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Dear authors and readers,

First of all, we would like to thank you for being our travel companion by writing, evaluating,
and reading us about this broadcasting life we started six years ago. With these thoughts, we
are especially thankful for researchers and academicians honoring with the articles, valuable
scientists involved in editorial boards, and reviewers for their contributions to the evaluation
processes through their opinions/ideas/contributions/criticisms. With this article, we
wanted to inform you, our valuable stakeholders, about the development of The Black Sea
Journal of Engineering and Science (BSJ Eng Sci). The statistics of the BSJ Eng Sci for the last

six years are given below. Hope you will be with us in future issues.
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YENI BiR COK KRITERLI KARAR VERME YAKLASIMI
“OLABILIiRLIK DEGERLENDIRME SiSTEMI”: KATILIM FONLARI
UZERINE BIR UYGULAMA

Furkan GOKTAS*, Fatih GUCLU!

1Karabtik University, Faculty of Management, Department of Business, 78050, Karablik, Ttirkiye

Ozet: Katilim hisse senedi semsiye fonlari, Islami finans ilkeleri cercevesinde filtrelenmis hisse senetlerine yatirim imkam saglayan bir
yatirim alternatifidir. Olabilirlik teorisi karar vermede 6nemli bir aractir. Bu ¢alismada katilim hisse senedi semsiye fonlarinin
karsilastirilmasi gibi problemler icin olabilirlik teorisine dayanan yeni bir ¢ok kriterli karar verme (CKKV) yaklasimi 6nerilmistir. Bu
yaklasim Olabilirlik Degerlendirme Sistemi (PES) olarak adlandirilmistir. PES, temel CKKV ydntemlerinden olan maksimin kurali,
agirlikh toplam yontemi ve maksimaks kurali ile iligkilidir. Alternatiflerin oncelik vektorii PES ile tek olarak elde edilmektedir. Baska
bir deyisle portfoy secimi problemi gibi ¢cok amagl karar verme problemleri i¢in tek bir ¢6ziim vermektedir. PES, ¢ok nitelikli karar
verme problemleri i¢in en yiiksek oncelige sahip alternatifin secilmesine dayanmaktadir. PES, 31.07.2020 ve 30.12.2022 arasinda
Tirkiye'de islem goren bes farkli katilim hisse senedi semsiye fonunun gergek veri seti kullanilarak tamitilmistir. Yapilan uygulamada,
PES’in bu temel yontemlerden daha fazla bilgi ortaya koydugu gézlemlenmistir.

Anahtar kelimeler: Bulanik sayi, Cok kriterli karar verme, [slami finans, Katilim fonlari, TOPSIS, Portfoy secimi

A New Multi-Criteria Decision Making Approach “Possibilistic Evaluation System”: An Application on
Participation Funds
Abstract: Participation stock umbrella funds are an investment alternative that provides the opportunity to invest in stocks filtered
within the framework of Islamic finance principles. Possibility theory is an important tool in decision making. In this study, we propose
a new multi-criteria decision making (MCDM) approach based on possibility theory for problems such as comparing participation
stock umbrella funds. We call this approach as the Possibilistic Evaluation System (PES). PES is related to the maximin rule, weighted
sum method and maximax rule, which are the elementary MCDM methods. We uniquely derive alternatives’ priority vector with PES.
In other words, it gives a unique solution for multi-objective decision making problems such as portfolio selection. It depends on
selecting the alternative having the highest priority for multi-attribute decision making problems. We illustrate PES by using the real
data set of five different participation stock umbrella funds traded in Tiirkiye between 31.07.2020 and 30.12.2022. In our application,
we observe that PES reveals more information than these elementary methods.

Keywords: Fuzzy number, Multi-criteria decision making, Islamic finance, Participation funds, TOPSIS, Portfolio selection
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1. Giris Hisse senedi yatirimlar1 tasarruf sahipleri tarafindan
COVID-19 pandemi siirecinin ardindan tim diinyada bireysel olarak yapilabilecegi gibi, profesyonel fon
etkisini gosteren yiiksek enflasyon, sirketlerin bilyik bir ~ YOneticileri tarafindan yénetilen ve pek ¢ok yatirimcidan
kismina pozitif anlamda yansimis, piyasada bollasan para katihm  belgeleri ile fon toplayan yatirim fonlar
talebe doniiserek sirketlerin finansal tablolarina olumlu araciligiyla da gergeklestirilebilir. Tiirkiye’de hisse senedi
anlamda etki etmis, bu durum sirketlerin piyasa yatirim fonlari, hisse senedi semsiye fonlar1 adi altinda
degerlerine de yansimmstir. Tiirkiye ozelinde faizlerin faaliyet gostermektedir. Hisse senedi semsiye fonlarinin
diisiikliigii ve kur korumal mevduat sisteminin etkisiyle =~ Dir tirit de katihm hisse senedi semsiye fonlaridir.
altn ve déviz kurunun da sabit bir seyir izlemesi Portféyiiniin biiyik bir kismi, Islami finans ilkeleri
nedeniyle ellerindeki paramin ahm giiciinii korumak uyarinca yapilan filtreleme sonucu islami agidan uygun
isteyen Kisilerin hisse senedi piyasalarina olan ilgisi oldugu belirlenen hisse senetlerinden olusan bu fonlar,
artmustir. Tiirkiye’de 2020 Mart ayinda yaklasik 1 milyon tahvil, bono ya da tiirev Grtnler gibi konvansiyonel
350 bin Kkisi olan hisse senedi yatirima sayisi, 2023 Eyliil yatirim araglaria portfoylerinde yer verememektedirler.
ay! itibariyle yaklasik 7 milyon 800 bine ulasmistir (MKK, Hisse senetlerinin filtrelenmesi siirecinde, borsaya kote
2023). sirketler oncelikle faaliyet alani agisindan izlenmekte,
BS] Eng Sci / Furkan GOKTAS ve Fatih GUCLU 1
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Islam finans ilkelerine gére faaliyette bulunulmasi yasak
olan alanlarda (alkollii igecek, tiitiin irtnleri, faizli
bankacilik, domuz ve domuz iriinleri vb.) faaliyet
gosteren  sirketlerin disarida
birakilmaktadir. Sonraki silirecte ise faaliyet alam
acisindan uygun olan sirketler, faizli borg, faizli alacak ve
Islami acidan uygun olmayan geliri 6lcen oranlar
araciligiyla ikinci bir filtrelemeye tabi tutulmaktadir.
Portféy se¢imi gibi bircok alanda olduk¢a genis bir
kullanim yelpazesi olan bulanik mantik Zadeh (1965)’in
calismasinda tanmitilmistir. Bunlardan biri olan olabilirlik
teorisi Zadeh (1978)’in calismasinda oOnerilmistir. S6z
konusu teori, Dubois ve Prade (1988)'nin calismasinda
gelistirilmistir. Diger belirsizlik
olabilirlik teorisinin kullanim kolayligi vardir (Dubois,
2006). Bu nedenle s6z konusu teori birgok alanda
kullanilmaktadir. Bunlardan biri CKKV problemleridir
(Fuller ve Harmati, 2018).

CKKV, yoneylem arastirmasinin bir alt dahdir ve bakis
acisina gore tarihi eskiye veya yeniye dayanabilir. CKKV,

hisse senetleri

teorilerine oranla

siirekli problemler i¢in ¢ok amacgh karar verme (CAKV)
olarak adlandirilirken kesikli problemler i¢in ¢ok nitelikli
karar verme (CNKV) olarak adlandirilir (Zavadskas ve
ark,, 2014). CKKV problemleri, satirlarinda alternatifler
olan siitunlarinda kriterler olan bir karar matrisi ile
temsil edilebilir (Taherdoost ve Madanchian, 2023).
Karar
normalizasyon gibi ¢esitli yontemler kullanilabilir (Vafaei
ve ark., 2017). CKKV problemleri icin en ¢ok kullanilan iki
temel yontem, agirlikhi toplam ve agirlikli carpim
yontemleridir (El Gibari ve ark., 2019). lyimser yaklasima
dayanan maksimaks kurali ve koétiimser yaklasima
dayanan maksimin kurali da temel yontemlerdendir
(Moghaddam ve ark., 2011). Bu ¢alismada olabilirlik
teorisine dayanan yeni bir CKKV yaklasim1 énerilmistir.
Bu yaklasim; maksimin kurali, agirlikli toplam yéntemi,
maksimaks kuraliyla iligkilidir ve tanimi geregi soz
konusu temel yontemlere oranla daha fazla bilgi ortaya
koymaktadir.

matrisinin normalizasyonunda orana dayal

Literatiirde olabilirlik teorisine dayanan bir¢ok CKKV
yaklagimi
kompleks uzantilarinin kullanildigi Wan ve Li (2013), Yi
ve Li (2018), Garai ve ark. (2020), Foroozesh ve ark.
(2022), Garai ve Gark (2022), Reig-Mullor ve Salas-
(2022) g¢alismalari
verilebilir. Bu c¢alismada onerilen PES'in s6z Kkonusu
calismalardan temel farklar1 bulanik kiimelerin 6zel hali
olan ve kullanim kolayligina sahip olan bulanik sayilara
dayanmasi ve séz konusu temel yontemlerle iliskili
olmasidir. PES’e benzer sekilde olabilirlik teorisi ve
bulanik sayilardan yararlanarak TOPSIS yo6nteminin
farkli uzantilarini olusturan Ye ve Li (2014) ile Wang ve
ark. (2015) ise s6z konusu calismalardan ayrilmaktadir.

onerilmistir. Bulanmik kiimelerin olduk¢a

Molino bunlara o6rnek olarak

Uygulama acisindan bu c¢alisma ile benzerlik tasiyan
Deng ve Yuan (2021) ¢alismasinda ise olabilirlik teorisi
sayllardan  yararlanarak ve hedef
programlama kullanilarak portfdy secimi yapilmistir.

Bu calismanin devami su sekilde organize edilmistir.

ve bulamk

Bolim 2'de, PES olarak kisaltilan Olabilirlik
Degerlendirme Sisteminin teorik altyapisi
olusturulmustur. Boliim 3’te, 31.07.2020 ve 30.12.2022
arasinda Tirkiye’'de islem goren bes farkli katilim hisse
senedi semsiye fonunun gercek veri seti kullanilarak PES
tanitilmistir. Bolim 4'teki son

calisma sonuglandirilmistir.

degerlendirmelerle

2. Materyal ve Yontem

Karar matrisinin (A) orana dayali normalizasyonu
asagida gosterilmistir (Esitlik 1). Burada aj A matrisinin
i. satir j. siitun elemam iken B; (a;), A matrisinin j.
sitununun es deger olarak j. kriterin en iyi (koti)
degeridir. Bagka bir deyisle fayda (maliyet) yonla kriter
icin B; degeri, siitunun en yiiksek (diisiik) degeridir.
Normalize edilmis karar matrisinin (B) tiim elemanlari
[0,1] araliginda deger alir (Vafaei ve ark., 2017).

3 o

=
‘ﬂ,- -

b, Vi, (0

Kriterlerin agirlik vektoriinii (x) belirlemek icin birgok
yontem kullanilabilir. Analitik Hiyerarsi Stireci (AHS),
bunlardan biridir (Odu, 2019). Bu yontemle kriterlerin
agirliklarini en dogru sekilde belirlemek icin kriterlerin
pozitif ikili karsilastirma matrisinin Perron vektori
kullanilmalidir. Perron vektori, elemanlar1 pozitif olan
kare matrisin 6zvektorleri icinde tiim elemanlar1 pozitif
olan tek dzvektordiir. Bu dzvektorle iligkili olan 6zdeger,
bu matrisin en biyik 6zdegeridir ve ikili
karsilastirmalarin  tutarlihgini  belirlemede kullanihir
(Saaty, 2003; Alonso ve Lamata, 2006).

Uyar: Bu c¢alismada kriterlerin agirhk vektori
bulunurken bulanik AHS yerine orijinal AHSnin
kullanilmasinin  temel nedeni, ikili Kkarsilagtirma
matrislerini bulaniklastirmanin degil iyi yargilarda

bulunmanin kararin gegerliligini artirmasidir (Saaty ve
Tiran, 2007). Kriterlerin agirlik vektoriinii bulmak igin
AHS’den farkli yontemler de kullanilabilir.

Agirlikli toplam yoénteminde, B matrisinin her bir satiri
icin agirlikh toplam degerleri bulunduktan sonra agirlikli
toplam degeri en yiiksek olan alternatif segilir. Burada
kriterlerin agirhk vektérii olan x vektorii kullanilir
(Sorooshian ve Parsia, 2019). Maksimaks kuralinda, B
matrisinin her bir satir1 igin satirin en yiiksek degeri
iyimserlik diizeyi olarak atanir ve en yiiksek iyimserlik
diizeyine sahip alternatif secilir. CNKV icin maksimin
kurali, B matrisinin her bir satirinin en diisiik degerinin
giivenlik dilizeyi olarak atanmasi ve en yiliksek giivenlik
diizeyine sahip alternatifin secilmesidir (Moghaddam ve
ark, 2011). CAKV icin maksimin kurali, asagidaki
dogrusal programlama ile verilebilir (Esitlik 2). Burada w
vektord, alternatiflerin agirlik vektoéridiir (Sikalo ve ark,,
2022).

Ucgensel bulanik sayilar, ii¢ parametre ile temsil edilir.
(a1, az as) TUggensel bulanik
fonksiyonunun grafigi Sekil 1’deki gibidir (Ali ve ark.,
2016).

sayisinin  lyelik
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Sekil 1. Uggensel bulanik sayimnin iiyelik fonksiyonunun
grafigi.

Alternatifin giivenlik diizeyi (bs1), agirlikli toplam degeri
(biz) ve iyimserlik diizeyi (bi3) kullanilarak, i. alternatifin
faydasinin (biz, biz, bi3) liggensel bulanik sayisi ile verilen
olabilirlik dagilimi olusturulsun. Fuller ve ark. (2011)
calismasinda verilen olabilirlik ortalamasi ve varyansi
tanimlar1 agirlik fonksiyonu 1’e esit iken kullanildiginda,
w vektoriine karsi gelen olabilirlik ortalamasi ve varyansi
sirasiyla Esitlik 3’teki gibi bulunur (Goktas ve Duran,
2019).

£, (Smbnon,) |- S 25
i=1

Var, (.an:W' (b, 1)) = iznllw‘z [1_6bi11 jz

Uyarn: Bu tamimlar, Laplace’nin yetersiz
prensibine ve siirekli diizglin olasihk dagilimina
dayanmaktadir (Dubois, 2006; Fuller ve ark, 2011).
Olabilirlik  varyansinin hesabinda bij3 yerine 1
kullanilmasinin nedeni, olabilirlik varyansinin asagi

3

neden

yonli  bir

saglamaktir.
Olabilirlik teorisi, olasilik teorisi ve bulanik kiime teorisi
ile iligkilidir. S6z konusu teori, kesin olmayan olasilik i¢in
alt ve iist sinirlan belirler (Dubois, 2006). Buna gore i.
alternatifin faydasinin, (bi1, biz, biz) liggensel bulanik
sayisl ile verilen olabilirlik dagiliminin herhangi bir a-
kesmesinde olmasinin olasiliginin alt ve st simirlar
sirasiyla 1-a ve 1 olarak bulunur. Ayrica faydanin [bis,

risk Olciisline benzer sonug¢ vermesini

bi3] kapali araliginda olmasinin olasihig1 1'dir (Goktas ve
Duran, 2019).

Bu c¢alismada o6nerilen PES ile bulunan alternatiflerin
oncelik vektéri (w®), asagida verilen maksimizasyon
probleminin optimal sonucudur. Baska bir deyisle w*
olabilirlik olabilirlik standart

vektort, ortalamasi

bi1+2b,2+biv3j

maksP(w);ziZ-;'WiFI l_4b :
\/iz—llWiz( 6“} (4)

oyle ki Zn:wi =1

i=1

w, >0, Vi

Esitlik 4’teki negatif deger almayan amag fonksiyonu, w
vektoriiniin  homojen fonksiyonu oldugundan Esitlik
5’teki kuadratik ~ minimizasyon
probleminin tek optimal ¢6ziimii standardize edildiginde
yani elemanlari toplamina béliindiigiinde Esitlik 4’lin tek
optimal ¢6ziimii elde edilir (Goldfarb ve Iyengar, 2003;
Tiitlincii ve Koenig, 2004).

2

el 2(1_b|1]
min » —w; *
;2 6

kesin  konveks

n b,+2b,+hb 5
oyle kizwi(i”+ ERi "3}1 ()

= 4

W, >0, Vi
Esitlik 5'in optimal ¢oziimii MATLAB gibi paket
programlarla  bulunabilir. Burada w vektdriiniin

elemanlar1 i¢cin negatif olmama kisidi kaldirildiginda

asagidaki kesin konveks kuadratik minimizasyon
problemi elde edilir. Esitlik 6'nin tek optimal ¢ézlimii
Lagrange carpanlari1 yontemi yardimiyla bulunabilir. Eger
Esitlik 6'nin optimal ¢6ziimiiniin tiim elemanlar1 negatif
olmayan degerler aliyorsa bu ¢oéziim Esitlik 5'in de
optimal ¢6ziimiidiir ve dolayisiyla alternatiflerin oncelik
vektori Esitlik 6'min optimal ¢6zliimiiniin standardize

edilmis halidir.
el 2 1_bil ’
min » —w; :
;2 '( 6

0, (b, +2b,+h
csylekizwi[i"1+ A‘ﬁ "3):1
i=1

A, Lagrange c¢arpani iken Esitlik 6 icin Lagrange
fonksiyonu Esitlik 7’deki gibi olusturulur.

L(w,A):%éw(l_ﬁqijQ —,{Z":Wi [%ﬁ*qu_l} 7)

i=1

Esitlik 6'min tek optimal ¢6ziimii, A'ya bagh olarak
asagidaki gibi  bulunur. Esitlik 6’daki
saglanabilmesi icin A'nin pozitif olmas1 gerektigi aciktir.
Orana dayali normalizasyon yontemi ile elde edilen B
matrisinin elemanlar1 pozitif oldugundan tiim wy’ler de

kisidin

pozitiftir.

oL(wa) _ (1—bmj2 _l{bm +2b,, +b,, j o
1 4 i)

ow, 6

sapmasina boliindiigiinde elde edilen ve olabilirlik (b 42 +b ) (8)
performans1 olarak adlandirilan P(w) fonksiyonunu - W, ZQA;JZ“SN

maksimum yapar (Esitlik 4). (l_ b, .1)
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Esitlik 8 ile verilen, Esitlik 6'nin tek optimal ¢éziimi
standardize edildiginde asagidaki bilgi elde edilir. Buna
gore i. alternatifin 6ncelik degeri Esitlik 9'daki gibidir ve
goriildiigi tizere by, biz, bi3 parametrelerinin kesin artan
fonksiyonudur.

. 1
M b+, by

2

=) (1_bi‘1)2

Bu ¢alismada onerilen PES’in adimlari su sekildedir.

(bat20,+b)
(1-b,) 9)

Adim 1: Karar matrisi (A) olusturulur.

Adim 2: (1) ifadesi ile A normalize edilir ve normalize
edilmis karar matrisi (B) olusturulur.

Adim 3: Kriterlerin agirhk vektéri (x), AHS gibi bir
yontem ile belirlenir.

Adim 4: B matrisinin i. satirinin givenlik diizeyi (bi1),
agirhikl toplam degeri (biz) ve iyimserlik diizeyi (bi3)
kullanilarak i. alternatifin faydasi igin (bii1, bi2, bi3)
icgensel bulanik sayisi ile verilen olabilirlik dagilimi
olusturulur.

Adim 5: (4) ifadesinin optimal sonucu olan alternatiflerin
oncelik vektort (w*) (9) ifadesi ile bulunur.

Adim 6: i. CNKV problemlerinde en yiiksek dncelige sahip
alternatif segilir.

ii. CAKV problemlerinde o6ncelik vektorii, kaynaklarin
alternatiflere  dagitilmasinda  kullanilabilir.  Oncelik
vektord, olabilirlik performansini maksimum yapan
kaynak dagitim planina karsi gelir.

Oncelik vektérii (9) ile verilen PES’in; kétiimser
yaklasima dayanan maksimin kurali, iyimser yaklasima
dayanan maksimaks kurali ve en ¢ok kullanilan temel
yontemlerden olan agirlikli toplam yonteminden elde
edilen bilgileri olabilirlik teorisinden ve tiggensel bulanik
saylilardan yararlanarak sentezledigi s6ylenebilir.

Tablo 1. Karar matrisi

3. Bulgular ve Tartisma

Calisma kapsamina 31.07.2020 ve 30.12.2022 arasinda
Tiirkiye’de islem goren Ziraat portfoye ait ZPE fonu,
Albaraka portfoye ait RBH fonu, Miikafat portfoye ait
MPS fonu, KT portféye ait KPC fonu ve Qlnvest portfoye
ait ELZ fonu dahil edilmistir. S6z konusu fonlar, katilhim
hisse senedi semsiye fonlarinin karsilastirilmasi CKKV
problemi icin alternatiflerdir. Bu problem icin kriterler
ise Glgli (2022)niin c¢alismasinda oldugu gibi
belirlenmistir. Buna gore kriterler; ortalama getiri (K1),
bilgi orani (K2), Sharpe orani (K3), Treynor oram (K4),
standart sapma (K5) ve beta katsayisi (K6) olarak
siralanabilir. Bunlardan ilk dérdi fayda yonlii kriter iken
son ikisi maliyet yonlii kriterdir. S6z konusu CKKV
probleminin ¢éziimiinde PES kullanilmistir.

Adim 1: Belirtilen tarihler arasinda alternatiflerin
haftalik getiri verileri kullanilarak olusturulan karar
matrisi (A) Tablo 1'deki gibidir.

Adim 2: Orana dayali normalizasyon kullanilarak
olusturulan normalize edilmis karar matrisi (B) Tablo
2’deki gibidir. K6 hari¢ tutuldugunda, RBH diger
alternatiflerden tistiin iken KPC de RBH ve ZPE disindaki
alternatiflerden istiind{ir.

Adim 3: AHS’de kriterlerin ikili karsilastirma matrisi
Tablo 3’teki gibi olusturulmustur. Bu matrisin Perron
vektoriini  bulmak icin MATLAB paket programi
kullanilmistir. Buna gore kriterlerin agirlik vektori (x)
AHS ile (0,1291, 0,1291, 0,3185, 0,3185, 0,0524, 0,0524)T
siitun vektori olarak bulunmustur. ikili
karsilastirmalarin ~ tutarliblk oram1i 00,0123 olarak
hesaplanmistir. Burada 0,0123<0,1 oldugundan yapilan
ikili karsilastirmalar tutarhdir (Saaty ve Vargas, 2012).
Adim 4: Tablo 2’'deki bilgiler dogrultusunda i. alternatif
icin giivenlik diizeyi (bi1), agirlikh toplam degeri (biz2) ve
iyimserlik diizeyi (bi3) Tablo 4’teki gibi bulunmustur.

K1 K2 K3 K4 K5 K6
ZPE 0,0133 -0,0025 0,3148 0,0127 0,0316 0,7844
RBH 0,0144 0,0333 0,3600 0,0161 0,0307 0,6840
MPS 0,0117 -0,0518 0,2586 0,0110 0,0323 0,7573
KPC 0,0135 0,0052 0,3169 0,0138 0,0321 0,7401
ELZ 0,0081 -0,1060 0,0965 0,0090 0,0495 0,5301
Tablo 2. Normalize edilmis karar matrisi

K1 K2 K3 K4 K5 K6
ZPE 0,8238 0,7431 0,8285 0,5134 0,9524 0
RBH 1 1 1 1 1 0,3950
MPS 0,5690 0,3893 0,6152 0,2814 0,9160 0,1064
KPC 0,8633 0,7986 0,8364 0,6665 0,9219 0,1743
ELZ 0 0 0 0 0 1
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Tablo 3. Kriterlerin ikili karsilagtirma matrisi

K1 K2 K3 K4 K5 K6
K1 1 1 1/3 1/3 3 3
K2 1 1 1/3 1/3 3 3
K3 3 3 1 1 5 5
K4 3 3 1 1 5 5
K5 1/3 1/3 1/5 1/5 1 1
K6 1/3 1/3 1/5 1/5 1 1
Tablo 4. PES i¢in parametreler
Giivenlik Diizeyi Agirlikl Toplam D. Iyimserlik Diizeyi
ZPE 0 0,6796 0,9524
RBH 0,3950 0,9683 1
MPS 0,1064 0,4629 0,9160
KPC 0,1743 0,7507 0,9219
ELZ 0 0,0524 1
Tablo 5. Olabilirlik teorisine dayanan bilgiler
Olabilirlik Ortalamasi Olabilirlik Varyansi 01 0Ort. / Ol. Var.
ZPE 0,5779 0,0278 20,80
RBH 0,8329 0,0102 81,92
MPS 0,4870 0,0222 21,96
KPC 0,6494 0,0189 34,29
ELZ 0,2762 0,0278 9,94
Tablo 4'teki bilgiler dogrultusunda alternatiflerin

faydalari icin asagidaki bilgiler verilebilir.

ZPE icin olabilirlik dagilmi (0, 0,6796, 0,9524)
ticgensel bulanik sayisidir.

RBH icin olabilirlik dagihmi (0,3950, 0,9683, 1)
ticgensel bulanik sayisidir.

Sekil
fonksiyonlarinin grafikleri

MPS

icin olabilirlik dagihmi (0,1064, 0,4629,

0,9160) iiggensel bulanik sayisidir.

KPC i¢in olabilirlik dagilimi (0,1743, 0,7507, 0,9219)
ticgensel bulanik sayisidir.

ELZ i¢in olabilirlik dagilimi (0, 0,0524, 1) iiggensel
bulanik sayisidir.

2’'de

bulanik
verilmistir.

bu ii¢gensel sayllarin iyelik

Alternatiflerin

renkleri sirasiyla mavi, kirmizi, yesil, eflatun ve siyah

olarak belirlenmistir.

S— ZPE
0.9y —=—RBH
MPS
08y KPC
—S—ELZ
0.7 L — —1
06
=
205
2
04
03}
0.2
0.1
0 i i
0.2 0 0.2 04 0.6 08 1 1.2 14
Fayda
Sekil 2. Alternatiflerin faydalar1 icin olabilirlik
dagilimlari.

Tablo 5’te, alternatiflerle ilgili baz1 o6nemli bilgiler
verilmistir. (PES, (9) ifadesi ile dncelik vektoriinii bulur.
Es deger olarak Tablo 5’in son siitunu standardize
edildiginde de aym Oncelik vektori elde edilir).
Gorildigi tizere RBH,
diizleminde diger alternatiflere baskindir. Bagka bir
deyisle RBH, diger alternatiflere gore daha yiiksek
olabilirlik ortalamasina ve daha diisiik olabilirlik standart
sapmasina sahiptir. KPC bu diizlemde RBH disindaki

olabilirlik ortalama-varyans

alternatiflere baskindir. Bu degerlendirmeler, Tablo 2
icin yapilan degerlendirmelerle uyumludur.

Tablo 5 i¢in;

Adim 5: (9) ifadesi kullanmilarak veya Tablo 5’in son
slitunu standardize edilerek alternatiflerin 6ncelik
vektorii (0,1232, 0,4850, 0,1300, 0,2030, 0,0589)T olarak
bulunmustur.

Adim 6: Tablo 1'deki karar matrisi ve Tablo 3’teki ikili
karsilastirma matrisinde verilen bilgiler dogrultusunda
PES ile bulunan en iyi kaynak dagitim plani; ZPE i¢in
%12,32, RBH i¢in %48,50, MPS i¢in %13,00, KPC i¢in
%20,30 ve ELZ icin %5,89 olarak belirlenmistir.

ikili karsilastirmalara ve 6znel yargilara dayanan AHS nin
aksine TOPSIS yoéntemi, Oklid uzakhigina dayanir
(Chakraborty, 2022). Tablo 6’da maksimin kuraliyla,
agirlikl toplam yontemiyle, maksimaks kuraliyla, TOPSIS
yontemiyle ve PES yaklasimi ile bulunan 06ncelik
vektorleri verilmistir. Maksimaks kural hari¢, 6ncelik
vektorleri tek olarak bulunmustur. RBH ile ELZ'nin Tablo
4'te verilen iyimserlik dizeyleri ayni
bunlarin 6ncelikleri maksimaks kuralinda esit alinmistir.

oldugundan
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Tablo 6. Oncelik vektorleri

Maksimin Kurali Agirlikl Toplam Yéntemi Maksimaks Kurali TOPSIS PES
ZPE 0 0 0 0,2437 0,1232
RBH 0,6231 1 0,5 0,3255 0,4850
MPS 0 0 0 0,1553 0,1300
KPC 0 0 0 0,2629 0,2030
ELZ 0,3769 0 0,5 0,0126 0,0589
Tablo 7. Kriterlerin farkl agirlik vektorleri i¢cin PES ile bulunan 6ncelik vektorleri

N S1 S2 S3 S4 S5 S6

ZPE 0,1232 0,1318 0,1289 0,1320 0,1112 0,1359 0,0701
RBH 0,4850 0,4703 0,4903 0,4692 0,5210 0,4413 0,4393
MPS 0,1300 0,1372 0,1192 0,1427 0,1115 0,1701 0,1139
KPC 0,2030 0,2099 0,2088 0,2054 0,2001 0,2051 0,1559
ELZ 0,0589 0,0507 0,0529 0,0506 0,0562 0,0476 0,2208
Tablo 8. Kriterlerin farkli agirlik vektorleri icin PES ile bulunan &ncelik siralamalar:

SO S1 S2 S3 S4 S5 S6
ZPE 4 4. 3 4 4 4. 5
RBH 1 1. 1 1 1 1. 1
MPS 3 3. 4 3 3 3. 4
KPC 2 2. 2 2 2 2. 3
ELZ 5 5. 5 5 5 5. 2

TOPSIS ile bulunan 6ncelik vektérii, TOPSIS ile bulunan
genel tercih skor vektdorii standardize edilerek yani
toplamina elde edilmistir.
Goriildigi tzere PES ve TOPSIS ile bulunan oncelik

elemanlar1 boliinerek
siralamalar1 neredeyse aynidir. PES ile yapilan siralama
RBH, KPC, MPS, ZPE ve ELZ seklindeyken, TOPSIS ile
yapilan siralama RBH, KPC, ZPE, MPS ve ELZ seklindedir.
CNKV problemleri i¢in bes yontem de RBH'yi seger. CAKV
problemleri icin bulunan o6ncelik vektorii, kaynaklarin
alternatiflere dagitilmasinda kullanilabilir. Ornegimizde
bu durum Tablo 6’daki oncelik vektorleri ile portfoy
olusturulmasina karsi gelmektedir. Maksimin ve
maksimaks kurallari, diger alternatiflere gore geride
oldugu goriilen ELZ i¢in yiiksek dncelik degeri verirken,
en iyi ikinci alternatif oldugu goriilen KPC igin 6ncelik
degerini sifir olarak vermistir. Agirliklh toplam yontemi,
en iyi alternatif olan RBH'’ye tiim énceligi vermistir. Ote
yandan PES ile elde edilen dncelik vektorii dengelidir ve
en iyi (ikinci) alternatif olan RBH’ye (KPC'ye) en yiiksek
(ikinci) 6nceligi Ornegimizde, normalize
edilmis karar matrisindeki veriyi islemede daha basarili
oldugu i¢in, PES'in s6z konusu temel yontemlere oranla

daha fazla bilgi ortaya koydugu sdylenebilir. Yani

vermistir.

ornegimizde verilen bilgiler dogrultusunda portfoy
olusturmak isteyen bir yatirimci, Tablo 6’daki oncelik
vektorleri icinden TOPSIS ile bulunan hari¢ PES ile
bulunani tercih edebilir. PES ve TOPSIS arasindaysa
herhangi bir Ustiinliik iliskisi yoktur. Bu nedenle PES ya
da TOPSIS ile bulunan 6ncelik vektdrlerinden hangisinin
portfoy seciminde kullanilacag: karar vericinin tercihine
baghdir.

PES ile bulunan sonuglar kriterlerin agirlik vektériinden

etkilenmektedir. PES icin yapilan duyarhilik analizinin
sonuglar1 Tablo 7 ve Tablo 8de verilmistir. Burada
(0,1291, 0,1291, 0,3185, 0,3185, 0,0524, 0,0524)T siitun
vektoriiyle verilen ve bu calismada kullanilan kriterlerin
agirhik vektori SO ile gosterilmistir, SX ise X. kriterin
agirhginin %100 oldugu diger kriterlerin agirhginin %0
oldugu duruma karsi gelmektedir.

Tablo 8'de gorildiigii tizere RBH tiim durumlarda en
yiiksek oncelige sahiptir. S6 disindaki durumlarda KPC
(ELZ) en yiiksek ikinci (besinci) 6ncelige sahiptir. S3 ve
S6 disindaki durumlarda MPS (ZPE) en yiksek ticlincii
(dordiincii) 6ncelige sahiptir.

Tablo 7 ve Tablo 8'de gorildiigi lizere PES ile bulunan
sonuglar, kriterlerin agirhk vektériindeki degisimlere
karsi asir1 duyarl degildir. Bu durumun temel nedeni, (9)
ifadesindeki bj 1, bi2 ve biz parametrelerinden sadece bi:
parametresinin agirhk  vektdriinden
etkilenmesidir.

kriterlerin

4. Sonug¢

Ulkemizde hisse senedi piyasasina duyulan ilgi hizla
artmaktadir. Buna paralel olarak hisse senedi yatirim
fonlari, Borsa Istanbul’'un énemli bir giic merkezi haline
gelmistir. Katihm hisse senedi semsiye fonlari, dini
hassasiyetleri nedeniyle hisse senedi evrenindeki tiim
hisse senetlerine yatirimda bulunamayan tasarruf
sahiplerine,
filtrelenmis hisse senetlerine yatirim imkani saglayan bir
yatinm alternatifidir. Nainggolan ve ark. (2016),
Bayraktar ve Aksoy (2020), Climent ve ark. (2020), Giiglii
ve Sekkeli (2020), Gigli (2022) gibi calismalardan
bilindigi tizere katilim hisse senedi semsiye fonlari, diger

islami  finans ilkeleri ¢ercevesinde
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hisse senedi yatirim fonlarinin biiyiik béliimiinden daha
kot performans vermemektedir. Bu calismada katihim
hisse senedi semsiye fonlarinin karsilastirilmasi gibi
onemli CKKV problemleri i¢in Olabilirlik Degerlendirme
Sistemi (PES) onerilmistir. PES, temel CKKV yontemleri
olan maksimin kural, agirhkli toplam metodu ve
maksimaks iligkilidir.
kotimser yaklasima dayanirken, maksimaks kurali
iyimser yaklasima dayanir. Agirlikh toplam degeriyse, is
hayatina ek olarak giinlik hayatta da siklikla
kullandigimiz ~ bir Yapilan
uygulamada PES’in s6z konusu temel yontemlere oranla
daha fazla bilgi ortaya koydugu gorilmiistiir. Cilinki
tanimi geregi PES, s6z konusu temel yontemlerden edilen
bilgileri olabilirlik teorisinden ve {i¢gensel bulanik
sayllardan yararlanarak sentezlemektedir. Bu nedenle
PES miistakil bir CKKV yontemi olarak degil, s6z konusu
temel yontemlerle iligkili olan yeni bir CKKV yaklagimi
olarak goriilebilir. Bu iliskinin, PES ile elde edilecek bilgi
icin bir sinirlilik olusturdugu iddia edilebilir. PES’in; AHS,
TOPSIS gibi diger CKKV yontemlerinden istiin olduguna
dair herhangi bir hipotez ise s6z konusu degildir ve
dolayisiyla  bununla ilgili herhangi bir
yapimamistir. Kullanim kolayligt olan PES, o6ncelik
vektoriinii tek olarak vermektedir. Sonug¢ olarak PES’'in

kurali ile Maksimin kurali

referans  noktasidir.

analiz

dikkate deger bir CKKV yaklasimi oldugu sdylenebilir.
flerideki calismalarda grup karar verme problemleri icin
PES genellestirilebilir. Farkli CKKV problemlerinin
incelendigi akademik calismalarda ve CKKV problemi
olarak formalize edilebilecek herhangi bir isletme
probleminin ¢6ziimiinde PES kullanilabilir.

Katki Oran1 Beyam
Yazar(lar)in katki yiizdesi asagida verilmistir. Tim
yazarlar makaleyi incelemis ve onaylamistir.

F.Go. F.Gl.
K 50 50
T 50 50
Y 50 50
VTI 50 50
VAY 50 50
KT 50 50
YZ 50 50
KI 50 50
GR 50 50
PY 50 50
FA 50 50

K= kavram, T= tasarim, Y= yonetim, VTI= veri toplama ve/veya
isleme, VAY= veri analizi ve/veya yorumlama, KT= kaynak
tarama, YZ= Yazim, KI= kritik inceleme, GR= gonderim ve
revizyon, PY= proje yo6netimi, FA= fon alimu.

Catisma Beyani
Yazarlar bu c¢alismada higbir ¢ikar iliskisi olmadigin
beyan etmektedirler.

Etik Onay Beyani

Bu arastirmada hayvanlar ve insanlar tizerinde herhangi
bir ¢alisma yapilmadigl igcin etik kurul onay:
alinmamustir.
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1. Introduction

Radiative transfer theory can be applied to many fields in
physics. The radiative transfer equation expresses the
states of photons in a medium such as absorption,
scattering and propagation. Radiative transfer (radiation
emission) is known as a kind of physical energy transfer
of electromagnetic radiation (Herman and Browning,
1965). Radiative transfer equation is an equation that
depends on time, direction, energy and space variables.
The concept of radiative transfer is widely used in many
fields of physics such as astrophysics, optics, atmospheric
physics, marine sciences and remote sensing systems
(Stamnes et al., 2017).

In 1960, Chandrasekhar showed that statistical physics
methods can obtain the Boltzmann equation for
photon  gas
(Chandrasekhar, 1960). The eigenvalue calculations in
one-dimensional geometry showed the applicability of
the new scattering function to the radiative transfer
equation (Anll and Giingér, 2005). A Legendre
polynomial approximation method has been developed
to find approximate solutions of higher order Volterra
type integro-differential equations by Gii¢li (Gigli 1.
2009). At the same time, he concluded that the method is
a good method that can also be used to find the exact
solutions of the equations of the mentioned property.
Elghazaly et al. (Elghazaly A, El-Konsol S, Sabbah AS, Hosni M.
2017) have solved the integral form of the radiative

radiational transfer as transfer

transfer equation in a two-layer inhomogeneous plate for

linear anisotropic scattering by using the Galerkin
iterative method. Bicer and Kaskas (Bigcer M, Kaskas A.,
2018) solved the radiative transfer equation for Rayleigh
scattering using the infinite medium Green's function.
Tapimo et al. (R. Tapimo, H.T. Tagne Kamdem, & D.
Yemele, 2018) used the discrete spherical harmonics
method to calculate the discrete spherical harmonics
method for radiative transfer in the scalar planar
inhomogeneous atmosphere and extended the radiative
density with a finite series of Legendre polynomials.

This study uses Legendre polynomial methods to discuss
the radiative transfer equation solution for linear
anisotropic, pure quadratic and Rayleigh scattering types.
The scattering phenomena is efficient for the analyzing of
the photon behavior in the medium. The discrete
eigenvalues from the calculation of the equation are
obtained for the 13th iteration of the method to approach
the accurate roots of the equation. When the iteration
steps are increased, the accuracy is increased to. The
closeness of the roots is nearly one digit after comma.
The calculated eigenvalues precision is accepted enough
for the study.

2. Legendre Polynomial Solution Method

2.1 Linear Anisotropic Scattering Solution

The radiative transfer equation has used with the most
convenient with some restrictions that are no thermal
emission, plane-parallel atmosphere, phase function
expandable in Legendre polynomial series and azimuthal
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symmetry. After all the considerations of the RTE is
written as given in Equation 1;

1
d
p G + 1) =5 [ fuiwdn @)
-1

where I(x, ) is the angular intensity, p is the direction
cosine of the propagating radiation, x is the optical
variable, w is the single scattering albedo and f(u, ') is
the scattering phase function. It can be shown as given in
Equation 2;

N
Fr) =) @t DAPGOPG) @
n=0

here f, represent the scattering coefficients belong to
scattering type. The linear anisotropic scattering is
known as the case of the N=1. So, the function becomes
(Equation 3);

fQu,p') = foPo(Po(u') + 3f1P1 ()P (1) (3)

Now the scattering function for the linear anisotropic
case in Equation 3 is substituted in to the general form of
the radiative transfer equation in Equation 1 so Equation
4.

d
Mal(x.u)H(x,u)

1
=§ f(fopo(ﬂ)Po(ﬂ') )
-1

+ 3P (WP (W) I(x, wydu’

The angular flux of the radiative transfer equation can be
displayed through series expansion of the Legendre
polynomials (Equation 5);

N
2n+1
LA (5)
n=0
here ¢,(x) is called as flux moments that are
demonstrated as for n=0 and 1 (Equations 6 and 7);
1
B0 = [ PGk’ (©)
21
1
0 = [ PG )

-1

After determining the angular flux in Equation 5,
scattering function in Equation 3 and the flux moments in
Equations 6 and 7, the radiative transfer equation in
Equation 1 is composed again like;

N
d 2n+1
ﬂaI;Tm(x)Pn(m]

By solving Equation 8 the recurrence relation of the
Legendre polynomials is used and then the series is
expanded for n=0,1,2,3,..N. The resultant equation is

multiplied by f_ll P, (w)du. The orthogonality relation of

the Legendre polynomials is applied to obtain the
discrete differential sets for m=0,1,2,3,...,. (Equations 9a-
9d)

d
m=0; a‘lh(x) + ¢o(x) = wfodo(x) (9a)
1d 2d
m=1 y Ed)O(x) + %d)Z(x) + d)l(x) (9b)
= wfip1(x)
2d 3d
m=2; %¢1(x)+%¢3(x)+¢2(x)20 (9¢)
_ 3d _ 9d
m=3 ﬁ‘i’z(x)‘i'(l’s(x)—o (9d)

The eigen-spectrum of the differential sets in Equations
9.a-d are obtained by employing the well-known ansatz;

b (x) = Ay (v)e /v (10)

The Equation 10 is used to determine the eigenvalues of
the radiative transfer equation by Legendre polynomial
solution (Equations 11a-11c).

A;(v) = —vA,(v)(1 — wfy) (11a)
Ay(v) = (=3vA; (V) - wf1) — Ae(v))/2 (11b)
A3z(v) = (=5vA,(v) — 24, (v))/3 (11c)

with Ao(v) = 1, the eigenvalues of v can be found by
solving the equation An+1(v) = 0, (Tasdelen, 2017). These
eigenvalues are the roots needed to solve the equation.
As the steps in the method,
convergence in the roots is increased. If N symbolizes the
iteration step, N+1/2 eigenvalues are found for Pn
iteration. For example, seven positive
eigenvalues for the 13t jteration of the polynomial
expressed as P13.

2.2. Pure-Quadratic Anisotropic Scattering Solution
The scattering function is taken into account for the case
of N=2 which is called as pure quadratic anisotropic
scattering type. In this situation, the scattering
coefficients are assumed as f1=0 and f2#0. Described the
scattering function in Equation 2 takes the form of pure
quadratic anisotropic scattering (Equation 12);

fluu") = foPo(WPo(u') + 5P ()P (") (12)

The Equation 12 is used in Equation 1 (Equation 13);

iteration increase

there are

d
Mal(x,u)ﬂ(x,u)

1
=2 [ GoPopow) =
N 1
+ Y 2 R ® + 5P ()P () 1Cx, ) dp!
Z):O The angular moments are applied (Equation 14).
=7 fodo(x) + 3ufi1(x)]
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d
u 100w + 100 1)

= 2 foPo(090 ()
+5/2P, (1) 2 ()]

The mentioned angular flux Legendre polynomial
expansion form in Equation 7 is substituted into
Equation 15.

N
d 2 1
ho [Z %qsn(x)Pn(u)]
n=0

N
2n+1
+ ¢n () Py (1)
; 2 i (15)

-2 [fo¢o(x)

2 _
L5682 -1) ]

(14)

2 f2¢z(x)

The solution of the Equation 15 is done by using the
recurrence relation of Legendre polynomials and then

multiplying by f_lan(,u)dy. After some algebra the

differentials sets are found as given in Equation 16a-16c;

1d 2d

%%(x) + %%(x) +¢1(x) =0 (16a)
2d 3d _ 16b
@¢1(x)+%¢3(x)+¢2(x) = wf¢2(x) (16b)
3d

ﬁ% )+ ¢ps(x)=0 (16¢)

The differential equations are solved by applying to the
Equation 10. The eigenfunctions obtained as given in
Equations 17a-17c;

A1 (v) = —vA,(v)(1 — wfy) (173)
Ay (v) = (=3vA1(v) — 4o (v))/2 (17b)
Az(v) = (=5vA, (M) (1 — wfy)) — 24:(v))/3 (17¢)

2.3. Rayleigh Scattering Solution

Rayleigh scattering occurs when the incident wavelength
is greater than the size of the scattering particles. Lord
Rayleigh explained why the sky is blue and the sunset is
red by using this scattering function. This scattering
function can be used in astrophysics, oceanography and
tissue optics. Chandrasekhar formulated the scattering
function for the polarized case using the Stokes
parameters (Chandrasekhar, 1950). The scattering
function can be written for the unpolarized Rayleigh case
in the following form with (fy = 1 ve f, = 1/2) (Sallah
and Selim, 2008) (Equation 18).

1
fu ') = PoPo(') + 5 P2 (P2 (1) (18)

The Rayleigh scattering function is applied to radiative
transfer equation in Equation 1 and the same procedure
is used to solve the eigenvalues of the Rayleigh scattered
radiative transfer equation some of them are found as
given in Equations 19a-19c;

4,(0) = VA () (1 - w) (19)
A,(0) = (=3vA, ) = Ao(1)/2 (19b)
As() = (VA () = 5) = 24, ()3 (199

3. Results and Discussion

The radiative transfer equation is solved by the Py
method with linear anisotropic scattering, pure
quadratic anisotropic scattering and Rayleigh scatterings.
The solutions are done to obtain the discrete eigenvalues
of the radiative transfer equation solutions. The
anisotropic scattering function comprises the scattering
coefficient belonging to the type of anisotropy. The
scattering coefficients are not arbitrary numbers. They
are chosen from the numbers supplying the condition
that the scattering function must be -1 to 1. The
numerical results of the radiative transfer equation
solution are demonstrated for many possibilities of the
scattering coefficients and also single scattering albedo
of the linear
anisotropic scattering solution is tabulated in Table 1 for
f1=-0.3 to 0.3 in 0.1 with the 13t iteration of the Pn
method for the single scattering albedo numbers from 0.1
to 0.9.

The series of the scattering function is expanded up to
the second term called as the pure quadratic anisotropic

numbers. The discrete eigenvalues

scattering. So, it contains two scattering coefficients that
have to be determined by verifying the condition of the
scattering function. It occurs with many possibilities and
complexity. That's why the first term is assumed zero.
The conceivable numbers are selected for the second
scattering coefficient. Table 2 shows the discrete
eigenvalues of the solution of pure quadratic anisotropic
scattering corresponding to the scattering coefficients
f,=-0.20, -0.14, -0.12, -0.08, 0.2, 0.4 with the 13t iteration
of the Pxn method for the single scattering albedo
numbers from 0.1 to 0.9.

Physically, Rayleigh scattering is considered when the
size of scattering particles of the stochastic media are
much smaller than the incident radiation wavelength. On
the other hand, if particles sizes are comparable to, or
larger than, wavelength, the scattering is customarily
referred to as Mie scattering. Frequently, these
phenomena are related to the radiative transfer in
astrophysical setting, Hussein and Selim 2012 (Hussein
A, Selim MM, 2012). Rayleigh scattering occurs for
particles that are smaller than the
wavelength, Cherry et al. (Cherry SR, Sorenson JA, Phelps
ME, 2012). The obtained discrete eigenvalues from the
solution of the Rayleigh scattering are presented in Table
3. The numerical results are found for many single-
scattering albedo numbers. The iteration of the method
up to 13th are demonstrated in the Table 3.

radiation’s
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Table 1. Discrete eigenvalues of the P13 iteration for linear anisotropic scattering

w\f2 -0.30 -0.20 -0.10 0.10 0.20 0.4
0.1 0.10922148 0.10922494 0.10922839 0.10923530 0.10923875 0.10922148
0.32219243 0.32227921 0.32236568 0.32253769 0.32262323 0.32219243
0.51918027 0.51952389 0.51986492 0.52053919 0.52087243 0.51918027
0.69087793 0.69160299 0.69232224 0.69374250 0.69444314 0.69087793
0.82966620 0.83069108 0.83171640 0.83376409 0.83478432 0.82966620
0.92969277 0.93069121 0.93171344 0.93382459 0.93491039 0.92969277
0.98670182 0.98725320 0.98784506 0.98916558 0.98990283 0.98670182
0.2 0.11041966 0.11042538 0.11043110 0.11044252 0.11044822 0.11041966
0.32548166 0.32562806 0.32577344 0.32606112 0.32620344 0.32548166
0.52371805 0.52431936 0.52491114 0.52606633 0.52662988 0.52371805
0.69552988 0.69686517 0.69817373 0.70070702 0.70193025 0.69552988
0.83342189 0.83542848 0.83741796 0.84131332 0.84320383 0.83342189
0.93205500 0.93415408 0.93632627 0.94081361 0.94307785 0.93205500
0.98769054 0.98897814 0.99046838 0.99421394 0.99656147 0.98769054
0.3 0.11164962 0.11165650 0.11166338 0.11167710 0.11168395 0.11164962
0.32897040 0.32914907 0.32932593 0.32967430 0.32984584 0.32897040
0.52886564 0.52962213 0.53036016 0.53178205 0.53246656 0.52886564
0.70138335 0.70314689 0.70484696 0.70805365 0.70956018 0.70138335
0.83885381 0.84169675 0.84445092 0.84961387 0.85199328 0.83885381
0.93609830 0.93939343 0.94273627 0.94917588 0.95207554 0.93609830
0.98975263 0.99224194 0.99535240 1.00405916 1.00996814 0.98975263
0.4 0.11291130 0.11291836 0.11292541 0.11293948 0.11294650 0.11291130
0.33264081 0.33282569 0.33300823 0.33336642 0.33354213 0.33264081
0.53457905 0.53537754 0.53615019 0.53762103 0.53832076 0.53457905
0.70846781 0.71039809 0.71222317 0.71556824 0.71709547 0.70846781
0.84629826 0.84960969 0.85269048 0.85810452 0.86043851 0.84629826
0.94265997 0.94694311 0.95092772 0.95737025 0.95975642 0.94265997
0.99426781 0.99916528 1.00561351 1.02420108 1.03661995 0.99426781
0.5 0.11420447 0.11421088 0.11421729 0.11423007 0.11423644 0.11420447
0.33646549 0.33663373 0.33679955 0.33712414 0.33728298 0.33646549
0.54074783 0.54147764 0.54217942 0.54350354 0.54412812 0.54074783
0.71658598 0.71836771 0.72002196 0.72298041 0.72430106 0.71658598
0.85564288 0.85875076 0.86150142 0.86603504 0.86788586 0.85564288
0.95208742 0.95608654 0.95925044 0.96350908 0.96491653 0.95208742
1.00559135 1.01571858 1.02861238 1.06285561 1.08426029 1.00559135
0.6 0.11552862 0.11553378 0.11553892 0.11554919 0.11555431 0.11552862
0.34040673 0.34054095 0.34067316 0.34093177 0.34105822 0.34040673
0.54718592 0.54775892 0.54830840 0.54934148 0.54982726 0.54718592
0.72521422 0.72657054 0.72781700 0.73002022 0.73099495 0.72521422
0.86573030 0.86792898 0.86981382 0.87283199 0.87404498 0.86573030
0.96168007 0.96380309 0.96536066 0.96742550 0.96813127 0.96168007
1.03618749 1.05500487 1.07695949 1.13072705 1.16309948 1.03618749
0.7 0.11688301 0.11688655 0.11689008 0.11689713 0.11690064 0.11688301
0.34441690 0.34450741 0.34459666 0.34477148 0.34485709 0.34441690
0.55364491 0.55401637 0.55437341 0.55504711 0.55536513 0.55364491
0.73357939 0.73439339 0.73514427 0.73648133 0.73707809 0.73357939
0.87464629 0.87576819 0.87673949 0.87832916 0.87898525 0.87464629
0.96775833 0.96848696 0.96906062 0.96990133 0.97021734 0.96775833
1.10928863 1.13815411 1.17050645 1.24766452 1.29390650 1.10928863
0.8 0.11826658 0.11826845 0.11827033 0.11827407 0.11827594 0.11826658
0.34844029 0.34848697 0.34853312 0.34862389 0.34866852 0.34844029
0.55985551 0.56003533 0.56020956 0.56054224 0.56070114 0.55985551
0.74096975 0.74132138 0.74165184 0.74225611 0.74253295 0.74096975
0.88128288 0.88168247 0.88204327 0.88266853 0.88294097 0.88128288
0.97090984 0.97110548 0.97127502 0.97155402 0.97167012 0.97090984
1.26976876 1.31072484 1.35638228 1.46564646 1.53196937 1.26976876
0.9 0.11967792 0.11967847 0.11967902 0.11968012 0.11968067 0.11967792
0.35241654 0.35242970 0.35244277 0.35246865 0.35248146 0.35241654
0.56558411 0.56563071 0.56567648 0.56576562 0.56580904 0.56558411
0.74702582 0.74710576 0.74718308 0.74733038 0.74740058 0.74702582
0.88581158 0.88588812 0.88596092 0.88609637 0.88615946 0.88581158
0.97261221 0.97264393 0.97267370 0.97272807 0.97275295 0.97261221
1.69054019 1.75321107 1.82353786 1.99446652 2.10042214 1.69054019
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Table 2. Discrete eigenvalues of the P13 iteration for pure quadratic anisotropic scattering

w\f2 -0.20 -0.14 -0.12 -0.08 0.2 0.4
0.1 0.10895392 0.10903710 0.10906487 0.10912045 0.10951161 0.10979322
0.32201417 0.32214493 0.32218862 0.32227616 0.32289470 0.32334281
0.52011074 0.52013845 0.52014769 0.52016622 0.52029672 0.52039087
0.69290065 0.69294127 0.69295478 0.69298174 0.69316867 0.69330025
0.83156661 0.83192279 0.83204079 0.83227570 0.83387855 0.83497840
0.93048130 0.93116489 0.93139274 0.93184832 0.93501871 0.93723967
0.98673580 0.98723536 0.98740633 0.98775515 0.99047397 0.99274801
0.2 0.10986620 0.11003659 0.11009354 0.11020766 0.11101506 0.11160108
0.32495100 0.32523853 0.32533485 0.32552820 0.32690883 0.32792482
0.52518702 0.52527825 0.52530879 0.52537007 0.52580662 0.52612672
0.69935152 0.69938262 0.69939296 0.69941358 0.69955607 0.69965587
0.83760278 0.83814919 0.83832893 0.83868482 0.84104236 0.84258561
0.93432490 0.93561159 0.93603769 0.93688475 0.94252263 0.94609498
0.98814878 0.98925826 0.98964727 0.99045547 0.99738803 1.00393672
0.3 0.11079166 0.11105338 0.11114097 0.11131669 0.11256672 0.11348156
0.32790610 0.32837809 0.32853664 0.32885560 0.33115919 0.33288348
0.53038197 0.53058838 0.53065776 0.53079736 0.53180748 0.53256582
0.70646993 0.70647376 0.70647503 0.70647757 0.70649526 0.70650779
0.84544020 0.84595426 0.84612225 0.84645325 0.84859109 0.84993887
0.94085982 0.94249134 0.94302123 0.94405804 0.95031347 0.95364596
0.99166000 0.99367573 0.99439450 0.99590571 1.00953810 1.02291264
0.4 0.11173007 0.11208738 0.11220712 0.11244759 0.11416793 0.11543761
0.33086075 0.33154597 0.33177685 0.33224233 0.33564520 0.33823878
0.53557531 0.53596290 0.53609381 0.53635824 0.53831154 0.53982442
0.71389426 0.71390952 0.71391462 0.71392486 0.71399764 0.71405082
0.85461337 0.85489670 0.85498915 0.85517113 0.85634232 0.85707930
0.95046649 0.95178904 0.95220399 0.95299571 0.95726743 0.95927194
1.00080113 1.00431802 1.00556721 1.00818332 1.03111306 1.05288552
0.5 0.11268119 0.11313843 0.11329188 0.11360036 0.11581988 0.11747201
0.33379479 0.33472229 0.33503577 0.33566928 0.34035956 0.34400147
0.54063303 0.54127709 0.54149592 0.54193998 0.54530379 0.54801081
0.72111740 0.72124622 0.72128972 0.72137757 0.72202612 0.72252810
0.86377027 0.86381569 0.86383066 0.86386035 0.86405903 0.86419176
0.96033036 0.96077981 0.96091991 0.96118665 0.96265017 0.96338561
1.02534909 1.03060372 1.03243540 1.03622353 1.06802366 1.09782395
0.6 0.11364472 0.11420633 0.11439508 0.11477492 0.11752363 0.11958729
0.33668724 0.33788546 0.33829171 0.33911470 0.34528653 0.35016755
0.54542417 0.54640134 0.54673558 0.54741727 0.55273118 0.55719661
0.72763575 0.72801650 0.72814666 0.72841203 0.73047791 0.73221463
0.87135469 0.87137800 0.87138586 0.87140168 0.87151701 0.87160464
0.96644071 0.96646801 0.96647691 0.96649442 0.96660713 0.96667832
1.08063246 1.08657617 1.08864746 1.09293407 1.12950579 1.16537440
0.7 0.11462029 0.11529078 0.11551644 0.11597106 0.11928000 0.12178556
0.33951717 0.34101295 0.34152170 0.34255478 0.35040039 0.35671175
0.54983867 0.55121816 0.55169332 0.55266760 0.56049482 0.56736981
0.73312078 0.73388027 0.73414348 0.73468582 0.73918112 0.74335675
0.87676704 0.87699755 0.87707713 0.87724065 0.87857479 0.87978760
0.96943100 0.96945724 0.96946621 0.96948447 0.96962642 0.96974573
1.18621471 1.19181411 1.19378196 1.19788197 1.23442256 1.27312845
0.8 0.11560748 0.11639142 0.11665564 0.11718851 0.12108955 0.12406845
0.34226450 0.34408221 0.34470238 0.34596460 0.35566459 0.36358118
0.55380035 0.55563702 0.55627403 0.55758709 0.56845053 0.57837485
0.73748263 0.73870282 0.73913142 0.74002392 0.74791525 0.75602992
0.88033414 0.88088192 0.88107549 0.88148059 0.88519735 0.88933282
0.97092928 0.97106182 0.97110871 0.97120694 0.97211711 0.97315890
1.39020742 1.39487561 1.39652857 1.39999355 1.43220727 1.46920665
0.9 0.11660579 0.11750778 0.11781223 0.11842688 0.12295251 0.12643684
0.34491088 0.34707162 0.34781100 0.34931913 0.36103194 0.37069121
0.55727131 0.55960236 0.56041615 0.56210195 0.57642182 0.58986849
0.74080919 0.74252347 0.74313315 0.74441517 0.75645303 0.76991088
0.88261170 0.88349502 0.88381341 0.88449047 0.89142971 0.90081789
0.97172777 0.97197493 0.97206474 0.97225708 0.97435412 0.97771060
1.89084608 1.89412099 1.89528671 1.89774090 1.92130043 1.95026061
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Table 3. Discrete eigenvalues of the P13 iteration for Rayleigh scattering

w P1 P3 Ps P7 Py P11 P13
0.1 0.60858061 0.35222723 0.24488545 0.18718942 0.15136247 0.12699919 0.10937150
0.88057190 0.67400993 0.53419630 0.43959504 0.37245332 0.32267262
0.94430192 0.80710092 0.68740631 0.59356701 0.52024994
0.96807914 0.87340830 0.77693402 0.69310227
0.97940041 0.91082296 0.83331449
0.98564509 0.93389202
0.98944456
0.2 0.64549722 0.36571853 0.25158251 0.19113571 0.15395071 0.12882341 0.11072497
0.90411068 0.68838211 0.54367652 0.44625702 0.37735381 0.32641023
0.95942482 0.81897020 0.69627130 0.60039482 0.52564918
0.97870361 0.88309100 0.78479704 0.69950555
0.98739798 0.91880792 0.84022709
0.99197218 0.94058014
0.99463679
0.3 0.69006555 0.38062956 0.25874573 0.19528384 0.15664289 0.13070776 0.11211622
0.93344599 0.70444820 0.55400685 0.45338796 0.38253161 0.33032203
0.97953926 0.83228659 0.70601210 0.60780084 0.53143999
0.99396365 0.89402772 0.79345871 0.70648897
0.99982107 0.92791733 0.84786261
1.00258591 0.94829321
1.00402138
0.4 0.74535599 0.39714836 0.26641011 0.19964359 0.15944256 0.13265376 0.11354599
0.97132057 0.72219072 0.56517951 0.46097677 0.38797673 0.33440022
1.00754661 0.84673828 0.71654195 0.61574158 0.53759277
1.01708559 0.90562266 0.80273881 0.71397142
1.02027563 0.93730424 0.85594381
1.02148094 0.95597296
1.02196695
0.5 0.81649658 0.41546162 0.27460801 0.20422368 0.16235283 0.13466276 0.11501493
1.02246601 0.74132376 0.57712215 0.46898805 0.39366829 0.33863169
1.04860294 0.86151877 0.72764092 0.62411645 0.54404879
1.05383918 0.91668860 0.81227652 0.72178754
1.05509988 0.94558001 0.86398985
1.05542533 0.96219727
1.05551141
0.6 0.91287092 0.43572393 0.28336587 0.20903107 0.16537617 0.13673582 0.11652358
1.09577468 0.76117560 0.58967609 0.47735621 0.39957261 0.34299714
1.11237875 0.87545486 0.73894975 0.63276225 0.55071777
1.11457086 0.92606913 0.82158858 0.72969547
1.11489313 0.95192134 0.87147487
1.11494159 0.96656875
1.11494890
0.7 1.05409255 0.45800247 0.29269948 0.21407019 0.16851418 0.13887365 0.11807228
1.21019870 0.78072693 0.60258799 0.48598262 0.40564231 0.34747085
1.21886551 0.88757282 0.75002833 0.64146483 0.55748160
1.21948640 0.93340591 0.83022719 0.73742020
1.21953274 0.95651192 0.87805633
1.21953620 0.96957269
1.21953645
0.8 1.29099444 0.48219365 0.30260795 0.21934189 0.17176740 0.14107655 0.11966122
1.41545544 0.79891941 0.61552907 0.49473821 0.41181688 0.35202086
1.41868761 0.89756316 0.76047000 0.64999068 0.56420569
1.41878191 0.93902530 0.83792883 0.74471844
1.41878467 0.95988991 0.88366025
1.41878475 0.97173843
1.41878475
0.9 1.82574185 0.50792847 0.31306648 0.22484233 0.17513496 0.14334429 0.12129035
1.91074772 0.81506202 0.62814655 0.50347343 0.41802545 0.35660993
1.91130975 0.90566601 0.77000594 0.65812931 0.57075608
1.91131339 0.94341956 0.84464332 0.75143000
1.91131342 0.96249787 0.88839506
1.91131342 0.97340607
1.91131342
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4. Conclusion

The radiative transfer equation is used to understand the
behaviour of light within a medium. In this study we
assumed homogeneous medium surrounded with a slab
thickness x. The behaviour of the photons is examined
with three different scattering types. The numerical
results are obtained for each condition separately. By
making calculations, The Wolfram Mathematica program
is run to find the discrete eigenvalues of the radiative
transfer equation by Legendre polynomial method. The
Py method is iterated up to 13th to observe the
convergence. The results for all scattering types meet the
expectations related with the eigenvalues of the radiative
transfer equation. The presented study displays a wide
range of numerical data about the radiative transfer
equation solution with Legendre polynomial method. The
single scattering albedo numbers and the scattering
coefficients are taken into account a detailed spectrum.
Being a large scale of calculated data causes a great
source to compare their own method solutions.
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1. Introduction

Magnesium alloys are used in aerospace, automotive,
electronics, construction, and medical industries due to
their unique properties (Demirci, 2006). The demand for
magnesium and its alloys has been increasing in the last
decades due to the need of substitution of heavier
materials in many applications. The European Union
reported the risks and importance of sourcing 41 raw
materials which are not produced sufficiently in Europe
although they have high importance in European
economy (Tiire and Tiire, 2020). Magnesium as a raw
material is also included in the list of critical raw
materials (Entr, 2014; Ostrovsky and Henn, 2007).

