; =sin"12
a=m—0;—& — 6

P, = \/a?+ h? —2ahcos a,

After calculating the actuators’ length, other angles such
as those between the upper and lower structures can be
easily obtained using Equations 3 and 4, respectively.

— cin—1(% o
{,82 = sin (P2 sina,) (Eq.3)
Ya=TT—ay—f
_ _1 (R?+p?-a?
[ﬁl = cos ( 2hP; ) (Eq.4)
n=n—a;—p

Fe1 and Fe, taking into account the force motion
system, the thigh and the Center of Mass (COM)
represents forces resulting from gravity, F1 and F2
represent the upper and lower actuation forces. M1 and
M2 are the approximate weights of the thigh and cavity
sections applied to the COM, respectively. Tibia and
femur forces, generated by the actuators, are calculated
the balancing torque from a simple knee and hip center
using Equations 5 and 6, respectively.
mag sin(61-62)

1, sin 3,

F, = (Eq.5)
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mlgl?1 sin 6, +my g (14 sin 01+l?2 sin(61-65)

F, =
1 hsin 8,

(Eq.6)

Equation 5 and 6 show how to achieve upper and lower
actuator forces as a function of hip and knee angular
positions 6; and 8, (Daines, 2019; Xinyi, Haoping,
Yang, Zefeng, & Laurent, 2015). LEE modeling has
been used to perform mechanical requirements and
biomechanical analyses of human exoskeleton
interactions. This provides convenience to the LEE
designer in terms of both time and cost. Also, it allows
the development of optimal LEE designs for muscles
and joints (Arslan, Karabulut, Ortes, & Popovic, 2019).
The literature’s initial studies show that each leg and
joint group’s length is treated as a rotating joint of a
body, and each joint is similar to a robot arm model. In
these studies, joint angles and human movement can be
considered as angular. Although such studies are known
as skeletal models, they are considered as double
pendulum models with simple two or three DOFs. Such
models are often used to test and develop control
algorithms with programs such as Matlab and
SimMechanics (Ashkani, Maleki, & Jamshidi, 2017;
Virk et al., 2016). The purpose of these control
algorithms is to balance inertia and to provide users with
low impedance, ensuring gait is performed with the least
possible energy (Weerasingha, Withanage,
Pragnathilaka, Ranaweera, & Gopura, 2018). In order to
examine the effects of the exoskeleton on muscles and
joints, the effects of extra weights and dimensions on
jointangles are added to the musculoskeletal model with
a three dimensional (3D) exoskeleton created by CAD
software (Wu et al., 2019). Recently, 3D LEE models
installed in musculoskeletal modeling programs such as
AnyBody and OpenSim enable specific exoskeletal
system designs for patients with distress and mobility
problems due to their musculoskeletal system.
(Lajeunesse, Routhier, Vincent, Lettre, & Michaud,
2018). Besides, with the development of new control
paradigms, it is possible to design eliminate or minimize
the negative effects of movements and related
mechanisms that cause extra force on musculoskeletal
system, such as walking, sitting, jumping, rope jumping,
etc.

Studies on LEE model designs according to the human
muscle model and their effects have started in recent
years. One of these studies investigates the lower
extremities model’s effect on the musculoskeletal model
on OpenSim conducted by Ferrari et al.(2008) (Ferrari
et al., 2008). In this study, joint and joint angles were
analyzed dynamically by biomechanical analysis during
normal gait with and without LEE. However, the lack of
ground reaction force and ground contact model analysis
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in the study decreased the results’ accuracy. In the study
conducted by Xu et al. (2019), RLEE design with
Magnetorheological Actuators was analyzed using the
AnyBody modeling program. The system is operated in
two modes: robot and active human mode. Inactive
robot mode, it is seen that RLEE provides adjustable
torque and reduces power consumption compared to the
active human model(Xu et al., 2019). The study was
conducted by B. N. Fournier et al. (2018) designed two
RLEE models, SCI and biomimetic. It was observed that
the biomimetic model could be used in RLEE designs to
reduce crutch requirement and optimization of the SCI
model to provide more effective walking with a crutch
(B. N. Fournier, Lemaire, Smith, & Doumit, 2018). In
the study of Cho. et al. (2012), the effects of load-lifting
movement on the joint forces were examined on the
human-skeleton model developed with two constraints.
The use of the strap on these effects reduces the user’s
comfort and states that it places an additional load on the
joints when not in use. However, it was stated that the
load distributed should be balanced using the wide
belt(Cho, Kim, Yi, Jung, & Lee, 2012).

In the recent exoskeleton design simulations, there is a
force called ground reaction force (GRF). The ground
reaction force is a force applied to the ground by an
object in contact with the ground. The ground reaction
force is divided into two; vertical and horizontal force.
The vertical ground reaction force can be used to
examine the effects of loading effects and walking
mechanics of the reinforced exoskeleton assisted gait at
a different weight, walking speed, and support levels.

