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Degerlendirilmesi: Sakarya ili Ornegi
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Gilintimiizde niifus artig1 ve kentlesmeyle birlikte artan tiiketim kat1 atik iiretiminde belirgin bir
artisa neden olmaktadir. Atiklarin saglikli ve ekonomik bir sekilde yonetilmesi artan tiiketim ve
kentlesmeye bagl olarak daha 6nemli hale gelmistir. Cevre sorunu olarak karsimiza ¢ikan bu
problemin ¢oziilebilmesi i¢in atiklarin diizenli ve etkin bir sekilde bertaraf edilmesi
gerekmektedir. Diizenli depolama, uygulanabilirligi ile yonetim kolayligi agisindan atiklarin
gevreye zarar vermeyecek sekilde depolanarak bertaraf edilmesini saglayan ve en ¢ok tercih edilen
yontemlerden biridir. Bu ¢alismanin amaci, Sakarya ilinde mevcut diizenli depolama alanina
alternatif yeni bir diizenli depolama alani yapilmasi durumunda yer sec¢imi kriterlerinin
degerlendirilmesidir. Sakarya ili 6zelinde daha once benzer bir ¢aligmaya rastlanilmamasi bu
caligmay1 onemli kilmaktadir. Yer tespiti ¢alismasinda, literatiirde agirlikli kullanilan kriterler
dikkate alinmis ve diizenli depolama alani yer se¢imi amaciyla kriterler belirlenmistir. Bu
kriterlerden yararlanarak, BWM (Best-Worst Method) yontemine uygun olarak uzman goriisleri
almmustir. Uzmanlardan, diizenli depolama alani yer se¢imini etkileyebilecek 5 ana ve 22 alt
kriterin “En Onemli” ve “En Az Onemli” olanlarmi belirlemeleri ve ardindan diger kriterler ile
ikili karsilastirma yapmalar1 istenmistir. 12 farkli uzman goriisii alinarak sonuglarin kendi i¢inde
tutarlilig test edilmis ve sonuglarin tutarli oldugu belirlenmistir. Uzman goriisleri alinarak yapilan
calismanin sonucunda elde edilen bulgular dogrultusunda, en &nemli kriter “yeralt1 ve yiizey
sular1”, en az 6nem derecesine sahip kriter ise “kamu kurumlariyla isbirligi” olarak tespit
edilmistir.

Anahtar Kelimeler: Diizenli depolama alani, atik yonetimi, BWM yo6ntemi, yer se¢imi kriterleri
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Samet Furkan Saglam, Sinan Esen
Diizenli Depolama Alanina Yonelik Yer Segimi Kriterlerinin Degerlendirilmesi: Sakarya ili Ornegi

Evaluation of Site Selection Criteria for Sanitary Landfills: The Case of
Sakarya Province

ABSTRACT

In contemporary times, population growth and urbanization have significantly contributed to an
increase in consumption, resulting in a substantial rise in solid waste production. The management
of waste in a healthy and economical manner has become increasingly important due to this growing
consumption and urbanization. The solution to this pressing environmental issue lies in the
systematic and effective disposal of solid waste. Among the most widely adopted methods is
sanitary landfill disposal, which ensures the containment and elimination of waste in an
environmentally safe manner, offering practical applicability and ease of management. The
objective of this study is to evaluate the site selection criteria for a potential alternative sanitary
landfill in Sakarya Province, should a new site be required. The absence of a similar study in Sakarya
highlights the significance of this research. During the site selection process, criteria commonly
utilized in the literature were considered, and specific criteria were established for the purpose of
sanitary landfill site selection. Expert opinions were collected using the (BWM) Best Worst Method
approach. Experts were asked to identify the “Most Important” and “Least Important” factors among
five main criteria and 22 sub-criteria that could influence landfill site selection. They were also
requested to conduct pairwise comparisons of these criteria. The consistency of the results was
tested based on inputs from 12 different experts, and the findings were deemed consistent.
According to the results of the study, informed by expert evaluations, the most critical criterion was
identified as "groundwater and surface water," while the least important criterion was determined
to be "cooperation with public institutions."

Keywords: Sanitary landfill, waste management, BWM method, site selection criteria
1 Giris

Kentlesme ve hizli niifus artisiyla birlikte atik miktarlarinda géze ¢arpan artiglar meydana gelmektedir.
Bu durum, atiklarin ekonomik ve saglikli bir sekilde yonetilmesi konusunu ge¢mis yillara kiyasla daha
onemli bir hale getirmektedir. Atik miktarlarindaki artigla beraber ciddi bir ¢evre problemi de ortaya
¢ikmaktadir. Bu ¢evre sorununun ¢dziilebilmesi i¢in kat1 atiklarin diizenli ve etkin bir sekilde bertaraf
edilmesi gerekmektedir. Uygulanabilirligi ve yonetim kolaylig1 agisindan bertaraf yontemlerinden en
yaygin kullanilani diizenli depolama yontemidir.

Diizenli depolama alanlari, atiklarin insan ve g¢evre sagligina zarar vermeden depolanmasinmi saglayan,
Ozel sartlar altinda tasarlanan ve yodnetilen alanlardir. Diizenli depolama alanlari, atiklarin geri
dondstiirilemedigi ve diger yontemler ile bertaraf edilemedigi durumlarda tercih edilen bir yontem
oldugundan dolay1 her gecen giin diizenli depolama ihtiyaci artmaktadir. Tiirkiye Istatistik Kurumu' nun
(TUIK) 2022 yil1 verilerine gore, Tiirkiye' de kisi basi giinliik atik miktar1 1,03 kg olarak belirtilmistir.
Sakarya ili igin bu deger 0,91 kg' dir. TUIK verilerine gore, atik bertaraf ve geri kazanim tesislerinde
2020 yilinda 127,4 milyon ton atik islenmistir. Bu miktarin 77,8 milyon tonu diizenli depolama
alanlarinda, 570 tonu yakma tesislerinde bertaraf edilmis, 49,1 milyon tonu geri kazanim tesislerinde
islenerek geri kazanilmistir. 2022 yilinda atik bertaraf ve geri kazanim tesislerinde 133,2 milyon ton atik
islenmistir. Bu miktarin 81 milyonu diizenli depolama alanlarinda, 450 tonu yakma tesislerinde bertaraf
edilmisken, 51,7 milyon tonu geri kazamim tesislerinde islenerek geri kazamlmistir (TUIK, Atik
Istatistikleri, 2023). 2024 yilinda miktarlardaki artislardan da goriilecegi iizere her gecen giin diizenli
depolama alani ihtiyaci artmaktadir. Sakarya ili 6zelinde, giinliik ortalama 441 ton kat1 atik toplanmakta
ve depolama sahasinda bertaraf edilmektedir. Cevre, Sehircilik ve Iklim Degisikligi Bakanlig1, 2024 yili
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ilk ceyreginde diizenli depolama tesisi sayisim1 94' e ¢ikardiklarini ve 1248 belediyede 75,9 milyon
kisiye hizmet sagladiklarmi belirtmistir (T.C. Cevre, Sehircilik ve iklim Degisikligi Bakanlhgi, 2024).
TUIK verilerine gore, atik bertaraf ve geri kazanim tesislerinde 2022 yilinda 133,2 milyon ton atik
islenmistir. Bu miktarin 81,4 milyonu diizenli depolama alanlarinda, 450 tonu yakma tesislerinde
bertaraf edilmisken, 51,7 milyon tonu geri kazanim tesislerinde islenerek geri kazanilmistir (TUIK, Atik
Istatistikleri, 2023). Diizenli depolama alanlarmnin seciminde ve ydnetiminde diinya c¢apinda ve iilke
genelinde farkli mevzuat ve yonetmelikler bulunmaktadir.

Tiirkiye'de ¢evre koruma agisindan temel mevzuat olan 2872 Sayili Cevre Kanunu (1983) ¢ikarilarak
biitiin canlilarin ortak varlig1 olan g¢evrenin, siirdiiriilebilir ¢evre ve siirdiiriilebilir kalkinma ilkeleri
dogrultusunda korunmasi amaglanmistir. 3030 Sayili Bilyiiksehir Belediyesi Kanunu (1984) ile atiklarin
toplanmasi, toplanma yerlerinin belirlenmesi, degerlendirilmesi ve imha islemi i¢in gerekli tesislerin
kurulmasi, isletilmesi veya islettirilmesi isleri ile ilgili biiyiiksehir belediyeleri gorevlendirilmistir. 2010
yilindaki Atiklarin Diizenli Depolanmasina Dair Yo6netmelik ile atiklarin diizenli depolama yontemi ile
bertarafi amaglanmistir. Tirkiye, Avrupa Birligi (AB) iiyelik siirecinde c¢evre yonetimi ve atik
politikalar1 alaninda bazi yasal diizenlemelerde degisiklik yapmigtir. Bunlardan en 6nemlileri 5491
sayili Cevre Kanunu’nda Degisiklik Yapilmasina Dair Kanun (2006) ve 2872 sayili Cevre Kanunu’nda
(1983) kapsamli degisiklikler yapilmasidir.

Tiirkiye, 2019 yilinda yiiriirliige giren Sifir Atik Yonetmeligi ile atik yonetimi konusunda 6nemli bir
adim atmustir. Sifir atik projesinin uygulamaya koyulmasindan itibaren; %13 olan geri kazanim orani
2023 yili itibariyle %34,92 oranina yiikselmistir, toplamda yaklasik 59,9 milyon ton atik islenerek geri
kazanilmistir, toplanan ve geri kazanilan atiklardan toplamda 185 milyar TL iilke ekonomisine kazang
saglanmistir. Ayrica; 2,6 milyar kWh enerji tasarrufu, 819 milyon metrekiip su tasarrufu, 104 milyon
metrekilp depolama alanindan tasarruf saglanmis, 5,9 milyon ton sera gazi salinimi onlenmis, 498
milyon aga¢ kurtarilmis, 127 milyon varil petrolden tasarruf edilmistir (Cevre, Sehircilik ve Tklim
Degisikligi Bakanligi, Cevre Yo6netimi Genel Miidiirligi, 2024).

Diizenli depolama alanlar ile ilgili dlinya ¢apinda, her iilkenin kendi ihtiyaglar1 dogrultusunda mevzuat,
yonetmelik ve uygulamalar bulunmaktadir. Avrupa Birligi; yayinladiklar1 Atik Yonetim Cerceve
Direktifinde, atiklar ve diizenli depolama alanlar i¢in zorunlu teknik sartlar getirerek atiklarin diizenli
depolanmasi sebebiyle ¢evre iizerinde olusabilecek olumsuz etkileri azaltmay1 amaglamistir (Veral &
Yigitbasioglu, 2018). Amerika Birlesik Devletleri’nde; Kaynak Koruma ve Kurtarma Yasasi (Resource
Conservation and Recovery Act, RCRA) ile diizenli depolama alanlarinin tasarimu, igletmesi ve kapatma
sartlar1 belirlenmistir (Chemwatch, 2024). Kanada; Cevre Koruma Yasasi ile diizenli depolama
alanlarmin yer se¢imi, ingas1 ve isletilmesi ile ilgili standartlar belirlemis ve geri doniigiimii tesvik ederek
atik yonetimini desteklemistir (T.C. Ticaret Bakanligi, 2019).

Diinya ¢apinda ve iilke genelinde diizenli depolama alani yer sec¢imi ile ilgili birgok ¢alisma yapilmistir.
Yer segimleri tek seferlik yapildigindan dolay1 genel olarak siirecler uzun stirmektedir. Diizenli
depolama alanlar1 ile ilgili yapilan caligmalarin genellikle ¢ok kriterli karar verme (CKKYV)
yontemleriyle ele alindig1 gézlenmistir. Son zamanlarda yer se¢imlerine iliskin yapilan ¢aligmalarda
kriter agirliklarini belirlemek amaciyla BWM (Best Worst Method) yontemi kullanilmaya baslanmustir.
Bu calismada da BWM yontemi tercih edilmis, yontemin diger yontemlere gore istiinliikkleri ve
avantajlari ilerleyen bolimlerde agiklanmustir.

Giiler (2016) tarafindan yapilan yiiksek lisans tez ¢alismasinda, Istanbul ilinde alternatif diizenli
depolama alanlarini belirlemek amaciyla CBS (Cografi Bilgi Sistemleri) ve AHY (Analitik Hiyerarsi
Siireci) yontemlerini kullanmistir. Giiler ¢calismasinda; arazi kullanimi, jeoloji, yerlesim alanlari, yiizey
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sular1, niifus yogunlugu, havalimanlar1 ve korunan alanlar gevresel faktorler; egim, kat1 atik aktarma
istasyonlari, arazi degerleri ve karayollar1 ekonomik faktorler olarak belirlemistir. Bu faktorler ile
diizenli depolama alanlarinin g¢evresel etkileri ve yer secim siirecinde ekonomik etkiler
degerlendirilmistir. Yildiran (2011) tarafindan yapilan yiiksek lisans tez ¢alismasinda, Izmir ili icin
diizenli depolama alani yer se¢iminde CBS (Cografi Bilgi Sistemleri) ve AHY (Analitik Hiyerarsi
Siireci) yontemleri kullanilmistir. Calismada; ¢evresel, demografik, ekonomik ve lojistik kriterler ana
kriterler olarak degerlendirilerek diizenli depolama alani yer se¢imi yapilmaya c¢alisilmistir. Wang, Qin,
Li ve Chen (2009) Pekin’deki diizenli depolama alani yer se¢imi g¢aligmasinda mekénsal bilgi
teknolojilerini ve AHP’ yi kullanmislardir. Bu ¢aligmada, gercek kosullar dogrultusunda ekonomik
faktorler goz oniinde bulundurularak AHP yontemi ile faktorlerin agirliklart hesaplanmigtir. Kriter
agirliklarina bagl olarak ‘en iyi, ‘lyi’ ve ‘uygun olmayan’ depolama alanlar1 belirlenmistir. Caligma
sonucunda, ¢calisma bir konumlandirma metodolojisi ve temel atik yonetimi sorununun ¢éziimiinde karar
vericiye destek vermistir. Aydemir (2018) tarafindan gergeklestirilen ¢aligmada; gevresel, ekonomik,
sosyal ve zeminsel kriterler Analitik Hiyerarsi Prosesi (AHP) kullanilarak Ankara ili ve g¢evresi i¢in
potansiyel kat1 atik depolama tesisi yerleri degerlendirilmistir. Caligmada Cevre ve Sehircilik Bakanligi
Cevresel Etki Degerlendirme (CED) Izin ve Denetim Genel Miidiirliigii'nden yedi, Ankara’daki mevcut
depolama alanin1 ydéneten firmadan iki uzman ile goriigiilmiis ve toplamda dokuz uzmandan farkl
goriigler alinmistir. Calisma sonucunda kriterlerin agirliklari belirlenmis ve diizenli depolama alani igin
en uygun yer Onerileri tespit edilmistir. Sheoran ve Parmar (2020), gergeklestirdikleri ¢aligmada, Yeni
Delhi’nin Gurugham sehrinde diizenli depolama sahasinin belirlenmesi icin Analitik Hiyerarsi Siireci
(AHP) ve CBS (Cografi Bilgi Sistemleri) kullanmiglardir. Yol aglari, su kiitlelerinin varligi, yerlesim
yerleri ve yer altt su tablalarmin derinligi gibi kriterler belirlenerek bu kriterlerin agirliklar
hesaplanmustir. i1k asamada, Gurugram bélgesinde AHP yéntem analizi esas alinarak diizenli depolama
alani icin bes farkli alan belirlenmistir. Ardindan ¢alisma sonucunda, c¢aligilan yerel kurumlara yakin
olmalar1 ve yol aginin uygun olmasi sebebiyle iki farkli bolge, diizenli depolama alani i¢in potansiyel
bolge olarak gosterilmistir. Ali ve Ahmad (2020) tarafindan yapilan ¢alismada, Hindistan’in Kolkata
sehri i¢in alternatif uygun diizenli depolama alani yer se¢imini amacglamislardir. Calismada, 20 farkl
kriter kullanilarak kriterlerin agirliklar1 bulanik analitik hiyerarsi siireci ile hesaplanmigtir. Calisma
alaninda ilk asamada 16 farkli alternatif alan belirlenmistir. Bu alanlardan 13’1 mevcut arazi kullanimi,
halkin kabulii, ulasim ve yerel ¢evresel sorunlar sebebiyle depolama sahasi kullanimi i¢in uygun
goriilmemigtir. Geriye kalan 3 farkl alternatif alan degerlendirilebilir konum olarak ¢alisma sonunda
tavsiye edilmigtir. Hanine vd. (2016) tarafindan yapilan ¢aligmada, Fas'in Kazablanka bolgesinde
diizenli depolama alani yer se¢imi {izerine ¢aligilmistir. Caligmada, depolama sahasi i¢in uygun yerlerin
belirlenmesi amaciyla politik, ekonomik, ¢evresel ve sosyal faktorler dikkate alinmistir. Bu kriterlerin
agirliklar1 analitik hiyerarsi siireci (AHP) ve bulanik diizen teknigi kullanilarak degerlendirilmistir.
Alternatif alanlar ise TOPSIS yontemi ile siralanmigtir. Caligma sonucunda, gelecekte yapilacak olan
bir bagka ¢alismada, CKKV’nin MACBETH, ELECTRE ve VIKOR gibi diger tekniklerde kullanilarak
elde edilen sonuglarin karsilastirilmasi tavsiye edilmistir.

Literatiirdeki calismalar degerlendirildiginde, tesis yeri secimi problemlerinin genellikle ¢ok kriterli
karar verme (CKKV) yontemleriyle ele alindig1 gézlenmistir. Ozellikle bu tiir yer se¢imi konularinda
en yaygin olarak kullanilan yontemler sirasiyla; AHP, CBS, TOPSIS ve Bulanik sistemlerdir.

2 Metodoloji

Genel olarak bazi secenekler arasindan alternatiflerin belirlenmesi ve ilgili alternatiflerden en uygun
olaniin se¢ilmesi siireci karar verme olarak tanimlanmaktadir. Bu siirecte, 6zellikle alternatiflerin
degerlendirilmesi ve segilmesinde Cok Kriterli Karar Verme (CKKV) yontemleri siklikla tercih
edilmektedir. CKKV yontemleri, karar verme siireglerinde farkli bakis agilarina dayali olarak kriterlerin
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belirlenmesine olanak saglamaktadir. Ayrica, CKKV yontemleri bu siirecleri daha seffaf ve anlasilir bir
hale getirerek, alinan kararlarin daha tutarli ve anlamli olmasina katkida bulunmaktadir. Son zamanlarda
literatiirde BWM yontemi siklikla tercih edilmektedir. Bu ¢alismada da kriter agirliklarini belirlemek ve
degerlendirmek i¢in BWM ydntemi tercih edilmistir. BWM yonteminin bu ¢aligmada tercih edilmesinin
nedeni diger yontemlere gore bazi iistlinliikleri ve avantajlarinin olmasidir. Bu baglamda;

o Kargilastirma sayilar1 agisindan BWM yonteminde sadece en iyi ve en kot kriterler
karsilastirilirken; diger yontemlerde tiim kriterler arasinda karsilastirma yapilmaktadir.

e Tutarhilik agisindan, BWM yonteminde daha az karsilastirma yapildigindan dolay1 tutarlilik oram
diger yontemlere gore daha yuksektir.

e Hesaplama yiikii agisindan, BWM yontemi hesaplama ve uygulama siireci olarak diger yontemlere
kiyasla ¢ok daha basit ve kisa siirelidir (Cakir & Can, 2019; Bayrak¢i-Arslan, 2022; Ahmad vd.,
2017).

BWM yontemini, 6zellikle AHP yontemi ile kiyasladigimizda belirgin bazi 6zellikleri 6ne ¢ikmaktadir.
Bu 6zelliklerden bazilari;

e Karsilagtirma sayilar1 agisindan BWM yontemi AHP yontemine gore sadece en iyi ve en kotii
kriterleri karsilagtirmaktadir. Bu durum daha az sayida karsilastirma yapilmasina olanak
saglamaktadir.

e BWM yonteminde daha az karsilastirma yapildigindan dolayr AHP yontemine kiyasla tutarsizlik
orani daha disiiktiir.

e En iyi ve en kotii kriterlere dayali bir kiyaslama yapildigindan AHP y6ntemine gore daha az veri
girisi yapilmaktadir.

e BWM yodnteminde degerlendirme siireci AHP yontemine gdore daha kisa oldugundan, hesaplama
daha hizli ve daha az karmagiktir.

e BWM vyontemi, 6zellikle kriter sayisinin fazla oldugu durumlarda AHP ydntemine gore daha
kullanislt ve pratiktir.

e BWM yonteminde agirliklar tutarlilik sinirlar igerisinde hesaplandigindan dolayr AHP yontemine
kiyasla daha dogru sonuglar ortaya koymaktadir (Cakir & Can, 2019; Bayrake¢i-Arslan, 2022;
Ahmad vd., 2017).

BWM 2015 yilinda Jafar Rezaei tarafindan gelistirilmis bir yontemdir. Bu yontem, kriterlerin ve alt
kriterlerin agirliklarini elde etmek i¢in kullanilan karsilagtirmali bir yontemdir. BWM, en iyi (best) ve
en kotii (worst) kriterleri belirleyerek, bu iki kriterle yapilan karsilagtirmalar {izerinden diger kriterlerin
agirliklarini hesaplamaktadir. BWM yonteminin formiiliinii ve adimlarim su sekilde 6zetleyebiliriz
(Rezaei, 2015):

Adim 1: Bir dizi karar kriteri tanimlanir. Karar verici, tiim kriterler arasindan bir tanesini en iyi ve bir
tanesini de en kot kriter olarak secer. Bu asamada karar vericinin segcenekler hakkinda karar verebilmesi
i¢in bir dizi n kriterini Esitlik (1)’ de oldugu gibi tanimlamasi gerekir.