The primary production of magnesium is an energy
intensive process as it must be extracted from ores at
high temperatures with high electricity consumption. In
many countries, strict environmental rules are set thus,
the supply of magnesium may be constrained, and
production costs might increase with rising energy prices
and environmental concerns. Due to the environmental
impact of primary metal production, recycling has been
also rising to reduce the environmental effects (Lewicka
etal, 2021).

Recycling of magnesium scraps are complex due to a
thick layer of oxide (Mendis and Singh, 2013).
Magnesium is a highly reactive to oxygen and moisture
which results in exothermic reactions and forms
magnesium oxide (Tenorio and Espinosa, 2002; Nie et al,,
2016; Tan et al, 2019). The oxidation reactions of
magnesium are given in equations 1 and 2 (Filotés et al.
2020).

1
Mg + 5 O2(9) > MgOgs) Q)

Mg + 2H20 »Mg(OH) 2 +Hz (2)

AZ63 magnesium alloy is a suitable alloy for weight
reduction in structural application and commonly used in
magnesium industry. This alloy has high specific strength
However, AZ63 has risk to oxidize
especially in environments with high moisture. When
exposed to air and moisture it goes through a similar

and stiffness.

oxidation process to that of pure magnesium (Filotas et
al. 2020). It is typically coated or alloyed with rare earth
elements to improve the corrosion resistance.

Due to the oxide layer on the scraps and high oxidation
tendency at high temperature, remelting magnesium
alloys is complex. Especially, chips generated during
machining processes have a large surface area which
increases the oxide amount per unit mass as well as
oxidation speed. Remelting scraps are conducted under a
salt flux which helps to remove the thick oxide layer, as
well as enhances the coalescence of the metal droplets.
Furthermore, the molten salt covers surface of the
metallic melt and avoids interactions between the metal
and air (Akbari and Friedrich, 2010). Salt fluxes typically
consist of fluorides (CaF: and NaF) and chlorides (NaCl,
KCl, and MgClz) which are used for promoting
coagulation and generate a fluid flux respectively (Caglar
Yiiksel et al., 2017). Leading research teams have chosen
the chloride combination MgClz/KCl/NaCl in recycling
and remelting applications (Maksoud and Bauer, 2015;
Ding et al.,, 2019; Vidal and Klammer, 2019; Sun et al,,
2020).
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This study investigates the recyclability of chips
generated from AZ63 alloy as well as the effect of fluoride
concentrations on the metal yield.

2. Materials and Methods
Chips were machined from AZ63 magnesium ingots to
generate a high surface area (approximately 30x10 mm)
and study its recyclability accordingly. Chips were
analysed under Scanning Electron Microscopy (SEM- FEI
QUANTA 250 FEG) and Energy Dispersive X-ray
Spectroscopy to the alloying

observe elements.

Additionally, chips were analysed by Thermogravimetric
analysis (TGA-Perkin Elmer Diomand) to observe the
chips with increasing
temperature. Table 1 presents the elemental composition
of the ingot. The chips were remelted under the salt flux
consisting of NaCl (24 wt.%), KCl (15 wt.%), MgClz (56
wt.%), and CaF2 (4-6 wt.%). A laboratory-scale resistance
the remelting
experiments. The salt flux was used as dry-mixed and
fused to observe the effect of pre-melted salt on the yield.

oxidation behaviour of

chamber furnace was used for

Table 1. Chemical composition of AZ63 magnesium alloy in wt.%.

Mg Be Fe

Mn Al

Si Ni Cu Zn

90.283 0.0012 0.0032 0.6628

5.6007

0.0033 0.0008 0.0003 3.4386

Dry-mixed salt was prepared by manually mixing the salt
components in a mortar while the fused salt flux was
prepared by melting the dry-mixed salt mixture at 750 °C
and crushing after cooling down. 4 grams of AZ63
magnesium chips shown in the Figure 1 and was charged
with the salt mixture in a clay-bonded crucible and
heated up to 850 °C and kept at the temperature for 15
minutes. 40 grams of salt mixture was used for each
experiment to ensure a full coverage and interaction of
the salt with the scrap. Each experiment was carried out
three times to define a standard deviation.

Figure 1. AZ63 chips used for the remelting experiments.

CaF: was added into the chloride mix in five different
concentrations from 4 to 6 wt.% presented in Table 2.
CaF2 was varied to observe the effect of the fluoride
content on the metal yield of AZ63 scraps which is
missing in the literature. After remelting, the dross and
metal in the crucible were separated manually and metal
yield was calculated after drying and weighing the
samples. The metal yield was calculated according to
equation 3.

Metal Yield(9) = Srecoveredmetal 5 1

scrap

3)

where Mrecovered metal is the total amount of recovered
magnesium after remelting, mscrap is the total amount of
scrap charged for remelting.

Table 2. Experimental parameters

Preparation method of

Exp. Nr. CaF2 (wt. %)

the salt flux
1-3 4
4-6 4.5
7-9 5 Dry-mixed
10-12 5.5
13-15 6
16-18 4
19-21 45
22-24 5 Fused
25-27 5.5
28-30 6

3. Results and Discussion

SEM/EDS results of the AZ63 chips are presented in
Figure 2. The results show that the alloy is mainly
composed of magnesium, aluminium, and zinc.
Aluminium zinc intermetallic precipitation is also seen in
the SEM image.

The chip samples were also analysed by TGA under
oxygen atmosphere up to 800°C (5°C/min). It was
observed that the oxidation rate was approximately 1%
weight gain per 50°C until 450 °C, however the oxidation
rate increased significantly after 450 °C up to 30%
weight gain per 50°C. This transition of oxidation
behaviour indicates the first liquid formation of the alloy
(solidus) which increases the oxidation and shows the

necessity of using salt fluxes during remelting.
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Figure 3. TGA analysis of AZ63 magnesium chips under oxygen flow.

Chips were remelted under dry-mixed and fused salt
having CaF: concentrations from 4 to 6 wt. %. Figure 4
presents the metal yield of ten different conditions each
with three repetitions. In both conditions increasing CaF:
concentrations increased the magnesium yield until 5.5
wt.% of CaF; and decreased after this concentration. 5.5
wt.% showed the highest yield (av. 69% for dry-mixed,
av. 73% for fused) which was found in different works as
5 wt.% for pure magnesium (Yorik and Gokelma, 2023)
and AZ31 (Akbari et al, 2009) which indicates that
different amount of fluoride additions might work
different for different alloys. Fused salt showed a higher

yield than dry-mixed in all fluoride conditions. The
reason for the fused salt worked better is mainly because
of its homogeneity which allows it to melt before the
chips melt while dry-mixed salt generates a liquid phase
at one of the melting points of the components. Early
melting protects the metal better from high temperature

oxidation.
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Figure 4. Effects of CaF2 concentrations and salt pre-melting on metal yield.

Figure 5 presents the recovered magnesium droplets
after remelting under dry-mixed and fused salt fluxes.
Two size and shape of the droplets are important
parameters to understand the coagulation. An efficient
coagulation is required to overcome the metal yield
issues mainly originating from metal entrapment in the
dross. In the lab scale experiments the dross is washed
on a sieve so all metals can be included in the yield
however, in industrial scale dross is separated to be sold
or disposed. Therefore, it is important to achieve an
efficient metal-dross separation. The droplets formed in
the dry-mixed salt flux are smaller and less spherical in
comparison with the droplets formed in the fused salt
flux. The main reason for low sphericity is the insufficient
removal of the oxide layer due to homogeneity issues.
The sphericity of droplets indicates that the salt-oxide
interactions were sufficient. Fused salt worked more
efficiently since the flux was homogeneous in terms of
the melting and F- concentration in the flux.

a) dry-mixed salt

b) fused salt

Figure 5. Metal droplets obtained after remelting under
(a) dry-mixed and (b) fused salt

4. Conclusions

The effects of premelting the salt flux and CaF2 content in

the salt were studied in this work and the following

conclusions could be drawn:

e 5.5 wt.% of CaF2 showed the highest metal yield for
A7Z63 alloys.

o Fused salt increases the metal yield significantly.

Metal yield increased with increasing sphericity of

droplets.
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Abstract: Nutritional information on menus can assist customers in making healthier eating choices. One technique being utilized to
tackle the rise of overweight and obesity is the use of nutritional information on menus. Menu engineering strategies can be used to
improve sales of generally healthier and higher margin items. For today's food and beverage companies, menu engineering has become
essential. Companies must continually evaluate their menus in order to keep up with changing customer demands and the conditions
of the competitive market. Menu engineering's core involves comparing the effectiveness of each menu. At this point, correct decision-
making under numerous factors is thought to be a very challenging procedure. To evaluate alternatives according to many features,
several Multi-Criteria Decision-Making (MCDM) approaches have been created. The main novelty of this paper is that four MCDM
methods, including Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS), Fuzzy TOPSIS, ViseKriterijumska
Optimizacija I Kompromisno Resenje (VIKOR), and Fuzzy VIKOR, are employed to evaluate menu options. Comparative analysis of
MCDM methods is another contribution of this study. The process of evaluating and selecting healthier menu alternatives can become
challenging and time-consuming. This study pointed out how crucial it is to conduct comparative analysis using various MCDA
methods and to carefully determine the right ones when addressing the issue of selecting the best menu, taking into account the values

of the criterion in fuzzy numbers.
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1. Introduction

Describing the most nutritious menu items in less
appealing words may promote the idea that healthy
foods indulgent, undermining
customers' choice of healthier eating options. Much can
be done to make healthy selections appealing, and
further research is needed to understand how changing
descriptions in restaurant settings might impact food
choice, metabolism, satisfaction, and overall attitudes
about healthy eating (Turnwald et al, 2017). Efficient
communication is critical in providing significant and
reflects the
healthiness of a menu item. Moreover, offering more
nutrition information may be necessary to foster positive

aren't delicious or

relevant nutrition information that

perceptions of the promoted menu item and purchase
intent among customers. Restaurant management can
encourage consumers to choose healthier menu items by
displaying calorie, fat, and cholesterol information on the
menu board or through advertising healthy choices
(Jeong and Jang, 2016).

Researchers should prioritize long-term prevention of
chronic diseases such as cancer and cardiovascular
disease among the general population (Detopoulou et al,,
2022). For menu calorie

instance, labeling may

contribute to public health promotion and the prevention
of chronic diseases (Jia et al., 2023). Additionally, dietary
fiber plays a crucial role in maintaining good health and
preventing noncommunicable diseases (Sampaio et al,,
2017). Excessive sodium consumption, often associated
with restaurant foods, has been linked to an increased
risk of cardiovascular disease (Wolfson et al, 2018).
Many are unaware that reducing salt intake is one of the
easiest and quickest ways to improve our health. In the
UK alone, just 1 fewer "pinch" of salt per day can save
almost 4,000 heart attacks and strokes annually (World
awareness weeks). Alonso et al. (2021) presented that by
2050, there would be 87 870 fewer cases of premature
ischemic heart disease and 126 010 fewer cases of
premature stroke, compared to the health gains in the
base-case analysis, if larger population salt intake
reductions were achieved by 2030, as advised by the
World Health Organization (WHO). Consequently,
numerous researchers have investigated issues related to
dietary habits. One of the main aims of this study is to
evaluate the most preferred menus of a local restaurant
according to six important criteria. It is very difficult to
evaluate the six criteria, including calories, cholesterol,
fiber, saturated fat, sodium, and sugar, for each menu at
the same time. At this point, the advantages of using
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MCDM methods are emphasized in this study.

Yamamoto et al. (2005) found that most adolescents’
meal ordering behavior remained unchanged when
calorie and fat content information was added to menus.
Nevertheless, promoting the provision of nutrition
information is advisable because it lead some adolescents
to reduce their calorie and fat intake without imposing
any adverse financial effects on the restaurants. Gerend
(2009) examined the dietary choices of college students
in relation to the availability of calorie information on
fast-food menus. Elbel et al. (2009) investigated how
menu calorie labels influence consumer decisions
regarding fast food. In their study involving low-income
and minority consumers, calorie labeling increased both
the calorie information and the number of individuals
reporting that this information influenced their food
choices. Dumanovsky et al. (2010) assessed awareness of
calorie content on fast-food menus. Obbagy et al. (2011)
found that most chefs believed that restaurant dishes
could be significantly reduced in calorie content without
customers noticing. They emphasized the need for
collaboration between chefs and public health experts to
make appealing options
accessible. Dowray et al. (2013) explored the impact of
calorie content labeling, combined with information

low-calorie menu more

about the physical activity required to burn those
calories, on meal choices from a fast-food menu.
Respondents generally selected lower-calorie meals
when presented with this information, suggesting that
the distance-to-walk label was particularly effective.
Hobin et al. (2022) demonstrated that listing calories for
both alcoholic and non-alcoholic beverages on restaurant
menus increased customer awareness of calorie content.
Jia et al. (2023) investigated the relationship between
menu calorie labels, dietary quality, and weight status,
exploring whether this relationship varied among
different groups. While calories provide a measure of
food consumption, they do not reflect nutritional value
comprehensively. Considerations such as protein and
fiber content, sugar, salt, and fat levels are equally
important. For instance, reducing total fat intake without
addressing saturated fat may not significantly impact
low-density lipoprotein cholesterol (LDL-C) levels
(Nicolosi et al, 2001). Therefore, it is advisable to
consider multiple criteria when evaluating dietary
choices.

In Hwang and Lorenzen (2008), the participants found
menus that included calories, macronutrients, and fat
content to be the most useful and reliable. They also
perceived menus with more nutritional information as
appealing. Furthermore, the
nutritional information influenced participants’' overall
sentiments about menu items and their attitudes toward

more disclosure of

nutrition. Bruemmer et al. (2012) audited menu items to
document changes resulting from King County's menu
labeling regulation. Certain menu items were redesigned
to improve nutrition profiles by reducing energy,
saturated fat, and sodium content. Patel et al. (2016)

assessed restaurant companies and their recipes. They
found that acceptable ingredient changes led to
reductions of up to 26% in calories and up to 31% in
sodium per serving. Most menu items in restaurants
experienced slight decreases in calories, fat, saturated fat,
and sodium, which were considered acceptable. Cantu-
Jungles et al. (2017) conducted a meta-analysis on
sodium, total fat, saturated fat, and carbohydrates,
finding no significant impact of menu labeling on U.S.
adults' nutrient choices in restaurants. Huang et al.
(2022) observed that menu items at large chain
restaurants in the USA contained higher absolute levels
of energy, fat, saturated fat, and sugar compared to the
UK. Inter-country variations were especially notable in
children's meal items for sodium and saturated fat.
Scourboutakos et al. (2014) found that displaying sodium
information on restaurant menus led to significantly
lower salt intake among customers compared to those
who only had access to calorie information. However, the
extent of the reduction varied depending on the type of
restaurant. These results suggest that menu labeling can
influence the nutrient composition of diners' choices
when eating out, particularly when sodium information is
provided alongside calorie information. Rudelt et al.
(2014) recommended that individuals aiming to limit
their sodium intake should exercise caution when
making menu choices at fast-food establishments. Hobin
et al. (2016) conducted an experimental study to explore
whether various menu labeling formats, which provide
information on calorie and sodium content, influence
parents' choices. Menu labeling that includes calorie and
sodium information may reduce the demand for fast food
children's meals and help parents choose healthier food
options for their kids. Wolfson et al. (2018)
demonstrated that although the sodium content of newly
introduced items decreased on average, foods on U.S.
chain restaurant menus still tend to have excessive
sodium levels. In Byrd et al. (2018), customers' menu
choices were assessed based on the calorie and sodium
contents of the items. The study found that, even with
taste preferences considered, the menu displaying the
sodium warning symbol did not significantly differ from
the other menu conditions. Byrd and Almanza (2021)
indicated that policies mandating sodium menu labeling
may not achieve the expected outcome of encouraging
customers to choose lower-sodium items. Sisti et al.
(2023) also demonstrated that the sodium content of
menu unchanged after the
implementation of sodium warning icon legislation,
underscoring the challenges associated with reducing
sodium levels in restaurant offerings.

State and local governments can contribute to creating a
healthier food supply and population by supporting

items remained

efforts to reduce sodium levels through systemic and
environmental reforms (Alexander et al., 2021). Bowers
and Suzuki (2014) found that menu labeling, intended to
encourage shifts in dietary and health behaviors, was
associated with positive changes. Those who used menu
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labels reported meeting recommended exercise
guidelines, consuming more fruits, and drinking less soda
compared to those who did not use menu labeling. Sigala
et al. (2022) assessed the impact of menu added-sugar
warning labels on customer behavior. Falbe et al. (2023)
reported that the likelihood of ordering high-added-
sugar menu items decreased with the presence of added-
sugar warning labels, and participants' awareness of
containing more than 50% of the daily
recommended added sugar amount improved.

This study contributes to a better understanding of menu
selection and the most effective ways to evaluate six
important criteria: calories, cholesterol, fiber, saturated
fat, sodium, and sugar. This study also contributes to the
literature by conducting a field experiment at a local
restaurant to examine menu choices in a real-world
environment. While this study deals with choosing the
best menu by considering the criteria values, it has made
a comparative analysis using various MCDM methods.
For the problem of menu selection, two different fuzzy
MCDM methods—fuzzy TOPSIS and fuzzy VIKOR—are
proposed. In both cases, both quantitative and qualitative
decision factors can be evaluated as subjectively as
necessary. Tom et al. (2015) used calories, cholesterol,
fiber, saturated fat, sodium, and sugar for restaurant

items

menu evaluation. As in the study of Tom et al. (2015), six

criteria, including calories, cholesterol, fiber, saturated

fat, sodium, and sugar, are used. This study focuses on

e determine and evaluate alternatives considering six
criteria,

¢ propose fuzzy TOPSIS and fuzzy VIKOR,

e present comparison analyses of proposed MCDM
methods, TOPSIS, and VIKOR,

e analyze the results, considering six criteria for ten
menu alternatives.

The paper is structured as follows: the proposed

methods are explained in the "Proposed Methodology"

section. The "Results and Discussion” section assesses

the findings using four different methods. Finally, the

"Conclusion” section summarizes the contribution of the

study and offers suggestions for further research.

2. Materials and Methods

The food and beverage sector is among the fastest
growing sectors due to economic developments. The
rapid increase in the number of those operating in this
sector worldwide has led to fierce competition in this
field, and businesses have chosen to focus more on
customer requests and needs day by day (ipek and
Goktiirk, 2021). At this point, one of the phenomena
required to meet customer requests and needs in
businesses is the menu engineering process (Mutlu et al,,
2022).

Menu management took what enterprising chefs had
used intuitively for years and turned it into a
computerized, scientific model that everyone could
understand. The gastronomic value and inventiveness of
dishes are highly valued by all menu planners in menu

engineering (Morrison, 1996). Menu engineering is a
methodological alternative that allows the analysis of the
dishes offered by a restaurant, making it possible to
determine the financial profitability and popularity of the
gastronomic offer in order to correct, improve, and
maintain the menu (Juliana et al, 2021; Hermida and
Arduz, 2023). Menu engineering may periodically make
the decision to formulate a strategy based on the results
of menu sales that occur within a given period of time. It
is necessary to understand the solutions and follow-up to
increase the sales of the next menu (Ardiansyah, 2020).
Kwong (2005) found that menu engineering and design
were crucial in enhancing the profitability of Asian
restaurants. Many of the evaluated main course products
in the study were classified as unpopular and/or
unprofitable, and it was discovered that the sampled
menus had little commercial impact. To create a menu
recommender, Tan et al. (2012) determined that the
MCDM method was successful with a number of
innovative algorithms
knowledge. The
selection problem has been successfully solved as an
MCDM problem by Tom et al. (2015). To rank the menu
items according to the customer-selected priority
criteria, they created a fuzzy MCDM model. Tom and
Annaraud (2017) determined that the fuzzy MCDM
method can be successfully used to assess the
contribution margin and popularity index and to choose
the best strategy.

and a database of client

restaurant menu evaluation and

After implementing activity-based costing, Linassi et al.
(2016) discovered that the majority of menu items have
negative operational profits. Particularly in labor-
intensive production systems, the adoption of activity-
based costing improves the accuracy of the effective cost
of each menu item. DiPietro (2017) examined the
changing and evolving segments of the food service
industry, restaurant operations, service quality in food
service, restaurant financing, food service marketing,
food safety and health, and the increasing role of
technology in the industry. The results of Hamdallah and
Srouji (2018) studies showed that the modified balanced
scorecard approach, which includes both financial and
non-financial perspectives, positively affects menu
management in health-care centers in Jordan. Fang
(2020) found that integrated a slack-based measure and
data envelopment analysis model can be used to improve
the financial performance and sustainability of the menu
in chains of Chinese and Japanese restaurants. Hermida
and Arauz (2023) determined that menu engineering
methodology in a restaurant located in the city of Ibarra
can be used to increase the profitability of catering
services, improve kitchen resources, and improve service
quality. Lai et al. (2020) discussed the management of
menu profitability in the restaurant industry. Technology
advancement has led to the creation of methods that can
be used to manage menu profitability.

Menu engineering describes particular methods for
assessing the performance of individual menu items so
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that strategic choices can be made. In order to choose
imprecise and strategic options, decision makers utilize
menu engineering against manually created target values
(Tom et al, 2017). There are several methods for menu
engineering, and companies have different preferences

MCDM models to identify the options for a strategy.
MCDM methods for menu management are given in Table
1. The comparative use of four different methods
(TOPSIS, fuzzy TOPSIS, VIKOR, and fuzzy VIKOR) in menu
management makes a significant contribution to the

depending on what they need. In order to develop a more literature.
effective decision-making tool, this study used fuzzy
Table 1. MCDM methods for menu management
Author(s) Fuzzy based MCDM MAIRCA* BWM* TOPSIS AHP* VIKOR
Tom, Wibowo, and Grandhi (2015) v
Tom and Annaraud (2017) N
Nerisafitra and Putri (2017) v
Arsié et al. (2019) v v
Ho et al. (2022) v
This study v v v

*AHP= analytic hierarchy process, MAIRCA= multi attributive ideal-real comparative analysis, BWM= best-worst method

A precise understanding of the criterion weights and
assessments is assumed in traditional MCDA approaches.
However, there are some instances in the real world
where it is impossible to use precise expressions. At this
point, variables that are imprecisely expressed by fuzzy
TOPSIS and fuzzy VIKOR can be created using linguistic
values.

Unquestionably, one of the most critical actions a person
can take is making decisions, encompassing a broad
range of alternatives. The study of decision-making
delves into how decisions are made and how they can be
improved. Essentially, it involves determining the best
alternative or ranking them by preference (Arora et al,,
2022). Effective decision-making can be exceptionally
challenging in various situations. When dealing with
group decision-making, the complexity increases because
it necessitates gaining consensus within the group.
Therefore, numerous Multiple-Criteria Decision-Making
(MCDM) techniques have been developed and are
favored by decision-makers for evaluating options based
on various criteria (Cevikcan et al, 2009). MCDM
methods rely on engineering expertise, intuition, and
past experiences. Fuzzy logic-based MCDM approaches
are gaining popularity among researchers due to their
capacity to compare multiple criteria and potential
alternatives using natural language linguistic terms,
which align with human subjective cognition (Alpay and
Iphar, 2018).

The Technique for Order Preference by Similarity to an
Ideal Solution (TOPSIS) is a straightforward and widely
used method for addressing problems related to ranking
and selecting alternatives. It excels at handling MCDM
issues because it can accommodate decision-makers’
fuzzy opinions and perceptions. Moreover, the TOPSIS
method is adept at managing uncertainties that often
arise in real-world scenarios characterized by fuzziness
(Arora et al,, 2022). The proposed approach is described
as a sequence of sequential steps.

Step 1. Create a decision matrix and construct the

normalized decision matrix

Decision matrix, which includes m alternatives connected

to n criteria, is assessed using the TOPSIS approach. 4;

denotes the ith alternative considered. In order to enable

comparison across the attributes, this procedure

attempts to convert the various attribute dimensions into

nondimensional attributes. It is possible to calculate an

element 7;; of the normalized decision matrix R as

(equation 1);

=Y 8
=1 xlzj

The numerical result of the ith alternative in relation to

the jt criterion is denoted by x;;.

Step 2. Construct the weighted normalized decision

matrix

A set of weights from the decision maker is incorporated

into the decision matrix. The computation of this matrix

involves multiplying each column of the matrix R by the

corresponding weight, w;. Weighted normalized decision

matrix is denoted as v.

Step 3. Determine ideal and negative ideal solutions

The two created alternatives, A* and A~, stand for the

ideal solution, which is the most preferred alternative,

and the least preferable solution, which is the negative-

ideal solution, respectively.

Step 4. Calculate the separation measure

The n-dimensional Euclidean distance can be used to

calculate the distance between each alternative. Each

alternative's distance from the ideal is provided by
(equation 2);

(2
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Each alternative's distance from the negative ideal is
provided by (equation 3);
(3)

Step 5. Calculate the relative closeness to the ideal
solution

The relative closeness of A; with respect to A* is defined
as (equation 4);

—_ SiZ (4)
(s +5i0)

0<c¢<1,i=12,..,m

Ci*

Step 6. Rank the preference order

The descending order of c;+ can be used to rank a group
of alternatives in order of preference. A detailed
information of TOPSIS can be found in Hwang and Yoon
(1981). Incorporating the steps mentioned above, the
fuzzy extension of the TOPSIS method is depicted in
Figure 1 (Papathanasiou and Ploskas, 2018).

Form a Commuttee of Decision Makers, Then Identify the Evaluation
Criteria

Choose the Linguistic Variables

Figure 2 and Figure 3, including the maximum
desirability (Si), lack of desirability (Ri), and VIKOR index

(Qi).

Determine the Best and the Worst Values of All Criteria Functions

v

Compute the Values Si and Ri

v

Compute the Values Q1

i

Rank the Alternatives

¥

Propose a Compromise Solution

Figure 2. VIKOR (Papathanasiou and Ploskas, 2018)

Identify the objectives of the decision making process and define the problem scope

!

Arrange the decision making group and define and describe a finite set of relevant
attributes

!

Identify the appropriate linguistic variables

!

Pull the decision makers’ opinions to get the aggregated fuzzy weight of criteria, and
aggregated fuzzy rating of alternatives and construct a fuzzy decision matrix

Defuzzify the fuzzy decision matrix and fuzzy weight of each criterion into crisp

Determine the Fuzzy Positive Ideal Solution (FPIS) and the Fuzzy
Negative Ideal Solution (FNIS)

¢ values
Perform Aggregations
# Determine the best and the worst values of all criterion ratings
Construct the Fuzzy Decision Matnix and the Normalized Fuzzy ]
Decision Matrix Compute the values Si and Ri by the relations
Construct the Fuzzy Weighted Normalized Decision Matrix ] ]
Compute the values Qi by the relations

Calculate the Distance of Each Alternative from FPIS and FNIS

v

Calculate the Closeness Coefficient of Each Alternative

¥

Rank the Alternatives

Figure 1. Fuzzy TOPSIS (Papathanasiou and Ploskas,
2018).

Each method has a separate procedure for normalizing.
Vector normalization is used by TOPSIS, but linear
normalization is used by VIKOR (Sari, 2018). On the
other hand, both the TOPSIS and VIKOR methods operate
on a fundamental principle: they employ an aggregating
function to determine the proximity of a solution to the
ideal one. The fuzzy TOPSIS method identifies a solution
that is the closest to the ideal and furthest from the
negative ideal solution. Meanwhile, the fuzzy VIKOR
method seeks a compromise solution that maximizes
group utility for the majority while minimizing it for the
opponents (Umamaheswari and Kumari, 2014). The
VIKOR and fuzzy VIKOR methodologies are outlined in

Rank the alternatives

!

Propose as a compromise solution

Figure 3. Fuzzy VIKOR (Sanayei et al,, 2010).

The most important methods for resolving issues in the
real world are TOPSIS and VIKOR, which are applied to
discrete alternative challenges. They are capable of
identifying the right alternative right away. They reduce
the need for pairwise comparisons, and the process may
not be greatly impacted by the capacity limitation. They
can be applied to a wide range of alternatives and
attributes. When objective or quantitative data are
available, they are suitable to use. Based on an
aggregating function that stands for "closeness to the
ideal,” they are created (Alsalem et al., 2018). TOPSIS and
VIKOR methods were used in this study due to their
many advantages. The real world occasionally presents
situations in which using precise expressions is not
possible. At this point, fuzzy TOPSIS and fuzzy VIKOR can
be used to provide a better solution. This study
contributes to the literature by comparing these four
methods.
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3. Results and Discussion

A "healthy menu" has emerged as a crucial idea for the
survival and success of the restaurant industry. Given the
growing significance of healthiness in the restaurant
sector, it has emerged as one of the most difficult
academic problems (Hur and Jang, 2015). In this paper,
MCDM methods
alternatives, considering six important criteria, including
calories, cholesterol, fiber, saturated fat, sodium, and

four are used to evaluate ten

Table 2. Menu content of alternatives

sugar. The menu content of ten alternatives is presented
in Table 2. The most preferred menu content by the local
restaurant was taken into account. Menu contents were
designed for university students and employees.
Alternatives were evaluated by four different dietitians,
considering six criteria. The importance of the criteria
weights for TOPSIS and VIKOR is given in Table 3. In

Table 3, calorie weight is greater than other criteria.

Menu content

Alternative 1
Alternative 2
Alternative 3
Alternative 4
Alternative 5
Alternative 6
Alternative 7
Alternative 8
Alternative 9
Alternative 10

Lentil Soup, Chicken Leg, Pasta With Sauce, Ayran
Beef Stew, Rice, Cacik, Shambali Dessert

Roast Meatballs, Bulgur Rice, Salad, Seasonal Fruit
Creamy Carrot Soup, Minced Potatoes, Noodle, Yogurt
Chickpea Stew, Tavern Rice, Yogurt, Pickle

Tomato Soup, Chicken Doner, Rice, Ayran

Moussaka, Bulgur Rice, Cacik Sekerpare Dessert
Lentil Soup, Stuffed Peppers, Yogurt, Seasonal Fruit
Haricot Bean, Rice, Yogurt, Turkish Doughnuts

Forest Kebab, Bulgur Rice, Cacik, Pickle

Table 3. The importance of the criteria weight for TOPSIS and VIKOR

Decision Maker 1

Decision Maker 2

Decision Maker 3 Decision Maker 4

Criteria Weights Weights Weights Weights
Calories 0.3 0.4 0.3 0.4
Cholesterol 0.2 0.2 0.1 0.2
Fiber 0.1 0.1 0.1 0.1
Saturated fat 0.2 0.1 0.2 0.1
Sodium 0.1 0.1 0.1 0.1
Sugar 0.1 0.1 0.2 0.1

Linguistic terms are utilized to make it easier for
nutritionists to make subjective judgments about the
various criteria. Fuzzy numbers are used to approximate
these linguistic terms for computational simplicity.
Linguistic expressions for criteria are very unsatisfactory
(VU), unsatisfactory (US), satisfactory (S), high
satisfactory (HS), and very satisfactory (VS). Their values
are (1,1, 3), (1, 3,5), (3,5 7), (5, 7,9), and (7, 9, 9),
respectively (Tom et al., 2015). Linguistic expressions for
importance very unacceptable (VA),
unacceptable (UA), just acceptable (JA), acceptable (A),
and highly acceptable (HA). Their values are (1, 1, 3), (1,
3,5),(3,5,7),(5 7,9),and (7, 9, 9), respectively (Tom et
al,, 2015). The importance weight of the criteria for fuzzy
TOPSIS and fuzzy VIKOR is given in Table 4.

Four MCDM methods, namely TOPSIS, VIKOR, fuzzy
VIKOR, and fuzzy TOPSIS, were employed to rank the
alternative menus. The distances from the positive ideal
and negative ideal are given in Figure 4 for TOPSIS and
fuzzy TOPSIS. The maximum desirability (Si) and the lack
of desirability (Ri) are given in Figure 5 for VIKOR and
Fuzzy VIKOR. VIKOR indices for the VIKOR and fuzzy
VIKOR methods and closeness coefficients for TOPSIS
and fuzzy TOPSIS are presented in Figure 6 for each

criteria are

alternative. If an alternative's closeness coefficient is
closer to 1, it indicates better performance in TOPSIS and
fuzzy TOPSIS compared to other alternatives. The
alternative with the minimum VIKOR indices score is the
best for VIKOR and fuzzy VIKOR. According to the results
from VIKOR and TOPSIS, alternative 2 emerges as the
best menu when compared to the others. According to
the results from fuzzy VIKOR and fuzzy TOPSIS,
alternative 3 is the best menu.

The food industry's growing
sustainability have made creative approaches to culinary
operations imperative. Designing the menus and recipes

concerns about

from a sustainable perspective is a good way to decrease
the environmental impact of restaurants (Coskun, Geng,
& Coskun, 2023). might look at
sustainable menu and recipe planning techniques to
support sustainable food services in restaurants. To

Future studies

develop novel methods for reducing the environmental
effects of food services, more study is required. In
addition, big data can make it possible to track the eating
and drinking habits of customers and provide them with
more individualized menus. Big data analytics may be
utilized in future studies to comprehend consumer
preferences and tastes.
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Table 4. The importance weight of the criteria for fuzzy TOPSIS and fuzzy VIKOR

Decision Maker 1

Decision Maker 2

Decision Maker 3

Decision Maker 4

Criteria Weights Weights Weights Weights
Calories A A A A
Cholesterol UA JA A UA
Fiber A JA JA A
Saturated fat UA JA JA UA
Sodium UA A VA UA
Sugar A A UA A
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Figure 4. TOPSIS (a) and Fuzzy TOPSIS (b) results (distance from positive ideal solution is green and distance from
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4. Conclusions

Fuzzy MCDM strategies can be employed to address
decision-making problems in uncertain environments.
One such challenge is menu choice. One such challenge is
menu selection, where explicit data determination is
difficult. Many people struggle with the problem of
deciding on a menu. Several parameters are not clearly
defined by numerical values. In such cases, fuzzy
numbers can be utilized. This study addresses the menu
selection problem through various MCDA approaches,
including TOPSIS, VIKOR, fuzzy TOPSIS, and fuzzy VIKOR.
According to TOPSIS and VIKOR, Alternative 2 emerges
as the best choice, while according to Fuzzy TOPSIS and
Fuzzy VIKOR, Alternative 3 proves to be the most
favorable option.

The menu plays a vital role in influencing customer
behavior. Individuals' aspirations to maintain a healthy
weight and cultivate a positive body image can motivate
them to opt for healthier menu items. This study may
contribute to enhancing the understanding of menu
selection among researchers and restaurant owners.
Furthermore, it underscores the need for future policies
that hold restaurants accountable for offering healthier
menu options and ensure that customers are informed
about the calories, cholesterol, fiber, saturated fat,
sodium, and sugar content of the meals they consume. In
future research, this study could be expanded to explore
other MCDM methods, and different menus could be
evaluated by considering various restaurants.
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1. Introduction

High performance fabrics have been used extensively to
provide protection without restricting the movement of
personnel. In recent years, shear thickening fluids (STF)
have been investigated to increase the energy absorbing
capacity of these systems. Shear Thickening Fluids are
non-Newtonian suspensions that exhibit a sudden
increase in viscosity with increasing shear rate. This
property of STFs is reversible. Thus, when the stress that
increased the viscosity is removed, the liquids return to
their initial state. Many studies have been conducted to
understand the rheological properties of these fluids and
to use them in engineering applications. (Hoffman, 1972;
Hoffman, 1974; Bossis and Brady, 1989; Boersma et al,,
1992). The rheological properties of STFs mainly depend
on parameters such as the solid medium (shape, size,
proportion, hardness, additional particles), the liquid
medium (type, density) and the physical conditions of the
suspension. It was observed that the viscosity of the
suspension increased with increasing molecular weight
of polyethylene glycol (PEG) used as a liquid medium
(Baharvandi et al,, 2016). In the study by Qin et al., three
different PEGs with mole weights of 200, 400 and 600
were added at a ratio of 45% to STF produced using PS
microspheres and PEG. PEG 600 was reported to be more
effective in the solidification behavior of the added
sample (Qin et al, 2017). The addition of additional

particles to the suspension in the production of STF
significantly changes the rheological properties. In the
study by Sha et al, CNT and GNP were added as
additional particles to CACS produced using 650 nm
diameter spherical silica and PEG 200 (Sha et al., 2013).
Hasanzadeh et al. investigated the effect of multi-walled
carbon nanotube (CNT) reinforced STF on the puncture
resistance performance of high modulus polypropylene
(HMPP) fabrics (Hasanzadeh et al, 2016). Li et al
investigated the energy dissipation mechanisms of clean
and STF impregnated UHMWPE fabrics in dynamic
impact tests with knife and nail tip (Li et al., 2016). Tan et
al. investigated the effects of graphene nanoplate (GNP)
reinforcement on the rheological properties of STF (Tan
et al, 2018). Wang et al. investigated the rheological
properties and inter-yarn friction properties of STF at
temperatures between -15 °C and 35 °C to examine their
properties in different climatic conditions (Wang et al,,
2019).

In the literature review, there are many studies in which
the rheological properties of single and multi solid phase
shear thickening fluids are determined and their effect on
the energy absorbing performance of high performance
fabrics is examined. When the FTIR analysis of the STFs'
produced in previous studies was examined, it was
determined that no chemical bond was formed between
the silica and PEG forming the suspension content
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(Yanen et al.,, 2020). In the literature review, no study
was found in which chemically bonded STFs' were
produced. Within the scope of this study, chemically
shear thickening fluid (CSTF) was
produced and rheological properties were investigated.

modified first

2. Materials and Methods

The silica particles were oven dried at 150 °C for about
12 hours to remove moisture absorbed on the surface. To
prepare the STF samples, polyethylene glycol and silica
particles were mixed at 6000 rpm using a high speed
mechanical mixer. During the mixing process, silica
particles were gradually added to prevent agglomeration
as suggested in previous studies (Zhang et al, 2008;
Giirgen and Kushan, 2017; Wang et al., 2017). Stirring
was continued until the mixture became homogeneous.
The stirring was carried out in a temperature adjustable
water bath to keep the suspension temperature constant
(Figure 1). The same method was used in the production
of nanoparticle reinforced STF. In the production of STFs

~-——  Mixer

T'hermometer
I'emperature controlled
water bath

Polyetylene glycol Water

a)

Figure 1. a) STF production b) CSTF production using STF.

developed by chemical modification, PEG 400 and Aerosil
150 were first homogenized with a high speed
(Table 1). Diphenylmethane
diisocyanate (MDI) at the rate of 5% by mass was added
to the resulting mixture and stirred at room temperature

mechanical mixer

for 1 hour.

The rheological properties of CSTFs were determined
using Anton Paar MCR 102 voltage-controlled rheometer,
pictured in Figure 2, as in previous studies (Yanen et al.,
2020; Yanen et al, 2021). The tests were performed
using a 25 mm diameter parallel plate apparatus. During
the testing process, liquids were placed in the inner
region between the upper and lower measuring plates.
The gap between the plates was kept constant at 0.3 mm
and all tests were performed at 25 °C. Rheological
measurements were performed in the shear rate range of
0-1000 s-1. FTIR analysis was performed using Shimadzu
§11025C (QATR-S) instrument to study the bond
formation in the suspensions produced to obtain CSTF.

@ Mixer

r S MDI + Catalyst

I'hermomete

Temperature controlled
water bath

Polyetylene glycol Water

b)

Figure 2. Anton Paar MCR 102 Rheometer.

Table 1. Specimen nomenclature and properties used in the experiments

Specimen No Factor investigated STF Silica Ratio Chemical Ratio

1 0

2 2.50%
Chemical Ratio Aerosil 150 + PEG 400 25% °

3 5%

4 7.50%
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3. Results and Discussion

Figure 3 shows the rheological properties of the
suspensions reinforced with MDI as a chemical additive.
All MDI reinforced samples exhibit non-Newtonian
behavior. When pure STF and MDI reinforced samples
were compared, it was observed that MDI additive
reduced the critical shear rate. If the results are
evaluated, while the initial viscosity values increase as
the MDI ratio increases, the solidification behavior under
shear is clearly observed in the sample with 2.5% MDI
ratio with increasing shear rate. There is no significant
difference between the
increasing MDI ratio. The final viscosity values change
inversely proportional to the MDI ratio.

3.1. Chemical Reaction in the Production of CSTF

It is necessary to study the chemical reaction between

critical shear rates with

polyethylene glycol and methylene diphenyl isocyanate
(MDI) in the production of CSTF. Other components
provide physical interactions among themselves. For
example, aerosil, polyethylene glycol,
nanoparticles do not make chemical bonds with each

fabric and

other. The chemical reaction described below shows that
a chemical reaction takes place between the functional
hydroxyl (-OH) groups in ethylene glycol and the cyanate

groups (-N=C=0) in methylene diphenyl isocyanate
(Figure 4).

3.2. Fouirer Transform Infrared Spectrophotometer
(FTIR) Results

In the FTIR spectra, stress vibrations of hydroxyl bonds
in polyethylene glycol are observed in the wavelength
range of 3400-3550 cm! (Figure 5). In the wavelength
range 2850-3000 cm'!, stress vibrations of CH groups
occur. Since methylene diphenyl diisocyanate gives
chemical bonds with hydroxyl bonds in polyethylene
glycol, it was determined that hydroxyl bonds decreased
as the MDI ratio increased. However, free isocyanates
that cannot undergo chemical reaction are seen at a
wavelength of approximately 2225 cm-l. In this study,
polyethylene glycol reacts chemically at an optimum rate
with about 2.5% MDI. The use of higher proportions of
MDI indicates an increase in free isocyanates in the
wavelength range 2215-2235 cm'l. The highest
rheological performance in the obtained CTSF samples
was observed in 2.5% MDI reinforced samples. The use
of high percentage of MDI decreases the rheological
performance of the CSTF samples since it is present in
the mixture without chemical reaction.

1.000.000

—8—25 STF - 7.5 MDI
100.000 —e—25 STF - 5 MDI
' —e—25 STF - 2.5MDI
25 STF
10.000
)
g 1.000
z
S
g 100
>
10
1
0
0.1 1 10 100 1000

Figure 3. Effect of MDI ratios on rheological properties.

Shear Rate (1/s)

0-C=N @-CHz@N:o—o + HO-CH,-CH,-OH

MDI Ethylene Glycol
9 It
A
— = E@—CHQOE—C—O—CHZ-CHZ-O—};
\ N P
hard segment soft segment

Figure 4. Chemical reaction between MDI and polyethylene glycol.
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Figure 5. FTIR spectra of CSTF samples produced with different MDI ratios by mass.

4. Conclusion

In the suspensions produced within the scope of this
study, solidification behavior under shear was observed
and it was determined that properties such as critical
shear rate and viscosity profile can be controlled by
properties such as the ratio of reinforcement material. In
the study, CSTF were impregnated into two different
Twaron para-aramid fabrics. The effects of impregnating
these high-performance fabrics with CSTF on their
energy absorption capacities and low-speed impact tests
were investigated. The information obtained as a result

this optimum rate.

All of the nanoparticle reinforced specimens
exhibited solidification behavior under shear. As in
the case of CSTF, the system consists of three stages:
shear thinning, solidification under shear and the
formation of a relative plateau.

It is thought that the addition of MDI to the liquids
solidified under shear creates a chemical reaction
and may strengthen the connection between the
fabric and the suspension in future studies.

of the study can be summarized as follows; Author Contributions

e When the rheological properties of the suspensions The percentage of the author(s) contributions is
reinforced with MDI as a chemical additive were presented below. All authors reviewed and approved the
evaluated, the initial viscosity values increased with final version of the manuscript.
increasing MDI ratio, while the solidification M.Y.S. Y. CK EA
behavior under shear was observed significantly in C 30 25 20 75
the sample with 2.5% MDI ratio with increasing D 20 30 30 20
shear ratio. No significant difference was detected S 40 20 20 20
between the critical shear rates with increasing MDI DCP 20 30 30 20
ratio. The final viscosity values change inversely DAI 20 30 20 30
proportional to the MDI ratio. L 20 30 30 20

e When FTIR peaks have been examined in this study, W 20 30 30 20
it is determined that the isocyanates in MDI are CR 20 30 20 30
consumed. However, the use of high amounts of MDI SR 20 30 30 20
indicates that free isocyanates are present in the PM 30 20 30 20

mixture despite the chemical reaction taking place.

C=Concept, D= design, S= supervision, DCP= data collection

It can be seen in the FTIR peaks that the hydroxyl and/or processing, DAI= data analysis and/or interpretation, L=
bonds in PEG have decreased. When optimum 2.5 % literature search, W= writing, CR= critical review, SR=
MDI is used, peaks of free isocyanates are not submission and revision, PM= project management.

observed in the wavelength range of 2215-2235 cm-
1. As a result, it has been determined that the
chemically reacting components are consumed at
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Ozet: Mikro organizmalarin hareketi gerek biyolojik davranislarini anlamada gerekse mikro robot dizayninda 6nem tagimaktadir.
Mikro yiiziicii ¢ogu zaman duragan akiskanda olduke¢a diisiik hizlarda kivranma hareketi ile yer degistirmektedir, bu da diisiik
Reynolds sayisindan dolay1 viskozitenin domine ettigi bir akistir. Kivranma hareketi yliziiciiniin siiriiklenme kuvvetlerinin etkisini
farkhlastirmaktadir. ileri, geri ve nétral moddaki hareketler icin zamana bagh periyodik kivranma hareketi ANSYS® yazihmu ile
modellenmistir. Sonuglar duragan duruma erisildikten sonraki tam bir periyod icin akis ¢izgileri, hiz vektorii es egrileri ve yiiziicti
ceperindeki duvar kesme kuvveti, girdaplilik ve siiriikleme katsayisi degisimi olarak sunulmustur. Kivranan yiiziiciiniin yiizme
verimliliginin hem Reynolds sayisina hem de yiiziicii moduna bagli oldugu goésterilmistir.
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Numerical Modeling of the Movement of Self-Propelled Microorganisms in Newtonian Fluid

Abstract: The movement of micro-organisms is important both in understanding their biological behavior and in micro-robot design.
The micro swimmer is often displaced by squirming motion at very low speeds in stationary fluid, a flow dominated by viscosity due to
the low Reynolds number. The squirming movement differentiates the effect of the drag forces of the swimmer. Time-dependent
periodic squirming motion for forward, reverse and neutral mode movements is modeled by ANSYS® software. The results are
presented as streamlines, velocity isocurves, and wall shear force, vorticity, and drag coefficient variation at the swimmer wall for a full
period after steady state is reached. It has been shown that the swimming efficiency of a squirming swimmer is dependent on both the
Reynolds number and the swimmer's mode.
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1. Giris

Diinya biyokiitlesinin ¢ogu mikroplardan ozellikle
bakterilerden olusur ve mikro organizmalar sivilar iginde
hareket ederler. Mikro 6lgekli akislarin dinamigi, bu tiir
canllarin davraniglarinin belirli ydnlerini anlamamiza
yardimc1 olur. Ayrica mikro organizmalarin sivi
ortamlardaki hareketinin modellenmesi medikal alanda
hastalik  tetkik-teshis  slireglerinde  ve
protokollerinde kontrol edilebilir ila¢ ulastirma amagh
kullanilacak mikro robotlarin dizayninda 6nem arz

tedavi

etmektedir. Yiizen canlilarin akigkanlar mekanigi
yontemleri ile incelenmesi mikro 6lcekte makro dlcege
farkliliklar  gdsterir. Karakteristik
boylarinin kiictikliigli (mikron mertebesinde) ve yine
karakteristik kictikligi (mikron/sn
mertebesinde) akisi tanimlayan Reynolds sayisini da bir
hayli kiiciik olmasina yol agar; oyleki tipik Reynolds

sayist 1 civaridir. Bu durumda, viskoz etkiler akisi

nazaran biiyik

hizlarinin

domine ederken atalet kuvvetleri gdz ardi edilebilecek
kadar kii¢liktiir ve bu sebeple mikro yiiziicii hareketi
Stokes denklemleri ile modellenebilir (Blake, 1971).
Buna ek olarak kivranma hareketinin matematiksel
olarak tanimlanmasinda yiiziiciiniin sinir kosulu klasik
akiskanlar mekaniginde oldugu gibi kaymanin sifir
olmasi olarak tanimlanmaz. Clinkii organizmalarin tahrik
icin kullandiklar1 kamgi, sil veya sekil degistirme
hareketlerinden birinin veya bir kag¢inin ileri, geri veya
durma (noétral) hareketi icin tanimlanmasi gerekir (Blake,
1971; Pedley, 2006).

Literatiirde kivranma hareketi i¢cin sinir kosulu ilk defa
kiiresele yakin sekilli ve deformasyona ugrayabilecek
organizmalarin diisiik Reynolds sayili akislarda Lighthill
(1952) tarafindan onerilmistir. Bu model daha sonraki
yilarda ¢ok sayida c¢alismada c¢esitli versiyonlarla
kullanilmistir. Diisiik Reynolds sayilar1 altindaki akista,
Blake (1971) sonsuz silindir ytizeyindeki kaymazlik sinir
kosulunu zarf icinde belirlenen sonlu bir hiz ile
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degistirmistir. Bu yeni sinir kosulu, mikro organizmalarin
sekil degistirme yoluyla iki boyutta hareket etmesinin
modellenmesini miimkiin kilmistir. Pedley (2016) sinir
kosulunu yeniden ele almis ve kivranicinin ytizey hizini
sabit teget bilesene indirgemistir. Yeni formiilasyon
mikro yiiziiclilerin yakinlarindaki hidrodinamik akislarin
kesin olarak hesaplanabilmesini saglamistir. Datt ve ark.
(2007) tarafindan kompleks akiskanlar icindeki aktif
partikil  akisinin kullanilmistir,
sedimantasyondaki partikiil davranisi
modellenebilmistir. Hamilton ve ark. (2018), tek ferro
manyetik partikiliin hareket edebilen esnek kuyrugu ile
makro hareketi
manyetik alan olusturmus ve kuyruk uzunlugunun ideal
uzunlugunu farkli manyetik alan frekanslar1 icin
belirlemistir. ~ Pedley (2016) mikro organizmalarin
hareketine ek olarak hiicre ¢eperinden besin alimini da
bu modele eklemistir.

Daddi-Moussa-Ider ve ark. (2018), Newtonyen akiskan
icinde ndotr, itilen ve gekilen akis modlari icin ti¢ kiiresel

modellenmesinde
kismen

modellemistir. Bunun i¢in salinan

mikro ytziiciyl kanal i¢i akista modellemistir. Akista
salinimhi kayma durumu go6zlemlemisler ve bunun
kanalin orta alaninda ve duvarlardan birine daha yakin
bir yerde meydana gelebilecegini raporlamislardir.
Calismada itici modundaki harekette salimmh siiziilme
durumu kararsiz oldugu raporlanmistir.  Cekici
modundaki harekette aksine, hareket
tarzlarinin geometrik oOzelliklerine giiclii bir sekilde
bagiml oldugu gosterilmistir. Yiziicliniin parametreleri
degistikce, yakalama kaybolabildigi ve
ylziiciilerin sabit bir oryantasyon ile sabit bir yiikseklikte
hareket ettigi kayma durumlar1 ortaya ¢ikabildigi
belirtilmistir. Narinder ve ark. (2018) deneysel
calismasinda 151k enerjisi ile tahrik olan mikro

ise  bunun

durumlari

ylziiciiniin viskoelastik akigkan icindeki hareketini
deneysel olarak incelemistir. Donme hareketi yaparak
ilerlemesi temin edilen yiiziiclilerin koloidal akiskanin
icinde dogrusal olmayan bir sekilde itme hizina bagli olan
bir agisal hiz ve bir egrilik yaricap: sergileyebildigini
raporlamiglardir. Bu denge dis1 hareketin akiskanin
Newtonyen olmamasindan kaynaklandig gosterilmistir.

Zottl ve Stark (2014), 1s1l giiriilti ile kivranan tarafindan
olusturulan hidrodinamik akis alanini sayisal olarak
modellemistir. Calismalarinda kolektif anlamda kivranma
sinirt  ve ¢oklu kivranma hareketleri arasindaki
hidrodinamik etkilesimleri irdelemis, yiiksek yogunlukta
kivranicida ve notr kivranicida kiime benzeri faz
olusurken giiclii itici ve c¢ekicilerde altigen kiime
gozlendigi raporlanmistir. Devam eden calismalarinda,
Zottl ve Stark (2018) ¢oklu parcacik ¢arpisma dinamigi
yontemi sekilli

hidrodinamigini ele almistir. Dogrusal

transferinin, akis ve carpisma adimini birlestirerek ve

kullanilarak Kkiiresel kivrananlarin

momentum

¢6zlim prosediiriine sanal parcaciklar ve termal giiriltii
ekleyerek degerlendirildigini raporlandimislardir. Kuhr
ve ark. (2017) yercekimi kuvveti altinda farkh tiirde
kivrananlar1 iceren toplu ¢okelmeyi modellemistir.
Sedimantasyon profili, yogunlugun yiikseklik ve kivranim

tipi ile iistel olarak degistigini gostermistir. Dibe yakin
bolge, cogunlukla durgun yiiziiciiler veya zayif itici ve
cekiciler iceren yogun bir sekilde paketlenmis katmana
sahiptir. Bununla birlikte iist bolge, sedimantasyonun iist
tarafinda dinamik profil ve konveksiyon akislar1 gésterir.
Takip eden g¢alismada Kuhr ve ark. (2019) yergekimi
kuvveti altindaki mikro ytiziicii hareketine ¢oklu pargacik
carpisma dinamigi yontemi uygulamis, bunun i¢in mikro
yuziiclilerin kollektif dinamiklerini kivranan tipine ve
yogunluguna gore kategorize etmis ve Wigner sivisinin
hidrodinamiginin akis alaninin yapisinda altigen bir
diizen olusturdugunu bildirmistir.

Biyolojik akislarin pek ¢ogu Newtonyen olmayan 6zellik
gosterse de ozellikle kan vb. viicut sivilari pek ¢ok sayisal
calismada Newtonyen olarak kabul edilmis ve cesitli
akislar i¢in sonuclar literatiirde raporlanmistir (Gijsen ve
ark., 1999; Valencia ve Solis, 2006; Mercan ve Atalik,
2018). Ayrica literatiirde yer alan ¢alismalarin ¢ogunda
kivranan yiiziicillerin hareketi gecirgenligi olmayan rijit
organizma ylizeyinde duragan ve zarf i¢i yiizey hizi
seklinde taniml sinir kosulu kullanilarak modellenmistir.
Ancak bu durum ozellikle sil hareketinin modellen-
mesinde sayisal ¢oziimii kolaylastirsa da akis fiziginin
zamana bagl degisim bilgisini verememektedir. Bu
calismada gecirgen olmayan rijit silindirik ytiziiciinii
kivranma hareketi yeni 6nerilen zamana bagh periyodik
bir fonsiyonla tanimlanmistir. Newtonyen akigkan i¢in
silli organizmanin o6zelliklerini taklit eden yeni bir

sinlizoidal kivranma modeli sunulmustur. Dusiik
Reynolds sayili Newtonyen akis icindeki mikro
organizmanin hareketi sayisal olarak incelenmis,

stiriiklenme katsayilarinin degisimi gosterilmistir. Mikro
organizmanin iki farkll akis modu iki farkh akis hizi
altinda irdelenmistir.

2. Materyal ve Yontem

Bu ¢alismada rijit ve sonsuz silindirik sekilli bir mikro
ylziciinin hareketi ANSYS programi
kullanilarak modellenmistir. Yiiziicli diisiik ve ¢ok diisiik
Reynolds sayili (Re=5; Re=0,0005) akislarin iginde
bagh tanimlanmis  sil  hareketi
yapmaktadir. Calismada kullanilmis olan ana denklem
takimlari asagida detaylica verilmistir.

Kiitle korunumu ve momentum dengesi denklemleri
sirasiyla Denklem 1 ve 2’de verilmistir;

kivranma

zZamana olarak

V.u=0 @9
u
pD—t=—Vp+V-r (2)

olup, burada p akiskan yogunlugu, u hiz vektért, p basing
ve T ekstra stres tensoriidiir. Ekstra stres tensoril
Newtonyen akiskan i¢in Denklem 3’deki gibi ifade edilir:

T=2uD 3

olup, burada p dinamik viskozite ve D sekil degistirme
orani tensoridir. Reynolds sayisi (Denklem 4)
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_ pUD
il

Re (4)
burada U karakteristik hiz, D yiiziiciintin ¢apidir.
Literatiirde tanimlanmis kivranma hareketi duragan
durumda ve yarigapt D/2 olan yiziicliniin yiizeyinde
taniml teget hizlardan olusmus bir zarf fonksiyonudur.
Analiz, kivranma hareketinin zaman icinde periyodik
olarak degistigi bir tegetsel hiz ile gerceklestirilir. Bu yeni
zamana bagh hareket, yiizeyde kurbagalama benzeri
hareket, silleri dovme veya kamgciyr itme gibi daha
gercekei bir kivranma hareketi saglamistir ve Denklem
5’deki gibi tanimlanir:
D . 1 .

Ug (r = E't) = [sme + Fsme

+ EBlsinecose (sinwt+ 1) (5)

27

/2

burada t zamandir ve hesaplamalarda sabit acisal frekans
® = 1 rad/sn seklinde alinmistir. 0 ytiziicliniin ylizeyinde
saat yOniinin tersi tanimli  agl, r
ylziicliiniin yarigapidir ve f8yiiziiciinln ileri geri veya
notral hareketini temsil eden boyutsuz sayidir. 3 > 0
ceken, B < 0 iten ve B =0 ne itici ne ¢ekicidir. Notral

istikametinde

hareket ne itici be ¢ekicidir ve duragan durumdaki en
ylksek enerji verimine sahip moddur (Pedley, 2016).
Onerilmis yeni zamana bagh periyodik sil hareketi
kivranma hareketinin modunu degistirmez. Zamana bagh
etkiler altinda organizma itilen, ¢ekilen veya notiir olarak

Symmetry

B —
U P=0
e
&

5D 12.5D

——
25D

—_

Symmetry

@

kalir.

Sayisal ¢oziimleme ANSYS® programi ile yapilmistir.

Zamana baghh ve duragan problemlerde hiz ve basing

eslemesi SIMPLE semasi ile gergeklestirilmistir (Sahin ve

Atalik, 2019). Sinir kosullar: klasik kaymazlik sinir kosulu

fonksiyon (UDF)
tanimlanmistir.

olmadigindan, kullanict tanimh
kullanilarak ~ ANSYS®
Yiiziiciiniin simetrik geometrisi sebebiyle 2 boyutta
¢ozim yapilmistir. D c¢apindaki yiiziici giristen 5D,
cikistan 12,5D mesafe uzaktadir. Dikdortgen seklindeki
¢6zim alaninmin yiiksekligi 25D’dir, bakimiz Sekil 1a.
Kivranma simir kosulu yiiziicii yiizeyinde, uniform hiz
giriste ve simetri sinir kosulu ist ve alt simirlarda
tanimlanmistir. Cikista basing degeri atmosferik basinca
esit olarak alinmistir, o sebeple fark basing 0’dir. Co6ziim
alanindaki ag ANSYS® ICEM CFD program kullanilarak
olusturulmustur. Calismada kullanilan 6érnek ag, Sekil
1b‘de verilmistir.

Ug farkll ag yogunlugunda coziimlemeler yapilmis ve
eleman boyu kiiciltiildiigiinde sonucun %0,1 den fazla

programina

degismedigi 46596 hiicre sayili ag secilmistir. Re = 40
icin kaldirma katsayisi degeri literatiir ile karsilastirilmis,
farkin Sahin ve Atalik (2019) 'in raporladig1 deger olan
%0,3'den kiiciik oldugu gozlemlenmistir. Cozliimiin
zamana baglh periyodik duragan durumda olmasinin
saglanmasi icin sonuclar 10’uncu periyottan sonraki
periyottta sunulmustur. Zamana bagh sonuglar Sekil 2’'de
gosterilen semadaki noktalara karsilik gelen zamanda
paylasilmigtir.

\I\IH\III\HIIHII\IHI I

i i

00 O R
Mg
0
T
0 R

00 A0
0
JHnuTTe
Jrmercore

Sekil 1. Coziimleme uzayi, (a) boyut ve sinir kosullarinin sematik gosterimi, (b) simiilasyonlarda kullanilan ag.

20m 20.5% 21w

21.5n 2270

Sekil 2. Zaman bagl periyodik hiz degisiminin tam bir periyot boyunca karsilik geldigi degerlerin sematik gosterimi.
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3. Bulgular ve Tartisma

Bu c¢alismada oncelikle yiziiciiniin periyodik olarak
tanimlanmis sil hareketinin etkileri periyot siiresince
10’uncu
baslangicindan itibaren her ¢eyrek periyot zamanina
denk gelen ¢oziimler paylasilmistir. Sec¢ilmis noktalar
Sekil 2'de gosterildigi gibidir. Sonuglar itme ve ¢ekme
modlarinda ve sabit Re =5 degeri i¢in gdsterilmistir.

incelenmistir. Bunun igin tam periyot

Oncelikle akis cizgileri ve es hiz egrileri sonrasinda da
ayni zamana denk gelen duvar kayma gerilmesi ve
girdaplilik degerleri incelenmistir. Devaminda bu sefer
itme ve ¢ekme modlarinin ve Reynolds sayisinin
stiriiklenme katsayilarina etkisi gosterilmistir. Son olarak
hareket modu ve Reynolds sayisinin siiriiklenme
katsayisina etkisi arastirilmistur.