5.1. Human Gait and Biomechanical Effects

Human gait is a result of complex muscle movements.
Human gait can be defined as the locomotion achieved
through human limbs that change the subject’s position
from the previous position. The human gait is
considered as a set of movements consisting of certain
phases with the same cycle. When the walking cycle is
considered, it consists mainly of two phases, single and
double support phase. The single-phase is where one
foot is in contact with the ground, and the other is in the
swinging position and the air. The double support phase
is when one foot is standing on the ground, and the other
standing foot leaves the ground. In human gait, only one
foot is in contact with the ground. Thus, it differs from
running in this way.

If the human walk begins with the right leg, the first leg
moved from the human’s vertical position is the right
leg, moving forward then put on the ground. The first
stationary walking step includes the left leg’s placement
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at the set position, which provides a single left leg and
foot support until the right leg movement is completed.
The second gait step is similar to the first gait step, but
this step has one leg support, the left leg, until the right
leg is lifted and placed back on the ground. Repeating
continuous walking steps causes a continuous
movement in the sagittal plane. As shown in Figure 10,
the gait cycle consists of 8 states; 5 motion in the stance
phase and 3 in the swing phases (Alamdari & Krovi,
2017).

Human Gait Cycle
1

’ Stance Phase ’ S\\mg Phase ’

1/~ \ !/TJ
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Figure 10. Human Gait Cycle.

A gait cycle is described as a percentage rather than the
elapsed time. In this case, one step was expressed as a
hundred degrees, the Heel Strike (HS) was 0%, and the
location of the same foot to the ground was determined
as 100%. During the normal gait cycle, the hip, knee,
and ankle joints are subject to a series of movements.
Hip motion can be considered as a combination of two
basic movements. First is the horizontal balance of the
hip that occurs in the stance phase and has a primary role
in keeping the body in balance, while the second is hip
Flexion during the swing phase. During the stance
phase, the knee is the primary determinant of limb
stability, and knee flexibility in the release phase is the
main factor in the freedom of the extremity. At average
walking speed, each double support period is about 22%
of the walking cycle and is generally accepted as 20%.
In mid-standing, the total body weight is transferred to
the stretching knee. The ankle motion range is not
substantial but is critical to progression and shock
absorption during stance. The body is supported on a
single limb throughout 80% of the gait cycle.

While walking, the body’s mass center rises to its
highest point in the middle stance when one foot passes
vertically and then falls to its lowest point by the
separation of the legs. Essentially, kinetic and potential
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energy are continuously exchanged in this process. A
reverse dynamic analysis should be performed to
determine the required torque/force in each joint during
gait. For this purpose, kinetic data and external forces
obtained from the visual sensors should be recorded
during the experiment. The GRF is the main force acting
on the body during human movements. Since the mass
body moves in three directions, a three-dimensional
force vector, consisting of vertical and two horizontal
sectional constituents, moves on the contact area. These
horizontal forces are usually divided into anterior-
posterior and medial-lateral directions. These forces are
small compared to the vertical GRF. The vertical GRF
will be zero at the time of contact with the ground during
HS and will gradually rise almost in a fraction of a
second against the body weight. In the footplate, the
body mass moves downwards and extends down on the
leg. It is necessary to apply a vertical force more
significant than the bodyweight on foot to slow down
the movement and support the body weight. It shows
120% of the bodyweight applied to the foot at this
moment for the subject. In the middle stance, the
movement of the body’s center of mass is upward. This
movement creates an upward acceleration that allows a
force less than bodyweight to support the body. At this
moment, it shows 63% of the body weight in the middle.
In the heel, the body mass accelerates forward and
upward for the other leg’s stance phase. This means the
extra weight is applied to the bodyweight to support the
body. Finally, the last swing is when contact with the
ground is lost, and the force returns to zero. During the
stance phase, the foot forces move in the forward and
backward position as the body stops and then moves
more quickly in the forward direction. Consequently, it
can assume that the resultant force passes through the
center of gravity of the entire body in motion(Alamdari
& Krovi, 2017).

6. DISCUSSION

A mechanical or robotic exoskeleton is designed for
three purposes. First, the mechanical design distributes
the load in a balanced way to apply the least possible
load force on the joints and muscles. Second,
mechanical designs strengthen the muscles with
neuronal pathway activity stimulation by rotating the
joints at certain angles in patients with insufficient
muscle strength and spinal cord injury. Finally, it is
aimed to control the walking movement of patients
initiated by biological signals such as Electromyogram
(EMG) or Electroencephalogram (EEG), therefore
rehabilitating the patient and improving the quality of
life and socialization.
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LEE designs focus on two areas: mechanics and
software. In mechanical designs, comfort, reduced
equipment weight, resistance, extended service life, and
contact surface come to the fore. In software design
studies, fast and effective control algorithms, systems
that process and evaluate information from sensors are
studied predominantly.