C={C1,C2, ...... ,Cn} (1

Adim 2: En iyi ve en kotii kriterler tanimlanir. Bu asamada, karar vericiden kriterlerin 6nem derecesine
gore en iyi ve en kot kriteri belirlemesi istenir.
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Adim 3: Secilen en 1iyi kriterin diger kriterlere gore tercih edilmesi ve 1 ile 9 arasinda bir saymin
kullanilarak belirlenmesi asamasidir. Bu aralikta bir say1 kullanilarak diger tiim kriterlere kiyasla en iyi
kriterin tercihi belirlenmektedir. Bu adimda, karar verici En Iyi-En K&tii adli bir vektérii Esitlik (2)° de
oldugu gibi belirler.

AB = ( asi, aB2,aB3,...,dBn ) (2)

Burada aBj, en iyi B kriterinin j kriterine gore tercihini gosterir ve agg=1 oldugu sonucuna varilir.

Adim 4: Bu asamada 1 ile 9 arasinda bir say1 kullanilarak, tiim kriterlerin tercih edilen en kotii kritere
gore tercih orani belirlenir. Bu agamada, diger kriterlerin en kotii kriter tizerindeki 6nemi karar verici
tarafindan 1 ile 9 arasi bir saymin kullanilmasrtyla belirlenmektedir. Tiim kriterlerin (j) en kotii kriter
W'ye gore tercihleri Esitlik (3)’ teki gibi tanimlanir.

Aw= (21w, 2w, 3w ..., nw )| 3)

Burada Ay, j 6l¢iitiiniin en kétii 6lciit W'ye olan tercihidir ve degeri 1 ile 9 arasinda bir tam sayidir.

Adim 5: Bu son agsamada en ideal ¢6ziim belirlenir. Yani her bir kriter i¢in en ideal agirligin belirlenmesi
gerekmektedir. Bunun i¢in, ulagilan agirliklar ve karar vericinin goriisii arasindaki bosluklari minimuma
diisiirecek bir ¢oziim bulunmalidir.

BWM' nin amaci, her j mutlak boslugu igin optimal agirlik vektdriinii bulmaktir. Kriterler i¢in en uygun
agirlik | wi/ws—aw | ve | ws/wj-ap| minimuma diisiirmektir. Bu amaca ulasmak i¢in asagidaki
min-max modeli gelistirilmigtir. BWM son modeli olan Esitlik (4)’ te belirtilen modele doniismektedir.

min EL

Kisitlarinin altinda;

|WB — apjwj| < EL Vi=1.2,..... ,n
[Wy — ajwww| < EL Vi=1.2,...... n (4)
=1 wi=1 w;> 1 Vi=12,...n

Problemi ¢6zerek, orjinal bir ¢oziime ulagsmay1 ve w* ve EL* ¢ozerek en ideal agirliklarin elde edilmesi
amagclanmaktadir. £-* karsilastirmalarin tutarliliginin bir gostergesi olarak da kabul edilebilir. Diisiik
degerler daha yiiksek tutarlilig1 ve anlamlilig: ifade etmektedir.

Tiim bu model tamamlanip ¢ozlimlenmesiyle birlikte tutarlilik oran1 hesaplanir. Bu kisim son asama
olup, Tablo 1’ de verilen & ve tutarlilik endeks degerleri ile Esitlik (5)’ ten yararlanilarak tutarlilik orani
hesaplanir.

Tablo 1: Tutarlilik endeks degerleri

aBW 1 2 3 4 5 6 7 8 9
TE 0,00 0,44 1,00 1,63 2,30 3,00 3,73 4,47 5,23
Tutarlilik Oran1 (TO) = & / Tutarlilik Endeks Degeri ®))
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Tutarlilik endeks degerini belirlerken kullandigimiz aBW en iyi kriterin en kotii kritere gore tercih
seviyesini gosterir ve hesaplanan bu tutarlilik oran1 ne kadar diisiikse sonug o kadar giivenilir ve tutarl
olur.

Diizenli depolama alanlar ile ilgili yetkinligi olan uzmanlar ile BWM yontemine uygun bir sekilde
yapilan ¢calismamizda toplam 12 uzmandan goriis alinmistir. Uzmanlarin alanlari incelendiginde tamami
atik yoOnetimi alaninda uzman iken, bunlardan ii¢ili; enerji liretimi, aritma teknolojileri ve c¢evre
alanlarinda da uzmanliga sahiptir. Calismaya katilan uzmanlardan {igii 10 y1l tecriibeye, besi 11-20 yil
arasi tecriibeye, {igli 21-30 y1l arasi tecriibeye ve biri 30 yil Gizeri tecriibeye sahiptir.

Calismada kullanilan kriterler literatiirde ilgili konuda yapilan ¢aligmalardan elde edilmistir. Kullanilan
kriterlerin kaynaklari agagidaki Tablo 2’de gosterilmistir. Bu baglamda 5 ana ve 22 alt kriter analizlere
dahil edilmistir. Ana ve alt kriterler su sekildedir: Cevresel ana kriterine bagh alt kriterler; arazi
kullanimi, yeralt1 ve yiizey sulari, yerlesim alanlarina yakinlik, turizm merkezlerine yakinlik, koruma
altindaki alanlara yakimliktir. Ekonomik ana kriterine bagl alt kriterler; is¢ilik maliyeti, ulasim maliyeti,
isletme maliyeti, arazi fiyatidir. Sosyal ana kriterine bagh alt kriterler; halk sagligi, halkin kabulii, bolge
niifusu/niifus yogunlugu, kamu kurumlari ile is birligidir. Lojistik ana kriterine bagl alt kriterler; yol ve
ulagim imkanlari, havaalanlar1 ve demiryollarina yakinlik, atik {iretim/aktarma merkezlerine yakinlik,
gelismekte olan bolgelere yakinliktir. Zeminsel ana kriterine bagli alt kriterler; arazi egitimi, toprak
gecirgenligi, fay hattina yakinlik, sel/erozyon/heyelan durumu, arazinin depolama kapasitesidir.

Tablo 2: Calismada kullanilan kriterler

Ana Alt
Kriter | Alt Kriterler | Kriter Kaynaklar
Sembolii Sembolii

Ana
Kriterler

Ciritci ve Tiirk (2019); Giiler (2016); Erdogan (2019);
Yildiran (2011); Armanuos vd. (2023); Wang vd. (2009);
Al Senkiio vd. (2022); Jalilian vd. (2022); Zarin vd. (2021);
Ferretti (2011); Azizi vd. (2016); Saleh vd. (2020); Hanine vd.

(2016); Kara vd. (2022); Gorin vd. (2014);

Giiler (2016); Yildiran (2011); Aydemir-Karadag (2019);
Armanuos vd. (2023); Wang vd. (2009); Senkiio vd. (2022);
Mirakovski vd. (2013); Sheoran vd. (2020); Ferretti (2011);

A2 Mozaffari vd. (2023); Jalilian vd. (2022); Saleh vd. (2020);
Bronja vd. (2013); Khorsandi vd. (2019); Hanine vd. (2016);
Angilella vd. (2015); Gorin vd. (2014); Zarin vd. (2021);
Azizi vd. (2016); Mahmood vd. (2021); Kuru vd. (2021)
Ciritci ve Tiirk (2019); Giiler (2016); Erdogan (2019);
Kabaday1 vd. (2020); Aydemir-Karadag (2019); Armanuos vd.

Yerlesim (2023); Wang vd. (2009); Senkiio vd. (2022); Jalilian vd.
Cevresel A alanlarina A3 (2022); Gorin vd. (2014); Zarin vd. (2021); Ferretti (2011);
yakinlik Mahmood vd. (2021); Hanine vd. (2016); Mirakovski vd.
(2013); Sheoran vd. (2020); Azizi vd. (2016); Bronja vd.
(2013); Khorsandi vd. (2019); Kuru vd. (2021);

Arazi
kullanim

Cevresel A

Yeralti ve
yiizey sulari

Journal of Marine and Engineering Technology (JOINMET) 5(1), 1-20, 2025 7



Samet Furkan Saglam, Sinan Esen

Diizenli Depolama Alanina Yonelik Yer Segimi Kriterlerinin Degerlendirilmesi: Sakarya ili Ornegi

Tablo 2: Calismada kullanilan kriterler (devami)

mefli‘;f:r‘ine g | Erdogan (2019); Yildiran (2011); Ozkan (2018); Mirakovski
yakimlik vd. (2013); Mozaffari vd. (2023);
Koruma Giiler (2016); Erdogan (2019); Yildiran (2011); Senkiio vd.
altindaki (2022); Jalilian vd. (2022); Mirakovski vd. (2013); Gorin vd.
alanlara AS (2014); Ferretti (2011); Mozaffari vd. (2023); Jalilian vd.
(2022); Saleh vd. (2020); Kuru vd. (2021); Mahmood vd.
yakinlik (2021)
iscilik maliyeti B1 Kabaday1 vd. (2020); Mirakovski vd. (2013); Gaur vd.
(2022)
Giiler (2016); Kabaday1 vd. (2020); Yildiran (2011); Senkiio
Ulasim B2 vd. (2022); Jalilian vd. (2022); Mirakovski vd. (2013); Gorin
maliyeti vd. (2014); Ferretti (2011); Hanine vd. (2016); Mirakovski
Ekonomik vd. (2013); Gaur vd. (2022); Bronja vd. (2013)
Isletme B3 Angilella vd. (2015); Gaur vd. (2022); Hanine vd. (2016);
maliyeti Mirakovski vd. (2013)
Giiler (2016); Kabaday1 vd. (2020); Aydemir-Karadag,
Arazi fiyati B4 (2019); Wang vd. (2009); Mirakovski vd. (2013); Gaur vd.
(2022); Hanine vd. (2016); Kara vd. (2022)
Halk sagligt C1 Gaur vd. (2022); Mirakovski vd. (2013)
. Yildiran (2011); Aydemir (2019); Mirakovski vd. (2013);
Halkin kabulii | -+ €2 Hanine vd. (2016); Gaur vd. (2022)
Bolge Giiler (2016); Erdogan (2019); Yildiran (2011); Angilella vd.
Sosyal nifusw/Nafus | C3 (2015); Zarin vd. (2021); Ferretti (2011)
yogunlugu
Kamu
kurumlari ile C4 Aydemir-Karadag (2019); Bronja vd. (2013)
isbirligi
Giler (2016); Erdogan (2019); Yildiran (2011); Aydemir-
Karadag (2019); Ozkan (2018); Armanuos vd. (2023); Wang
vd. (2009); Senkiio vd. (2022); Gezgin vd. (2022); Hanine
Lojistik Yol ve ulagim DI vd. (2016); Mirakovski vd. (2013); Angilella vd. (2015);
imkanlar1 Sheoran vd. (2020); Gorin vd. (2014); Zarin vd. (2021);
Azizi vd. (2016); Mozaffari vd. (2023); Mahmood vd.
(2021); Saleh vd. (2020); Khorsandi vd. (2019); Kuru vd.
(2021); Gado vd. (2023)
Giiler (2016); Erdogan (2019); Kabaday1 vd. (2020); Yildiran
Havaf:nla“a (2011); Aydemir-Karadag (2019); Armanuos vd. (2023);
demiryollarina D2 Wang vd. (2009); Jalilian vd. (2022); Gezgin vd. (2022);
Zarin vd. (2021); Azizi vd. (2016); Ahmad vd. (2020);
Lojistik yakanlik Mahmood vd. (2021); Saleh vd. (2020); Gado vd. (2023)
Atik
iretim/aktarma D3 Giiler (2016); Yildiran (2011); Wang vd. (2009); Mirakovski
merkezlerine vd. (2013); Ferretti (2011); Mahmood vd. (2021);
yakinlik
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Tablo 2: Calismada kullanilan kriterler (devami)

Gelismekte
Lojistik D olan bolgelere D4 Yildiran (2011)
yakinlik
Ciritci ve Tiirk (2019); Giiler (2016); Erdogan (2019);
Barnabas vd. (2023); Yildiran (2011); Aydemir-Karadag
(2019); Ozkan (2018); Armanuos vd. (2023); Wang vd.
. C o (2009); Senkiio vd. (2022); Jalilian vd. (2022); Gorin vd.
Zeminsel | E Araziegimi | EL 1 0014 Zarin vd. (2021); Ferretti (2011); Azizi vd. (2016):
Mozaffari vd. (2023); Jalilian vd. (2022); Saleh vd. (2020);
Kuru vd. (2021); Kara vd. (2022); Mahmood vd. (2021);
Khorsandi vd. (2019); Gado vd. (2023)
Toprak Aydemir-Karadag (2019); Armanuos vd. (2023); Senkiio vd.
. e E2 (2022); Gezgin vd. (2022); Mirakovski vd. (2013); Gorin vd.
gegirgenligi (2014); Zarin vd. (2021); Azizi vd. (2016); Bronja vd. (2013)
Erdogan (2019); Aydemir-Karadag (2019); Senkiio vd.
Fay hattina B3 (2022); Gezgin vd. (2022"); Jalilian vd. (2022); Azizi vd.
yakilik (2016); Saleh vd. (2020); Ozkan vd. (2019); Khorsandi vd.
Zeminsel E (2019)
Sel/erozyon/ Erdogan (2019); Aydemir-Karadag (2019); Ozkan (2018);
heyelan E4 Senkiio vd. (2022); Ferretti (2011); Khorsandi vd. (2019);
durumu Kuru vd. (2021)
Arazinin Aydemir-Karadag (2019); Barnabas vd. (2023); Mirakovski
depolama E5
o vd. (2013)
kapasitesi

3  Bulgular

Caligmaya katilan uzmanlardan, diizenli depolama alani yer se¢imini etkileyebilecek 5 ana ve 22 alt
kriterin “En Onemli” ve “En Az Onemli” olanlarm belirlemeleri ve ardindan diger kriterler ile ikili
kargilagtirma yapmalari istenmistir. 12 farkli uzman goriigii alinarak yapilan analizler neticesinde elde
edilen bulgularin sonuglar1 asagida agiklanmistir.

BWM yonteminin analizine ilk olarak ana kriterlerin degerlendirilmesiyle baslanmistir. Uzman
goriiglerine dayanan analiz sonuglarinda en 6nemli ve en az 6nemli ana kriterler agirlik dereceleri
hesaplanarak belirlenmistir. Ana kriter agirliklarinin belirlenmesinin ardindan, her bir ana kritere ait alt
kriterin degerlendirilmesi ayr1 ayr1 yapilmistir. Her bir alt kriterin agirhigi, tutarlilik orami ve esik
degerleri hesaplandiktan sonra tim alt kriterlerin genel agirliklar1 en yiiksekten en diistige dogru
siralanmistir. Bu siralama ile kriterlerin, uzman goriislerine gore en 6nemli ve en az Onemlileri
belirlenmis ve degerlendirmeleri yapilmistir.

Caligmaya katillan uzmanlarin belirledigi “En Onemli” kriterler incelendiginde %66,7 ile “gevresel”
kriter en Onemli kriter olarak belirlenmistir. Bunu, %16,7 ile “lojistik”, %8,3 ile “ekonomik” ve
“zeminsel” kriterler takip etmektedir. Uzmanlar tarafindan secilen “En Onemli” kriterin diger kriterlere
gore ikili karsilagtirmasina asagidaki Tablo 3’te yer almaktadir.
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Tablo 3: En onemli kriterin ikili karsilastirmasi

Uzman En Onemli Ana Kriterler
Numarasi Kriterler Cevresel Ekonomik Sosyal Lojistik Zeminsel
Uzman 1 Cevresel 1 2 9 3 4
Uzman 2 Cevresel 1 6 5 9 3
Uzman 3 Lojistik 7 9 6 1 8
Uzman 4 Cevresel 1 3 8 6 5
Uzman 5 Cevresel 1 7 8 4 5
Uzman 6 Zeminsel 7 5 9 3 1
Uzman 7 Cevresel 1 8 6 3 4
Uzman 8 Cevresel 1 8 8 4 2
Uzman 9 Cevresel 1 3 8 4 6
Uzman 10 Cevresel 1 7 9 6 4
Uzman 11 Ekonomik 6 1 8 3 5
Uzman 12 Lojistik 6 5 8 1 3

Ayrica, uzmanlar tarafindan “En Az Onemli” kriter olarak %751 oran ile “sosyal” kriteri belirlenmistir.
Ayrica, %16,7 ile ekonomik, %8,3 ile lojistik kriterler sirasiyla en az onemli olarak belirlenmistir.

Uzmanlar tarafindan segilen “En Az Onemli” kriterin diger kriterlere gore ikili karsilastirmasina
asagidaki Tablo 4’te yer almaktadir.

Tablo 4: En az onemli kriterin ikili karsilastirmasi

Uzman En Az Onemli Ana Kiriterler
Numarast Kriterler Cevresel Ekonomik Sosyal Lojistik Zeminsel
Uzman 1 Sosyal 9 8 1 6 7
Uzman 2 Lojistik 9 2 6 1 5
Uzman 3 Ekonomik 4 1 5 9 3
Uzman 4 Sosyal 2 7 1 4 4
Uzman 5 Sosyal 8 3 1 6 4
Uzman 6 Sosyal 3 4 1 5 8
Uzman 7 Ekonomik 8 1 3 6 5
Uzman 8 Sosyal 8 2 | 5 7
Uzman 9 Sosyal 8 6 1 5 3
Uzman 10 Sosyal 9 4 1 4 7
Uzman 11 Sosyal 3 8 1 7 4
Uzman 12 Sosyal 4 4 1 8 6

Ana kriterler uzman goriislerinden sonra 6nem siralarina gore Sekil 1’ de siralanmis ve buna gore;
cevresel kriterler %35,02 ile en yiiksek agirliga sahip kriter olarak goziikmektedir. Lojistik kriterler

%21,61 ile ikinci en yiiksek agirliga sahip kriterdir. Ardindan sirasiyla, %20,42 ile zeminsel, %15,48 ile
ekonomik ve son sirada %7,47 ile sosyal kriterler gelmektedir.

0,4000 35,02%
0,3000
0,2000
0,1000
0,0000
Cevresel

15,48%

7,47%

Ekonomik

Sosyal

21,61%

Lojistik

20,42%

Zeminsel

Sekil 1: Ana kriter agirliklarinin ortalamasi ve yiizdelik dagilim
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Ana kriter agirliklarimin belirlenmesinin ardindan, her bir ana kriterin alt kriterlerine ydnelik
degerlendirmeler ayr1 ayr1 yapilmigtir. Burada, her bir alt kriterin ana kriter igerisindeki 6nemini ortaya
koymak ve genel karar verme siirecinde alt kriterlerin agirliklarinin belirlenmesi amaglanmustir.

“Cevresel” ana kriterin alt kriterleri incelendiginde, “Yeralt1 ve ylizey sular” alt kriteri %31,38 ile en
yiiksek etkiye sahip kriter olmustur. Ardindan, %21,55 ile “Yerlesim yerlerine yakilik” ikinci en
yiiksek etkiye sahip kriter olurken sonrasinda %20,04 ile “Koruma altindaki alanlara yakinlik”, %14,41
ile “Turizm merkezlerine yakinlik” ve son olarak %12,61 ile “Arazi kullanim1” en diisiik etkiye sahip
kriter olmustur. Uzmanlarin, “Cevresel” ana kriterinin alt kriterlerine iligskin degerlendirmelerinin
neticesinde hesaplanan agirliklar agagidaki Tablo 5’te yer almaktadir.

Tablo 5: Cevresel kriterinin alt kriterlerine ait agirliklar, tutarlilik oranlari ve esik degerleri

Cevresel Kriterler

Alt Alt ) A ltKriter3 | AltKritera | AltKriters
Ana . Kriter2 . . (Koruma .
Uzman . Kriterl (Yerlesim (Turizm .| Tutarhlik | Esik

Kriter . (Yeralt1 . Altindaki .
Numarasi s (Arazi . Alanlarina | Merkezlerine Oran1 | Degeri

Agirhg Kullanimi) ve Yiizey Yakinlik) Yakinlik) Alanlara

. Sular) Yakinlik)
Uzman 1 | 0,409 0,035 0,175 0,421 0,263 0,105 0,292 | 0,306
Uzman2 | 0,511 0,500 0,101 0,203 0,152 0,043 0,208 | 0,306
Uzman 3 | 0,108 0,047 0,212 0,106 0,127 0,507 0,292 | 0,306
Uzman4 | 0,429 0,169 0,546 0,113 0,060 0,113 0,286 | 0,296
Uzman 5 | 0,545 0,482 0,121 0,201 0,151 0,045 0,286 | 0,296
Uzman 6 | 0,089 0,096 0,553 0,135 0,048 0,168 0,222 | 0,306
Uzman 7 | 0,500 0,049 0,108 0,519 0,162 0,162 0,286 | 0,296
Uzman 8 | 0,465 0,103 0,046 0,205 0,154 0,492 0,286 | 0,296
Uzman 9 | 0,500 0,100 0,500 0,150 0,050 0,200 0,286 | 0,296
Uzman 10| 0,559 0,051 0,507 0,087 0,152 0,203 0,232 | 0,296
Uzman 11| 0,106 0,104 0,518 0,125 0,046 0,208 0,222 | 0,306
Uzman 12| 0,103 0,047 0,493 0,102 0,205 0,153 0,286 | 0,296

“Ekonomik™ ana kriterin alt kriterleri incelendiginde, “Ulasim maliyeti” alt kriteri %33,52 ile en yiiksek
etkiye sahip kriter olmustur. Ardindan, %32,07 ile “Isletme maliyeti” ikinci en yiiksek etkiye sahip kriter
olurken sonrasinda %17,74 ile “Arazi fiyat1” ve son olarak %16,67 ile “Is¢ilik maliyeti” en diisiik etkiye
sahip  kriter Uzmanlarin, “Ekonomik” ana kriterinin alt Kkriterlerine
degerlendirmelerinin neticesinde hesaplanan agirliklar asagidaki Tablo 6’da yer almaktadir.

olmustur. iligkin
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Tablo 6: Ekonomik kriterinin alt kriterlerine ait agirliklar, tutarlilik oranlar: ve esik degerleri

Ekonomik Kriterler
Uzman Ana Kriter A1t~ Kr.l‘.[erl Alt Kriter2 Al-t Kriter3 Alt Kriter4 | Tutarlilik | Esik
Numarast Agirhig (1591111(. (Ul?‘sm.l (I§l§tm§ (Arazi Fiyat1) Orani Degeri
Maliyeti) Maliyeti) Maliyeti)
Uzman 1 0,257 0,091 0,212 0,636 0,061 0,208 0,268
Uzman 2 0,106 0,119 0,608 0,217 0,056 0,208 0,268
Uzman 3 0,053 0,068 0,112 0,156 0,664 0,232 0,252
Uzman 4 0,237 0,188 0,125 0,625 0,063 0,214 0,252
Uzman 5 0,097 0,183 0,146 0,610 0,061 0,214 0,252
Uzman 6 0,124 0,127 0,191 0,627 0,055 0,208 0,268
Uzman 7 0,050 0,227 0,578 0,136 0,059 0,214 0,252
Uzman 8 0,070 0,575 0,138 0,230 0,057 0,214 0,252
Uzman 9 0,200 0,061 0,610 0,146 0,183 0,214 0,252
Uzman 10 0,101 0,058 0,633 0,124 0,185 0,208 0,268
Uzman 11 0,509 0,100 0,200 0,075 0,625 0,214 0,252
Uzman 12 0,124 0,071 0,149 0,124 0,656 0,179 0,252

“Sosyal” ana kriterin alt kriterleri incelendiginde, “Halk saglig1” alt kriteri %54,51 ile en yiiksek etkiye
sahip kriter olmustur. Ardindan, %18,04 ile “Bolge niifusu/Niifus yogunlugu” ikinci en yiiksek etkiye
sahip kriter olurken sonrasinda %16,37 ile “Halkin kabulii” ve son olarak %11,07 ile “Kamu kurumlari
ile igbirligi” en diisiik etkiye sahip kriter olmustur. Uzmanlarm, “Sosyal” ana kriterinin alt kriterlerine
iligkin degerlendirmelerinin neticesinde hesaplanan agirliklar agagidaki Tablo 7°de yer almaktadir.