Hareket modunun akis cizgilerine ve hiz esegrilerine
etkisi incelenmistir. Mod etkisinin (f < 0 iken itme ve
B >0 iken c¢ekme) girdap

olusumuna belirgin gozlemlenmistir. Mod

kivranan yiiziiciiniin
etkileri

i
'
"

'
SR
it
/ \
'
i
HR
P\
f \'q
]
> a0y
{7
N s f
1 i
A (
P
{
il
: lel '

(e)t = 22m = p5

etkisinin belirgin sekilde gozlemlendigi iki farkli mod i¢in
tam bir periyot buyunca akis cizgileri ve hiz esegrileri
cekme modu ff =5 icin Sekil 3’'te ve itme modu f§ =
—5icin Sekil 4’te gosterilmistir. Yiiziicii cekme modunda
akis yoniinde hareket etmekte oldugu igin, girdap
simetrik sekilde yiiziicii arkasinda olusmustur. Ancak
itme modunda yiziici akisa dogru kivrandig igin
simetrik girdaplar bu sefer yiiziiciiniin 6n tarafinda
olusmustur. itme modundaki girdaplar ¢cekme moduna
gore kiigliktiir. Cekme ve itme modlarinda benzer egilim
Ouyang ve ark. (2018) tarafindan da raporlanmstir.
Periyodun 21,57 degerinde (Sekil 2'de p4 noktasi)
kivranma hizi 0 oldugu i¢in ¢ekme veya itme modu akis
cizgilerini ve hiz esegrilerini etkilememis, durum Re =
5’e karsilik gelen akisa indirgenmistir, bakiniz Sekil 3 ve
4. Her iki modda da en biiyiikk girdaplhilik periyodun
20.57’e esit oldugu anda gozlemlenmistir (Sekil 2'de p2
noktast).

(d) 2t = 1.5m = p4

Sekil 3. Tam bir periyotta akis cizgileri (kirmiz1 cizgiler) ve es hiz egrilerinin (siyah ¢izgiler) degisimi, Re =5, =5,

41m 431

() 20m; (b) - (c) 21m; (d) - (e) 22m.
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(a)t =20 =pl (b)t = 20.5m = p2

(c)t =21m =p3 (d)t =21.5m = p4

(e)t = 22 = p4

Sekil 4. Tam bir periyotta akis cizgileri (kirmizi cizgiler) ve es hiz egrilerinin (siyah cizgiler) degisimi, Re = 5, = =5,

(a) 207; (b) ‘*;—”; (c) 21m; (d) 42—"; (e) 22m.

—
n/2
—
0 (rad)
n 0
— Cekme modu
2n B>0
—
3n/2
—

Sekil 5. Yiiziicii ¢evresinde taniml agilarin sematik gosterimi.
45

40

“«sen

AN

s T v PN |
R oty Lottt e ¥ *eepansitive
2 e . . o

e
b,
*e,
v,

4000000000000
w3 2n/3 n 4n/3 5x/3
0[rad)

Sekil 6. Yiiziicii cevresi boyunca duvar kesme kuvvetinin degisimi (¢cekme modu =5, Re = 5).
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Periyot siliresince ve ¢ekme modundaki yiiziicii ¢evresi
boyunca kesme kuvveti incelenmistir. Sekil 5’de sematik
olarak gosterilen cekme modundaki yiiziicii yiizeyindeki
acilar pozitif 6 yoniinde tamimlanmistir ve aginin 7
radyan degeri gelen akis yoniindeki u¢ noktaya denk
gelmektedir. Cekme modundaki yliziiciiniin duvar kesme
kuvvetindeki degisim Sekil 6’da p1 (mavi) , p2 (kirmizi),
p3 (yesil) ve p4 (mor) noktalarina denk gelen zamanlar
icin gosterilmistir, p5 noktas1 pl noktasi ile esdeger
oldugu icin sekilde gosterilmemistir. Kesme kuvvetinin
en yliksek oldugu zaman periyot baslangicidir ve
maksimum degerini, beklendigi gibi u¢ noktada
almaktadir.

Kivranial etrafindaki girdaphlik dagilimlar1 Sekil 7'de
gosterilmektedir. Girdap alanlarinin {ist yarisinda, iticiler
(¢ekiciler) ylizme yonlerinin ilerisinde (gerisinde) pozitif
(negatif) girdap tretirler (Sekil 7 a gekici, Sekil 7 b itici).
Girdaplihgin mutlak degerleri, kivranicinin hareket
eksenine gore simetriktir. Kivranma simri civarinda,
kesme kuvvetlerine maruz kalir ve bu da farkli akis
davranisina neden olur. Kivranan yiiziiciiniin etrafindaki
girdap diizeni ilgilidir.
Iticilerin yiizeyindeki akis cizgileri girdab1 asag1 yoénde
iter ve yonlendirirken, cekiciler yukar1 ve asag1 yonlere
yakin girdaplan biriktirir. iticilerin yiizeyindeki akim

dogrudan yilizme moduyla

cizgileri girdab1 asagi yonde iter ve yonlendirirken,
cekiciler yukar1 ve asagl yonlere yakin girdaplari
biriktirir.

Son olarak hareket modunun ve Reynolds sayisinin
siiriklenme kuvvetlerine etkisi incelenmistir. Sivinin
kivraniciya uyguladigi kuvvet, siiriikleme ve kaldirma
olmak tizere iki bilesene ayristirilabilir. Toplam kuvvet,
kivranan cismin yiizeyi tizerindeki ¢ekisin bir integralidir
ve simiilasyonumuzda, yiizey diiglimlerindeki tiim birim
kuvvetlerin toplamudir. Siirtiklenme kuvvetinin yiizey

etrafindaki dagilimimi elde etmek icin siiriikleme
katsayisi C; Esitlik 6’daki sekilde tanimlanir:

2F,
Co=——=

burada F, yiiziicli ylizeyindeki stiriikleme kuvveti; p sivi
yogunlugu; Uy sivi hizidir; ve D yiiziicii ¢apidir. Farkh
Reynolds sayilarindaki ytizme modlar1 ig¢in kivranic
ylizeyi etrafindaki stiriikleme katsayilar1 Sekil 8'de
gosterilmistir. Sekil 8 a Re =5 ve $Sekil 8 b’de Re =
0,0005 icindir. Reynolds sayis1 arttik¢a siirtikleme
katsayilarinin azaldigr goriilmektedir. Yiiziicii yiizeyinde
siriikleme Kkatsayis1 dagilimlari, kivranicinin hareket
eksenine  gore  simetrik  veya
Kivrananlarin yiizme ozelliklerinin Reynolds sayisi ve
ylizme modu ile yakindan iligkili oldugu sonucuna
varilmistir.

antisimetriktir.

20

[1/sec]

0 /3 2x7/3 T 4x/3 5713 27
O[rad)

(@)

0 w3 27/3

47/3 5n/3 27

Sekil 7. Yuziici g¢evresi boyunca girdaphlik degerinin
degisimi, Re = 5, (a) gekme modu: f = 5, (b) itme modu
B = -5.

]

-5
-10
-15

0 /3 27/3 ™ 473 57/3 2T
6[rad)
(a)
9

’ >‘< 10

0.5

0 w3 273 T 4x/3 5713 27
A[rad)
(b)
Sekil 8. Farkli hareket modlar1 igin siirtiklenme
karsayilarinin yiiziiciiniin dis yiizeyi boyunca dagilimi (a)
Re =5, (b) Re = 0.0005. Hareket modlar1 sirasi ile
¢ekme modu f = 5 mavi renk; f = 0.5 kirmizi renk; itme

modu B = =5 yesil renk; § = —0.5 mor renk.

4. Sonug¢

Bu calismada, sonsuz silindir seklindeki kivranicinin
zamana bagl periyodik sil hareketi sayisal olarak
incelenmistir. Onerilen periyodik sinir kosulu ile tek
hiicreli silli organizmalarin kivranma hareketi daha
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gercekei olarak modellenmistir. Newtonyen sivi icinde
ylizen bir kivranicinin hidrodinamik davranisi sistematik
olarak analiz edilmistir. Reynolds sayis1 ve yiizme
modunun hareket iizerindeki etkilerinin yam sira
kivrananlarin gii¢ harcamasi tartisilmistir. Sonuglar, Re
degeri 0,0005 ile 5 arasinda degisen (bu aralik ¢ogu
mikroorganizmanin yiizmesi i¢in uygundur) kivranan

ylziliciiniin  yilizmesinin  eylemsizlik  kuvvetinden
etkilendigini gostermistir. Sonuglar asagidaki gibi
Ozetlenebilir:

e Cok diisiik Re'de, Newtonyen akiskan i¢in kivranma
hiz1 sabit kalmistir. Nispeten yiiksek Re'de,
kivranma hizinin degisme egilimi gozlemlenmistir.

e itici h1z1 Re ve B degerinin artmasiyla artarken,
cekicinin hiz1 Re'nin artmasiyla azalir veya artar.

e Kivranan yiiziiciinlin ylizme verimlilii hem Re'ye
hem de f 'ye baghdir.

Son olarak, Newtonyen olmayan biyoakiskanlar icindeki
periyodik kivranma hareketleri ile siiriiklenme ve
kaldirma katsayilarinin beraber incelenmesi gelecek
¢alisma olarak planlanmaktadir.

Katki Orani1 Beyam
Yazar(lar)in katki yilizdesi asagida verilmistir. Tim
yazarlar makaleyi incelemis ve onaylamistir.

H.M. T.T.K
K 80 20
T 80 20
Y 100
VTI 40 60
VAY 100
KT 60 40
YZ 90 10
KI 80 20
GR 80 20
PY 100

K= kavram, T= tasarim, Y= yonetim, VTI= veri toplama ve/veya
isleme, VAY= veri analizi ve/veya yorumlama, KT= kaynak
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Abstract: The anatomical, ecological and trichome micro-morphological features of two taxa (Marrubium amasiensis and Marrubium
parviflorum subsp. parviflorum) belonging to the genus Marrubium were determined and these features were compared. M. amasiensis
is endemic and is distributed only around Amasya in Tiirkiye. In anatomical examinations, cross sections were taken from the root,
stem, petiole, leaves and surface sections were taken from stem, petiole, and the lower and upper surfaces of the leaves. When the
anatomical findings were examined, multi-layered lamellar collenchyma layer was encountered at the corners of the stem. The studied
taxa have equifacial leaves in terms of mesophyll structure. Stomata of M. amasiensis are anomocytic and rarely anisocytic type, while
stomata of M. parviflorum subsp. parviflorum are anomocytic type. The margins of the adjacent cells of the stomata in both taxa are
very undulate. Eglandular and glandular trichomes were seen on vegetative organs of the two taxa. The eglandular trichomes are
stellate, dendroid, marrubioid and simple unicellular types, while glandular trichomes are capitate and peltate types. Dense stellate
trichomes were found in the vegetative organs of the studied taxa. Since the head and stalk cell numbers of capitate trichomes showed
variation, these trichomes were divided into subtypes. Three subtypes of capitate trichomes were found on the vegetative organs of M.
parviflorum subsp. parviflorum, while four subtypes of capitate trichomes were found on the vegetative organs of M. amasiensis. Soil
samples were taken during flowering periods of taxa, physical and chemical properties were determined. Some similarities and
differences were detected in the anatomical, ecological and trichome micro-morphological features of the studied two taxa. It has been
emphasized that these different features will be used as valuable taxonomic characters in distinguishing of the two taxa.
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2019; Benzidane et al, 2020). In addition, the above-
ground parts of Marrubium species, known as “dag cays,

1. Introduction
Marrubium L. genus belongs to the family Lamiaceae and

and perennial plant species. The bozotu, kalartopu, yabaniderme, c¢alba, sapla, kukasotu”

includes annual

Marrubium taxa are mainly distributed in the Irano-
Turanian and Mediterranean phytogeographic regions.
The endemism rate of this genus in the Mediterranean
phytogeographical region (88%) is higher than in the
Irano-Turanian phytogeographical region (71%). The
genus is represented by 27 taxa and 23 species in
Tirkiye and rate of endemism is 59% (Celep and
Dirmenci, 2017).

Some members of the genus have medicinal and
ethnobotanical importance. They are used to treat
various diseases such as bronchitis, respiratory
disorders, tuberculosis, asthma, skin damage, ulcers,
boils, rheumatism, stomach disorders, cough,
inflammation, myocardial infarction, edema, ear pain,
appetizer, high blood pressure,
dyspepsia, and women infertility (Meyre-Silva and

Cechinel-Filho, 2010; Yousefi et al, 2014; Okur et al.,

spasm, flatulence,

in Anatolia, are used as a pain reliever, antipyretic,
expectorant and menstrual-reducing (Sargin et al., 2015;
Tuzlaci, 2016; Selvi et al,, 2022).

The genus is characterized by flowers arranged densely
on the stems, leaves with toothed margins, having many
lateral branches, the presence of stamens in the corolla
tube, the beard of the calyx throat, the number of teeth in
the calyx, the presence of hairs inside the corolla tube
and stellate trichomes covering all organs (Ahvazi et al,,
2016; Cal, 2017; Kogak and Kandemir, 2023). The
stellate trichomes are multicellular and branched at the
tip of the stalk cell to form star shaped (Xiang et al,
2010). The branched eglandular trichomes (dendroid)
are branched along the stalk cell (EI-Deen Osman, 2012).
The eglandular trichomes were reported on the
vegetative and generative organs of the Lamiaceae taxa.
These trichomes were divided into four types (simple
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unicellular, simple multicellular, branched unicellular
and branched multicellular) by Cantino (1990). On the
other hand, two main types of glandular trichomes-
peltate and capitate-were reported in some species of
Marrubium genus (Dmitruk and Haratym 2014; Haratym
and Weryszko-Chmielewska, 2017; Gyuzeleva et al,
2022; Kogak and Kandemir, 2023). Some taxa of the
Lamiaceae family have the peltate trichomes with four,
eight and twelve celled head in a single circle (Kamatou
et al, 2006). The peltate trichomes were abudantly seen
on the vegetative organs of some taxa in the Lamiaceae
family. However, these trichomes were rarely seen on the
reproductive organs of some taxa in this family (Serrato-
Valenti et al, 1997; Kandemir, 2011). In capitate
trichomes, head and stalk cell numbers are highly
variable and these trichomes are subdivided into
according to stalk and head cell numbers and head shape.
The capitate ones were frequently found in the
Lamiaceae taxa (Corsi and Bottega, 1999; Kandemir,
2011; El-Deen Osman, 2012). Both eglandular and
glandular trichomes are known as very significant
taxonomic characters in the Lamiaceae family, since the
structures of trichomes show variation in this family (El-
Deen Osman, 2012; Seyedi and Salmaki, 2015; Haratym
and Werszko-Chmielewska, 2017).

M. amasiensis Akgiil and Ketenoglu is an endemic species
limited distribution only around Amasya (Tiirkiye). This
species is distributed in mixed forests and stony slopes. [t
has very important distinguishing characters such as
stem is unbranched and dark green, the presence dense
stellate trichomes on above of the stem, stem leaves
being ovate to rounded, bracteoles being of equal in
length to the calyx tube, calyx teeth having 10 equal or
subequal. lengths and the corolla yellowish white, the
pollen ornament reticulate, and the seeds oblong shaped
(Akgiil et al, 2017). In the areas where the species is
distributed,
overgrazing have been encountered. This situation
endangers the populations of the locally distributed and

activities such as road works and

endemic species. Therefore, the species is placed in the
CR category by Akgiil et al. (2017). M. parviflorum Fisch.
& Mey. subsp. parviflorum is a widely distributed taxon in
Tiirkiye. The subspecies is distinguished from other
Marrubium taxa with its morphological characters such
as light green and grayish green color, dense lanate
trichomes, protruding calyx teeth protruding outwards,
teeth 1/3 spiny, 10 in number, cylindrical structure and
no back-curving.

The aim of this study is to reveal the taxonomic
importance of the anatomical, ecological and trichome
micro-morphological features of two Marrubium taxa,
which are morphologically similar to each other and to
compare these features.

2. Materials and Methods

Plant and soil samples were taken from the areas where
the taxa naturally spread. The taxonomic descriptions of
these taxa were made according to Akgiil et al. (2017)

and Cullen (1982). Some of the plant samples were dried
up according to standard herbarium techniques and
stored, some of them were fixed in 70 % alcohol for
anatomical investigations. In anatomical examinations,
the cross sections of root, stem, petiole and leaf and
surface sections of stem, petiole and leaves were taken by
hand. Sarture reagent was applied to cross and surface
sections (Celebioglu and Baytop, 1949). Anatomical
investigations were performed using an average of 15
plant specimens which were kept in 70% alcohol.
Photographs were viewed using the 10X and 40X lenses
of the Leica ICC50 HD microscope. Determining the
micro-morphology of trichomes on the vegetative organs
of studied taxa were made using 40X magnification of the
Leica ICC50 HD microscope. Trichomes were classified
according to Navarro and El Oualidi (2000), El-Deen
Osman (2012) and given in Tables 1 and 2. Soil samples
were taken 1-2 kg from 0-20 cm depth and brought to the
laboratory in polyethylene bags. These samples were
dried in the laboratory and passed through a 2 mm sieve
and made ready for physical and chemical analysis.
Physical and chemical analyzes of soil samples were
performed in Amasya University Central Research and
Application Laboratory Application and Research Center.
Soil texture, total salinity, calcium carbonate, pH,
nitrogen, phosphorus, potassium and organic matter
contents of the soil samples were determined according
to standard methods (Kagar, 1995). Mean and standard
deviation values of soil analysis results were shown in
Tables 3 and 4. The localities where the taxa were
collected were listed below;

Marrubium amasiensis;

A5 Amasya: Direkli Village, Northern slopes of Sakarat
Mountain, Karanlikénii location, clearings in mixed and
Quercus forest slopes, 1100-1400 m., 09.07.2020, Kogak
and Kandemir.

A5 Amasya: Roadsides in Direkli Village, 1225m.,,
05.07.2020, Kogak and Kandemir.

A5 Amasya: Surroundings of Direkli Village, calcareous
rock slopes, 1200m., 05.07.2020, Kogak and Kandemir.
A5 Amasya; Open areas between Direkli Village and
Sulugol, 1400 m., 05.07.2020, Kogak and Kandemir.
Marrubium parviflorum subsp. parviflorum;

A5 Amasya: Next to the TV tower, above Ormanézii
Village, open areas and roadsides, 1500 m., 14.07.2020,
Koc¢ak and Kandemir.

A5 Amasya: Ormanézii Village, stony slopes by the
roadside, 1250 m., 14.07.2020, Kogak and Kandemir.

A5 Amasya: Roadsides in Direkli Village, 1225m,
05.07.2020, Kogak and Kandemir.

A5 Amasya: Above Direkli Village, open areas, 1300 m.,
05.07.2020, Kogak and Kandemir.

A5 Amasya: Aydinca Sehzade Village open spaces, 1100
m., 09.07.2020, Kogak and Kandemir.

A5 Amasya: Between Sultancayiri1 Giimiis Town,
roadsides Sultangayiry, 1000 m., 14.07.2020, Kogak and
Kandemir.
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2.1. Statistical Analysis

The Mann Whitney U test was used to determine whether
there was a difference between the results of the soil
analysis of the studied taxa (Biiyiikoztirk, 2001).
However, no statistical difference was found between the
soil analysis results of the two taxa (P>0.05) (Table 5).

3. Results

3.1. Anatomical Features of Marrubium amasiensis
3.1.1. Root

It is observed that the root of the studied taxon has a
secondary thickening. The periderm layer on the
outermost surface is 6-7 layered (Figure 1 A). The cortex
is beneath the periderma and consists of 9-11 layered,
oval or rectangular shaped parenchyma cells. Phloem
elements are obvious. Small groups of phloem
sclerenchyma cells were located above the phloem
(Figure 1 B). Cambium is distinguishable and 2-4 layered.
The  secondary  xylem mostly  of
sclerenchymatic cells and tracheids (Figure 1 C). The pith
region is completely filled with primary xylem elements.
3.1.2. Stem

Cross-section of the stem is obviously quadrangular in
shape. The epiderma consists of uniseriate, square
shaped and small cells. The cuticle is thick and with
dense micropapillae. Lamellar collenchyma is located
immediately beneath the epiderma. The
collenchyma at the corners is 8-10 layered (Figures 1 D,
E). In the other parts of the stem, the lamellar

collenchyma is 3 layered. Parenchyma is 3-4 layered, oval

consisted

lamellar

and elongated shaped, thin walled (Figure 1 F). Beneath
of the cortex parenchyma, small groups of phloem
sclerenchyma cells are located. The sclerenchyma is 3
layered. Phloem is in narrow region and its elements are
clearly seen. Vascular cambium is 4-5 layered. The xylem
is in large region and the tracheas are chain-shaped and
quite large. Xylem elements are thick-walled. The pith
region is composed of large, hexagonal and round shaped
cells (Figure 1 G). Needles and solitary crystals were
found in pith region.

3.1.3. Petiole

The cuticle is thick and with dense micropapillae. The
epidermis cells are rectangular shaped and large.
Collenchyma is 2-3 layered and parenchyma is 5-6
layered, large and hexagonal shaped (Figures 1 K, L).
Both crystal granules and solitary crystals were obtained
in the cortex (Figure 1 L). The endoderma layer around
the vascular bundles contains of one layered, large and
flattened cells. Phloem and xylem elements are clearly
visible. The tracheas of the xylem are large and chain
shaped. There are four vascular bundles in the petiole.
Two of the vascular bundles are in the middle of petiole
and quite large (Figures 1 H, K). The other two vascular
bundles are at the margins of the petiole and smaller.
3.1.4. Leaf

In leaf cross sections, the upper and the lower epidermis
cells are uniseriate, quadrangular shaped. However,
upper epidermis cells are larger than lower epidermis

cells. Papillae were observed in both epidermis cells. On
the epiderma, cuticle is thick and with micropapillae.
Mesophyll is equifacial type (Figure 1 M). Palisade
parenchyma beneath the upper epiderma is 1-2 layered
(usually 1-layered), long, cylindrical shaped and with
abundant chloroplast. The palisade parenchyma in the
lower epiderma is 1-2 layered, cylindrical and shorter.
Spongy parenchyma is composed of 2-3 layered, round or
irregular shaped and with large intercellular spaces.
Vascular bundles in the middle of the mesophyll are
uniseriate and collateral type. The walls of the adjacent
epidermis cells around the stomata are clearly undulate.
Stomata are generally anomocytic type and rarely
anisocytic type (Figure 1 O). The numbers of the adjacent
epidermis cells are 3-4, usually 4. A large vascular bundle
was observed in cross-sections taken from the leaf
midrib (Figure 1 N).

3.1.5. Micro-morphology and localizations of
eglandular and glandular trichomes on the
vegetative organs of Marrubium amasiensis

Both eglandular and glandular trichomes were seen on
the epiderma of the stem, petiole and leaves of M.
amasiensis (Table 1). The eglandular trichomes are
simple unicellular, stellate, dendroid and marrubioid
types. The simple unicellular trichomes were obtained
only in the petiole. This kind of trichomes has only one
cell and is unbranched structure. The marrubioid
trichomes are generally 3 celled, elongated and curved.
This kind of the eglandular trichomes was obtained on
the stem and leaves (Figure 1 P). The dendroid trichomes
are multicellular branched along the stalk cell. Dense
dendroid trichomes were observed on the upper and
lower surfaces of the leaves of this species (Figures 1 R,
X, Y, Z). However, dendroid trichomes were not found on
the stem and petiole of M. amasiensis. The third type of
eglandular trichomes is stellate ones. Dense stellate
trichomes were seen on the stem, petiole, both the lower
and upper surfaces of the leaves of M. amasiensis (Figures
1S, T). Some of the stellate trichomes are less branched,
the middle branch is two-celled, long and curved, other
branches are approximately equal in length, unicellular,
thin and curved. The middle branches of the stellate
trichomes on the upper epiderma of leaves are quite long
and multicellular, the lateral branches are thin, usually
unicellular. On the lower epiderma, the stellate trichomes
are few and finely branched, the middle branch is longer
and all unicellular. Also, dense stellate trichomes were
detected on calyx teeth, calyx surface and corolla of this
species. Glandular trichomes are peltate and capitate
types. The peltate trichomes have a mainly with short
stalk and a large four or eight-celled head. This kind of
glandular trichomes was dense detected on both upper
and lower of leaves (Figures 1 V, Y). But, 4-celled head
kind of peltate trichomes was observed on the stem and
petiole. The capitate trichomes were divided into four
subtypes: L. unicellular short-stalked and with unicellular
or bicellular head, II. unicellular long-stalked and with
unicellular or bicellular head, III. unicellular long-stalked,
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with bicellular head and unicellular short neck. IV. surfaces of leaves (Figures 1 W, X, Y, Z). On the other
unicellular  short-stalked and with a cup-shape hand, type II capitate trichomes were only found on the

unicellular head. The unicellular short stalked and with petiole and upper and lower surfaces of leaves. The types
unicellular or bicellular head capitate trichomes (type I) III and IV capitate trichomes were dense found on the
were rare observed on the stem and petiole, while these upper and lower surfaces of leaves.

trichomes were dense observed on the upper and lower

Figure 1. Root, stem and leaf anatomical structures and trichome types of Marrubium amasiensis. A=General structure
of root, B=Cortex and phloem regions of root, C=Secondary xylem and phloem regions of root, D=General structure of
stem, E=Cortex region of stem, F=Cortex, xylem and phloem regions of stem, G=Pith region of stem, H=General structure
of petiole, K=Vascular bundle of petiole, L=Crystals in the petiole, M=General structure of leaf, N=Cross section of the
leaf midrib, O=Stomata in surface section of leaf (lower surface), P=Marrubioid trichome in the leaf, R=Dendroid
trichome in the leaf, S=Stellate trichome in the leaf, T=Stellate trichome in the stem, V=Peltate trichome in the leaf,
W=Capitate trichome in the petiole, X=Dendroid and capitate trichomes in the leaf, Y=Dendroid, capitate and peltate
trichomes in the leaf, Z=Dendroid and capitate trichomes in the leaf. pd= periderma, ph=pholem, t=trachea,
sk=sclerenchyma, ca=cambium, sks=secondary xylem, prk=primary xylem, c=cortex, cu=cuticle, cl=collenchyma,
p=parenchyma, pr=pith region, e=epiderma, mp= micropapillae, ks=xylem, cr=crystal granules, sc=solitary crystal,
en=endoderma, ue=upper epiderma, pp=palisade parenchyma, sp=spongy parenchyma, le=lower epiderma,
vb=vascular bundle, s=stoma, ct=capitate trichome, dt=dendroid trichome, mt=marrubioid trichome, st=stellate
trichome, pt=peltate trichome.
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Table 1. Trichome types and distributions on organs of Marrubium amasiensis

I(‘)/]rgans of Typel Typell Typelll Type IV Peltate Simple Stellate Dendroid Marrubioid
N capitate capitate capitate capitate trichomes  eglandular  eglandular  eglandular  eglandular
amasiensis
Stem + _ _ _ + _ +++ _ +
Petiole + + _ _ + + ++4+ + _
Margin and
veins of +H+ ++ ++ ++ ++ +++ ++ +
leaf
Lamina of

+++ ++ ++ ++ ++ +++ ++ +
leaf
Calyx teeth ++ _ _ _ + + ++ + _
Outer
surface of ++ + _ _ + + + _ _
calyx
Corolla + + ++ ++

-absent, +scarce, ++ dense, +++ abudant

Type I capitate= unicellular short stalked and with unicellular or bicellular head, Type II capitate= unicellular long stalked and with

unicellular or bicellular head, Type Il capitate= unicellular long-stalked, with bicellular head and unicellular short neck, Type IV
capitate= unicellular short-stalked and with a cup-shape unicellular head, Peltate trichomes= short stalked and a large four or eight-
celled head, Stellate= star shaped trichome, Dendroid= multicellular branched trichome, Marrubioid= unicellular or multicellular and

curly in the tip trichome

3.2. Anatomical Features of Marrubium parviflorum
Subsp. parviflorum

3.2.1.Root

Periderma layer is located at the outermost part of the
root (Figure 2 A). Itis 5-6 layered. The cortex beneath the
periderma layer is composed of large and ovoid
parenchyma cells. Cambium consists of flat cells and it is
3 layered. Phloem is distinguishable and in a narrow
region. It contains small sclerenchyma cell groups. Xylem
is composed of tracheary elements. Tracheas are sparse
and rather large (Figure 2 B). Dense sclerenchymatic
cells were seen in the xylem. In the center of root, there
are primary xylem elements.

3.2.2. Stem

Cuticle layer is thick and with dense micropapillae. The
stem is apparent quadrangular shaped (Figure 2 ().
Epiderma is uniseriate, small celled and rectangular
shaped. Papillae were obtained in the epidermis cell.
Lamellar collenchyma was observed at the corners of the
stem. This collenchyma is 8-11 layered and covers a large
area at the corners (Figure 2 D). Parenchyma cells
beneath the epiderma are 5-6 layered, small and with
chloroplasts. Crystal granules were observed in these
parenchymatic cells. Other parenchyma cells are 3-4
layered (generally 4 layered), oval shaped, large and
without chloroplast. Sclerenchyma is 4 layered (Figure 2
E). Phloem elements are conspicuous and consist of small
cells. The cambium between the xylem and phloem is 1-3
layered and small celled. Xylem elements are evident and
in a wide region. Dense sclerenchymatic cells were found
in the xylem. There is a large pith region in the centre of
the stem (Figures 2 C, F). The pith regions consist of large
and orbiculate shaped parenchymatic cells. Pith
parenchyma cells are smaller towards the xylem. In the
pith region, there are needles and solitary crystals.

3.2.3. Petiole

The epiderma is uniseriate, quadrangular and with rare
papillae. The cuticle is thick and with very dense
micropapillae. On the xylem, 4-6 layered lamellar
collenchyma and 4-5 layered parenchyma were seen
(Figure 2 H). The parenchyma consists of hexagonal and
round shaped cells. Chloroplasts do not have in the
parenchyma cells. On the phloem, 4 layered lamellar
collenchyma and 4 layered, oval shaped, large celled
parenchyma were found. There are two large vascular
bundles in the middle of petiole (Figure 2 G). In the
margins of the petiole, smaller vascular bundles were
observed. The parenchyma cells around the vascular
bundles in the margins are small. Dense chloroplasts
were observed in 3-4 layered of these parenchyma cells,
while chloroplasts were not observed in 1-2 layered of
parenchyma cells. The parenchyma cells around the large
vascular bundles are rather large. These cells rarely
contain crystal granules. Xylem and phloem elements
were clearly seen. The endoderma layer around the
vascular bundles consists of a single layered and large
cell.
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Figure 2. Root, stem and leaf anatomical structures and trichome types of Marrubium parviflorum subsp. parviflorum.
A=General structure of root, B=Secondary xylem and phloem region of root, C=General structure of stem, D=Cortex and
phloem regions of stem, E=Xylem and phloem regions of stem, F=Pith region of stem, G=General structure of petiole,
H=Vascular bundle and cortex region of petiole, K=General structure of leaf, L=Cross section of the leaf midrib,
M=Stomata in surface section of leaf (lower surface), N=Marrubioid trichome in the leaf, O=Dendroid trichome in the
leaf, P=Stellate trichome in the stem, R,S=Stellate trichome in the leaf, T,U=Peltate trichomes in the leaf, W=Capitate
trichome in the stem, X,Y,Z=Capitate trichome in the leaf. pd= periderma, ph= pholem, t=trachea, sk= sclerenchyma,
ca=cambium, sks=secondary xylem, prk= primary xylem, c=cortex, cu=cuticle, cl=collenchyma, p=parenchyma, pr=pith
region, e=epiderma, mp=micropapillae, ks=xylem, cr=crystal granules, sc=solitary crystal, en=endoderma, ue=upper
epiderma, pp=palisade parenchyma, sp=spongy parenchyma, le=lower epiderma, vb=vascular bundle, pa=papillae,
n=needles, s=stoma, ct=capitate trichome, dt=dendroid trichome, mt=marrubioid trichome, st=stellate trichome,
pt=peltate trichome.

3.2.4. Leaf the equifacial type (Figure 2 K). The palisade

In cross section of the leaf, the upper and lower
epidermis cells are uniseriate and rectangular shaped.
Upper epidermis cells are larger than the lower ones. The
cuticle layer is very thick. Mesophyll layer of the leaf is of

parenchyma beneath the upper epiderma consists of 1
layered, very long cylindrical parenchyma cells. On the
lower epiderma, palisade parenchyma is 1-2 layered
(usually 1-layered) and short cylindrical shaped. Sponge
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parenchyma is 2-3 layered and usually 2 layered.
Vascular bundles are collateral type. The stomata are
anomocytic type and they are mostly occur on the lower
surface of leaf. The walls of the adjacent epidermis cells
around the stomata are clearly undulate (Figure 2 M).
The numbers of the adjacent epidermis cells are 4-5,
usually 5. Crystal granules were seen in the epidermis
cells. In the cross sections taken from the main vein,
there are 3-4 layered of lamellar collenchyma layer on
the phloem and xylem side. The vascular bundle in the
leaf midrib is single and rather large (Figure 2 L).

3.2.5. Micro-morphology and localizations of
eglandular and glandular trichomes on the
vegetative organs of Marrubium parviflorum subsp.
parviflorum

The eglandular trichomes on the vegetative organs of M.
parviflorum subsp. parviflorum were simple, stellate,
multicellular branched (dendroid) and marrubioid types
(Table 2). The simple eglandular trichomes are
unicellular or bicellular, long. These trichomes were
observed on the stem, petiole and leaves. On the stem,
the upper and lower surfaces of the leaves of this
subspecies, rarely dendroid and marrubioid trichomes
were detected (Figures 2 N, 0). The marrubioid
trichomes are usually bicellular and curved trichomes
(Figure 2 N). There are dense stellate trichomes on the

stem, petiole, both leaf surfaces (Figures 2 P, R, S). The
middle and lateral branches of stellate trichomes on the
lower and upper surfaces of the leaves are almost equal
in length. However, the middle branches of the stellate
trichomes on the stem and petiole are longer than the
lateral branches. Also, there are abundant stellate
trichomes on calyx teeth, calyx surface and corolla of this
subspecies. The peltate trichomes in M. parviflorum
subsp. parviflorum were rarely found on the stem and
petiole. However, the peltate trichomes were densely
observed on the both leaves (Figures T, U). The capitate
trichomes in this taxon are of three subtypes: I
unicellular short stalked and with a unicellular or
bicellular head and II. unicellular long stalked and with
unicellular or bicellular head, III. unicellular long-stalked,
with bicellular head and unicellular short neck. The
unicellular short stalked and  with unicellular or
bicellular head capitate trichomes (type I) were densely
seen on the petiole, upper and lower surfaces of leaves,
while these capitate trichomes were rarely seen on the
stem between eglandular trichomes (Figure 2 W, Z). The
type Il capitate trichomes were rarely encountered on
the petiole and both surfaces of leaves of this taxon,
whereas the type III capitate
encountered on both surfaces of leaves (Figure2 X, Y).

trichomes were

Table 2. Trichome types and distributions on organs of Marrubium parviflorum subsp. parviflorum

Organs of M.
parviflorum Type I Type II Type III Peltate Smiple Stellate Dendroid Marrubiod
subsp. capitate capitate capitate trichomes  eglandular eglandular eglandular eglandular
parviflorum
Stem + _ _ + + +++ + +
Petiole ++ + _ + + +4+ + +
Margin  and

. +++ ++ + ++ + +++ + +
veins of leaf
Lamina of leaf  +++ ++ + ++ + +++ + +
Calyx teeth + _ _ _ _ ++ - -
Outer surface

+ ++ +

of calyx - - - - -
Corolla + ++

3.3. Physical and Chemical Characteristics of Soil
Samples of Marrubium Taxa

3.3.1. Marrubium amasiensis

Soil samples of M. amasiensis were taken from 4 different
localities (Amasya). The pH, salinity and CaCOs values of
the soil samples varied between 7.54-7.94, 0.36-0.65 %
and 12.60-15.50 %, species is
distributed in sandy and sandy-salty textured soils. The
organic matter and nitrogen values of the soil samples
were determined as 3.75-4.20 % and 0.18-0.98 %.
Phosphorus and potassium values of soil samples were
found to be 32.80-42.22 mg/kg and 102.4-195.3 mg/kg
(Table 3).

3.3.2. Marrubium parviflorum subsp. parviflorum

M. parviflorum subsp. parviflorum were taken from 6
different localities (Amasya). The CaCO3, pH and salinity

respectively. The

values of the soil samples were observed as 1.50-15-50

%, 6.50-8.06 and 0.46-0.69 %, respectively. The texture
of the soil is sandy and sandy-salty. Nitrogen and organic
matter values of soil samples were determined as 0.15-
0.66 % and 3.30-4.95 %. Phosphorus and potassium
values in soil samples were found as 32.65-48.59 mg/kg
and 102.4-213.8 mg/kg (Table 4).

3.3.3. Statistical analysis of soil analysis results of the
studied taxa

Mann Whitney U test was applied to soil analysis results
of the these taxa. However, no statistical difference was
found between the soil analysis results of the two taxa
(p>0.05) (Table 5). This is due to the fact that the taxa
grow in habitats with similar ecological conditions.
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Table 3. Soil analysis results of Marrubium amasiensis

Organic
Salinit
Localities Texture a((l)/n;y CaCOs3 (%) pH matter N (%) K (mg/kg) P (mg/kg)
’ (%)

Sakarat Sandy-— o 36 14.80 7.80 420 0.76 120.7 38.12
Mountain salty

Direkli -

rexdt Sandy 0.56 15.50 7.54 3.93 0.18 102.4 42.22
Village salty

Surroundin
gs of  Sandy-

o 0.45 13.80 7.35 3.75 0.37 195.3 34.25
Direkli salty
Village

Between

Direkli

. Sandy 0.65 12.60 7.90 4.01 0.98 182.5 32.80
Village and

Sulugol

Mean#Sd. 0.50+0.13 14.17+1.26  7.64+0.25 3.97+0.18 0.57+0.36 150.2+45.57 36.8+4.22

Table 4. Soil analysis results of Marrubium parviflorum subsp. parviflorum

Localities Texture Salinity CaC0s3 (%) pH Organic N (%) K P
(%) matter (%) (mg/kg)  (mg/ke)
Ormanozi Sandy- 0.69 14.35 6.70 4.25 0.66 187.9 32.65
Village salty
Above Sandy- 0.46 1.50 6.50 4.95 0.45 172.8 40,.2
Ormanozi salty
Village
Direkli Sandy- 0.56 15.50 7.54 3.93 0.18 102.4 42.22
Village salty
Above Direkli ~ Sandy- 0.58 13.80 7.95 3.30 0.34 156.6 36.82
Village salty
Aydinca sandy 0.64 12.73 7.37 3.46 0.15 132.67 41.80
Seyhsadi
Village
Sultangayiri Sandy- 0,48 3.12 8.06 3.58 0.21 213.8 48.59
Giimiis Town salty
Mean#Sd. 0.57+0.09 10.2+6.17  7.35+0.64 3.91%0.61 0.33+0.19 161+397 40.4+5.39
Table 5. Mann Whitney U Test results of the studied taxa
Salini Organic matter
Y ocacosw) pH N(%) K(mg/kg) P(me/kg)
(%) (%)
Mann-Whitney U 7.500 8.000 10.500 9.500 6.500 10.500 8.500
Z -962 -.858 -321 -.535 -1.176 -321 -.748
p .336 391 .748 .593 .240 .748 454

4. Discussion

In the present study, the taxonomically valuable
anatomical, ecological and trichome mic-morphological
features of two Marrubium taxa were determined and
these features were compared. It has been observed that
these two taxa collected from the Amasya region are

close to each other in terms of anatomical, ecological and
trichome micro-morphological features. However, some
anatomical, ecological and trichome micro-morphological
features were appeared to be different in the studied
taxa.

When the root cross-sections of the studied taxa were
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examined, periderma were determined to have 6-7
layered in M. amasiensis, 5-7 layered in M. parviflorum
subsp. parviflorum. The layer number of cambium is 2-4
in M. amasiensis, 3 in M. parviflorum subsp. parviflorum.
The centers of roots of both taxa were filled with primary
xylem elements. Similar anatomical features were also
found in the roots of Marrubium bourgaei Boiss and
Marrubium heterodon (Bentham) Boiss. Meat Ball
(Biiyiikkartal et al.,, 2016). Our results are in agreement
with the data of the study mentioned above.

Stem anatomical examinations showed that the stem had
well-defined collenchyma in the corners. This
collenchyma is 8-10 layered in M. amasiensis and is 8-11
layered in M. parviflorum subsp. parviflorum. Metcalfe
and Chalk (1972) stated that in each of the stem corners
of many the Lamiaceae species have multilayered
collenchyma as a
collenchyma between the corners is 2 layered in M.
amasiensis and 2-3 layered in M. parviflorum subsp.
parviflorum. The parenchyma in the cortex is 3-4 layered

characteristic features. The

(generally 3 layered) in both taxa. Although these
parenchyma cells are without chloroplasts in M.
amasiensis, these cells are with chloroplasts in M.
parviflorum subsp. parviflorum. Sclerenchyma is 2
layered in M. amasiensis and is 3-4 layered (generally 4
layered) in M. parviflorum subsp. parviflorum. The
mentioned stem anatomical features (collenchyma,
parenchyma and sclerenchyma layers in the cortex) were
also found in some members of the Lamiaceae family
distributed in Western Azerbaijan (Hatamneia et al,
2008), M. bourgaei and M. heterodon (Biiylikkartal et al.,
2016), Marrubium lutescens Boiss. and M. cephalanthum
Boiss. & Noé subsp. akdaghicum ( Tuylu et al,2017),
some Marrubium taxa distributed in Iranian (Talebi et al,,
2019a),
Marrubium peregrinum L. (Gyuzeleva et al, 2022).
However, the number of layers of collenchyma,
parenchyma and sclerenchyma in the cortex differ both
in other members of the Lamiaceae family and in the

Marrubium  friwaldskyanum  Boiss. and

studied two Marrubium taxa. For this reason, we think
that these anatomical features in the cortex can be used
to distinguish these two taxa. The importance of these
anatomical features were reported in some Marrubium
taxa by Hatamneia et al, (2008), Biiyiikkartal et al.
(2016), Talebi et al. (2019a). In addition, Kandemir et al.
(2020) in Heliotropium L. taxa, Kandemir et al. (2022) in
Fritillaria L. taxa suggested that the presence of different
numbers of collenchyma, parenchyma and sclerenchyma
layers in the important anatomical
characters in the separation of taxa. In the studied taxa,
there are sclerenchyma cells groups on the phloem of
vascular bundles. The presence of sclerenchyma cell
groups in phloem were detected in some taxa of the
Lamiaceae family (Metcalfe and Chalk, 1979; Anhar et al,,
2018; Kogak and Kandemir, 2023). Needles and solitary
crystals were found in the pith region of stem of both
taxa. These crystals were also seen in the stem of M.
vulgare and other the Lamiaceae taxa (Anhar et al,

cortex were

2018). In addition, Anhar et al. (2018) suggested that
crystals are of great importance in identification and
taxon delimitation. Ryding (2010) recorded that calcium
oxalate crystals are in needle shaped or polyhedral,
druses and prismatic forms in the vegetative and
generative organs of the Lamiaceae family species.
However, similar crystal types were found in stem of
these two taxa. Therefore, the types of crystals in the
stem were not an important feature in the separation of
these taxa.

Outline aspects of the petiole is half circle with wings in
both taxa. When the petiole cross-sections of these taxa
are compared, the epidermis cells in M. amasiensis are
rectangular shaped papillae,
epidermis cell in M. parviflorum subsp. parviflorum are
shaped and rarely papillae. In M.
amasiensis, cuticle is thick and with dense micropapillae,
the cuticle is thick and with very dense micropapillae in
M. parviflorum subsp. parviflorum. The collenchyma in M.
amasiensis is 2-3 layered, while the collenchyma in M.

and without while

quadrangular

parviflorum subsp. parviflorum is 4-5 layered. The
number of parenchyma layer is 5-6 in M. amasiensis.
However, parenchyma is 4 layered in M. parviflorum
subsp. parviflorum. In the parenchymatic cells of M.
parviflorum subsp. parviflorum, crystal granules were
determined. The ends of the petiole are found curved
slightly upwards in M. amasiensis and M. parviflorum
subsp. parviflorum. Metcalfe and Chalk (1979), Kandemir
(2003), Shahri et al. (2016) emphasized that the petiole
anatomical species
characterization in the Lamiaceae family. The two
Marrubium taxa in this study can be distinguished
according to the differences in the number of
collenchyma and parenchyma layers in the petiole,

structure was value in

whether or not there are micropapillae on the cuticle, the
presence or absence of crystal granules in parenchyma
cells and the epidermis cell shape.

Although leaf anatomical features are similar in both
taxa, there are some differences in leaf anatomical
features. When the leaf cross-section findings of the taxa
are examined, the upper and lower epidermis cells of M.
amasiensis are rectangular shaped. But, upper and lower
epidermis cells in M. parviflorum subsp. parviflorum are
quadrangular shape. The mesophyll is equifacial
(isolateral) structure and almost similar in both taxa. In
the surface sections of the leaves, anomocytic and rarely
anisocytic stomata were observed in M. amasiensis. The
numbers of adjacent cells of the stomata are 3-4 (usually
4) in M. amasiensis. Stomata are anomocytic structure in
M. parviflorum subsp. parviflorum and the numbers of
cells adjacent of the stomata are 4-5. Although crystal
granules were seen in the epidermis cells of M.
parviflorum subsp. parviflorum, the crystal granules were
not seen in the epidermis cells of M. amasiensis.
Kandemir et al. (2019), Kandemir (2019) reported that
the presence of crystal granules in the epidermis cells of
the leaves could be used as important characters in the
taxonomy of plant species. There are not variable in
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aspects of midrib region of two taxa. This region is
characterized by presence of parenchyma cells. However,
the midrib shape is half circular shaped in M. parviflorum
subsp. parviflorum and midrib shape is circular shaped in
M. amasiensis. Some differences were observed in
vascular system aspects; rounded in M. parviflorum
subsp. parviflorum and crescent shaped in M. amasiensis.
In the midrib region, the numbers of vascular bundles are
one in these taxa. The results of this study showed to be
different in the studied taxa regarding in dermal system,
midrib region and crystals of leaves. These parameters
were used to identify the relationships among species of
the Lamiaceae family (Inyama et al, 2016). Looking at
the data of the cross-sections of the leaves, similar
anatomical results were determined in the leaves of
other Marrubium taxa (Anhar et al. 2018; Talebi et al,,
2019 b; Gyuzeleva et al,, 2022). The data obtained from
the leaf cross sections in this study show parallelism with
the results of the studies mentioned above.

The presence of four types of eglandular trichomes was
detected on the vegetative organs of studied both taxa
(Tables 1, 2). The simple eglandular trichomes in M.
parviflorum subsp. parviflorum are unicellular or
bicellular, long, while these trichomes in M. amasiensis
are unicellular. This kind of trichomes in M. parviflorum
subsp. parviflorum was observed on the stem, petiole and
leaves. But, simple eglandular trichomes in M. amasiensis
were obtained only in the petiole. Dense dendroid
trichomes were observed on the upper and lower
surfaces of the leaves of M. amasiensis, while rarely
dendroid trichomes were observed on the stem, the
upper and lower surfaces of the leaves of M. parviflorum
subsp. parviflorum. However, the dendroid trichomes
were not seen on the stem of M. amasiensis. Marrubioid
trichomes were detected on the leaves and stems of both
taxa. There are dense stellate trichomes on the stem,
petiole, both leaf surfaces of the studied two taxa. In M.
amasiensis, the middle branches of the stellate trichomes
on the upper epiderma of leaves are quite long and
multicellular, the lateral branches are thin, usually
unicellular. On the lower epiderma, stellate trichomes are
few and finely branched, the middle branch is longer and
all unicellular. In M. parviflorum subsp. parviflorum, the
middle and lateral branches of stellate trichomes on the
lower and upper surfaces of the leaves are almost equal
in length. However, the middle branches of the stellate
trichomes on the stem and petiole of M. parviflorum
subsp. parviflorum are longer than the lateral branches.
Moreover, there are abundant stellate trichomes on calyx
teeth, calyx surface and corolla of two taxa. The
multicellular branched and unbranched eglandular
trichomes were also recorded in other members of the
genus Marrubium (Dmitruk and Haratym, 2014; Ahvazi
et al,, 2016; Anhar et al, 2018; Gyulezeva et al., 2022;
Kogak and Kandemir 2023; Akbulut and Baykan, 2023).
The peltate and capitate glandular trichomes were
determined on the leaves, petiole and stems of both taxa
(Tables 1,2). Peltate trichomes were rarely found on the

stem and petiole of M. parviflorum subsp. parviflorum and
M. amasiensis. Whereas this kind of trichomes are dense
on the leaves of both taxa. The capitate trichomes on the
vegetative organs of M. amasiensis were seen four
subtypes, whereas these trichomes on the vegetative
organs M. parviflorum subsp. parviflorum were seen
three subtypes. In M. amasisensis, the subtype I were
rarely obtained on the stem and petiole, while this kind
of capitate trichomes was dense obtained on the upper
and lower surfaces of leaves. In M. parviflorum subsp.
parviflorum, the subtype I was densely seen on the
petiole, upper and lower surfaces of leaves, while this
kind of capitate trichomes were rarely seen on the stem.
The subtype II capitate trichomes are found only on the
petiole and upper and lower surfaces of leaves in these
taxa. On the other hand, the subtype III capitate
trichomes were encountered on both surfaces of leaves
of these two taxa. This kind of capiate trichomes (subtype
I11) is more dense on the leaves of M. parviflorum subsp.
parviflorum. Although the subtype IV capitate trichomes
are densely seen on the upper and lower surfaces of
leaves of M. amasiensis, this kind of capitate trichomes
was not seen in other organs and leaves of M. parviflorum
subsp. parviflorum. This difference in the capiatate
trichomes is seen as an important distinguishing feature
between two taxa.

Recently, the presence of eglandular and glandular
trichomes has been reported in trichome micro-
morphology studies on Marrubium taxa (Dmitruk and
Haratym, 2014; Ahvazi et al,, 2016; Cal;, 2017; Haratym
and Weryszko-Chmielewska, 2017; Anhar et al., 2018,
Gyulezeva et al,, 2022, Kogak and Kandemir 2023). Also,
both eglandular and glandular trichomes were found to
be common in the other members of the Lamiaceae
family and these trichomes were recorded to be very
value taxonomic characters (Navarro and El Qualidi,
2000; Kandemir, 2003; Kandemir, 2011; EI-Deen Osman,
2012; Seyedi and Salmaki, 2015; Kog¢ak and Kandemir,
2023). We think that these features mentioned can be
important taxonomic in the
differentiation of these two taxa, since there are
variations in their features such as eglandular and
glandular trichome types, branching shapes, localization
on organs, long and short branch lengths in stellate

used as characters

trichomes, sparseness and density. On the other hand, it
was revealed that environmental conditions, especially
altitude and arid areas, effective in the
morphological variations and density of trichomes
(Ahvazi et al. 2016).

Based on soil analysis results, we suggested that M.
amasiensis and M. parviflorum subsp. parviflorum were
independent taxa with relationships. The
similarities in ecological features of the taxa were

were

close

supported by statistical analysis. Because no statistically
a significant difference was found between the soil
analysis results of the taxa. This may be due to the fact
that taxa are distributed in habitats with similar
ecological characteristics.
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5. Conclusion

To sum up, two Marrubium taxa collected from Amasya
vicinity (M. amasiensis is endemic and M. parviflorum
subsp. parviflorum is common) appeared as closely
related taxa in terms of anatomical, ecological and
trichomes micro-morphological features, distinct taxa.
However, some differences were seen such as the
number of periderma layer in the root, the number of
collenchyma layer in the corners of the stem, the number
of collenchyma, parenchyma and sclerenchyma layers in
the cortex, the presence or absence of dendroid
trichomes on the stem, the number of collenchyma and
parenchyma layers in the petiole, the presence of crystals
in the leaves and the shape of the epidermis cells in the
leaves, midrib region of leaves, differences in the capitate
glandular trichomes, the number of cells adjacent to the
stoma and stoma type. These characters were stated to
be valuable taxonomic characters in distinguishing of
these two taxa. Moreover, anatomical and trichome
micro-morphological data obtained from this study may
be useful for future taxonomic studies in Marrubium
genus. No significant differences were found in the soil
analysis results of these two Marrubium taxa.
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1. Introduction

Cities can be thought of as living mechanisms in which
human life and activities are woven into their tissues.
These mechanisms are the basis for almost everything
related to human beings, from commercial and industrial
activities to social and cultural activities (Ozel and
Kilicaslan, 2021). As activities increase, cities become
more complex. The increase in activities is directly
proportional to the development of humanity in history
and the increase in population. In this context, the
phenomenon of migration from rural to urban after the
industrial revolution, which has an important place in the
development of humanity in Europe, has increased the
population of cities. In Tiirkiye, on the other hand, in
parallel with the delay in industrialization, population
agglomerations began to be observed in the cities at later
times, especially in the Republican Period that started in
1923 and afterwards. In some other developing
countries, similar situations started to be seen only
towards the end of the last century. Therefore, it is
possible to compare the early models of these countries
on the subject by analyzing Tiirkiye and Ankara, the first
city where squatting started in Tiirkiye.

However, this article aims not only to examine urban
transformation projects in Ankara but also to provide an
international perspective and learn from international
experiences. Comparing Ankara with major cities in other
countries and understanding different approaches to
experiences in different
geographical regions are important. After all, urban

urban transformation

transformation involves common challenges encountered
in many regions of the world. For example, various
population censuses conducted at different times in
Ghana have shown that the urban population has been
steadily increasing since the 1960s. The 1960 population
census revealed that out of Ghana's 6.7 million
population, 1.5 million lived in urban areas (Oosterbaan
et al, 2012). By 2005, the proportion of people living in
urban areas had increased to 47.8%, and it is estimated
to reach approximately 60% by 2025 (United Nations,
2007). Understanding how different countries with
different geographical locations, such as Tiirkiye and
Ghana, have tackled similar problems can provide
internationally shareable knowledge. Both Ankara and
the capital of Ghana, Accra, face challenges related to
their growing populations and urban sprawl. Therefore,
both regions require urban transformation projects. Both
Ankara and Accra have common issues like
Urban
projects in both regions involve public resources, and

both believe that state institutions should support and

infrastructure deficiencies. transformation

finance these projects. All of this is also applicable to
India's National Capital Territory (NCT), which, in
addition to being similar to Ankara in terms of being a
major capital region, had a significant rural-urban divide.
At the beginning of the century, the NCT with a 62.5%
urbanization rate was one of the largest rural-urban
regions in the world. While India's gross domestic
product (GDP) increased by 52% from 2005 to 2010, the
NCT's GDP increased by 67% (NCRPB, 2013). Despite
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having a 3.8% share of the population and occupying
only 1% of the land area, the NCT contributed 7.1% to
India's GDP from 2009 to 2010 (NCRPB, 2013). The NCT
is an attractive destination for migrants due to various
employment opportunities it offers. A similar situation
was true for Ankara, especially in the early years of the
Republic. Despite these similarities, Ankara is the capital
of Tirkiye and is located in the interior regions, while
India's NCT is located in the northern part of India.
Ghana, on the other hand, is a country in West Africa, and
its capital, Accra, is located on the coast of the Atlantic
Ocean. These three capitals are situated in entirely
different geographical regions. The fact that all these
capitals have different cultural and social dynamics may
lead to differences in the implementation of urban
transformation projects. Project sizes and scopes can also
influence differences among projects in each region.
However, providing a comparative perspective is
beneficial for better understanding urban transformation
practices and drawing lessons for future projects. Such
comparisons are essential for addressing the universal
challenges of urban transformation. Especially the fact
that Tiirkiye's capital, Ankara, played a significant role in
solving the “gecekondu” (shanty town) problem with
Tiirkiye's first housing cooperative and wurban
transformation applications, as well as being the place
where the first law on urban transformation was enacted,
makes the examination of Ankara on this subject
important. These examinations will also be significant for
capitals, metropolises, and megacities around the world,
which exhibit both similar and different characteristics.

Urban transformation practices, which gained value with
the many legal regulations put into effect especially after
2004 in Tiirkiye, are important in terms of ensuring the
peace and welfare of the people and the correct use of the
public budget. Land and zoning regulations are needed in
of legal aspects
transformations that will provide solutions to urban
problems in Tiirkiye. Providing economic resources,

terms and technical for urban

making applicable zoning plans, equitable distribution
and registration of new properties are important for
urban transformations (Ulger, 2011). In addition, urban
transformation aims to respond to the needs of cities, to
use the existing space efficiently, to increase urban
welfare, to ensure sustainability and to create social
participation for all of these. Urban transformation,
which is a multi-actor process, requires the partnership
of not only the public and private sectors, but also the
local people for the success of a project, together with
new technologies and developments in scope. For these
reasons, urban important
phenomenon not only economically, but also socially and
culturally.

transformation is an

Since urban transformation projects are supported by
both national and international funds, it is necessary to
determine the basis of the projects and to determine the
needs for transformation correctly. Making these
determinations and determinations depends on the deep

assimilation of the city and urban transformation culture.
Such an internalization is possible with technically and
legally specialized staff who can criticize the relevant
issues. Because wurban transformation is a
multidisciplinary field with important extensions both in
social sciences and in various branches and sub-
branches. Real success with the least possible mistakes in
all reflections can only be achieved by having a complete
and clear understanding of the subject. Knowing the
history of urban transformation and the relevant
legislation important
developing this understanding. In this context, Nigel
Taylor (1998) discusses urban planning theories and
practices from 1945 to the present day. He provides
comprehensive about the
development and theoretical foundations of urban
transformation. Peter Roberts and Hugh Sykes (1999)
aimed to provide a broad perspective on urban renewal
and addressed various aspects of urban transformation.

This work, composed of chapters by different authors,

makes an contribution to

information historical

on the revitalization, transformation, and
improvement processes of cities. Topics include urban
planning, social issues, economic factors, environmental
sustainability, and public policies. The book is designed
as a resource for academics, planners, policymakers, and

focuses

urban development professionals who want to
understand the processes from the design to the
implementation of urban renewal projects. It explains
key concepts, discusses different approaches, and
presents real-world examples. It also examines the
societal impacts and outcomes of these processes. Hoch
et al. (2000) discussed the planning processes of local
governments and provided practical applications and
examples related to urban transformation projects.
Beatley and Wheeler (2004) organized studies focusing
on sustainable urban transformation and planning,
addressing environmental and social sustainability
perspectives. In his work, Moughtin (2007) deals with
the physical aspect of urban transformation, urban
design. He examines the planning and design of squares
and public spaces and provides ideas on how these areas
can be rearranged. The work by LeGates and Stout
(2011), which includes a compilation of articles on urban
planning and urban transformation, serves as a versatile
source due to the different perspectives of various
authors on the topic. Sclar et al. (2013) examines how
urban transformation projects can be related to health,
housing, and climate change. Fainstein (2014) addresses
the concept of justice in urban planning. She explores
how urban transformation projects can affect social
justice and how planning processes can contribute to this
goal. Leigh and Blakely (2016) focus on the economic
dimension of urban transformation, providing
information on local economic development strategies
and planning. Fawcett (2016) examines the effects of
urban transformation on human health and well-being,
as well as the relationships between health and planning.
Ratcliffe et al. (2021) discuss how urban planning and
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real estate development work together and address
topics related to the financing and execution of urban
transformation projects. Jacobs (2011) focuses on the
impact  of projects  on
neighborhood life and resident participation.

urban  transformation
In the literature, the critical approaches of Jacobs (2011),
a prominent scientist who lived between 1916 and 2006,
still hold value. Escapes from the city center and the
dynamics of change and transformation are her
fundamental areas of interest. Jacobs has contributed to
urban planning literature with her views on topics such
as the organic growth of cities, local
community interaction, and street design. By criticizing
traditional urban planning approaches, she emphasizes
factors such as street design, diversity, and urban density
for the healthy growth and sustainability of cities. Jacobs
(2011), who has a critical perspective on urban
transformation projects, often focuses on how urban
planning processes affect local communities and how
interventions are made in the organic growth of cities.

economy,

According to her, urban transformation projects often
reduce diversity, negatively impacting the liveliness and
sustainability of cities. She emphasizes the need for
projects to be planned according to the needs and
expectations of the affected communities, and suggests
that the active involvement of community members in
the process can contribute to the success of projects.
Nevertheless, urban transformation projects often hinder
organic growth and can artificially shape cities. She
highlights the importance of street design and
pedestrian-focused planning in urban transformation.
She argues that large projects pose the risk of disrupting
the local fabric, dispersing communities, and
compromising the unique character. The historical and
cultural heritage of cities should not conflict with urban
transformation projects but should be preserved. Jacobs
(2011) views have laid the foundation for modern
approaches in urban planning that focus on participation,
diversity, and sustainability. However, it is important to
remember that each city is unique, and the success of
urban projects is possible
approached in accordance with local conditions and
community needs.

Contrary to Jacobs (2011) critical perspective, some

transformation when

scholars and experts who advocate for large-scale urban
projects have often argued that urban
transformation projects can be advantageous for cities by
focusing on factors such as urban restructuring, growth
control, infrastructure improvements, and economic
revitalization. However, it is important to note that urban
renewal projects are complex and multidimensional,
encompassing various views from different experts and
communities. Therefore, there may be many scholars

renewal

expressing supportive or advocacy views on the subject,
but these views generally vary depending on the specific
context and goals of the project. For example, Robert
Moses, an influential city planner in New York, led major
infrastructure projects and

advocated for urban

transformation (Caro, 1975). Le Corbusier (1923), a
renowned French architect and urban planner, is known
for his modernist design and views on large-scale urban
renewal projects. Economist and urban planning expert
Glaeser (2011) has supported urban renewal projects
that promote city growth and economic revitalization.
Economist Romer (1990) emphasized city planning and
infrastructure projects to encourage urban growth and
demonstrated how such projects could contribute to
economic development. American economist and urban
planning expert Florida (2002) is recognized for his
views supporting the attraction of creative classes and
encouraging urban renewal in cities. Danish architect and
urban planner Gehl (2010) approached urban areas with
a perspective highlighting the importance of human-
centered planning. Lerner (2014), a Brazilian architect
and urban planner, is a pioneering figure in urban
renewal projects and sustainable urban designs. Known
as a Colombian politician and urban planner, Pefialosa
(2012) advocated for urban renewal by emphasizing the
importance of public spaces and supporting sustainable
solutions such as bicycle lanes. Koolhaas (1997), a Dutch
architect and theorist, is known for his views on how
large urban projects can contribute to the transformation
of cities.