Modeling plays an essential role in LEE designing, as
this process is considered expensive and complicated.
For testing the developed control algorithms, modeling
programs such as SimMechanics and Maplesim are
used. However, musculoskeletal modeling programs
such as OpenSim and AnyBody are used to perform
human-exoskeletal interactions and kinematic analyses.
By analyzing the walking kinematics, the body
segments and length should be carefully designed using
joint force and moment. Another result obtained in the
kinematic analysis is the increase in muscle force
applied to the ground as the muscle strength increases.
This ground reaction force can be calculated by
programs using inverse kinematic calculations in a
similar way to reality. Although the inverse kinematic
method enables us to calculate the GRF, it is still
impossible to calculate the segmental analysis’s ground
loading effects.

In musculoskeletal models such as AnyBody and
OpenSim, Videos and EMG signals were analyzed to
determine the effects and optimal gait activities. Thus,
the effects of LEE designs and gait activities on the
muscles and nervous system were investigated. In
AnyBody and OpenSim designs, muscles that are not or
weakly functioning can be exercised while the force and
torque on the joints and muscles and their effects on the
joint angles can be calculated in patients suffering from
SCl and stroke. In this way, LEE designs can be realized
to reduce the minimum weight on the troubled muscles
and joints during human gait.

LEE designs aim to develop torque control algorithms
and to test them on models. By examining and
comparing the integrating forces between the
exoskeleton and user, the control mechanism’s
reduction effects on user loads, such as on joint torques,
reaction forces, and muscle activations, can be
examined.

7. CONCLUSIONS

To date, studies on the design of LEEs have focused on
ergonomics and comfort or on the control of joint motors
with appropriate control algorithms. Since this
procedure is generally expensive and has certain risks
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for patients, three-dimensional geometric models of the
lower extremities have been created and dressed on
musculoskeletal models to minimize these procedures’
risks. Above mentioned studies focus on the torque-
forces and motion range of the muscles and joints
following the gait pattern. Although the number of
musculoskeletal models on some disease characteristics
is very few, some restricted or disabled muscles and the
effect of muscle deficiency or deficiencies on gait and
muscles have been investigated. Besides, actual walking
and muscle strength measurements and range of motion
were obtained through cameras and sensors, and
software and algorithms have significantly improved
these measurements’ quality. Future works will
conceivably include a process of coordination with
artificial intelligence, sensors, and programming. In
further studies, exoskeletal model designs involving
human exoskeletal interaction can be continued by
modeling six muscles in the lower extremity and other
muscles. With artificial intelligence algorithms, where
ground reaction force is sufficient, less force and torque
will be applied to muscle groups.

DECLARATIONS

Conflict of Interest: The authors declare that they have
no conflict of interest.

Ethical Approve: This chapter does not contain any
studies with human participants or animals performed
by any of the authors. The data used in the study were
obtained from the UCI Machine Learning Repository
database.

Funding: Erciyes University Scientific Research
Projects Coordinator supports this work with FDK-
2018-8375 project code.

Contributions: The authors contribute equally to the
article.

REFERENCES

Agarwal, P., Narayanan, M. S., Lee, L.-F., Mendel, F., &
Krovi, V. N. (2010). Simulation-based design of
exoskeletons using musculoskeletal analysis. Paper
presented at the International Design Engineering
Technical Conferences and Computers and Information
in Engineering Conference.

Agrawal, A., Dube, A. N., Kansara, D., Shah, S., &
Sheth, S. (2016). Exoskeleton: the friend of mankind in
context of rehabilitation and enhancement. Indian

Journal of Science and Technology, 9(S1).



Calikusu vd. (2020). Tleri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 198-214

Alamdari, A., & Krovi, V. N. (2017). A review of
computational musculoskeletal analysis of human lower
extremities Human Modelling for Bio-Inspired Robotics
(pp- 37-73): Elsevier.

Ansari, A., Atkeson, C. G., Choset, H., & Travers, M.
(2015). A survey of current exoskeletons and their
control architectures and algorithms (Draft 4.0):
Pittsburgh, USA: Carnegie Mellon University.

Arslan, Y. Z., Karabulut, D., Ortes, F., & Popovic, M. B.
(2019). Exoskeletons, Exomusculatures, Exosuits:
Dynamic Modeling and Simulation. Biomechatronics,
305.

Ashkani, O., Maleki, A., & Jamshidi, N. (2017). Design,
simulation and modelling of auxiliary exoskeleton to
improve human gait cycle. Australasian physical &
engineering sciences in medicine, 40(1), 137-144.