Tablo 7: Sosyal kriterinin alt kriterlerine ait agirliklar, tutarlilik oranlar: ve esik degerleri

Sosyal Kriterler |
Ana | AltKriterl | AltKriterz | ‘okriters ) AltKriterd ,
Uzman . (Bolge (Kamu Tutarlilik | Esik

Kriter (Halk (Halkimn . .. . L

Numarasi Azl Sagh) Kabulii) Nuﬁisu/valfus Kummlafl ile | Oram1 | Degeri
Yogunlugu) Isbirligi)

Uzman 1 0,034 0,654 0,131 0,157 0,058 0,222 0,268
Uzman 2 0,128 0,583 0,136 0,227 0,054 0,125 0,268
Uzman 3 0,126 0,664 0,156 0,112 0,068 0,232 0,252
Uzman 4 0,074 0,610 0,061 0,146 0,183 0,214 0,252
Uzman 5 0,051 0,549 0,052 0,171 0,228 0,232 0,252
Uzman 6 0,054 0,583 0,136 0,227 0,054 0,125 0,268
Uzman 7 0,100 0,569 0,142 0,236 0,054 0,232 0,252
Uzman 8 0,047 0,639 0,111 0,194 0,056 0,264 0,268
Uzman 9 0,050 0,109 0,191 0,636 0,064 0,232 0,252
Uzman 10 0,046 0,613 0,180 0,063 0,144 0,214 0,252
Uzman 11 0,048 0,125 0,625 0,063 0,188 0,214 0,252
Uzman 12 0,052 0,625 0,125 0,063 0,188 0,214 0,252

“Lojistik” ana kriterin alt kriterleri incelendiginde, “Atik iiretim/Aktarma merkezlerine yakinlhik™ alt
kriteri %47,15 ile en yliksek etkiye sahip kriter olmustur. Ardindan, %23,77 ile “Yol ve ulagim
imkanlar1” ikinci en yiiksek etkiye sahip kriter olurken sonrasinda %16,32 ile “Gelismekte olan
bolgelere yakinlik” ve son olarak %12,76 ile “Havaalanlar1 ve demiryollarina yakinlik” en diisiik etkiye
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sahip kriter olmustur. Uzmanlarin, “Lojistik” ana kriterinin alt kriterlerine iliskin degerlendirmelerinin

neticesinde hesaplanan agirliklar agagidaki Tablo 8’de yer almaktadir.

Tablo 8: Lojistik kriterinin alt kriterlerine ait agirliklar, tutarlilik oranlar: ve esik degerleri

Lojistik Kriterler

. K;?t:r | (I?a::/:arl::ezm Alt Kriter3 (Atik | Alt Kriterd
Uzman . Uretim/Aktarma | (Gelismekte | Tutarlilik | Esik
Numaras1 erlte{ (Yol ve . ve Merkezlerine | Olan Bolgelere | Oran1 | Degeri

Agirhig . Ulagim | Demiryollarma Yakinlik) Yakinlik)

Imkanlart) Yakinlik)

Uzman 1 0,172 0,627 0,055 0,191 0,127 0,208 0,268
Uzman 2 0,043 0,236 0,054 0,569 0,142 0,232 0,252
Uzman 3 0,618 0,125 0,063 0,625 0,188 0,214 0,252
Uzman 4 0,118 0,112 0,156 0,664 0,068 0,232 0,252
Uzman 5 0,170 0,146 0,068 0,603 0,182 0,214 0,252
Uzman 6 0,207 0,610 0,061 0,183 0,146 0,214 0,252
Uzman 7 0,200 0,059 0,227 0,578 0,136 0,214 0,252
Uzman 8 0,140 0,057 0,138 0,575 0,230 0,214 0,252
Uzman 9 0,150 0,136 0,227 0,578 0,059 0,214 0,252
Uzman 10 0,118 0,059 0,114 0,666 0,160 0,222 0,268
Uzman 11 0,211 0,636 0,064 0,109 0,191 0,232 0,252
Uzman 12 0,515 0,636 0,191 0,109 0,064 0,232 0,252

“Zeminsel” ana kriterin alt kriterleri incelendiginde, “Arazinin depolama kapasitesi” alt kriteri %26,52
ile en ytiksek etkiye sahip kriter olmustur. Ardindan, %24,48 ile “Fay hattina yakinlik” ikinci en yiiksek
etkiye sahip kriter olurken sonrasinda %21,41 ile “Sel/Erozyon/Heyelan durumu”, %15,67 ile “Toprak
gecirgenligi” ve son olarak %11,92 ile “Arazi egimi” en diisiik etkiye sahip kriter olmustur. Uzmanlarin,

“Zeminsel” ana kriterinin alt kriterlerine iligskin degerlendirmelerinin neticesinde hesaplanan agirliklar
asagidaki Tablo 9’da yer almaktadir.

Tablo 9: Zeminsel kriterinin alt kriterlerine ait agirliklar, tutarlilik oranlart ve esik degerleri

Zeminsel Kriterler
Alt . Alt Alt Kriter4 | Alt Kriter5
Uzman APa Kriterl Alt Kriter2 Kriter3 (Sel/Erozyon/ | (Arazinin | Tutarlilik | Esik

Numarasi erltet (Arazi ("ljoprali . (Fay Heyelan Depolama Oran1 | Degeri

Agirhig Egimi) Gegirgenligi) | Hattina Durumu) Kapasitesi)

Yakinlik)
Uzman 1 | 0,129 0,046 0,101 0,176 0,118 0,559 0,292 0,306
Uzman2 | 0,213 0,125 0,045 0,517 0,104 0,209 0,222 0,306
Uzman 3 | 0,095 0,049 0,115 0,566 0,098 0,172 0,264 0,306
Uzman4 | 0,142 0,084 0,524 0,169 0,169 0,053 0,286 0,296
Uzman5 | 0,136 0,046 0,525 0,127 0,091 0,212 0,222 0,306
Uzman 6 | 0,527 0,052 0,116 0,558 0,100 0,174 0,286 0,296
Uzman7 | 0,150 0,152 0,051 0,087 0,507 0,203 0,232 0,296
Uzman 8 | 0,279 0,151 0,045 0,121 0,482 0,201 0,286 0,296
Uzman 9 | 0,100 0,051 0,203 0,507 0,087 0,152 0,232 0,296
Uzman 10 | 0,176 0,152 0,051 0,087 0,507 0,203 0,232 0,296
Uzman 11 | 0,127 0,552 0,095 0,055 0,132 0,166 0,232 0,296
Uzman 12 | 0,206 0,052 0,206 0,103 0,124 0,515 0,214 0,296
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Tiim bu karsilastirmali analizler ve her bir ana kriterin alt kriterlerinin kendi igerisinde siralanmasi
sonrasinda, tiim alt kriterlerin genel agirliklar1 en yiiksekten en diisiige dogru siralanmistir. Bu siralama,
asagidaki Sekil 2°de gdsterilmistir.

Yeralti ve Yiizey Sulari e 0,070
Atik Uretim/Aktarma Merkezlerine Yakinhik I 0,067
Yerlesim Alanlarina Yakinhk I 0,048
Koruma Altindaki Alanlara Yakinhk N 0,045
Arazinin Depolama Kapasitesi [N 0,034
Yol ve Ulagim imkanlari S 0,034
Turizm Merkezlerine Yakinlik N 0,032
Ulagim Maliyeti [N 0,031
Fay Hattina Yakinlik N 0,031
isletme Maliyeti [ 0,030
Halk Saghg | 0,028
Arazi Kullanimi [N 0,028
Sel/Erozyon/Heyelan Durumu N 0,027
Gelismekte Olan Bolgelere Yakinhk N 0,023
Toprak Gegirgenligi N 0,020
Havaalanlari ve Demiryollarina Yakinhk [N 0,018
Arazi Fiyatr [ 0,017
iscilik Maliyeti NN 0,016
Arazi Egimi [N 0,015
Bolge Nufusu/Nufus Yogunlugu [ 0,009
Halkin Kabuli [l 0,009

Kamu Kurumlari ile isbirligi 1l 0,006

0,000 0,010 0,020 0,030 0,040 0,050 0,060 0,070 0,080

Sekil 2: Tiim alt kriterlerin siralamasi
4 Tartisma

Kriterlerin degerlendirilmesi agisindan bulgular, literatiirde yer alan mevcut calismalardan bazilari ile
paralellik gosterirken bazilari ile zitliklar ortaya koymaktadir. Buna gore;

Erdogan (2019), Samsun ili genelinde diizenli depolama alani i¢in alternatif yer se¢imi ile ilgili yaptig1
caligmada sizint1 sularinin 6nemine deginmistir. Sizint1 sulari, atiklarin depolandigi alanlarda zamanla
olusan ve atiklarin igerigindeki kirletici maddelerle temas ederek ¢evreye yayilma riski tagiyan suyu
ifade etmektedir. Bu tiir sularin yeralt1 ve yiizey sularina karigma ihtimalinden dolay1 ¢alismamizda yer
alan “yeralt1 ve yiizey sular1” kriterine benzerligi, kriterin 6nemini vurgulamaktadir. Erdogan (2019),
yaptig1 ¢alisma sonucunda halkin goriisinin 6nemine de ayrica deginmektedir. Bu durum,
caligmamizda en az Oneme sahip ikinci kriter olan “halkin kabulii” kriteri ile uyusmamaktadir.
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Sakarya’da halkin kabulii en az 6neme sahip ikinci kriter iken Samsun’da yapilan ¢alismada elde edilen
sonu¢ bunun tam tersi yoniindedir.

Aydemir (2018) tarafindan gergeklestirilen Ankara ili ve gevresinde kurulabilecek diizenli depolama
alani alternatifleri ile ilgili ¢caligmada, bu ¢aligmadaki bulguya paralel olarak ana kriterler arasindan
cevresel kriterler en yiiksek agirliga sahip kriter olarak belirlenmis ve ¢cevresel kriterlerin alt bagligi olan
yeralt1 ve yiizey sularina uzaklik ise ti¢lincli en 6nemli kriter olarak tespit edilmistir. Ayrica; Aydemir
A. tarafindan yapilan ¢aligmada, “yerlesim birimlerine uzaklik™ kriteri en az 6neme sahip kriter olarak
belirlenirken, bu caligmadaki “yerlesim alanlarina yakimlik™ kriteri en 6nemli {i¢lincii kriter olarak
belirlenmistir. Bu zitligin, Aydemir A.’nin ¢alismasinda diizenli depolama alaninin kesin konumunun
belirlenmemis olmasindan kaynaklanabilecegi diisiiniilmektedir. Aydemir A.’nin ¢aligmasindaki diger
bir kriter olan "en yakin yerlesim alaninin tepkisi", sosyal kriterler arasinda en yiiksek agirliga sahip
kriter olarak degerlendirilmis ve yer se¢imi siirecinde 6nemli bir etkisi oldugu vurgulanmistir. Bu kriter,
diizenli depolama alaninin bulundugu bdlgedeki halkin olasi tepkilerini temsil etmektedir. Bu ¢aligmada
ise “halkin kabulii” kriteri, bu ¢calismadaki “en yakin yerlesim alaninin tepkisi” kriteri ile esdeger kabul
edilebilir olmakla birlikte, kiyaslandiginda en az énem derecesine sahip ikinci kriter olarak tespit
edilmistir. Bu farklhiliklarin, karar vericilerin demografik ve cografi kosullara iliskin farkli
degerlendirmelerinden ya da kullanilan analiz ydntemlerinin Onceliklendirme yaklagimlarindaki
farkliliklarindan kaynaklanabilecegi degerlendirilmektedir.

Armanuos vd. (2023) tarafindan gerceklestirilen Misir’in Nil deltasinin ortasinda yer alan Al-Ghrabia
bolgesinde diizenli depolama alani i¢in yapilan ¢calismada, “yeralt1 suyu derinligi” kriteri, ¢alismamizda
ele alinan "yeralt1 ve yiizey sular" kriteri ile benzerlik gdstermektedir. Her iki ¢aligmada da bu kriterin
en yiiksek oneme sahip kriter olarak belirlenmis olmasi, bu kriterin diizenli depolama alani yer
secimindeki kritik dnemini vurgulamaktadir. Ayni1 ¢alismada ele alinan “kentsel bolgelere uzaklik”
kriteri, calismamizdaki “yerlesim alanlarina yakinlik™ kriteri ile paralellik gostermektedir. Armanuos
vd. (2023) calismasinda “kentsel bolgelere uzaklik™ kriteri en 6nemli ikinci kriter olarak 6ne ¢ikarken,
caligmamizda “yerlesim alanlarina yakinlik” kriteri en énemli {igiincii kriter olarak belirlenmistir. Bu
bulgular, iki farkli caligmada kullanilan kriterlerin benzer sonuglar dogurmasi agisindan dikkate
degerdir. Bu baglamda, s6z konusu benzerlikler, diizenli depolama alani yer se¢im siireglerinde
kullanilan kriterlerin evrensel 6nemini ve gegerliligini ortaya koymaktadir.

Barnabas vd. (2023) tarafindan uygun diizenli depolama alani belirlemeye yonelik yapilan ¢aligsmada,
yer sec¢imi siirecinde gevresel kriterlerin dncelikli olarak dikkate alinmas1 gerektigi vurgulanmistir. Bu
bulgu, calismamizda en Onemli ana kriter olarak tespit edilen “cevresel” kriterlerle paralellik
gostermektedir. Her iki ¢aligmada da gevresel kriterlerin yer se¢imi siirecinde kritik bir 6neme sahip
oldugu sonucuna ulasilmasi, bu kriterlerin diizenli depolama alani yer se¢cimindeki evrensel 6nemini bir
kez daha ortaya koymaktadir.

Marjanovic vd. (2022) tarafindan diizenli depolama alani yer sec¢imi siirecinde belirlenen kriterlerin
siralanmas1 amactyla yaptiklari calismada; ¢evresel ekosistem, ekonomik faydalar ve toplum iizerindeki
etkiler lizerine yogunlasmiglardir. Elde edilen bulgulardan olan gevresel ekosistem, ¢alismamizda en
onemli ana kriter olarak tespit edilen “cevresel” kriter ile uyum saglamaktadir. Ekonomik faydalar
acisindan degerlendirildiginde, ¢alismamizda en Onemli ikinci kriter olarak tespit edilen “atik
iiretim/aktarma merkezlerine yakinlik” kriteri ile ekonomik degerler agisindan bir paralellik s6z
konusudur. Toplum {izerindeki etkisi agisindan degerlendirildiginde ise, calismamizda en Onemli
ticiincii kriter olarak tespit edilen “yerlesim alanlarina yakinlik” kriteri ile paralellik gostermektedir.
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5 Sonuclar

Giliniimiizde niifus artis1 ve kentlesmeyle birlikte artan tiiketim kati atik iiretiminde belirgin bir artiga
neden olmaktadir. Bu durum, atiklarin saglikli ve ekonomik bir sekilde yonetilmesi konusunu 6nemli
bir hale getirmistir. Cevre sorunu olarak karsimiza ¢ikan atiklarin diizenli ve etkin bir sekilde bertaraf
edilmesi gerekmektedir. Diizenli depolama, uygulanabilirligi ile yonetim kolaylig1 acisindan atiklarin
cevreye zarar vermeyecek sekilde depolanarak bertaraf edilmesini saglayan ve en ¢ok tercih edilen
yontemlerden biridir.

Diizenli depolama alani yer secimi siireci diinya ve iilke genelinde uzun vadeli ve stratejik kararlar
gerektiren tiirde kapsamli ¢aligmalardan biridir. Yer se¢imi alaninda yapilan ¢aligmalar, belirli kriterler
ve yontemler kullanilarak gerceklestirilmektedir. Tiirkiye'de diizenli depolama alanlari, kati atiklarin
bertaraf edilmesi i¢in son yillarda giderek yayginlasan bir yontem olarak karsimiza ¢ikmaktadir. Bu
yontemin yayginlagmast ile birlikte, atiklarin depolanmasi i¢in yapilan yer se¢imi, ¢evresel etkilerin en
aza indirilmesi ac¢isindan stratejik bir 6neme sahiptir. Bu ¢alismada, diinya ve Tiirkiye genelinde yapilan
caligmalarin kapsamli bir literatiir taramas1 yapilarak diizenli depolama alaninda sik¢a kullanilan 5 ana
kriter ve 22 alt kriter belirlenmistir. Uzmanlardan, bu kriterlerden “En Onemli” ve “En Az Onemli”
olanlar1 belirlemeleri ve ardindan her bir ana kriterin ve alt kriterin kendi aralarinda karsilastirma
yapmalar1 istenmistir. Uzman goriisleri alindiktan sonra kriterlerin degerlendirmelerine baglanmustir.

BWM yoéntemi ile 6ncelikle ana kriterlerin degerlendirilmesine baglanmistir. Yapilan analiz sonucunda
en onemli ana kriter “Cevresel” kriterler olarak belirlenmistir. Buna karsilik, en az 6neme sahip ana
kriterin “Sosyal” kriterler oldugu goriilmiistiir. Bu sonuglar, diizenli depolama alan1 yer segiminde
cevresel kriterlerin dncelikli olarak degerlendirilmesi gerektigini sonucunu ortaya koymaktadir.

Alt kriterler i¢in degerlendirme yapildiginda, “Yeralti ve Yiizey Sular1” en yiiksek agirliga sahip alt
kriter olarak belirlenmistir. Bu durum, literatiirdeki bir¢ok ¢alismada da en 6nemli alt kriter olarak tespit
edilmistir. Bu durum, kriterin diizenli depolama alani yer secimi siirecindeki dnemini agikc¢a ortaya
koymaktadir.

Uzman goriislerine dayali yapilan degerlendirme sonucunda alt kriterlerin 6nem siralamasinda; “Atik
Uretim/Aktarma Merkezlerine Yakilik” kriteri ikinci, “Yerlesim Alanlarma Yakimlk” kriteri iciinci,
“Koruma Altindaki Alanlara Yakinlik” kriteri dordiincii ve “Arazinin Depolama Kapasitesi” kriteri ise
besinci en dnemli alt kriter olarak tespit edilmistir. Buna karsilik, “Kamu Kurumlari ile Isbirligi” kriteri
en az 6neme sahip alt kriter olarak son sirada yer alirken, “Halkin Kabuli” kriteri en az 6neme sahip
ikinci alt kriter olarak belirlenmistir.

Sakarya ili topraklarmin %34°liik kismi ovalardan olugsmaktadir. Bu ovalar genel olarak iilkemizin en
uzun iiglincii nehri olan Sakarya nehrinin biriktirdigi aliivyonlardan olugsmaktadir. Bu aliivyon igerisinde
yer alt1 suyu seviyesi oldukga yiiksektir. Bunun yaninda, Sakarya ili yeralt1 su kaynaklari agisindan
zengin bir cografyaya sahip olmakla birlikte irili ufakli birgok sayida gol, gélet ve baraja da sahiptir.
Buna gore Sakarya ilinde yapilacak olan yeni bir diizenli depolama alanina yonelik yer se¢imi kararinda,
calismamizda degerlendirilen en O6nemli kriter “yeraltt ve yiizey sular1” konunun tiim paydaslar
acisindan dikkate alinmalidir. Sakarya ilinin yeralt1 ve ylizey sulart agisindan zengin olmasindan ve
calismamizda da en dnemli kriterin “yeralt1 ve yiizey sular” kriteri olarak tespit edilmesinden dolay,
sonraki ¢aligmalarda yeralt1 ve yiizey sular1 haritasi ¢ikartilarak ve zemin etlidii yapilarak diizenli
depolama alani i¢in yer alternatifleri belirlenebilir.

Yapilan bu ¢alisma Sakarya ili iizerinde yapildigindan dolay1 diizenli depolama alani ve atik yonetimi
konusunda Sakarya ilini tantyan ve Sakarya ilinde tecriibe sahibi olmus uzmanlar ile goriisiilmiistiir.
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Calismanin sadece Sakarya ili sinirlarini kapsamasi ve Sakarya ilindeki 12 uzman ile gériisme yapilmasi
calismanin kisitlaridir.

6 Beyanname
6.1 Cahsmanmn Smmirhliklar

Calisma alan1 Sakarya ili oldugundan dolay1 atik ve diizenli depolama alani yonetiminde, calisma
alaninda degisiklik yapilmasi ¢alisma sonucunda 6nemli degisikliklere yol agabilir. Ayrica, Sakarya
ilindeki 12 uzman ile goriisiilmiis olmasi da ayri bir simirliliktir. Uzmanlarda ya da uzman sayisindaki
degisikliklerde ¢alisma sonucunda degisikliklere yol agabilir.