Urban transformation is a process that has direct social
and cultural effects. For this reason, legal legislation is
shaped by relevant social and cultural influences. Urban
transformation is not only limited to rehabilitating
existing structures, but also includes the creation of new
settlements. In this context, in this study, the relationship
between urban transformation and urban planning has
been tried to be embodied through the examples in the
city of Ankara. The aim of the study is to analyze the
historical of urban
transformation in Tiirkiye with projects made specifically
for Ankara, and to contribute to the assimilation of urban

development and legislation

transformation and to increase the understanding of
urban transformation. For this purpose, the 1ssuese to be
considered and done in urban transformation studies
have been tried to be summarized in short articles
through the projects examined.

In this context, the main aim of this article is to examine
the concept of urban transformation, particularly in the
context of Turkiye's capital city, Ankara, and to analyze
factors such as historical developments contributing to
change and transformation in cities and legal regulations
associated with urban transformation. Essentially, the
article aims to provide insights into the complex process
of urban transformation and its multifaceted impacts on
economic, social, and cultural aspects. Within this scope,
this study emphasizes the dynamic nature of cities, which
resemble living organisms and play a central role in
various activities, while also addressing the historical
background of urbanization in Tiirkiye, with a focus on
the repercussions of population growth in Ankara as an
example reflecting global trends. The historical context of
urban examined,

transformation in Ankara is
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emphasizing the emergence of slum issues as a
phenomenon and subsequent legal and cooperative
initiatives to address this problem. The importance of
legal and zoning regulations, as well as proper planning
and resource allocation, is significant in urban
transformations that have economic and social impacts.
Urban transformation exhibits a multidisciplinary nature,
drawing contributions from various social sciences and
technical disciplines. This study underscores the need for
expertise and a comprehensive understanding to grasp
the essence of the subject. In this context, the interaction
between urban transformation and urban planning is
examined, highlighting their interconnectedness and
importance in achieving sustainable urban development.
Global trends in urban transformation are briefly
mentioned, with examples from other countries such as
India, Ghana, and China, underscoring the common
challenges faced by cities in the Global South and East.
The challenges resulting from rapid urbanization
encompass issues related to housing, infrastructure, and
public spaces. Dealing with urban sprawl requires active
participation individuals, and government
institutions often play a critical role in facilitating this
participation, particularly in terms of financing and
regulation. This study advocates for considering cultural

from

and social aspects alongside market-oriented activities in
urban transformation, promoting a holistic approach that
respects the spirit and identity of the city. This article
focuses on Ankara as a case study while aiming to
provide an examination of urban transformation that
extracts insights from global experiences. Therefore, it
addresses aspects
transformation, including legal, economic, social, and
cultural factors.

the multidimensional of urban

This study analyzes the Atifbey, Hidirliktepe, ismetpasa
Urban Transformation and Development Projects, as well
as the North Ankara Entrance Urban Transformation
Project, in Ankara through various parameters and
success criteria, aiming to assess the successes and
weaknesses of these projects. The selection rationale,
similarities, and differences of these projects can be
summarized as follows:

Both projects are of great importance because they are
carried out in Ankara, the capital and a major
metropolitan  city in  Tirkiye, where urban
transformation projects hold significant significance.
Both projects address the transformation of suburban
areas and slum areas, involving common challenges such
as infrastructure deficiencies, issues, and
problems. Both projects are
fundamentally related to the city's growth and increased
housing demand due to rapid population growth and
migration in Ankara. Both projects prioritize urban

social
environmental

transformation with the aim of revitalizing the city by
transforming suburban areas. Both projects involve
public with  government
supporting and financing these projects. While the
Atifbey, Hidirliktepe, Ismetpasa projects are smaller in

resources, institutions

scale, the North Ankara Entrance project covers a larger
area, representing a significant difference in project size.
Although the North Ankara Entrance project covers a
larger transformation area, it faces fewer property
ownership issues compared to the Atifbey, Hidirliktepe,
Ismetpasa projects. Both projects involve public
resources, but the North Ankara Entrance project has
more participation from the private sector, making its
financing more complex. Public participation and the
collection of public opinions differ between the two
projects, with the North Ankara Entrance project placing
more emphasis on considering public views, resulting in
higher public satisfaction. These projects address similar
fundamental problems but differ in aspects such as size,
property structure, financing approach, and public
participation.

Some conclusions drawn from this study can be
summarized as follows:

Results of the Atifbey, Hidirliktepe, ismetpasa Projects:
These projects faced initial problems due to insufficient
planning and comprehensive public participation. The
absence of private sector involvement and heavy reliance
on public funds increased costs and delayed returns on
investments.

The projects' lengthy duration and unresolved issues
indicate their lack of success.

Results of the North Ankara Entrance Project: This
project, initiated by a unique law in Tiirkiye, aimed to
transform the northern entrance of Ankara, significantly
improving the city's appearance and infrastructure by
reducing the distance between the city and the airport.
However, the project's heavy reliance on public funds
and limited private sector participation increased costs
and delayed returns. The project has been criticized for
favoring certain segments of the population and
disregarding environmental impacts.

Both projects underscore the importance of urban
transformation but also exhibit shortcomings and
failures. Factors such as public participation, private
sector integration, and consideration of environmental
impacts should be taken into account for future urban
transformation projects to be more successful.

2. The Transformation of the Urban
Concept in the Global South and East

Sennett (2007) defines the city as a human settlement
where individuals can come together constructively,
proactively and without creating a long-term
relationship. Even in this environment, the shyness and
indifference displayed by the city dwellers in their
relationships can be seen as a way to defend themselves
against the demands and expectations of others.
(Salomone and Messina 2011). In the Global South and
East, people are accustomed to living in small-scale
settlements in a tighter web of relationships, influenced
by the past rural and nomadic culture. For example, with
the new century, rapid growth is observed in small urban
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settlements in the Indian state of Delhi. Under the
influence of the megacity, small settlements record the
highest growth. The growth of small settlements shows
that these settlements are not competing, but rather the
Capital New Delhi has completed its growth. Due to the
high cost of living, people live in neighboring settlements
and travel to the Capital to work (Jain 2018). The growth
of residential areas close to the state of Delhi
complements Delhi's growth by providing cheap land and
rental areas. In Ankara, the lands close to the center were
not cheap, they were completely free. The first squatters
started in the hilly areas close to the city center and
formed small settlements of their own. With subsequent
amnesties, these lands were donated to the slum owners.
The implementation of the Delhi metro in the last fifteen
years has further accelerated the pace of developments
in these settlements. In Ankara, the occupied areas were
already within walking distance of the city center. In
Delhi state, the region is also preferred by companies, as
there is low taxation compared to other states. Also, the
administrative capital is concentrated in this region (Jain
2018). Industrialization had not even begun in Ankara,
only being the capital city and being at the center of the
administrative mechanism was enough to attract
migration.

In Ghana, too, the urban built environment has changed
significantly since the country began implementing
macroeconomic reform policies in the 1980s. There is
extensive conversion of residential units to commercial
uses such as service workshops, retail and wholesale
stores, especially in city centers and along major roads
(Oosterbaan et al., 2012). For today's "fluid society" cities
(Mazzette 2006) are reduced to "a place for the
organization of individual desires fueled by the market
and its rules" (Bauman 2002). As the philosopher Nancy
(2002) writes, the city is perhaps the epitome of
“liquidity”: The city is primarily circulation, transport,
oscillation, vibration. It refers from anywhere to
anywhere and beyond itself: the outside is the receding,
indefinite exterior of the city itself. Every urban space
refers to other places and its presence is immanent in its
reference. As urban anthropologist Hannerz (2001), the
city is precisely for this reason, it is “the place where you
find one thing and find another”. However, the scarcity of
public spaces for socializing in the city only increases the
feeling of socialization (Salomone and Messina 2011).
This is one of the issues to be considered in urban
transformation. The shanty settlements, which started on
the peripheries of the city and were outside, gradually
began to be inside. These settlements must now be
transformed according to the character of the city.
However, this transformation cannot be constructed
independently of the spirit of the city and the public
space needs that will keep this spirit alive. In other
words, a successful urban transformation must be able to
get in touch with the spiritual realm of the human being.
It is essential for the transformation to eliminate the lack
of spirit that results from reducing the city to material

elements, to some places.

In reality, the big city offers the opportunity to
experience different situations than we are accustomed
to every day. Thus, the city enables an educational and
cultural exchange of listening and participation
(Salomone and Messina 2011). The city is essentially the
creativity of homo civicus, whose strong individuality
fosters frequent and deep interdependence relations
with fellow humans and collective history. It is a living
space for individuals who know how to embrace larger
temporal gaps (Cesareo and Vaccarini 2006). There is a
greater longing for personal fulfillment, for individual
self-creation, all over the world today (Salomone and
Messina 2011). Creative people love complexity.
Therefore, creativity contradicts reductionism; and
because it is the ability to find new questions and invent
new solutions, it corresponds to a way of thinking that
has been defined as the "discovery or invention of
problems" (Monceri 2004). For this reason, reducing the
transformation of the city to market activities and finance
will always have unsuccessful and problematic results.
All areas of social and political governance that directly
affect the lives of many people in the developing world
have now long been covered by international institutions
(Gopakumar, 2015). Today, increasing urban sprawl in
most cities in developing countries continues to attract
the attention of national and international organizations.
However, efforts to control the spread are not fruitful. All
strategies for controlling the spread will fail without the
participation of people. Therefore, (2009)
proposed a people-oriented strategy to control urban
sprawl in Nigerian cities, expecting it to be facilitated by
government planning officials. In addition, it should be
reminded that closing the housing deficit and urban

Olujimi

transformation activities in Developing Countries are
mostly done by borrowing from
organizations. For example, Soederberg (2015) shows
how the Mexican state effectively created the mortgage-
backed securities market in the early 2000s through a

international

series of legal reforms and emerging institutions. In
parallel, many studies point to the state-directed nature
of financialization processes. For example, in Brazil, it has
been reported that the State is trying to realize urban
transformations through the financialization of housing
(Klink and Denaldi, 2014; Pereira, 2017). It has been
shown that banking activities feed urban renewal
projects in Singapore (Lai and Daniels, 2015). It has been
argued that the State has become a shareholder with the
activities of urban transformation and creating mega-city
zones in China (Wang, 2015). According to Yesilbag
(2020), the state in Tiirkiye is directly involved in the
housing-finance link by undertaking multiple functions. It
does this through a public administration endowed with
vast land resources and overarching powers. In this
respect, the state acts not only as a regulator, but also as
a developer and financier in housing markets. As Bayat
(2012) says, neoliberalization, unlike its emergence in
the West, has emerged through authoritarianism by
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“non-liberal states” in many countries of the Middle East.
Macroeconomic reforms and open-door policies have
significantly impacted the built
countries in the Global South and East. This is most
evident in the political and administrative capitals, which

environments in

often serve as the economic centers of these countries
(Oosterbaan et al., 2012). For example, the initiation of
reform efforts in China accelerated urbanization rates
(Zhang, 2002). reform programs began in
developing countries, major
investments in wholesale, retail and construction to meet

Since
cities have received
the growing demand for commercial space (Oosterbaan
et al, 2012). Bangkok's growth has brought with it
negative environmental impacts (Setchell 1995). While
Lagos, the former capital of Nigeria, grew significantly
with the implementation of macroeconomic policies, it
had to face sustainability issues (Barredo and Demicheli,
2003). Major cities of the Developing Countries have
witnessed a significant physical-spatial expansion with
their reform programs including urban renewal projects
(Cohen, 2004). Dar es Salaam, the former capital of
Tanzania, has grown significantly with land joining urban
areas (Kombe, 2005). The major cities of the Middle East
witnessed intense urban growth (Mitchell 1999). Bahria
Town, the largest real estate development project in
Pakistan, provided mass housing to high-income
segments of the population. Bahria Town has built new
luxury urbanized areas on the peripheries of Pakistan's
major cities (Karachi, Lahore, Islamabad, etc.), taking
away the livelihoods of local populations (Khan and
Karak 2018). Most dispossessed people live in the slums
of Karachi. Thus, urban development processes have also
created a new class of dispossessed who are self-
sufficient, previously engaged in subsistence farming and
farming (Khan and Karak 2018). The Indonesian central
government has offered local cities and urban areas
greater autonomy to formulate their own policy ideas
and manage their own natural and financial resources
(Tarigan et al,, 2016). External organizations such as the
Housing Rights and Eviction Center (COHRE) and Human
Rights Watch have extensively documented displacement
in Chinese settlements (Leon 2021). Gentrification,
especially for mega-events such as the 2008 Olympics in
the capital Beijing, has led to numerous displacements.
Gentrification is a global force. Powerfully revising cities,
this planning motif includes unique bursts of public
housing construction. It targets the working class or
marginalized populations who are reluctantly forced to
modernize (Leon 2021).

Throughout this section, examples have been chosen
from newly developed and developing countries. The
common feature of these examples is the emergence of
excessive migrations towards growing centers of
attraction in the countries, the informal occupation of
land to meet the housing needs arising from population
growth, and the initial tolerance of governments due to
political and economic concerns, as well as planning and
implementation failures. As the situation becomes

increasingly complex and the occupied lands gain value
through urban growth, distorted systems consisting of a
mixture of gentrification and unjust
established, both as a solution and for political or
economic gain. In these aspects, these examples parallel

claims are

the gecekondu development in Ankara that began as
early as the 1920s and the subsequent attempts at urban
renewal in later years.

Based on the examples examined in this section, the
following recommendations and findings can be made to
make urban development processes more equitable and
sustainable:

In newly developed and developing countries, urban
growth planning should be carried out in a sustainable
manner. Long- term urban development strategies
should be created instead of haphazard urbanization and
land occupations. Governments should improve land
ownership regulations and
regarding land ownership. This will help prevent
informal land occupations. Social housing projects should

reduce uncertainties

be developed to meet the increasing housing demand
accompanying population growth. These projects can
offer affordable housing options to the poor and
disadvantaged groups. Measures should be taken against
the unjust consequences of gentrification. It is important
to protect and support the local population living in
redeveloped areas. The public should be informed about
and educated on how urban transformation processes
work and how to protect their rights. Therefore, public
awareness and education programs should be organized.
Participation in urban development planning should be
encouraged among the public. Participatory planning
processes can better reflect local needs. Governments
should implement strict controls against corruption
during urban development projects. Corruption can be
one of the main reasons for unfair claims. The habit of
shanty town construction has become a historical and
cultural heritage in some countries. However, it is also
true that this necessity or habit is unjust towards citizens
who did not participate in shanty town construction.
Therefore, instead of granting rights to those who have
carried out land occupations for arbitrary or compulsory
reasons, states should focus on resolving the problem in
a manner consistent with social justice and equality. In
this regard, developing countries should share their
experiences with other countries facing similar problems
and seek solutions through international cooperation,
planning, cultural enrichment, and financing from
developed countries.

3. An Overview of the History and
Legislation of Urban Transformation in
Turkiye

During the Republic period, which was established in
1923, priority was given to agriculture and animal
husbandry, and farmers were supported with the
regulations made in this context. Therefore, in the early
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years of the Republic, migration was mainly concentrated
in Ankara, primarily due to its status as the capital, and
the first shantytowns began to emerge in Ankara as early
as the 1920s. Senyapili (2004) has described this process
in detail in her study. In the first years of the Republic,
there was no intense wave of migration from rural to
urban areas in Tiirkiye, except Ankara. In some
provinces, urban transformation practices have been
carried out in line with the plans prepared for
modernization. These practices were aimed at the
rehabilitation of buildings damaged and destroyed in the
war and the existing infrastructure facilities in the city.
The law numbered 5218, published in the Official Gazette
in 1948, aimed to address the housing problem in
Ankara. It is Tirkiye's first law related to shantytowns.
With this law, unlicensed structures within the municipal
boundaries of Ankara were legalized (Cengiz, 2022).
Through the law, treasury lands were transferred to
Ankara Municipality at an appropriate cost, and the
Municipality, in turn, granted permits free of charge to
the structures built by citizens through land occupation.
Following this law, a similar law, numbered 5228 in
1948, applicable throughout Tiirkiye, was enacted. The
law encompasses both amnesty and planning. Treasury-
owned lands not included in any planning in cities and
towns were transferred to municipalities at cheap prices
(tax value) to be paid in installments over 10 years
(Cengiz, 2022). It can be said that these laws were
politically motivated, reflecting the
multiparty elections in Tirkiye in 1946. Shantytown
amnesties will later be seen as a way to gain political
support in Turkish politics.

Since the 1960s, an intense migration movement from
rural to urban has started, mainly in big cities, with

transition to

serious industrialization movements and the need for
labor force. The said movement has led to some
unplanned, inadequate infrastructure, faulty and
incorrect constructions in terms of urban planning, and
the majority of these buildings have created an
unqualified and unprepared building stock for natural
disasters and fires due to the insufficient development of
the building and material sector (Yenice, 2014). The
concept of "slums" emerged with the migration from
rural to urban areas, and in 1966, the Gecekondu Law No.
775, which can be considered the first law in the field of
urban transformation in Tirkiye, came into force in
order to solve the problems created by the slums. As it is
clearly stated in Article 1 of the law, it is desired to
regulate the improvement and liquidation of the slum
areas, the prevention of the construction of new slums
and the measures to be adapted for this purpose, with a
legal framework (Geng, 2014).

The construction and materials sector started to develop
with the opening of the construction sector after 1980,
and as a result of these developments, the production of
required restructuring and
infrastructure changes in the real estate sector (Sir,
2014). In 1984, Amnesty Law No. 2981 came into effect.

durable  materials

In accordance with Article 4 of the relevant law, some
principles regarding the buildings that do not comply
with the zoning and slum laws have been determined,
and as a result of the evaluation to be made according to
these principles, the buildings to be protected or
improved have been granted a building permit and a
building occupancy permit if they fulfill the necessary
obligations (Geng, 2008).

After 2004, legal regulations gained momentum in order
to ensure that urban transformation is carried out with a
fast and effective program, in accordance with the idea
that natural disasters and fire risks will cause social,
cultural and psychological problems and the principle of
social state. In 2004, Law No. 5216 on Metropolitan
Municipalities and Law No. 5226 on the Protection of
Cultural and Natural Assets entered into force. Thus,
municipalities were provided with the opportunity to
participate in the practices, albeit partially, and
preliminary preparations were made for the Law No.
5366 on the Renewal, Protection and Survival of Worn
Historical and Cultural Heritage, enacted in 2005. The
purpose of both laws is to continue the improvement
practices that have been going on since the Ottoman
period by arranging them with a legal framework.
Another important law that came into force in 2005 is the
Municipality Law No. 5393.

In 2012, the Government of Tiirkiye enacted the Law on
the Transformation of Areas under Disaster Risk in order
to determine the procedures and principles for the
rehabilitation, cleaning and renewal of urban areas and
disaster-prone buildings (Official Gazette, 2012). In
Article 1 of this Law No. 6306, which is still in effect and
is subject to urban transformation practices, the purpose
of the relevant law is clearly defined. According to this;
Methods
liquidation and renewal in order to create healthy and
safe living spaces in accordance with technical and
artistic rules and standards, in places where there are
risky structures in terms of structural features, even if

and principles related to rehabilitation,

they were built in disaster risk areas and risk- free areas,
are regulated by the relevant law. The cultural and
psychological impact of natural disaster and fire risk has
an important role in the enactment of the law. After the
Van Earthquake, it was understood that the legal
regulations were clearly inadequate, and the relevant law
came into force. Within the scope of this law, it is clearly
stated that the old buildings should be rehabilitated, if
they are not in a condition that can be rehabilitated, they
should be liquidated, and the procedures and principles
on which the new buildings should be built.

The Ministry of Environment and Urbanization, which is
an important authority in urban transformation,
announced in 2017 that approximately half of 15 million
houses are at risk of disaster. Therefore, the government
has an ambitious plan to rebuild 500,000 residences
annually, 200,000 of which are in Istanbul, within the
scope of urban transformation (Habertiirk, 2017). As of
May 2018, a total of 188 risky areas were declared by the
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Ministry of Environment and Urbanization (Hurriyet,
2018). The legal framework and the practices realized so
far show that the urban transformation processes in
Tiirkiye consist of three basic steps: (1) declaring areas
at risk, (2) evacuation and demolition of buildings, and
(3) restructuring. Five main actors play an active role in
urban transformation: Ministry of Environment and
Urbanization, housing
administration (TOKi), design and planning teams,
residents and contractors (Giin et al, 2021). By law, the

municipalities or mass

Ministry has the authority to regulate urban
transformation actions. District municipalities,
metropolitan municipalities and special provincial

administrations can also carry out urban transformation
studies with the approval of the ministry (Giin et al,
2021). Design and planning teams prepare planning and
urban design projects that take into account the basic
needs of the urban area, and these projects must be
approved by the Ministry. Then, negotiations are held
between the responsible authorities and the citizens, and
when an agreement is reached, the buildings are
evacuated and construction is carried out by the
contractors (Giin et al.,, 2021).

4. Material and Method

Within the scope of the study, urban
transformation applications in Ankara were examined in

various

line with the field studies, municipality decision and
activity reports. In this section, the Atifbey, Hidirliktepe,
Ismetpasa Urban Transformation and Development
Projects and the partially successful Northern Ankara
Entrance Urban Transformation Project, which have
some deficiencies and shortcomings, are discussed in

Figure 1. Ankara Castle, 1925 and 1934 (Sonmez, 2020).

At the beginning of the 1930s, the first irregular slums
began to form on the steep slopes where the stones used
in the Republican period structures were removed, and
on the rugged Altindag Hill and its surroundings. People
who came to the region from various parts of Anatolia
continued their lifestyles in the regions where they
migrated, in this place where they settled. The inability to
adapt to city life due to lack of education, ongoing social
and technical infrastructure problems have caused the
region to become a focus of crime and tension
throughout the city. The slums in Altindag Hill Slum Area

terms of being good examples of unsuccessful urban
transformation applications. Below, the problems
identified after the information given about the historical
development, actual problems and urban transformation
practices in the areas, which make urban transformation
mandatory in the areas, are discussed; and in the
"Results, Discussion and Recommendations” section,
some suggestions for urban transformation projects are
presented within the scope of the lessons learned from
these projects.

4.1. Aunfbey, Hdirhktepe, Ismetpasa
Transformation and Development Projects
After being declared the capital city on October 13, 1923,
Ankara, due to being the center of the country's
administration, has

Urban

received intense immigration
compared to other cities in Tiirkiye and its population
has increased rapidly. When this period is examined, it
will be seen that sufficient housing has not been built in
the face of intense migration. The uncontrolled growth of
the city after the Second World War accelerated with the
emergence of slum areas (Batuman, 2013). In this period,
with the effect of the economic crisis that emerged all
over the world, the inability of the contractors such as
the state and private
investments to meet the housing needs, caused the
formation of slum areas since the beginning of the 1930s.
The housing construction cooperatives that emerged
from 1934 could not be effective in solving the problem.
Close to the city center; Slum settlements have started in
regions such as the steep hills (Altindag, Hisar) and the
creek bed (Bentderesi, Aktas) next to it (Bostanoglu,
2008) (Figure 1).

sector to make sufficient

have worn out over time and have been sold or rented to
people from lower income groups. The region has turned
into a kind of collapse area due to the indifference of the
central and local governments in providing the necessary
social and technical infrastructure services (Bektas and
Tiirkiin, 2017).

Bektas and Yiicel (2013) examined the social, economic,
and spatial inequalities and divisions arising from
migration movements in the Ankara-Altindag Tepesi
Gecekondu area. Spatial division was analyzed from both
physical and socio-economic dimensions. Migration,
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economic disparities, settlement patterns, and socio-
economic factors were identified as the main causes of
this division. It was emphasized that such divisions could
exacerbate social and economic inequalities and deepen
urban problems. After the proclamation of the Republic,
Ankara became a city greatly affected by the gecekondu
problem due to large-scale migrations. Altindag Tepesi
Gecekondu Region is an area where unplanned
settlements have emerged, marking the beginning of
gecekondu life. According to United Nations data, this
region is one of the world's 30 largest mega gecekondu
neighborhoods. When population changes in Ankara
Province and Altindag District are examined, it is
observed that large-scale migrations occurred, especially
during the periods of 1960-1970 and 1970-1980.
Altindag District stood out with its growth rate during
these periods (Bektas and Yiicel, 2013). Tirkiye,
especially between the years 1940-1980, experienced an
increase in the gecekondu problem, with Ankara and
particularly the Altindag region being significantly
affected. Senyapili (2014) indicates that during this
period, gecekondu areas grew and significantly
influenced the urban space due to economic and political
factors. The gecekondu phenomenon evolved over time,
providing cheap, mobile, and hopeful labor to the
economic space. In Ankara, especially in Altindag, the
adoption of the import substitution model in the early
1960s played a critical role in the transformation of
gecekondu population. During this period, the gecekondu
population integrated into the city and made economic
demands. In 1966, a law was enacted officially
recognizing the existence of gecekondus and introducing
legal regulations to enable their settlement in the city.
Uncontrolled and unjust sharing of rents shaped the
urban where gecekondus located,

texture were

2% - « ~ G SRS

influencing urban transformation (Senyapili, 2014).
Physically, the Altindag Tepesi (Hill) Gecekondu Region is
characterized by old and irregular structures. The region
faces problems related to infrastructure and services,
especially in terms of inadequate drinking water and
sewage services. The people living in the area faced
problems such as inadequate infrastructure, security
issues, unemployment, unplanned development, and
transportation problems. Socioeconomically, it was
observed that as the income levels of gecekondu owners
increased, they moved to other parts of the city, leading
to an increase in rental rates in the region. Additionally,
crime rates increased. Furthermore, ethnic groups
concentrated in different neighborhoods, leading to
tensions. Spatial division in the Altindag Tepesi Region
can be associated with factors such as educational
inequality, low income levels, changes in the nature of
migration, and informal settlement patterns. This
division has had a destructive impact on social relations
throughout the city, creating a new sense of belonging
instead of urbanity and citizenship. Local governments
are implementing urban transformation projects to
address these issues, but there is a need for projects that
go beyond physical improvement and take into account
the region's social, economic, and cultural characteristics.
Therefore, rehabilitation and renewal efforts in the
region need to be designed to address all these factors
(Bektas and Yiicel, 2013).

Atifbey - Hidirhktepe - Ismetpasa settlements in
Altindag- Bentderesi Region were declared as urban
transformation zones with the decision of the
Metropolitan Municipality dated 17.02.2006, and then
the border coordinates of the project area were
determined and approved (Figure 2).

Lsmetpaga
Mah

Anfbey- Hirdiliktepe- Ismetpasa Urban
Development and Transformation Project

Figure 2. Construction of the region in 2006, project area (Sonmez, 2020) and Google Earh view (October 30, 2021).
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103 Ha in Atifbey - Hidirliktepe section. There are 9,947
independent sections in approximately 6,000 buildings
covering the area. In Ismetpasa, there are 1,682
independent sections in 574 buildings covering an area
of 13 Ha. The buildings in the Project Area are in private,
public and foundation ownership; it is used as residence,
workplace, education, public service buildings. The
Urban Transformation Project covers the area including
Candarl, Hacibayram, Atifbey, Fatih, Onciiler, Yildirim
Beyazit, Orhangazi and Yavuz Selim Neighborhoods
(Sonmez, 2020).

The process that started with the inclusion of the region
in the scope of the urban transformation project in 2006,
due to the specific conditions of the said neighborhoods;
it could not be completed except for the renovation of
some buildings around the Haci Bayram Mosque. The
process is slow due to the fact that many structures in the
region have multi-shareholder ownership due to
succession and crime security problems. Despite the
demolition of the slums in the current situation, the
project has not been completed yet as other problems
have not been resolved. Another negative aspect
regarding the project area is that the entire project has to
be implemented with public resources, since the private
sector does not see the region as a profitable investment
area (Sonmez, 2020).

Before the implementation of the Atifbey, Hidirliktepe,
Ismetpasa Urban Transformation and Development
Projects  (AHIUTDP), detailed
information, requests and suggestions
exchanged with the people of the region in a systematic
way. However, the participation of the right holders and
even the local people in a wider area is the most
important element of the urban transformation projects.

interviews and
were not

For example, for the Hiroshima Danbara project, which is
one of the successful urban transformation projects in
the world, 21 organizations were established by the local
people and 12 of them played an active role in the project
decisions (Sisman and Kibaroglu, 2009). In addition, in
terms of the execution of these projects, the problems of
power
governments were started to be implemented without
being resolved from the beginning. Legislation has not
been formed by planning the legal infrastructure and

sharing between the general and local

municipal decisions from the beginning to the smallest
details. The fact that urban transformation project
implementations have not reached satisfactory results,
even if they have spread over many years, is the most

important failure indicator in terms of urban
transformation projects. Due to the mentioned
determinations in the projects and applications

discussed, this is exactly the case. In addition, legal
decisions were taken without reaching a full consensus
with the right holders, resulting in unsolved grievances.
Projects that could ensure the participation of the private
sector could not be designed, which, in addition to
increasing the public cost, caused the process to be
prolonged and the project implementations are still

unfinished.

Urban transformation projects are part of urban plans.
The Hidirliktepe, Atifbey, ismetpasa Urban
Transformation and Development Project were
designated as a Risky Area within the scope of Law No.
6306, based on the decision of the Ankara Metropolitan
Municipality Council dated 11.09.2012 and numbered
1400. The area was declared a Risky Area by the Council
of Ministers on 17.12.2012, in accordance with Law No.
6306, the "Law on the Transformation of Areas under the
Risk of Disaster." The removal of derelict structures
within the area, as stipulated by Article 39 of Law No.
3194 and Article 7, paragraph z of Law No. 5216, has
been approved by the Ankara Metropolitan Municipality
Council. However, more importantly, the decision of the
Ankara Metropolitan Municipality Council dated
08.06.2023 and numbered 786 outlines all processes
related to Hidirhktepe. Planning processes related to
Hidirliktepe are still subject to legal disputes and are
among the debated topics within the discipline of
planning.

4.2. North Ankara Entrance Urban Transformation
Project

Starting from the middle of the 1970s to the end of the
90s, dense slums were built around the Ankara Esenboga
Airport road. The difficult access to the airport from
Ankara through a valley, and the uneven landscape
during the journey created a negative image, especially
when hosting guests from foreign countries. The Protocol
Road, which connects Ankara with the whole world, was
a winding, winding road and was surrounded by slums
scattered on the valley slopes (Figure 3) (Geng, 2014).
For years, these lands were almost completely occupied
by slum areas (Caliskan, 2010). Within the scope of the
urban transformation project in the region that includes
the Ankara North entrance and its surroundings, it is
aimed to increase the urban life standard by improving
the current situation, making landscape design and
creating a healthier residential area. For this reason, the
region has been declared as the North Ankara Entrance
Urban Transformation Project (NAEUTP) area with the
law numbered 5104 with the approval date of
04.03.2004 (TBMM, 2004). Thus, for the first time in
Turkiye, an urban transformation project was
implemented with its own law. The law states that the
only authority in the region that cannot be restricted by
other smaller municipalities with legal rights is Ankara
Metropolitan Municipality. In addition, the municipality
was allowed to use the central national budget to finance
the project. This gave a clear signal that the airport is not
a local issue, but a national urban project in terms of
entry into the Capital (Caligkan 2010).
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Figure 3. 2005 and 2018 view of the Protocol Road and a view from Kuzey Ankara Project (https://www.ankara.bel.tr).

In the project area, the boundaries of which are
determined by law, of 10,500 slums, 1,520 Ha. was found
on the total area. The Housing Development
Administration and Ankara Metropolitan Municipality
were assigned to the realization of the project. A part of
the monetary resource was transferred to the
Municipality and Administration budget with special
regulations in the amount specified in the budget laws of
the relevant year. In addition, it has been decided in the
relevant law to provide the Project with all kinds of
project income, including the appropriations and sales
revenues to be transferred from the Municipality and the
Administration's own resources.

Opening of Esenboga Airport in the 1950s increased the
importance of the northern axis of the city and led to the
creation of Protokol Road. The relocation of the Turkish
Grand National Assembly (TBMM) to its new building in
inénii Square in 1960 further elevated the significance of
this axis. Starting from the 1970s, the rapid construction
of shantytowns became concentrated in this area, and in
1983, Esenboga- Protokol Road was expanded to a dual-
lane road, further fueling shantytown construction.
Particularly during election periods, zoning laws were
enacted, and by the 1990s, 9,000
shantytowns covering 60% of this area of the city,

there were

diminishing the perceivability of the planned areas. This
situation prompted the North Ankara Entry Urban
Renewal Project to be proposed as a solution to this
problem (ince 2006).

According to the 2005 North Ankara Entry Urban
Renewal Project Priority Project Area (Phase 1) 1/5000
Scale Master Zoning Plan Description Report, the
irregular construction in the mentioned area made
perception difficult. The presence of the Fruko Factory,
resembling a typical Anatolian town, and the 4-story
buildings in the Keciéren region, receiving services from
Protokol Road, made traffic complex. The same problems,
even though regulated in terms of zoning, were also
applicable to the Pursaklar settlement, which failed to

provide coherence and a sense of belonging to Ankara.
Irregularities in perception elements such as color,
texture, and lighting of the buildings caused perceptual
confusion. The existing
intersection point in front of the Fruko Factory and the
entry points to the Pamuklar and

connection form of the

Senyuva
neighborhoods were causing traffic issues and also
obfuscating the entrance to the Cubuk Dam recreation
area. In this context, the project aimed to define Ankara's
existing image and emphasize the concepts of the 21st
century, taking into account the unique topography,
historical and cultural heritage of the city.

With the project, only in the 1st Stage, in an area of 4
million square meters, social facilities and recreation
areas were built. Within the scope of the project, a total
of 18,000 residences are planned to be built. The open
sale of shops and residences under the ownership of the
administration in the completed stages of the project still
continues. Owners of slums and unlicensed buildings
were accepted as beneficiaries and 2,478 residences
were delivered to the owners of illegal buildings from the
Karacaoren Stage (AMM Annual Report, 2018). For this, it
was necessary to benefit from the Law No. 2981 on
"Some Transactions to be Applied to Buildings Contrary
to the Zoning and Slum Legislation” and the laws
numbered 3290 and 3366, which amended some articles
of this law. If this could not be achieved, it was sufficient
to make use of the Law No. 6785 on the Amendment of
an Article of the Zoning Law. If none of them could be
used, it was necessary to prove that the shanty house was
built before 01.01.2000. A house of a size determined by
the Municipal Assembly was given to the beneficiaries
who have a title deed or 400 m2 land with Title Deed
Allocation Certificate within the scope of Law No. 2981
and do not have any land debt. In the allocated lands, for
the missing land ratios of the owners whose allocation
amount is less than 400 m?, the price to be calculated
over the construction cost rate of the housing area to be
determined by the housing contract and the Municipal
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Assembly, by adding the land debt, if any, belonging to
the slum, from the total; The cost of debris belonging to
the facility and outbuilding was deducted and debited. A
total of 8,152 residences were delivered to these
beneficiaries from different stages within the project.

Within the scope of the 16- stage project, two five-star
hotels, a congress center, a mosque, five trade centers
and a 70,000- person recreational facility will be built
(Akin 2007). At the end of the project, 12,000 new
residences will be built in the same area, including a 25-
floor smart housing complex in the former slum. These
luxury homes will create a sort of gated community for
the approximately 32,000 new residents. The program of
the project also includes a hotel building and a recreation
center of 650 000 m2. Priority in the implementation of
the project has been given to the houses located on the
outskirts of the site (Metropolitan Ankara, 2005). Jessop
(2016) portrays this project as an example of the future-
oriented policies of neoliberal regimes. According to the
plan, the reclaimed valley will provide a two-way view
along the entire highway leading to the airport. The plan
envisions the entire area as the 'gate’ to the city and aims
to transform the old traditional low- rise old and
neglected 'rural’ environment into a gorgeous modern
high- rise urban fabric (Caliskan 2010). In addition, the
owners of the properties used as workplaces in the
region have been granted rights from the commercial
units in different stages, if their status is compatible with
the current legislation, based on their applications. The
new route change, consisting of tunnels, bridges,
underpasses and crossroads, of the 3.50 km part of the
Protocol Road, which passes through the project area,
has been completed. With the new route change, the
journey from Ankara city center to Esenboga Airport,
which used to take approximately one hour, has
decreased to approximately 30 minutes. Within the
of the transformation project
implementation studies, the construction of rain water,
sewage, drinking water, electricity, telecommunication,

framework urban

natural gas, road and asphalt manufacturing, education,
social and commercial equipment in the general
infrastructure has been completed.

Urban transformation projects are carried out to plan
cities and focus on raising their residents in terms of
quality of life, economy and social life, revitalizing and
solving the problems (Aydin and Camur, 2016). From this
point of view, the NAEUTP is successful. In addition,
rehabilitating an area that has accumulated problems for
many years and seriously damaged the physical
appearance of the city and making significant
contributions to transportation are among the successful
aspects of the project. However, the failure of the project
stems from the heavy use of public resources and the fact
that the return of funds that should be returned to the
public is still not fully achieved. The reason for this is the
failure to plan proposals and measures that will enable
the private in project
implementations, and the lack of effective, fast and

sector to be included

efficient returns from projects and practices that can
replace the resources spent by the public and generate
income. However, the most important thing to consider
when involving the private
transformation projects is to make arrangements that

sector in urban
will not allow unfair rent. Landscaping and construction
activities to be carried out in order to ensure financial
recycling that will tolerate public costs should also be
carried out with the consent of the local and city people.
NAEUTP, due to its unique law, is structurally different
from other projects. Despite this, it has been the subject
of Administrative Court Cases several times, and its
phases have been canceled. The implementation of the
NAEUTP Law (5140) has led to the cancellation of
previous zoning plans, and consequently, building
permits and occupancy permits, which are related to
these plans, have been partially or entirely left to the
authority of Ankara Metropolitan Municipality. This
situation may have led to the loss of acquired rights and
property rights (Ertas, 2011). Many property owners,
including those with title deeds, those with allocated title
deeds, or those with adobe shanties, and those with 4-
story reinforced concrete houses, have not been satisfied
with their residences and have resorted to legal
processes (Poyraz, 2021).

The transformation project, taking place in Ke¢iéren and
Altindag districts, also includes Pursaklar and Cubuk
districts. Initially covering a vast area of 1583 hectares,
the project is divided into three phases: Phase I (Priority
Area) 400 hectares, Phase II (Cubuk Dam Basin) 573
hectares, and Karacaéren Region 650 hectares. In Phase |,
there was land acquisition from roads, bridges, etc,
increasing the project area to 1623 hectares. Public-
initiated urban transformation in Phase II and
Karacadren Phase was canceled by the Council of State
Decision on 12.11.2014, mainly due to its proximity to
the dam area and its wunsuitability for
transformation. In Phase I, housing was initially built for
property owners with title deeds or allocated title deeds,

urban

with the condition of exchanging a certain area of land.
Later, within the framework of financing these houses,
financing houses were built. On the other hand, for those
who built shanties on treasury land without title deeds,
houses were built in the Karacaéren Phase to be sold
through credit (ABB Report, 2014).

The project area, being extensive and rugged, faced
challenges during the construction and sale of residential
units. Before the project, the Esenboga-Ankara Protocol
road passed through the valley. The region had
unfavorable settlement areas due to slopes, excavation
(stone quarries), especially the steep slopes of the south
and east, despite having both planned and unplanned
shanties. Much of the region, with limited infrastructure,
was designated as a disaster zone unsuitable for
construction. Additionally, old stone quarries were
present in the field, known locally as Ankara stone. The
project area, situated in a valley known as a riverbed, is
within the boundaries of Ke¢idren and Altindag districts.
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According to the geological report of the project area,
most of it is not suitable for settlement due to its
geological and topographic structure. The region consists
of Quaternary-age units, including hilly terrain, slopes,
ridges, valleys, low plateaus, high ridges, low ridges, and
valley bottom plains. The most common disaster type in
the project area is rockfall, attributed to random cooling
cracks in andesites. Particularly, in high cliffs and
quarries rehabilitation
measures, the risk of rockfall is higher (Poyraz, 2021).

Under Law No. 5104, a new protocol road passing
through Altindag, Kecioren, and Pursaklar districts was
constructed, as the previous protocol road financing
housing area remained in place. The new protocol road,
passing through the project area, was completed with the
construction of a 3.5 km-long road consisting of 2
bridged intersections, 2 viaducts, and tunnels, with
changes in its route. Moreover, the newly opened
protocol road became operational as the only and longest
heated road in Tiirkiye, featuring a substation, panel, and

abandoned stone without

a system that can be controlled 24 hours a day (Poyraz,
2021).

The North Ankara Recreation area, once characterized as
the outskirts of Ankara due to having the highest rate of
informal settlements before urban transformation
(constructed between 2011-2014), undergoes a distinct
transformation. This transformation includes not only
the necessary resting areas
topographic perspective but also the addition of
greenery, wetlands, and an illuminated
compatible with landscape and residential integration. In
such a transformation, the interaction between teams
working on architecture and engineering specific to the
area and teams from various interactive fields such as

recreational from a

system

biologists, botanists, and landscape designers becomes
inevitable. Environmental arrangements create a living
texture consisting of greenery, trees, and special plants
suitable for the climate and soil structure of the region,
imitating natural/nature areas. When delving into the
details of the harmony between these green areas and
structures, particularly in the North Ankara example, it is
noteworthy. While ecological balance often alleviates the
heavy concrete appearance, the lack of greenery is
supported aesthetically and ecologically by plant species
with rapid climate adaptation in the region. Areas that

are topographically inclined and unsuitable for
settlement  have  been  made  suitable for
environmental/spatial design through afforestation

practices, unlike traditional landscape forms. Each
intervention has been designed to provide spatial
integrity with ecological data, forming a harmonious
style with the created nature. In conclusion, the sample
taken integrates city structure with ecological data,
reflecting a comprehensive and successful planning
approach. However, despite being processed in detail and
ecological data, this
transformation and recreation area does not carry
concerns or attitudes towards issues related to ecological

aestheticized with urban

art or environmental art. On the other hand, with its
innovative environmental designs and its structure that
reinforces the perception of "new nature,” the North
Ankara example can be considered exemplary in terms of
urban ecology, urban aesthetics, and ecological
recreation within its own field (Burgin, 2020).

4.3. Comparative Evaluation of Examined Urban
Transformation Projects

In this study, urban transformation projects were
compared over two basic parameter groups. As the first
parameter group, the satisfaction of the projects and
implementations in the beneficiaries, the people of the
region and the residents of the city who have a
relationship with the project area, the residents of other
cities or people from different countries, and the possible
grievances caused by the projects were taken into
account. In all of these parameters, AHIUTDP were
unsuccessful and NAEUTP was successful. With this, for
NAEUTP, Caliskan (2010) says: “After the state
amnesties, the municipality made a contract with the
families who bought the title deeds. According to the
contract, the shareholders will buy a new house in
proportion to their existing land shares (Metropolitan
Ankara, 2005). However, it is unlikely that these families
will afford to live in such a noble urban environment in
the near future.” However, it should not be forgotten that
the slums in the region were built by their owners
without paying for the land. With the amnesty applied by
the state, slum owners became land owners. This
situation is not compatible with social equality and
justice. Because only some people benefit from public
goods. In the eyes of other citizens who did not go to
squatting on state lands, the situation means unjustified
gain. However, with this project, slum owners were given
the rights to acquire new housing. Considering multi-
faceted, it should be said that the project did not cause
grievances.

As the other parameter group, the cost of realizing the
projects to public resources and whether this cost can be
amortized, whether it can provide additional income to
the public and if all these are realized, how long it can
take are discussed. According to these parameters, both
projects were found unsuccessful. For, according to Topal
et al. (2019), the NAEUTP increased the concentration of
state power, thus making it the main determinant of rent
generation and allocation. This model can be considered
as a manifestation of the authoritarian tendencies of the
state in the contemporary stage of neoliberalism.
However, there should be no problem in the state's
ability to generate rent and evaluate it in favor of the
society. The problem is that the state can choose to
evaluate the rent created by the government in favor of
only certain segments. Another important problem is
that states can ignore environmental sensitivities in the
way of generating rent. In my opinion, these are the 2
important should be supervised by
international organizations when necessary in urban
transformation projects. Because these two issues are in

issues that
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positions that exceed the freedom of choice of the rulers
of a state in terms of global environmental effects and
global problems that will reflect economic injustice. In
addition, in the project discussed, the state does not seem
to be very successful in generating rent. On the contrary,
state resources have been spent for this project and no
return has been provided. Various parameters inherent
in and related to these two basic parameter groups, 4.1.
and 4.2. It is mentioned during the examination of the
project applications in chapters. Some suggestions for
assimilation of all these criteria in a way to create an
urban transformation culture are presented in the
section below.

5. Results and Discussion

It can be said that the people of the city provide the blood

circulation that provides the vitality of the urban

organism and keeps the mechanism alive. Urban
transformations are large-scale, important operations to
improve the organism. The fact that these interventions
can bring considerable satisfaction to the inhabitants of
the city is the most important indicator of unequivocal
success. Otherwise, as seen in the AHIUTDP, the project
may be disrupted, as seen in Ankara and most regions of

Tiirkiye. There may be situations such as the spread of

projects over many years, the increase in grievances, the

failure of the projects or the interruption of the project.

In these cases, the urban transformation project can have

the opposite effect on the issues of increasing safety,

social life standard, city image and economic benefit. In
addition, it is very important to direct the private sector
in order to ensure the success of the project with
minimum use of public resources. Otherwise, as seen in
the NAEUTP, public costs increase and the principle of
contributing to the economy, which is one of the
objectives of urban transformation, is delayed or cannot
be realized. In general, while the construction sector
assumed the role of growth engine in the Turkish
economy in the 2000s, certain financial mechanisms of
housing supply show that it is a debt-based growth
regime (Bahce and Koése, 2016). Such debt-driven
housing provision leads to gentrification of the urban
built environment on the one hand and further
marginalization of the least advantageous on the other

(Topal et al, 2019). The recommendations drawn from

the projects examined in the study can be summarized as

follows:

1- Before the actual initiation of urban transformation
projects, all details should be planned from the very
beginning in terms of legal legislation, local
government decisions and especially agreements
with citizens residing in the area to be converted, and
deficiencies should not be left.

2- A consensus should be reached between the public
and private sector works and the owners of the land
and building in the area to be converted, so that the
beneficiaries can be entitled to the new project at an
appropriate rate without investing. At this point, the

entrepreneurial support of the private sector gains
importance. However, it is necessary to ensure
control over the private sector, to adapt the legal
regulations and municipal decisions in a way that
does not create injustice, and to focus on projects that
can achieve the profit target for the private sector. In
addition, urban transformation projects should not be
seen as a source of income, but should be aimed at
solving problems. However, the solved problems
should be able to return as a profit to the private
sector, which has taken risks in solving these
problems. Due to the difficulty of providing all these
conditions in harmony, it may be necessary for the
beneficiaries and the public to make investment costs
at certain levels. In this case, it may be necessary to
provide advantages such as interest-free or low-
interest loans, especially to beneficiaries. If projects
that can create their own resources for the area to be
transformed can be developed, the solution of all
these problems can be much easier, reducing the
costs of the public and right holders and attracting
the private sector.

3- Projects that will ensure the effective and efficient
use of urban transformation areas should be
produced; because the need for urban transformation
itself is formed by the uncontrolled spread of urban
life to the outside of the center and sometimes to the
unplanned spaces in the center, as a result of the
inability to use the urban areas effectively and
efficiently. Therefore, so to speak, treatment should
not contradict the diagnosis; the problematic
approaches that created the negative situation should
not be repeated in the solutions carried out to
eliminate the negative situation. The transformation
should not only address the physical structure of the
city, but also its spirit and spiritual existence, so to
speak. The soul of the city is formed by the life of its
inhabitants.  Therefore,
requires addressing the residents of the city as well.

urban  transformation
The real transformation of the city should be in a way
that creates satisfaction, not victimization, in the
context of the needs, wishes and economic concerns
of the residents.

4- It is necessary to ensure that not only political forces
such as central and local governments, but also social
segments such as non-governmental organizations,
professional chambers and universities, and the
people of the city directly participate in urban
transformation projects.

Urban transformation projects may cause significant

damage to the environment. With urban transformation

projects, only certain segments may be favored.

Environmental impacts and economic injustices are

practices that can have significant global repercussions.

For this reason, it is necessary to provide supervision,

suggestions and guidance by internationally competent

and impartial organizations.

BS] Eng Sci / Varol KOC

68



Black Sea Journal of Engineering and Science

Author Contributions

The percentage of the author contributions is presented
below. The author reviewed and approved the final
version of the manuscript.

V.K.
C 100

100
S 100
DCP 100
DAI 100
L 100
w 100
CR 100
SR 100

C=Concept, D= design, S= supervision, DCP= data collection
and/or processing, DAI= data analysis and/or interpretation, L=
literature search, W= writing, CR= critical review, SR=
submission and revision.

Conflict of Interest

In the study, research and publication ethics were
complied with. The author report there are no competing
interests to declare. The author declares that the
manuscript complies with ethical standards. No funding
was received to assist with the preparation of this
manuscript. The author declares that there are no
conflicts of interest (financial or non-financial) in the
manuscript. The author is confident that all data and
materials as well as software application or custom code
support their published claims and comply with field
standards.

Ethical Consideration

Ethics committee approval was not required for this
study because of there was no study on animals or
humans.

References

Akin E. 2007. Kentsel gelisme ve kentsel rantlar: Ankara 6rnegi.
Doktora Tezi, Ankara Universitesi, Sosyal Bilimler Enstitiisii,
Ankara, Tiirkiye, pp: 292.

AMM Anual Reports. 2018. Ankara Biiyiliksehir Belediyesi
Faaliyet Raporu. Ankara Biiyiiksehir Belediyesi. Kentsel
Donlisim Sube Mudirlagd, ss: 125.

Ankara Biiytiksehir Belediyesi. (Metropolitan Ankara) 2005-
2007-2009-2010-2015. Kuzey Ankara Kkentsel doniisiim
projesi uygulama
Miudurliagi, ss: 125.

Ankara Biiyiiksehir Belediyesi. 2014. Kuzey Ankara kentsel
dontisiim projesi raporu. Kentsel Doniisiim Sube Miidirligi,
ss: 125.

Aydin AH, Camur O. 2016. Kentsel déniisiim uygulamalarinda
basarili diinya 6rnekleri: Danbara, Solidere, Rio de Janeiro.

raporlarl. Kentsel Donilisim Sube

Kahramanmaras Siit¢ii imam Univ iktisad idari Bilim Fak
Derg, 6(1): 53-68.

Bahge, S, & Kose, A. H. (2016). Financialisation/borrowing
circle as a solution to an unpleasant conundrum:
Observations from the mature neoliberalism in Turkey.

Research and Policy on Turkey, 1(1), 63-74.

Barredo JI, Demicheli L. 2003. Urban sustainability in
developing countries’ megacities: modelling and predicting
future urban growth in Lagos. Cities, 20(5): 297-310.

Batuman B. 2013. City profile: Ankara. Cities, 31: 578-590.

Bauman Z. 2002. Modernita liquida. Robinson / Letture, Bari-
Roma, Italy, pp: 310.

Bayat A. 2012. Politics in the city-inside-out. City Soc, 24(2):
110-128.

Beatley T, Wheeler SM. 2004. The sustainable urban
development reader. Routledge, London UK, pp: 540.

Bektas Y, Tiirkiin A. 2017. mixed income housing strategy in
urban transformation and Tiirkiye-specific dynamics: Ankara
Altindag-Giiltepe case. Megaron, 11(2): 263-279.

Bektas Y, Yiicel C. 2013. Ankara-Altindag tepesi gecekondu
bolgesi'nde mekansal ayrismanin gozlenmesine yonelik bir
arastirma. Megaron, 8(2): 115-129.

Bostanoglu 0. 2008. Ankara-istanbul baskentlik cekismesi:
Cumhuriyet Ankara'sindan Gokcek Ankara'sma. Miilkiye
Derg, 32(261): 89-117.

Burgin U. 2020. Kentsel ekoloji lizerinden estetik tasarilar ve
kuzey ankara 6rneklemi. Sanat Tasarim Derg, 25: 323-339.

Caro RA. 1975. The power broker: Robert Moses and the fall of
New York. Vintage Books, New York, USA, pp: 1344,

Cengiz E. 2022. Meclis tutanaklarinda imar affi tartismalari. |
Inter Sci Res, 7: 66-81.

Cesareo V, Vaccarini 1. 2006. La liberta sorumlu. Soggettivita e
mutamento sosyale Milano. Vita e Pensiero, Milano, Italy, pp:
360.

Cohen B. 2004. Urban growth in developing countries: a review
of current trends and a caution regarding existing forecasts.
World Develop, 32(1): 23-51.

Caliskan O. 2010. Urban gateway: Just a symbol or more?
Reappraising an old idea in the case of Ankara. ] Urban
Design, 15(1): 91-122.

Ertas M. 2011. Kentsel doniisiim ¢alismalarinda sosyal boyutun
incelenmesi Ankara ve Londra ornekleri. Selcuk Univ ] Engin
Sci, 10(1): 1-18.

Fainstein SS. 2014. The just city. Inter ] Urban Sci, 18(1): 1-18.

Fawcett P. 2016. The routledge handbook of planning for health
and well-being: shaping a sustainable and healthy future.
Town Planning Rev, 87(6): 736-739.

Florida R. 2002. The rise of the creative class. Basic Books, New
York, USA, pp: 512.

Gehl J. 2010. Cities for people. Island Press, Washington, USA,
pp: 285.

Geng FN. 2008. Tirkiye’de kentsel doniisim: Mevzuat ve
uygulamalarin genel goriinimi. Yonetim Ekon Derg, 15(1):
115-130.

Geng FN. 2014. Gecekonduyla miicadeleden kentsel dontisiime
Tiirkiye’de kentlesme politikalar.. Adnan Menderes Univ
Sosyal Bilim Enstit Derg, 1(1): 15-30.

Glaeser EL. 2011. Triumph of the City: How our greatest
invention makes us richer smarter greener healthier and
happier. Penguin Books, London, UK, pp: 368.

Gopakumar G. 2015. Intrusiveness of urban renewal in India:
JNNURM as a development fix Canadian. ] Develop Stud,
36(1): 89-106.

Gin A, Pak B, Demir Y. 2021. Responding to the urban
transformation challenges in Tiirkiye: a participatory design
model for Istanbul. Inter ] Urban Sustain Develop, 13(1): 32-
55.

Habertiirk. 2017. Mehmet Ozhaseki: Yeni yasamn eli kulaginda
7.5 milyon bina yenilenecek [The minister of environment
and urbanization: 75 million housing unit will be rebuilt].

BS] Eng Sci / Varol KOC

69



Black Sea Journal of Engineering and Science

URL: https://www.haberturk.com/gundem/haber/1600758-
mehmet-ozhaseki-den-haberturk-tv-ye-aciklamalar#
(accessed date: August 20, 2022).

Hannerz U. 2001. Esplore la citta. Antropologia della vita
urbana Bologna. Il Mulino, Bologna, Italy, pp: 554.

Hoch C, Dalton LC, So FS. 2000. The practice of local
government planning. Intl City County Management Assn,
Washington, USA, pp: 496.

Hurriyet. 2018. Yilda 500 bin konut yeniden iiretilecek. 500000
housing unit will be reconstructed a year. URL:
http://www.hurriyet.com.tr/ekonomi/yilda-500-bin-konut-
yeniden-uretilecek-40840334 (accessed date: August 20,
2022).

ince E K. 2006. Kentsel déniisiimde yeni politika yasa ve
egilimlerin degerlendirilmesi “Kuzey Ankara girisi protokol
yolu. Kentsel dontsiim projesi”. Yiiksek Lisans Tezi, Gazi
Universitesi, Fen Bilimleri Enstitiisii, Sehir ve Bolge Planlama
Anabilim Dali, Ankara, Tiirkiye, ss: 213.

Jacobs J. 2011. The death and life of great American cities.
Modern Library, New York, USA, pp: 640.

Jain M. 2018. The effect of distance on urban transformation in
the Capital Region India. Inter Planning Stud, 23(1): 37-50.

Jessop B. 2016. The heartlands of neoliberalism and the rise of
the Austerity state. In Springer S, Birch K, MacLeavy ] editors.
The handbook of neoliberalism. Routledge, London, UK, pp:
410-421.

Khan D, Karak A. 2018. Urban development by dispossession:
planetary urbanization and primitive accumulation. Studies
Polit Econ, 99(3): 307-330.

Klink ], Denaldi R. 2014. On financialization and state spatial
fixes in Brazil. A geographical and historical interpretation of
the housing program My House My Life. Habitat Inter, 44:
220-226.

Kombe WJ. 2005. Land use dynamics in peri-urban areas and
their implications on the urban growth and form: the case of
Dar es Salaam Tanzania. Habitat Inter, 29(1): 113-135.

Koolhaas R. 1997. Delirious New York: A retroactive manifesto
for Manhattan. The Monacelli Press, New York, USA, pp: 320.

Lai KP, Daniels JA. 2015. Banking on finance in Singapore: The
state-led financialization of banking firms. GPN Working
Paper Series, Global Production Networks Centre Singapore,
URL:
https://onlinelibrary.wiley.com/doi/epdf/10.1002/9781119
051374.ch9 (accessed date: August 20, 2022).

Le Corbusier. 1923. Towards a new architecture. Dover
Publications, London, UK, pp: 413.

LeGates RT, Stout F. 2011. The city reader. Routledge, London,
UK, pp: 110-114.

Leigh NG, Blakely EJ. 2016. Planning local economic
development: Theory and practice. New York, USA, pp: 446.
Leon JK. 2021. The global governance of housing: 1945-2016.

Planning Perspectiv, 36(3): 475-494.

Lerner J. 2014. Urban acupuncture. Island Press, Washington,
USA, pp: 160.

Mazzette A. 2006. L'urbanita delle donne. Creare faticare altro.
FrancoAngeli, Milano, Italy, pp: 280.

Mitchell T. 1999. Dreamland: The neoliberalism of your desires.
Middle East Report, 29(1; ISSU 210): 28-33.

Monceri F. 2004. Il pensiero uyumsuz. Sulla creativita del
filosofo. Elitler, 4: 38-49.

Moughtin C. 2007. Urban design: street and square. Routledge,
London, UK, pp: 314.

Nancy JL. 2002. La citta lontana. Ombre Corte, Verona, Italy, pp:
75.

NCRPB. 2013. National Capital Region Planning Board. Draft

Revised Regional Plan 2021: National Capital Territory. URL:
https://ncrpb.nic.in/policies_strategies.html (accessed date:
August 20, 2022).

Official Gazette. 2012. The law regarding transformation of
areas under disaster risks. URL:
http://www.resmigazete.gov.tr/eskiler/2012/05/20120531
-1.htm _(accessed date: August 20, 2022).

Olujimi J. 2009. Evolving a planning strategy for managing
urban sprawl in Nigeria. ] Human Ecol, 25(3): 201- 208.

Oosterbaan C, Arku G, Asiedu AB. 2012. Conversion of
Residential Units to Commercial Spaces in Accra Ghana: A
Policy Dilemma. Inter Plan Stud, 17(1): 45-66.

Ozel N, Kiligaslan H. 2021. Creative drama in the context of
urbanization and urban planning from past to present. 2nd
International Conference on Social Sciences and Humanities,
July 09-11, Ankara, Tiirkiye, pp: 44-56.

Peflalosa E. 2012. Walkable city: how downtown can save
America one step at a time. Farrar Straus and Giroux, New
York, USA, pp: 320.

Pereira A. L. D. S. 2017. Financialization of housing in Brazil:
New frontiers. Inter ] Urban Regional Res, 41(4): 604-622.

Poyraz E. 2021. Kentsel doniisiimiin yarattigi ekonomik
sonuglar: Kuzey Ankara girisi kentsel doniisiim projesi.
Doktora Tezi, Ankara Universitesi, Sosyal Bilimler Enstitiisii,
Ankara, Tiirkiye, ss: 162.

Ratcliffe ], Stubbs M, Keeping M. 2021. Urban planning and real
estate development. Routledge, London, UK p: 543.

Roberts P, Sykes H. 1999. Urban regeneration: a handbook.
Sage, New York, USA, pp: 257.

Romer PM. 1990. Endogenous technological change. ] Politic
Econ, 98(5): 71-102

Salomone M, Messina M. 2011. Complex ecological creative: The
modern city and social change. World Futures, 67(2): 79-92.

Sclar ED, Volavka-Close N, Brown P. 2013. The urban
transformation: health shelter and climate change. Routledge,
Abingdon, UK, pp: 238.

Sennett R. 2007. The culture of the new capitalism. Yale
University Press, New Haven, USA, pp: 241.

Setchell CA. 1995. The growing environmental crisis in the
world's mega cities: the case of Bangkok. Third World Plan
Rev, 17(1): 1- 18.

Soederberg S. 2015. Subprime housing goes south:
Constructing securitized mortgages for the poor in Mexico.
Antipode, 47(2): 481-499.

Sonmez H. 2020. Tiirkiye'de kentsel doniisiimiin tarihgesi ve
Ankara’daki bazi kentsel doniisiim uygulamalari. Tezsiz
Yiiksek Lisans Projesi, Ondokuz Mayis Universitesi, Lisans
Ustil Egitim Enstitiisii, Tasinmaz Gelistirme Uzaktan Egitim
Programi, Samsun, Tiirkiye, ss: 38.

Siir A. 2014. 1960'tan 2014'e kentsel doniisiim sertiveni. URL:
https://www.ekoyapidergisi.org. (erisim Tarihi: 27 Mayis
2020).

Senyapili T. 2004. Barakadan gecekonduya Ankara’da kentsel
mekanin doniisiimii. iletisim Yayimncilik, istanbul, Tiirkiye, ss:
372.

Senyapili T. 2014. Denetimsiz ve adaletsiz rant paylasiminin
bicimlendirdigi kentsel dokuya ornek: Ankara-Yildiz.
idealkent, 5(11): 326-347.

Sisman A, Kibaroglu D. 2009. Diinyada ve Tirkiye'de kentsel
donlistim  uygulamalari. TMMOB Harita ve Kadastro
Miihendisleri Odasi, 12. Tiirkiye Harita Bilimsel ve Teknik
Kurultayi, 11-15 Mayis, Ankara, Tiirkiye, ss: 1-9.

Tarigan AK, Samsura DAA, Sagala S, Wimbardana R. 2017.
Balikpapan: Urban planning and development in anticipation
of the post-oil industry era. Cities, 60: 246-259.

BS] Eng Sci / Varol KOC

70



Black Sea Journal of Engineering and Science

Taylor N. 1998. Urban planning theory since 1945. Sage, New
York, USA, pp: 253.

TBMM. 2004. North Ankara entrance urban transformation
project law. URL:
https://www5.tbmm.gov.tr/tutanaklar/KANUNLAR_KARARL
AR/kanuntbmmc090/kanuntbmmc090/kanuntbmmc09005
481.pdf. Accessed date: August 20, 2022).