Banala, S. K., Kim, S. H., Agrawal, S. K., & Scholz, J.
P. (2008). Robot assisted gait training with active leg
exoskeleton (ALEX). Paper presented at the 2008 2nd
IEEE RAS & EMBS International Conference on
Biomedical Robotics and Biomechatronics.

Baskar, H., & Nadaradjane, S. M. R. (2016).
Minimization of metabolic cost of muscles based on
human exoskeleton modeling: a simulation. Int. J.
Biomed. Eng. Sci, 3(4), 9.

Bionics, E. (2016). Ekso GT Robotic Exoskeleton
cleared by FDA for use with stroke and spinal cord
injury patients.

Bogue, R. (2015). Robotic exoskeletons: a review of
recent progress. Industrial Robot: An International
Journal.

Brenner, L. (2016). Exploring the psychosocial impact
of Ekso Bionics Technology. Archives of Physical
Medicine and Rehabilitation, 97(10), e113.

Bulea, T. C., Lerner, Z. F., & Damiano, D. L. (2018).
Repeatability of EMG activity during exoskeleton
assisted walking in children with cerebral palsy:
implications for real time adaptable control. Paper
presented at the 2018 40th Annual International
Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC).

Calabro, R. S., Cacciola, A., Berté, F., Manuli, A., Leo,
A., Bramanti, A., . . . Bramanti, P. (2016). Robotic gait
rehabilitation and substitution devices in neurological
disorders: where are we now? Neurological Sciences,

210

37(4), 503-514.

Cestari, M., Sanz-Merodio, D., Arevalo, J. C., & Garcia,
E. (2014). ARES, a variable stiffness actuator with
embedded force sensor for the ATLAS exoskeleton.
Industrial Robot: An International Journal, 41(6), 518-
526.

Cha, D., & Kim, K. I. (2018). A lower limb exoskeleton
based on recognition of lower limb walking intention.
Transactions of the Canadian Society for Mechanical
Engineering, 43(1), 102-111.

Chen, B., Ma, H., Qin, L.-Y., Gao, F., Chan, K.-M., Law,
S.-W., ... Liao, W.-H. (2016). Recent developments and
challenges of lower extremity exoskeletons. Journal of
Orthopaedic Translation, 5,26-37.

Chen, B., Ma, H., Qin, L.-Y., Guan, X., Chan, K.-M.,
Law, S.-W., . . . Liao, W.-H. (2015). Design of a lower
extremity exoskeleton for motion assistance in paralyzed
Paper presented at the 2015 IEEE
International Conference on Robotics and Biomimetics
(ROBIO).

individuals.

Chen, B., Zhao, X., Ma, H., Qin, L., & Liao, W.-H.
(2017). Design and characterization of a magneto-
rheological series elastic actuator for a lower extremity
exoskeleton. Smart Materials and Structures, 26(10),
105008.

Chen, B., Zhong, C.-H., Ma, H., Guan, X., Qin, L.-Y.,
Chan, K.-M., . . . Liao, W.-H. (2018). Sit-to-stand and
stand-to-sit assistance for paraplegic patients with
CUHK-EXO exoskeleton. Robotica, 36(4), 535.

Chen, B., Zhong, C.-H., Zhao, X., Ma, H., Guan, X., Li,
X.,...Law, S.-W. (2017). A wearable exoskeleton suit
for motion assistance to paralysed patients. Journal of
orthopaedic translation, 11, 7-18.

Chen, G., Salim, V., & Yu, H. (2015). 4 novel gait phase-
based control strategy for a portable knee-ankle-foot
robot. Paper presented at the 2015 IEEE International
Conference on Rehabilitation Robotics (ICORR).

Chen, G., & Yu, H. (2014). A portable powered knee-
ankle-foot orthosis. Journal of Medical Devices, 8(2),
020927.

Chinmilli, P., Redkar, S., Zhang, W., & Sugar, T. (2017).
A review on wearable inertial tracking based human gait
analysis and control strategies of lower-limb
exoskeletons. Int. Robot. Autom. J, 3(7), 00080.



Calikusu vd. (2020). Tleri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 198-214

Cho, K., Kim, Y., Yi, D., Jung, M., & Lee, K. (2012).
Analysis and evaluation of a combined human-
exoskeleton model under two different constraints
condition. Proceedings of the International Summit on
Human Simulation, 23-25.

Costa, N., & Caldwell, D. G. (2006). Control of a
soft-actuated”  10dof  lower  body
exoskeleton. Paper presented at the The First
IEEE/RAS-EMBS  International Conference on
Biomedical Robotics and Biomechatronics, 2006.
BioRob 2006.

biomimetic"

Crea, S., Nann, M., Trigili, E., Cordella, F., Baldoni, A.,
Badesa, F. J., . . . Aracil, N. G. (2018). Feasibility and
safety of shared EEG/EOG and vision-guided
autonomous whole-arm exoskeleton control to perform
activities of daily living. Scientific reports, 8(1), 10823.