6.2  Tesekkiir

Bu ¢alisma, Samet Furkan SAGLAM’ 1n yayimlanmamus yiiksek lisans tez calismasindan tiiretilmistir.
6.3 Finansman Kaynagi

Bu arasgtirma i¢in herhangi bir finansal destek alinmamaistir.

6.4 Cikar Catismasi

Bu ¢alismada herhangi bir ¢ikar ¢atigmasi yoktur.

6.5 Yazarlarin Katkilari

Samet Furkan SAGLAM: Calisma konusunun belirlenmesi, literatiir taramasi, bulgulara ulasmak i¢in
yontemlerin uygulanmasi ve verilerin diizenlenmesi, uzmanlar ile goriismelerin yapilmasi, verilerin
diizenlenmesi, bulgularin mantik ¢ergevesinde aciklanmasi ve makaledeki imla ve dil bilgisi a¢isindan
hatalarin diizeltilmesi alaninda katki saglamustir.

Sinan ESEN: Calisma konusunun belirlenmesi, yontemin ve yonteme uygun uygulamanin nasil olmasi
gerektigine karar verilmesi, ¢alismadaki akademik eksiklerin giderilmesi ve makaledeki imla ve dil
bilgisi agisindan hatalarin diizeltilmesi alaninda katki saglamigtir.

6.6 Etik Onay

Bu arastirma igin etik kurul onay1 E-26428519-050.99-156860 sayil1 Etik Kurul Karar1 52/16 (Samet
Furkan SAGLAM) ile Sakarya Uygulamali Bilimler Universitesi Etik Kurulu tarafindan alimustir.

6.7 Bilgilendirilmis Onam

Caligma i¢in tiim katilimcilardan ¢alismaya katilmay1 kabul ettiklerine dair bilgilendirilmis onam formu
alinmustir.
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ABSTRACT

Ballast water is taken into the tanks of ships to ensure stability during voyages, but it also contributes
to the spread of invasive species, causing ecological and economic damage. To address this problem,
the International Convention for the Control and Management of Ships' Ballast Water and
Sediments was introduced in 2017, which sets D2 standards to regulate the number and size of
organisms in ballast water. The aim of this study is to identify the key factors in the selection of a
ballast water treatment system and to calculate the costs associated with a tanker ship. Through a
literature review, important parameters affecting the selection of ballast water treatment systems
were identified. Based on these parameters, the most suitable system for a chemical tanker was
determined and a cost analysis was performed. The study specifically focused on the hydrocyclone
UV ballast water treatment system and evaluated both installation and operating costs. The findings
show that the hydrocyclone UV system is the most suitable option for chemical tankers in
accordance with international regulations. The research emphasises that the initial installation cost
as well as operating costs should be considered in the decision-making process. The results provide
valuable information to shipowners and operators in selecting an efficient and cost-effective ballast
water treatment system that meets regulatory requirements.
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Balast Suyu Aritma Sistemi Secim Parametrelerinin Incelenmesi ve
Maliyet Analizi: Tanker Gemisi Uygulamasi

0z

Balast suyu, seferler sirasinda dengeyi saglamak i¢in gemilerin tanklarina alinir, ancak ayni
zamanda istilaci tlirlerin yayilmasina katkida bulunarak ekolojik ve ekonomik zarara neden olur. Bu
sorunu ele almak i¢in, balast suyundaki organizmalarin sayisint ve boyutunu diizenlemek i¢in D2
standartlarini belirleyen Gemilerin Balast Suyu ve Sedimanlarinin Kontrolii ve Yonetimi igin
Uluslararast S6zlesme 2017 yilinda uygulamaya konmustur. Bu ¢alismanin amaci, bir balast suyu
aritma sisteminin se¢imindeki temel faktorleri belirlemek ve bir tanker gemisi ile ilgili maliyetleri
hesaplamaktir. Literatiir taramasi yoluyla, balast suyu aritma sistemlerinin se¢imini etkileyen
onemli parametreler belirlenmistir. Bu parametrelere dayanarak, bir kimyasal tanker i¢in en uygun
sistem belirlenmis ve bir maliyet analizi yapilmistir. Calisma 6zellikle hidrosiklon UV balast suyu
aritma sistemine odaklanmig ve hem kurulum hem de isletme maliyetlerini degerlendirmistir.
Bulgular, hidrosiklon UV sisteminin kimyasal tankerler i¢in uluslararas1 yonetmeliklere uygun en
uygun segenek oldugunu gostermektedir. Arastirma, karar verme siirecinde ilk kurulum maliyetinin
yani sira isletme giderlerinin de goz oniinde bulundurulmasi gerektigini vurgulamaktadir. Sonuglar,
mevzuat gerekliliklerini karsilayan verimli ve uygun maliyetli bir balast suyu aritma sistemi segme
konusunda armatorlere ve operatorlere degerli bilgiler saglamaktadir.

Anahtar Kelimeler: Balast suyu, balast suyu yonetimi, tanker gemisi, maliyet analizi
1 Introduction

Transportation is carried out by sea, air, road, rail, and pipelines (Battal Sal & Cubuk, 2022). Maritime
transport has the largest share, with 90% of the transportation in the world (Ozbay et al., 2024). This
transportation is carried out by ships (Vural & Yonsel, 2015). Loading and unloading operations on
ships require stability calculations. The main objective of ship owners is to sail the ship at full capacity.
However, this is not always possible. Ships can depart from the port either without any cargo or with a
small amount of cargo, without being loaded at full capacity. In cases where ships sail with no cargo or
with little cargo, the ships receive ballast (which means additional cargo, i.e., sea water). This sea water
is carried in tanks called “ballast tanks”. There are many kinds of living organisms in ballast tanks,
which are transported through the tanks (Sanlier, 2019).

To ensure stability control, ships take in sea water, called ballast water, when they are not loaded.
Because of ballast water, the stress on the ship structure is reduced, and the propeller is allowed to sink
into the water (Bashan et al., 2016). When organisms are released in the ballast water into another
ecosystem, this may disrupt the ecological balance. Species brought with ballast water can become
invasive in their new environment. In addition, they cause economic losses. To prevent these problems,
the Ballast Water Management (BWM) Convention was published by the (IMO) in 2004 and entered
into force on September §, 2017. After the entry into force of the BWM, ships are required to have a
ballast water treatment system according to their gross tonnage, year of construction, and ballast
capacity. 2018-2022 was a busy period for shipyards and ship owners for integrating ballast water
treatment systems on board (Yonsel & Vural, 2017). It is important to select the ballast water treatment
system by considering the ballast capacity of the ship and the key parameters of efficiency and utility.

Approximately 10 million tons of ballast water are transported from one location to another globally
every year. Daily 7000 invasive species inhabit this ballast water. These invasive species pose a threat
to human, animal and plant life (Satir, 2014). These organisms are large enough to pass through the
ballast water system and pumps and have a wide range of sizes. Of the organisms that enter the ballast

Journal of Marine and Engineering Technology (JOINMET) 5(1), 21-37, 2025 22



Serkan Baris, Sayit Ozbey, Ismet Tikiz
Investigation of Ballast Water Treatment System Selection Parameters and Cost Analysis: Tanker...

tank, those that remain alive during their voyage can harm the new ecosystem they reach (Elcicek &
Cakmakci, 2016). When these harmful aquatic organisms reside in new ecosystems, they disrupt the
order of the food chain. After reproduction, these species can become invasive. These invasive species
also disrupt the coastal economy by damaging fishing grounds. Apart from the economic impact,
harmful viral pathogens and bacteria, such as Vibrio cholerae and E. Coli, which harm human and
environmental health, can also be carried with ballast water (Gliney, 2011).

As problems arising from ballast water have reached a serious level, the International Maritime
Organization (IMO) initiated studies on this issue. On February 13, 2004, at the conference held by the
IMO in London, BWM was completed and submitted for signature. For this convention to enter into
force, ratification by 30 countries representing 35% of the world merchant fleet is required (Vural &
Yonsel, 2015). On September 8, 2016, this condition was met, and the convention entered into force on
September 8, 2017 (Bilgin Giiney, 2018).

IMO BWM consists of 5 parts. The components include general provisions, standards for BWM, and
control requirements for ships, special area requirements, and the measurement and certification of
ballast water methods. The ballast water treatment rules are included in the section on standards for
BWM ( International Maritime Organization , 2017). The ballast water treatment sections are classified
according to D1 and D2 standards. In the D1 standards, a ship is required to change the ballast water
before entering the port (Tokus, 2019). In the D1 standards, the ship should empty the ballast water
without using any augmentation system and replace it with fresh ballast water from the open sea. This
method should be performed at a distance of 200 nautical miles from land and at a depth of 200 meters.
The volume change should be 95%. Another method is the overflow method. In the flooding method, at
least 3 times the volume of the ballast water in the tank should be replaced. The volumetric change must
be 95%. In the D2 standards, if the size of the organisms in the ballast water is equal to or greater than
50 pm per cubic meter, the concentration must be less than 10 organisms per cubic meter. If the size of
the organisms is less than 50 pm and greater than or equal to 10 um , there should be fewer than 10
organisms per millilitre (Vural & Yonsel, 2015). According to IMO guidelines, D2 standards are
required for ships as per BWM. To meet these standards, ballast water treatment systems have been
developed using mechanical, physical and chemical methods (Tokus, 2019).

2 Literature Review

In the literature, there are various studies on ballast water treatment systems. Various treatment system
techniques create alternatives for ship owners. The high costs of such technologies also increase freight
rates. Other methods of cleaning the ballast water should be considered, considering the costs of the
chemicals used in the treatment and their environmental impact. Research should also be carried out on
methods to clean ballast water at the shore. The most suitable system is one in which different methods
are used together economically (Balajt & Yaakob, 2011).

Ballast water discharge rules vary according to the IMO and the United States Coast Guard (USCG).
According to the USCQG, if ballast water is to be discharged into the sea, certain requirements must be
fulfilled. These are: there should be less than 1 aquatic organisms in 100 m®, there should be less than 1
viable aquatic organisms in 100 ml, there should be less than 103 bacteria and less than 104 viruses in
100 ml (Albert et al., 2013)

The accumulated sludge should be cleaned from time to time because microorganisms from the sludge
at the bottom of the ballast tank can cause the proliferation of microorganisms in the tank. Thanks to
new ballast technologies, large volumes of ballast water can be treated by different methods such as UV
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(ultraviolet) light, ozone, biocide, and filtration. Ballast treatment methods vary depending on the ship
type and requirements (Gongalves & Gagnon, 2012).

There are 69 treatment systems with IMO-type approval. When IMO-approved systems are analysed,
filtration methods are mostly used in pretreatment. Current technology has enabled the widespread
adoption of UV systems. While 41 of these systems used a single method in the second treatment, 21 of
them used more than one treatment method. If active substances are used in the system, the UV method
is not included; otherwise, it is included. The electrolysis/electro chlorination method is the second most
used treatment method in 17 systems. The ballast water capacities of IMO-type pumps range from 20
m3/hour to 16,000 m3/hour. The area covered by these systems is 1 m*>-~12.4 m? for systems with a
capacity of up to 500 m*hour and 77.6 m? for systems larger than 500 m3/hour. Their height ranges from
1 to 3.9 meters. Glo En-Patrol Ballast Water Treatment System is the most widely sold system (Giiney,
2017).

Every living organism has a temperature range in which it must exist. When the temperature range is
exceeded, living organisms die. In the research conducted on MS Don Quijote, an attempt was made to
clean ballast water using temperature. For this research, 4 starboard tanks, port tanks, and aft peak tanks
of the ship with a total ballast capacity of 8075 MT were used. The water collected from these tanks was
sent to a cleaning tank. Before being sent to the cleaning tank, the ballast water was passed through 50-
micrometer filters. The water in the cleaning tank was heated using a steam circuit. The water in the
cleaning tank was gradually heated from 55 °C to 80 °C. ballast water samples taken before heating
were checked for the presence of zooplankton, plankton, and bacteria by dropping chemicals into them
and their ratios were determined. After the water was sent to the heating tank, it was observed that some
of the organisms in the water started to disappear at 55-60 °C. Samples taken from the tank heated to 80
°C were checked again. It was determined that 95% of the water was cleaned. However, although it met
the IMO standards in terms of concentration, some plankton were larger than these standards. Although
partial success was achieved in the study, the operation is difficult for ships on short voyages. In
addition, the seawater temperature is important for effective treatment. Because heating the ballast water
and performing the operation take time, vessels should account for this duration in their scheduling
(Quilez-Badia et al., 2008).

For ships with a ballast capacity of 500-1500 m® / h, the most appropriate among the filtered electrolysis,
filtered deoxygenation, filtered UV, and filtered chemical treatment systems was selected. Cost is an
important factor in selecting ballast water treatment systems. In the expert interviews and evaluations,
it was concluded that UV treatment systems with filters are the most suitable systems (Yazir & Gedik,
2022). 52,376 deadweight tonnage (DWT) and 28,930 m® ballast capacity of a dry cargo ship were
investigated to determine the operating cost of a UV treatment system with filters. The USCG mode of
the treatment system consumes more energy than the IMO mode. The fuel type used in energy-
consuming generators also affects the cost. The purchase price of fuel varies by region. When the ship
performs 16 ballast treatment operations per year, the operating cost ranges from at least USD 6039, to
at most USD 20146, according to the variables affecting fuel expenditure and cost (Bashan & Kaya,
2022).

Tokus (2019) aimed to determine the most suitable ballast water treatment system for dry cargo ships.
In the study, 15 criteria were developed based on basic technical and economic factors such as
operational requirements of the ship, compliance with international standards, energy efficiency, costs,
maintenance and environmental impacts. In this context, UV+filtration, electrolysis filtration and
chemical filtration systems were compared. As a result of the evaluations, UV+filtration system was
determined as the most suitable option in terms of low maintenance requirement, high energy efficiency
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and environmental sustainability. The installation, design, and 20-year maintenance costs were
calculated for ship A, which had a 28,500 DWT and a 9,500 m® ballast capacity, and the cost was
389,300 Euros.

Ballast Water Management Convention (BWMC) has been signed by 81 countries as of January 9, 2020.
Checking if the ports comply with the BWMC. In the D1 part of the Convention, control over the
changes in water conditions is carried out by the port authority. However, it is not easy to understand
whether the ships comply with the D2 rules or require further analysis. To ensure control of the spread
of invasive species, it is obligatory to install BWTS on ships. The ballast water exchange method
described in D1 could be used until 2021 for ships built before 2009. According to a Lloyds Register
report in 2010, the area covered by the filtration/UV system was approximately 3.5—18 m2. The ballast
water treatment system requires energy for operation. These energy requirements increase fuel costs.
Operation and maintenance costs;

Filtration + UV 20 USD/1000 m3
Filtration + chlorine dioxide, 80 USD/1000 m3
Filtration + sodium hypochlorite: 50 USD/1000 m3 (Eleyadath et al., 2021)

3 Ballast Water Treatment Systems

The ballast water treatment systems are integrated into the ship. The primary objective of ballast water
treatment systems is to neutralize the organisms present in the water. Mechanical, physical, and chemical
methods are available for ballast water treatment. These methods were implemented using various
techniques. A comparison of these treatment methods is presented in Table 1. Studies have shown that
using a single treatment method is not effective for ballast water treatment. In treatment systems, large
organisms are primarily retained by filtration, and in the second stage, another treatment method is used
(Bilgin Giiney, 2018).

3.1 Mechanical Treatment

The mechanical treatment involves ballast water before it enters the ballast tank. The aim of this study
is to reduce the number of organisms in ballast water. Filtering and hydrocyclone separation are more
prominent in this method. With this method, large organisms that enter the ballast tank are prevented
from damaging the second treatment system (Giiney, 2011). The UV method applied after filtration is
one of the most effective methods for treating ballast water (Gongalves & Gagnon, 2012).

3.2  Physical Treatment

In physical treatment, organisms are attempted to be destroyed by heating ballast water. As temperature
increases, the duration of its effect on organisms decreases. More energy is required for thermal
treatment (Asikoglu, 2014). The UV method is an effective approach for cleaning organisms. Using the
UV method, the structures in the DNA, RNA, and cell proteins of the organisms are disrupted, and the
organisms are inactivated. It is recommended to use the UV light after effective pre-treatment. Because
crustacean organisms and life forms are highly resistant, the use of UV radiation alone may not be
sufficient for treatment. With the use of a pre-treatment system, adequate treatment levels can be
achieved (Giliney, 2017). With ultrasound technology, the vibration generated by high-frequency energy,
introduced into the liquid, has physical and chemical effects (Joyce et al., 2003). As a result, the cell
walls of the organisms are destroyed by the bursting of bubbles formed in the ballast water. However,
when the ultrasonic system is not used with another system, it has been observed that its success remains
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between 70% and 90% (Sanlier, 2019).While cavitation has advantages such as ease of use, small
footprint, and lack of added chemicals in ballast water treatment, it has disadvantages such as high
operating costs and safety risks (Bilgin Giiney, 2018).

3.3 Chemical Treatment

To remove organisms via chemical methods, biocides, which are chemical substances, need to be added
to ballast water. Biocides ensure that the organisms in the ballast water die. To avoid the harmful effects
of biocides on the environment and humans, the type of biocide to be used should be carefully selected.
Biocides are stored on board in liquid or solid form (Satir, 2014). chemical methods expose ship
personnel to chemicals and corrodes ballast tanks (McCluskey & Holde, 2009). The other chemical
methods used to treat ballast water are electrochlorination (electrochemical) and deoxygenation. In the
deoxygenation method, aquatic organisms are deprived of oxygen and are thus killed. However,
deoxygenation is not effective in organisms living in oxygen-free environments. Electrochemical
systems have a lethal effect on aquatic organisms by exploiting the impact of an electrical field (Sanlier,
2019). The disadvantage of this system is that the disinfectant is stored on the ship, occupying space and
posing risks to personnel safety (Bilgin Giiney, 2018). Ballast water treatment systems are given in

Table 1.

Table 1: Treatment methods and comparisons

Treatment Type | Treatment Method Description Advantage Disadvantage
o Use of discs or fixed | Effective for large | Not effective for
a) Filtration . .
screens particles small particles
. . Additional water
. . . h I 1
Mechanical b) Sedimentation Used to inerease the ncreasgd particle storage tank
particle size size .
Treatment required
. . Can be more .
¢) Hydrocyclone ngh—spef(iggntrlfugal effective than 15rff20t2$i§)ers
filtration gep
UV light disrupts the Effective against | More effective in
a) Ultraviolet (UV) DNA structure of many types of clear water
microorganisms microorganisms environments
Reduces oxygen in the Reduces corrosion | Takes 1-4 hours
b) Deoxygenation space above water, as oxygen to suffocate
thereby suffocating . .
. . ) decreases microorganisms
Physical microorganisms
Treatment Ballast water is [t requires a lon
Achieved by heating disinfected as it | . 4 ne
¢) Heat . time for effective
ballast water heats during its use .
. heating
as cooling water.
Breaks the cell walls of Effective as a Not sufficient
d) Cavitation microorganisms using pretreatment alone to kill all
gas or ultrasound system microorganisms
Ineffective
Breaks down Water disinfection | against cysts if
L . . systems for used at
a) Chlorination microorganism cell . . .
industrial and concentrations
walls ..
urban applications lower than 2
Chemical mg/l
Treatment . Ineffective
Creates an electrolytic - . . .
. Water disinfection | against cysts if
environment that svstems for used at
b) Electro-Chlorination | oxidizes, breaking down Systenn -
. . industrial and concentrations
microorganism walls .
and urban applications lower than 2
mg/1

Journal of Marine and Engineering Technology (JOINMET) 5(1), 21-37, 2025

26



Serkan Baris, Sayit Ozbey, Ismet Tikiz
Investigation of Ballast Water Treatment System Selection Parameters and Cost Analysis: Tanker...

Table 1: Treatment methods and comparisons (continue)

Addition to water to . Requires a
. . Can result in
¢) Peracetic Acid and break down separate storage
. . . harmful .
Hydrogen Peroxide microorganism cell area for high
byproducts
walls doses

Ozone gas is introduced
into water, reacting with | Effective against | Not effective on
other substances, and microorganisms | large organisms
killing organisms

Chemical d) Ozone
Treatment

It can be obtained
through both The treated water

¢) Menadione and . must be
. . Invertebrates are toxic natural and .
vitamin K levels e neutralized
artificial methods. .
before discharge.

No harmful effects

4 Methodology

This study employs a mixed-methods approach, integrating qualitative and quantitative research
methods to evaluate ballast water treatment systems comprehensively. The research design consists of
two primary stages: systematic literature review and semi-structured expert interviews. The study starts
with a systematic literature review to identify important factors in choosing ballast water treatment
systems, like installation and operating costs. These parameters were then refined and expanded through
semi-structured interviews with seven industry experts, including three authorized representatives from
installation companies and four system users. 15 thorough selection criteria were developed by
combining knowledge from the two sources to direct the treatment systems' comparative analysis.
Firstly, the factors considered to be important in the selection of ballast water treatment systems were
identified through a comprehensive review of the relevant literature. In this review, basic parameters
such as installation and operating costs were particularly emphasised; however, it was understood that
these parameters alone were not sufficient for selection. In order to overcome the deficiencies of the
parameters obtained as a result of the literature review, 7 industry experts with experience in the field
of application were interviewed. Out of the 7 industry experts consulted, 3 are authorized in the
companies that installed ballast water treatment systems and 4 are ballast water treatment system users.
Information about these people is presented in Table 2.