Topal A, Yalman GL, Gelik 0. 2019. Changing modalities of
urban redevelopment and housing finance in Tiirkiye: Three
mass housing projects in Ankara. ] Urban Affairs, 41(5): 630-
653.

United Nations. 2007. World urbanization prospects: 2007
revision data tables and highlights. United Nations, New York,

USA, pp: 32.

Ulger NE. 2011. Tiirkiye'de arazi diizenlemeleri ve kentsel
doniisim. Nobel Akademik Yayincilik, Ankara, Tiirkiye, ss:
360.

Wang Y. 2015. The rise of the ‘shareholding state”
financialization of economic management in China. Socio-
Econ Rev, 13(3): 603-625.

Yenice MS. 2014. Tiirkiye'nin kentsel doniisiim deneyiminin
tarihsel analizi. BAU Bilim Bil Ogr, 16(1): 76-88.

Yesilbag M. 2020. The state-orchestrated financialization of
housing in Tiirkiye housing policy. Debate, 30(4): 533-558.
Zhang KH. 2002. What explains China's rising urbanisation in

the reform era? Urban Stud, 39(12): 2301-2315.

BS] Eng Sci / Varol KOC

71



Black Sea Journal of Engineering and Science
doi: 10.34248/bsengineering.1382392

Open Access Journal
e-ISSN: 2619 - 8991

Research Article

Volume 7 - Issue 1: 72-88 / January 2024

DESIGN AND OPTIMIZATION OF VOLTAGE MODE PWM
CONTROL OF DC-DC BUCK CONVERTER WITH A PI-LEAD
COMPENSATOR USING THE SIMULATED ANNEALING
ALGORITHM

Kiibra DOGAN1*, Biilent DAG2

1Gazi University, Faculty of Engineering, Department of Electrical and Electronic Engineering, 06500, Ankara, Tiirkiye

Abstract: This paper presents a method for improving the performance of DC-DC Buck Converter Systems using voltage mode Pulse
Width Modulation (PWM) control. We explore the effectiveness of Proportional-Integral (PI) and Lead Compensator controllers in
enhancing system stability, minimizing voltage fluctuations, and improving load response. The system is modeled through transfer
functions, and the controllers' impacts are analyzed both individually and in tandem. A key contribution of this work is the
optimization of the PI-Lead Compensator parameters utilizing the Simulated Annealing Algorithm, which is fine-tuned to improve
phase margin, gain crossover frequency, and steady state error. These parameters are critical for optimizing the system’s output
performance. Through MATLAB simulations, we demonstrate the iterative process of parameter optimization and validate the
algorithm's efficacy in managing the DC-DC Buck Converter. The results highlight the enhanced performance achieved with the

optimized parameters, providing a viable solution for effective control of DC-DC Buck Converter Systems.

Keywords: DC-DC Buck Converter, Voltage Mode PWM Control, PI-Lead Compensator, Simulated Annealing Algorithm

*Corresponding author: Gazi University, Faculty of Engineering, Department of Electrical and Electronic Engineering, 06500, Ankara, Tiirkiye

E mail: kubradogan@aselsan.com.tr (K. DOGAN)
Kiibra DOGAN https://orcid.org/0009-0006-9099-9058

Biilent DAG https://orcid.org/0000-0002-1404-232X

Received: October 27, 2023
Accepted: November 27, 2023
Published: January 15, 2024

Cite as: Dogan K, Dag B. 2024. Design and optimization of voltage mode pwm control of dc-dc buck converter with a pi-lead compensator using the

simulated annealing algorithm. BS] Eng Sci, 7(1): 72-88.

1. Introduction

In contemporary times, energy efficiency and power
conversion are fundamental requirements in modern
electronic DC-DC encompass
numerous topologies widely employed for power
conversion purposes. These topologies are significant in
achieving energy efficiency and power conversion in
electronic  systems. topologies
transform a source voltage into a different voltage level
and typically exhibit circuit structures characterized by
high efficiency, low noise, and fast response time
(Umanand, 2009; Rashid, 2010; Volkov, 2015; Rashid,
2017)

Generally, the operating principles of DC-DC Converters
can be analyzed within two major categories: DC-DC
linear and DC-DC switched-mode converters. DC-DC

systems. converters

Power converter

linear converters utilize the principle of linear regulation
to control the input voltage and maintain the output
voltage at a specific level, operating as active power-
controlled converters. Energy flow is often controlled
using a transistor or an electronic switch. The advantages
of DC-DC low power
consumption, low cost, simple design requirements, and
precise voltage regulation to maintain the desired output
voltage. The disadvantage of DC-DC linear converters is

linear converters include

typically their low efficiency. Therefore, DC-DC linear
converters are typically used to regulate the input
voltage to a constant output voltage in low-power
applications. On the other hand, DC-DC switched-mode
converters or switched-mode power supplies are
commonly preferred in applications requiring high
power or where energy efficiency is critical. In these
converters, switches such as transistors, MOSFETs,
IGBTs, etc. control the energy flow. DC-DC switched-
mode converters offer numerous advantages. In the
presence of voltage oscillations, unbalanced loads, and
similar situations, it provides high efficiency by utilizing
feedback control mechanisms to maintain the desired
output voltage. By rapidly switching the switches, energy
losses are minimized, resulting in more effective energy
conversion. These converters can be utilized in various
power levels, from low-power to high-power
applications. However, DC-DC switched-mode converters
also have some disadvantages. The design, control, and
implementation of DC-DC switched-mode converters can
be complex. The correct timing and control of the
switches may require additional electronic components
or control algorithms (Middlebrook and Slobodan, 1976;
Bose, 2002; Ogata, 2010; Rashid, 2010; Basso, 2014;
Kazimierczuk, 2015; Erickson and Maksimovi¢, 2020;

BSJ Eng Sci / Kiibra DOGAN and Biilent DAG

72

@ This work is licensed (CC BY-NC 4.0) under Creative Commons Attribution 4.0 International License



Black Sea Journal of Engineering and Science

Bose, 2020).

Switched-Mode Power Supplies (SMPS) encompass
different configurations, such as isolated and non-
isolated configurations. Isolated converters basically
include flyback converter, forward converter, and full-
bridge converter. On the other hand, non-isolated
converters consist mainly of Buck Converter, Boost
Converter, and Buck-Boost Converter. In this paper, the
Buck Converter, which is commonly used among non-
isolated DC-DC SMPS, has been discussed. The DC-DC
Buck Converter is an electronic circuit that efficiently
steps down the energy from power sources to produce
the desired output voltage at a lower voltage level
(Moorthi, 2005; Ogata, 2010; Rashid, 2010; Rashid, 2017;
Suntio and Messo, 2019).

In DC-DC Buck Converters, the output voltage must reach
the desired value quickly and accurately, directly
affecting the converter's performance. However, voltage
fluctuations and load changes can cause the output
voltage to deviate below or above the desired value.
Therefore, various control methods are employed to
optimize the converter's performance. Pulse-Width
Modulation (PWM) and Frequency Modulation (FM) are
the two main techniques used to control the output
voltage of the DC-DC Buck Converter. In the PWM
method, the converter's switches are turned on and off at
a specific frequency, creating pulses. This method
includes control methods such as voltage mode and
current mode control. In the FM method, the switching
frequency is continuously changed to achieve a constant
pulse. Both of these control techniques are used to keep
and control the output voltage of the DC-DC Buck
Converter at the desired level. In this paper, the voltage
mode PWM control method has been employed to adjust
the output voltage of the DC-DC Buck Converter to the
desired level (Middlebrook and Slobodan, 1976; Mohan
and Tore, 2003; Umanand, 2009; Basso, 2014; Suntio and
Messo, 2019; de 2021).

The voltage mode PWM control method is a widely used
method in DC-DC converters to precisely adjust the
desired output voltage by changing the pulse width of the
switching signal. The output voltage is continuously
measured and compared to the reference value. As a
result of this comparison, an error signal is obtained,
which is then fed back into the converter's switching
circuit. The switching frequency and amplitude are
adjusted based on the characteristics of this error signal.
As a result, the output voltage is maintained at the
desired level. The voltage mode PWM control method
offers advantages such as superior voltage regulation,
high precision, low output impedance, and stable
operation. Additionally, its ability to respond rapidly to
changes in output voltage makes it applicable to various
applications (Mohan and Tore, 2003; Moorthi, 2005;
Umanand, 2009; Basso, 2014; Kazimierczuk, 2015;
Rashid, 2017; de Azpeitia, 2021).

In voltage mode PWM control, various control methods
are employed to precisely adjust the pulse width of the

switching signal to achieve the desired output voltage:
Proportional-Integral-Derivative (PID) Controller, Lead
Compensator, Lag Compensator, Lag-Lead Compensator,
etc. The PID Controller provides a fast response and
appropriate settling times within the feedback loop. The
P term rapidly adjusts the output voltage; the I term
corrects steady-state errors; the D term enhances the
system response speed. Similarly, compensator methods
are control strategies that enable a DC-DC Converter to
respond quickly to various load and input voltage
conditions and ensure stability in the output voltage. This
control system continuously measures the output voltage
through a feedback loop and performs corrective actions.
The Lead Compensator, one of the most commonly used,
is typically employed to increase the Phase Margin (PM)
value and speed up the system response. However, it
might decrease the system's Gain Margin (GM) value.
Conversely, the Lag Compensator is predominantly used
to boost the Gain Margin value and diminish Steady-State
Errors (SSE). However, it can reduce the Phase Margin
value. Given the necessity to strike a balance between
Phase and Gain Margin values, the Lag and Lead
Compensator methods are usually used in conjunction.
The term "Phase Margin" mentioned here indicates how
close the phase of a control system is to -180 degrees at
the frequency where the system's gain crosses 0 dB in
the Bode Plot of the frequency response. In other words,
it shows how close the phase is to -180 degrees when the
system's frequency is at 0 dB. Systems with higher Phase
Margins are typically more resilient to phase
disturbances caused by external factors. Ideally, the
Phase Margin should be between 45 to 60 degrees. On
the other hand, "Gain Margin" indicates how close the
magnitude of the system is to 0 dB at the frequency
where the system's phase is at -180 degrees. In other
words, it shows how close the magnitude is to 0 dB when
the phase is at -180 degrees. A system with higher Gain
Margin is generally more robust against magnitude
disturbances caused by external factors. Ideally, the Gain
Margin should be at least 6 to 10 dB (Franklin et al,
2002; Moorthi, 2005; Pressman, 2009; Ogata, 2010;
Bishop and Dorf, 2011; Rashid, 2017; Nise, 2020; de
2021).

Various control methods can be combined to achieve
desired performance objectives in voltage mode PWM
control for DC-DC Converters. There are numerous
studies related to combined control methods. In (Feng et
al,, 2023), a temperature control process was carried out
using a PID Controller in conjunction with the PWM
method (Qu et al.,, 2023), Fuzzy Logic and PWM methods
were used together, and it was reported that this
structure provided better performance than a PID
controller. Amaral and Antonio (2022a), presented PWM
signal generation in connection with a Type-II Controller
for a non-isolated DC-DC Buck Converter. In Zebet et al.
(2021), Adaptive-PI (A-PI) and Adaptive-Sliding Mode
Controller (A-SMC) have been used together. Garg et al.
(2015), PI Controller and Lead Compensator control
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methods have been used together to regulate the output
voltage based on frequency domain characteristics.

As mentioned in the previous paragraph, various
advantages can be obtained when control methods are
used together. Among these advantages are reaching the
desired output voltage value quickly and accurately,
reducing fluctuations in the output voltage, increasing
stability, responding rapidly to load changes, and
maintaining the output voltage at the desired level.
Furthermore, the option to try different combinations of
control methods provides design flexibility. However,
combining multiple control methods can also lead to a
complex design process that requires precise analysis
and careful calibration to prevent potential instability
(Franklin et al, 2002; Ogata, 2010; Rashid, 2017; Nise,
2020).

This paper aims to provide an effective and optimal
approach for achieving the desired performance in DC-
DC Buck Converters using voltage mode PWM control by
combining PI Controller and Lead Compensator methods.
This combination reduces output voltage fluctuations
and enhances stability by enabling quick and precise
attainment of the desired output voltage. The PI
Controller measures the output voltage through a
feedback loop and calculates the errors that need to be
corrected. On the other hand, the Lead Compensator
allows faster dynamic response by reaching the desired
output voltage more quickly. During this integrated
design process, obtaining the most appropriate settings
to address instability issues and meet the desired
performance goals effectively is crucial. In this integrated
design process, obtaining the most suitable settings is
crucial to address instability issues and effectively meet
the desired performance goals. At this stage, utilizing
heuristic algorithms, which is the most significant
contribution of this publication, allows practical solutions
and optimal adjustments for the complex design process
(Franklin et al., 2002; Pressman, 2009; Bishop and Dorf
2011; Eiben and James, 2015; Erickson and Maksimovi¢,
2020).

Heuristic algorithms are problem-solving algorithms that
aim to obtain good results close to the desired values by
evaluating various alternatives within a reasonable time
without placing too much emphasis on the provability of
the result. They do not guarantee that the best result will
always be obtained because they are approximation
methods. However, they generally reach a solution path
that is quick, easy, and closest to the best possible
outcome (Glover and Gary, 2006; Yang, 2020).

Different heuristic algorithms can be used in the
controller design: Genetic Algorithm, Particle Swarm
Optimization, Simulated Annealing, etc. These methods
provide effective options for exploring and improving
design parameters. It is important to note that each
algorithm offers a different approach to optimize the
complex design process and enhance performance by
meeting design criteria. These algorithms have various
advantages and disadvantages. Therefore, selecting a

suitable algorithm based on design requirements and
priorities is crucial (Glover and Gary, 2006; Eiben and
James 2015; Yang, 2020).

The most significant contribution of this paper is the
utilization of the Simulated Annealing (SA) Algorithm to
optimize the complex design process and enhance the
performance of DC-DC Buck Converters. The SA
Algorithm has facilitated the design process by
optimizing the parameters of the PI-Lead Compensator
used in the voltage mode PWM control method for fast
and optimum adjustment of the desired output voltage in
the DC-DC Buck Converter system.

The SA Algorithm is a search algorithm that seeks the
best solution while navigating the potential solution
space when determining an objective function that needs
to be optimized. As the algorithm randomly traverses the
solution space, it keeps the current solution open to
changes and improvements for an acceptable period. In
this way, by searching across a broad area of design
parameters, it explores potential solutions for better
performance (Glover and Gary, 2006; Chibante, 2010).
The SA Algorithm can offer numerous advantages when
used in compensator design. First, its ability to explore
design parameters by searching within an ample solution
space can improve the output performance of the DC-DC
Buck Converter. Another advantage of the algorithm is its
flexible structure, which can be adapted to different
design objectives. Furthermore, taking random steps in
the complex design space can resist challenges such as
balancing problems and adjusting difficulties while
approaching the global optimum. However, using the SA
Algorithm in compensator design can also entail certain
disadvantages. For instance, in scenarios with many
parameters to optimize, computational time and
resource requirements may increase (Glover and Gary,
2006; Yang, 2020).

In the design of the DC-DC Buck Converter, for the SA
Algorithm to function efficiently, it is essential to define
the objective functions correctly. The need for a precise
mathematical formula for the DC-DC Converters has been
a complicating factor in their design. Therefore, in these
converters, correct analysis and modeling of the system
are essential to achieve the desired performance. This
analysis can be conducted using various mathematical
modeling methods, such as state-space models, transfer
functions, small-signal linearization and compact models.
These methods play a significant role in the design and
optimization process of the converters (Bose, 2002;
Mohan and Tore, 2003; Chibante, 2010; Rashid, 2010;
Erickson and Maksimovi¢, 2020).

Another contribution of this paper is using the duty-
cycle-to-output-voltage method,
obtained with the state-space averaging technique, for

transfer  function
the mathematical model of DC-DC Buck converters.
Considering the circuit's dynamics, this technique takes
long-term averages at the circuit's operating frequency.
Thus, the obtained transfer function describes the
relationship between the circuit's duty cycle and the
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output voltage. As a result, it becomes possible to obtain
results that are close to the system responses. Due to its
ease of use, the transfer function method is preferred
over other mathematical modeling techniques, such as
state-space representation, small-signal linearization,
and compact models. It provides significant ease in the
design and optimization process (Franklin et al, 2002;
Pressman, 2009; Corradini, 2015).

Another significant contribution of this article is
considering the parasitic components while deriving the
transfer function of the DC-DC Buck Converter circuit.
The goal is to obtain a more detailed mathematical model
than the standard DC-DC Buck Converter transfer
function to achieve accurate results that closely resemble
the system responses (Franklin et al., 2002).

When the detailed extracted transfer function of the DC-
DC Buck Converter system is analyzed for frequency and
step response reactions, it is often observed that the PM
value is low, and the Gain Crossover Frequency (GCF) or
bandwidth low frequencies.
Additionally, the SSE value in an unregulated Buck
Converter is generally very high. So, without a feedback
loop or control algorithm, there can be a significant
overshoot and some error in the output voltage.
Therefore, designing the most suitable controller is of

remains constant at

great importance to achieve the desired performance
characteristics of the system. Thanks to the SA Algorithm,
the error margin is almost reduced to zero, aiming to
achieve a fast and accessible design (Mohan and Tore,
2003; Ogata, 2010; Rashid, 2010; Garg et al, 2015;
Erickson and Maksimovi¢, 2020).

The most significant contribution of this paper is the
utilization of the Simulated Annealing Algorithm to
optimize the Pl-Lead Compensator parameters in a DC-
DC Buck Converter system based on the accurate and
detailed analysis of the mathematical model. In this
optimization process, the Pl-Lead Compensator
parameters are optimized to bring critical values such as
PM, GCF, and SSE to the desired levels, aiming to improve
the system's performance accordingly.

The remainder of this paper is organized as follows.
Section 0 presents a mathematical model of the Buck
Converter system. This model incorporates parasitic
components for realistic system response. The technique
of state-space averaging is employed to derive the duty-
cycle-to-output-voltage transfer function. Section 0 lays
out the detailed design of a PI-Lead Compensator added
to the Buck Converter system. This state facilitates
Closed-Loop voltage mode PWM Control. In Section 0, the
process of tuning the parameters of the Pl-Lead
Compensator using the Simulated Annealing Heuristic
Optimization Algorithm is explicated. This process aims
to improve values of the Buck Converter in both the
frequency and time domain (PM, GCF or Bandwidth, the
corner frequency of the PI Compensator, and SSE).
Additionally, the open-source project, which enabled the
optimization of PI-Lead Compensator parameters and
performance analysis for DC-DC Buck Converters using

the SA Algorithm and developed in MATLAB, has been
added as  Buck-Converter-PIl-Lead-Compensator-SA
(2022). Section 5 features the performance outcomes
obtained by adapting the optimized PIl-Lead
Compensator parameters to the DC-DC Buck Converter
system using the Simulated Annealing Algorithm.
Following these sections, the conclusion and discussion
parts are presented.

The introduction should briefly place the study in a broad
context and highlight why it is important. It should define
the purpose of the work and its significance. The current
state of the research field should be carefully reviewed
and key publications cited. Please highlight controversial
and diverging hypotheses when necessary. Finally,
briefly mention the main aim of the work and highlight
the principal conclusions. As far as possible, please keep
the introduction comprehensible to scientists outside
your particular field of research.

2. Materials and Methods

2.1. Transfer Function Mathematics Model of Dc-Dc
Buck Converter

The transfer function of a DC-DC Buck Converter circuit
function that expresses the mathematical
relationship between the input and output. This function
can be derived for both ideal and non-ideal cases (Ogata,
2010; Rashid, 2010).

When the DC-DC Buck Converter circuit is to be analyzed
in the ideal case, the circuit's transfer function is derived
as if there is a precise mathematical relationship between

is a

the input and output, disregarding all energy losses,
parasitic effects, and delays. In this scenario, the
converter is considered completely efficient and a perfect
device that accomplishes the desired
However, in practice, achieving such an ideal converter is

conversion.

not possible due to the limitations of real-world
components. Nevertheless, ideal transfer functions are
helpful for analysis and understanding fundamental
principles (Ogata, 2010; Rashid, 2010; Garg et al., 2015;
Erickson and Maksimovi¢, 2020).

For non-ideal cases, the transfer functions of converters
are derived by considering parasitic elements, energy
losses, and other real-world effects. These transfer
functions provide a more accurate representation of the
behavior of real-world converters. Due to the limitations
of real components, non-ideal transfer functions can be
more complex, and mathematical calculations may be
more challenging (Ogata, 2010; Rashid, 2010; Garg et al,,
2015; Erickson and Maksimovi¢, 2020).

The functioning modes of DC-DC Buck Converters
significantly impact the transfer function's derivation and
the control strategy's development. Generally, these
converters function in two primary modes: Continuous
Conduction Mode (CCM) and Discontinuous Conduction
Mode (DCM) (Ogata, 2010; Rashid, 2010; Garg et al,
2015; Erickson and Maksimovi¢, 2020).

The inductor current never falls to zero in the CCM. This
mode is typically seen when the load is high. CCM is more
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straightforward from a mathematical modeling
perspective, assuming the continuity of the inductor
current. On the other hand, in the DCM, the inductor
current drops to zero for specific periods. This situation
typically occurs when the load is lower. DCM is more
complex from a mathematical modeling perspective as it
needs to consider the discontinuity of the inductor
current. Both operating modes can significantly affect the
derivation of the transfer function and the overall
performance and stability of the converter. Therefore, a
detailed understanding of these operating modes is
crucial for creating an effective control strategy (Ogata,

2010; Rashid, 2010; Garg et al, 2015; Erickson and

rSTl’

Maksimovi¢, 2020; Nalepa, Karol and Btazej, 2020; Yang
et al, 2020; Surya and Sheldon, 2021; Surya, Mohan and
Sheldon, 2021; Wang, Bingwen and Hongdong, 2021;
Amaral and Antonio, 2022b).

The schematic representation of a non-ideal DC-DC Buck
Converter, functioning in CCM and considering its
parasitic impedances, is illustrated in figure 1. The
circuit includes a single switch (S) along with its parasitic
resistance (rsw), a single diode (Dd) and its forward
resistance (r4), an inductor (L) and its ESR parasitic
resistance (r.), a capacitor and its ESR parasitic
resistance (rc), and finally, a load resistor (R) (Ogata,
2010; Rashid, 2010; Erickson and Maksimovi¢, 2020).

rq

Dy

+ A\ ] N
ve——C

R Yo

fc _

Figure 1. DC-DC buck converter circuit.

The duty-cycle-to-output-voltage transfer function of the
DC-DC Buck Converter is derived from the equations
formed based on the on and off states of the Switch in the
CCM. The time intervals of 0<t<dT when the Switch is on,
the Diode is off, and dT<t<T when the Diode is on and the
Switch is off are analyzed. The variable 'd' represents the
duty cycle, and 'T' denotes the Switch period (Ogata,

2010; Rashid, 2010; Erickson and Maksimovi¢, 2020).
Firstly, as seen in figure 2 when the Switch is on, and the
Diode is off, the equations 1, 2 and 3 obtained for the
Inductor Current, Capacitor Voltage, and Output Voltage
values are as follows (Ogata, 2010; Rashid, 2010; Garg et
al,, 2015; Erickson and Maksimovi¢, 2020).

Fsw L
0> o—AMA i W /\/\/\/\/
L Ic Lo
\ 4 Y
+
+ T4 Ve ——C
Vg |——] R )
— Dd fc _
Figure 2. DC-DC buck converter circuit CCM switch on, diode off state analysis.
dv,(t) R . 1
di <R R = ) — o (t 2
D (ot )40 - @ 40 (1) at Rer O TRy O (2)
(6 = 25 iy (0 + 1, (0) 3
Yo _R+rClL R+r,_‘vC (3
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As seen in figure 3 when the Switch is off, and the Diode
is on, the equations obtained for the Inductor Current,
Capacitor Voltage, and Output Voltage values are as

rS w

follows (Ogata, 2010; Rashid, 2010; Garg et al, 2015;

Erickson and Maksimovi¢, 2020).

rr

Figure 3. DC-DC buck converter circuit CCM switch off, diode on state analysis.

L di{;gt) == (ratrt g )lL(t) R IO
dv, R

D e O - e ® ©

v0(0) = o (O 4 ) (6)

The transfer function of the DC-DC Buck Converter
essential for designing the PI-Lead Compensator will be
derived using the State-Space Averaging (SSA) method
and the equations mentioned in equations (1), 2, 3, 4, 5
and 6 mentioned earlier.

The equations in matrix form obtained during the Switch
on; Diode off condition are as follows (Ogata, 2010;
Rashid, 2010; Garg et al.,, 2015; Erickson and Maksimovi¢,
2020). The equations in matrix form obtained during the
Switch off; Diode on condition are as follows (Ogata,
2010; Rashid, 2010; Garg et al, 2015; Erickson and
Maksimovi¢, 2020).

Expanding upon the expressions in equations (7, 8,9, 10
and 11 we obtain the following equalities (Ogata, 2010;
Rashid, 2010; Garg et al,, 2015; Erickson and Maksimovi¢,
2020).

x(t) = A1x(t) + Byu(t), y(t) = Cyx(t) (7
x(t) = Ayx(t) + Bou(t), y(t) = Cx(t) (8)
_[i@® _ _
xo=[rg) o A ECRKINNC
_ e
[ lnzs) L(R—-l—rc)] _[*
A= R 1 By =|L|
TR+ TR+ 0 (10)
_[ R R
Ci7 R+, R+r5]
-1 R —R
_ T(rd tn +R+rc) LR+1)]| , _0
Ay = R -1 -Bz—[o]v(jz 11
CR+1) CR+10) (11)
[ TR R
B [R +7. R+ rc]

The formula for the transfer function that relates the

duty cycle to output voltage is provided in equation (12)
(Ogata, 2010; Rashid, 2010; Garg et al, 2015; Erickson
2020). Equations (13) and (14)
represent the steady-state values of the duty cycle (D),
the inductor current (I.), the output voltage (o), and the
input voltage (Vy), respectively.

and Maksimovi¢,

Vo (5)
d(s)
A= AlD + Az(l - D),

= C(sI — A)~'By (12)
C=GD+C(1-D) (13)
Ba =y = A2 [iF]+ B - B, (a4

Upon substituting the equations from equations (10), 11,
13 and (14) the following equalities are obtained (Ogata,
2010; Rashid, 2010; Garg et al, 2015; Erickson and
Maksimovi¢, 2020).

-1 + T£R> -R
:[L(T" s L(R+r5)]|

| R - Ty = Driy + (1= D)1 (15)
[ m TR+l
-1
R = | (Ca =)L+ V)
€= R+rc R+rc] Ba=|L 0 L (16)

When equation (15) and (16) are substituted into
equation (12), the duty cycle to output voltage transfer
function is obtained as follows:

70) _ R(Ga =)l + V) (eCs + 1) (17)

Gua(s) = d(s) R+1ILCs2+ L+ C(r R+ (x + )R +1))]s + (R + 13+ 1)

2.2, Voltage Mode PWM Control with Pi-Lead
Compensator of Dc-Dc Buck Converter

The closed-loop voltage mode PWM control diagram for
the Buck Converter in the s-domain is depicted in Figur
(Rashid, 2010; Erickson and Maksimovi¢, 2020). In this
diagram, ¥, (s) represents the actual output voltage of the
Buck Converter in the s-domain; ¥, .f(s) denotes the
reference value for the output voltage; ¥,(s) signifies the
error value between the reference and output voltage;
Gc(s) refers to the transfer function of the Compensator
system; ¥y, (s) indicates the output of the Compensator
Controller; Grwm(s) corresponds to the transfer function
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of the PWM modulator; d(s) stands for the duty value
produced by the PWM; Gya(s) expresses the duty-cycle-to-
output-voltage transfer function of the Buck Converter
circuit; and H(s) represents the feedback sensor gain
(Franklin et al., 2002; Ogata, 2010; Rashid, 2010; Garg et
al,, 2015; Erickson and Maksimovi¢, 2020; Nise, 2020).

In voltage mode PWM control, the value obtained from
the output voltage of the Buck Converter is compared to
the reference voltage value, and an error signal is

generated. This error value is compensated in the G.(s)
block, producing the 7¥.,,(s) output. This output is
compared to a constant sawtooth frequency curve in the
PWM block, and the required switching signal for the
Buck Converter switch is generated based on the
obtained duty (Franklin et al., 2002; Ogata, 2010; Rashid,
2010; Garg et al,, 2015; Erickson and Maksimovi¢, 2020;
Nise, 2020).

Gvd (5)

Dc — Dc Buck Converter

Gprom(s)

pum

Vo ref (5) v,(s) ) Veon(8) [ 1

n S 1

Reference :E i Error Signal ~_ ‘ ’ Vi
Input Compensator Pulse — With

U,(5) Modulator
H(s)u(s) HE) g
Sensor Gain

Figure 4. Closed-Loop control of DC-DC buck converter.

The open-loop transfer function of the system depicted in
Figur is as follows (Ogata, 2010; Rashid, 2010; Garg et al,,
2015; Erickson and Maksimovi¢, 2020).

T(s) = Gc(s)Gpwm () Gya(s)H(s) (18)

In equation (18), Grwm is defined as Grwm (s) = 1/V . Here,
m

Vm represents the peak voltage value of the sawtooth
wave signal at the switching frequency. Therefore, T(s)
can be expressed as follows in equation 19 (Ogata, 2010;
Rashid, 2010; Garg et al., 2015; Erickson and Maksimovi¢,
2020).

T(5) = Ge(5) g Goa (IHE) (19)

2.2.1. PI-Lead compensator design

The PI-Lead Compensator is formed by cascading the PI
and Lead Compensator systems together (Pressman,
2009; Ogata, 2010; Rashid, 2010; Bishop and Dorf, 2011;
Basso, 2014; Corradini, 2015; Garg et al.,, 2015; Erickson
and Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).
2.2.1.1. PI compensator

Adding a PI Compensator, also known as a PI Controller,
to a system allows for reducing the system's SSE and

increasing its gain in the low-frequency region
(Pressman, 2009; Ogata, 2010; Rashid, 2010; Bishop and
Dorf, 2011; Basso, 2014; Corradini, 2015; Garg et al,,
2015; Erickson and Maksimovi¢, 2020).
The method for the PI Compensator design involves
adding a single pole to the origin. So, the PI Compensator
transfer function, consisting of the K, and K; parameters,
is as follows in equation 20 (Pressman, 2009; Ogata,
2010; Rashid, 2010; Bishop and Dorf, 2011; Basso, 2014;
Corradini, 2015; Garg et al, 2015; Erickson and
Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).
Goi(s) = 20 (20)
When deriving the closed-loop transfer function for the
SSE, the following equation is obtained in equation 21
(Pressman, 2009; Ogata, 2010; Rashid, 2010; Bishop and
Dorf, 2011; Basso, 2014; Corradini, 2015; Garg et al,
2015; Erickson and Maksimovi¢, 2020; Nise, 2020; de
Azpeitia, 2021).

Vorer (5)
1+ G (8)Gpwm(5)Gpa(s)H(s)

When the PI Compensator transfer function composed of

Ue(s) = (21)
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Kp and Ki parameters from equation (20) is added to G(s)
in equation (21) the SSE is eliminated thanks to the pole

at the origin (The 1/5 term in the denominator). While
the PI Compensator is crucial in reducing steady-state
errors and improving the system's response, it brings
along certain disadvantages. One of the primary concerns
arises from adding a pole at the origin. The presence of
this pole introduces a negative shift in the system's
phase, affecting its phase response. The phase response
is a critical aspect of system stability. Specifically, the
Phase Margin, which is the difference in phase between
the system's response and -180 degrees at the GCF, is a
primary indicator of the system's stability. A larger PM
corresponds to more excellent stability, while a smaller
PM can lead to instability. When the PI Compensator
induces a negative shift in the phase, the PM of the
system is reduced. A lower PM indicates a system closer
to instability, which is undesirable in a control system. As
such, more than relying on the PI Compensator may be
required to achieve the desired system performance and
stability level. Other control strategies or compensator
designs need to be considered to enhance the phase
margin and maintain the system's stability (Franklin et
al, 2002; Ogata, 2010; Rashid, 2010; Erickson and
Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).
2.2.1.2. Lead compensator

The Lead Compensator transfer function, composed of
Kleaa, @ and f§ parameters, is given as follows in equation
22 (Pressman, 2009; Ogata, 2010; Rashid, 2010; Bishop
and Dorf, 2011; Basso, 2014; Corradini, 2015; Garg et al,,
2015; Erickson and Maksimovi¢, 2020; Nise, 2020; de
Azpeitia, 2021).

Kieqa(s + @)
s+p) '

The Lead Compensator is another essential control
component utilized for improving system stability and
response. Unlike the PI the Lead
Compensator can introduce a positive shift in the
system's phase. However, it is essential to note that this
positive phase shift occurs around a particular frequency
known as the GCF (Ogata, 2010; Rashid, 2010; Corradini,
2015; Erickson and Maksimovi¢, 2020).

The GCF is a critical point in the frequency domain

Greaa(s) = (a<p) (22)

Compensator,

analysis of a system. It is the frequency at which the
system's open-loop gain magnitude is 1 (or 0 dB). This
frequency is important because it directly relates to the
system's PM, a key indicator of system stability. The PM
is the difference between the phase of the system's
response at the GCF and -180 degrees. A larger PM
indicates a more stable system (Pressman, 2009; Ogata,
2010; Rashid, 2010; Bishop and Dorf, 2011; Basso, 2014;
Corradini, 2015; Garg et al, 2015; Erickson and
Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).

By positively shifting the system phase at the GCF, the
Lead Compensator can increase the PM, thereby
enhancing system stability. However, it does not
contribute to reducing the SSE (Pressman, 2009; Ogata,

2010; Rashid, 2010; Bishop and Dorf, 2011; Basso, 2014;
Corradini, 2015; Garg et al, 2015; Erickson and
Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).

The SSE measures the system's ability to accurately track
a given reference signal. A smaller SSE corresponds to
better tracking performance and, therefore, better
system performance. A PI Compensator is typically used
to reduce the SSE and increase the system's DC Gain.
However, as we have discussed, relying solely on a PI
Compensator can lead to stability issues due to a
decreased PM. Therefore, a combined or cascaded PI-
Lead Compensator can be an appropriate choice to
balance these aspects. Such a configuration aims to
exploit the advantages of both compensator types. The PI
Compensator's ability to reduce SSE and increase DC
Gain and the Lead Compensator's capacity to enhance the
PM at the desired GCF ensure overall improved system
performance and stability (Pressman, 2009; Ogata, 2010;
Rashid, 2010; Garg et al,, 2015; Erickson and Maksimovic,
2020; Nise, 2020).

2.2.1.3. PI-Lead compensator

When a PI-Lead Compensator is added to the system, the
PI Compensator part will eliminate the SSE in the output
voltage and increase the DC Gain in the low-frequency
region. The Lead Compensator part will increase the PM
at the desired GCF, improving the system's transient
response.

The Pl-Lead Compensator transfer function can be
obtained as follows by multiplying the equations in
equation 23 (Garg et al,, 2015).

Kps + K; Kieaa(s + )
s )( G+p) )

KiKicaa <Ki+ 1) (s+a) (23)

- S . @<p
s(s+B)

Gpi-Lead(s) = (

If in equation 24, we denote the Ki*Kieqd expression as K
and the Ki/Kicad expression as w, the Gpi-reqd (S) transfer
function can be expressed as follows (Garg et al.,, 2015).

K(wiz+ 1)(s+a)
s(s+p) ’

Step-by-step Pl-Lead Compensator design for Buck
converter is given below (Pressman, 2009; Ogata, 2010;
Rashid, 2010; Bishop and Dorf, 2011; Basso, 2014;
Corradini, 2015; Garg et al, 2015; Erickson and
Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).

. Step 1: In the first step, the transfer function of
the uncompensated Buck Converter system is derived. As
shown in equation 25, the Buck Converter can be seen as

(a<p @4

Gpr—reaa(s) =

a system where the DC Gain remains consistently low in
the low-frequency range. Additionally, it is characterized
by having a low PM value.

a,;s+a
G(s) =—F""—
( ) b,52+b;5+b,

(25)

As mentioned in earlier sections of this paper, to achieve
a reduction in the SSE an increase in the DC Gain in the
low-frequency region and an improvement in transient
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response and overshoot values by increasing the PM at
the desired GCF a PI-Lead Compensator will be designed.
This compensator will consist of a PI section for SSE
reduction and DC Gain enhancement and a Lead section
for improving the PM at the selected GCF.

. Step 2: In the second step, a Pl compensator is
added to the system to increase the low-frequency gain
and eliminate SSE. In equation 26, the PI Compensator
equation, denoted by the corner frequency(w;) is as
follows:

Gy (s) = 2 (25)

N

w: is placed at an appropriate frequency lower than the
GCF to increase the DC gain in the low-frequency region.
The transfer function of the Buck Converter system with
added PI Compensator and minimized SSE effect is as
follows in equation 27.

St
w, a;s+a,
Gpr—puck () = Gp (5)G(s) = ( 3 )(m) (26)
B :)—1252 +(a1 +Z)—L;)s+aﬂ
b,s® + bys?+ bys
. Step 3: In the third step, for the Buck Converter

system with PI Compensator which has reduced SSE and
increased low-frequency DC Gain but has a poor
transient response and reduced PM value, a Lead
Compensator is added to improve transient response,
increased PM, and reduced overshoot. The step-by-step
method for adding the Lead Compensator is as follows:
The magnitude and phase values of Gpipuck(s) at the Gain
Crossover Frequency (wyc) are determined in equation
28.

®pi-Buck = 2Gpr—puck(JWgc), Kpi-Buck

27
= |GPI—Buck(ngc)| (27)

In order to obtain the necessary Phase Margin (@pesired)
and Gain Crossover Frequency values for the system, the
required magnitude and phase values for the Lead
Compensator are provided below in equations 29 and 30.

1
Kreq = 7 28
red KPI—Buck ( )
@Yreq = —180 — @p;_puck + Ppesirea (29)
. Step 4: If the Lead Compensator transfer

function in Equation (22) is expressed in terms of
magnitude, phase angle, and frequency, the resulting
equations are given in Equation (30) and Equation (31)
below.

|GLead (lw)l = Kieqs | ——— (3 0)
Jw? + B2
Preaa = 2LGreaafw) = arctan(g) - arctan% = arctan wajz(i ;;) (3 1)

As stated in equation (22), since f>a in the Lead
Compensator transfer function, the ¢iead angle in
equation (31) will always be positive.

The equation of the frequency (wm) at the maximum
phase angle is as follows. To find the maximum phase

angle (@Lead) and maximum magnitude (Km) values,
substitute the formula from equation (32) for wm in place
of w in equation (31).

wm =/ap (32)

If the maximum frequency value (wm) is expressed as the
desired Gain Crossover Frequency (wgc), then the
maximum phase angle (¢m) becomes equal to the
required phase angle (¢req), and the maximum magnitude
(Km) becomes equal to the required magnitude (Kreq).

Om = —wm(ﬁ — @) = arctanﬂ ¢
'm w? + (Xﬁ 2\/_@ (33)
= arcsinBTZ

a
Km = KLead\/% (34)

To obtain the lead compensator parameters (KLeadq, @ and
B), one can utilize equations (35), 37, 38, 39, 40 and 41.

Wge = Wy =\ af (35)
B«
Preq = Pm = arcsmﬁ g (36)
a
Kreq = K = Kieaa E (37)

1+sineg
Kieaa = Km T(preq (38)
req

1 — Sin @req

- __—rreq 39

&= @ge 1+ Sin @req (39
1+ 5in @req

B=wg |7— (40)
9€ |1 = sin @req

Pl-Lead Compensator Design process, as can be seen
from the detailed equations above, it is necessary to
optimally tune the Corner Frequency (w:) in the PI
Compensator Section and the Phase Margin (@margin) and
Gain Crossover Frequency (wgc) parameters in the Lead
Compensator Section for the uncompensated Buck
Converter system. However, no quantitative solution
method or formula has been encountered in the
literature for accurately adjusting these parameters. In
the PI-Lead Compensator design, finding the best
performance by trial and error for these three
parameters at specific ranges may not be feasible. Even if
possible, there would be more logical methods in terms
of speed and time. Therefore, in this paper, the SA
optimization algorithm, a type of artificial intelligence
algorithm, has been utilized to find the most optimal
values for wz @margin, and wgc. This approach enables the
attainment of performance close to, if not the best, the
desired values for the PI-Lead Compensator quickly and
easily (Pressman, 2009; Ogata, 2010; Rashid, 2010;
Bishop and Dorf, 2011; Basso, 2014; Corradini, 2015;
Garg et al, 2015; Erickson and Maksimovi¢, 2020; Nise,
2020; de Azpeitia, 2021).
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2.3. Optimally Designed PI-Lead Controller for Dc-Dc
Buck Converter via Simulated Annealing
Optimization Algorithm

2.3.1. Simulated annealing algorithm

The Simulated Annealing Algorithm is a meta-heuristic
optimization algorithm developed based on the thermal
treatment of metal solids at high temperatures. SA adopts
a random search method to obtain the global best
solution in optimization problems where the objective
function has multiple local optima (Glover and Gary,
2006; Bose, 2020; Hekimoglu and Ekinci, 2020; Yang,
2020; Magzoub and Thamer, 2022).

Annealing is a heating process that involves gradually
heating the material from high to low temperatures. In
the context of metals, this technique is used to enhance
their properties. The metal is heated to a high
temperature, causing the internal particles to move freely
and in a disordered manner. As the temperature is
gradually lowered, the particles within the metal begin to
stabilize and organize, resulting in a more ordered and
structured state (Fraga-Gonzalez et al,, 2017; Duan et al,,
2018; Hekimoglu and Ekinci, 2020; Li et al, 2022;
Magzoub and Thamer, 2022).

The SA Algorithm considers a situation similar to the
annealing process of metals. The process begins at a high
initial temperature, and at each iteration, it generates a
new candidate solution by perturbing the current
solution through a random move. The algorithm
evaluates the candidate solution and decides whether to
accept it based on a probability distribution dependent
on the current temperature and the difference in
objective function values between the current and
candidate solutions. The temperature parameter controls
the acceptance probability of worse solutions, thus
enabling the algorithm to explore the search space while
avoiding local optima. The temperature is gradually and
slowly reduced according to a cooling schedule (Glover
and Gary, 2006; Duan et al,, 2018; Hekimoglu and Ekinci,
2020; Yang, 2020; Li et al, 2022; Magzoub and Thamer,
2022).

As the temperature parameter decreases in the SA
Algorithm, it gradually converges towards stability,
potentially leading to a locally optimal solution. At this
stage, the algorithm has a probability of outputting the
local best solution while also increasing the chance of
exploring the global best solution to some extent. The
algorithm's effectiveness relies on carefully selecting the
initial temperature, the cooling schedule, and the
particular neighborhood structure employed to generate
candidate solutions (Glover and Gary, 2006; Duan et al,,
2018; Hekimoglu and Ekinci, 2020; Yang, 2020; Li et al,,
2022; Magzoub and Thamer, 2022).

In the SA Algorithm, the system's state represents the
solution to the optimization problem while the energy
function similar to physical annealing corresponds to the
function value associated with that state. The algorithm's
objective is to reach the optimal solution corresponding
to the state with the lowest energy level (Duan et al,

2018; Hekimoglu and Ekinci, 2020; Yang, 2020; Li et al,,
2022; Magzoub and Thamer, 2022).
The algorithm accepts a deteriorating solution during the
solution search process with a certain probability "P" and
performs the annealing operation. The mentioned
probability "P" formula is as (Simulated
Annealing Options-MATLAB, 2022).
1, dy <0
P={;, dy >0 (41)

1+ exp ((?T—y)

follows

In Equation 42, dy represents the difference in cost
function between the new solution and the current
solution (dy = y(x2)- y(x1)). If dy<0, the probability of
accepting the new solution P is 1. Otherwise, if dy=0, the

probability of accepting the new solution is given by
1

1+exp (d—ﬁl)

In equation (41), T represents the annealing
temperature, which varies depending on the initial
annealing temperature, Tp. The relationship between
them is as follows (Duan et al.,, 2018).

Tke1=aTk (42)

In equation (42), the parameter a is generally considered
to be between 0.8 and 1. This paper considers the a value
0.95 (the default value). In this way, during the initial
cooling stages, the temperature remains relatively high,
allowing the possibility of escaping from the optimal
solution (Fraga-Gonzalez et al,, 2017; Duan et al,, 2018;
Simulated Annealing Options-MATLAB, 2022).

In this paper, the parameters of the SA Algorithm utilized
for the optimization process of the PI-Lead Compensator
parameters designed for the Buck Converter are
presented in table 1 (Magzoub and Thamer, 2022). The
variable n represents the number of variables for which
the Simulated Annealing will find the optimum. In this
paper, the value of n has been set to 3. These variables
are for the PI-Lead Compensator to be designed for the
Uncompensated Dc-Dc Buck Converter System: the
corner frequency (w;) the bandwidth also known as Gain
Crossover Frequency (GCF or wgc), and the Phase Margin
parameters.

Table 1. Parameters of the simulated annealing

algorithm
Parameter Value
Max Iterations Inf
Time Limit Inf
Objective Limit Inf
Annealing Function Fast Annealing
Max Function Evaluations 9000
(3000 x n)
Function Tolerance 1x10¢
Max Stall Iterations (500 x n) 1500
Reannealing Interval 100
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2.3.2. PI-Lead controller optimization via simulated
annealing

The open-source project, referenced as (Buck-Converter-
Pl-Lead-Compensator-SA, 2022), featuring performance
analysis and identification of optimal PI-Lead
Compensator parameters for DC-DC Buck Converters via
the SA Algorithm, was developed using MATLAB within
the scope of this paper.

The DC-DC Buck Converter circuit parameters,
considered for conducting performance analysis and
designing an appropriate Pl-Lead Compensator, are

provided in table 2.

Table 2. Parameters of Dc-Dc buck converter circuit

Parameter Value
Input Voltage (Vin) 60V
Output Voltage (Vout) 48V
Output Power (Pout) 2400 W
Inductance 6.2 uH
Capacitance 45 pF
Load Transient Response (< % of 10
Vout)

Inductance Current Ripple (Dit) 20
Switch Frequency (fsw) 200 kHz
Switch-on resistance (rsw) 14 mQ
Diode forward resistance (rq) 1 mQ
Inductance ESR (r1) 1.3 mQ
Capacitance ESR (r¢) 1.72 mQ
Sawtooth Peak (Vi) 1
Sensor Gain (H(s)) 1

50

In figre 4 the open-loop transfer function formula for the
uncompensated DC-DC Buck Converter System is as

follows.
Tuncomp(®) = - GoaH(), V=1,
Vin (43)
H(s) = 1(from table 2)
1, = D1y, + (1 — D)rg (from equation 15) (44)

In Table, when the parameters are substituted into the
equation for the open-loop transfer function of the DC-DC
Buck Converter given in equations (43) and (44), the
uncompensated system transfer function is obtained and
presented in equation (45).

1.644 * 10%*s + 2.123 = 1011

- 45
Gua($) = 7325435 10%5 1 3.625 » 109 (45)

Bode Diagram

Gm = Inf, Pm = 5.25 deg (at 73.9 kHz)

G_uncompensated
=
8 o
-]
°
3
e
)
© -50
=
100
0E
-45
—
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Figure 5. Frequency response of uncompensated DC-DC buck converter.
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Step Response
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Figure 6. Step response of uncompensated DC-DC buck converter.

The frequency response (Bode plot) of the transfer
function in Equation (45) is shown in Figur, while the
step response is depicted in Figu.

If the frequency response and step response curves of the
Uncompensated DC-DC Buck Converter System, which
are located in Figur and Figu, are to be evaluated;

. PM is 5.25° and the Overshoot (86.8%) and
oscillation observed in the Step response curve in figure
6 are excessive. The transient response (settling time)
value needs to be faster than 0.000183. In other words,
the system response is slow. The system needs to be
accelerated. For better transient response, the PM value
should be at least 45° (Pressman, 2009; Ogata, 2010;
Bishop and Dorf, 2011; Garg et al,, 2015).

° As seen in figure 5, the Bandwidth, also known
as GCF, is 73.9 kHz. The GCF value should be between
Switch Frequency(fsw)/4 and Switch Frequency(fsw)/10
(i.e., according to the Switch Frequency value in table 2, it

should be between 50 kHz and 20 kHz) (Pressman, 2009;
Ogata, 2010; Bishop and Dorf, 2011; Garg et al., 2015).

. The gain value in the low-frequency region is
constant and low. Therefore, as shown in figure 6, the
SSE could not be eliminated. For the SSE value to be
reduced or eliminated in the range between 100Hz and
1kHz, the slope of the gain in the low-frequency region
should preferably be -20 dB/decade (Pressman, 2009;
Ogata, 2010; Bishop and Dorf, 2011; Garg et al., 2015).
The block diagram for the DC-DC Buck Converter System,
which includes a PI-Lead Compensator controller, can be
seen in figure 7, as listed in table 2. The block diagram
depicting the PI-Lead Compensator controller for the DC-
DC Buck Converter System can be observed in figure 7.
The DC-DC Buck Converter block within this diagram
represents the transformed values of table 2 in the s-
domain.

Cel®) Gpaom () Goals)
v " s ) - )
Vo, ref(8) 0,(s) Kx( m:rl)*(s + @) Lm» 1 d(s) o 164x 10% + 2.123 ¢ 10™ v,(5) ~
Reference Error Signal =\ ™™ +p) Vi 2 + 2543 x10%s + 3.625 x 10°
Input Pulse — With
,(5) Cormpensator Modulator Dc - De Buck Converter

H(s)e(s)

<

H(s <
(s)
Sensor Gain

Figure 7. Buck converter system with PI-Lead compensator.

The SA optimization algorithm was utilized to determine
the most optimal values for the parameters Corner
Frequency (wz), bandwidth, also known as GCF (wgc), and
PM for a PI-Lead Compensator that will be designed for
the Uncompensated DC-DC Buck Converter (Pressman,
2009; Ogata, 2010; Rashid, 2010; Bishop and Dorf, 2011;
Basso, 2014; Corradini, 2015; Garg et al.,, 2015; Erickson

and Maksimovi¢, 2020; Nise, 2020; de Azpeitia, 2021).
The detailed conceptual flow chart of the Simulated
Annealing optimization approach is depicted in figure 8.
The equation for the objective function (J), also known as
the cost function, created for the error function
represented in the flow chart in figure 8, is found by the
equation below.
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J(CostFunction) = (1 — e~ %)(Ess + Eovershoot

+ EUndershaot)
+e *(Ts+T,)

(46)

In the equation represented by Equation (46), the
following terms are defined (Ogata, 2010; Rashid, 2010;
Bishop and Dorf, 2011; Basso, 2014; Garg et al,, 2015;
Erickson and Maksimovi¢, 2020; Hekimoglu and Ekinci,
2020).

e [FEs=SSE (Steady State Error),

e FEovershoot = Percentage Overshoot,

®  Euyndershoot = Percentage Undershoot,

e Ty=Settling Time (Transient Response),

e Tr=Rise Time (Rise Time),

e arepresents the coefficient factor.

In this paper, the maximum number of iterations, as

indicated in the flow chart in

Figur has been taken as 5. Consequently, the outputs of
each iteration in the optimization process of the Pl-Lead
compensator parameters, which will be added to the
Buck Converter system presented in table 2, using
Simulated Annealing, are provided in table 3. According
to these outputs, the bode diagrams and step response
graphs, obtained in both the frequency and time domain,
are presented in figure 9 and 10.

In order to minimize the possibility of getting trapped in
local minima, the Simulated Annealing algorithm is run
multiple times from randomly chosen points. The
Number of Restarts parameter defines the number of
these reruns. The Number of Restarts is set to 5 for this
study, and table 3 is generated.

n=0

Determine Maxlter

Generate BestSolution randomly

!

Generate an initial
solution X randomly

v

Generate a candidate
solution ¥ based on
current solution X

Y

Y

Mo P = 1/1+{exp{Cost(¥}-Cost(¥))))
P* = random number

Mo

n=n+1

BestSolution = NewSolution

A

Yes
n = Maxlter

Return BestSolution

Figure 8. Flow chart of the simulated annealing optimization approach.
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Table 3. Dc-Dc Buck converter system Pi-Lead compensator parameters: Outputs of Sa algorithm iterations

Number of . .
Restart Output of Cost Function  Corner Frequency (Hz) Crossover Frequency (Hz) Phase Margin
1 173.0030 1064 15174 55
2 0.1774 478 48172 62
3 0.2618 1172 26937 55
4 0.1243 1789 41900 61
5 0.0955 2153 48787 64
Bode Diagram
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Figure 9. Compensated DC-DC buck converter with SA optimization frequency domain outputs.
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Figure 10. Compensated DC-DC buck converter with SA optimization time domain output.

independently, it cannot be guaranteed that the results
will improve at every step. When computing the best
solution, the value with the lowest cost among all steps is
considered the optimal solution. This operation aims to
minimize the probability of encountering poor results

3. Results and Discussion

As seen in table 4, the probability of approaching the
optimal values for each parameter increases as the
number of iterations increases. Each step generates the
SA outcome in this procedure by starting from an

independently random point. Since steps are executed due to the risk of SA getting trapped in local minima.
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Therefore, the larger the maximum number of iterations,
the higher the probability of identifying the global
optimum value as the best solution.

In this paper, the transfer function from the duty cycle to
the output voltage of a non-ideal DC-DC Buck Converter
has been derived using the state-space averaging
technique. Subsequently, a
controller has been utilized for voltage mode PWM
control, regulating the DC-DC output voltage. The
parameters of this cascaded structure have been
optimized using the Simulated Annealing algorithm,
resulting in the improvement of the DC-DC Buck
Converter system's Phase Margin,
Frequency (GCF), and low-frequency gain parameters,
thereby enhancing its output performance.

Pl-Lead Compensator

Gain Crossover

The use of the Simulated Annealing algorithm has
expedited the determination of Pl-Lead Compensator
parameters. This algorithm efficiently provides the most
suitable value within the specified lower and upper
limits, eliminating trial and error and minimizing the
possibility of prediction errors. Furthermore, through
multiple simulated iterations, the SA algorithm has
in finding optimal
solutions in complex and broad search spaces for

demonstrated its effectiveness

optimizing Pl-Lead Compensator parameters. An
essential advantage of this process is the adjustability of
the iteration count, allowing fine-tuning for optimal
results. As a result, the challenges encountered in
controller design have been significantly reduced.

Table 4. Dc-Dc Buck Converter System Pi-Lead Compensator Outputs of Sa Algorithm Iterations

. . . . . Steady Low Frequency
Number Output of Overshoot Rise Time  Settling Time (Transient State Region Gain
of Restart  Cost Function (%) (s) Response) (s) Error (dB)
- Uncomp 86.8 2.31e-06 183e-06 0.983 35.4 (Constant)
1 173,0030 <1(Unstable)  545e-06 1080e-06 1 20 (Slope)
2 0,1774 9.69 4.37e-06 680e-06 1 19.6 (Slope)
3 0,2618 6.2 8.22e-06 488e-06 1 19.8 (Slope)
4 0,1243 9.88 4.99e-06 222e-06 1 19.9 (Slope)
5 0,0955 9.55 4.35e-06 168e-06 1 20 (Slope)

However, it is essential to note that the Simulated
Annealing algorithm may encounter the possibility of
getting trapped in local minima. As a result, the
probability of finding the global minimum value with the
Simulated Annealing algorithm is maximized by starting
from random points for a few iterations, as determined
by the maximum Therefore, the
algorithm's efficiency is subject to its implementation
and parameter settings.

The results obtained in this study provide evidence that

iteration count.

optimizing controller parameters significantly improves
the performance of the Buck Converter. Moreover, this
optimization method is not limited to determining PI-
Lead Compensator parameters designed explicitly for the
DC-DC Buck Converter; it can also be adapted for
optimizing parameters of similar compensator systems
designed for other types of DC-DC converters.

This study demonstrates the potential for using heuristic
algorithms in electronic circuit design for broader
applications. As future work, it may be suggested to
investigate the efficacy of other heuristic algorithms (for
example, Algorithm,  Particle = Swarm
Optimization, etc.) in the design of the Pl-Lead
compensator controller.
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1. Introduction

The aim of the studies on suspension systems, which is
one of the most important parts of vehicle dynamics, is to
suppress the vibrations that occur in the vehicle due to
road defect/roughness and to increase the vehicle's
handling. To achieve this, basically three different control
applications are used, namely active (Kararsiz et al,
2021) semi-active (Paksoy and Metin, 2019), and passive
(Paksoy and Metin, 2020). Although active control
applications show high performance, they require high
cost. Semi-active control applications have higher
performance, and they require less cost compared to
passive control applications. Passive control applications
exhibit lower performance compared to the other two
control applications, while also being more affordable.
Adaptive, classical PID and robust control types,
applications of quarter vehicle model on vibration
control are available in the literature. Uncertainties in the
system model, different operating conditions and high-
performance requirements require more efficient control
systems such as adaptive ones.

However, the intricate nature of adaptive control design
poses challenges, rendering the process arduous.
Therefore, researchers tend to use robust control
methodologies to avoid poor performance output due to
system and modeling uncertainties.

Adaptive and robust controllers either require very
complex control and/or adaptive architectures, or the
desired performance is achieved with high-order
controllers.

In recent years, low-order PID controllers, which are
simply used to control higher-order operations, are
preferred. PID controller is widely used in industrial
applications due to the simplicity of the control
structures, easy to understand, easy to maintain and low
cost (A Turan et al, 2019) . In addition, many methods
such as Ziegler-Nichols step response, Ziegler-Nichols
final cycle, Cohen-Coon internal model control, error-
integral criterion adjustment formulas, gain and phase
margin are available in the literature to determine the
optimum parameters (Astrém et al, 1993; Astrém and
Hagglund, 1995; Ho et al, 1995; Ziegler and Nichols,
1942). However, in some cases, the closed-loop
responses of the mentioned controllers may not be at the
desired level (Astrém et al, 1993). In the studies on the
development of these methods, the desired answers are
not always obtained (Zhuang and Atherton, 1993).
Therefore, the studies carried out to determine the
optimum controller parameters are still up to date.

The design studies for tuning the PID control parameters
can be classified into three categories as optimization
(Ho et al., 1998; Pai et al,, 2010; A Turan and Aggumus,
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2021; Turan, 2021; Yeroglu et al,, 2009), tuning formulas
for a particular class (Chidambaram and Sree, 2003;
Luyben, 2003), and determining the
controller parameters region (Atic et al, 2018; Onat,
2013; Ozyetkin et al., 2018). In the literature, stability
boundary location method in the calculation of PID
parameters seems to have attracted more attention of
researchers recently. PID controllers tuned with the
proposed methods have performed successfully for
certain classes of systems. However, PID controllers have
inherent limitations in controlling time-delayed unstable
processes (Kaya, 2003; Kaya, 2016).

Compared to traditional PID controllers, PI-PD controller
structure has advantages. While PID controllers may not
always show the desired performance in the control of
unstable and resonant systems, PI-PD controllers show
effective performance for the aforementioned systems
(Kaya, 2016; Park et al., 1998; Tan, 2009). In addition, the
number of PI-PD control parameters is one more than the
number of PID control parameters.

studies for

Some of the important studies presented in the literature
on PI-PD controller design can be found in (Nema and
Padhy, 2015; Ozbek and Eker, 2016; Ozyetkin et al,, 2020;
Padhy and Majhi, 2006). However, studies on PI-PD are
not sufficient and the parameters of the controllers are
adjusted after complex processes.

The proposed method in this study is based on drawing
the stability boundary location, which is dependent on
and frequency parameters, in the
parameter plane. The weighted geometric center method,
which was first proposed for the PI control of time-
delayed systems, is based on the stable area calculation
timeline of the mentioned control parameters (Onat,
2013) .The mentioned WGC method has been used in
successful applications in PI/PI-PD/PID design so far
(Oant et al,, 2021; Onat, 2018; Onat et al., 2017; Onat et
al, 2012; Ozyetkin et al, 2018; Ozyetkin et al, 2019;
Ozyetkin et al, 2020; Turan et al,, 2019). The advantage
of the WGC method over other methods (genetic
algorithm (Ahmad et al,, 2014), LQR (Kumar and Jerome,
2013), Jaya algorithm (Sain et al.,, 2018), Ziegler-Nichols
tuning (Ho et al., 1996), Astrom-Hagglund autotune (Ho
etal,, 1997)) is that the control parameters are calculated
numerically without any optimization process.

the controller

This study consists of five sections. In Section 2, the
quarter vehicle model is presented. The design
procedure of the PI-PD controller is then given in Section
3. The simulation results are presented in Sections 4. The
conclusions are drawn in Section 5.

2. Materials and Methods

2.1. Quarter Vehicle Model

The quarter vehicle model, which is widely preferred in
studies due to its simple structure, is defined with two
degrees of freedom, z1 and zz, as seen in Figure 1. In the
model, there are two masses named mi and m2, one
suspended and the other one unsuspended, respectively
(Paksoy and Metin, 2020). The connection between these

masses is the suspension system. Suspension spring
coefficient is ki and suspension damping coefficient is c1.
The spring coefficient of the wheel is k2 and since the
damping value is very small, it has been neglected. h is
the path input applied to the model. The equations of
motion of the quarter vehicle model seen in Figure 1 are
given in equation 1 and 2.

miZy + ¢1(2 — 23) + Ky(z1 —2) +fy =0 1)
myZ; — k(21 —23) + ka(z; —h) = f, =0 (2)

The fu expressed in the equations represents the force
produced by the controller. Mass values for vehicle
parameters are mi=338.8 kg m2=59 Kkg. Spring
coefficients are ki=15000 N/m, k2=15000 N/m. The
damping value of the suspension is c1=600 N.s/m
(Paksoy and Metin, 2020) . Gp(s) is the transfer function
of the system and it is given in equation 3.

mi Z1

k1 ’g;cu EH

m2 1

Z2

k1

Figure 1. Quarter vehicle model.

—0.0199085%+1.7927%10~85-9.5276

Gp(s) = 3
P( ) $*+11.944653+3518.95552+5716.57815+142914.4519 ( )

PI-PD Controller Design Procedure

The diagram of the PI-PD control system is shown in
Figure 2. Through the inner loop with the PD controller
shown in the figure, the transfer function of the system is
reduced and its response is improved. In other words, it
can transform the unstable process in the open loop into
the stable process in the open loop. Thus, the poles of the
obtained system are better positioned. Then, the
performance of the system is tried to be increased with
the PI controller in the second loop.
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Lig)—p Cpi(s)

L J

—

Figure 2. PI-PD Control System with time delay.

The transfer function of the system can be described as in
equation 4.

N
Gp(s) = 327 “

Here, T represents delay time of the system. Cpp and Cpi
are models of PD and PI controller, respectively
(equations 5 and 6).

— Nep _ Uy +100ka)s+100ky
Cro () = Dpp 5+100 (5)
N k,s+k;
Crr(8) =5 =" ©6)

Here, kq and kr are the derivative and proportional gains
of the PD controller. kp and ki symbolize the proportional
and integral gains of the PI controller, respectively. The
closed loop characteristic equation with PD controller is
given in equation 7.