Daines, K. (2019). Crutch Assisted Sit-to-Stand and
Stand-to-Sit with a Powered Exoskeleton.

Diez, J. A., Blanco, A., Catalan, J. M., Bertomeu-Motos,
A., Badesa, F. J, & Garcia-Aracil, N. (2017).
Mechanical design of a novel hand exoskeleton driven
by linear actuators. Paper presented at the Iberian
Robotics Conference.

Esquenazi, A., Talaty, M., Packel, A., & Saulino, M.
(2012). The ReWalk powered exoskeleton to restore
ambulatory function to individuals with thoracic-level
motor-complete spinal cord injury. American journal of
physical medicine & rehabilitation, 91(11), 911-921.

Federici, S., Meloni, F., Bracalenti, M., & De Filippis,
M. L. (2015). The effectiveness of powered, active
lower limb exoskeletons in neurorehabilitation: a
systematic review. NeuroRehabilitation, 37(3),321-340.

Ferrari, A., Benedetti, M. G., Pavan, E., Frigo, C.,
Bettinelli, D., Rabuffetti, M., . . . Leardini, A. (2008).
Quantitative comparison of five current protocols in gait
analysis. Gait & posture, 28(2), 207-216.

Fournier, B. (2018). Model and Characterization of a
Passive Biomimetic Ankle for Lower Extremity Powered
Exoskeleton. Université d'Ottawa/University of Ottawa.

Fournier, B. N., Lemaire, E. D., Smith, A. J., & Doumit,
M. (2018). Modeling and simulation of a lower
extremity powered exoskeleton. /IEEE transactions on
neural systems and rehabilitation engineering, 26(8),

1596-1603.

211

Fuse, I, Hirano, S., Saitoh, E., Otaka, Y., Shigeo Tanabe,
R., Masaki Katoh, R., . . . Tetsuya Tsunoda, M. (2019).
Gait reconstruction using the gait assist robot WPAL in
patients with cervical spinal cord injury. injury, 10, 88-
95.

Gardner, A. D., Potgieter, J., & Noble, F. K. (2017). 4
review of commercially available exoskeletons'
capabilities. Paper presented at the 2017 24th
International Conference on Mechatronics and Machine
Vision in Practice (M2VIP).

Gonzalez-Vargas, J., Ibanez, J., Contreras-Vidal, J. L.,
Van der Kooij, H., & Pons, J. L. (2016). Wearable
Robotics: Challenges and Trends: Proceedings of the
2nd International Symposium on Wearable Robotics,
WeRob2016, October 18-21, 2016, Segovia, Spain (Vol.
16): Springer.

Grasmiicke, D., Cruciger, O., Meindl, R. C,
Schildhauer, T. A., & Aach, M. (2017). Experiences in
four years of HAL exoskeleton SCI rehabilitation
Converging Clinical and Engineering Research on
Neurorehabilitation II (pp. 1235-1238): Springer.

Gurvinder, B. S.R. A. S., & Virk, S. (2016). Lower Limb
Exoskeletons: A Brief Review.

Haeberle, H. S., Helm, J. M., Navarro, S. M., Karnuta,
J. M., Schaffer, J. L., Callaghan, J. J., . . . Ramkumar, P.
N. (2019). Artificial intelligence and machine learning
in lower extremity arthroplasty: a review. The Journal of
arthroplasty.

Hartigan, C., Kandilakis, C., Dalley, S., Clausen, M.,
Wilson, E., Morrison, S., . . . Farris, R. (2015). Mobility
outcomes following five training sessions with a
powered exoskeleton. Topics in spinal cord injury
rehabilitation, 21(2), 93-99.

Hussain, S., Jamwal, P. K., & Ghayesh, M. H. (2017).
Effect of body weight support variation on muscle
activities during robot assisted gait: a dynamic
simulation study. Computer methods in biomechanics

and biomedical engineering, 20(6), 626-635.

Huysamen, K., Nugent, R., & O’Sullivan, L. (2014).
BIOMECHANICAL AND PHYSIOLOGICAL
ANALYSIS OF AN EXOSKELETON FOR MANUAL
HANDLING. Irish Ergonomics Society, 16.

Jansen, O., Grasmuecke, D., Meindl, R. C., Tegenthoff,
M., Schwenkreis, P., Sczesny-Kaiser, M., . . . Aach, M.
(2018). Hybrid Assistive Limb exoskeleton HAL in the
rehabilitation of chronic spinal cord injury: proof of



Calikusu vd. (2020). Tleri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 198-214

concept; the results in 21 patients. World neurosurgery,
110, €73-€78.