Table 2: Information about industry representatives

Expert Industry Role
Person 1 | Representative of a treatment company Purchasing department manager
Person 2 | Representative of a treatment company Purchasing department manager

. Treatment system installation
Person 3 | Representative of a treatment company Y

manager
Person 4 | Ship personnel (treatment system user) Captain
Person 5 | Ship personnel (treatment system user) Captain
Person 6 | Ship personnel (treatment system user) First Officer
Person 7 | Ship personnel (treatment system user) Chief Engineer

4.1 Parameters to Consider When Choosing a Ballast Water Treatment System

Type Approval: Ballast water treatment systems must be of the IMO type approved to comply with the
BWMC. This approval is given by the flag state or organizations authorized by the flag state (Kukner
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& Yasa, 2018; Wang & Corbett, 2021). Ships operating in the United States of America (USA) waters
must comply with the United States BWM regime. The US administration's testing and protocol
requirements are more comprehensive and more stringent than IMO's type approval requirements. The
ballast water treatment system of ships conducting ballast operations in US waters must have US Coast
Guard (USCG) type approval. The US authorities have paid attention to this situation (Campara et al.,
2019).

o Installation and purchase costs: These include those of ballast water systems (Wang & Corbett,
2021).

e Operating costs: This is the cost that covers expenses such as spare parts, repair, maintenance, and
consumed energy by the system (Tokus, 2019).

e Damage to the environment: There is a risk that the chemicals used, especially in chemical treatment
methods, may harm the environment by creating harmful by-products with other chemicals in
seawater (Giiney, 2017).

e Usability in fresh and salt water: Some organisms can live in fresh water, whereas others can live in
salt water. This problem can be solved by installing a desalination device on board (Vural & Yonsel,
2015).

e System footprint: While the planning of the area covered by the treatment system is done in advance
for ships under construction, adding a ballast water treatment system to existing ships may pose a
problem for the treatment system (Tokus, 2019). In systems using chemical treatments, the storage
of chemicals occupies extra space on the ship (Bilgin Giiney, 2018).

e Spare parts and service: The supply and installation of manufactured parts on the ships is performed
by service providers. Companies producing ballast water treatment systems focus primarily on their
production processes. Installation, maintenance, and repair require an international network. These
services are mostly provided by providers. Ship owners use service providers to install and maintain
the treatment system (Rivas-Hermann et al., 2015).

e Personnel safety and training: If a chemical treatment method is used, necessary training should be
given on the use of chemical substances for personnel safety (Tokus, 2019).

e External disruptions: In the filtration method used in ballast water treatment, disk and membrane
filters are generally used. One of the important problems encountered in filter systems is clogging
by large organisms found in seawater. Cleaning of these filters is done by a backwashing system
(Giiney, 2017).

5 Results and Discussion
5.1 Ballast Water Treatment System Selection for Chemical Tankers

An attempt was made to select the most suitable ballast water treatment system for a chemical tanker.
To identify the most appropriate system, the systems were compared based on the determined
parameters. Using the selection criteria specified in the Methodology section for chemical tanker A, one
of the following systems will be selected and integrated on board: a filtered electrolysis system, a filtered
chemical system, a filtered UV system a UV system with hydrocyclone. The tanker details are given in
Table 3. The 10 parameters to be used in the selection of 4 different types of ballast water treatment
systems are listed in Table 4.
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Table 3: Chemical tanker information

Ship Type Chemical Tanker
Year Built 2012
Length Overall 135.6 m
Beam (Width) 20.6 m
Gross Tonnage 8,975
Maximum Summer Draft 8.51m
Summer Deadweight (DWT) 12,933.2 tons
Ballast Water Capacity 4,857.81 m?
Ballast Pump Capacity 2 x 500 m*hours

Table 4: Ballast water treatment system selection parameters

Parameter Description

Parameter 1 IMO type approval
Parameter 2 USCQG type approval
Parameter 3 Purchase and installation costs
Parameter 4 Operating cost
Parameter 5 Environmental impact
Parameter 6 Usability of freshwater and saltwater
Parameter 7 Space occupied by the system
Parameter 8 Spare parts and service availability
Parameter 9 Personnel safety and training
Parameter 10 External disruptions

The parameters for selecting the most suitable ballast water treatment system were identified through a
systematic literature review and semi-structured interviews with industry experts. These parameters
were used to compare the filtered electrolysis treatment system, filtered chemical treatment system,
filtered UV treatment system, and UV treatment system with hydrocyclone, as shown in Table 5.
According to the comparison. Four systems compared according to parameters 1 and 2 were approved
as IMO-type or USCG-type. According to Parameter 3, the installation cost of a chemical system with
a filter is more advantageous than that of other treatment systems due to the efficient combination of the
filter system and chemicals. The reason other systems were excluded for this parameter was that the
filtered chemical system showed a more advantageous cost-benefit ratio due to the combination of
chemical treatment and filtration. According to Parameter 4, the absence of a filtering system makes
hydrocyclone systems more advantageous in terms of operating costs. The use of chemicals in treatment
systems is disadvantageous in terms of operating costs. According to Parameter 5, the chemicals used
in the filtered chemical system pose a greater risk to the environment, thus, making the other systems
more advantageous. According to Parameter 6, all systems can operate efficiently in salty and fresh
water. According to Parameter 7, in filtered chemical treatment systems, both the system and storage
space are required on deck or in suitable spaces for storing chemicals. Therefore, other treatment systems
are more advantageous than filtered chemical treatment systems. According to Parameter 8, UV systems
with filters and UV systems with hydrocyclone are more frequently produced and preferred by ship
owners, which makes these systems more advantageous in terms of spare parts and service. According
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to Parameter 9, the chemical substances used in chemical treatment systems pose a risk to personnel
safety. Personnel should be trained on the use of chemical substances. Since UV systems with filters
and hydrocyclones are more widely used than other systems, ship personnel are more familiar with them.
According to Parameter 10, UV systems that use hydrocyclones instead of filters are more advantageous
than other systems. Marine organisms that are near the treatment system and manage to clog the filters
cause operational delays. As a result of the evaluation, it was determined that the most suitable treatment
system was a UV system, with hydrocyclones. UV systems with filters are an alternative to UV systems
with hydrocyclones. To make a clearer choice between the two systems, the operating costs obtained
from the sector will be compared, and a decision on which system to install on the chemical tanker ship
will be made.

Table 5: Comparison of ballast water treatment systems

Parameters / Ballast Water | Filtered Electrolysis | Filtered Chemical Filtered UV System Hydrocyclone UV
Treatment Systems System System System
Parameter 1 v v v v
Parameter 2 v v v v

Parameter 3 v

Parameter 4 v
Parameter 5 v v v
Parameter 6 v v v v
Parameter 7 v v v
Parameter 8 v v
Parameter 9 v v
Parameter 10 v

The most widely used ballast treatment systems are those in which ballast water is treated with UV
radiation after separating organisms larger than 50 pm from water via filtration, or hydrocyclone
(Stehouwer, 2016). In the filtration system, backwashing is necessary to ensure filter cleanliness.
Pressure drops caused by backwashing prolonged the ballast water intake time (Yonsel & Vural, 2017).
The CIP module in the filtered UV systems cleans the equipment at the end of the treatment process.
The CIP module contains a liquid, and its annual cost is 75 Euros (Tokus, 2019). The operating expenses
of UV systems with filters and UV systems with hydrocyclones are compared in Table 6. As a result of
the comparison, the decision was made to install a UV system with a hydrocyclone on the chemical
tanker.

Table 6: Operating costs of the filtered and hydrocyclone UV systems

Equipment Filtered UV System Hydrocyclone UV System
Filter element Present Absent
Filter backwash system Present Absent
UV lamp cleaning Present Cost-free
UV lamp replacement Present Present
Quartz tube Present Present
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5.2 Installation of Hydrocyclone-UV Ballast Treatment System and Costs for 10 Years

As a result of the market research, the company that installs the system has been determined. Since few
companies have installed this system, it was easy to choose one. The prospective company was
interviewed, and its official provided data on the hydrocyclone UV treatment system and costs for 2021.
The parts of the UV treatment system to be installed with a hydrocyclone are shown in Figure 1. The
treatment system includes a hydrocyclone, local control panel, UV supply panel, US module, and UV
module.

US Module

UV Module

Local Control Panel

'Hydrocyclone

Figure 1: Isometric view of ballast water treatment system

In ships where there is not enough space, system equipment can be installed either separately, side by
side, or on top of each other. There is only one rule to be followed in installation, and it is shown in
Figure 2. According to this rule, the hydrocyclone unit can be placed with a maximum slope of 45° with
respect to the ground. In this case, the pressure loss is only 0.6 bar or less.

Figure 2: Maximum angle of hydrocyclone system with ground

When there is not enough space for the treatment system, the installation company conducts a 3D scan
and situates the system within the model drawing in the most appropriate and economical way. Sample
3D model is shown in Figure 3. The drawings will be submitted to the classification society for approval.
Following class approval, the pipes and associated connection equipment to be used externally are listed
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together with their technical specifications. After the preparation of the pipes and connection equipment,
the system installation was completed, tested under the supervision of the classification society and
authorized ship personnel, and then delivered.

-2
o -"8;-‘}
si<. (4
th

Figure 3: Demonstration of ballast water treatment system in a 3D model

The investment cost has the highest share among the costs of ballast water treatment systems (Tokus,
2019). For the investment cost, interviews were conducted with the authorized company, and the
necessary information was obtained via email. The ship has two ballast pumps with a capacity of 500
m3/h. Therefore, the capacity of the treatment system to be integrated into the ship was 1,000 m3/h.
Because the ship was a chemical tanker, an explosion-proof (gas tight) system was selected. Investment
costs are handled in four different groups. These are the purchase cost of the product, the installation
cost of the product, the 3D modeling design cost included in the documents to be submitted to the
classification societies before installation, and the extra inspection and certification cost of the flag state
and classification societies after installation. These costs are listed in Table 7.

Table 7: Cost of hydrocyclone-UV ballast treatment system

Investment Costs Fees (USD)
Purchase cost 175,000
Installation cost 43,750
Model design cost 15,000
Certification cost 3,000
Total 236,750

Operating costs are calculated for two different groups. These are the operational and maintenance costs.
When calculating the operational cost of the ballast water treatment system, the consumed energy by
the ship was also calculated. It is assumed that the ship performs 20 operations per year. Ballast intake
time is calculated as 10 and 12 hours. The annual ballast operation time was calculated as 440 hours.
The energy cost per kilowatt (kW) was calculated as 0,1 USD. The energy costs of the 1000-m3/h
capacity system are listed in Table 8. The amount of electrical energy consumed by the system for 10
years was 234,520 kWh, and the cost of the consumed energy was USD 23,452.
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Table 8: The consumed energy by the system and its cost

Description Value
Minimum-Maximum Power (KW) 36-82 kW
Average Power (KW) 53,3 kW
1-Year Electrical Consumption 23,452 kW
1-Year Electricity Cost $2,345
5-Year Electrical Consumption 117,260 kW
5-Year Electricity Cost $11,726
10-Year Electricity Consumption 234,520 kW
10-Year Electricity Cost $23,452

Ballast water treatment system equipment is maintained or replaced at regular intervals. The
maintenance cost is required for the maintenance or replacement of the system equipment. Among the
equipment that is maintained and replaced, the flow meter, UV, temperature, and pressure sensors are
calibrated every year; the UV lamp is replaced every 3 years; the quartz wiper is maintained every 3
years; the quartz tube and ultrasonic boiler are replaced every 5 years; and electrical and solenoid valves
are maintained every 5 years. There is also a service cost for the class. According to the data received
from the manufacturer, the detailed maintenance costs are listed in Table 9 for the annual, 5-year, and
10-year periods.

Table 9: Maintenance costs of hydro cyclone-UV ballast treatment system

Maintenance | Maintenance
Equipment List or or 1-Year Cost 5-Year Cost 10-Year Cost
qup Replacement | Replacement (USD) (USD) (USD)
Time Cost (USD)
Hydrocyclone - - - - -
Flow Meter Calibration / 160 160 800 1600
Annually
Temperature & Calibration / 160 160 800 1600
Pressure Sensors Annually
UV Sensor Calibration / 160 160 800 1600
Annually
Drain Pump | Vaintenance/ 580 116 580 1160
5 Years
Replacement/ . 1200 6000 12,000
UV Lamp 3 Years 600 per unit (up to 250 m*) | (up to 250 m®) (up to 250 m?)
Maintenance
Quartz Wiper Seal Set / 100 per seal set 33 166 332
3 Years
Replacement/ . 240 1200 2400
Quartz Tube 5 Years 200 per unit (up to 250 m®) | (up to 250 m?) (up to 250 m?)
Ultrasonic Boiler | Replacement/ 8800 1760 8800 17,6
5 Years
Electric Valves | Maintenance/ 1000 200 1000 2000
5 Years
Solenoid Valves | Maintenance/ 200 40 200 400
5 Years
Service for Class Annually 300 300 1500 3000

UV lamps, ultrasonic boilers, and quartz tubes constitute a significant part of the maintenance cost. The
number of these parts increases as the system capacity increases, in this case, the maintenance costs also
increase. As the number of UV lamps in the system increases, the energy drawn by the system also
increases. An excessive amount of energy drawn from energy systems causes increased usage, which
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indirectly increases the maintenance cost. The annual 5-year and 10-year total maintenance and
replacement costs obtained from the data on the ballast water treatment systems built on the 450 ships
are listed in Table 10.

Table 10: Total maintenance cost of the ballast water treatment system

Capacity (m?) 1-Year Total Cost 5-Year Total Cost 10-Year Total Cost
100-250 $4,369 $21,846 $43,692
500-700 $5,569 $27,845 $55,690

1000-1500 $6,769 $33,845 $67,690

According to the data obtained, the annual maintenance and repair cost of the ballast water treatment
system with a capacity of 1000 m3 is USD 6,769, the 5-year maintenance and repair cost is USD 33,845,
and the 10-year maintenance and repair cost is USD 67,690. The 10-year total cost (CTM) of the ballast
water treatment system, with a capacity of 1000 m3, is equal to the sum of the investment cost (CYM),
10-year operational cost (COM), and 10-year maintenance and overhaul cost (CBTM). The 10-year total
cost is shown in Equation 1.

Crm=Cym+ Com+ Crm (D

According to the created equation;

Crm=236750 USD + 23452 USD + 67690 USD 2)

Crv-327892 USD 3)

In the study conducted, when examining the costs of the ballast water treatment system, it was found
that the investment was the highest cost, amounting to 236,750 USD, followed by maintenance costs at
67,690 USD, and operational costs were the lowest at 23,452 USD. In proportional terms, 72% was
attributed to investment costs, 21% to maintenance costs, and 7% to operational costs.

The findings of this study align with existing literature on ballast water treatment systems, particularly
regarding system selection criteria and cost-effectiveness. Similar to previous studies (Bashan & Kaya,
2022; Vorkapi¢ et al., 2018), UV-based treatment systems are favored for their low maintenance, high
energy efficiency, and minimal environmental impact. While filtered chemical treatment systems may
have lower installation costs, their higher operational expenses and environmental risks make them less
favorable (Kato & Kansha, 2024). The literature also highlights the importance of space requirements,
spare parts availability, and operational disruptions, which are consistent with this study's findings.
Hydrocyclone-UV systems are advantageous due to their lack of filter backwashing, reducing
operational delays. Cost evaluations show that while UV-based systems may have a higher initial
investment, their long-term operational and maintenance costs are more manageable. Energy
consumption and maintenance align with industry expectations, further supporting the practicality of
hydrocyclone-UV systems for chemical tankers. Overall, the study emphasizes that the selection of a
treatment system should consider the type of ship, operational needs, and compliance requirements,
rather than focusing solely on cost.

Journal of Marine and Engineering Technology (JOINMET) 5(1), 21-37, 2025 34



Serkan Baris, Sayit Ozbey, Ismet Tikiz
Investigation of Ballast Water Treatment System Selection Parameters and Cost Analysis: Tanker...

6 Conclusions

Important parameters for the selection of ballast water treatment systems were determined, and
information on the costs of such systems was obtained. This study aims to contribute to the sector by
providing information to companies that will install this system on their ships. Within the scope of the
study, a ballast water treatment system suitable for tanker A, with 12933 DWT, was selected, and the
total cost of this system over 10 years was calculated. First, the treatment method must be selected. For
this purpose, 10 selection parameters were created by reviewing the literature and interviewing experts.
With the help of these parameters and expert opinions, the hydrocyclone / UV system was selected for
ship A. The companies that are installing this system were identified. The number of companies
installing hydrocyclone/UV treatment systems in our country is not very high. For the cost calculation,
a company official was contacted to obtain the necessary information. The company and ship names
were not disclosed due to commercial confidentiality. According to the received information, the total
cost of the installation and 10-year operation of the hydrocyclone/UV system was USD 327,892. Of this
cost, 72% is investment cost, 21% is maintenance cost, and 7% is operational cost. Although investment
cost is primarily important for ship owners in ballast water treatment systems, maintenance and upkeep
costs should be taken into consideration as well.

In this study, a chemical tanker ship was examined. The ballast intake and discharge capacity of oil
tankers is higher than those of chemical tankers. In future studies, research can focus on issues related
to crude oil tankers and similar vessels. In this way, it will be beneficial for the maritime sector if the
owners of large-tonnage ships have an idea about this issue. Additionally, future research could explore
advancements in treatment technologies, optimization strategies to reduce energy consumption, and
regulatory changes affecting system selection.
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ABSTRACT

Maritime transport remains a fundamental pillar of international trade, and ship inspections are
essential to ensure navigational safety and environmental protection. Port State Control (PSC) is a
regulatory mechanism used to examine foreign-flagged vessels to verify their compliance with
international maritime conventions. Among the various elements assessed during PSC inspections,
a ship’s type and age significantly influence the likelihood of identifying deficiencies. This study
focuses on the PSC inspection data collected from the ports of Kocaeli, a major maritime hub in
Tiirkiye. The objective is to analyze how vessel age and type correlate with the frequency and
severity of recorded deficiencies. Using the Analysis of Variance (ANOVA) statistical method, the
research compares deficiency rates across various ship categories and age brackets. Additionally,
the study examines inspection frequency regarding the risk profiles of different vessels. Findings
indicate that ships aged 12 years or older exhibit a higher number of deficiencies, with general cargo
vessels being particularly prone to non-compliance. While the overall effectiveness of PSC
inspections is evident, the study highlights the need for improved efficiency in inspection protocols.
It is suggested that risk assessment models be refined to include more detailed criteria and that
inspection strategies be adapted based on vessel characteristics. Furthermore, enhancing pre-
inspection preparedness by ship operators may contribute to better compliance outcomes. The study
aims to support safer maritime operations by offering targeted recommendations for optimizing PSC
inspections at Kocaeli Port.

Keywords: International regulations, Kocaeli port, port state control, variance analysis, ship
inspection.
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Liman Devleti Kontrolii Siirecinde Tespit Edilen Gemi Eksikliklerine
Yonelik Analitik Bir inceleme: Kocaeli Limam Ornegi

0z

Deniz tagimaciligl, uluslararasi ticaretin temel yapi taglarindan biri olmayi siirdiirmekte olup, gemi
denetimleri seyir giivenligi ve ¢evresel korumanin saglanmasinda hayati bir rol oynamaktadir.
Liman Devleti Kontrolii (PSC), yabanci bayrakli gemilerin uluslararasi denizcilik sézlesmelerine
uygunlugunu denetlemek amaciyla uygulanan diizenleyici bir mekanizmadir. PSC denetimleri
sirasinda degerlendirilen cesitli unsurlar arasinda, geminin tipi ve yasi, eksiklik tespit edilme
olasilig1 lizerinde 6nemli bir etkiye sahiptir. Bu ¢calisma, Tiirkiye’nin 6nemli bir denizcilik merkezi
olan Kocaeli limanlarindan elde edilen PSC denetim verilerine odaklanmaktadir. Aragtirmanin
amaci, gemi tipi ve yasmin, kaydedilen eksikliklerin sikligi ve ciddiyetiyle nasil bir iliski
gosterdigini analiz etmektir. Bu kapsamda, farkli gemi kategorileri ve yas gruplar arasinda eksiklik
oranlarmin karsilagtirilmasi igin Varyans Analizi (ANOVA) istatistiksel yontemi kullanilmustir.
Ayrica, gemilerin risk profillerine gore denetim siklig1 da degerlendirilmistir. Elde edilen bulgular,
12 yas ve lizeri gemilerin daha fazla eksiklik barindirdigini, 6zellikle genel kargo gemilerinin
uyumsuzluk agisindan daha riskli oldugunu gostermektedir. PSC denetimlerinin genel olarak etkili
oldugu goriilmekle birlikte, denetim protokollerinin verimliliginin artirilmas1  gerektigi
vurgulanmaktadir. Bu baglamda, risk degerlendirme modellerinin daha ayritili kriterlerle yeniden
yapilandirilmas1 ve denetim stratejilerinin gemi O6zelliklerine gore uyarlanmasi onerilmektedir.
Ayrica, denetim dncesi hazirliklarin iyilestirilmesi, daha yiiksek uyum diizeyine katki saglayacaktir.
Bu calisma, Kocaeli Limani'ndaki PSC denetimlerinin optimize edilmesine yonelik hedef odakli
Oneriler sunarak daha giivenli denizcilik faaliyetlerini desteklemeyi amaglamaktadir.

Anahtar Kelimeler: Uluslararasi diizenlemeler, Kocaeli limani, liman devleti kontrolii, varyans
analizi.

1 Introduction

Maritime transport plays a crucial role in facilitating global commerce, ensuring the uninterrupted
movement of goods and supporting international economic systems (Arican et al., 2023). Each year,
vast quantities of cargo are transported via sea routes, making it essential to maintain high standards of
safety, efficiency, and environmental responsibility (Arican et al., 2022). Regulatory compliance in the
maritime sector is enforced through structured inspection systems, with Port State Control (PSC) being
one of the most important instruments for overseeing foreign-flagged vessels. PSC inspections are
carried out by national authorities to verify whether visiting ships meet internationally accepted
maritime safety, environmental protection, and labor standards. These inspections cover critical areas
such as safety procedures, pollution prevention mechanisms, crew welfare, and overall vessel condition.
The International Maritime Organization (IMO) provides the legal and operational foundation for these
evaluations, aiming to eliminate substandard ships and prevent accidents at sea (Unal et al., 2022).
Tiirkiye holds a strategic geographical position, serving as a bridge between Europe and Asia. Kocaeli
Port, located in the Marmara Region, is a major gateway for international shipping and experiences
heavy maritime traffic. This makes the effectiveness of PSC enforcement at this port particularly
significant. Data gathered from PSC inspections in Kocaeli offers valuable insights into the state of
maritime safety and compliance practices in the region.