App(s) = Dp(s)Dpp(s) + Np(s)Npp(s)e™ =0 (7

The proposed design procedure consists of three steps;
Stepl. By calculating the stable area parameters of the
Cpp, the stability region in the kq-k plane is obtained. For
this, if s = jw and e~7® = cos(tw) — jsin(tw) changes
are applied in equation 8.

App (tw) = Dp(tw)Dpp (tw) + Np (tw) Npp (tw) (cos(tw) —
jsin(tw)) =0 (8)

Here, if App is separated to its real and imaginary part
equation 9 is obtained.

App=Rppp +jlpp =0 9)

Here Rapp and Jiapp are functions of kg, kr and w. By
equating the real and imaginary parts of App to zero, two
equations with two unknowns with parameters (kq, kf)
are obtained. The system of equality is given in equation
10.

Rapp (ke kg, @) = 0,1 pp (ke kg, @) =0 (10)

The equation (linear) system based on frequency (w) is
solved and then a curve is drawn with the Kkq-ke
parameters obtained in the kq-kr plane. Finally, the stable
region of this area and the WGC is determined.

2.2. Calculation of WGC Point

The WGC method is based on two principles. First, it is
the computation of the region of stabilizing controller
parameters. For this, the stability boundary curve
method is used. The second basis of the method is to
determine the WGC point of the stability area by means
of the parameters forming the boundary curve of the
stability region. To understand the WGC method better,
the design of the PD controller in the inner loop is
detailed. In this context, if two equations with two
unknowns (kq, ke) in Eq. (7) are solved depending on the
frequency (w) (rad/s), the stability boundary locus and
stability region of the PD controller is obtained as in
Figure 3. Time delay of the system is considered as 0.1 s.

«10*
05 = 10 T T T T
0 . Stability
Stability lt;"c‘:”sdary
-0.5 egion ]
X ‘ b
15 Real |
ok root — 0 ]
boundary
25 ! 1 ! L L
-0.5 0 0.5 1 15 2 25
K, x10°

Figure 3. The stability boundary curve and stability
region of PD controller.

The real root boundary line, which is formed by the
change of system parameters, is the line shows the
location of the closed-loop roots in the s-plane. In Figure
3, The stability region is obtained by choosing random
points from different areas seen in the graph and using
the Hurwitz stability test method.

In the figure, the stability boundary curve is obtained
with o € [0, 15.8]. The stability boundary curve is
represented as pairs (kf, kq) corresponding to each value
of w. As can be seen in Figure 2, the points are located at
different intervals for each w value. The line ks = 15000
indicates the boundary of the stability boundary curve.
Closed stability region consists of m boundary position
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points expressed as (ke, ka1), (ke, Kdz)..., (Kfm, Kdm)
coordinates and their reflections on the true root line. m
reflection points can be expressed as (15000, kai1),
(15000, kdz2)..., (15000, kam) coordinates. In other words,
the stability region is surrounded by 2*m points.
kr=15000 can be considered independent of w because
the stability boundary curve is limited to the true root
line k=15000 (Cem Onat, 2013). As a result, using the
coordinate values of the stability boundary curve points
and their reflection points, the WGC points of the stability
region can be obtained by equations 11 and 12, in Figure
4.

4
05710 . : ; ;
Weighted geometrical 1
center |
T Stability

~° region 7
0.5 1 1.5 2 2.5

k, x10°

Figure 4. (k, ka) pairs corresponding to each value of w

for stability boundary locus and the weighted
geometrical center point.
1
kdwgc = Ezﬁlkd}' (11
1
kfwge = ﬁ[ ™ ke + (15000.m)] (12)

It is a fact that choosing w with a smaller step size (e.g.,
0.05 also results in larger m values) will allow us to get
more accurate results than with a larger step size. Results
may be affected by step size changes but have no
significant effect on stability (Munevver Mine Ozyetkin et
al,, 2020). Thus, the WGC point of the PD controller is
obtained as (kf, ka) = (-1703, -1421).

Step 2. The inner loop is reduced using the selected PD
control parameters (kf = -1703, ka = -1421). Reduced
inner loop transfer function is given in equation 13.

N(s Gp(s Np(s)Dpp(s)e™™
6() = % - 1+GPDP(E‘))GP(5) - np@mpﬁﬁs))&if,fs)w(s)e—rs (13)
Step 3. The purpose of the inner loop PD controller is
only to achieve stability, but the purpose of the outer
loop controller is to both ensure stability and meet the
performance requirements of the closed loop system.
Accordingly, at this stage of the controller design, the
control block diagram is as shown in Figure 5.

e 60
- Y

Figure 5. Reduced block diagram.

The stability region is obtained for the PI controller by
means of the reduced transfer function in the kp-ki plane.
PI controller parameters can also be calculated using the
given procedure for calculating the Cpp parameters. The
application of s =jw change to the characteristic
equation of the outer loop is given in equation 14
(Maslen and Schweitzer, 2009).

Ap;(jw) = D(jw)Dp; (jw) + N(jw)Np; (jw)e™ ™ = 0 (14)

If Ap1 is decomposed into its virtual and real parts
(equation 15);

Apy= Rppr+ Ippr =0 (15)

If the procedure described above to obtain the PD
controller parameters is also used to obtain the PI
parameters, the following equations are obtained. By
solving the set of (linear) equations depending on the
frequency (w), the stability region as in Figure 6 and
WGC are determined by plotting the obtained k;, and k;
parameters in the kp - ki plane in Figure 7. It is a fact that
choosing w with a smaller step size (eg 0.01 also results
in larger m values) will allow us to get more accurate
results than with a larger step size. Thus, the WGC point
of the PI controller is obtained as (kp, ki) = (-5185, -
20870).

x10°
3
2 -
Real
~ root
11 boundary
Stability Stability region
| bqundary Ipcus ' - I ‘ |
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
ks x10*

Figure 6. The stability boundary curve and stability
region of PD controller

x10°
T T
3+ 1
2r Weighted
geometrical
X Stability center

region

Figure 7. (kp, ki) pairs corresponding to each value of w
for stability boundary weighted
geometrical center point.

locus and the

3. Results and Discussion

Simulations were performed with MATLAB-Simulink
software to examine the effectiveness of the proposed
control method on the system. In the quarter vehicle
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model, the displacement and acceleration responses of
the vehicle body were evaluated. In addition, the PSD
(Power Spectral Density) response of the system was
examined for performance analysis in the frequency
domain. ISO 8606 Norm is used for road surface profile
classification (Agostinacchio et al., 2014). This standard,
in which road pression is classified according to different
categories, is preferred to test
performances in vehicle vibrations (Paksoy & Metin,
2020). An ISO 8608 standard C class road entrance seen
in Figure 8 has been applied to the system. Vehicle speed
is accepted as 30 m/s.

often control

0.03 T T T T

0.02

0.01

0

h [m]

-0.01

-0.02

0.03 ! I L 1 ! . | . L
0

Time [s]

Figure 8. 1SO C class road entrance.

In the simulations, the passive situation where there is
no control application in the system and the situation
with the PI-PD controller designed with the WGC method
are compared. The most important data in terms of
comfort in vehicles are acceleration responses. Another
important data is the
Displacement responses are given in Figure 9 and

displacement responses.
simulation results of acceleration responses are given in
Figure 10. It is clearly seen that the controlled state is
more effective than the passive state in suppressing both
displacement and acceleration responses.

0.04 T T T T
) —Passive
—PLPD,,

E 0.02
€
]
E
o "
ié 0
[=%
2
o

-0.02

0 1 2 3 4 5 6 7 8 9 10
Time [s]

Figure 9. Suspension displacement
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EO05 ! I il i i
c | a0 R i |
£ 0 : L Il A R '
o A i LRI '
o L) ( i ; U i
@ - Wil i%
3 0.5 j ; i ‘:;is { : i
< i H i
Ar f i = i
15 ; . 1 1 I L : 1 1
0 1 2 3 4 5 6 7 8 9 10

Time [s]

Figure 10. The acceleration of the vehicle body.

In order to analyze the system responses in the
frequency domain, the PSD values of the system were
examined. Figure 11 shows the acceleration PSD values
of the vehicle body. It has been observed that the state in
which the controller acts suppress the resonance peaks
more effectively than the passive state.

0.08 . _
; ~~Passive
—PI-PD, .
,@0.06 r i g
<
o~
?
£0.04
Q
2
0.02F
0 il |
107 10’ 10% 10°

Frequency (Hz)

Figure 11. PSD response of vehicle body acceleration.

In order to see the results more clearly, RMS (Root Mean
Square) values are given in Table 1 for the numerical
evaluation of the system responses. The amount of
improvement in displacement RMS value of the body is
16.6%, and in acceleration values it is 21%.

Table 1. RMS values

Control cases Z1 Z1
Passive 0.0141 0.4767
PI — PDwgc 0.0117 0.3765

While evaluating control performance, suspension
displacement (z1-z2), whose limits are set according to
the passive control situation, also needs to be considered.
In Figure 12, PI — PDyy 4 control condition also reduced

suspension displacements.

4. Conclusion

In this study, PI-PD was designed with the WGC method,
which is an effective and simple tuning method for a
time-delayed quarter vehicle model. The method is based
on calculating stabilizing PD and PI controller parameter
regions plotted using the stability boundary locus in the
(ks, ka)-plane and the (kp, ki)-plane and computing the
weighted geometrical centres of these regions. The
proposed method does not use any circular optimization
algorithm. The fact that the method allows to calculate
the controller parameters numerically on the model
offers a good numerical solution to control engineers,
especially for practical applications. The simulation
results clearly show that the PI PD controller designed
with the proposed method for the quarter-car model
with the targeted delay time is successful in suppressing
the system responses.

Designed using the WGC method, the PI-PD controller
can be easily applied to any system class to improve the
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performance of processes. In future studies, controller
parameters can be optimized with meta-heuristic
algorithms using artificial intelligence techniques.
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1. Introduction 10.0 — ,
The effects of blast-induced vibrations on existing or
structures being built in our country are controlled by
the Environmental Noise Management and Evaluation
Regulation, which has been created with reference to the
Research Report RI 8507 prepared by the United States
Bureau of Mining Affairs (USBM).

However, USBM Research Report RI 8507 is based on
data from the effects of blasting vibrations, particularly
from coal mine operations, on wood-framed, plaster or
gypsum-clad 1-2 stories buildings. Therefore, the
research report in question loses its validity for
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reinforced concrete buildings, tunnels, pipelines and
similar engineering structures.

Considering the criteria in the USBM Research Report RI
8507, the limit values selected for blast-induced
vibrations are even below the vibration values that may

2,
<Y

A 9:3‘"
S,

{1 Inch=25.4 mm)

01 NN Y

be generated by construction machinery in some cases.
The researcher (Wiss, 1981) has given the vibrations of a
0.46 kg explosive depending on the distance in Figure 1
for reference with various construction machines, trucks, %{ % %'“ %:2%
rock breakers. As can be seen in Figure 1, it is possible for % ‘%7@ %

a truck to pass at approximately 1 meter from a 001 Ll Y L
structure, to create a particle velocity of 25 mm/s in the 1 10 100 500
structure. Distance, ft

Peak Particle Veloclty In inches per second)

253
&

Figure 1. Relative magnitude of vibrations from
construction machinery (Wiss, 1981).

These peak particle velocities are further increased by
the effect of vibrations, especially in bridges built in the
past with high oscillations. In addition, hydraulic
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breakers used right next to the buildings in excavations
in the city can create particle velocities of about 100
mm/s. Similar effects apply to roller compacted concrete
dams (RCD). In such dams, the concrete layer, which is
usually 30-40 cm thick, is transported by large trucks
(trucks), laid with dozers and compacted with rollers.
Considering that the trucks are as close as the layer
thickness to the concrete, which has just gained a part of
its strength, it is possible for the peak particle velocities
to reach 50 mm/s. In addition to these, regardless of
whether the concrete that is getting its setting is mass or
structural concrete, or the concrete that has reached a
certain age and is gaining its strength, the permissible
vibration values may be chosen unnecessarily low, and
the construction speed could be unnecessarily reduced,
and accordingly, the construction costs increase. These
considerations reveal the necessity of reviewing the
USBM damage criteria for engineering structures.

The aim of this study is to reevaluate the damage criteria
for reinforced concrete buildings, tunnels, pipelines, and
similar engineering structures by examining the data on
which the USBM Research Report RI 8507 damage
criteria are based.

2. Damage Criteria of USBM RI 8507

The USBM damage criteria developed for the protection
of wood-framed, gypsum or gypsum-clad 1-2-story
buildings from blast-induced vibrations of open coal
mines were adopted by the Open Mining Operations
(OSM) Bureau in 1983 with little change. Later, the USBM
damage criteria was made a part of Open Coal Mine
legislation and entered into force throughout the USA in
2001.

In the USBM Research Report RI 8507, vibration limits
are given for the most typical and common 1-2 stories
buildings with wood frame, plaster or plasterboard
cladding in the USA. Peak particle velocity (PPV) or
displacement limits measured in the foundation soil close
to the structure, which depend on the prevailing
vibration frequency, are used to evaluate the possible
crack formation in these structures (Siskind et al., 1980).

In the USBM Research Report RI 8507, blast points in an
open coal mine operation; High amplitude low frequency
cascading waves were considered surface waves when
their closest distance to structures in the database was
over 75 meters (or even 100 meters). The reason for this
is probably 1.5-3 m thick soil covers (Siskind et al., 1980).
In other measurements included in the USBM Research
Report RI 8507, the thickness of the cover is 0-1.5 m in
construction  excavations, the distance to the
measurement point is 10-50 m, and the thickness of the
cover in the quarries is less than 3 m. The frequency
distribution of the explosions is given in Figure 2.

At 15-75 m distances from the blasting point, the
strongest waves are surface waves (Siskind, 2005).
Rayleigh surface waves are created by the interaction of
pressure (P) and shear waves (S) with geological
structures, and by the ground-air interface effect. One of

the characteristics of surface waves is that the amplitude
of motion decreases rapidly with depth from the surface.
The thickness of the surface layers and the propagation
speed determine the frequencies of Rayleigh surface
waves.
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Figure 2. Frequencies of vibrations from coal mine,
quarry, and construction blasting (Siskind et al., 1980).

The USBM Research Report RI 8507 does not evaluate
the impact of vibrations on structures using structural
vibration measurements. The main purpose of the USBM
damage criteria is to prevent the formation of resonant
horizontal frequencies since the frequencies created by
the blasts in open coal mines may coincide with the
natural frequencies of the structures in the database, and
thus to prevent damage to these structures. Peak particle
velocities in the USBM damage criteria are given as 12.7
mm/s and 19.0 mm/s, respectively, in the resonance
region with a frequency band of 4 to 12 Hz for the
structures in question. These limits, which were
determined to prevent the formation of cosmetic cracks
in buildings, were obtained from the division of ground
vibrations with a maximum building amplification
coefficient of 4.5.

In the USBM Research Report RI 8507, structural damage
is classified based on the structure's response to ground
vibrations. According to the definition of structural
damage, damages are divided into 3 classes and are
shown in Figure 3. These three types of damage
identified are classified as follows: (1) Threshold: paint
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removal, small cracks in wall coverings at the corners of
the building, growth of old cracks, (2) Slight damage:
loosening and removal of wall coverings, openings in
stone walls cracks close to partitions in places, cracks up
to 3 mm, spillage of loose mortar materials, (3) Major

damage: formation of many cracks larger than 3 mm,
ruptures in arched structures, conditions causing
structural weakness, spills in masonry walls, reduction in
structural load carrying capacity.
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Figure 3. Damage Criteria of USBM and OSM (Siskind et al., 1980; Svinkin, 2015)

Siskind (2005) created the damage graph in Figure 3 by
reporting 233 boundary, minor and major damage from
blast-induced vibrations belonging to a total of 718
opencast mines and quarries. The maximum allowable
particle velocity is over 51 mm/s and the data without
any damage were not included in the study. When the
data are examined, it is seen that the damage depends on
the dominant frequency of the blast and the peak particle
velocity. In the study in question, the frequency of
vibrations and the frequencies of structures do not
overlap in regions where the frequency is between 2-5
Hz and 60-450 Hz. In these regions, the response of the
structure to blast-induced vibrations is determined by
the soil-structure interaction. Peak particle velocities that
can damage the structure are between 33-191 mm/s in

the region where the frequencies are between 2 and 5 Hz,
and between 102-254 mm/s in the region where the
frequencies 60-450 Hz, which
considerably higher than the USBM damage limit values
(Svinkin, 2007). In this case, for cases where the natural
frequency of the structure and the frequency of blasting
vibrations do not coincide, the USBM limits are set on the
very safe side, and it unnecessarily limits the applications

are between is

in practical life.

The amplitude, frequency and significant vibration
duration of the blast-induced vibration waves recorded
on the ground vary depending on the location of the
blasting application. Among the most important reasons
for this change are the encountering of vibration waves
with different geological structures as they progress, the
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spread of vibration waves over a larger area, and the
absorption of motion, especially at high frequencies. The
blast design and excavation geometry, the delay interval,
the amount of explosive used in each delay interval, the
direction of the blasting, the thickness of the blasted unit
and the distance between the blast holes determine the
characteristic of vibration waves in the regions close to
the blast source. The impact of the blast design on the
characteristics of vibration waves decreases in regions
far from the blasting source whereas the effect of the
transmitting ground rock and the soil cover layer on this
rock increases (Siskind et al., 1980).

The damage criteria created by the Ministry of
Environment and Urbanization with reference to the
USBM Research Report RI 8507 are given in the
Environmental Vibration Principles and Criteria section
of the Environmental Noise Management and Evaluation
Regulation. In this section, blasting in mines and quarries
and areas where similar activities are carried out should
not damage the surrounding structures. It is stated that
the vibration level to be measured on the ground next to
the closest building to blasting cannot exceed the values
given in Table 1. It is seen that the values given in Table-1
are the values determined by the USBM damage criteria.

Table 1. The highest allowable values of the vibrations
that will occur due to blasting in mines and quarries and
similar areas, the closest very sensitive (Annex: RG-27/4
/ 2011-27917) and ground vibrations that will be
created outside the sensitive area of use)

Vibration Frequency Maximum Allowable Peak

(Hz) Particle Velocity (mm/s)
1 5
4-10 19
30-100 50

3. Damage Criteria

3.1. Crandell Damage Criteria

The first studies on the establishment of damage criteria
were made by Crandell. Energy Ratio (E.R.) defined by
Crandell (1949). The relationship between particle
velocity and energy ratio is presented in Equation 1.
Crandell Energy Ratio = E.R.= ;—z N
Where, a= acceleration (ft/s2), f= frequency (Hertz).

Since the relationship between displacement (D) and
particle velocity (V) in a harmonic wave motion is given
as D=V/(2nf) depending on the frequency (f), the
displacement also changes depending on the change in
frequency. Thick soil cover and long distances on the
rock cause low frequency and long duration wave
movements. As a result, this change in motion increases
the building response and the potential for damage to
nearby structures (Siskind et al., 1980). It is possible to
calculate the Energy Ratio for sinusoidal motion with the
help of Equation 2.

E.R.:?—i:@: Am?p? )
As can be seen from Equation 2, the Energy Ratio is
proportional to the square of the peak particle velocity
and is independent of the frequency, unlike the USBM
criterion. Crandell Energy Ratio suggested the ERR.= 3
limit as the safe limit, which corresponds to a peak
particle velocity of approximately 83.8 mm/s (3.3 inch/s)
(Figure 4). However, the more commonly used Energy
Ratio value is E.R=1, and according to this value, the peak
particle velocity becomes 48.3 mm/s (Bollinger, 2018).

FREQUENCY (cycle/ second)

Figure 4. Damage prevention limits of Crandell

3.2. Approach of Edwards VE Northwood’s Particle
Velocity

Edwards conducted experimental
studies on brick structures with masonry basements
resting on sandy-clay and glacial deposits in Canada.
Based on the findings of these studies, it was determined

and Northwood

that the best damage criterion for all soil types was the
peak particle velocity (PPV), and the damage occurred
between 101.6 mm/s (4 inch/s) and 127 mm/s (5
inch/s). As a result of the study, they recommended that
the safe limit value be taken as 50.8 mm/s (2 inches/s)
[8]. Damage criteria based on their results are given in
Table 2.

Table 2. Damage criteria according to Edwards and
Northwood's particle velocity approach (Edwards and
Northwood, 1960)

Particle particle velocity (mm/s) Damage
<50.8 None
50.8-101.6 Minor
>101.6 Major

3.3 Approach of Bauer and Calder

Bauer and Calder have given the possible damages that
may occur in solid rock depending on the peak particle
velocity in Table 3, and the particle velocity-related
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damage estimates for various equipment and various
types of structures are given in Table 4 (Calder, 1977).
3.4. Swedish Standard

Standardization methods for guide levels for vibrations
in buildings from blasting are done in two ways. The
more common practice is to regulate the guide peak
particle velocities by frequency, as buildings are more
likely to be damaged by resonance with low-frequency
vibrations. The second type, much less used, is the
determination of peak particle velocity guide levels based
on the distance and the type of ground beneath the
building. The Swedish Standard is one of three countries
in the world that sets guide levels taking into account
distance and ground type (Jansson, 2018). In the Swedish
Standard, vertical particle velocity is used because it
generally gives the higher value. It is recommended to
measure particle velocity vibrations at the foundation of
the building (Jansson, 2018).

Table 3. Damages that may occur in solid rock depending
on the peak particle velocity (Calder, 1977)

Peak ticl
ea . particie Effects on hard rock masses
velocity (mm/s)
>2500 Complete break-up of rock masses
Strong tensile and some radial
635-2500 )
cracking of rock
250-635 Minor tensile slabbing in rock
<250 No fracturing of intact rock

Table 4. Damage criteria depending on the type of
structure (Calder, 1977)

Peak particle
locity at
Type of structure  Type of damage v-e ocity a
which damage
starts (mm/s)
Pl
Houses aste.r 51
cracking
Concrete block as  Cracks in 200
in a new house blocks
Horizontal
Cased drill holes orizonta 380
offset
Mechanical
i t Shaft:
equipmen 'a s 1000
pumps, misaligned
compressors
Cracked d
Prefabricated br?lc d.e pads,
metal building on uf e 1500
concrete pads twisted and
p distorted

According to the Swedish Standard, the following
equation is used to calculate the guide levels for
vibrations caused by blasting (SS 4604866, 2011).

V=vyXF, XF, XF3 XF; 3)

Where, vo is the uncorrected velocity under the building
depending on the ground type, F» is the building
coefficient showing the vibration sensitivity, Fm is a
coefficient depending on the weakest material forming
the structure, Fq is the distance between the building and
the blasting source, and F: is a factor depending on the
duration of the blasting job.

The uncorrected peak particle velocity vo can be obtained
from Tables 5, 6 and 7 and Figure 5 depending on the soil
type, or it can also be obtained as mm/s by dividing the P
wave velocity in m/s by 65 (Jansson, 2018).

Table 5. Guideline limits for vertical PPV in different
substrata (Jonson, 2012)

Substrata of Vertical PPV,
) Substratum

foundation vo mm/s

Loosely layered

moraine, sand gravel, Clay 18

clay

Compactly layered

moraine, schist, soft Moraine 35

limestone

Granite, gneiss, hard

limestone, quartzitic rock 70

sandstone, diabase

Table 6. Vibration sensitivity factors for different
structures, Fy (Jonson, 2012)

L Building

Class Building Factor, Fo
Heavy constructions such as

1 bridges, quays, defense 1.7
installations, etc.
Industrial and office buildings,

2 consisting mainly of 1.2
prefabricated elements

3 Normal residential buildings 1.0
Especially sensitive buildings

4 and buildings with high vaults or 0.65

constructions with large spans

Guideline values for especially
heritage buildings,
environments

sensitive
installations or
identified in the investigation
shall be determined separately.
(Per special investigation.)
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Table 7. Vibration sensitivity factors for different
materials. Fi (Jonson, 2012)

. Material
Class Material
factor, Fm
Reinf d te, steel,
1 einforce concrete, stee 1.20
wood

Plain concrete, brick, concrete

2 hollow blocks, lightweight- 1.0
aggregate concrete
Autoclaved aerated concrete,

3 plaster, lath-and-plaster  0.75
stucco, renedr, etc.
Sand-lime brick, tiled oven
with sensitive joints

Distance Factor for Uncorrected PPV

10’ 10' 100
Distance From Blasting

Figure 5. Change of distance factor (F4) depending on
ground type according to Swedish Standard (SS 4604866,
2011).

The Ft time factor used to consider the duration of the
blasting work is taken between 1 for construction
operations such as tunnels and highways, and 0.75-1 for
quarry and mining operations.

3.5. DIN 4150 German Standard

In DIN 4150 German Norm, the peak particle velocity
values are determined depending on the frequency.
Permissible values according to the structure type are
given in Table 8. While the allowable velocity is lowest in
unsound structures such as old and worn historical
monuments, it reaches its highest value in reinforced
concrete and steel structures (Schillinger, 1996;
Karadogan, 2008).

3.6. British Standard

The values given in Table 9 of the British Standard BS
7385 give the maximum allowable levels to avoid
cosmetic damage under temporary vibrations that do not
cause resonance in low-rise buildings. If the vibration is
continuous and occurs at small frequencies that may
cause resonance, it is recommended to use low limits and
reduce the values given in Table 9 by 50% (BS7385,
1993).

Table 8. Particle velocity limits according to structure
type and frequency in German Standard DIN 4150
(Schillinger, 1996)

Peak particle

F
U:(;()quency velocity Type of building
(mm/s)

0-10 3 Historical building

0-10 5 Durable b.u11d1ng,
Masonry brick
Reinforced

0-10 20 concrete, Steel
construction

10-50 3-8 Historical building

10-50 515 Durable b.uilding,
Masonry brick
Reinforced

10-50 20-40 concrete, Steel
construction

50-100 8-10 Historical building
Durable building,

50-100 15-20 urable  buliding
Masonry brick
Reinforced

50-100 40-50 concrete, Steel
construction

Table 9. Temporary vibration guide levels for cosmetic
damage (BS7385, 1993)

Peak component particle

Type of building velocity in frequency range of
predominant pulse
15 Hz and
4 Hzto 15 Hz
above
Reinforced or
framed structures
Industrial and 50 mm/sat4 Hz an above
heavy commercial
buildings
Unreinforced or
light framed 15 mm/s at 4 20 mm/sat15
structures Hz increasing Hzicreasingto
Residential or light to 20 mm/s at 50mm/s at 40

commercial type 15Hz Hz and above

buildings

Note 1: Values referred to are at the base of the building.
Note 2: For unreinforced or light framed structures at
frequencies below 4 Hz, a maximum displacement of
0.6mm (zero to peak) should not be exceeded.

3.7.Indian Standard

The Indian Standard has been regulated by DGMS (Tech)
(S&T) (1997) Circular No. 7, published on August 29,
1997, regarding vibrations caused by blasting. It is
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desirable that measurements be made adjacent to the
structure. Permissible peak particle velocities are
determined according to the dominant frequency of
blast-induced vibrations and the types of structures
(Table 10).

Table 10. Maximum allowable particle velocities in
mining areas (DGMS, 1997)

Dominant
excitation
frequency, Hz
Type of structure 5
<8 >25
Hz 25 Hz
Hz
A) Buildings/structures
not belong to the owner
1 Domestic
houses/structures
(kuchha brick and > 10 15
cement)
(i) Industrial

buildings (RCCand 10 20 25
framed structures)
(iii) Objects of
hsstorical
importance and 2 5 10
sensitive
structures
B) Buildings belonging to
owner with limited span of life
1 Domestic
houses/structures
(kuchha, brick and
cement)
(i) Industrial
buildings (RCCand 15 25 50
framed structures)

10 15 25

3.8. France Standard

In the French Standard, allowable peak particle velocity
is determined according to the structure type and
frequency (Karadogan, 2008).

Table 11. Highest peak particle velocity according to
French Standard (Karadogan, 2008)

Type of Peak particle velocity (mm/s)
structure 4-8 Hz 8-30 Hz 30-100 Hz
House 8 12 15
Sensitive 6 9 12
V

e 4 6 9
sensitive

4. Damage Criteria for Different

Engineering Structures in Literature
In studies based on the USBM Research Report RI 8507,
the maximum allowable particle velocity is given as 50

mm/s, taking into account the structures in the database.
The damage criteria given for different engineering
structures in the literature are summarized below.

In AASTHO Designation R 8-96, it is stated that it is
common to apply the USBM damage criteria to other
types of structures from the database on which they are
based, but it is not the right approach to apply the USBM
damage criteria to foundations, buried pipelines and
underground structures (AASTHO Designation, 2004).
Svinkin (2015) points out that the USBM criteria are valid
for 1-2-storey buildings with wood skeletons, plaster or
gypsum boards, but do not cover structures such as
concrete, electricity poles, pipelines, bridges. Hendron,
(1977) and Langefors and Kihlstrom (1978) give the
damage criterion as 10-12 in/s (250-300 mm/s) for
tunnels and pipelines.

Olofsson (1990) suggests the permissible peak particle
velocity of 150 mm/s for reinforced concrete structures
resting on rock. Wiss (1981), on the other hand, states
that concrete that has taken full strength can resist up to
125 mm/s particle velocity levels without being
damaged. According to the measurements he made, it has
been determined that high pressure pipelines can
withstand particle velocities of 250-500 mm/s without
being damaged.

Francini and Baltz, 2008) suggest values between 125-
250 mm/s as permissible peak particle velocity for
pressure pipelines constructed of steel. The vibration
limit for the second line built parallel to the 1368 km long
high-pressure gas pipeline currently in operation was
chosen as 305 mm/s and the blasting process was
successfully applied without damaging the existing
pipeline (ISEE, 2011).

Crawford and Ward (1965) state that the peak particle
velocity does not cause any damage up to 250 mm/s in
concrete structures and up to 75 mm/s in mortar
masonry structures. Moreover, the unit displacement
values corresponding to these particle velocities are
given as 100 p and 30 p, respectively. Persson et al.
(1981) gives the allowable peak particle velocity for
pulses with a vibration duration of less than 0.5 s, as 200
mm/s for reinforced concrete tanks resting on rock, 100
mm/s for modern steel or reinforced concrete tall
structures, 70-100 mm/s for 15-18 m span underground
galleries, 70 mm/s for brick or masonry buildings, and 25
mm/s for Swedish National Museum buildings. These
values have been chosen low enough so as not to cause
damage to the structures. However, even the lowest
value is large enough to be felt by the people around.
(Siskind, 2005) stated that the peak particle velocity can
be taken as 300 mm/s for underground structures,
including the interaction of tunnels opened close to each
other, and 125 mm/s for pressure pipes in multiple
blasting. However, referring to the studies of (Oriard,
1994), he states that a peak particle velocity of 300 mm/s
is appropriate in case of blasting one hole at a time,
provided that the hole diameter does not exceed 63.5
mm for blasts to be made at distances closer than 6
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meters.

In the Tennessee Valley Authority (TVA) specification,
allowable peak particle velocities depending on the age
of the concrete are given in Table 12 (Oriard and
Coulson, 1980). The biggest difference that distinguishes
this study from similar studies is that the concrete
strength is determined depending on the frequency by
using the Distance Factor. As the distance increases, the
geometric spread and the damping frequency in the rock
decrease. The falling frequency also increases the particle
velocity and hence the unit displacement. By using the
values in Table 12, the permissible particle velocity is
found to be 300 mm/s if MF=0.6 is used for long
distances of concrete aged 10 days and older, which has
largely gained its strength. This is in line with the values
given in the studies (Hendron, 1977; Langefors and
Kihlstrom, 1978). TVA has been using the values given in
Table 12 for many years without any problems (Oriard,
2002).

It should also be taken into account that the TVA
specification includes 3 types of ground conditions, and
these ground conditions impose some limitations. In the
first case, blasting is carried out in the rock at higher
elevations than the concrete. In this case, there is no
question of any damage to the concrete and the data in
Table 12 can be used exactly. In the second and third
cases, blasting is done at lower levels than the concrete.
In this case, if there is a slope flatter than 1 Vertical to 2
Horizontal slope between the lower level of the concrete
and the lowest level where the explosive is placed, the
data in Table 12 can be used exactly without the need for
any operation. However, if the slope in question is
steeper or if the blasting is done adjacent to the concrete,
then blasting can be done, but subject to the approval of
the authorities. Also, tall structures built above ground
can amplify movement on the ground floor. In this case,
half of the values given in Table 12 are used (ISEE, 2011).

Hulshizer and Desai (1984), Kwan and Lee (2002) and
Ahmed (2016) found similar results with Oriard and
Coulson (1980) in their studies on fresh concrete. For 0-
3day old concrete, China limits the vibration rate to 15-
20 mm/s for frequencies below 10 Hz, while it gives 25
mm/s for 50 Hz. On the other hand, Finland allows peak
particle velocities of 45-90 mm/s, Norway 5-50 mm/s,
and Sweden 30mm/s without limiting frequency
(Ahmed, 2016). Ahmed (2016), after reviewing all the
studies, emphasizes that 60 mm/s peak particle velocity
is suitable for 0-0.5day old concrete, and a particle
velocity of 140 mm/s for 0.5-3day concrete do not harm
the concrete.

It is necessary to be very careful when using the values in
the standards
determining the limits, damage limits can be kept lower

of some countries. Because while
than necessary in order to manage social perceptions and
complaints about blasting rather than technique. This
also applies to the preparation of the DIN 4150 Standard.
The limits in this standard are not damage limits

(Siskind, 2005).

Table 12. Blast damage criteria for mass concrete
(Oriard and Coulson, 1980)

Age of concrete  Allowable particle velocities
(from batching from blast induced vibrations,
time) mm/s

0- 4 hours 100 x DF

4 hours- 1 day 150 x DF

1 to 3 days 225x DF

3to 7 days 300 x DF

7 to 10 days 375 x DF

10 days or more 500 x DF

DF= distance factor.

Distance factor as defined below;

Distance factor Distance from blast to concrete,

Meters
1 0-15
0,8 15-50
0,7 50-75
0,6 Greater than 75
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Figure 6. Effect of loading speed on concrete strength
(Bischoff and Perry, 1991).

Along with the curing time, the loading speed is among
the factors that determine the concrete strength. As the
frequency of vibration increases, the concrete strength
increases as the loading speed increases. While the strain
rate is 10-5 per second in static loads, this rate is between
100 and 1000 per second in blast-induced loads (Bischoff
and Perry, 1991). This increase in loading rate leads to a
1.5-to-3.5-fold increase in the compressive strength of
concrete, called the Dynamic Increase Factor (DAF), as
shown in Figure 6 (Bischoff and Perry, 1991).

The increase in the loading speed leads to an increase in
the tensile strength of concrete about 2 times more than
the increase in the compressive strength of the concrete
(Ahmed, 2016). These increases in compressive and
tensile strengths of concrete under loading speeds under
the influence of blast-induced vibrations are one of the
main reasons why buried concrete tunnel linings or
structures resting on bedrock perform well without
being damaged under high peak particle velocities.
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Therefore, shotcrete for several hours withstands
vibration rates of 500-1000 mm/s without cracking
(Ahmed, 2016).

Isaac and Bubb (1981), based on their own experience
and the findings of researchers in Scandinavian
countries, determined that the allowable peak particle
velocity increases in parallel with the strength of
concrete. They showed that concrete with a strength of
40 MPa could withstand a peak particle velocity of
187mm/s, depending on the ductility of the concrete and
the surrounding rock conditions.

In some nuclear power plant constructions in Spain, the
allowable peak particle velocity has been determined
depending on the concrete strength in the constructions
carried out simultaneously with the concrete pouring
(Jimeno €Carecede et al, 1995). Mass concretes are
subjected to vibrations after 8 hours passed from the
time of pouring. The peak particle velocity is increased in
parallel to strength gained. Allowable peak particle
velocity reaches 100 mm/s when the strength of concrete
becomes 15 MPa. Similarly, in structural concretes, when
the strength exceeds 25 MPa, the permissible peak
particle velocity is risen to 60 mm/s but it cannot go
beyond 100 mm/s.

(Karadogan, 2008) found the accepted values of the
Environmental Noise Evaluation and Management
Regulation published by the Ministry of Environment and
Urbanization to be high for Tirkiye. The referred values
have been adapted from USBM Norm of the United States.
The reasons for these high values are that the field
constants, frequency values and response levels of the
residents in Tiirkiye and the natural frequency values of
the building stock in the country are different from the
data on which the USBM Norm of the United States is
based. Although the residences in the USA are generally
one or two floors and have high frequencies, the
residences in our country are generally five floors and
above and their natural frequencies are low. In the
measurements made in the field, the frequency of blast-
induced vibrations was measured close to the
frequencies of the building stock. Based on these
findings, Karadogan et al. (2014) {35} developed the
damage criteria for Tiirkiye depending on the building
type as in Figure 7.

5. Identification of Damage Criteria Using

Response Spectrum

The ratio of the structure size to the wavelength of the
which of the
displacement, velocity and acceleration vibration limits
will cause damage first. If the dimensions of the structure
are very small compared to the wavelength of the
vibration, the criterion that determines the damage will
be the displacement, while if the size of the structure is
too large compared to the wavelength of the vibration,

blast-induced vibration determines

the criterion that determines the damage will be
acceleration. In the region between these two, the speed

determines the damage. Damage criteria for buildings
resting on solid rock can also be expressed in terms of
frequency. In this case, at frequencies lower than 20-50
Hz, the damage determining criterion is displacement,
while when the frequencies exceed 200 Hz, the damage
determining criterion is acceleration. Between these two,
peak particle velocity damage is the determining
criterion (Figure 8).

100

)
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-
-

1 10 100
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I- Industrial and
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I1 - Concrete Structures
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Figure 7. Damage criteria for Tiirkiye (Karadogan et al.
2014)
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Figure 8. Frequency-dependent variation of

displacement, velocity and acceleration limits of damage
criteria for structures on rock (Persson et al,, 1981).
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In reinforced concrete structures, permissible damage

criteria can be determined with the help of response
spectrum based on the damage values given by TVA for

mass concretes. In this case, the allowable particle
velocity given for mass concrete can be divided by the

building's response coefficient

to determine

the

allowable peak particle velocity to be measured outside

the building. For the same purpose, measurements can be

made at critical openings and points inside buildings.
Measurements made inside the buildings emerge as a
safer approach, as they will include the response of the
foundation ground sitting on different types of soils other
than the rock, as well as the response of the building to
blast-induced vibrations. However, this process may not
always be possible in practice as it will require structural
analysis and measurement in the right places.
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By using the peak particle velocities measured in the
ground together with the response
amplification factors, allowable peak particle velocity
limits can be determined depending on the type of
building. (Dowding, 1985) gives the building
magnification factor approximately 3-4 for multiple
blasts with scaled distance around 30-50 and damping
rate of 3%. (Medearis, 1978) showed that 5% damping
ratio would be more appropriate in his studies. The
amplification factor corresponding to 5% damping rate
for reinforced concrete buildings is calculated between 2-
3, using the coefficients determined by (Dowding, 1985)
and given in Table 13. (Medearis, 1978) gives the
magnification factor between 2-3 for the mean +1
standard deviation for frequencies between 10 to 50 Hz;
this value is very close to the values calculated by
(Dowding, 1985) method.

Taking the Distance Factor (MF) into account, if the
allowable particle velocity of 300 mm/s for the concrete
(Oriard and Coulson, 1980) is divided by the
amplification coefficient between 2-3 for buildings, the
permissible value for the peak particle velocities
measured on the ground is 100-150 mm/ s will be
calculated between If blasting is done very close to the
building, allowable particle velocities can be taken

spectrum

between 150-250 mm/s for relatively high frequencies. It
is seen that these calculated limits are compatible with
the values given by Hendron (1977), Olofsson (1990) and
Persson et al. (1981).

Table 13. If the damping ratio of the response spectrum
is desired for values other than 3%, the coefficients that
must be multiplied by the factors obtained from Figure 9

B % Ay Ay Ag
2 1.05 1.10 1.20
3 1 1 1
5 0.83 0.76 0.72
10 0.65 0.52 0.42

B % damping ratio; Au, Av, Ag are amplification factors for
displacement, velocity, and acceleration, respectively.

6. Results and Discussion

In studies based on the USBM Research Report RI 8507,
the maximum allowable particle velocity is given as 50
mm/s, taking into account the structures in the database
of the mentioned research report. However, the damage
criteria determined in the aforementioned report lose its
validity for reinforced concrete buildings, tunnels,
pipelines, mass concretes and similar engineering
structures. Among the reasons for this are that the soil
and structure amplifications are different from the
structures in the database of the USBM Research Report
RI 8507, the loading speed increases as the frequencies
increase, and the material strength increases with the
increase in loading speed. In addition to these, it should
also be taken into account that the acceptance that fresh

concrete is affected by vibrations too much and that the
permissible peak particle velocities should be kept very
low does not correspond to the real situation.

Deep foundations, buried pipelines, and underground
structures do not amplify movement from the ground.
Surface waves lose their effect rapidly as the depth
increases, and that is, ground deamplification rather than
ground amplification with depth occurs. For this reason,
the application of USBM damage criteria to structures
that do not have such amplifications will cause excessive
design and will lead to an unnecessary reduction of
construction speeds, since the building amplifications
that are effective in determining the damage criteria of
the USBM Research Report RI 8507.

The load-bearing system in reinforced concrete framed
structures is less flexible than wood-frame structures on
which the USBM damage criteria are based. In addition,
stress concentrations observed in gypsum boards located
at the corner points or junction points of wood-framed
structures will be less in reinforced concrete-framed
structures. Similarly, displacement differences caused by
materials with different stiffnesses, such as wood and
drywall react differently to vibration waves, but this type
of differences are not expected to occur in reinforced
concrete structures. For this reason, much less damage
will be observed in reinforced concrete structures that
are exposed to the same vibration as wood-framed
structures.

On the other hand, studies initiated especially by TVA
and later confirmed by many researchers have shown
that fresh concrete and mass concretes can withstand
peak particle velocities well above the values in the
specifications. Strength increases depending on the
loading speed also reveal that higher peak particle
velocities can be allowed, especially at high frequencies.
For all these reasons explained, it is considered that
USBM damage criteria should not be applied to
reinforced concrete buildings, tunnels, pipelines, mass
concretes and similar engineering structures, and cost
increases should not be created by wunnecessarily
reducing construction speeds.

Allowable peak particle velocities for these structures are
given below. TVA has been applying the allowable
particle velocity of 300 mm/s for mass concretes that
have gained 28-day strength without any problems for
many years. This value is a value that can be used safely
for mass concretes resting on the bedrock, buried
structures and tunnel linings. In pressure pipes, the
permissible particle velocity can be taken as 250-300
mm/s for single blasting, and a value between 125-150
mm/s, which is approximately half of this value, for
multiple blasting.

The loading rate of concrete is 10-100 million times
higher than static loading in vibrations caused by high
frequency blasting (Bischoff and Perry, 1991). This
situation increases the compressive strength of concrete
1.5-3.5 times, and the tensile strength about 2 times
more than the increase in compressive strength. Thus, at
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high frequencies, concrete can withstand particle
velocities up to 1000 mm/s without being damaged
(Oriard, 2002).

By using the peak particle velocities measured in the
ground together with the response spectrum
amplification factors, allowable damage limits can be
determined depending on the type
Considering the studies of Dowding (1985) and Medearis
(1978), the magnification factor can be taken between 2-
3 for 5% damping rate and frequencies between 10-50
Hz.

Considering the response
structures, that is, amplification of movement from the
level, allowable particle velocities for
reinforced concrete structures can be taken between

of building.

of reinforced concrete

foundation

100-150 mm/s. Permissible particle velocities for single
blasts can be increased to between 150-250 mm/s if
blasting is done very close to the building.

7. Conclusions

The USBM Research Report RI 8507 is based on data
from the effects of blasting vibrations, particularly from
coal mine operation, on wood-framed, plaster or gypsum-
clad 1-2 story buildings. The damage criteria were
determined in such a way that structure would not be
damaged by the effect of the resonance occurring as a
result of the overlapping of the frequencies of the blast-
induced surface waves and the frequencies of the
structures in the database of the mentioned research
report.

In studies conducted by different researchers in the
literature for different types of engineering structures, it
has been revealed that 50 mm/s particle velocity, which
is the upper limit of the USBM damage criteria, can be
selected higher.

Although it is common to apply the USBM damage
criteria to structures other than those in the database on
which the study is based, it is not the right approach.
Therefore, it is necessary to re-evaluate the USBM
damage criteria for engineering structures.

Oriard and Coulson (1980) showed that USBM PPV
criteria may be conservative even for fresh concrete
because it was not as much affected by vibrations as
thought.
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Abstract: The aim of this study is to examine the effect of replacing waste aluminum sawdust (AS) with fine aggregate on the strength
and durability properties of concrete. For this, concrete mixtures with a cement dosage of 400 kg/m3, water/cement (W/C) ratio of
0.40-0.50-0.60 were prepared. Aluminum sawdust obtained from Elazig industrial site was added to the concrete mixtures by
replacing 0%, 0.5% and 1% fine aggregate by volume. After curing in the curing pool for 28 days, the produced concrete samples were
placed in the carbonation tank and exposed to the accelerated carbonation test in three different time periods as the 1%, 3rd and 7th
days. Tests of compressive strength, splitting tensile strength, ultrasound transmission velocity, porosity and carbonation depth were
performed on concrete samples before and after carbonation. The samples that were exposed to carbonation were compared with the
samples that did not undergo carbonation. In addition, the microstructure of AS concrete was investigated using scanning electron
microscopic images (SEM). In the microscopic images, larger cracks, openings and interfacial voids were observed in the concrete
matrix with the addition of AS. However, due to the formation of ettringite in these gaps and cracks after carbonation, the cavities
became smaller. As a result of the experiments, it was observed that the optimum W/C ratio was 40% and the AS amount was 0.5% in
the use of AS in concrete. In addition, it was found that the carbonation effect improves the compressive and splitting tensile strength
and increases the ultrasound transmission rate. Finally, life cycle assessment (LCA) was conducted to evaluate the environmental
impacts of the prepared concrete samples. Considering the large amount of natural aggregate consumption, it is thought that the use of
waste materials in concrete will provide environmental and economic benefits.

Keywords: Aluminium sawdust, Carbonation, Hardened properties, Microscopic image, Life cycle assessment
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1. Introduction

With the continuity of continuity of the construction
sector and the emergence of new needs in the field of
construction, there is a great increase in concrete
production (Ramachandran and Beaudoin, 2001). This
rising increase in the construction sector also increases
the production of concrete and increases the use of
aggregate, one of the main components of concrete. This
leads to rapid depletion of natural resources (Osei and
Jackson, 2016). For the protection of the ecosystem and
sustainable development, it becomes necessary to reduce
the use and accumulation of waste products. Many
studies on the use of waste materials silica fume, fly ash,
blast furnace slag, waste foundry sand, wood ash, etc. as
partial substitutes for natural materials in concrete
production have facilitated to reduction of dependence
on natural materials (Siddique et al., 2020).

The expansion of construction has an important role in
the increase in environmental problems. Buildings
produce harmful emissions and wastes by consuming
natural resources and energy during their lifetime. As a

result, they create environmental pollution (Golewski,
2021). It is estimated that around 11 billion tons of
aggregate is consumed every year worldwide.
Approximately 8 billion tons of this aggregate amount is
used in concrete production (Golewski, 2021). This
situation poses a great threat to the environment. In
addition, the transportation process of these aggregates
also brings great cost (Babu et al., 2015). Therefore, the
use of industrial by-products in concrete production has
become a necessity in order to protect the environment
and contribute to the economy (Cheng, et al.,, 2013).

The use of recyclable materials in buildings requires
many processes such as disassembling these materials
for recycling, collecting, grouping and obtaining a new
product. However, it will provide significant
environmental benefits in terms of raw material savings,
resource efficiency, energy efficiency and reduction of
environmental pollution (Milicevi¢ et al.,, 2011; Martinez-
Lage et al., 2020). For this purpose, scientific researches
continue to be carried out on the recycling of industrial
wastes that pose an environmental threat and their use
in concrete, in the construction sector as well as in many
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other sectors. In these studies, materials such as metal
powder and sawdust, steel and wood chips, aluminum
powder and sawdust are used in the production of
concrete (Alwaeli and Nadziakiewicz, 2012; Zhong et al,,
2018). Among these materials, aluminum sawdust is one
of the newest waste materials (Oztiirk, 2020).

Aluminum sawdust (AS) is a waste material produced by
the industrial industry. In the aluminum industry, which
is one of the most advanced recycling industries today,
approximately 50% of the aluminum used in the world is
recovered. Aluminum production from scrap is 95%
more efficient than primary aluminum production (Binici
et al, 2013). The application of AS can not only reduces
environmental damage but also can save concrete
materials. Substituting cement in concrete contributes to
more economical and environmentally friendly concrete
production by reducing the amount of cement usage. It
also has many advantages over traditional concrete, such
as low bulk density, better heat preservation and less
pollution to our environment (Cheng et al.,, 2013).
Considering the type and severity of external effects that
they will be exposed to during their service life while the
structures are being designed ensures that the structures
can maintain their functionality throughout their lifetime.
A concrete designed according to the environmental
conditions, produced in high quality, well placed and
cared for can fulfill its duty for many years without any
repair. However, the performance of concrete may
decrease in the face of some internal and external factors.
A durable concrete; It is concrete that resists these effects
(Demir et al., 2022). Exposed and unprotected reinforced
concrete structures cause corrosion damage. In Tiirkiye;
it was observed that corrosion damage occurred in many
of the structures damaged in the earthquake. There is
also the danger of corrosion in our existing structures.
important factor
carbonation. Carbonation also causes deterioration of the
durability of the structures (Balapour et al.,, 2018; Flores
etal, 2015).

In previous literature studies, the mechanical properties
of wastes such as wood shavings, glass dust, and marble
powder on concrete were generally investigated.
However, there are hardly any studies on the use of AS in
concrete production. The aim of this study is to examine

The most causing corrosion is

the effect of the use of waste aluminum sawdust (AS) by
replacing it with fine aggregate on the strength and
durability properties of concrete, to contribute to the
improvement of concrete, to prevent environmental
pollution by evaluating waste materials,
determine the replacement rate of AS with fine aggregate
and to contribute to the literature to present relevant
data. After literature research, many trial mixtures were
poured to determine material mixing ratios. After these

and to

trial mixtures, reference mixtures were determined. For
this, concrete mixtures with a cement dosage of 400
kg/m3, W/C ratio of 0.40, 0.50% and 0.60% were
prepared. Aluminum sawdust obtained from Elazig
industrial site was added to the concrete mixtures by

replacing 0%, 0.5% and 1% fine aggregate by volume.
After curing in the curing pool for 28 days, the produced
concrete samples were placed in the carbonation tank
and exposed to the accelerated carbonation test in three
different time periods as the 1st, 3rd and 7th days. Tests
of compressive strength, splitting tensile strength,
ultrasound transmission velocity, and porosity and
carbonation depth were performed on concrete samples
before and after carbonation. The samples that were
exposed to carbonation were compared with the samples
that did not undergo carbonation. In addition, the
microstructure of AS concrete was investigated using
scanning electron microscopic images. In the microscopic
images, larger cracks, openings and interfacial voids
were observed in the concrete matrix with the addition
of AS. However, due to the formation of ettringite in these
gaps and cracks after carbonation, the cavities became
smaller. As a result of the experiments and cost
comparison, it was found that the optimum W/C ratio
was 40% and the amount of AS was 0.5%. In addition, it
was found that the carbonation effect improves the
compressive and splitting tensile strength, and increases
the ultrasound transmission rate.

2. Constituent Materials and Mix Details

2.1. Materials

In this study, CEM I 42.5 R Portland cement obtained
from Elazig Cimentas cement factory was used (TS EN
197-1, 2012). In the experiments, river aggregate with
the largest grain diameter (Dmax) of 8 mm, obtained
from Palu District of Elazig Province, was used.
Aggregate; It was used in three classes: 0-2 mm, 2-4 mm
and 4-8 mm. Aluminum Sawdust (AS) was used as waste
material. AS was supplied from Elazig industrial zone.
The chemical properties of these materials are given in
Table 1.

Aluminum is one of the newest members of the metal
world. Aluminum, which is in the light metal class, is
widely used due to its advantages in technical properties
(Zhang et al., 2023). When various alloys are added, their
mechanical properties reach levels comparable to steel. It
is widely used in various industrial fields such as
medicine, food, aerospace, automotive and construction
(Gegkinli, 2002). The appearance of the AS used in the
study is shown in Figure 1.

2.2. Mix Design and Sample Preparation

In this study, 9 concrete mixtures with cement dosage of
400 kg/m3, W/C ratio of 0.40-0.50-0.60, respectively,
were prepared in order to examine the variation range of
strength properties of AS-reinforced concretes at fixed
cement dosage at different ratios. In these mixtures, 0.5%
and 1.0% AS was used by replacing the fine aggregate by
volume. 3 different concrete series were prepared for the
control series without AS (free carbonation) and 6
different concrete series were prepared at the rates of
0.5% and 1.0% for the series with AS. Details of mixing
ratios are summarized in Table 2.
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Table 1. Chemical properties of materials used in the study

Chemical properties Cement (C) Chemical properties Aluminium Sawdust (AS)
Ca0 63.33 Al 89.96
Si02 19.07 Zn 497
Fe203 3.72 Mg 211
Alz03 4.82 Cu 0.26
SiOs3 2.83 Mn 0.25
Naz0 0.39 Fe 0.24
K20 0.65 Si 0.15
MgO 1.10 Cr 0.025
cl 0.009 Ti 0.012
Insoluble residue 0.20 Pb 0.005
Loss of ignition 2.70 Sn 0.003

Figure 1. Aluminium sawdust sample used in the study.

Table 2. Proportions of the concrete mixtures (kg/m3)

Mixture Cement Water AS Fine aggregate Fine aggregate Coarse aggregate
Code (0-2) mm (2-4) mm (4-8) mm
0.4AS0 400 186.59 0.00 562 544 659
0.4AS5 400 186.59 3.11 559 544 659
0.4AS10 400 186.59 6.21 556 544 659
0.5AS0 400 225.02 0.00 528 512 620
0.5AS5 400 225.02 2.92 526 512 620
0.5AS10 400 225.02 5.85 523 512 620
0.6AS0 400 263.44 0.00 495 480 581
0.6AS5 400 263.44 2.74 493 480 581
0.6AS10 400 263.44 5.48 490 480 581

2.3. Production of Samples and Testing Program
Within the scope of the study, 9 series with and without
AS were prepared to investigate the effect of AS on pre-
and post-carbonation compressive strength, splitting
tensile strength, ultrasound transmission rate, porosity
test and carbonation depth measurement. For the
implementation of all tests, a total of 216 concrete
samples, 24 in each concrete series, were produced. Flow
chart of the study is shown in Figure 2.

2.4. Experimental Methods and Procedures

2.4.1. Compressive strength

Compressive strength test of concrete samples was
determined according to TS EN 12390-3 standard (TS EN
12390-3, 2019). The 100x100x100 mm specimens were

placed in the compression testing machine and were
loaded at 3 kN/sec. The average compressive strength of
three cube specimens of each concrete mixture was
termed as the compressive strength of that concrete
mixture.

2.4.2. Split Tensile Strength

Splitting tensile strength test is determined according to
TS EN 12390-6 standard (TS EN 12390-6, 2010). The
cube specimens (100x100x100 mm) were placed in the
compression testing machine and were loaded at 0.47
kN/sec. 100 mm long iron pieces were placed on the
upper and lower parts of the samples in order to prevent
the samples from disintegrating and fragmenting and to
ensure fracture in a uniform section.
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Figure 2. Flow chart of the study.

Figure 3. SEM image of the sample (a) without AS (b) with AS.

The average compressive strength of three cube
specimens of each concrete mixture was termed as the
compressive strength of that concrete mixture. Splitting
tensile strength of concrete specimens was calculated as
given in the Equation 1.

2P

= 1
o (1)

where;

fc¢ : Split-tensile strength of concrete in MPa

P :Maximum load N

D :Diameter of the cube-specimen in ‘mm’

L :Length of the cube-specimen in ‘mm’.

2.4.3. Ultrasonic pulse velocity (UPV)

The UPV test was determined according to the TS EN
12504-4 standard (TS EN 12504-4, 2004). Ultrasound
velocity measurement was made with an ultrasound
measuring instrument with a digital display. Before
starting the measurements, the device was calibrated
each time. Vaseline was applied to the sample surface to
prevent any gaps between the probes and the concrete
sample. The transmission time of the sound through the
concrete determined by placing an
ultrasound transmitter on one end of the concrete

sample was

sample and a receiver receiving the sound waves passing
through the material at the other end. From here, the
propagation speed of sound was found (Saint-Pierre et

o ST YRR
Stripped AS

al,, 2016). Ultrasound test was applied to 3 samples from
each of 9 different concrete series, including samples
subjected to carbonation before carbonation, 1 day, 3
days and 7 days carbonation. Two readings were taken
from the 4 side surfaces of the samples prepared for the
experiment. The averages of the measured data of each
series were recorded as the sound waves transmission
time of that series.

2.4.4. Porosity test

The porosity test was determined according to the TS EN
772-4 standard (TS EN 772-4, 2000). The porosity
determination test was applied to 3 samples from each of
9 different concrete series, which were cured in lime-
saturated water for 28 days, using a porosity measuring
scale. The porosity value was obtained by using the
formula given in Equation 2 (Safiuddin and Hearn, 2005).
The averages of the data obtained as a result of this
experiment were recorded as the porosity value of that
series.

Wssqa — W,

p=__ssd7 "y 100 (2)
Wssd — Wwvater

P : Porosity (%)

Wssq  : Saturated surface dry weight of samples (kg)
Wgry @ Oven-dry weight of samples (kg)

Wivater : Weight of samples under water (kg) (TS EN
772-4, 2000).
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2.4.5. SEM observations

In the study, the microstructure of AS concrete was
investigated using scanning electron microscopy (SEM).
In the SEM images, the formation of wider cracks,
openings and interfacial voids in the concrete matrix was
observed with the addition of AS (Figure 3).

When Figure 3 (a) is examined, despite the x50
magnification, no obvious cracks were observed in the
micro image without AS. When Figure 3 (b) is examined,
it is understood from the micro-image of the sample that
the adherence due to the use of sawdust is not complete,
and from the trace left by the AS peeling off. In addition,
microcracks are clearly visible.

2.4.6. Accelerated carbonation experiment

The carbonation depth was measured in accordance with
the BS EN 13293-2004 standard (Safiuddin and Hearn,
2005). For carbonation to take place, sodium dichromate
was chosen for 55% humidity at 20 °C (Figure 4) (Génen
and Yazicioglu, 2005). The saturated solution of sodium
dichromate was placed in the water container inside the
tank and the temperature of the water was kept at 20 °C
throughout the experiment. The samples were placed in
the tank at regular intervals and with no surfaces
touching each other, and the lid of the tank was tightly
closed so that there would be no gas leakage. 40% CO:
was given into the tank from the CO: filled tube via a one-
way valve. In 9 different concrete series, the samples

(a)

were exposed to carbonation according to different time
periods as 1 day, 3 days and 7 days.

Compressive  strength, splitting strength,
ultrasound and porosity tests were performed on the
samples removed from the carbonation tank. The

tensile

samples, which were divided into two after the split
tensile test, were cleaned from the dust and particles on
the surface, and then 1% phenolphthalein (C20H1404) -
70% ethyl alcohol solution was sprayed. It reacted with
phenolphtalein and its hydration product, Ca(OH)2 and
dyed that area pink, and no color change was observed in
the carbonation parts of the samples. Depths of parts that
do not change color on concrete samples As seen in
Figure 5, it was measured from 8 different places and
carbonation depth was determined using Equation 3.

- 8

(3)

D : Average carbonation depth (mm)

A,B,C : Carbonation depth of each surface.

The results of pre-carbonation (free carbonation) and
post-carbonation compressive strength, splitting tensile
strength, ultrasound transmission velocity and porosity
tests are summarized in Table 3.

(b)

Figure 5. Carbonation depth measured at the sample surface.
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Table 3. Test results of concrete series containing various percentages of AS

Mixture Code 04AS0O  0.4AS5 0.4AS10 0.5ASO 0.5AS5 0.5AS10 0.6ASO 0.6AS5 0.6AS10
Free Carbonation 67.78 4915  39.03 5334 4009 3658 3719 361 3491
Compressive _ 1 6865 5092 4036 5606 4102 3697 41 38 36.37
strength (MPa) Ca“(’j‘;r;zt“’“ 69.14  51.03 41 561 4256 3921 4184 39 37.56
7 698 5723 4608 5784 4599 4076 4355 42 39.7
Free Carbonation 3.8 2.65 2.43 3.38 2.57 2.41 3 2.5 2.25
Split tensile _ 1 393 2.96 2.58 343 294 2.84 3.08 25 2.38
strength (MPa) Carz‘;r;zt“’“ 435 3.19 275 3.55 3.12 2.85 314 267 24
7 475 3.58 2.99 412 33 291 3.2 2.9 2.87
Free Carbonation ~ 4.85 4.66 455 444 437 3.91 442 428 3.89
Ultrasonic pulse _ 1 482 4.77 455 432 42 416 438 43 4.09
velocity (km/sec) Carz‘;r;zt“’“ 498 4.73 454 438 425 413 444 43 4.07
7 5 48 465 466 436 4.33 45 435 4.16
Free Carbonation  6.03 6.9 7.19 1153 1496 1499 1246 1755  18.14
1 74 1216 1149 1175 1449 1417 1415 1628  17.27
Porosity test (%) ;
Cart:i‘:;;“"“ 834 1135 1248 1125 1439 1411 13.8 151 1651
7 735 1048 113 1126 1434  14.09 145 153  15.95
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Figure 6. Relationship between compressive strength-carbonation curing ages.

3. Results and Discussion

3.1. Compressive Strength

The compressive strength values of the prepared series,
with and without AS were determined according to the
different curing times before and after the carbonation
test (Figure 6). In accordance with the literature, the
time-dependent compressive strength value increased as
expected. However, with the increase of AS amount, the
compressive strength value decreased. Due to AS particle
sizes, it could not fully settle in the mortar and created
voids, and at the same time, it negatively affected the
workability of the concrete. Therefore, it was concluded
that the compressive strength of concrete also decreased.
Seyed; In his study with steel fiber, he mentioned that the
steel fiber additive affects the workability of concrete
negatively and reduces the compressive strength (Gupta
et al, 2016). The changes in the compressive strength
values of the series without AS and with 0.5% AS, with a
W/C ratio of 0.40-0.50-0.60 before carbonation, are
27.37%, 24.84% and 2.93%, respectively. On the other

hand, the compressive strength value of the series
exposed to carbonation for 7 days increased by 2.89%
This that
carbonation has a positive effect on the compressive

compared to pre-carbonation. shows
strength of concrete.

With the emergence of CaCOs3, which is the product of the
carbonation reaction in concrete, an increase in density
occurred in the carbonated parts and this density
increase on the surface showed itself with a slight
increase in strength. This situation is also compatible
with the literature. Erdogan (2003) stated that the water
released as a result of the carbonation event may cause
some increase in strength by helping the hydration of the
cement.