Jin, X. (2018). A Novel Design of a Cable-driven Active
Leg Exoskeleton (C-ALEX) and Gait Training with
Human Subjects: Columbia University.

Khamar, M., Edrisi, M., & Zahiri, M. (2019). Human-
exoskeleton control simulation, kinetic and kinematic

modeling and parameters extraction. MethodsX, 0,
1838-1846.

Kim, J.-H., Shim, M., Ahn, D. H., Son, B. J., Kim, S.-
Y., Kim, D. Y, ... Cho, B.-K. (2015). Design of a knee
exoskeleton using foot pressure and knee torque sensors.

International Journal of Advanced Robotic Systems,
12(8), 112.

Kim, W., Kim, H., Lim, D., Moon, H., & Han, C. (2017).
Design and kinematic analysis of the hanyang
exoskeleton assistive robot (HEXAR) for human
synchronized motion Wearable Robotics: Challenges
and Trends (pp. 275-279): Springer.

Kirsch, N., Alibeji, N., Dicianno, B. E., & Sharma, N.
(2016). Switching control of functional electrical
stimulation and motor assist for muscle fatigue
compensation. Paper presented at the 2016 American
Control Conference (ACC).

Lajeunesse, V., Routhier, F., Vincent, C., Lettre, J., &
Michaud, F. (2018). Perspectives of individuals with
incomplete spinal cord injury concerning the usability of
lower limb exoskeletons: an exploratory
Technology and Disability, 30(1-2), 63-76.

study.

Li, J., Zuo, S., Xu, C., Zhang, L., Dong, M., Tao, C., &
Ji, R. (2019). Influence of a Compatible Design on
Physical Human-Robot Interaction Force: a Case Study
Self-Adapting
Mechanism. Journal of Intelligent & Robotic Systems,
1-14.

of a Lower-Limb  Exoskeleton

Li, N,, Yan, L., Qian, H., Wu, H., Wu, J., & Men, S.
(2015). Review on lower extremity exoskeleton robot.
The Open Automation and Control Systems Journal,

7(1).

Li, Y, Li, Z., Penzlin, B., Tang, Z., Liu, Y., Guan, X., . .
. Leonhardt, S. (2019). Design of the clutched variable
parallel elastic actuator (CVPEA) for lower limb
exoskeletons. Paper presented at the 2019 41st Annual
International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC).

212

Liang, F.-Y., Zhong, C.-H., Zhao, X., Castro, D. L.,
Chen, B., Gao, F., & Liao, W.-H. (2018). Online
adaptive and Istm-based trajectory generation of lower
limb exoskeletons for stroke rehabilitation. Paper
presented at the 2018 IEEE International Conference on
Robotics and Biomimetics (ROBIO).

Ling, W, Yu, G., & Li, Z. (2019). Lower Limb Exercise
Rehabilitation  Assessment Based on Artificial
Intelligence and Medical Big Data. I[EEE Access, 7,
126787-126798.

Louie, D. R., Eng, J. J., & Lam, T. (2015). Gait speed
using powered robotic exoskeletons after spinal cord
injury: a systematic review and correlational study.

Journal of neuroengineering and rehabilitation, 12(1),
82.

Manns, P. J., Hurd, C., & Yang, J. F. (2019). Perspectives
of people with spinal cord injury learning to walk using

a powered exoskeleton. Journal of neuroengineering
and rehabilitation, 16(1), 94.

Meng, W., Liu, Q., Zhou, Z., Ai, Q., Sheng, B., & Xie,
S. S. (2015). Recent development of mechanisms and
control strategies for robot-assisted limb
rehabilitation. Mechatronics, 31, 132-145.

lower

Michaud, B., Cherni, Y., Begon, M., Girardin-Vignola,
G., & Roussel, P. (2017). A serious game for gait
rehabilitation with the Lokomat. Paper presented at the
2017 International Conference on Virtual Rehabilitation
(ICVR).

Mironov, V. L., Kastalskiy, I., Lobov, S., & Kazantsev, V.
B. (2017). A Biofeedback Control System of the
Exoskeleton Trainer for Lower Limbs Motor Function
Recovery. Paper presented at the NEUROTECHNIX.

Mortensen, J., & Merryweather, A. (2018). Using
OpenSim to Investigate the Effect of Active Muscles and
Compliant Flooring on Head Injury Risk. Paper
presented at the Congress
Ergonomics Association.

of the International

Mubin, O., Alnajjar, F., Jishtu, N., Alsinglawi, B., & Al
Mahmud, A. (2019). Exoskeletons With Virtual Reality,
Augmented Reality, and Gamification for Stroke
Patients’ Rehabilitation: Systematic Review. JMIR
rehabilitation and assistive technologies, 6(2), €12010.