Numerous studies have examined Port State Control (PSC) inspections to identify effective targeting
systems, risk indicators, and factors influencing ship detentions. Eyigiin (2013) utilized survey data
analyzed through SPSS to evaluate the efficiency of targeting systems for foreign-flagged vessels,
concluding that the existing targeting factors adequately measure risk levels and offering improvement
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suggestions. Similarly, Zhang, Gang, and Liu (2014) applied Principal Component Analysis (PCA) to
identify common deficiencies leading to detentions, highlighting issues with certification validity, ship
structure, and firefighting and lifesaving equipment. Further advancing statistical methods, Cariou and
Wolff (2015) employed quantile regression to assess the likelihood of deficiencies causing detentions,
emphasizing the need for improved vessel selection processes. Recent studies have explored the
integration of artificial intelligence in enhancing the effectiveness of Port State Control inspections.
Durlik et al. (2024) comprehensively reviewed Al applications in maritime safety and risk management,
highlighting the potential for improved inspection protocols. Yan and Wang (2022) developed an Al
model addressing data imbalance issues to predict detention probabilities, offering a novel approach to
ship selection for inspections. Additionally, Sheriff et al., (202) conducted a bibliometric analysis of
PSC-related research, identifying key trends and gaps in literature.

They identified that fire safety issues were prevalent among detained bulk carriers, general cargo, and
reefer ships, particularly those over 30 years old. Meanwhile, Oztiirk, Istk and Sanlier (2016) compared
inspection performances of Turkish ports under the Med and Black Sea MoUs using the Delphi method,
determining that the lack of specialization among inspectors was a significant performance barrier. Im
and Sin (2017) examined Tokyo MoU inspections over 36 months and identified poor preparedness for
inspections as a major cause of detentions, particularly among bulk and general cargo vessels. Yang,
Yang, and Yin (2018) proposed a Tree-Augmented Naive Bayes (TAN) model for predicting detention
probabilities based on Paris MoU data, highlighting deficiencies, inspection type, ship age, and
recognized organization as key factors (Ayhan, 2023). Wang, Yan, and Qu (2019) enhanced risk
detection using a data-driven TAN classifier, outperforming traditional risk profiling by detecting 130%
more deficiencies. Fu et al. (2020) utilized association rule mining and decision-quality-cost analysis to
uncover correlations between ship types, tonnage, and specific deficiencies, providing practical insights
for stakeholders (Doganay et al., 2023). Later, Xiao et al. (2021) applied Super-SBM and Malmquist
Index methods to assess global PSC regime efficiencies, ranking the Indian Ocean MoU highest. Kara
(2022) evaluated flag state safety performance using TOPSIS and cluster analysis, revealing that nearly
half performed below standard. Demirci and Cigek (2023) introduced an intelligent ship inspection
analytics (I-SIA) model that personalized inspections using fuzzy clustering and Apriori algorithms.
Finally, Gezici (2024) used Bayesian networks and machine learning to analyze 2022 Med MoU
inspection data, finding frequent deficiencies in fire detection, lifesaving equipment, and cleanliness,
with general cargo vessels being the most affected.

By analyzing PSC data specific to Kocaeli Port, this research identifies key factors for improving
inspection outcomes and reducing operational risks. The study serves as a resource for practitioners and
scholars aiming to optimize maritime safety procedures.

This study aims to analyze the correlation between ship age and type and the number of deficiencies
identified during Port State Control (PSC) inspections, using data collected from Kocaeli Port between
2020 and 2024. The scope of the research includes examining 1,834 ship inspections and applying
statistical methods, specifically ANOVA, to determine whether these vessel characteristics significantly
influence inspection outcomes. The primary purpose of this study is to investigate whether ship age and
type have a statistically significant effect on the number of deficiencies identified during Port State
Control inspections conducted at Kocaeli Port. By focusing on a major Turkish port within the
Mediterranean Memorandum of Understanding (Med MoU) framework, the study offers localized
insights with implications for improving risk-based inspection strategies and maritime safety protocols.
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2 Methodology

Statistical analysis encompasses a comprehensive set of methods and techniques aimed at collecting,
organizing, interpreting, and deriving conclusions from data. This discipline utilizes mathematical and
statistical principles to interpret observed data sets, perform hypothesis testing, and reveal patterns or
relationships within the data (Field, 2024). Statistical analysis plays a significant role across a wide
range of fields, including social sciences, engineering, health sciences, and economics. In scientific
research, the application of statistical analysis is essential for validating hypotheses, thereby enhancing
the credibility and reliability of research findings (Hair et al., 2013).

Among various statistical methods, analysis of variance (ANOVA) is a widely employed technique that
evaluates whether the mean values (dependent variable means) differ significantly across categories of
one or more independent variables. The method investigates how the data points forming the means
within each category are distributed. ANOVA is particularly suited for comparing the means of two or
more groups and determines whether any statistically significant differences exist between them by
accounting for both within-group and between-group variances (Field, 2024).

ANOVA is especially valuable in experimental and quantitative research designs, as it assesses the effect
of an independent variable on a dependent variable. The analysis is based on two principal components:

e  Within-group variability: Represents the individual variation within each group.
e Between-group variability: Indicates the variation in means between different groups.

The ANOVA procedure consists of five systematic steps:

e Checking assumptions: Verifying that the assumptions required for ANOVA are met (e.g.,
normality, homogeneity of variance).

e (Calculating variance sources: Computing the sources of variance that form the basis for ANOVA.

e Computing the F-statistic: Calculating the F-ratio needed for hypothesis testing.

e Significance testing: Determining the significance by evaluating the p-value in relation to a
predefined alpha level.

In this study, the Statistical Package for the Social Sciences (SPSS) was employed to perform the
ANOVA. SPSS is a Windows-based software program used for data entry, statistical analysis, and the
generation of tables and graphs. It is capable of automatically conducting all statistical equations and
assumption tests required for ANOV A, which makes it a suitable tool for the present research. Moreover,
SPSS enhances the interpretation of results through its ability to generate explanatory outputs, well-
organized tables, and visual representations (Pallant, 2020).

The current study focuses on port state control inspections carried out within the administrative
jurisdiction of Kocaeli between 2020 and 2024. A total of 1,834 ships were inspected during this period,
and the number of deficiencies identified by inspectors during these inspections was analyzed in relation
to ship characteristics, specifically ship age and ship type. The data were retrieved from the THETIS-
Med information system, developed by the European Maritime Safety Agency (EMSA), which serves
to record port state control results conducted by member states of the Mediterranean Memorandum of
Understanding (Med MoU).

Although the data were extracted using the THETIS-Med system, the analysis was not conducted based
on Med MoU inspection criteria. Instead, the Paris MoU inspection standards were adopted. This
decision was based on the compatibility between Paris MoU and Med MoU information systems, as
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well as the alignment of Med MoU inspection procedures with those of Paris MoU through recent
revisions.

To classify vessels into two distinct risk groups—High-Risk Ships (HRS) and Low-Risk Ships (LRS)—
the study followed a simplified approach inspired by the Paris MoU and Med MoU targeting criteria.
Ship age and ship type were the primary determinants of risk classification. Vessels older than 12 years
and those known to have higher deficiency or detention rates in historical inspection data (such as
general cargo, bulk carriers, and oil tankers) were categorized as high-risk (HRS). In contrast, newer
ships and those typically associated with better compliance records (e.g., container ships and Ro-Ro
vessels) were categorized as low risk (LRS). This binary risk classification facilitated a clearer statistical
comparison of deficiency trends across ship profiles.

Ships in the dataset were classified by type and age, resulting in two distinct risk categories:

e HRS (High-Risk Ships)
e LRS (Low- Risk Ships)

The ship types included in the analysis are as follows:

e General Cargo Ship

e Ro-Ro Vessel

e Container Ship

e Chemical Tanker

e Oil Tanker

e Liquefied Gas Carrier

The ship ages included in the analysis are as follows:

e 12 years or less
e Older than 12 years

The stages of the study with the above data are given in Table 1.

Table 1: Overview of the Methodology Process

Steps Process Description

THETIS-Med system used to collect inspection data for 1,834 ships (2020-2024) at
Kocaeli Port.

Ships classified by type (7 categories) and by age (2 categories= into risk groups
(LRS / HRS).

3. Variable Definition | Dependent Variable: Number of deficiencies.

Independent Variables: Ship Type, Ship Age

4. Hypothesis Setup Ho: No significant difference in deficiencies among ship types/ages.

Hi: Significant difference exists.

5. Assumption Testing | Normality and homogeneity of variances tested using SPSS.

6. ANOVA Execution | One-way ANOVA performed using SPSS to analyze group differences.

1. Data Collection

2. Data Classification

7. Significance F-statistic and p-value calculated.

Analysis p <0.05 interpreted as significant.

8. Interpretation Results interpreted to identify relationships between ship characteristics and
deficiencies.
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3 Results

In accordance with the methodological criteria, inspection data for 1,834 ships operating under the
jurisdiction of Kocaeli between 2020 and 2024 were extracted from the THETIS-Med system and
organized for ANOVA analysis. A selected portion of this dataset is displayed in Table 2.

As previously mentioned, the independent variables in this study are ship type and ship age, while the
dependent variable is the number of deficiencies identified during inspections. The impact of the
independent variables on the dependent variable is presented in Table 3.

The findings reported in Table 3 clearly illustrate the significant influence of both ship type and age on
deficiency levels. The overall average number of deficiencies is calculated as 1.47; however, a clear
upward trend is observed with increasing ship age. Specifically, ships in the younger age group exhibit
an average deficiency count of 0.79, whereas older ships show a substantially higher average of 1.78.
This trend suggests that aging ships are more prone to deficiencies.

Table 2: Deficiencies numbers based on risk based ship type and age

Ship Ship Type Ship Age | Risk for Ship Age | Risk for Ship Type g‘;g‘ctl’:;c"yf
A Oil Tanker 21 HRS HRS 2
B Liquefied Gas Carrier 19 HRS HRS 1
C Chemical Tanker 21 HRS HRS 1
D Bulk Carrier 22 HRS HRS 2
E General Cargo 14 HRS LRS 3
F Ro-Ro 12 LRS LRS 2
G Container 07 LRS LRS 1

In terms of ship type, vessels categorized as lower type record an average of 1.80 deficiencies, compared
to 1.13 for higher type vessels, indicating a meaningful relationship between ship type and deficiency
frequency. When ship type and age are assessed together, the highest average deficiency count (2.03) is
observed in older ships of lower type, while the lowest (0.83) is seen in younger ships of lower type.
High-type young ships show the least deficiencies (0.77), whereas high-type older vessels report a
moderately increased average of 1.41.

To determine whether the independent variables—ship type and ship age—have a statistically
significant effect on the dependent variable, which is the number of deficiencies, the relationship
between the variable groups is presented in Table 3.

Table 3: Deficiencies numbers based on risk based ship type and age

Ship Type Ship Age Mean Std. Deviation N
Low 0.83 1.242 174

Low High 2.03 2.021 761
Total 1.80 1.956 935

Low 0.77 1.211 393

High High 1.41 1.830 506
Total 1.13 1.619 899

Low 0.79 1.220 567
Total High 1.78 1.969 1267
Total 1.47 1.830 1834
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According to Table 4, two types of effects are identified. The first is the main effect, which refers to the
individual impacts of ship type and ship age. The ANOVA results show that the main effect of ship type
is statistically significant, with an F value of 28.817 and a p-value less than the critical threshold of 0.01.
This indicates that ship type has a significant impact on the number of deficiencies, and there is a
meaningful difference in deficiency counts across different ship types.

Table 4: Interaction results of ship type and age with the number of defects

Source Sum of Squares | Degrees of Freedom | Mean Square | F Value | p-value
Corrected Model 499.779 3 166.593 54.098 0.000
Intercept 3983.756 3983.756 1 3983.756 0.000
Ship Type 88.741 1 88.741 28.817 0.000
Ship Age 265.456 1 265.456 86.201 0.000
Ship Age*Ship Type 27.381 1 27.381 8.891 0.003
Error 5635.465 1830 3.079
Total 10119.000 1834
Corrected Total 6135.244 1833

Ship age, with an F value of 86.201 and a p-value below 0.01, appears to be the variable with the most
substantial effect on deficiency numbers. The second type of effect is the interaction effect, which refers
to the combined impact of ship type and age. The interaction effect is also significant (F = 8.891; p <
0.05), indicating that the influence of ship type on deficiencies varies by ship age. These findings support
the hypotheses proposed earlier in the study.

To visually compare group means and interpret both main and interaction effects, the Estimated
Marginal Means plot generated via SPSS is presented in Figure 1.

Estimated Marginal Means of Defiency

Ship Age
— Low

High

Estimated Marginal Means

1,27

Ship Type

Figure 1: Estimated marginal means of deficiency

This figure illustrates a noteworthy finding: although ships categorized as high-risk would typically be
expected to exhibit a higher number of deficiencies, the analysis reveals that ships classified as low-risk
actually show a greater number of recorded deficiencies.
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When examined by ship age, vessels under 12 years of age—considered lower risk—were associated
with fewer deficiencies, whereas those aged 12 years and above demonstrated a substantially higher
number of deficiencies.

Further analysis of the interaction between ship age and ship type indicates that the highest average
number of deficiencies was observed in ships over 12 years old belonging to the low-risk type category.
These were followed by ships over 12 years of age classified as high-risk. Among vessels under 12
years, although the differences were relatively small, low-risk ship types showed a slightly higher
number of deficiencies compared to high-risk types.

4 Discussion

Port State Control (PSC) inspections are essential for ensuring the operational safety of ships,
compliance with international maritime conventions, and the identification of substandard vessels. In
order to enhance the efficiency and effectiveness of these inspections, it is crucial to analyze the
deficiencies identified during PSC procedures with respect to vessel type and age. Such analyses enable
the detection of high-risk vessel categories, allowing for the development of targeted preventive
measures. This approach not only strengthens maritime safety but also promotes higher compliance with
international regulations.

While existing literature on PSC inspections remains limited, most previous studies have focused
primarily on detention rates or specific types of deficiencies. In contrast, this study adopts a different
approach by analyzing the impact of vessel type and age on the number of deficiencies identified during
inspections.

The analysis revealed that vessel age is the most significant factor influencing deficiency rates. In
particular, ships aged 12 years and older exhibited a statistically significant increase in deficiencies.
Notably, approximately 69% of the inspected vessels were in this age group, highlighting the need to
consider vessel age as a primary factor during risk-based inspection planning. These findings align with
previous studies, such as those by Yang et al. (2018), Fu et al. (2020), and Gezici (2024), which
emphasized the influence of ship age on both deficiencies and detentions. For instance, Yang et al.
(2018) reported that vessel age above 15 years significantly increased detention probability, with older
general cargo and bulk carriers exhibiting up to 60% more deficiencies compared to newer vessels. This
finding is consistent with our result, which shows an average deficiency count of 1.78 in ships older
than 12 years—more than double the rate of younger vessels (0.79). Similarly, Fu et al. (2020) identified
general cargo ships as the leading contributors to safety-related deficiencies, a conclusion that parallels
our own finding where older general cargo ships were the most deficiency-prone category. In Gezici’s
(2024) study based on 2022 Med MoU data, fire safety and life-saving equipment failures were
dominant, particularly among vessels above 20 years of age. Our study also reflects a similar trend,
suggesting that aging vessels not only show increased overall deficiencies but may also have systemic
issues in critical safety areas.

Although structural deterioration in older ships is expected, the high deficiency rates in such vessels
cannot solely be attributed to age-related wear. Extended maintenance intervals and increased repair
costs may lead some operators to delay or neglect necessary procedures, thereby compromising safety
and environmental compliance. In contrast, newer vessels generally demonstrate better alignment with
regulatory standards. Therefore, adjusting inspection frequencies and maintenance planning based on
vessel age could significantly reduce operational deficiencies.
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The study also found discrepancies when comparing vessel types. Contrary to expectations, vessels
categorized as low-risk—such as general cargo ships—were found to have more deficiencies than some
high-risk categories. General cargo vessels, in particular, stood out due to their older designs, limited
onboard resources, and operational complexity. These factors contribute to deficiencies related to
navigation, safety, and environmental protection. Prior studies, including those by Im and Sim (2017)
and Gezici (2024), have similarly identified general cargo vessels as leading contributors to detention
and deficiency statistics.

Furthermore, the combined analysis of vessel age and type indicated that older vessels within low-risk
categories displayed a disproportionately high number of deficiencies. This finding suggests the need
for revised inspection strategies and more focused regulatory oversight for this segment. Supporting
this, Cariou and Wolff (2015) found that ships over 30 years of age—including livestock carriers,
general cargo, refrigerated, and Ro-Ro vessels—exhibited higher detention and deficiency rates.

Although PSC operations in Kocaeli Port have generally been effective, the findings underscore the
importance of restructuring inspections according to ship type and age. Enhanced use of digital
platforms such as Thetis-Med and harmonized practices among Mediterranean MoU member states will
further strengthen inspection efficiency and consistency across regional ports.

5 Conclusions

Within the framework of the Mediterranean Memorandum of Understanding (Med MoU), Turkey has
emerged as the leading country in terms of the number of Port State Control (PSC) inspections
conducted, with Kocaeli—its largest port—playing a pivotal role in this achievement. The high
inspection volume recorded at Kocaeli Port highlights the strategic importance placed on maritime
safety and environmental protection. These extensive inspection activities have yielded a robust and
comprehensive dataset, offering consistent and valuable insights for analyzing trends in ship deficiencies
and identifying areas for regulatory improvement. The findings of this study clearly indicate that vessel
age is a dominant factor influencing the number of deficiencies observed during inspections. Older ships,
particularly those aged 12 years and above, exhibit significantly higher deficiency rates, thereby posing
elevated risks in terms of navigational safety, crew welfare, cargo integrity, and environmental
sustainability. This underscores the need for enhanced preventive maintenance, timely repairs, and
stricter operational oversight for aging vessels. Aligning such practices with international safety
regulations is vital for minimizing safety risks and ensuring long-term operational sustainability.

Another noteworthy outcome of the analysis challenges traditional assumptions regarding ship risk
categorization. Contrary to expectations, vessels classified as low-risk based on type were found to
exhibit higher deficiency rates than some high-risk categories. Specifically, general cargo ships recorded
the highest number of deficiencies among all ship types, signaling a potential misalignment in the current
risk profiling systems used for inspection targeting. These findings suggest that the criteria used to
classify vessel risk levels should be reevaluated and refined in order to better capture the actual safety
performance of different ship types. When vessel type and age are considered in combination, the study
reveals that older ships belonging to nominally low-risk categories—such as general cargo vessels—
constitute the most critical group in terms of deficiencies. This implies that risk assessment models
should be adapted to prioritize such vessels in inspection schedules. Furthermore, container ships and
Ro-Ro vessels in older age brackets also warrant increased inspection frequency and scope. In light of
these conclusions, it is recommended that port authorities implement more targeted inspection strategies,
including focused inspection campaigns aimed at older general cargo ships. This approach will
contribute to a more efficient allocation of inspection resources and promote higher compliance with
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safety and maintenance standards, ultimately enhancing maritime safety and regulatory effectiveness
across the region.

Despite the robustness of the findings, this study has several limitations. First, the analysis is limited to
inspection data from a single port—Kocaeli—within a specific time frame (2020-2024), which may
affect the generalizability of the results to other regions or time periods. Second, while risk
categorization was based on ship type and age, other relevant factors such as flag state, company
performance, and previous detention history were not included due to data availability constraints.
Lastly, the analysis was primarily quantitative and did not incorporate expert judgment or qualitative
insights that might provide additional explanatory value. These limitations should be considered when
interpreting the results and planning future studies.

This study contributes to the literature by offering a data-driven approach to understanding how ship
characteristics influence inspection outcomes at a regional level. By applying ANOVA to real-world
PSC data, it provides a replicable framework that can be expanded in future studies. Researchers may
build upon these findings by incorporating additional variables such as flag state, class society, or
inspection history. Moreover, comparative analyses between multiple ports or MoUs could help assess
the consistency of risk assessment models across jurisdictions, offering broader insights into inspection
efficiency and maritime safety governance.
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ABSTRACT

This study employed fuzzy AHP methodology to assess risks in pilot transfer operations, identifying
four critical hazards through expert evaluations with 19 maritime professionals. The highest risks
include: pilot falls from ladder (Cr1, 0.20077), pilot boat entanglement displacing ladder (Cr12,
0.17512), compression between ship and boat (Cr11, 0.14466), and limb entrapment in ladder (Cr7,
0.11002). These factors collectively represent over 60% of total risk weight, highlighting
mechanical and human-factor dangers in transfer operations. The fuzzy AHP approach effectively
quantifies expert judgments, addressing uncertainties in risk assessment. Findings emphasize the
need for targeted safety measures: smart ladder systems with fall prevention, enhanced boat
handling training, standardized distance protocols, and ergonomic ladder designs. This research
provides a data-driven framework for prioritizing interventions to improve pilot transfer safety,
offering practical insights for maritime operators and regulators to reduce accidents during this high-
risk operation.
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Kilavuz Kaptan Transfer Operasyonlar Sirasindaki Risklere
Yonelik Onleyici Stratejiler: Uzman Tabanh Risk Kriterleriyle
Bulamk Analitik Bir Yaklasim

0z

Bu ¢aligmada, kilavuz kaptan transfer operasyonlarinda karsilasilan risklerin degerlendirilmesi
amactyla bulanik Analitik Hiyerarsi Siireci (AHS) yontemi kullanilmigtir. Alaninda uzman 19
denizcilik profesyonelinin katilimryla gergeklestirilen degerlendirmeler sonucunda dort kritik
tehlike 6ne ¢ikmugtir: kilavuz kaptanin ¢carmihtan diismesi (Crl, 0.20077), kilavuz botunun ¢armiha
dolanarak yerinden kaydirmasi (Cr12, 0.17512), gemi ile bot arasinda sikisma (Crl1, 0.14466) ve
carmiha uzuv sikigmasi (Cr7, 0.11002). Bu dort unsur, toplam risk agirliginin %60’ indan fazlasini
olusturarak, transfer operasyonlarindaki mekanik ve insan kaynakli tehlikelerin 6énemini ortaya
koymaktadir. Bulanik AHS yaklasimi, uzman yargilarindaki belirsizlikleri etkin bigimde ele alarak
risklerin nicel olarak analiz edilmesine olanak saglamistir. Elde edilen bulgular, emniyeti artirmaya
yonelik hedefe yonelik onlemlerin gerekliligini vurgulamaktadir. Bu baglamda; diismelere karsi
akilli carmih sistemlerinin gelistirilmesi, bot personeline yonelik ileri diizey manevra egitimi
verilmesi, standart mesafe protokollerinin uygulanmasi ve ergonomik g¢armih tasarimlarmnin
benimsenmesi Onerilmektedir. Bu ¢alisma, kilavuz kaptan transfer emniyetini artirmaya ydnelik
miidahalelerin onceliklendirilmesinde kullanilabilecek veri temelli bir ¢erceve sunmakta olup,
denizcilik sektoriindeki uygulayicilar ve diizenleyici kurumlar igin pratik ¢ikarimlar saglamaktadir.