3.2. Split Tensile Strength

The comparison of the splitting tensile strength values of
the prepared test series was determined according to the
different curing times before and after the carbonation

test, with and without AS (Figure 7).
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Figure 8. Relationship between compressive strength and split tensile strength of all test series.

In Figure 7, when the concrete samples exposed to
carbonation for 7 days were examined, the split tensile
strength values increased between 6.65% and 34.68%
compared to the control samples. Among the samples
exposed to carbonation for 7 days, the highest splitting
tensile strength is seen in 0.4AS0 concrete samples, and
the lowest splitting tensile strength is seen in 0.6AS10
concrete samples. It is seen that the most suitable ratio
for the concrete series containing AS, which has been
exposed to carbonation for 7 days, is the 0.4AS5 concrete
series. In summary, it is seen that the splitting tensile
strength of the concrete mixtures containing AS is lower
than the concrete mixtures without AS at all curing ages,
and the splitting tensile strength decreases due to the
voids formed as the amount of AS increases.

When the comparison of compressive strength and
splitting tensile strength values is examined in Figure 8,
split tensile strength values increase in parallel with the
compressive strength in accordance with the literature.

3.3. Ultrasonic Pulse Velocity (UPV)

When Figure 9 is examined, the highest ultrasound
transmission rate in the control series is seen in the
0.4AS0 series, and the lowest ultrasound transmission
rate in the 0.6AS10 series. It was determined that the
most suitable ratio for the concrete series containing AS
that was not exposed to carbonation was the 0.4AS5
series.

In Figure 9, there was an increase of approximately 3%
between the control series and the 7-day ultrasound
transmission rate values. It was determined that
carbonation increased the ultrasound transmission rate.
CaCOs, which is formed as a result of carbonation,
reduces the permeability and creates a structure with
less voids in the concrete. Thus, as the ultrasound waves

propagate faster in the concrete, the ultrasonic
transmission velocity values increased due to
carbonation.
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Figure 11. Carbonation depths of series with different W/C ratios after 7 days of carbonation (mm).

3.4. Porosity Test

Porosity test results of control series and 1, 3, 7-day
series presented at Figure 10. Among the control series,
the highest porosity rate was observed in the 0.6AS10
series, and the lowest porosity rate was observed in the
0.4AS0 series. It is seen that the porosity increases as the
AS ratio and W/C ratio increase. Calcium carbonate,
which emerges as a product of carbonation, occupies
more space than calcium hydroxide, thus reducing the
porosity of carbonated concrete (Cauberg et al, 2010;
Tafraoui, et al., 2016).

The CO: penetrating into the concrete and the Ca(OH)2

that comes out with the hydration of the calcium silicate
components in the cement react to form CaCOs (calcium
carbonate), which is larger in volume. Increasing the
amount of voids in the concrete means more CO:
entering the concrete. This causes the formation of more
CaCOs3 (calcium carbonate) and increases the depth of
carbonation. When Figure 11 is examined, it is seen that
the carbonation depth increases as the W/C ratio
increases. The reason for this is that excess water creates
a hollow structure in the concrete and facilitates the
entry of COz into the concrete, causing more CaCOs3
(calcium carbonate) to form (Brandt, 2005).
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Figure 12. Carbonation depths of series with different sawdust ratios after 7 days of carbonation (mm).

As can be seen in Figure12, the increase in sawdust rate
causes an uneven distribution in carbonation. Since the
increase in the amount of sawdust makes it difficult for
the concrete to settle, gaps have occurred in the parts
where the sawdust is concentrated. These gaps facilitated
the progression of CO2z into the interior of the concrete.
For this reason, the carbonation event not only occurred
on the outer surface of the concrete, but also affected the
inner parts of the concrete.

The relationship between compressive strength and
carbonation depth is shown in Figure 13. When Figure 13
is examined, it is observed that the compressive strength
value decreases with increasing carbonation depth. As
the compressive strength increases, the permeability of
concrete decreases. As a result, the CO2 required for
carbonation cannot easily penetrate the concrete and the
amount of carbonation decreases (Erdogan, 2003). When
the comparison is made according to the amount of AS,
the compressive strength values of the series containing

AS were higher.

3.5. Environmental Impacts with Life Cycle
Assessment (LCA)

In this section, it is aimed to determine the

environmental and economic effects of the concrete
samples produced. According to the International
Standard ISO 14044, one of the techniques for analyzing
the environmental impact of manufactured products is
the life cycle assessment (LCA) ( Wang et al.,, 2017; Dong,
2018; Jain et al, 2020). With the LCA, it is possible to
estimate the magnitude of environmental impacts. In this
context, Energy Consumption (EC), Global Warming
Potential (GWP) and Waste Generation (WG) were taken
into account (Table 4). The flow chart of the life cycle
prepared for this purpose is given in Figure 14.

When the feasibility of using waste materials in concrete
is investigated, many advantages are provided in terms of
sustainability, efficient use of natural resources, and
reduction of the number of transportation required for
the transportation of aggregates, by reducing the use of
natural aggregate and replacing it with waste material.
However, when the use of AS as a waste material in
concrete is evaluated in terms of EC, GWP and WG, higher
energy consumption has emerged in concretes with AS
added. Parallel to this, the GWP and WG values also
showed the same trend (Figure 15).
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Table 4. Environmental impacts for process

Process Energy Consumption Global Warming Potential Waste Generation
(M]) (g COzeq) (kg)

Cement production (per kg) 3.9854 881.987
Cement transport (per km.kg) 1.5409 114.286
FA production (per kg) 0.0219 2.108 -1
FA transport (per km.kg) 1.5409 114.286
NA production (per kg) 0.0219 2.108 -1
NA transport (per km.kg) 1.5409 114.286
Concrete production (per m3) 20.0689 6529.676
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Figure 14. Environmental assessment of the concrete production process by LCA.
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Figure 15. Life cycle results.

4. Conclusion

In this study, the changes in the mechanical properties of
the concrete mixtures produced using different AS ratios
in 3 different carbonation time periods and the
environmental evaluation of these concretes were
investigated. The findings obtained as a result of the
study are given below in substances.

1. The highest increase in the compressive strength
value after carbonation is observed in the 0.4AS5
series, and this increase is approximately 16%.

2. Since the homogeneous distribution of AS in the
concrete mixture cannot be achieved, the
workability of the concrete series with AS has
decreased. As a result, the compressive strength of
concrete was adversely affected. On the other
hand, splitting tensile strength of AS added
concrete series increased despite the negative

0.4ASS5

0.4AS10

0.5AS0

0.5AS5

workability. The reason for this is that AS acts as
reinforcement in the mortar and prevents the
formation of cracks. Therefore, the use of AS in
concrete up to a certain rate has a positive effect.

3. After a certain amount of AS, there was a decrease

in compressive strength, splitting tensile strength
and ultrasound transmission rate, while an
increase in porosity and carbonation depth was
observed. As with all other waste materials, the
use of waste material above a certain rate
adversely affects the mechanical properties of
concrete.

4. In all series, as the number of days exposed to

carbonation increased (from 0 to 7 days), the
compressive strength, splitting tensile strength
and ultrasound transmission velocity values

increased in parallel with the carbonation depth.
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The most significant increase was observed in the
0.4ASS5 series. This situation shows the suitability
of the use of AS in concrete, its usability in terms
of economy and sustainability. On the other hand,
when the evaluation was made within the scope of
LCA, there was an increase in EC, GWP and WG
values in the use of AS.

5. Further research will be conducted to determine the
effect of waste materials on carbonation and
mechanical properties of concrete. Mechanical
properties and structural behavior after cracking
will be evaluated. In addition, the environmental
impact of the use of waste materials in concrete
will be evaluated, the positive and negative
contribution of waste materials will be

determined and comprehensive studies will be

carried out on their use in concrete.
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Abstract: Due to their many applications’ benefits, adhesively bonded joints are widely utilized in nearly every industry, including
space, marine, automotive, and aeronautics. Since unpredicted loadings may cause resonance in the structures, an accurate prediction
of the bonded joints' dynamic characteristics is crucial. Therefore, in this study, modal analysis was performed on the two-, three-,
four- and double-step adhesively bonded lap joints of Aluminum (Al), Copper (Cu), and Mild steel (Ms) materials with Epoxy Araldite
adhesive. Ansys commercial program was utilized to analyze it numerically. The results showed that modeling the bonding region of
single lap joints as two-, three-, and four-step adhesively bonded lap joints has no significant effect on the natural frequencies. This
modeling has a minor incremental effect on the natural frequencies. However, Double-step lap joints were found to cause a
considerable reduction in natural frequencies compared to not only single lap joints but also two-, three-, and four-step adhesively
bonded lap joints. Double-step bonding caused a decrease of 8.82%, 8.57%, and 8.73% for Al-Al, Cu-Cu, and Ms-Ms. In general, in all
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1. Introduction

An adhesive is positioned between the adherend surfaces
during the process of adhesive bonding, which creates an
adhesive bond. Because adhesive joints combine many
types of materials and have good damping qualities, high
corrosion and fatigue resistance, fracture retardation,
and labor, time, and cost savings, they are widely utilized
in load-bearing structures across a wide range of
industries. In addition to these better qualities, adhesive
joints are the subject of some research that is being
conducted in the literature because of their lightweight
and simplicity of application (da Silva and Marques,
2008; Shang et al, 2019). As a result, simple fixes,
including adhesive joins to link materials have been
proposed and are still being proposed.

Single- and double- acting adhesive types are the most
commonly utilized in bonded connections. A study
(Apalak and Engin, 1997) used bonding models in single
and double-reinforced lap joints. Four distinct single-lap
joints of hybrid AA2024-T3 aluminum alloy and
carbon/epoxy composites were explored by Giiltekin et
al. (2017). The impact of functionalized boron carbide
and boron nitride nanoparticles on the bonded joints of
aluminum alloy (AA2024-T3) was examined by Giiltekin
and Yazici (2022). The impact of surface preparation on
the strength and performance of single-lap aluminum-

copper alloy joints for automotive applications was
investigated by Boutar et al. (2016). They discovered that
there was an inverse relationship between surface
roughness and the shear strength of single lap joints,
with rougher surfaces having lower wettability. The
aluminum and carbon-epoxy components of hybrid
adhesively-bonded single lap joints were examined by
Ribeiro et al. (2016). The bonding strength of hybrid
metal-fiber reinforced polymer single-lap joints was
examined by Thomas et al. (2021).

Thakare and Dhumne (2015), simulated the different
joint techniques of welding, riveting and adhesive
bonding of Mild Steel (MS) by using the Finite Element
Method (FEM) and stated that, with good fatigue and
force resistance, these adhesives can offer substantial
cost and weight reduction benefits. Erbayrak et al.
(2017), used the FEM to investigate the impact of
different adhesive types on the free transverse vibration
of a single lap joint and concluded that varying the type
of adhesive has a substantial impact on the natural
frequency of lap joints. Hussain and Ingole (2022),
surveyed the significant advancements in the field of
dynamic characteristics of mechanical and structural
joints, as well as the frequency domain dynamic analysis
approach for nonlinear system parametric identification
in structural dynamics. Aabid et al. (2021), studied a
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beam plate structure's adhesive joints. Aluminum 2024-
T3 and Araldite 2014 were taken into consideration for
the beam and adhesive bond. They concluded that the
adhesive layer used in the lap joint needs to be lengthy
and thick to improve the structural performance of
vehicle scale models. Dhilipkumar et al. (2022), have
made an effort to provide a succinct overview of the
properties,
damping factor, and modal strain energies, which
influence the strength of joints that are adherently linked.
Ramalho et al. (2022), reviewed the most current studies
that focus on the numerical examination of adhesive

vibrational such as natural frequency,

joints' dynamic behavior. Three distinct fields were
identified under dynamic behavior: modal analysis,
fatigue, and variable strain rate and impact. Sindi et al.
(2021), used a functionally graded adhesive with a
comparison of steel and aluminum adherents in their
FEM model, and it was found that it produced natural
frequency predictions that were consistent with the
analytical model. Using a FEM, the first 20 natural
frequencies of Single Lap Joints (SL]s) were predicted by
He (2012). He and Oyadiji (2001), used a FEM to
investigate the effects on the adhesive mechanical
characteristics' natural frequencies. They found that, in
general, changes to the Poisson's ratio do not
significantly affect the natural frequencies. Van Belle et
al. (2018), investigated a number of joining techniques
for SL] both numerically and experimentally. It was
discovered that the natural frequencies predicted by the
numerical technique for the adhesive joints were
comparable to those seen in the experiments. Yaman and
Sansveren (2021), examined composite SL], SS], and DS]
with  various geometric modifications both
experimentally and numerically. For the various joint
configurations, there was a good correlation between the
FEA and the experiments. Additionally, it was
demonstrated that the natural frequencies are
significantly affected by the fiber orientation angle and
adherent thickness, increasing with the latter.
Conversely, as overlap duration grows and adherent
thickness drops, the damping ratio gets better. Du and
Shi (2014), considered how vibration fatigue affects the
modal characteristics of single-lap joints and tried to
determine how the modal characteristics of the jointed
structure and the fatigue damage in the adhesive layer
Different step-lap joint's fatigue
performances subjected to tensile loading were studied
by Demiral and Mamedov (2023). They studied how the
step-lap joint's failure characteristics change under cyclic
tensile loading because these loadings can cause
adhesively bonded joints to fail, even at low percentages
of their static strengths.

Although studies on the modal analysis of adhesively

are related.

bonded joints have started to increase in recent decades,
new studies in this field are important in terms of
understanding the nonlinear dynamics and the effect of
different adherents and adhesives on the dynamic
characteristics of adhesively bonded joints. Therefore, in

this study, modal analysis was performed on the two-,
three-, four- and double-step lap joints of Al, Cu, and Ms
plate materials with Epoxy Araldite adhesive. Ansys
commercial program was utilized in order to analyze it
numerically. To the best of the author’s knowledge,
although there are studies on the modal analysis of
adhesively bonded joints, there is no such comprehensive
study on the change in dynamic properties of different
metallic materials for the structural state of two-, three-,
four- and double-step adhesively bonded lap joints in
different configurations. Therefore, this study aims to fill
this gap in the literature and contribute to the literature
on the change of dynamic parameters of adhesively
bonded joints.

2. Materials and Methods

2.1. Modal Analysis

The process of creating a mathematical model for a
system's dynamic behavior by ascertaining its innate
dynamic properties, frequencies,
damping factors, and mode shapes, is known as modal

such as natural
analysis. The effectiveness of many structural dynamics
applications depends only on having a precise
mathematical model for a dynamic structure. Finite
element modeling, which takes the form of mass and
stiffness matrices, can be used to create such a model.
Because of the robustness of this technique, the resulting
FE model may be crucial for further applications such as
prediction (He and Fu, 2001).

Numerous variables, including the type of joint,
geometrical specifications, adherend materials, and
adhesive properties, affect the strength and dynamic
properties of bonded joints. Since unpredicted loadings
may cause resonance in the structures, an accurate
prediction of the bonded joints' dynamic characteristics
is crucial for the appropriate characterization of their
service life.

Ramalho et al. (2022), stated that numerical models
currently used in the literature are becoming the
benchmark for evaluating various analytic techniques.
Furthermore, the studies that conducted experimental
and numerical data demonstrated how accurate these
models were in predicting the natural frequencies.
Therefore, the modal analysis of the lap joints is
performed using one of the FE programs in this study.
Ansys 2023, a commercial program, was used to simulate
the modal analysis of different step-lap composite joints.
A thorough analysis was conducted to determine how the
various step-lap arrangements, as per the geometric
configurations in Demiral and Mamedov (2023), affected
the metallic joints' service life.

2. 2. Validation of the Method

For validation, the study of Patil and Barjibhe (2013),
was taken into consideration. Al-Al, Cu-Cu, and Ms-Ms
plates with epoxy adhesives, as in the considered study,
were modeled in Design Modeler. The dimensions of all
plates were 140 mm x 38 mm x 5 mm, and the overlap
length was 15 mm. Since the adhesive thickness is not
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specified in the relevant study and the thickness of
adhesive material is more a determinant of the damping
coefficient than the natural frequencies of bonded
material, a 0.15 mm thickness was chosen as such by Du
and Shi (2014). The properties of materials used for
analysis are given in Table 1. “Bonded” contacts were
identified on the model. “Multi-Point Constraint (MPC)”,
generally the ideal contact formulation option for
contacts with no separations and bonded contacts, was
chosen for formulation, and “Nodal-Normal to Target”
was used for detection method (Giannetti, 2020). Mesh
numbers were reduced until no significant change was
seen in the analysis results, as stated by Moaveni (2015).
After the change in the analysis results reaches very low
levels, the mesh parameters for the element are decided
upon. Therefore, the default element size was utilized.
The Contact sizing method was used to have more
elements on the bonded areas, as could be seen in Figure
1. Then the geometry was meshed. The mesh geometry
was consisted of 42842 nodes and 7814 elements. The
obtained  results compared with the
aforementioned study, as seen in Table 2. As can be seen
from the results, the analysis results of this study are
quite compatible with the results of Patil and Barjibhe
(2013).

2.3. Numeric Analysis of Step-Lap joints

After the wvalidation process, by using the same
formulation, detection method and other properties,
modal analysis of step-lap joints with different geometric
configurations as such in the study of Demiral and
Mamedov (2023), was
geometric configurations in the study of Demiral and

were

carried out. The different

Table 1. Properties materials used for validation

Mamedov (2023), were adapted into the current study
accordingly. Hence, materials and thickness were altered
proportionally. Because the thickness in the relevant
study was different from the thickness in the current
study, step-lap  configurations  were  adapted
proportionally according to the measurements given in
the reference study.

The Same procedure was followed in the process of
analyzing step-lap joints. “Bonded” type contact region
were determined. The behavior in the analysis was
chosen as “Symmetric”. Since “Symmetric” behavior is
more complex and refers to both Contact and Target
surfaces (URL1). Multi-Point Constraint (MPC), generally
the ideal contact formulation option for contacts with no
separations and bonded contacts, was chosen for
formulation, and “Nodal-Normal to Target” was used for
the detection method (Zhu, 2017). “Nonlinear Mechanics”
was favored under the mesh module for the physics
reference because of the nonlinear structure of adhesive
lap joints. A Fixed boundary condition was applied for
having a cantilever beam as shown in Figure 2. A mesh
convergence was conducted as in the validation section.
To have more mesh geometry in the contact region,
contact sizing was added to the bonded areas. After
meshing, the skewness of the mesh geometry was
obtained as 0.625 which was reported as a good ratio
(Citil et al, 2019). After the solution, the participation
factor summary was examined to comment on in-plane
and out-of-plane modes. Besides, the “Ratio of Effective
Mass to Total Mass” under the solution module was
always checked to have a ratio of 90 % for the plane axes.

Bonded Materials Aluminum Copper Mild Steel Araldite
Young Modulus (GPa) 70.3 129.8 200 0.93
Density (kg/m3) 2700 8960 7850 1070
Poisson ratio 0.35 0.34 0.303 0.32

0,000 0,050

Ansys
2023 R2

0,100 {m)
]

0,025

Figure 1. Mesh configuration of the single lap model.

X
EE— ®
0,075
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Table 2. Natural frequencies of the analysis

Bonded Materials Mode Ia Mode I* Difference (%)
Al-Al 59.476 59.002 0.8
Cu-Cu 42.563 42.062 1.12
Ms-Ms 58.975 58.203 1.33

a This study, *Patil and Barjibhe (2013).

0,00 45,00

90,00 {mm)

22,50

67,50

Figure 2. An example of boundary conditions for stepped lap joint.

3. Results and Discussion

Since most adhesives are viscoelastic, they have an
advantage over alternative joining techniques in terms of
mitigating vibration issues (Ramalho et al., 2022). In this
instance, the modal loss factor tends to rise with
increasing adhesive thickness and overlap length. To find
the ideal adhesive thickness for a certain application, one
must constantly analyze these two parameters because
raising the adhesive thickness also causes a drop in
natural frequencies. In the validation method section, the
single-lap overlap length was 15 mm (Patil and Barjibhe,
2013). To adapt this thickness value to the reference
study, a re-analysis was carried out with an overlap
length of 25 mm for the single-lap joints by using the
same analysis steps. The first three natural frequency
analysis results are given in Table 3. By comparing
Tables 2 and 3, it is possible to comment that the joint’s
natural frequencies increase with the overlap length.
However, it was reported that its impact on joint strength
becomes negligible beyond a certain length (Akpinar et
al,, 2022). Wani (2015), stated that as the joint's overlap
length so does the system's inherent
frequency. Given that the joint system has a tendency to
stiffen as overlap length increases, this pattern makes
sense. However, for overlap lengths of 30 mm and more,
it is almost constant. In terms of natural frequencies, the
same outcomes were reported in other studies (Wang et
al, 2019, Ingole and Chatterjee, 2011). Therefore, it could
be stated that the increase in natural frequencies is
compatible with the literature.

The first ten extracted natural frequency results after re-
modeling the bonded area into two-step lap joints are

increases,

given in Table 4. When the frequencies in the relevant
table are examined, it is seen that the fundamental
natural frequencies for all metallic two-step lap joints are
increased. When the current analysis result is compared
to single-lap joints results in Table 3, the following
consequences could be deducted based on fundamental
natural frequencies: While the increase for Al-Al two-step
lap joints is around 0.34%, this rate is around 0.61% for
Cu-Cu and 0.42%for Mild steel two-step lap joints.
Therefore, it was observed that there is a minor increase,
although not a significant improvement, in the natural
frequencies of all metallic two-step lap joints. The
improvement in fundamental natural frequencies was
the best in Cu-Cu two-step lap joints; this was followed
by Ms and Al two-step lap joint structures, respectively.

Table 3. The first three natural frequencies of single-lap
joints for 25 mm overlap length

Bonded Materials Mode I Mode II Mode II
Al-Al 63.785 402.15 456.25
Cu-Cu 47.422 300.74 340.63
Ms-Ms 62.838 397.75 451.82

The results of the first ten extracted natural frequencies
of the three-step lap joints are given in Table 5. When
this table is reviewed, it is seen that the natural
frequencies in all metallic three-step lap joints are close
to the results of two-step lap joints, and there is no
substantial change in terms of fundamental natural
frequencies but rather a slight increase in the case of
three-step lap joints.
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Table 4. Natural frequencies of two-step cantilever lap joints

Natural Frequencies of Extracted Modes (Hz)

Modes Al-Araldite-Al Cu-Araldite-Cu Ms-Araldite-Ms
1st mode 64.001 47.71 63.102
2nd mode 400.52 298.8 395.2
3rd mode 473.41 353.15 468.15
4th mode 789.68 591.31 794.39
5th mode 1122.2 836.42 1106.3
6th mode 2214.5 1651.6 2183.4
7th mode 2396.5 1794.4 2409.6
8th mode 2704.5 2019.6 2681.4
9th mode 3701.4 2758.4 3645.3
10th mode 4084.3 3056.9 4101.4

Table 5. Natural frequencies of three-step cantilever lap joints

Natural Frequencies of Extracted Modes (Hz)

Modes Al-Araldite-Al Cu-Araldite-Cu Ms-Araldite-Ms
1st mode 63.982 47.693 63.069
2nd mode 400.48 298.73 395.06
3rd mode 472.99 352.83 467.73
4th mode 789.19 590.93 793.86
5th mode 1122.6 836.7 1106.5
6th mode 2214.6 1651.5 2183
7th mode 2395.3 1793.6 2408.3
8th mode 27029 2018.3 2679.5
9th mode 3697.3 2755.2 3640.7
10th mode 4081.4 3054.7 4098.3

Table 6. Natural frequencies of four-step cantilever lap joints

Natural Frequencies of Extracted Modes (Hz)

Modes Al-Araldite-Al Cu-Araldite-Cu Ms-Araldite-Ms
1st mode 63.894 47.63 62.997
2nd mode 399.84 298.26 394.51
3rd mode 472.7 352.62 467.45
4th mode 788.73 590.59 793.41
5th mode 11211 835.6 1105.2
6th mode 22141 1651.3 2183
7th mode 2393.7 1792.4 2406.7
8th mode 2701.7 2017.4 2678.4
9th mode 3704.5 2760.7 3648.4
10th mode 4079.7 3053.5 4096.7

When the analysis results of three-step lap joints are
compared to single-lap joints’ results in Table 3, the
following deductions could be extracted based on
fundamental natural frequencies: in the case of Al-Al
three-step lap joints, the increase is found to be 0.31%
while it is obtained as 0.57% for the Cu-Cu three-step lap
joints and 0.37% for Mild steel three-step lap joints.
Consequently, it was found that all metallic three-step lap
joints have somewhat higher natural frequencies, albeit
not noticeably better. Cu-Cu three-step lap joints showed
the most improvement amongst fundamental natural
frequencies of all metallic materials; mild steel and
aluminum three-step lap joint structures came in a row,
respectively. It should be emphasized that these results
are compatible with the two-step lap joints.

The results of the first ten extracted natural frequencies
of the four-step lap joints are given in Table 6. When this
table is examined, it is seen that the natural frequencies
in all metallic lap joints are almost the same in the three-
step lap joints. Therefore, it could be stated that among
the all fundamental natural frequencies of all metallic
materials, Cu-Cu three-step lap joints demonstrated the
biggest improvement; mild steel and aluminum four-step
lap joint followed, respectively. It is important to note
that these outcomes are consistent with the results of
two- and three-step lap joints.

The natural frequency results of the first ten extracted
natural frequencies of the double-step joints are given in
Table 7. When this table is reviewed, unlike the analysis
results of the two-, three-, and four-step lap joints, all
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metallic joints showed a substantial decrease in terms of
natural frequency. When single-lap joints are taken into
consideration for comparison to the double-step lap joint
results, the following conclusion may be drawn based on
the fundamental natural frequencies: Al-Al, Cu-Cu and
Ms-Ms double-step lap joints showed a decrease of
8.82%, 8.57% and 8.73% respectively. Hence, it was
observed that all metallic adhesively bonded structures
were affected at approximately the same reduction rate
in the case of the geometric configuration of double-step
lap joints. Besides, it was found that the results of double-
step lap joints are the geometric configuration that has
the most adverse effect among the geometric lap joints
considered.

When Tables 4, 5, 6 and 7 are compared, one can observe
that the geometrical configurations of two-, three-, and
four-step lap joints have no significant effect on the
natural frequencies as per a single-lap joint. Therefore, it
is possible to say that there is no point in modeling the
bonding zone in a two-, three-, and four-step geometric
configuration, which is more difficult in terms of
production and application than single-lap, when the
natural frequencies are considered. However, double-
step geometric modeling is found to have a significant
negative effect on the natural frequencies compared to
the other geometric configurations. Although Demiral
and Mamedov (2023) stated that the double-step-lap
joint had a 21.8% longer lifetime comparing fatigue
cycles with other models, the analysis results in this
study showed that the double-step geometric model is
the weakest lap joint in terms of dynamic parameters.
Therefore, it is beneficial to avoid the use of this
geometric model in applications
parameters are deterministic.
Utilizing a Finite Element Analysis (FEA), He (2012) and
He and Oyadiji (2001) investigated the impacts on the
adhesive mechanical characteristics' natural frequencies.
They demonstrated that, in general, modifications to the
Poisson's ratio do not significantly affect the natural

where dynamic

frequencies. The same was noted for realistic variations
in Young's modulus; however, the natural frequencies
underwent a dramatic alteration when a very low
Young's modulus, less than 1 GPa, was used. Therefore,
these reported findings support the finding that the
natural frequency results of the metallic materials
analysed in this study are close to each other.

It is reported that the overlap length only slightly affects
frequency by Guo and Wang (2020). Furthermore, there
is a very little tendency for the natural frequency to
decrease as adhesive thickness increases. The impact of
bonding length and adhesive thickness on shifting
resonance frequencies is still limited because of its small
mass. He (2012) found comparable results regarding
adhesive thickness, while Gunes et al. (2010), stated
similar tendencies regarding bonding length. While it has
no effect on the resonance frequency when combining
materials with a high density. This finding is in line with
the initial parameters of this study.

Du and Shi (2014), stated that the modal frequency
changes seen in their studies require drastic decreases in
modulus and contact area values, which may not always
be feasible, according to their simulation data. Besides,
changes in the adhesive mechanical properties—Young's
density, and Poisson's ratio—did not
significantly affect the natural frequencies, according to
Apalak et al. (2006). Therefore, the natural frequency
results for different step lap joints in Al and Ms are very
close to each other, and the significant decrease in
natural frequencies caused by the sudden geometric
change in the bonding zone is in line with the findings of
this study.

modulus,

4. Conclusion

In this study, the effect of different stepped
configurations of the bonding area on the natural
frequencies of adhesively bonded joints of metallic
materials is investigated. The conclusions drawn from
this study can be summarized as follows:

Table 7. Natural frequencies of double-step cantilever lap joints

Natural Frequencies of Extracted Modes (Hz)

Modes Al-Araldite-Al Cu-Araldite-Cu Ms-Araldite-Ms
1st mode 58.161 43.358 57.351
2nrd mode 363.94 271.48 359.11
3rd mode 431.06 321.55 426.26
4th mode 751 562.34 755.51
5th mode 1020.1 760.29 1005.7
6th mode 2013.4 1501.7 1985.3
7th mode 2276.9 1704.8 2289.5
8th mode 2481.7 1853 2459.9
9th mode 3370.5 2511.6 3319.6
10th mode 3784.2 2899.7 3891.1

BSJ] Eng Sci / Ali ihsan KAYA

126



Black Sea Journal of Engineering and Science

e [t was seen that commercial FEM programs could be
successfully used to model the dynamic parameters
of adhesively bonded joints
compatibility was approximately 98%.

because the

e Modeling the bonding region of single lap joints as
two-, three-, and four-step adhesively bonded lap
joints has no significant effect on the natural
frequencies. This modeling has a minor incremental
effect on the natural frequencies.

o Although the increase in natural frequency is minor
among two-, three-, and four-step adhesively
bonded lap joints, it is observed that there is a
relatively bigger improvement in the natural
frequency of Cu-Cu lap joints compared to other
metallic materials.

e Double-step lap joints were found to cause a
considerable reduction in natural frequencies
compared to not only single-lap joints but also two-,
three-, and four-step adhesively bonded lap joints.
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Abstract: The blood sample is one of the most essential pieces of evidence that helps criminal experts in the elucidation of the crime.
However, cleaning the blood found at the crime scene after the crime is committed makes it difficult to detect the crime. Therefore,
experts have attached great importance to research on blood samples left at the crime scene. Although many test kits are used,
especially in detecting erased blood, the luminol kit is widely used at crime scenes. In the luminol kit, the reaction takes place with the
addition of hydrogen peroxide (H202). Since it is known that hydrogen peroxide can react with other substances containing Fe (II) ions
that may be present in the environment during the reaction, it was aimed to carry out research to determine which substances luminol
interferes with, especially those that may be found in a domestic crime scene in this study. In domestic crime scenes, there are limited
substances that can replicate the distinct, enduring luminescence characteristic of a reaction between luminol and genuine bloodstains,
while the uncharacteristic glow produced from many other surfaces is likely to be recognised with the naked eye by a good expert,
experienced and knowledgeable in the field. In this regard, the prepared samples were treated with luminol in a dark environment, and
the reactions occurring in the first seconds were recorded. The results obtained with this reagent are recommended to be supported
by other blood test reagents or confirmatory tests, as there are substances that give false positive results with luminol reagents in the

present study.
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1. Introduction

Forensic biology primarily examines evidential objects
found at crime scenes regarding biological fluids (Virkler
et al, 2009; An et al, 2012). At a crime scene, an
investigator often comes across various types of
evidence, among which bodily fluids hold significant
evidentiary value. Blood, semen, and saliva are the fluids
most frequently encountered, in addition to vaginal
secretions and urine. Accurate detection and
identification of these fluids at the crime scene can lead
to early detection of the offence. For example, while the
presence of blood at a crime scene indicates some
physical fight or violent assault, the presence of semen
makes it possible to focus on the possibility of sexual
assault (An et al,, 2012). While these definitions assist in
guiding the investigation's course, the fundamental
objective of identifying bodily fluids lies in pinpointing
the exact nature of the fluid and ascertaining the identity
of the individual who deposited the biological material at
the crime scene, achieved through DNA analysis. In other
words, identification can be made by determining the
genotypic or phenotypic characteristics of the person to
whom the fluid belongs. The main methods used to
detect body fluids are screening and confirmation tests.
Screening tests are designed to assess the likelihood of

the presence of bodily fluids on the evidence. In instances
where the result of the screening test is affirmative, a
confirmatory test is then employed to ascertain the exact
type of fluid with greater certainty (Li, 2015). The diverse
screening and confirmatory tests used in identifying
body fluids aim to identify one or more components
within the body fluid.

Blood is the most commonly found biological fluid at
crime scenes and is arguably the most important source
for genetic analyses (DNA and RNA analyses) (James et
al,, 2005). Methods such as visual examination, analyses
that determine the presence or absence of blood through
the catalytic action of haemoglobin, and confirmatory
tests involving antigen-antibody reactions are employed
for blood detection. The main problems encountered
when applying the methods used to detect blood are the
observation of false positive or false negative results. The
studies documented in the literature highlight instances
of false positives and negatives associated with catalytic
tests, chemiluminescent substances, and
immunoassays. These point out
interfering agents that can disrupt accurate blood
identification, potentially causing erroneous positive or
negative outcomes (Cox, 1991; Tobe et al, 2007; Li,
2015).

colour

studies various

BS] Eng Sci / Yakup GULEKCI and Fatma CAVUS YONAR 129

@ This work is licensed (CC BY-NC 4.0) under Creative Commons Attribution 4.0 International License



Black Sea Journal of Engineering and Science

Synthesised in 1902 in Germany, the chemical name of
luminol, according to IUPAC, is 5-Amino-2,3-dihydro-1,4-
phthalazindione, 5 - Amino - 1, 2, 3, 4 -
tetrahydrophthalazine - 1, 4 - dione, 3 -
aminophthalhydrazide (Barni et al,, 2007). Its molecular
CsH703Ns. a green-yellow
crystalline powder and is odourless. It is dangerous for

formula is Luminol is
luminol, which is flammable, to coexist with strong
oxidising agents. It emits light in reaction with oxidisers
and is sensitive to light (Tajani, 2014). In case of
poisoning, it may cause damage to mucous membranes,
skin, eyes, and gastrointestinal system (Barni et al,
2007). Since it can maintain its stability for 8-12 hours, it
is recommended to prepare it shortly before use (Thorpe,
1987).

Luminol is often used to identify blood that is difficult to
see at crime scenes or where attempts have been made to
remove it, but trace amounts are still present (Barni et
al,, 2007; Rogiski et al.,, 2012). Luminol helps to visualise
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bloodstain patterns that can be integral to understanding
the sequence of events that occur during an attack. In the
kit,
formulations for ease of use, the reaction takes place with
the addition of hydrogen peroxide (H202). During the

luminol which is available in commercial

reaction, hydrogen peroxide reacts with other substances
containing metal ions, such as Fe (II), that may be present
in the environment and glow. When an oxidizing
molecule like hydrogen peroxide is present alongside a
catalyst, luminol emits a bluish-coloured light. This
luminescence reaction takes place as follows: metal ions
in the medium catalyse the oxidation reaction of luminol
with H202 and oxidise it to aminophthalate (Figure 1).
Aminophthalate forms a high-energy structure and emits
light from the excess energy (Wells et al, 1996).
Hydrogen peroxide interacting with blood causes
bubbles to form at the edges of the stain (Finnis et al,,
2013).

J-ammophthalate (3-APA)
Bazic Level

Figure 1. Reaction of luminol during blood detection (Stoica et al.,, 2016).

Iron in haemoglobin (Li, 2015), the protein responsible
for carrying oxygen within the cell, which is found in the
red cells of the blood called erythrocytes and constitutes
by 44% of the blood volume, acts as a metal catalyst and
enables this reaction to take place. Haemoglobin, a
tetrameric molecule, is composed of four polypeptide
chains, comprising two alpha (a) and two beta () chains.
Embedded in each polypeptide chain is a “haem”
molecule, also known as ferroprotoporphyrin, which is a
dark red-coloured blood pigment. Central to each haem
molecule is an iron ion (Fe2+), which has the capacity to
bind with oxygen molecules (Marengo-Rowe, 2006;
Molnar et al,, 2019). The haem molecule of erythrocytes
is the most crucial blood component that attracts the
attention of forensic sciences in detecting and identifying
blood.

The light produced in this reaction, called
chemiluminescence, appears bluish in the dark
environment (Barni et al.,, 2007). Therefore, the presence
of blood in wiped environments, which is not possible to
see with the naked eye, is proved as a result of the
reaction. To evaluate the blood stains detected with the
help of luminol applied by spraying at crime scenes as
evidence, it is essential to photograph the radiation that
occurs quickly. A completely dark environment is
required during photography (Laux, 2005).

Studies have shown that fresh blood samples show a
weaker and shorter chemiluminescence reaction than
old, dry and deconstructed blood samples (Klein et al,,
2007). The same is true for the comparison of diluted and
undiluted blood.

Luminol, an alkaline chemical, includes an oxidizing
agent that facilitates the conversion of FeZ* to Fe3*. As a
result, the transformation of hemin into haematin in
bloodstains is amplified when luminol is used. This
process involves hematin acting as a catalyst in the
breakdown of peroxide and in the oxidation of luminol by
peroxide, forming a catalytic cycle (Barni et al.,, 2007).
Bloodstains that have aged tend to have a higher
concentration of haematin compared to recent ones,
which explains why luminol exhibits a stronger glow in
older bloodstains. The interaction between luminol and
haematin in a catalytic cycle is an example of a redox
reaction, a type of chemical reaction that involves
changes in the oxidation states of certain atoms or
molecules. Such reactions encompass both oxidation and
reduction processes (Cheyne, 2011).

Initially, in an alkaline environment, haematin's
breakdown of hydrogen peroxide results in the formation
of hydroxyl radicals (OH-*) and hydroxyl anions (OH-).
These by-products then oxidize Haematin (FellP) in a
two-electron oxidation step, leading to the creation of the
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hydroxyl-ferryl porphyrin radical (FelVP+*), a potent
oxidizing agent. Subsequently, FelVP+ catalyzes the
oxidation of deprotonated luminol (LH-) to the luminol
radical (L-*) through a one-electron oxidation reaction.
This radical is then reduced back to hydroxyl-ferryl
porphyrin (FelVP). In turn, FelVP undergoes a one-
electron reduction back to haematine, a process that
occurs concurrently with the oxidation of another
luminol molecule that has had a proton removed, forming

another luminol radical. This establishes a catalytic cycle
that replenishes haematine, enabling it to continue
cycling as long as there is a supply of hydrogen peroxide
and luminol (as shown in Figure 2). Consequently,
repeated applications of luminol can be carried out with
minimal reduction in the reaction's intensity. The only
significant reduction in intensity arises from the dilution
of the bloodstain with the water present in the luminol
solution (Barni et al., 2007).

H0, + Felllp »  FelVP™
Compound I
Preparation of porphyrin
L-+e+H" LH-
Fe'VP
Compound II

LH"

L-+e+H"

Figure 2. The redox cycle involving the iron ion of methemoglobin in the luminol reaction leads to the generation of

luminol radicals (Cheyne, 2011).

When blood dries and ages, different chemical and
biological changes occur in the blood. These changes
cause the
haemoglobin by oxidation of iron in haem prosthetic
groups from Fe (II) to Fe (III) (Patzelt, 2004). This effect
affects the catalytic properties of blood in reactions in
which luminol is produced. Old blood stains give a more
intense and longer glow than fresh ones (Della et al,
2000; James et al., 2005).

Experienced investigators
distinguish the luminescence caused by a substance
other than blood from the reaction given by blood by
paying attention to the luminescence’s colour, the
brightness, and the

formation of methaemoglobin from

crime scene can often

luminescence’s luminescence’s
duration.

The main advantages of using luminol are that it can
detect dilute blood spots down to 1:1010, it does not
severely damage genetic material, and it can be applied
multiple times at different times to visualise a spot (Barni
et al, 2007; Rogiski et al,, 2012; Chourasiya et al.,, 2017;
Shivangi et al., 2021). One drawback of this technique is
that with each subsequent application, the
chemiluminescence diminishes due to the decreasing
availability of haemoglobin for interaction with the
luminol-hydrogen peroxide mixture. This reduction in
intensity can pose challenges in photographing and
documenting the stain as it is found at the crime scene or
in its original location. Furthermore, a significant
limitation of luminol is its lack of specificity to human
haemoglobin. This is because luminol reacts with various
substances including certain metals, animal haemoglobin,
plant peroxidases found in fruits and vegetables, and

cleaning agents that contain hypochlorite, like chlorine
bleach (Barni et al,, 2007; Rogiski et al., 2012). Luminol
cannot distinguish between human and animal blood as
it also catalyses the reaction with haemoglobins
belonging to species other than human haemoglobin. If a
blood stain found at the crime scene belongs to an
animal, no result will be obtained in the DNA analysis
stages. In order to prevent this, other tests that can
distinguish between human and animal blood are
required (Creamer et al., 2003; Quickenden et al., 2004).
Oxidants and plant peroxidases constitute a significant
threat in screening tests (Li, 2015). Oxidants can catalyse
the chemical reaction even in the absence of
haemoglobin, leading to false positive results. Examples
include metals such as copper, nickel, cobalt, chromium,
manganese, and bleaches and detergents containing
hypochlorite ions. Plant peroxidases also catalyse the
oxidation reaction, i.e. they can react with reagents
similarly to haemoglobin (Seitz et al., 1972; Cox, 1991;
Quickenden et al.,, 2001a; Quickenden et al.,, 2001b; Ming
et al, 2001; Creamer et al,, 2003; Creamer et al.,, 2005;
Tobe et al,, 2007).

Some studies in the literature have attempted to
determine the metals with which luminol reacts. Luminol
can make coordination bonds with some metals due to
the functional groups in its chemical structure. This
allows metals to be detected in samples. Mn (III)
containing micro peroxidase 8 (Mn(IIIMP8) plays a
catalysing role in the oxidation of luminol with hydrogen
peroxide at high pH, making it possible to see the
chemiluminescence reaction (Yeh et al, 2003). When
these and similar studies are taken into consideration, it
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is seen that the studies have focused on the
chemiluminescence property of luminol.

Increased knowledge by crime scene investigators about
potential false positives/negatives in identifying blood
helps ensure that evidential evidence is appropriately
collected from the scene and thoroughly analysed. False
positives and positive hypothetical results, where stains
are identified as blood, can lead experts to waste
resources and unnecessary labour by collecting non-
evidential evidence from the crime scene or from the
person (Petersen et al,, 2014). In addition, false negative
results that may occur in screening tests may cause
evidence that may help the course of the investigation to
be left behind. In order to prevent these and similar
results, in our study, we tried to identify the substances
that give false positive results with luminol, which is one
of the frequently used screening tests at the crime scene.
No representative experiment has been conducted in
Tiirkiye regarding the substances that give false positive
responses with luminol. An experiment was conducted to
address which substrates, other than blood, produced or
grown in Tiirkiye can react positively with luminol. There
are only a handful of substances capable of replicating
the strong, enduring, uniform glow that is characteristic
of the reaction between luminol and an authentic
bloodstain. Moreover, the atypical glow that luminol
produces on various other surfaces is often discernible to
the naked eye. Furthermore, the interpretation of
patterns at a crime scene contaminated with substances
that react positively with luminol requires considerable
experience on the part of the forensic scientist.

2. Materials and Methods

2.1. Preparation of Luminol

Since inhalation or absorption of luminol solution by the
skin may cause irritation, personal protective equipment
was worn during the preparation of the luminol solution,
and the working area was ventilated.

This study used solution B in a bottle labelled
LUMINOL16B, powder A in a bottle labelled
LUMINOL16A, and SIRCHIE brand Iluminol (North
Carolina, USA) sold as a spray nozzle (Figure 3). Firstly,
the cap of solution bottle B was opened and prepared for
the procedure. Then, the cap of the bottle containing
powder A was opened, and all the powder in the bottle
was transferred to bottle B. The spray nozzle supplied
with the solutions was attached to bottle B and shaken
until all the solids were dissolved. Thus, luminol was
ready for use (Sirchie, 2011).

2.2. Preparation of Samples

In order to prevent possible contamination, the surface
and consumables used were cleaned with Zefirol IM
Liquido (Molteni, Switzerland) before the experimental
work, and the consumables used were autoclaved and
kept under UV for 30 min.

In this study, apple, dried apricot, pineapple, mulberry,
grape, celery, parsley, carrot, spinach, curly, bay leaf,

purple cabbage, potato, tomato, garlic, onion,

horseradish, turnip were used as fruit and vegetable
group, detergent powder and bleach cleaning agents,
milk, eggs and buttermilk of animal origin, inorganic
substances such as naphthalene, iodine tincture, copper
powder, tile dust, iron rust, mud and soil samples were
preferred. Fruit and vegetable samples were pre-cleaned
by washing and drying with distilled water and then
crushed in a mortar and pestle. The detergent powder
was dissolved in distilled water and naphthalene in
methanol (Merck, Germany). Copper powder, tile
powder, iron rust and soil were mixed with distilled
water. Other selected materials were used directly
without any pretreatment.

Figure 3. SIRCHIE brand luminol reagents

The 4x5 cm? calico fabrics, which were sterilised and
checked to see whether they reacted with luminol before
the application of the samples (blind sample), were used
as ground and absorbent surfaces. Stains from the fruit-
vegetable and animal foods groups were applied to the
calico fabrics in an area of 2x2 cm2. Dissolved detergent
powder and mothballs, bleach, iodine tincture, copper
powder, tile powder, iron rust, soil and mud samples
were applied to the calico with the help of an automatic
pipette (Eppendorf, Germany) in 500 pl volume (Figure
4). The prepared samples were allowed to dry for 24
hours at room temperature in a biosafety cabinet
(Thermo Heraeus Herasafe KS 15 Class II Type A2
Biological Safety by Thermo Fisher, USA).

2.3. Application of Luminol to Prepared Samples

Since the possible irritation of the luminol solution on the
skin or respiratory tract cannot be ruled out, a face mask
and disposable gloves were worn during the application,
and the working area was ventilated. All stages of the
study were carried out under a fume cupboard using
personal protective equipment.

The luminol prepared as described above was applied in
a thin, single coat from a distance of 5-10 cm to cover the
target surfaces completely (King et al, 2005). The
chemical-resistant liquid with a maximum speed of 1.3
mL/sec was sprayed using a spray pump nozzle
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(Divortex, Tiirkiye) and allowed to dry in a fume hood
(Figure 5), (Divortex, 2023).

Figure 4. Images of some prepared samples

Figure 5. Application of luminol to the samples by
spraying

2.2. Chemiluminescence Evaluation
Chemiluminescence formation after luminol application
was visually observed and photographed. The results
obtained during the application were evaluated and
recorded by an experienced crime scene investigator. A
Nikon D7200 camera with a shutter/exposure time of 16
seconds and a light sensitivity of ISO 400 was used for
photographic documentation. Visual assessment was
performed partly using the sandwich method
(superimposing photographs taken in the light and the
dark from the same recording position in an image
processing program) and partly using the after-
flash/backlighting method (a flashlight is thrown onto
the ceiling behind the camera, or the ceiling is
continuously illuminated with a weak light source while
recording brightness in the dark).

It is challenging to visualise differences in the intensity of

luminescence reactions, that is, the intensity of the
luminescence, with the naked eye or in photographs.
During the waiting period of a few minutes during which
the reaction takes place, false positive reactions occur at
least as spontaneously as true positive reactions but
decay much more rapidly (Klein et al.,, 2007).
Experienced crime scene investigators can distinguish
the chemiluminescence produced by real blood from that
produced by other substances by evaluating parameters
that can be observed with the naked eye, such as
emission intensity, duration, and spatial distribution.
However, since this approach is subjective, unofficial and
without quantitative evaluation, it may lead to
misinterpretations. Since the chemiluminescence of some
false positive samples may be weaker than that of blood,
these samples may be confused with diluted bloodstains
(Barni et al,, 2007). In such cases, using probabilistic and
descriptive reagents for bloodstains helps to select
samples that will give reliable results for subsequent
DNA analyses (Lytle et al., 1978).
The interpretation of luminol
properties applied at the crime scene should consider the
physical structure of the object on which the bloodstains
are found, the object’s chemical composition containing
the stains and other substances present on the substrate.

chemiluminescence

Metals, some paints and varnishes have a distinct and
identifiable emission pattern from blood, with the spatial
distribution of luminescence and emission intensity
(Barni et al,, 2007). It is not easy to apply luminol reagent
and to obtain high chemiluminescence quality since
processes such as wiping and painting to prevent blood
from being visible can be applied more easily on non-
absorbent surfaces than on absorbent ones (Lytle et al.,
1978).

3. Results and Discussion

Identification within the scope of forensic biology
includes the identification of the available biological fluid
and the process of making DNA-based identifications that
can reveal the relationships between the event/crime
scene/suspect and victim with advanced analysis
techniques. While screening and confirmation tests for
biological fluid identification are highly beneficial in
forensic contexts, it's crucial for scientists and crime
scene investigators to consider potential interfering
substances that could lead to false positives or negatives.
These inaccuracies can stem from the presence of similar
identifying elements in other body fluids or tissues,
materials from plants or animals, common household
products, or due to incorrect storage methods.

While the appearance of bright blue glow (Figure 6)
resulting from the reaction was expected to be a blood
stain, the brightness of the glow was higher in some
substances (strongly positive in apple, dried apricot,
pineapple, turnip, detergent powder, bleach, iodine
tincture, copper powder, purple cabbage, iron rust and
soil) and lower in some substances (positive in onion,
horseradish, potato, tomato, tile powder, mud and garlic)
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as shown in Table 1. No radiation (negative) was
observed in mulberry, grape, celery, milk, parsley, egg,
carrot, buttermilk, spinach, mothballs, lettuce, and bay
leaf, especially in animal foods. The difference in the
degree of positivity in soil and mud samples with similar
structures is thought to be due to their heterogeneous
nature. Other findings are consistent with the literature
(Castello et al., 2002; Adair et al., 2008). The chemical
background of the false positive reaction is still unclear.
Therefore, not all substances that can trigger the reaction
are known. False positive results have been observed in
the presence of some metals such as copper or iron ions,
dyes (potassium permanganate), cleaning
agents/bleaching agents (sodium hypochlorite), plant
components (chlorophyll) or vegetables (root vegetables
containing peroxidase), photosynthetic microorganisms
(Arnhold et al,, 1991; Quickenden et al,, 2001b). After a
detailed examination of the ingredients of the cleaning
products, this can be explained by the use of
percarbonate or, peroxide or sodium hypochlorite as
bleaching agents.
observed for the

A strong positive reaction was
product

containing  sodium

hypochlorite. The same was true for the root vegetable
species tested. According to the studies of Quickenden
(Creamer et al,, 2003) and Creamer (Quickenden et al,
2001b), a positive reaction was observed in parsnip and
potato, whereas in the study, a positive reaction was
observed in potato and freshly cut horseradish. Possibly
very different peroxidase content in fruits and vegetables
due to season; fertilisation can explain this (Klein et al,
2007). In addition, these differences may also be due to
the different preparation protocols of the luminol kit. In
some studies, luminol is prepared as a solution
containing only sodium carbonate and sodium perborate
(Grodsky’s approach), while in some serological or
criminal studies, it is usually prepared as a three-
component solution of sodium hydroxide and hydrogen
peroxide (Weber’s approach). This solution should be
kept in a cold environment away from direct sunlight
(Grodsky et al., 1951; Weber, 1966). Various chemical
additives have been used to increase the selectivity of
these formulations, but none have found widespread use
(Arnhold et al., 1993).

Figure 6. Some substances giving positive results with Luminol.

Table 1. Chemiluminescence observed after luminol administration

Chemiluminescence Chemiluminescence
Samples Samples
Occurrence Occurrence

Apple ++ Onion +

Dried apricots ++ Horseradish +
Pineapple ++ Turnip ++
Mulberry - Detergent powder ++

Grape - Bleach ++

Celery - Milk -

Parsley - Egg -

Carrot - Buttermilk drink -

Spinach - Naphthalene -

Lettuce - lodised tincture ++

Bay leaf - Copper powder ++

Purple cabbage ++ Tile dust +

Potato + Iron rust ++

Tomato + Mud +

Garlic + Soil ++

"-" indicates negative result; "+" indicates positive result; "++" indicates strong positive result.
BS] Eng Sci / Yakup GULEKCI and Fatma CAVUS YONAR 134



Black Sea Journal of Engineering and Science

In catalytic colour tests, potent oxidizing agents like
copper, nickel, and chlorine bleach are capable of
catalyzing the oxidation-reduction reaction even without
the presence of haemoglobin, falsely indicating the
presence of blood. Similarly, plant peroxidases can
impact these tests due to their structural resemblance to
haemoglobin, which enables them to catalyze the
reaction (Novelli 2020). To effectively deal with
potential false positives, it is necessary to be aware of the
environment in which the finding is found, to understand
what substances may be near or on the suspect stain, and
to be aware of appropriate collection and analysis
Oxidants can typically be detected by
sequentially applying catalytic reagents and observing
for any discolouration before introducing hydrogen
peroxide. Hydrogen peroxide added to a blood stain will
cause bubbles to be produced at the edges of the stain.
However, no bubbles were observed for any substance in
the experiment, resulting in false positives. Peroxidases
found in plants like horseradish, potato, tomato, and

methods.

onion can be neutralized through the application of high
heat before conducting tests. However, this approach is
seldom utilized in analyses due to the likelihood of high
heat causing damage to genetic material.

BlueStar® Forensic is another screening test based on
the principle of chemiluminescence (Dilbeck, 2006;
Virkler et al., 2009; Novelli, 2020). This product includes
a luminol-based substance in tablet form, which readily
dissolves. When mixed with distilled water, this solution
is sprayed onto the suspected stain area. The reagent
reacts with haemoglobin, producing a blue luminescence
that can be both seen and captured in photographs. In a
comparative analysis performed by the Scottsdale and
Saint Louis police departments, BlueStar® demonstrated
superior qualities compared to traditional luminol. These
advantages include the ability to detect more dilute
bloodstains, better performance on bleach-treated stains,
no need for total darkness for visualisation, brighter,
longer-lasting chemiluminescence intensity, and no
attenuation of the glow with repeated applications.
Luminol does not react with other biological fluids except
blood (Barni et al, 2007; Adair et al, 2008). Since it
contains urea peroxide, a stable oxidant, it can be used
days after preparation. It is an easy-to-prepare test that
does not damage DNA (Dilbeck, 2006). Nevertheless,
researchers recommend confirmation of the luminol
reaction with other specific serological tests.

Studies of screening tests that investigate the sensitivity
and specificity of blood have reported that the Kastle-
Meyer (KM) test, also called phenolphthalein, is the most
sensitive method to detect blood diluted to 1:10- (Cox,
1991; Tobe et al, 2007; Chourasiya et al, 2017). The
reduced form of phenolphthalein is retained on Kastle-
Mayer zinc granules and oxidised back to
phenolphthalein by haemoglobin catalysis. It emits pink
with positive results (James et al., 2005). However, some
studies have contradictory results on leukomalachite
green (LMG), one of the screening tests. In one of these

studies, positive results were reported up to 1:10.000
blood dilution, while in another one, it was reported that
LMG could only be positive up to 1:5000 blood dilution.
In addition, interfering agents causing false positives and
negatives for KM, LMG, Ortho-tolidine (O-tol) and
Tetramethylbenzidine (TMB) tests were also studied.
Quebracho extract (a typical skin tannin), sodium
percarbonate (the main component of detergents
containing active oxygen) and beverages containing
vitamin C (ascorbic acid) have been reported to produce
varying degrees of false-negative results in catalytic
colour tests, reagents, and
immunoassays for the detection of blood (Novelli, 2020).
Immunochromatographic-based tests that are widely
used in blood screening are HemaTrace® from Abacus
Diagnostics, Seratec® HemDirect, Hexagon OBTI® from
Human GmbH and RSID™- Blood from Independent
Forensics (Johnston et al, 2003; Misencik et al,, 2007).
HemaTrace®, Hexagon OBTI® and HemDirect are based
on human haemoglobin. The major disadvantages of

chemiluminescent

these tests are their cross-reactivity with ferret or upper
primate blood, that is, the possibility of false positive
results and the possibility of false negative results if the
test input volume is large.

However, due to the possibility that luminol and similar
screening tests may disrupt the structure of the genetic
materials of blood samples found at the crime scene after
misapplication, it is imperative to develop and use new
compounds as an alternative possibility in forensic
sciences in order to completely eliminate this negativity
and disadvantages related to the use of luminol. Studies
on the development of luminol analogues with higher
specificity and specificity, which can get faster results at
crime scenes, meet the common denominator of
nanotechnology and forensic sciences (Karabchevsky et
al, 2016; Fereja et al,, 2019; Fatoki, 2020).

In this study, various substances that have the potential
to cause false positive results using luminol, one of the
preferred forensic screening tests for the detection of
blood, were discussed. The importance of examining any
substance that causes false positive or negative results in
forensic analyses, especially regarding screening tests,
cannot be underestimated. This is the best way to ensure
that any findings that may be encountered at a crime
scene are accurately analysed most efficiently. The more
that is known about a potential problem, the more
cautious the expert will be about an uncertain test result
in the field or the laboratory.

5. Conclusion

If a hypothetical test result for a body fluid is negative,
the suspected stain is considered to be of no forensic
significance, and no further testing is performed.
However, if the stain is blood and there is a condition that
prevents the analysis of blood in screening tests, the
investigation will be deprived of an important piece of
evidence, as confirmatory analyses for the detection of
blood cannot be performed. In addition, the presence of
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interfering agents at the crime scene, which causes false
positive results, will cause the stain to be misidentified,
increasing the workload and cost in criminal laboratories
in terms of confirmatory analyses. In this case, it causes
delays in justice services. In order to prevent the
interaction of luminol with the substances that cause
false positives identified in this study, it is recommended
that the content of the kit components be updated,
luminol analogues be identified, or alternative screening
tests be considered. Although luminol is frequently used
at crime scenes for reasons such as ease of use, it may
cause illusions as a result of a false positive result.
Accordingly, the stain thought to be blood as a result of
luminol application at the crime scene must be confirmed
to be blood by a second test such as Kastle-Meyer in the
laboratory.

False negative or positive results obtained by screening
tests used in the detection of blood, one of the biological
fluids frequently encountered at crime scenes, is a
subject that has attracted the attention of the forensic
sciences community and has recently gained momentum
in detailed research. Much more research is still needed
to understand better how interfering agents affect
screening tests. In particular, the literature has limited
information on agents that cause false negativity.

Future studies should be motivated by situations that
reflect “real world” conditions commonly found at active
crime scenes, as opposed to controlled laboratory
settings. In this study, the screening tests were
performed on actual items like readily available
detergents with active oxygen found in stores, common
food products typically present in an average person's
refrigerator, and various substrates that one might
typically encounter at a crime scene. Future studies could
also examine whether genotypic or phenotypic profiling
can be developed from containing blood
contaminated with these interfering agents and on which
screening tests have been performed. Such an approach
would be beneficial in deciding whether stains yielding

stains

positive or negative results for blood warrant further
genetic analysis.
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Ozet: Likopen, basta domates ve domates tiirevi gidalar olmak {izere baz1 sebze ve meyvelerde dogal olarak bulunan, karotenoidler
grubuna ait kirmizi renkli bir pigmenttir. Likopen pigmenti, giiclii bir antioksidan ve pro-vitamin A aktivitesi gostermeyen bir
karotenoid olarak kabul edilir. Likopen, spesifik biyolojik 6zelliklere katkida bulunabilecek benzersiz yapisal ve kimyasal 6zelliklere
sahiptir. Diyabet, kardiyovaskiiler hastaliklar, kanserler, cilt ve kemik rahatsizliklari, norolojik bozukluklar gibi ¢esitli hastaliklarin
onlenmesi ve tedavisinde likopenin ¢ok cesitli yararl etkilere sahip oldugu bildirilmistir. Deney hayvanlarinda ve insanlarda likopenin
biyoyararlanimi, dokularda dagilimi, metabolizmasi, atilimi ve biyolojik etkileri ile ilgili bilgiler literatiirde birikmeye baslasa da bu
konuda daha fazla arastirma yapilmasi gerekmektedir. Bu derleme, likopenin 6zellikleri, likopen kaynaklari, alinimi ve biyoyararlanimi
ile birlikte insan saghigindaki olasi rolii hakkindaki mevcut bilgi durumunu 6zetlemektedir.

Anahtar kelimeler: Likopen, Karotenoid, Domates, Antioksidan, Insan saghg

A Systematic Journey on the Naturally-Occurring Red Pigment Lycopene and Its Beneficial Effects on Health
Abstract: Lycopene is a red pigment that belongs to the carotenoid group and occurs naturally in some vegetables and fruits,
especially tomatoes and tomato-derived foods. The lycopene pigment is considered a powerful antioxidant and a carotenoid that has
no pro-vitamin A activity. Lycopene has unique structural and chemical properties that can contribute to specific biological properties.
Lycopene is thought to have a variety of beneficial effects in the prevention and treatment of various diseases such as diabetes,
cardiovascular disease, cancer, skin and bone disorders, and neurological disorders. Although information is gradually accumulating in
the literature on the bioavailability, tissue distribution, metabolism, excretion, and biological effects of lycopene in experimental
animals and humans, further research is needed. This review summarizes the current state of knowledge on the properties, sources,
absorption and bioavailability of lycopene and its potential role in human health.

Keywords: Lycopene, Carotenoid, Tomato, Antioxidant, Human health

*Sorumlu yazar (Corresponding author): Ondokuz Mayis University, Faculty of Agriculture, Department of Soil Science and Plant Nutrition, 55139, Samsun, Tiirkiye
E mail: guney_akinoglu@ymail.com (G. AKINOGLU)
Giiney AKINOGLU https://orcid.org/0000-0003-4624-2876

Arzu ERDAL https://orcid.org/0000-0002-4845-6504

Gonderi: 18 Temmuz 2023
Kabul: 24 Kasim 2023 Accepted: November 24, 2023
Yayinlanma: 15 Ocak 2024 Published: January 15, 2024

Cite as: Akinoglu G, Erdal A. 2024. A systematic journey on the naturally-occurring red pigment lycopene and its beneficial effects on health. BS] Eng Sci,
7(1): 139-154.