Murray, S., & Goldfarb, M. (2012). Towards the use of
a lower limb exoskeleton for locomotion assistance in
individuals with neuromuscular locomotor deficits.
Paper presented at the 2012 Annual International



Calikusu vd. (2020). Tleri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 198-214

Conference of the IEEE Engineering in Medicine and
Biology Society.

Nam, K. Y., Kim, H. J., Kwon, B. S., Park, J.-W., Lee,
H. J., & Yoo, A. (2017). Robot-assisted gait training
(Lokomat) improves walking function and activity in
people with spinal cord injury: a systematic review.

Journal of neuroengineering and rehabilitation, 14(1),
24,

Neuhaus, P. D., Noorden, J. H., Craig, T. J., Torres, T.,
Kirschbaum, J., & Pratt, J. E. (2011). Design and
evaluation of Mina: A robotic orthosis for paraplegics.
Paper presented at the 2011 IEEE international
conference on rehabilitation robotics.

O'Sullivan, S. B., Schmitz, T. J., & Fulk, G. (2019).
Physical rehabilitation: FA Davis.

Onen, U., Botsali, F. M., Kalyoncu, M., Sahin, Y., &
Tmnkir, M. (2017). Design and Motion Control of a
Lower Limb Robotic Exoskeleton. Mechatronic Systems
in Engineering: Design, Control and Applications of,
135.

Ortlieb, A., Bouri, M., & Bleuler, H. (2017).
AUTONOMYO: Design Challenges of Lower Limb
Assistive Device for Elderly People, Multiple Sclerosis
and Neuromuscular Diseases Wearable Robotics:
Challenges and Trends (pp. 439-443): Springer.

Park, J.-H., Lee, J.-S., Shin, J.-S., & Cho, B.-K. (2015).
Design of a lower limb exoskeleton including roll
actuation to assist walking and standing up. Paper
presented at the 2015 IEEE-RAS 15th International
Conference on Humanoid Robots (Humanoids).

Poberznik, A. (2018). Therapeutic use of exoskeletons
in spinal cord injury gait rehabilitation-a systematic
literature review.

Raab, K., Krakow, K., Tripp, F., & Jung, M. (2016).
Effects of training with the ReWalk exoskeleton on
quality of life in incomplete spinal cord injury: a single
case study. Spinal cord series and cases, 2, 15025.

RANIJITHA, K. (2019). Hiking Aid for Rewalk. Paper
presented at the 2019 5th International Conference on

Advanced Computing & Communication Systems
(ICACCS).

Ren, Z., Deng, C., Zhao, K., & Li, Z. (2018). The
development of a high-speed lower-limb robotic
exoskeleton. Science China Information Sciences,

62(5), 50202.

213

Riener, R. (2016). Technology of the robotic gait
orthosis Lokomat Neurorehabilitation Technology (pp.
395-407): Springer.

Roer, R., Abehsera, S., & Sagi, A. (2015). Exoskeletons
across the Pancrustacea: comparative morphology,
physiology, biochemistry and genetics. Integrative and
comparative biology, 55(5), 771-791.

Rupal, B., Singla, A., & Virk, G. (2016). Lower limb
exoskeletons: a brief review. Paper presented at the
Conference on mechanical engineering and technology
(COMET-2016), IIT (BHU), Varanasi, India.

Sanz-Merodio, D., Cestari, M., Arevalo, J. C., & Garcia,
E. (2012). A4 lower-limb exoskeleton for gait assistance
in quadriplegia. Paper presented at the 2012 IEEE
International Conference on Robotics and Biomimetics
(ROBIO).

Sapiee, M., Marhaban, M., Ishak, A., & Miskon, M.
(2018). An approach to data utilization of the lokomat
rehabilitation robot. International Journal of Human
and Technology Interaction (IJHaTI), 2(1), 51-56.

Shah, B., Mascarenhas, E., Menon, S., & Mengle, S.
(2019).  Exoskeleton for And  Strength
Enhancement.

Support

Sirlantzis, K., Larsen, L. B., Kanumuru, L. K., & Oprea,
P. (2019). Robotics Handbook of Electronic Assistive
Technology (pp. 311-345): Elsevier.

Skantze, G., & Johansson, M. (2015). Modelling
situated human-robot interaction using IrisTK. Paper
presented at the Proceedings of the 16th Annual Meeting
of the Special Interest Group on Discourse and
Dialogue.

Stegall, P., Zanotto, D., & Agrawal, S. K. (2017).
Variable damping force tunnel for gait training using
ALEX III. IEEE robotics and automation letters, 2(3),
1495-1501.