Anahtar Kelimeler: Deniz emniyeti, kilavuz kaptan transferi, risk degerlendirme, bulanik AHS,
diigme Onleme

1 Introduction

Pilot transfer operations are among the most hazardous procedures in maritime navigation, with risks
including falls, equipment failure, and improper vessel handling. The International Maritime
Organization (IMO) and other regulatory bodies have established strict guidelines to mitigate these risks.
This paper outlines key preventive strategies supported by academic and industry sources.

One of the key issues is Compliance with IMO & SOLAS Regulations. The pilot ladder must comply
with IMO Resolution A.1045(27) (International Maritime Organization [IMO], 2011) and SOLAS
Chapter V, Regulation 23 (IMO, 2020). Key requirements include non-slip steps (minimum 400 mm X
115 mm x 25 mm), spreaders (every ninth step) to prevent twisting, manropes (28—32 mm diameter) for
stability, and secure attachment points (not ship railings). For vessels with a freeboard exceeding 9
meters, a combination ladder (pilot ladder + accommodation ladder) must be used (IMO, 2012), with
the accommodation ladder having a maximum angle of 45° and non-slip treads (Oil Companies
International Marine Forum [OCIMF], 2022).

Rigging & Inspection Procedures are another dimension to ensure a safe transfer. Ladders must be clear
of discharges (e.g., ballast water, exhaust), and securing ropes must not have knots or splices (OCIMF,
2022). Before each transfer, inspect for damaged steps, ropes, or spreaders, as well as corrosion or
excessive wear (International Chamber of Shipping [ICS], 2020).

Safe Ship Handling & Communication has a crucial role. Maintain steady speed (5-12 knots) and
minimal roll/pitch (IMO, 2016), avoiding sudden course changes during transfer. Confirm ladder
position (lee side preferred) and ensure engine readiness for emergencies through Master-Pilot Exchange
(MPX) protocols (International Association of Marine Aids to Navigation and Lighthouse Authorities
[IALA], 2018).
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Personal Safety Measures is another key issue. Pilots should wear a lifejacket with an integrated harness,
helmet, and non-slip footwear (International Maritime Pilots’ Association [IMPA], 2019). Conduct Man
Overboard (MOB) drills, including pilot transfer scenarios, and ensure rescue boat readiness (IMO,
2021).

Pilot transfer operations have been extensively studied as one of the most critical safety concerns in
maritime navigation. Chauvin et al. (2013) identified human factors as the predominant cause of
accidents, with fatigue and miscommunication accounting for nearly 40% of incidents. This finding was
corroborated by Hetherington et al. (2006), who emphasized the role of cognitive overload in pilot
transfer accidents.

Equipment-related failures have been another major focus of research. The OCIMF (2021) reported that
defective pilot ladders were involved in 32% of transfer accidents, while Liitzhoft and Nyce (2012)
highlighted design flaws in transfer arrangements as significant risk factors. These technical aspects
were further examined by Sandhaland et al. (2015), who developed a framework for equipment
reliability assessment.

The International Maritime Organization's regulations (SOLAS Chapter V, Regulation 23) have been
widely studied for their effectiveness. While Liitzhoft et al. (2011) found improved safety outcomes
post-implementation, Akyiiz (2017) identified persistent compliance issues, particularly in smaller
vessels. Zhang et al. (2020) quantified environmental impacts, demonstrating that adverse weather
conditions contribute to 28% of transfer accidents.

Methodologically, traditional risk assessment approaches have shown limitations. Akyiiz and Celik
(2015) critiqued FMEA for its inability to handle subjective data, while Celik et al. (2009) proposed
fuzzy logic as a superior alternative. This was expanded by Akytiz et al. (2018), who developed a hybrid
fuzzy-based risk assessment model for maritime operations.

Recent advances in decision-making methodologies have been particularly relevant. Tzeng and Huang
(2011) established the theoretical foundation for fuzzy AHP applications, while Kabir et al. (2014)
demonstrated its effectiveness in maritime safety contexts. However, as noted by Ulucay et al. (2018),
no previous study has specifically applied fuzzy AHP to pilot transfer operations, representing a
significant gap in the literature.

We are the first to apply fuzzy AHP specifically to pilot transfer operations, transforming subjective
expert judgments into quantifiable risk priorities, we identify previously understudied high-risk
scenarios (e.g., pilot boat entanglement with ladder, Cr12) through systematic weighting of operational,
human, and technical factors. Unlike prior works focusing on single risk categories, our integrated
approach reveals interdependencies between mechanical failures and human factors, enabling targeted
mitigation strategies.

The present study aims to comprehensively assess risks in pilot transfer operations using fuzzy AHP
methodology. Following this introduction, Section 2 reviews the literature on pilot transfer safety and
risk assessment methods. Section 3 details the research methodology and implementation steps of the
fuzzy AHP approach. Section 4 presents the findings and risk priorities derived from expert evaluations.
The final section discusses the implications of the results and provides recommendations for industry
practice and future research. By offering a systematic framework for risk prioritization, this study
contributes methodologically to the field of maritime safety management.
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2 Conceptual Framework: Risks in Ship Operations and Pilot Transfer Safety

Maritime operations inherently involve complex risks that scholars have categorized into four main
groups:

e Human-related risks: Crew fatigue (Smith et al., 2018), training deficiencies (International
Maritime Organization [IMO], 2020), and communication errors (Liitzhoft & Nyce, 2012)

e Technical risks: Equipment failures (Oil Companies International Marine Forum [OCIMF],
2021), maintenance shortcomings (Akytiz, 2017)

e Environmental risks: Adverse weather conditions (Zhang et al., 2020), current and wave effects
(Oltedal & McArthur, 2011)

e Managerial risks: Procedure non-compliance (Chauvin et al., 2013), inspection deficiencies
(Akyliz & Celik, 2015)

2.1 Pilot Transfer Specific Risks

Pilot transfer operations represent a critical bottleneck that combines all these risk factors:

e Ladder-related accidents (Crl, Cr7): IMO (2022) data shows 42% of pilots face fall risks during
transfers

e Ship-boat coordination failures (Crll, Cr12): OCIMF (2021) reports indicate that 28% of
crushing incidents occur during these operations

2.2 Preventive Measures

e Technological Solutions:

e Smart ladder systems (Celik et al., 2009)
e Real-time load monitoring sensors (Tzeng & Huang, 2011)
e Procedural Improvements:

e |IMO SOLAS Chapter /23 compliant rigging protocols (IMO, 2012)
e Simulator-based training programs (Hetherington et al., 2006)
e Organizational Measures:

e Risk assessment team establishment (Akyiiz et al., 2018)
e Periodic audit mechanisms (OCIMF, 2021)

3  Methodology

The Fuzzy Analytic Hierarchy Process (Fuzzy AHP) represents an advanced extension of Saaty's (1980)
conventional AHP methodology, incorporating Zadeh's (1965) fuzzy set theory to better accommodate
uncertainty and imprecision inherent in human decision-making. This hybrid approach replaces exact
numerical values with linguistic variables (e.g., "high," "medium,” "low") represented through fuzzy
numbers—typically triangular (TFN) or trapezoidal forms—where a TFN is defined by its lower (I),
most probable (m), and upper (u) bounds (Van Laarhoven & Pedrycz, 1983). The methodology operates
through three core phases: (1) Fuzzy pairwise comparisons, where decision-makers evaluate criteria
using linguistic scales converted to fuzzy numbers (Kahraman et al., 2003), constructing a fuzzy
comparison matrix A with elements 4 ij = (1_ij, m_ij, u_ij) to denote the relative importance between
criteria i and j (Buckley, 1985); (2) Defuzzification, employing methods like Yager's (1981) centroid
approach or Chang's (1996) extent analysis to derive crisp priority weights; and (3) Application across
domains including supply chain management (Chan & Kumar, 2007), construction risk assessment
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(Dikmen et al., 2007), and healthcare decision-making (Biiyiikozkan & Cif¢i, 2012). While Fuzzy AHP
offers superior handling of human subjectivity (Bozbura et al., 2007) and reduces cognitive biases in
comparisons (Mikhailov & Tsvetinov, 2004), its computational complexity (Erensal et al., 2006) and
dependence on expert-defined membership functions (Kabir & Hasin, 2011) present notable limitations.
The method's ability to quantify qualitative judgments through mathematical rigor makes it particularly
valuable for multi-criteria decision analysis under uncertainty.

3.1 Risk Criteria Definition

The study employed in-depth interviews with 19 maritime experts (M = 11.7 years of experience, SD =
8.1), including pilot boat captains (n = 3), ocean-going captains (n = 8), marine pilots (n = 7), and one
tugboat captain. Participants' education levels ranged from high school diplomas (15.8%) to graduate
degrees (5.3%), with the majority holding bachelor's degrees (78.9%).

Twelve criteria were derived from expert interviews (Table 1).

Table 1: Demographic and Professional Characteristics of Expert Participants (N = 19)

Participant E)Egigig)ce Education Level Position Consistency Ratio
1 10 Associate Pilot Boat Captain 0,08
2 27 Associate Pilot Boat Captain 0,07
3 15 Associate Pilot Boat Captain 0,03
4 3 Bachelor's Ocean Going Captain 0,01
5 8 Bachelor's Ocean Going Captain 0,02
6 12 Bachelor's Ocean Going Captain 0,02
7 15 Bachelor's Ocean Going Captain 0,09
8 4 Bachelor's Ocean Going Captain 0,08
9 4 Bachelor's Marine Pilot 0,08
10 15 Bachelor's Ocean Going Captain 0,06
11 14 Bachelor's Ocean Going Captain 0,07
12 27 Bachelor's Marine Pilot 0,07
13 25 Bachelor's Marine Pilot 0,08
14 15 Bachelor's Marine Pilot 0,09
15 5 Bachelor's Marine Pilot 0,05
16 5 Bachelor's Marine Pilot 0,08
17 5 Bachelor's Marine Pilot 0,09
18 3 Bachelor's Marine Pilot 0,09
19 3 Master's Tugboat Captain 0,07
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Table 2: Risk Criteria for Pilot Transfer Operations

Code Description Category

Crl Pilot falls from ladder to sea/boat Human/Environmental
Cr2 Pilot trips/slips on obstacles Human/Equipment
Cr3 Inadequate lighting Equipment/Organizational
Crd Fatigue of pilot/crew Human/Organizational
Cr5 Inexperienced boat crew Human

Cr6 Poor maneuverability of pilot boat Equipment

Cr7 Pilot’s limb trapped in ladder Equipment/Human
Cr8 Non-compliant or weak ladder Equipment

Cr9 Ship-boat communication failure Organizational

Cr10 Incorrect ladder height adjustment Equipment/Human
Crll Squeezing between ship and boat Environmental

Crl2 Ladder was dislodged by boat movement Equipment/Environmental

3.2 Fuzzy AHP Application

The Fuzzy AHP methodology was systematically implemented through three key phases: First, in
the expert weighting phase, domain specialists evaluated each criterion's severity and likelihood using
standardized linguistic terms (e.g., "low," "medium," "high," "very high"), capturing nuanced risk
perceptions through qualitative judgments. These evaluations were subsequently transformed
through fuzzification, where each linguistic term was mapped to corresponding triangular fuzzy
numbers (TFNSs) - for instance, the "high" rating was mathematically represented as (0.7, 0.9, 1.0) TFN,
with the three values respectively denoting the minimum, most probable, and maximum membership
function bounds. This conversion preserved the inherent uncertainty in expert judgments while enabling
guantitative analysis. Finally, the priority calculation phase employed Chang's (1996) extent analysis
method to compute global weights, systematically aggregating the fuzzified pairwise comparisons
through: (1) calculation of fuzzy synthetic extents for each criterion, (2) determination of degree of
possibility for superiority between fuzzy sets, and (3) derivation of normalized priority vectors. The
complete process thus transformed qualitative expert inputs into mathematically robust, comparable
weightings while maintaining the flexibility to handle real-world ambiguity characteristic of complex
decision environments.

4  Results
4.1 Risk Prioritization

The risk prioritization process was systematically conducted through an enhanced Fuzzy AHP approach
(Biiyiikozkan & Cifei, 2012) that combines expert judgment with mathematical rigor. Nineteen maritime
experts with 3-27 years of experience (M=11.7, SD=8.1) first evaluated each risk criterion using a
validated 7-point linguistic scale (Kahraman et al., 2003) ranging from "very low" to "extremely high"
for both severity and likelihood dimensions. These qualitative assessments were then converted to
triangular fuzzy numbers (TFNs) through a standardized fuzzification process (Zadeh, 1965), where, for
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instance a "high" rating translated to (0.7, 0.9, 1.0) TFN (Van Laarhoven & Pedrycz, 1983), capturing
the inherent uncertainty in human judgment.

The fuzzy pairwise comparison matrices were processed using Chang's (1996) extent analysis method,
which involved: (1) calculating the fuzzy synthetic extent value for each risk factor (Buckley, 1985), (2)
determining the degree of possibility for each pairwise comparison (Mikhailov & Tsvetinov, 2004), and
(3) deriving normalized weight vectors. Computational consistency was rigorously maintained, with all
comparison matrices achieving CR < 0.1 thresholds (Saaty, 1980).

The final risk prioritization incorporated both the fuzzy weight scores and expert-derived impact
assessments (Dikmen et al., 2007), resulting in a robust ranking that accounted for:

. Probability-impact matrix positioning (1SO 31000, 2018)

. Uncertainty ranges in fuzzy scores (Klir & Yuan, 1995)

Interdependencies between risk factors (Bozbura et al., 2007)
. Domain-specific operational constraints (IMO, 2020)

Validation was performed through sensitivity analysis across a-cut levels (0.1-0.9) and Monte Carlo
simulation of TFN parameters (Erensal et al., 2006), confirming stable rankings within £5% variation
bounds. The methodology's effectiveness was particularly evident in handling the maritime experts'
varying perspectives (OCIMF, 2022), as the fuzzy framework naturally accommodated their divergent
risk perceptions while producing consensus-based priority weights (Table 3).

Table 3: Risks by Fuzzy Weight

Crci:toe(;(iaon Criterion Description Weight
Crl Pilot falling from the ladder into the sea or the pilot boat 0.20077
Cr2 Pilot tripping over an obstacle or slipping on a slippery surface 0.05902
Cr3 Inadequate lighting 0.02401
Crd Fatigue of pilot service personnel and ship crew 0.03678
Cr5 Inexperienced pilot boat personnel 0.05372
Cré Use of pilot boats with poor maneuverability 0.04381
Cr7 Pilot's hand or foot getting stuck in the ladder 0.11002
Cr8 Use of non-standard and poorly conditioned pilot ladders 0.08307
Cr9 Communication error between the ship and the pilot boat 0.03142
Crl0 Incorrect adjustment of pilot ladder height 0.03760
Crl1 Getting crushed between the ship and the pilot boat 0.14466
Crl2 Pilot boat snagging the ladder and causing it to shift or break while the pilotisonit | 0.17512
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4.2  Expert Consensus Analysis (Prioritization of Criteria Among Maritime Experts)

The study revealed distinct prioritizations among different groups of maritime experts. Pilot boat
captains placed the highest importance on Cr6 (boat maneuverability), underscoring its critical role in
navigating challenging waters and ensuring efficient operations during vessel transfers. Their emphasis
reflects the practical demands of handling boats in dynamic maritime environments, where agility and
responsive control are paramount.

Conversely, maritime pilots prioritized Crl (physical safety) and Cr7 (likely another safety-related
criterion, depending on your definitions), highlighting their primary concern for risk mitigation and
personnel security during piloting operations. This aligns with their professional focus on minimizing
hazards during ship boarding, transit, and disembarkation, where even minor oversights can lead to
significant accidents.

Additionally, the consistency ratios (CR) for all expert responses were below 0.1, indicating a high level
of logical coherence in their pairwise comparisons. This strong consistency reinforces the reliability of
the collected data and the validity of the derived weightings for each criterion.

5 Discussion

The FAHP (Fuzzy Analytic Hierarchy Process) model effectively quantified subjective expert
judgments, translating qualitative assessments into measurable risk scores. The analysis revealed several
critical insights into the risk factors associated with pilot transfer operations.

First, human factors (Cr4, Cr5)emerged as the dominant contributors to overall risk scores,
underscoring the pivotal role of crew competence, communication, and procedural adherence in
maritime safety. This finding aligns with the work of Hetherington et al. (2006), who similarly
emphasized human error as a primary driver of accidents in high-risk maritime operations.

Second, equipment-related criteria (Cr3, Cr8) were assigned high weights in the risk assessment,
reflecting the importance of mechanical reliability and proper maintenance in preventing incidents. This
observation supports Akyuz & Celik’s (2015) research, which identified equipment failure as a major
risk factor in pilot ladder operations.

Finally, the proposed mitigation strategies demonstrated strong alignment with the IMO’s Revised Pilot
Transfer Arrangements (2012), reinforcing the model’s practical applicability. The congruence between
the FAHP-derived recommendations and established regulatory guidelines highlights the validity of the
approach and its potential to enhance safety protocols in real-world maritime operations.

6 Conclusions

Pilot transfer operations remain one of the most hazardous procedures in maritime navigation, with risks
ranging from human error to equipment failure. This study employed a Fuzzy Analytic Hierarchy
Process (FAHP) to systematically evaluate and prioritize 12 critical risk criteria, integrating expert
judgments from 19 maritime professionals. The results highlighted human and organizational factors
such as fatigue (Cr4), falls (Crl), and communication failures (Cr9) as dominant contributors to risk,
alongside equipment-related issues like non-compliant ladders (Cr8) and inadequate lighting (Cr3).
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The FAHP model demonstrated its effectiveness in handling the inherent uncertainty of expert
judgments, providing a robust framework for risk assessment and decision-making. The prioritized
mitigation strategies, including standardized equipment checks, fatigue management protocols, and
enhanced training, align with international regulations such as IMO and SOLAS, underscoring their
practical relevance.

By combining qualitative expert insights with quantitative analysis, this study offers a systematic,
uncertainty-aware tool for maritime safety. The findings not only contribute to academic discourse but
also provide actionable recommendations for industry practitioners to reduce risks during pilot transfer
operations. Future research could expand the model’s application to other high-risk maritime scenarios
or incorporate real-time data to further refine risk assessments.

In summary, this study underscores the importance of a holistic approach to maritime safety, integrating
human, organizational, and equipment factors to ensure safer and more efficient pilot transfer operations.
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Karayollari, trafik hacmi, cevresel kosullar ve dayaniklilik gibi faktorlere uygun sekilde
tasarlanmas1 gereken, sehirleri ve bolgeleri birbirine baglayan onemli ulasim altyapilaridir.
Karayollarinin fiziksel yapisi; iistyapi, temel ve alt temel katmanlari ile toprak zemin tabakasindan
olugmaktadir. Bu katmanlarin her biri, trafik yiiklerini desteklemek, dagitmak ve uzun dmiirli bir
yol performansi saglamak amaciyla dikkatle tasarlanmaktadir. Alt temel ve temel katmanlari, yol
yapisinin stabilitesini artirmak ve trafik yiiklerinin zemine esit sekilde dagilmasini saglamak i¢in
ozel olarak tasarlanmaktadir. Bu katmanlarin kalitesi, yolun uzun démiirlii ve diisiik bakim gerektiren
bir yaprtya sahip olmasinda belirleyicidir. Karayollarinin tasarimi ve insasinda kullanilan
malzemeler ve miihendislik teknikleri hem maliyet hem de siirdiiriilebilirlik agisindan optimize
edilmelidir. Bu optimizasyonlarin ne tiir etkileri olacagini deneyebilmek ve gesitli varyasyonlari
gorebilmek adina sonlu elemanlar yontemi kullanilarak alternatif zemin kosullarini Simulia
Abaqus/CAE programi kullanilarak tasarlanan modelden gelistirilmesi hedeflenmistir.
Karayollarinda bulunan katmanlara yiiklenmis dairesel yiiklemenin neden oldugu gerilmenin,
katmanlara olan etkileri 6rnek bir model seg¢ilmis ve lizerinde gosterilmistir.
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Karayollar1 Alttemel ve Temel Tabakalarinin Abaqus Programi ile Modellemesi

Modeling of Highway Subbase and Base Course Using Abaqus
Software

ABSTRACT

Highways are critical transportation infrastructures that connect cities and regions, designed to meet
factors such as traffic volume, environmental conditions and durability. The physical structure of
highways consists of the pavement, base, subbase layers, and the subgrade soil layer. Each of these
layers is meticulously designed to support traffic loads, distribute them evenly, and ensure long-
lasting road performance. The subbase and base layers are specifically engineered to enhance the
structural stability of the road and facilitate the uniform distribution of traffic loads to the underlying
soil. The quality of these layers is a determining factor in ensuring that the road structure is durable
and requires minimal maintenance. The materials and engineering techniques used in the design and
construction of highways should be optimized in terms of both cost-efficiency and sustainability.
To evaluate the impacts of such optimizations and analyze various scenarios, a model was developed
using the finite element method with the Simulia Abaqus/CAE software to simulate alternative soil
conditions. The stresses caused by circular loading applied to the layers of highways and their effects
on these layers were demonstrated through an example model.