Received: July 18, 2023

gelistirmeler, siirdiiriilebilir bir cevre dogrultusunda
dongiisel
gerceklestirilmektedir (Faria-Silva ve ark. 2020). Dogal

1. Giris
Gida pigmentleri, gidanin rengini belirleyen veya giday:
renklendirmek icin kullanilabilen maddelerdir (Awolu ve

ekonomi paradigmasi altinda

Oladeji, 2021). Gidanin rengi ve aromasi, tiiketicinin
belirli bir giday1 kabul etmesini etkilemektedir (Akinoglu
ve Korkmaz, 2016). ilk renklendiriciler, pancar kokiinden
elde edilen pigmentler gibi dogal maddelerden
yapilmistir (Petropolous ve ark., 2019), ancak daha sonra
ylksek tiretim maliyetleri ve elde edilen renkteki
farkliliklar nedeniyle bundan vazgecilmistir (Awolu ve
Oladeji, 2021). Ote yandan, sentetik renklendirici
maddelerin kullanimindan kaynaklanan cesitli saglk
sorunlari nedeniyle giiniimiizde dogal kaynakli renk
katki maddelerine olan ilgi yeniden artis gostermektedir
(Dey ve Nagababu, 2022). Gida yan {riinlerinden elde

kaynakli pigmentlerin doza bagh ve bilesige 6zgii bir
sekilde genel antioksidan kapasiteye katkida bulundugu
bildirilmistir (McGill, 2009; Agcam ve ark, 2017;
Petropoulos ve ark., 2019). Dogal pigmentlerdeki 6nemli
bilesikler bazi polifenoller, karotenoidler, klorofiller ve
betalainlerdir (Shoji, 2007; Aberoumand, 2011; Pan ve
ark., 2018; Hossain ve ark., 2019; Orgeron ve ark., 2019).
Karotenoidler; karotenler ve ksantofiller olmak tizere iki
baslica gruba ayrilir. a-karoten, f3-karoten, ,/karoten (y
karoten) ve likopen gibi karotenler hidrokarbonlardir.
Ote yandan, (B-kriptoksantin, lutein,
zeaksantin, astaksantin, fukoksantin ve peridinin) ise

ksantofiller

edilen aktif bilesenlere iliskin genis arastrma ve hidroksi, karbonil, aldehit, karboksilik, epoksit ve
furanoksit gruplar1 gibi oksijen atomlar1 igeren
BSJ Eng Sci / Giiney AKINOGLU and Arzu ERDAL 139
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karotenoidlerdir (Jaswir ve ark., 2011).

Likopen; domates, papaya, pembe greyfurt, pembe guava
ve karpuz gibi kirmizi renkli meyve ve sebzelerde bol
miktarda bulunan bir pigmenttir. Bu kirmizi renkli
pigment ilk olarak 1876 yilinda Fransiz kimyager
Millardet tarafindan domateste kesfedilmistir. Daha
sonra Schunck (1903), domatesten izole edilen kirmizi
renk maddesinin goriiniis, kristal form, ¢oziiniirlik ve
absorpsiyon spektrumu bakimindan karotenden ayirt
edilebilirligini bildirmis ve likopeni, domatesin (Solanum
lycopersicum) bilimsel adindan gelen “lycopin” olarak
adlandirmstir.

Likopen bir karotenoid hidrokarbondur (karoten olarak
da adlandirilir). Bu bilesiklerin uzatilmis konjuge ¢ift bag
sistemi, karotenoidlerin cezbedici renklerinden sorumlu
onemli bir o6zelliktir, 151k emici kromoforu
olusturur (Rodriguez-Amaya ve Kimura, 2004). Bu
bilesiklerde goriiniir rengin varligl, en az yedi konjuge
cift bag gerektirir. Konjuge c¢ift baglarin sayisi arttikea,
maksimum absorpsiyon icin daha yiliksek dalga boyu

clinki

degeri gozlenir (Rodriguez-Amaya, 2001; Kong ve ark,
2010).

Likopen, gida endiistrisi tarafindan bir gida katki
maddesi olarak ve ayni zamanda sagliga yararh etkileri
bakimimdan oldukea ragbet géren pigmentlerden biridir
(Rao ve Argawal, 1999). Daha 6nce yiiriitiilmiis olan in
vitro ve in vivo ¢alismalarda, likopenin kardiyovaskiiler
hastalik, ateroskleroz, norodejeneratif
bozukluklar gibi kronik hastaliklar1 6nlemede yararli bir
rol iistlendigi rapor edilmistir (Kong ve ark., 2010).

Bu derleme, likopenin 0zelliklerine genel bir bakis
sunmakla birlikte likopen alimi, biyoyararlanmimi, dagilimi
saghgina etkileri hakkinda bilgiler de
icermektedir.

kanser ve

ve insan

2. Likopenin Fiziksel ve Biyokimyasal
Ozellikleri

Karotenoidler, meyve ve sebzelerde yaygin olarak
bulunur. Insanlar tarafindan tiiketilen bitkisel iiriinlerde,
basta cis-trans izomerleri olmak {izere 600’den fazla
karotenoid karakterize edilmistir (Crupi ve ark. 2023).
Kimyasal olarak, karotenoidler iki ana sinifa ayrilabilir
(Maoka, 2020). Birinci
likopen, a-karoten, 3-karoten, y-karoten ve &-karoten gibi
biiylik 6l¢lide doymamis hidrokarbon karotenoidlerdir.

siiftaki karotenoid tiirleri;

Bunlar oksijen icermez ve genellikle turuncu ve kirmizi
renktedirler.
oksijenli tiirevler olan ve ug¢ halkalar tizerinde belirli
yerlerde bir veya daha fazla oksijenli grup ikame edicisi
iceren ksantofillerdir (6rnegin, B-kriptoksantin, lutein ve
zeaksantin). Iki karotenoid simifi, poliizoprenoid yap1 ve
bir dizi merkezi olarak yerlesmis konjuge cift bag gibi
ortak  yapisal paylasmaktir.
meyvesinde karotenoid sinifina ait olan 21'den fazla
pigment tanimlanmis ve nicellestirilmistir (Shi ve Le

ikinci smmiftaki karotenoid tiirleri ise

Domates

ozellikleri

Maguer, 2010). Likopen, domates meyvesindeki baslica
hidrokarbon karotenoiddir. Bununla birlikte, domates

meyvesi az miktarda a-karoten, pB-karoten, ykaroten, &-
karoten, fitoen, fitofluen, nérosporen ve lutein de igerir
(Gould, 1992). Domates meyvesindeki ana karotenoid
tiirlerinin dagilimi Tablo 1’de verilmistir.

Tablo 1. Karotenoid tiirlerinin domates meyvesine
katkilar1 (Gross, 1987)

Baslica . Bilesim, % Konjuge cift
karotenoidler bag sayisi
Likopen 80-90 11
a-karoten 0,03 9
(3-karoten 3-5 9
y-karoten 1-1,3 7
¢-karoten 1-2 7
Fitoen 5,6-10 3
Fitofluen 25-30 5
Neurosporen 7.9 9
Lutein 0,011-1,1 10

2.1. Likopenin Fiziksel Ozellikleri

Likopenin fiziksel ozellikleri Tablo 2’de 6zetlenmistir.
Likopen, olgun domates meyvelerinin tipik parlak kirmizi
renginden sorumlu olan uzun, igne benzeri kristaller
seklinde bir yapidir. Kloroform, benzen ve diger organik
¢oziiciilerde likopenin ¢6ziiniirliigii sudan daha fazladir
(Shi ve Le Maguer, 2010).

Tablo 2. Likopenin fiziksel 6zellikleri (Shi ve ark., 2002)

Molekiiler formiilii  CsoHss
Molekiiler agirhigi 536,85 Dalton (Da)
Erime noktasi 172-175°C

Kristal form Uzun, kirmiz, igne yapili

Toz formu Koyu kirmizimsi- kahverengi

Cozlindrligi Kloroform, heksan, benzen,
karbon disiilfit, aseton, petrol
eteri icinde ¢oziintr

Duyarlilhik Isik, oksijen, yiiksek sicaklik,

asitler

2.2. Likopenin Biyokimyasal Ozellikleri

Asiklik yapisi, genis konjuge c¢ift bag dizisi ve asir1
hidrofobikligi ile likopen, antioksidan da dahil olmak
izere bircok benzersiz ve degisik biyolojik 6zellik
sergiler. Likopen, en etkili singlet oksijen sondiiriiciiler
arasindadir (Di Mascio ve ark., 1989; Conn ve ark., 1991).
Cesitli karotenoid tiirleri i¢in sondiirme hiz1 sabitelerinde
(Kq) 6nemli farkliliklar s6z konusudur (Tablo 3). Likopen
ve diger karotenoidlerin antioksidan aktiviteleri, singlet
oksijen sondiirme o6zellikleri ve peroksil radikallerini
yakalama yetenekleri ile 6n plana ¢ikar (Foote ve Denny,
1968; Burton ve Ingold, 1984).
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Tablo 3. Karotenoidlerin antioksidan aktivitelerinin
karsilastirilmasi (Di Mascio ve ark.,, 1991; Conn ve ark.,,
1992; Miller ve ark., 1996).

Likopen
Singlet oksijen séndiirme, 109 x 31
Kq (m-1s1)
Radikal temizleme (Trolox 2,9
esdegerleri)
Karotenoid radikal 2

anyonlarinin Oz ile reaksiyonu,
108 x k (m-1s-1)
Diger karotenoidlerin singlet oksijen sondiirmesi
(109 x Kq (m-1 sn-1)

y-karoten 25
a-karoten 19
-karoten 14
Lutein 8

Astaksantin 24
Biksin 14
Kantaksantin 21
Zeaksantin 10

Karotenoid tiirlerinin séndiirme aktivitesi, konjuge cift
baglarin sayisina bagh olup, karotenoid u¢ gruplarindan
veya siklik u¢ gruplar1 iceren Kkarotenoidlerdeki
siibstitiientlerin dogasindan daha az etkilenirler (Foote

ve Denny, 1968; Stahl ve ark., 1993). Likopenin all-trans,
mono-cis ve poly-cis formlar1 dahil olmak iizere cesitli
geometrik izomerlerde var oldugu Dbilinmektedir.
Likopenin all-trans izomeri, taze domateslerde en baskin
geometrik izomerdir ve termodinamik olarak en kararh
formdur. Yine de, likopen, domates isleme ve depolama
sirasinda trans-cis izomerizasyona ugrayabilir. Domates
cesitli gidalarda toplam
likopenin %35 ila %96’sim olusturur (Schierle ve ark,
1996). Likopenin 5-cis, 9-cis ve 15-cis izomerleri,
domates tiirevi gidalarda ve insan dokularinda Niikleer
Manyetik (NMR)  spektroskopisi ile
tanimlanmistir (Zumbrunn ve ark., 1985). Domates bazh
gidalarda 5-cis-izomer orani, % 4 ila %27 arasinda
olmakla birlikte, diger izomerlerden de olduk¢a daha
dustik diizeydedir (Schierle ve ark. 1996). Likopenin cis-
izomerleri, toplam
likopenin %50’den fazlasina katkida bulunur (Krinsky ve
ark, 1990). Likopenin baz cis-izomerlerinin yapilari
Sekil 1'de gosterilmistir. Genel olarak, cis-izomerler, all-

tirevli all-trans izomer,

Rezonans

insan serumu ve dokusundaki

trans muadillerinden daha polardir ve kivrimli formlar:
nedeniyle kristallesmeye daha az egilimlidir. Cis-
izomerler ayrica yag ve hidrokarbon ¢oziiciilerde all-
trans izomerlerden daha fazla ¢6ziiniir. Cis-izomerlerin
biyoaktivite potansiyeli, degisen yapisal formlar
nedeniyle, tim trans-izomerlere kiyasla degiskenlik

gosterir (Shi ve Le Maguer, 2010).

Merker - mono ciz- ikopen (15-ci2)

Merkeze valan -mono cis- bkopen (13-¢i3)

5 - ¢is - hkopen

>—\¥ /=>_\—7— f_/%:x:(/%j%

6 - cis -hikopen

Sekil 1. Likopenin cis-izomerlerinin kimyasal yapilari.
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Gida
calismalarinin ¢ogu bozunma ile

sistemlerinde likopen ile ilgili stabilite
ilgilidir. Likopen,
islenmis domates lriinlerinde metalik iyonlar (Cu+2, Fe*3,
vb.) veya oksijen varhginda isitilarak kismen yok
edilebilir. Konjuge bir polien olarak likopenin, domates
isleme, izomerizasyon ve oksidasyon sirasinda en az iki
degisiklige beklenebilir.
izomerizasyonunun domates lriinlerinde oldugu kadar
saf likopen formlarinda da olustugu bildirilmistir.

ugramasl Likopen

Likopen izomerizasyonu, islem gérme asamasinda da
meydana gelebilir. Ote yandan, cis-izomerin trans-forma
doniistiiriilmesi, irtintin depolanmasi sirasinda meydana
gelebilecek bagka bir reaksiyondur. Cis-izomerler
kararsiz durumdayken; trans-izomerler kararli temel
durumdadir (Shi ve Le Maguer, 2010).

Etkili bir antioksidan olarak likopen, olduk¢a reaktif tekli

oksijeni (05 ) sondiriir ve peroksil radikallerini (ROO-)
yakalar. Likopen-oksijen radikali etkilesimleri, ikinci
dereceden hizli reaksiyonlar olarak kabul edilebilir. Bu
etkilesmde likopen daha az etkili olmakla birlikte, her iki
yonde de elektron transferi gozlenir (Conn ve ark., 1992).
Potansiyel indirgeme, siiperoksit radikali bir iyon olan
(03 )'nin olusumu ile ilgilidir (Palozza, 1998).

L-C + ROO~ - L-C + ROOH
L-C + ROO™ - L-ROO-C~-

Bir  prooksidan olarak hareket edebilen ve
otooksidasyona ugrayan peroksil radikali olusturmak da
miimkiindiir. Onerilen likopen bozunma yolu Sekil 24,

B’de gosterilmistir.

[ Likopen

NN N N Lii;\/‘:l\\\.»- NN
T r e+

Biksindialdehit dioksim

N %/‘\,/L\\,/\\\._ /L\\\/‘%'/\Y/\/Q}T ARy

H
- ), 0 NN 20
I I
Methyltheptenone
| NHOH
:'.:::T/‘::‘::"/‘;:?N ~OH
l Dehidrasyon
Hidroliz
[¢)
S N
. I I I
e

Apo-6-lycopenal

S ]
2-Methyl-2-hepten-6-one

Sekil 2. Likopen bozunmasi i¢in 6nerilen reaksiyon yollarinin sematik goériiniimii.

(A) Onerilen likopen bozunma yollar1 (Karrer ve Jucker,
1950°den uyarlanmistir), (B) Isiga duyarlhilik sirasinda
likopenden apo 6-likopenal ve 2-metil-2-hepten-6-one
olusumu icin Onerilen yol (Ukai ve ark, 1994’den
uyarlanmistir)

Oksijen fonksiyonlari,

(1) bir metil veya metilen

grubunun ikamesi, (2) bir karbon-karbon ¢ift bagina
ilavesi seklinde iki ana tip reaksiyonla ortaya ¢ikiyor gibi
goriinmektedir. Agikcasi, oksidatif bozunma normal C40-
karbon iskeletinin her iki ucunda da meydana gelebilir.
Yaygin olarak kabul edilen terminoloji kurallarina gore,
orijinal C40 yapisimin C20 ve C20' metil gruplarini
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tutmayan bozulmus bir {riin artik bir karotenoid
degildir. Likopen bozunmasi meydana gelirken, elde
edilen nihai triinler, molekiillerin ¢ift bag bolgelerindeki
dogrudan oksidatif par¢alanmanin sonuglaridir (Shi ve Le
Maguer, 2010).

3. Besinlerde Likopen

Likopen, 11 dogrusal konjuge ve iki konjuge olmayan ¢ift
baga sahip doymamis asiklik bir karotenoiddir. A
vitamininin temel yapisinda bulunan terminal B-iyonik
halkadan yoksun oldugu igin A vitamininin Onciisii
degildir (Kong ve ark. 2010). Domates, pembe greyfurt,
kirmizi liziim, karpuz ve kirmizi guava gibi bazi meyve ve
sebzelerin  kirmizi  rengi, likopenin varligindan
kaynaklanmaktadir (Sekil 3).

@

e
Ficus carica -

e

Carica papaya

- 2

Psidium guajava

@

Capsicum annum

Punica granatum

€:.>¢

Solanum lycopersicum

Likopen

B

Citrus paradasi

e

Momordica cochinensis %

Citrullus lanatus

Sekil 3. Likopen igeren bazi besinler (Arain ve ark., 2018;
Khan ve ark.,, 2021).

Diyetle alinan likopenin en az % 85’i domates ve domates
trini kaynakhdir (Sabbag ve Siiriicioglu, 2011; Kurt,
2003). Baz1 meyve ve sebzelerdeki likopen miktarlari
Tablo 4’'te verilmistir. Meyve ve sebze tiirlerine bagh
olarak likopen miktarinda o6nemli degisiklikler
goriilebilmektedir (Zengin ve Kurt, 2018).

Tablo 4. Meyve ve sebzelerdeki likopen miktarlari
(Kurzeja ve ark., 2009; Yilmaz, 2011; izgi, 2012; Zengin
ve Kurt, 2018)

Likopen igeren besinler Likopen igerigi
(ppm)
Karpuz 23,0-42,0
Guava 52,3-55,0
Greyfurt 3,5-33,6
Papaya 1,1-53,0
Kusburnu 68- 7,1
Kabak 3,8-4,6
Tath patates 02-11
Elma pulpu 1,1-18
Taze kayisi 0,05
Konserve kayisi 0,65

Kurutulmus kayisi 8,6
islenmis kirmizi biber 10,8 - 26,2

Likopen, Kkarotenoidler grubundaki en etkili singlet
oksijen sondiiriicii olarak rapor edilmistir. S6ndiirme

yetenegi esas olarak konjuge cift bag sayisina baghdir ve
siklik veya asiklik u¢ gruplarin varligindan daha az
etkilenir (Stah ve Sies, 1996). Ek olarak, genis olciide
konjuge bir polien sistemine sahip zincir yapisi, oksidatif
bozunmaya duyarhlik gibi biyolojik 6zellikleri agisindan
onemlidir (Shi ve ark., 2002).

3.1. Domates Meyvesinde Likopen

Likopen, olgun domateslerde en ¢ok bulunan karotenoid
olmakla birlikte, mevcut pigmentlerin yaklasik %80-
90’m1 olusturur. Taze domates meyvelerindeki likopen
icerigi; domates ¢esidine, olgunluguna ve meyvenin
yetistigi cevre  kosullarina  gore  degiskenlik
gosterebilmektedir. Genel olarak, domates meyvesi 100 g
taze agirlik basina yaklasik 3-5 mg arasinda likopen igerir
(Hart ve Scott, 1995). Bazi domates cesitleri ise daha
yiiksek miktarlarda likopen igermektedir. Tonucci ve ark.
(1995), domates meyvesinin 100 graminda 9,27 mg
degerinin iizerinde likopen igerdigini bildirmistir. Bazi
koyu kirmizi renge sahip domates gesitlerinde yapilan
arastirmada 100 gram meyvenin 15 mg’dan fazla likopen
icerirken; sar1 ¢esitleri 100 graminda sadece 0,5 mg
likopen icerdigi rapor edilmistir (Hart ve Scott, 1995).
Domates olgunlastik¢a likopen kapsami artis gosterir
(Shi ve Le Maguer, 2010). Heinonen ve ark. (1989),
domateslerdeki likopen konsantrasyonunun haziran
ayindan-agustos ayina kadar daha yiiksek; ekim ayindan-
mart ayina kadar ise daha diisiitk oldugunu bildirmistir.
Diger yandan, Lurie ve ark. (1996), nispeten yiiksek
sicakliklarin (38°C) likopen {iretimini engelledigini;
distik sicakhklarin ise hem meyve olgunlasmasini hem
de likopen iiretimini engelledigini bildirmislerdir.
Domates meyveleri etilen ile muamele edildiginde,
meyvedeki likopen olusumunun yaklasik 2 giin daha
erken meydana geldigi belirtilmistir (Jeffery ve ark,
1984). Rin mutantindaki likopen sentezinin, 10 mgkg1!
etilen varliginda yiiksek Oz seviyesi kosullarinda arttigi
bildirilmistir (Frenkel ve Garrison, 1976). Ote yandan,
etanoliin domateste olgunlasmay1 ve likopen sentezini
engelledigi bildirilmistir (Saltveit ve Mencarelli, 1988).
Ek olarak, Sheehy ve ark. (1988), poligalakturonazdaki
bir azalmanin likopen sentezini etkilemedigini tespit
etmislerdir.

Domates meyvelerindeki likopen iceriginin; giibre, hasat
zamanl ve ¢esit seciminde gelistirilmis tekniklerle
arttirilabilecegi rapor edilmistir (Lampe ve Watada,
1971; Mohr, 1979). Al-Wandawi ve ark. (1985), yas
agirlik bazinda 100 g domates kabugunun 12 mg likopen
icerdigini; buna karsin, 100 g olgun bir domatesin
yalmizca 3,4 mg likopen igerdigini bildirmislerdir. Bu
nedenle, domates kabugundaki likopen konsantrasyonu,
biitiin olgun domateslerdekinden yaklasik li¢ kat daha
fazladir (Shi ve Le Maguer, 2010). Bununla birlikte,
D’Souza ve ark. (1992) domates meyvelerinin kabugunun
ve perikarpinin likopen acisindan zengin oldugunu
bildirmislerdir. Sharma ve Le Maguer (1996), domatesin
kabuk kisminin likopen iceriginin (53,9 mg/100 g),
meyve etinin likopen iceriginden (11 mg /100 g) yaklasik
bes kat daha fazla likopen icerdigini tespit etmislerdir.
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Boylece, domates kabuklarinin zengin bir likopen

kaynagi oldugunu sonucuna varilabilir.

4. Bitki Hiicrelerinde Likopen Biyosentezi
Hiicresel diizeyde, likopen domates meyvelerinin
kloroplastlarinda lokalizedir ve fotosentetik pigment-
protein kompleksindeki thylakoid membranlar arasinda
bulunabilir (Bouvier ve ark., 1998; Akhtar ve ark., 1999).
bitkisinde meyve olgunlasmasinin
asamalarinda, Kkloroplastlardaki baskin pigment yesil
renkli klorofildir. Klorofil bozunmaya ugradik¢a renk
yesilden beyaza doniisiir. Kloroplastlardaki klorofil
azaldiginda, likopen biyosentezlenir ve meyvenin
yapisindaki es zamanh degisikliklerle beyazdan kirmiziya
dogru renk degisimi meydana gelir (Harris, 1970;
Khudairi, 1972; Matienco ve Yedalty, 1973). Kromoplast
gelisiminin kromoplastin  biiyiik bir
boliimiinii kaplayan likopen kristallerinin olusumudur ve
kromoplastlarda hacimli kirmizi katmanlar
goriiniir (Laval-Martin, 1974). En likopen
konsantrasyonlari perikarpta bulunur (Simpson ve ark.,

Domates erken

son asamasi,

olarak
fazla

1977). Domateslerdeki likopen ve diger karotenoidlerin
biyosentezi, 14C izleyicileri kullanilarak kapsamli bir
sekilde incelenmistir (Porter ve Anderson, 1967; Buggy
ve ark., 1969). Bir 6ncii olduguna inanilan mevalonik asit,
likopen tretimi icin her basamakta hidrojen kaybiyla
peyderpey  doniistiiriliir. Dehidrojenasyon  biiyiik
olasilikla her basamakta yer alir. Boylece, likopen, kiiciik
kiirecikler
kromoplastlarda bulunur. Likopen kati mikro kristaller

halinde domates pulpunda asii duran
olarak goriinir ve bu nedenle onlardan yansiyan 1sik
domatese tipik parlak kirmizi rengini vermektedir (Shi ve

Le Maguer, 2010).

5. Likopenin Alinimi, Biyoyararlanimi ve

Dagilimi

ABD’deki %80’inden fazlasi
ketcap, domates suyu, spagetti sosu ve pizza sosu gibi
islenmis domates {riinlerinden elde edilmektedir
(Clinton, 1998). Gidalarin islem gormesi, genellikle su
kayb1 yoluyla konsantrasyon artisina sebebiyet verir.
Dolayisiyla, islenmis gidalarda bulunan likopen miktarsi,
taze gidalarda bulunanlardan genellikle ¢cok daha yiiksek
degerlerdedir. Ornegin, ketcap 100 gram agirlik basina
9,9-13,44 mg likopen igerirken; taze domates 100 gram
yas agirlik basina 0,88-7,74 mg likopen igerir (Rao ve
ark,, 1998, Nguyen ve Schwartz, 1998). Diyetle likopen
alimi, ¢alisilan popiilasyona bagh olarak biiyiik ol¢iide
degisir. Ortalama bir italyan birey, giinde 14,3 mg toplam
karotenoid tiiketir (Lucarini ve ark., 2006). Likopen,
glinde ortalama 7,4 mg’lik bir alim ile italyan diyetindeki

diyet likopen aliminin

karotenoidlerin en biiylik oranini olusturur (Lucarini ve
ark., 2006). Amerika Birlesik Devletleri'nde ortalama
glinliik likopen alimi erkekler i¢in 6,6-10,5 mg arasinda
belirlenirken; kadinlar i¢in bu deger, 5,7-10,4 mg
arasinda degismektedir (Porrini ve Riso, 2005). Diger
tilkeler icin bildirilen ortalama likopen alimi Birlesik

Krallkta 1,1 mg/giin, Ispanya’da 1,6 mg/giin,
Avustralya’da 3,8 mg/giin, Fransa’da 4,8 mg/giin ve
Hollanda’'da 4,9 mg/giin’diir (Porrini ve Riso, 2005).

Likopen biyoyararlanimi, gida isleme ve diyet bilesimi
gibi bir dizi faktérden etkilenebilir. Likopen, taze bitkisel
mahsullerin  kloroplastlarindaki  karotenoid-protein
komplekslerine bagli bir sekilde veya kromoplastlarin
icinde kristal bir formda bulunabilir (Parada ve Aguilera,
2007). isleme ve depolamanin likopen yapisi iizerindeki
etkileri ve stabilitesi birka¢ nedenden dolay1 ilgi ¢ekici
bir vaziyet almistir. Uygun olmayan isleme ve depolama
(vani, 1s18a ve oksijene kalma), likopen
izomerlerinin  oranini veya likopeni
tamamen bozabilir. Bu da, bu gida {iriinlerini tiiketici i¢in
daha az arzu edilir bir hale getirir (Xianquan ve ark,
2005). Geleneksel ticari isleme ydntemlerinin, likopen
seviyeleri veya cis/trans izomerizasyonu iizerinde
onemli bir etkisi yoktur (Nguyen ve Schwartz, 1998).
Aslinda, 1s1l islem, likopenin doku matrisinden
salinmasina izin veren hiicresel zarlar1 bozarak likopen

maruz
degistirebilir

biyoyararlanimini genel olarak gelistirir (Nguyen ve ark,,
2001). Bircok calisma, 1s1l islem goérmiis domates
irlinlerinden elde edilen likopenin, taze domateslerden
elde edilen likopenden daha fazla biyoyararli oldugunu
gostermistir (Stahl ve Sies, 1992; Garnter ve ark., 1997;
Allen ve ark, 2002). Absorbe edilen mutlak likopen
miktar1 dozla 6nemli dl¢lide degismez. Erkekler tizerinde
likopen emilimine yoénelik yapilan bir arastirmada,
bireylerin bir porsiyon domates suyu tiikettikten sonra
likopen emilimi arastirilmistir (Diwadkar-Navsariwala ve
ark. 2003). Bu arastirmada bireylere 10 mg ila 120 mg
likopen vermek icin sabit bir yag yiizdesi ile farkh
hacimlerde domates suyunu tiiketmeleri saglanmistir.
Arastirma bulgularinda absorbe edilen mutlak likopen
miktarinin dozla biiyiik 6l¢iide degistigi goriilmemistir.
Dozdan bagimsiz olarak emilen likopen aralig1 1,8 mg ile
14,3 mg arasinda olup, ortalama 4,7 mg olarak
belirlenmistir. 120 mg likopen iceren domates suyunu
tiiketen erkeklerin absorbe ettigi likopen miktari, 10 mg
likopen iceren domates suyunu tiiketen erkeklerin
ettigi olctide farklihk
gostermedigi rapor edilmistir. Arastirmacilar, emilen
likopen miktar1 lizerindeki en biiylik etkinin dozdan
ziyade, bireyler arasi farkliliklardan kaynaklandigini 6ne

absorbe miktardan o6nemli

stirmislerdir (Diwadkar-Navsariwala ve ark., 2003).

Likopen biyoyararlanimi, diyet bilesiminden biiyiik
o6lclide etkilenir (Xianquan ve ark., 2005). Likopen yagda
¢oziinen bir bilesik oldugu i¢in yag ile birlikte tiiketilmesi
biyoyararlanimini artirir (Bacanh ve ark., 2017). Ornegin,
tam yagh soslu salatalar1 tiiketmenin, az yaglh soslu
salatalar1 yemekten daha yliksek kan karotenoid
seviyelerine yol actigl bildirilmistir. Ayn1 ¢alismada,
salatalar yagsiz tiiketildiginde ©olciilebilir bir likopen
aliminin olmadig: da belirtilmistir (Brown ve ark., 2004).
Unlu ve ark. (2005) ise benzer bir sonucu yaptiklari
calisma ile bildirmislerdir. Bu ¢alismada, avokadolu (bir
lipid kaynagi olarak) domates
avokadosuz sos tiiketimine kiyasla likopen emiliminde

sosu tiketiminin,
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4,4 kat artisa neden olmustur. Likopen sindirimi ve
emiliminin bir semas Sekil 4’te gdsterilmistir.

Apilfal Bazolateral
Likopen * ’_‘j ]
8 = @ Lenf
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& = L}
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Y — ]
* Pasif difiizyon

- Enterosit

Sekil 4. Ince bagirsakta likopenin sindirimi ve emilimi
(During ve Harrison, 2004; During ve ark., 2005).

Likopen, yutulduktan sonra Kkarisik misellere dahil
edilmeden o6nce gida matrisinden salinmalidir. Miseller
oglinden gelen safra tuzlari, kolesterol ve yag asitlerini
icerir. Misel yapisimin amfifilik dogasi, sulu sindirimde
¢oziiniir lipofilik besinlerin tutulmasina yardimci olur.
Miseller, bagirsak hiicrelerinin (enterositler) apikal
tarafindaki karistirlmamis su tabakasina yaklasir ve
likopen pasif olarak apikal membran boyunca yayilir
(During ve 2004). olarak,
arastirmacilar likopenin diyet lipitleriyle ayni yolla, yani
pasif difiizyonla emildigini diisiiniiyorlardi (Furr ve
Clark, 1997). Bunun ise kismen dogru oldugu hala
diisiiniilmektedir. birlikte,
likopen emiliminin, temizleyici reseptor sinf B tip I (SR-
BI) olarak bilinen bir kolesterol membran tasiyicisi
tarafindan kolaylastirilabilecegini kesfettiler (During ve
ark., 2005; Moussa ve ark., 2008). Arastirma ayrica

Harrison Tarihsel

Bununla arastirmacilar,

likopen emiliminin  diger tasiyicilar tarafindan
kolaylastirilabilecegini ileri stirmiistiir, ancak bu heniiz
dogrulanmamistir (During ve ark., 2005, Moussa ve ark,,
2008). Likopen enterosit icine girdikten sonra diger diyet
lipitleriyle birlikte silomikronlara paketlenir (During ve
Harrison, 2004). Silomikronlar daha sonra bazolateral
zar boyunca tasinir ve sonunda silomikronlari kana salan
lenfatik sisteme girerler.

Diger karotenoidler veya kolesterol ile rekabet de
likopen emilimini etkileyebilir. insanlar iizerinde tokluk
sonrasl yapilan bir arastirmada, domates piiresi +
1spanak luteini (30 mg) veya kapsiilli luteini (30 mg)
birlikte tiiketmenin, tek basina domates piiresi (30 mg)
tiiketiminden sonra gozlemlenen likopen seviyelerine
kiyasla silomikron likopen diizeylerini sirasiyla %70 ve
%61 azalttigin1 gostermistir (Tyssandier ve ark. 2002).
Bununla birlikte, deneklerin bu gidalar ii¢ hafta boyunca
her giin bir 6nceki dozun (15 mg likopen + 15 mg lutein)
yarisinda tiikettiginde, likopenin kararli durum plazma

seviyelerinde herhangi bir fark gozlenmedigi de
bildirilmistir (Tyssandier ve ark., 2002). Johnson ve ark.
(1997) yapilan bir
arastirmada, yagdaki B-karoten kristallerinin (60 mg)
yagdaki likopen kristalleri (60 mg) ile birlikte
uygulanmasinin, tek basina likopen uygulamasina kiyasla
24 saatlik postprandial serum likopen egrisinin altindaki
alanini (EAA) dort kat arttirdigi gézlemlenmistir. Bir gida
driintiniin pargasi olarak likopen emiliminin, -karoten
iceren gida triinleri ile birlikte tiiketilmesi durumunda
artip artmayacagl acik degildir. Likopenin kolesterol
tasiyict  SR-BI tarafindan tasindigini  gosteren son
aragtirmalar g6z oOniine alindifinda, SR-BI ifadesindeki
genetik farklhiliklarin da likopen emilimini etkilemesi
muhtemeldir (Story ve ark., 2010). Ek olarak, likopen
emilimi, probiyotikler ve tek niikleotid polimorfizmleri
(SNP’ler) gibi diger faktdrlerden etkilenebilir (Story ve
ark, 2010). Yapilan bir c¢alismada, probiyotik igeren
yogurdu toplam 4 hafta boyunca tiiketen 17 kadindan
olusan bir grubun kanlarindaki likopen diizeyleri, normal

tarafindan insanlar {izerinde

yogurt tiiketenlerinkine kiyasla disiik bulunmustur
(Fabian ve Emaldfa, 2007). Bu c¢alisma sonuglari,
probiyotiklerin  likopen  biyoyararlanimini  veya
metabolizmasini etkileyebilecegini diisiindiirmektedir
(Fabian ve Emaldfa, 2007). Ote yandan, Borel ve ark.
(2007), insan kanindaki karotenoid diizeylerinin, lipid

tasinmasiyla iligkili apolipoprotein A-IV ve B'deki
SNP’lerden etkilendigini bildirmistir.
Islenmis domates iiriinlerinde bulunan likopenin

%90’dan fazlas1 all-trans yapisindadir (Nguyen ve
Schwartz, 1998, Nguyen ve ark. 2001; Boileau ve ark,
2002). in vivo caligmalar, likopenin cis-izomerlerinin, all-
trans izomerinden daha fazla biyoyararl goériindigiini
gostermektedir (Stahl ve Sies, 1992; Unlu ve ark., 2007).
Diger yandan,
izomerlerinin biyoyararlaniminin artmasinin, en azindan
kismen, all-trans likopen ile karsilastirildifinda artan
miselizasyon ve enterosit tarafindan artan alima bagh
oldugu sonucunu desteklemektedir (Failla ve ark., 2008).

in vitro deneyler ise likopen cis-

Likopenin dokular arasindaki dagilimi oldukg¢a segicidir
(Kaur ve ark.,, 2017). Absorbe edilen likopen, dolasim
sistemi yoluyla viicutta dagilir (Kaur ve ark., 2017).
Likopen, yaklasik 2-3 giinlik yar1 omri ile insan
plazmasindaki en baskin karotenoiddir (Stahl ve Sies,
1996). Likopen konsantrasyonu 0,2-21,4 nmol/g doku
araliginda degismektedir (Clinton ve ark. 1996). Plazma
lipoproteinleri, insan viicudunda Kkarotenoidlerin ve
likopenin baslica dagitim araglaridir (Dias ve ark., 2014).
Bu nedenle, likopen doku seviyelerindeki farkliliklarin,
lipoprotein reseptdrlerinin ve kolesterol tasiyicilarinin
doku ekspresyonundaki varyasyonla iliskili
kuvvetle muhtemeldir (Kaur ve ark, 2017). Insan
organlar: likopeni degisen seviyelerde biriktirir (Tablo

olmasi

5). Likopen; testisler, adrenal bezler ve karacigerde en
yiksek  konsantrasyonlarda bulunurken; bdobrek,
yumurtallk  ve akcigerde ise daha diisiik
konsantrasyonlarda bulunur (Kun ve ark., 2006). Diski ve
idrar yoluyla likopen atilimi da rapor edilmistir (Kaur ve
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ark, 2017). Insanda, toplam serum Kkarotenoidleri
yaklasik 1-2 puM seviyelerindedir ve likopen insan
serumunda bulunan baslica karotenoidlerden biridir (Su
ve ark, 2002). Plazma likopen seviyesi, farkl iilkelerde
yasayan insanlar arasinda degiskenlik
gosterebilmektedir (Kaur ve ark., 2017).

Tablo 5. insan organlarindaki likopen seviyeleri (Clinton
ve ark., 1996)

Organ/Doku Likopen (nmol / g yas agirlik)
Adipoz doku 0,2-1,3

Deri 0,4

Beyin sap1 Tespit edilemedi
Karaciger 1,3-5,7
Akciger 0,2-0,6
Adrenal bezler 1,9-21,6
Mide 0,2

Kalin bagirsak 0,3

Gogilis 0,8

Testis 4,3-21,4
Yumurtalik 0,3
Prostat 0,8

6. Hastalik Baglaminda Likopenin Etkisi

Artan kanitlar, likopen agisindan zengin bir diyetin
kardiyovaskiiler hastalik (CVD) ve bazi kanser riskini
Onleyebilecegini veya azaltabilecegini gostermektedir
(Selgas ve ark., 2009; Zuorro ve ark. 2012). Bazi bilim
insanlar1 giinliik 5-7 mg likopen aliminin bu besin
faydalarini elde etmek i¢cin yeterli
olabilecegini 6ne stirmektedir (Campos ve ark. 2017).
Kanser veya kardiyovaskiiler hastaliklarin varhginda,
daha yiiksek konsantrasyonlarda likopen alimi (35-75
2019;

maddesinin

mg/giin) Onerilebilir (Elvira-Torales ve ark,
Grabowska ve ark., 2019).

6.1. Kanser
Prostat, mesane, Ozofagus, pankreas, kolon (veya
sindirim sistemi), akciger, meme kanseri, servikal kanser,
losemi, oral ve rektal kanserler gibi bazi kanserleri
onlemede ve ayrica timorlerin biiytimesini geciktirmede
ve tiimoérogenezi inhibe etmede likopen etkilidir (Sahin
ve ark, 2019). Buna ek olarak, bazi arastirmalar
likopenin yararll etkisinin belirli
olabilecegine deginmektedir (Kong ve ark., 2010).
Epidemiyolojik c¢alismalar, diyetle alinan likopen ile
belirli kanser tirlerinin riski arasinda ters bir iliski
oldugunu ortaya koymaktadir (Kelkel ve ark., 2011).

organlara 0zgii

Prostat kanseri hastalarinda likopen acisindan zengin bir
diyet ile beslenmenin, oksidatif stresi azaltif1 ve sonug
olarak plazma lipoproteinlerine, serum proteinlerine ve
hafiflettigi rapor
likopen kanser gelisimini

lenfosit DNA’sina verilen hasari
edilmistir. Bu sayede,
engellemekte ve prostat timodrlerinin saldirganligini
azaltmaktadir (Kelkel ve ark. 2011). Buna karsilik, bazi
calismalar  likopen  aliminin etkilerini

gbstermemistir; ancak bu ¢alismalarin bir kismi sadece

olumlu

gida alim sikhig anketine dayanan zayif bir calisma
tasarimiyla yiiriitiilmiis olan ¢alismalardir (Kong ve ark,,
2010). Baz1 arastirmacilar, likopen ile bazi ilerlemis
hastalik riski arasinda ters bir iliski oldugunu one
stirmektedir (Kong ve ark, 2010). Tablo 6, likopenin
cesitli kanser tiirleri tlizerindeki etkisine iliskin farkli
calismalari 6zetlemektedir.

6.2. inflamatuar Hastaliklar

Likopen, antioksidan genlerin ekspresyonunu aktive
etme ve inflamatuar mediatérlerin indiikklenmesinden
sorumlu sinyal yollarini diizenleme kapasitesi nedeniyle
inflamasyon ve redoks dengesizligi tlizerinde olumlu
etkilere sahiptir. Boylece likopen, Nrf2’nin niikleer
translokasyonundan sorumlu olan antioksidan genlerin
ekspresyonunu aktive eder (Campos ve ark, 2017).
Likopen ayrica tiimor nekroz faktorii (TNF)-a salinimini
inhibe eder ve interlokin (IL)-10 tretimini uyarir
(Ascenso, 2012). Likopenin ¢esitli anti-inflamatuar
etkileri: a) siklooksijenaz ve lipooksijenaz
ekspresyonunun modiilasyonu; b) indiiklenebilir nitrik
oksit sentazin diizenlenmesi; c) NF-kB’nin yani sira
aktivator protein-1 (AP-1) ve MAPK sinyali ile etkilesim
seklinde ozetlenebilir (Kelkel ve ark, 2011). Erkek
fareler {iizerinde yapilan bir arastirmada, likopenin,
intraperitoneal lipopolisakarit enjeksiyonundan sonra

plazma interlékin (IL)-6 ve TNF-a'nin yukarn
regiilasyonunu 6nemli Ol¢iide azaltabilecegi ve 6 saatin
sonunda beyin dokusunda inflamatuar hasar
onleyebilecegi sonucuna varilmistir (Zhang ve ark,
2016).

insiilin direnci ve tip 2 diyabetin patogenezinin,
interlokin  (IL)-1B, TNF-a ve C-reaktif protein

diizeylerindeki artisla iliskili oldugu gosterildiginden, bu
hastaliklarin inflamasyonla yakindan baglantili oldugu
diisiiniilmektedir (Zeng ve ark. 2017). Yiiksek yagh bir
diyetle beslenen farelerle yapilan bir arastirmada,
likopenin IL -1, TNF-a ve C-reaktif proteindeki artislar
onleyerek inflamasyonu iyilestirdigi rapor edilmistir
2017). Bu
insilin  direncini,

(Zeng ve ark,
likopenin
birikimini 6nledigi sdylenebilir (Zeng ve ark., 2017).

6.3. Cilt Hastaliklar1

Likopen, hiicre zarlarinin prostaglandin ve fosfolipid

sonuglar dogrultusunda

inflamasyonu ve lipid

bilesenlerinin =~ sentezi  nedeniyle cilt = koruma
mekanizmalarini arttirabilmektedir (Ascenso, 2012). Bu
nedenle, likopenin topikal uygulamasi inflamatuar
infiltrati azaltabilir (Ascenso, 2012). Deney hayvanlariyla
yuriitiilmiis olan bir arastirmada, farelerin kulaklarindaki
antralin kaynakli 6dem ve eritemin giderilmesinde,
%0,05 likopenin epikiitan uygulamasinin 1 mg/g
betametazon soliisyonu ile yapilan tedaviye benzer
sekilde etki gosterdigi kanitlanmistir (Ascenso ve ark.,
2013).
Baz1

derisindeki karotenoid konsantrasyonunu etkiledigini
one siirmektedir (Lademann ve ark., 2011). Nitekim

kutanoz likopen konsantrasyonu sigara igcenlerde daha

yazarlar, bireyin yasam Kkosullarinin insan
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diistiikken, vejeteryanlarda daha ytiksektir (Lademann ve
ark, 2011).

Likopen, epidermal ornitin dekarboksilazi inhibe ederek,
enflamatuar  tepkileri  azaltarak,
proliferasyonunu koruyarak ve DNA hasarini 6nleyerek

normal  hiicre
akut ultraviyole (UV) B kaynakli fotohasara karsi
koruyucu ve onleyici etki olusturur (Lopes ve Reed,
2009; Ascenso, 2012). Gergekten de, nontiimérijenik
insan immortalize keratinositleri (HaCaT) hiicre dizisi
kullanilarak yapilan bir ¢alisma, likopenin 1s1k hasarinin
derecesine bagh olarak i1sinlanmis hiicrelerde diizeltici
bir isleve sahip olabilecegini gostermistir (Ascenso ve

ark., 2016). Baska bir calismada ise, likopenin plazma
izomerlerindeki bir artisin, niikleer hormon reseptorii
sinyal yolaklarinin aktivasyonunu degistirebilecegini,
dolayisiyla da atopik dermatit (AD) fenotipinden
nispeten sorumlu oldugu 6ne siiriilmiistiir (Lucas ve ark,,
2018). Ayrica, HR-1 tiiysiiz farelerle yapilan bir
calismada, likopenin oral uygulanmasindan sonra gorsel
gorlinlim, cildin nem seviyeleri, dermisteki enflamatuar
cilt kalinhgr gibi AD semptomlarin
iyilestirebilecegini ortaya konulmustur (Hiragun ve ark,,
2016).

hiicreler ve

Tablo 6. Likopenin bazi kanser tiirlerinde bildirilen etkileri (Caserio ve ark., 2020)

Kanser tipi Calisma tipi Likopenin etkisi Referans
Serum likopen seviyelerinden sorumlu olan (Ito ve ark, 2005;
Prospektif kohort  yesil-sar1 renkli sebzelerin fazla miktarda Story ve ark., 2010)
calismasi tiiketimi, kirsal kesimde yasayan Japon
Kolorektal kanser bireylerin kolorektal kanser o6liim riskini
azaltabilir.

Vaka-kontrol
calismasi

Likopen ile kolorektal kanser riski arasinda bir

(Kune ve Watson,

Akciger kanseri

Yumurtalik
kanseri

Pankreas kanseri

Kohort ¢alismasi
Vaka kontrol
calismasi

Vaka kontrol
calismasi

Meta analiz

iliski yoktur. 2006; Story ve ark,
2010)

Likopenin igeren gidalarin fazla tiiketimi ile (Holick ve ark,

akciger kanserine yakanma riski azalir. 2002; Sahin ve ark.,
2019)

Ozellikle premenopozal kadinlarda yumurtallk (Cramer ve ark.,

kanseri riski ile likopen tiiketimi arasinda ters
orantili bir iliski vardir.

Likopen icerigi yliksek olan domates ve domates
bazli ftriinlerin tiiketimi pankreas kanserinin
azalmasina yardimci olabilir.

Likopen veya likopen iceren gidalarin tiiketimi
prostat kanserine yakalanma riskini azaltir.

2001; Sahin ve ark.,
2018)

(Nkondjock ve ark,
2005; Sahin ve ark.,
2019)

(Aydemir ve ark,
2013; Etminan ve

Prostat kanseri Prospektif

gozlemsel ¢calisma

Prospektif kohort
calismasi

Yiyecek veya takviye olarak daha ytiksek likopen
alimi, erkeklerde iyi huylu prostat hiperplazisi
riskini (%18) azaltir.

ark., 2004)
Likopen alimi prostat kanseri riskinde azalma ile (Giovannucci ve
iligkilidir. ark., 2002; Kong ve
ark. 2010)

(Kristal ve ark,
2008; Story ve ark,
2010)

Ciltte dogal olarak bulunan potansiyel antioksidanlarin
cesitliliine bakilmaksizin, asir1 reaktif oksijen tiirleri
(ROS) iiretimi genellikle cildin antioksidan yetenegini
asar (Ascenso ve ark.,, 2016). Bu nedenle, fotoproteksiyon
karotenoidlerin ~ topikal veya  sistemik  olarak
uygulanmasiyla artirilabilir (Alda ve ark, 2009).
Antioksidan mikro besinler ile oral fotokoruma kavrami
giderek daha 6nemli hale gelmektedir (Groten ve ark,
2019). Aslinda, likopen iceren antioksidan mikrobesin
takviyesinden sonra cilt piiriizliliigiiniin (Lademann ve
ark, 2011), cilt yaslanmasinin ve c¢izgi ve kirisiklik
olusumunun azaldig1 gosterilmistir (B. Lopes ve ark,
2010). Bununla birlikte, besin takviyesi sonucu plazma
likopen seviyelerinde bir artis, her zaman 6nemli bir

karsilastirllamayacak olsa da, diyetle alinan likopen
ultraviyole (UV) radyasyona karsi bazal bir koruma
saglayabilir (Narciso Tomé, 2014). Diger yandan, baz
yazarlar foto-koruyucu
sergilemedigini,, hatta aksine likopenin giinese maruz
kalma altindaki

likopenin ozellikler
kararsizliginin pro-oksidan etkiler
yaratmasi nedeniyle UV radyasyonunun neden oldugu
daha kotii DNA hasarinm tesvik ettigini 6ne siirmektedir
(Narciso Tomé, 2014). Yapilan bir calismada, daha
oncesinde UV radyasyonuna maruz kalmis farelere
likopen iceren  topikal
formiilasyonlar uygulanmistir (Shah ve Mahajan, 2014).

ve/veya  deksametazon

Morfolojik ve biyokimyasal degerlendirmeler dikkate
alindiginda, likopen jeli fotoyaslanmaya karsi daha

fotokoruma ile iligkili degildir (Groten ve ark. 2019). yiksek  koruma  saglarken, deksametazon jeli
Giines kremi formiilasyonlarinin kullanimiyla muhtemelen oksidatif stres olusturma kapasitesi
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nedeniyle basarisiz bulunmustur (Shah ve Mahajan,
2014). Ne yazik ki likopen diger karotenoidlere gére UV
radyasyonuna daha duyarhdir (Moran ve ark., 2013).
Deride, likopenin tiiketildigi UV maruziyeti sirasinda
radikal sondiirme gergeklesir (Kong ve ark, 2010).
Aslinda, likopen seviyeleri 1sinlamadan sonraki ilk 30
dakika icinde ¢ok hizli bir sekilde azalir (Lademann ve
ark., 2011). Likopenin fotodegradasyonu, ¢o6ziinmiis

oksijen tiikketimini o6nlemek icin sistemin
oksijensizlestirilmesiyle o6nlenebilir (Nishino ve ark,
2011).

6.4. Diger Hastaliklar

Likopenin kolesteroli diistirdiigi (Jaswir ve ark., 2011)
ve aterosklerotik plaklar1 azaltarak kardiyovaskiiler
hastaligt  iyilestirmeye yardimci oldugu cesitli
calismalarda o6ne siiriilmistir (Durairajanayagam ve
ark., 2014).

7-ketokolesterol (7-KC) aterosklerozda 6nemli bir role
sahip gibi goériinmektedir (Palozza ve ark., 2010). Bazi
yazarlar likopenin insan makrofajlarinda hem oksidatif
stresi hem de apoptozu azaltarak 7-KCnin zararh
etkilerini Onleyebilecegini 6ne siirmektedir (Palozza ve
ark, 2010). Gorlinen odur ki, iskemik hastaliklarda
nakledilen ve likopen ile 6n isleme tabi tutulmus
mezenkimal kok hiicreler, belirli doku yaralanmalarinin
tedavisinde kullanilabilir, ¢linkii likopen, apoptozla
iligkili sinyal yolunu baskilayarak ve antioksidan proteini
gliclendirerek iskemik hasar1 dnleyebilmektedir (Kim ve
ark, 2015).

Yiiksek serum likopen seviyeleri, yasa bagh makula
dejenerasyonu riskinin daha diisiik olmasiyla da
iliskilendirilebilir. nedeni, likopenin gozde
bulunan singlet oksijeni sondiirme yeteneginin yani sira
makulay1 dolayli olarak etkileyen aterojenik stiregler
lizerindeki etkisidir (Mares-Perlman ve ark., 1995; Kelkel
ve ark., 2011; Martinez ve Melendez-Martinez, 2016).
Likopen, mikroorganizmalara karsi yeterli bir savunma
saglayarak adaptif bagisiklik tepkisini aktive edebilir
(Campos ve ark., 2017). Boylece bakteriyel enfeksiyon ve

Bunun

radyasyona karsi koruma saglar (Ascenso, 2012).

Ayrica, serum likopeni; plazma glikozu ve aglik insiilin
konsantrasyonlari ile ters iligkilidir (Kong ve ark., 2010).
Kesitsel bir calisma, diyetle alinan likopenin, aglik kan
sekerindeki diisiise bagl olarak gestasyonel diabetes
mellitus riskini azaltabilecegini desteklemektedir (Gao ve
ark, 2019). Ashnda, likopen tiiketiminde 1 mglk bir
artisin, ac¢hk kan sekerini 0,005 mmol/L disiirerek
gestasyonel diyabet riskini %5 azalttif1 bildirilmistir
(Gao ve ark., 2019).

Oksidatif stres sperm canliligini, hareketliligini ve DNA
hasarini etkileyebilir, bu da esas olarak idiyopatik erkek
faktoriine bagh
(Durairajanayagam ve ark., 2014). Likopen; katalaz ve

infertilitenin 6nemli bir nedenidir

glutatyon peroksidaz gibi antioksidanlar1 artirarak
bagisikhig: gliclendirmenin yani sira spermatozoanin lipid
peroksidasyonunu ve DNA hasarini azaltabilmektedir
(Durairajanayagam ve ark., 2014). Nitekim, bir calismada

likopenin Beltsville sulandiricilarinda horoz sperminin

kriyoprezervasyonu iizerindeki etkisi
dondurucu likopen veya
nanolipozomlar1 ile desteklenmesinin,
redoks dengesinin, hiicresel enerji metabolizmasinin ve
membran korumasinin iyilestirilmesi nedeniyle sperm

incelenmis ve
likopen
muhtemelen

sulandiricinin

kalitesini, 0Ozellikle de hareketliligi ve mitokondriyal
aktiviteyi iyilestirdigi tespit edilmistir (Najafi ve ark,
2018).

Kolsisin ile tedavi edilen siganlarla yapilan bir ¢alisma,
likopenin beyin antioksidan savunma mekanizmalarinin
hizlanmasi ve nitrik oksit yollarinin asag1 regiilasyonu
nedeniyle ndrolojik defisitleri tersine cevirebilecegini ve
bilisi gelistirebilecegini 6ne siirmektedir (Prakash ve
Kumar, 2013).

Alzheimer hastaligi, basta B-Amyloidi-s2 (AB1-42) olmak
iizere beyinde B-amiloid birikimi ile kendini gosterir
(Sachdeva ve Chopra, 2015). APi-42 peptitleri enjekte
edilen sigcanlarda yapilan bir ¢alisma, likopen tedavisinin
AB1-42 ile indiiklenen mitokondriyal disfonksiyonu, NF-
kB, IL -1, TNF-a ve doniistiiriicii bliylime faktori (TGF)-
B gibi enflamatuar sitokin aracilarini ve beyindeki
kaspaz-3 aktivitesini Olclide azaltabilecegini
gostermektedir (Sachdeva ve Chopra, 2015).

Oksidatif stres, Parkinson hastaliginin patogenezinde
o6nemli bir role sahip olabilir (Kaur ve ark., 2011).

onemli

Rotenonla tedavi edilen si¢anlarda yapilan bir ¢alisma,
sadece antioksidanlarda bagh
degisiklikleri degil, ayn1 zamanda indiiklenen oksidatif
stresi ve norodavranissal eksiklikleri de dnleyebilecegini
gostermistir (Kaur ve ark., 2011). Bu nedenle, likopen
takviyesi, oksidatif arttifi  noérodejeneratif
hastaliklarda uygulanabilir (Kaur ve ark., 2011).

likopenin rotenona

stresin

7. Likopenin Onerilen Dozu

Giinliik likopen tiiketimi icin ideal bir doz olmadigl
Onceki calismalar sadece farkh
seviyelerde likopen hakkinda fikir vermesi
bakimindan yararl olacaktir. Ornegin, bir in vivo ¢alisma
likopenin (6,5 mg/giin) erkeklerde kansere karsi etkili
oldugunu ortaya koymustur (Giovannucci ve ark., 1995).
Ancak, ilerlemis PCa durumunda likopen dozu 10,0
mg/giin’e kadar arttirilmalidir. Baska bir ¢alismada, yash
bir popiilasyonda likopen takviyesi (15 mg/giin, 12 hafta
boyunca) dogal oldiiriici hiicre %28
oraninda bagisiklik fonksiyonunu
iyilestirmistir (Corridan ve ark., 1998). Bu nedenle, ¢esitli
saglik amaglar1 i¢in farkh likopen dozlar1 ve takviye
stirelerinin onerilebilecegi goriilmektedir. Son olarak,
farkli epidemiyolojik ¢alismalara gore, giinliikk likopen

unutulmamaldir.
alim

aktivitesini
arttirarak

aliminin giinde 2 ila 20 mg olmasi 6nerilebilir (Saini ve
ark., 2020).

8. Likopenin Giivenilirlik ve Toksisite

Seviyesi
Tibbi bitkiler ve bitki tiirevi fitokimyasallar konusunda

giivenlik takibi dnemli bir konu olarak ele alinmalidir
(Khiveh ve ark., 2017; Shakeri ve ark., 2018). Likopenin
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olas1 toksisitesine iliskin cesitli in vitro ve in vivo
calismalar bulunmaktadir. Ornegin, likopenin (10,0 uM’a

kadar) siganin serebellar graniil néron hiicre
kiltiirlerinde, hiicre canliigi {izerinde toksisitesi
olmadigl bildirilmistir (Qu ve ark, 2013). Sigan

hipokampal néron hiicre kiiltiirleri tizerinde yapilan bir
baska calismada
likopenin dnemli bir toksik etkisi olmadigini gostermistir
(Qu ve ark., 2011). Ancak karotenoidlerin yiiksek doku
konsantrasyonlarinda bazi 6zel durumlarda pro-oksidan
etki gosterebilecegi goriilmektedir (Wang, 2004).
Sicanlar i{izerinde yapilan bir toksikolojik calisma,
incelenen en yiliksek dozda (diyette %1,0 seviyesinde)
hicbir yan etkinin gdzlemlenmedigini gostermistir
(Jonker ve ark., 2003). Farkli likopen formlarimin (yani
domatesten elde edilen likopen, sentetik likopen ve
kristalize 6ziitli) degisik gida Uriinlerinde kullanildiginda
genellikle giivenli olarak kabul edildigi unutulmamahdir
(Trumbo, 2005). Normal ve siradan dozlarda likopen
kullanimindan kaynaklanan herhangi bir yan etki

ise bu hiicrelere uygulandiginda

bildirimi yoktur (Krinsky ve ark, 2000). Insanlar
lizerinde yapilan calismalar, likopen icin
gozlemlenmeyen yan etki diizeyinin giinde 3,0 g/kg viicut
agirlignt  oldugunu ileri strmistiir. Gunlik likopen

aliminin bu seviyenin 6nemli 6l¢iide altinda oldugu
tahmin edilmektedir. Alimi i¢in 99. persentil bile giinde
123 mg diizeyindedir (Trumbo ve ark. 2001). Sitokrom
P450 2E1 ekspresyonunun yiliksek dozlarda likopen ve
alkol tarafindan indiiklenebilecegi goriilmektedir. Bu
nedenle, yiiksek dozda es zamanl kullanimlarindan
kacinilmalidir (Veeramachaneni ve ark., 2008). Ayrica,
likopenin gii¢lii antioksidan etkisi nedeniyle, kemoterapi
ve radyoterapi alan hastalarda onlemler alinmalidir
(Cassileth, 2010). Bir vaka raporunda, birkag y1l boyunca
her giin yaklasik 2 litre domates suyu icen bir kadin
bireyde likopenemi tanimlanmistir. Likopenemiye bagh
olarak bireyin karacigerinde likopen birikintileri (hepatik
disfonksiyon kaniti olmaksizin) ve ciltte koyu turuncu
renk degisikligi gozlenmistir. Ayni birey domates suyu
tiketimini biraktiktan 3 hafta sonra likopenodermi
gozden kaybolmustur (Reich ve ark., 1960).

9. Likopen Diizeyini Belirleme Yontemleri

Gida ve biyolojik numunelerdeki likopen igerigini 6lgmek
ve analiz icin cesitli analitik yontemler
gelistirilmistir. Bunlar arasinda ultraviyole-goériintir (UV-
VIS) spektrofotometri (Davis ve ark, 2003), sivi
kromatografisi (LC), ince tabaka kromatografisi (TLC) ve
yliiksek performansli sivi  kromatografisi (HPLC)
bulunmaktadir (Lee ve Chen, 2002; Ishida ve Chapman,
2004; Xu ve ark., 2006). Diger bir¢ok ytiksek hizli karsi
akim kromatografisi (Baldermann ve ark. 2008), fiber
optik gorlniir yansima spektroskopisi (Choudhary ve
ark., 2009) ve kizilotesi spektroskopi (De Nardo ve ark.,
2009) de gelistirilmistir. Bununla birlikte, all-E-likopenin
Z izomerleri ile ayrilmasini saglamak icin ¢ok fazla zaman
(genellikle >20 dakika) ve ¢oziicii tiiketirler. UV-VIS
spektrofotometrisi HPLC analizinden daha kullanisl,

etmek

daha hizli ve daha ucuzdur ve ¢ok sayida numune
nispeten kisa siirede islenebilir. Bununla birlikte, UV-VIS
spektrofotometresi ¢ok kiiciik miktarlardaki likopeni (1,0
pg'dan az) tespit edemezken, HPLC 1,0 ng kadar kii¢ciik
miktarlari tespit edebilir (Hyman ve ark., 2004).

10. Sonuglar

Meyve ve sebzeler, hayati fitokimyasallar ve biyoaktif
molekiillerin varligl nedeniyle beslenme alaninda biiyiik
o6nem kazanmaktadir. Besinlerin icerisindeki bu
bilesikler viicut metabolizmasini tetikleyip,
degistirmenin yani sira detoksifikasyon mekanizmasini
da modiile eder.

Likopen, basta domates olmak iizere bazi meyve ve
sebzelerde dogal olarak bulunan bir kirmizi renkli bir
pigmenttir. Likopen giiclii antikanser, antioksidan,
antiinflamatuar ve antidiyabetik potansiyele sahiptir.
Ayni zamanda, bu pigment insanlar1 kalp, karaciger,
kemik, deri, sinir ve lireme sistemi hastaliklarina karsi
koruyan bir birlikte, gen
ekspresyonu calismalarina 6zel bir vurgu yaparak, altta

nutrasotiktir. Bununla
yatan etki mekanizmalarin1 ortaya ¢ikarmak i¢in daha
fazla arastirma yapilmasi gerekmektedir. Ek olarak, bu
fonksiyonel gidanin o6nerilen ve etkili dozlarinin daha
fazla arastirlmasi gerekmektedir. Genotoksisitesi,
maternal toksisitesi ve teratojenik etkileri ile ilgili
giivenlik endiseleri de sorgulanmalidir.

Sonug olarak, dogal olarak olusan karotenoid bakimindan
zengin meyve ve sebzelerin yam sira likopen igeren
islenmis domates iiriinlerinin insan saglig1 ve hastaliklari
iizerinde olumlu etkileri sebebiyle tiiketilmelerinin tesvik
edilmesi saglanmalidir.

Katki Orani Beyam
Yazar(lar)in katki yilizdesi asagida verilmistir. Tim
yazarlar makaleyi incelemis ve onaylamistir.

G.A. AE.
K 50 50
T 60 40
Y 50 50
KT 60 40
YZ 100
KI 50 50
GR 100

K= kavram, T= tasarim, Y= yonetim, KT= kaynak tarama, YZ=
Yazim, KI= kritik inceleme, GR= gonderim ve revizyon.

Catisma Beyam
Yazarlar bu ¢alismada higbir ¢ikar iligkisi olmadigini
beyan etmektedirler.
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