Valente, G., Crimi, G., Vanella, N., Schileo, E., &
Taddei, F. (2017). nmsBuilder: Freeware to create
subject-specific musculoskeletal models for OpenSim.
Computer methods and programs in biomedicine, 152,
85-92.

van Hedel, H. J.,, & Aurich, T. (2016). Clinical
application of rehabilitation technologies in children
undergoing neurorchabilitation  Neurorehabilitation

Technology (pp. 283-308): Springer.



Calikusu vd. (2020). Tleri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 1(2), 198-214

Virk, G. S., Haider, U., Nyoman, ., Masud, N., Mamaev,
1., Hopfgarten, P., & Hein, B. (2016). Design of EXO-
LEGS exoskeletons. Paper presented at the ASSISTIVE
ROBOTICS: Proceedings of the 18th International
Conference on CLAWAR 2015.

Wallard, L., Dietrich, G., Kerlirzin, Y., & Bredin, J.
(2015). Effects of robotic gait rehabilitation on
biomechanical parameters in the chronic hemiplegic
patients. Neurophysiologie
Neurophysiology, 45(3), 215-219.

Clinique/Clinical

Wang, S., Wang, L., Meijneke, C., Van Asseldonk, E.,
Hoellinger, T., Cheron, G., . . . Molinari, M. (2014).
Design and control of the MINDWALKER exoskeleton.
IEEE transactions on neural systems and rehabilitation
engineering, 23(2), 277-286.

Wang, S., Wang, L., Meijneke, C., Van Asseldonk, E.,
Hoellinger, T., Cheron, G., . . . Molinari, M. (2015).
Design and control of the MINDWALKER exoskeleton.
IEEE transactions on neural systems and rehabilitation
engineering, 23(2), 277-286.

Weerasingha, A., Withanage, W., Pragnathilaka, A.,
Ranaweera, R., & Gopura, R. (2018). Powered ankle
exoskeletons: existent designs and control systems.
Paper presented at the in IEEE Int. Conf. on Artific. Life
and Robot.

Wu, Y., Zhu, A., Shen, H., Shen, Z., Zhang, X., & Cao,
G. (2019). Biomechanical simulation analysis of human
lower limbs assisted by exoskeleton. Paper presented at

the 2019 16th International Conference on Ubiquitous
Robots (UR).

Xinyi, Z., Haoping, W., Yang, T., Zefeng, W., & Laurent,
P. (2015). Modeling, simulation & control of human
lower extremity exoskeleton. Paper presented at the 2015
34th Chinese Control Conference (CCC).

Xu,J., Xu, L., Li, Y, Peng, C., Liu, J., Xu, C., . .. Chen,
J. (2019). Design and Implementation of the Lower
Extremity Robotic with
Magnetorheological Actuators. Paper presented at the
2019 IEEE International Conference on Mechatronics
and Automation (ICMA).

Exoskeleton

Yan, T., Cempini, M., Oddo, C. M., & Vitiello, N.
(2015). Review of assistive strategies in powered lower-
limb orthoses and exoskeletons. Robotics
Autonomous Systems, 64, 120-136.

and

Yatsuya, K., Hirano, S., Saitoh, E., Tanabe, S., Tanaka,
H., Eguchi, M., . . . Kagaya, H. (2018). Comparison of

214

energy efficiency between Wearable Power-Assist
Locomotor (WPAL) and two types of knee-ankle-foot
orthoses with a medial single hip joint (MSH-KAFO).
The journal of spinal cord medicine, 41(1), 48-54.

Yeem, S., Heo, J.,, Kim, H., & Kwon, Y. (2018).
Technical analysis of exoskeleton robot. World Journal
of Engineering and Technology, 7(1), 68-79.

Yeung, L.-F., & Tong, R. K.-Y. (2018). Lower Limb
Exoskeleton Robot to Facilitate the Gait of Stroke
Patients. Wearable Technology in Medicine and Health
Care, 91.

Yue, C., Lin, X., Zhang, X., Qiu, J., & Cheng, H. (2018).
Design and performance evaluation of a wearable
sensing system for lower-limb exoskeleton. Applied
bionics and biomechanics, 2018.

Zhang, G., Liu, G., Ma, S., Wang, T., Zhao, J., & Zhu,
Y. (2017). Biomechanical design of escalading lower
limb exoskeleton with novel linkage joints. Technology
and Health Care, 25(S1), 267-273.

Zhou, L., Li, Y., & Bai, S. (2017). A human-centered
design optimization approach for robotic exoskeletons
through biomechanical simulation.
Autonomous Systems, 91, 337-347.

Robotics and

Zoss, A., Kazerooni, H., & Chu, A. (2005). On the
mechanical design of the Berkeley Lower Extremity
Exoskeleton (BLEEX). Paper presented at the 2005
IEEE/RSJ international conference on intelligent robots
and systems.