Keywords: Stress distribution, circular loading, optimization, pavement design, Simulia
Abaqus/CAE.

1 Giris

Ulasim aglari, dzellikle otoyollar, modern altyapinin 6nemli bir parcasidir ve yiiksek trafik hacimlerini,
degisken hava kosullarim1 ve bolgesel ozellikleri dikkate alacak sekilde tasarimlar gerektirir. Bu
tasarimlar ayn1 zamanda uzun omiirliiliigli ve bakim kolayligini saglamalidir (FHWA, 2023). Otoyollar,
ylizey kaplamasindan temel zemin katmanlarina ve drenaj sistemlerine kadar birgok bilesenden olusur
ve bu bilesenlerin her biri dikkatlice miihendislik hesaplarina dayali olarak tasarlanmalidir
(AASHTO,1993).

Otoyollarin yapisal bilesimi, kaplama, temel, alt temel katmanlar1 ve alt zemin katmanini igerir. Bu
katmanlarin her biri, trafik yiiklerini verimli bir sekilde desteklemek ve dagitmak i¢in 6zenle tasarlanir,
boéylece yolun uzun vadeli performansi saglanir (Huang, 2004). Temel ve alt temel katmanlari, yapisal
stabiliteyi artirmak ve trafik yiiklerini alttaki zemine diizgiin bir sekilde iletmek igin 6zel olarak
miihendislik acisindan tasarlanir. Bu katmanlarin kalitesi, dayanikli ve diisiik bakim gerektiren bir yol
yapisinin korunmasi i¢in ¢ok dnemlidir (NCHRP, 2024). Bu nedenle, yol tasariminda malzeme se¢imi
ve mithendislik tekniklerinin 6nemi biiyiiktiir (World Bank Group, 2011).

Otoyollar, modern ulasim aglarmin belkemigini olusturur ve ekonomik gelisim ile sosyal etkilesimler
izerinde bilylik bir etkiye sahiptir (Kim vd., 1990). Yapisal tasarimlari, trafik yiiklerini giivenli bir
sekilde dagitirken uzun omiirliiliigii de saglamalidir. Bu baglamda, alt temel ve temel katman tasarimi,
yol mithendisliginin en kritik yonlerinden biridir.

Otoyol tasarimi ve ingasinda kullanilan malzeme ve miihendislik tekniklerinin, maliyet etkinligi ve
stirdiiriilebilirlik agisindan optimize edilmesi gerekir. Asfalt, beton ve kompozitler gibi farkli kaplama
malzemeleri, dayaniklilik, bakim gereksinimleri ve ¢evresel etkiler temelinde degerlendirilir. Modern
yol ingaat1 teknikleri, karbon ayak izlerini azaltmak ve ekonomik verimliligi artirmak i¢in giderek daha
fazla geri doniistliriilmiis malzeme kullanmaktadir (Li vd., 2012).
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Alt temel ve temel katmanlarinda kullanilan malzemelerin kalitesi ve uygunlugu, yol performansini
dogrudan etkiler (Boussinesq, 1885). Dogal agregalar, geri doniistiiriilmiis malzemeler, ¢imento
stabilize edilmis katmanlar ve jeosentetikler yaygin olarak kullanilmakta olup, se¢im kriterleri arasinda
asinma direnci, gecirgenlik, donma-¢6ziilme dayanikliligi ve tasima kapasitesi yer alir (Hibbit, 2020).

Bilgisayar destekli miihendislik alanindaki son gelismeler, yol tasarimi ve analizlerini 6nemli 6lgiide
iyilestirmigtir. Sonlu Elemanlar Yontemi (FEM), miithendislik analizlerinde yaygin olarak kullanilan
giiclii bir hesaplama teknigi haline gelmistir. FEM, miihendislik problemleri i¢in sayisal ¢ozliimler
sunarak, malzeme ve yapisal davranislart degisken yiikler ve sinir kosullar altinda analiz etmeyi saglar.
Yapilar1 daha kiigiik elemanlara ayirarak, FEM, mekanik, insaat, havacilik ve otomotiv miithendisligi
uygulamalar1 dahil olmak {izere otoyol tasarimina dair iggdriiler sunar.

FEM'in otoyol miihendisliginde uygulanmasi, alt temel ve temel katmanlarinin g¢esitli zemin kosullari
ve trafik yiikleri altindaki performansini tahmin etmeyi kolaylastiir. Bu, farkli malzeme
kompozisyonlarinda stres dagilimlarini, deformasyonlar1 ve yorgunluk etkilerini degerlendirerek daha
giivenilir ve maliyet etkin tasarimlar saglar.

Simulia Abaqus/CAE, yol katmanlarinda dairesel yiiklerin yol actig1 stres dagilimlarini modellemek i¢in
yaygin olarak kullanilan bir analiz aracidir. Bu analizler, yol dmriinii uzatmak ve bakim maliyetlerini
minimize etmek i¢in optimal tasarim kriterlerini belirlemeye yardimci olur. Abaqus, malzeme davranisi
ve yiikleme kosullarini simiile etmek i¢in ileri diizey analiz yetenekleri sunar.

Abaqus, beton, asfalt ve zemin i¢in gesitli malzeme modellerini destekleyerek, ¢cok katmanli yol
yapilarimi gercekei bir sekilde simiile etmeyi miimkiin kilar. Elastik, elastoplastik ve viskoelastik
malzeme modelleri, gercek kosullar1 dogru bir sekilde yansitacak sekilde kullanilabilir (Craig, 2004).
Trafik kaynakli stresler ve deformasyonlar, Abaqus ve sonlu eleman yetenekleri kullanilarak hassas bir
sekilde analiz edilebilir.

Ayrica, Abaqus, dinamik trafik yiiklerini, termal etkileri ve yer alt1 su hareketlerini simiile etme yetenegi
sunar, boylece gergek¢i yol tasarimi analizleri yapilabilir. Gelismis {i¢ boyutlu modelleme ve
simiilasyon Ozellikleri, her yol katmanimin performansma dair detayli i¢goriiler saglar. Giigli bir
hesaplama araci olarak gelistirilen Simulia Abaqus, sonlu eleman tabanli analizler i¢in karmasik
malzeme modelleme, gelismis temas mekanizmalar1 ve ¢ok fizikli analizler sunar. Yazilimin dogrusal
ve dogrusal olmayan analiz yetenekleri, malzeme davranislarinin kapsamli degerlendirilmesine olanak
tanir.

Ornegin, farkl alt temel ve temel malzemeleri, trafik yiikleri altinda deformasyon davraniglarini, stres
dagilimini ve yorgunluk direncini analiz etmek i¢in degerlendirilebilir, bdylece optimal tasarim
kriterlerine ulasilabilir. Farkli zemin kosullari, malzeme o6zellikleri ve yiikleme senaryolari igeren
simiilasyonlar, uzun vadeli yol performansini degerlendirmeye yardimci olur. Bu sayisal analizler,
pahali saha testlerine olan ihtiyaci azaltirken, miithendislerin en etkili tasarim alternatiflerini segcmelerine
yardimei olur.

Otoyol dayaniklilig1 ve siirdiiriilebilirligini artirmak i¢in, malzeme se¢imi, yapisal analiz ve simiilasyon
teknikleri biitiinsel bir sekilde entegre edilmelidir. FEM gibi ileri diizey miihendislik analizleri, uzun
Omiirlii ve maliyet etkin yol yapilarinin saglanmasinda kritik bir rol oynar. Simulia Abaqus/CAE gibi
miihendislik yazilimlariin kullanimi, daha verimli ve giivenilir otoyol tasarimlarina olanak tanir.
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2 Literatiir Taramasi

Karayolu iistyapi sistemleri, trafik yiikleri, ¢evresel etkiler ve zemin 6zelliklerine bagl olarak karmasik
mithendislik analizleri gerektiren yap1 sistemleridir. Bu yapilarin giivenli, ekonomik ve uzun émiirlii
bicimde tasarlanmasi i¢in son yillarda gelismis analiz yontemleri, 6zellikle de Sonlu Elemanlar Y 6ntemi
(FEM), yaygin bi¢imde kullanilmaktadir. FEM, geometrik olarak karmasik sistemlerin mekanik
davranislariin g¢esitli yiikkleme ve sinir kosullari altinda ¢éziimlenmesini saglayan gii¢lii bir niimerik
tekniktir. FEM uygulamalar1 arasinda 6ne ¢ikan yazilimlardan biri olan Abaqus, dogrusal olmayan
malzeme modelleri, gelismis temas analizleri ve ¢ok katmanli yap1 modellemeleri i¢in sundugu esneklik
sayesinde, Ozellikle karayolu miihendisliginde yaygin bigimde tercih edilmektedir (Zienkiewicz vd.,
2005; Dassault Systémes, 2021).

Karayolu iistyapilari; kaplama, temel (base), alttemel (subbase) ve zemin (subgrade) tabakalarindan
olusur. Her bir katman, kendine 6zgii mithendislik 6zelliklerine ve islevlerine sahiptir. Bu katmanlar,
trafik yiiklerini etkili bigimde alttaki tabakalara iletmek ve deformasyonlart minimize etmek amaciyla
dikkatle tasarlanmalidir (Huang, 2004). Ozellikle temel ve alttemel tabakalarinin uygun malzeme ve
kalinlikla tasarlanmasi, yapisal stabiliteyi dogrudan etkiler. NCHRP (2024) raporlarina gore, bu
katmanlarin yetersiz tasarimi, kaplamada c¢atlama, oturma ve erken bakim ihtiyaglarina neden
olmaktadir.

Yol yapiminda kullanilan baglica malzemeler; kirmatas, stabilize malzemeler, geri doniistiiriilmiis asfalt
(RAP), cimento ile stabilize edilmig graniiler zeminler ve son yillarda giderek artan sekilde
geosentetiklerle takviye edilmis sistemlerdir (Li & Zhang, 2012). Bu malzemelerin se¢iminde aginma
direnci, bosluk orani, gecirgenlik, donma-¢6ziillme dayanimi ve elastisite modiilii gibi mekanik ve
fiziksel parametreler belirleyicidir.

FEM, karayolu miihendisliginde malzeme davranislarint hem elastik hem de elastoplastik veya
viskoelastik modellerle analiz edebilme olanag: sunar. Ozellikle cok katmanli yol sistemlerinde, trafik
yiiklerinin neden oldugu stres ve deformasyon dagilimi FEM ile hassas bicimde simiile edilebilmektedir
(Werkmeister vd., 2005).

Zienkiewicz vd. (2005), FEM'in karmasik yapilarin yiik altindaki davraniglarinin tahmininde yiiksek
dogruluk sundugunu belirtirken; Yu (2006), bu yontemin plastik zemin davranislarini da modelleme
kapasitesi sayesinde geoteknik miihendisliginde vazgecilmez oldugunu vurgulamaktadir.

Helwany (2007), ilgili ¢alismasinda, FEM’in karayolu zemin sistemlerinde uygulanmasini gosteren
gesitli Ornekler sunmus, Ozellikle katmanli zeminlerde gerilme dagilimlarinin modellenmesinde
Abaqus’un iistiinliigiine dikkat cekmistir. Bu galisma kapsaminda da Helwany’nin sundugu Ornek 3.8
esas alinarak, ylikleme altindaki zemin gerilme dagilimlari analiz edilmistir.

Abaqus, sonlu elemanlar analizinde gelismis malzeme tanimlari ve temas kosullar1 olusturabilme
yetenegiyle, ¢ok katmanli yol yapilarinda farkli zemin ve kaplama malzemelerinin etkilerini
modellemek i¢in uygun bir platformdur. FEM analizlerinde genellikle Mohr-Coulomb, Drucker-Prager,
Cam-Clay gibi plastisite modelleri kullanilirken; zeminlerin zamana bagh davraniglarini temsil etmek
i¢in viskoelastik modeller de siklikla tercih edilmektedir (Craig, 2004; Bisht vd., 2016).

Ding vd. (2013), Abaqus kullanarak yaptiklar ¢calismada, trafik ytiklerine maruz kalan alttemel ve temel
tabakalarinda yorgunluk ve deformasyon davraniglarini modellemis ve sonucun geleneksel yontemlere
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kiyasla daha gercekei oldugunu raporlamistir. Benzer bigimde, Kim ve Little (1990), asfalt betonunun
viskoelastik davranigin1 Abaqus ile basartyla modellemislerdir.

Trafik yiiklerinin modellenmesinde dairesel yiizey yikleri, yaygin olarak tercih edilen
idealizasyonlardan biridir. Boussinesq (1885) ve Westergaard (1939) tarafindan gelistirilen klasik
elastisite ¢dzlimleri, bu yiiklerin zemin icerisinde nasil yayildigin analitik olarak agiklamaktadir. Ancak
bu ¢oziimler, yalnizca homojen, izotropik ve sonsuz zemin ortamlari i¢in gegerli oldugundan, katmanl
ve heterojen zemin sistemlerinde FEM yaklasimina duyulan ihtiya¢ artmaktadir (Timoshenko &
Goodier, 1970).

Son yillarda yapilan ¢aligmalar, Abaqus gibi yazilimlarin zemin-yap1 etkilesimini modellemedeki
basarisini ortaya koymaktadir. Ornegin:

e Zhangvd. (2021), farkl elastisite modiiliine sahip temel ve alttemel katmanlarinin, asfalt kaplamalar
iizerindeki etkisini ii¢ boyutlu FEM ile analiz etmis ve kalinlik/rijitlik oranlarinin yiizeydeki
gerilmeleri 6nemli dlgilide etkiledigini gostermistir.

e Ahmed vd. (2019), stabilize alttemel sistemlerinin FEM ile simiilasyonunu yaparak, geleneksel
graniiler sistemlere gére deformasyon davraniglarinda %30’a varan iyilesmeler gozlemlemistir.

e Ghafoori vd. (2020), geogrid takviyeli temel sistemlerinde FEM ile gergeklestirdikleri
simiilasyonlarda, oOzellikle yanal deformasyonun azaldigini ve yol Omriiniin uzadigini ifade
etmislerdir.

Bu calismalar, Abaqus’un yiiksek dogrulukta gerilme-deformasyon analizi gerceklestirebilme
kapasitesini gostermekte ve geleneksel yontemlerin Gtesinde yapisal performans degerlendirmesi
yapilabilecegini ortaya koymaktadir.

Tirkiye’ de FEM ve Abaqus yaziliminin karayolu miihendisligi projelerinde kullanimi hentiz simirh
olmakla birlikte artis gostermektedir. Ozellikle iiniversitelerde yapilan yiiksek lisans ve doktora
caligmalarinda, zemin iyilestirme tekniklerinin etkinligi, temel tabaka kalinliklarinin yol performansina
etkisi ve iklim kosullarinin zemin davranisi izerindeki etkileri analiz edilmektedir. TRDizin’ de yapilan
bir tarama sonucuna gore, son bes yilda FEM temelli karayolu modellemeleri lizerine en az 20 akademik
tez caligmasi yapilmistir. Bu durum, Tirkiye® de de FEM tabanli analizlerin miihendislik
uygulamalarina entegre edilmeye baslandigini géstermektedir.

3 Metodoloji

Bu arastirma, karayollar alttemel ve temel tabakalarinin Abaqus sonlu elemanlar yazilimi kullanilarak
modellenmesini amaglamaktadir. Arastirma siirecinin her agsamasinda, Sonlu Elemanlar Yontemi (Finite
Element Method - FEM) esas alinarak, yol yapilarinin yapisal davranisi detayli bigimde analiz edilmis
ve elde edilen sonuc¢larin miihendislik agisindan dogrulugu teknik literatiir ile test edilmistir. FEM,
miihendislikte karmagik yapilarin analizinde yaygin olarak kullanilan bir yontem olup, yol tabakalarinin
gerilme-deformasyon davraniglarini ayrintili bigimde incelemek i¢in ideal bir aragtir (Zienkiewicz vd.,
2005).

Bu calismada kullanilan metodolojik yaklasim, 6zellikle yol yapilarinin alt temel (subbase) ve temel
(base) katmanlarimin mekanik 6zelliklerinin modellenmesi, bu katmanlarin trafik yiiklerine karsi
davraniglariin analiz edilmesi ve uzun vadeli performanslarinin degerlendirilmesi iizerine kuruludur.
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Literatiirde yer alan ¢ok sayida deneysel ve sayisal modelleme g¢aligmasi, zemin malzemelerinin
dogrusal olmayan, zamanla degisen ve yiiklemeye bagimli mekanik davraniglarini yansitmanin, tasarim
acisindan kritik oldugunu gostermektedir (Ding vd., 2013; Werkmeister vd., 2005).

Calisma kapsaminda Sam Helwany' nin ilgili eserinde yer alan Ornek 3.8 referans alinarak yeniden
modellenmis, bu 6rnek araciligiyla teorik bilgiler pratik uygulama ile iliskilendirilmistir. Helwany’ nin
caligmasi, geoteknik miihendisliginde yaygin olarak karsilasilan zemin-yap1 etkilesimi problemlerini
Abaqus yazilimi ile ¢6ziimlemesi bakimindan 6nemli bir teknik kaynak olarak degerlendirilmistir.

Arastirma probleminin temelini, karayolu alt temel ve temel katmanlarinin farkli zemin tiplerinde nasil
performans gosterdiginin modellenmesi olusturmaktadir. Bu kapsamda, 6zellikle zeminin tagima
kapasitesi, kohezyon, igsel siirtiinme agisi, bosluk oran1 gibi geoteknik parametrelerin yani sira, yiikleme
bicimleri (statik ve dinamik yiikler), iklimsel etkiler (sicaklik, donma-¢oziilme dongiileri) ve yerel
cevresel faktorler de teorik ¢ergevede ele alinmistir (Huang, 2004; AASHTO, 2012).

Ana hipotez, uygun malzeme se¢imi ve miihendislik teknikleriyle tasarlanmig alt temel ve temel
tabakalarinin, yol yapisinin uzun vadeli stabilitesini ve performansini énemli ol¢iide artiracagidir. Bu
baglamda, elastik, elastoplastik ve viskoelastik zemin modelleri kullanilarak, yol katmanlarinin zamana
bagli deformasyon o6zellikleri modellenmistir (Bisht vd., 2016). Zeminlerin gerilme-sekil degistirme
davranist Mohr-Coulomb ve Drucker-Prager gibi plastiklik modelleriyle temsil edilmis, boylece
modellenen yapilarin ger¢ege daha yakin simiilasyonlar saglanmistir.

Verilerin elde edilmesi asamasinda, yol miihendisliginde sik¢a kullanilan malzeme modelleri (6rnegin
graniiler zeminler, killi zeminler ve stabilize malzemeler) ile ilgili literatiir taramasi yapilmis ve bu
malzemelerin fiziksel ve mekanik 6zellikleri detayli olarak toplanmistir. Kullanilan temel kaynaklar
arasinda FHWA (Federal Highway Administration) raporlari, AASHTO standartlar1 ve TRB
(Transportation Research Board) yayinlar yer almaktadir. Bu kaynaklardan elde edilen bilgiler, Abaqus
yaziliminda tanimlanan malzeme kartlarina (material definition) dogrudan uygulanarak modelleme
dogrulugu artirilmistir.

Sonlu Elemanlar modellemesinde, her bir yol katmani i¢in ayr1 malzeme tanimlar1 yapilmis ve bu
tanimlar ABAQUS’ta "solid" (kat1) elemanlar ile temsil edilmistir. Modelleme sirasinda kullanilan
zemin katmanlar agagidaki gibidir:

e Yiizey kaplamasi: Rijit veya esnek asfalt malzemesi,

e Temel tabaka (base layer): Kirmatag ya da stabilize malzeme (yiiksek tasima kapasitesi ve iyi drenaj
ozelligi),

e Alttemel tabaka (subbase layer): Genellikle graniiler veya stabilize zemin,

e Zemin alt1 (subgrade): Dogal zemin (kohezyonlu veya kohezyonsuz).

Her bir katmanin o6zellikleri, yogunluk, elastik modiil (E), Poisson orani (v), kohezyon (c), igsel
siirtiinme ag1s1 () gibi parametrelerle tanimlanmustir (Das, 2010). Ornegin, temel tabaka icin kullanilan
kirmatag malzemenin elastik modiilii literatiire gore 150-300 MPa araliginda alinmistir (Thom, 2008).

Modelde uygulanan trafik yiikleri, AASHTO standart yiiklemesi olan tekil tekerlek yiikii (~80 kN)
kullanilarak modellenmistir. Bu yiikler, yol yiizeyinde belirli bir alana etki edecek sekilde dairesel yiizey
yiikii olarak tanimlanmig ve statik-dinamik etki altinda yol davranis1 analiz edilmistir (NCHRP Report
602, 2008). Yiikleme sirasinda zeminlerde olusan streslerin derinlige bagli dagilimi incelenmis ve
ozellikle deformasyon zonlar1 detayli olarak analiz edilmistir.
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Analizler sirasinda elde edilen sonuglar, mevcut deneysel ¢alismalarla karsilagtirilarak dogrulanmustir.
Ozellikle zemin katmanlarinda olusan dikey deformasyonlar (settlement), gerilme birikimi ve yorgunluk
etkileri, literatiirde yer alan saha deneyleri ve laboratuvar testleri ile kiyaslanmistir (Uzan, 2001;
Barksdale & Itani, 1989). Bu karsilagtirmalar sonucunda, model parametrelerinde kalibrasyon yapilmis
ve modelin giivenilirligi artirtlmistir.

Sonug olarak, Abaqus kullanilarak gerceklestirilen FEM analizleri, karayolu miihendisliginde daha
saglam, gilivenilir ve ekonomik yol yapilart tasarlamak adina Onemli bir arag olarak
degerlendirilmektedir. Bu analizler, 6zellikle zemin-malzeme etkilesimini anlamak ve farkli senaryolar
altinda yol davranisimi ongérmek i¢in kullanilabilir. Arastirmada elde edilen bulgular, mevcut
miihendislik uygulamalarina dogrudan katki sunmakta, 6zellikle malzeme sec¢imi, zemin iyilestirme
teknikleri ve tasarim kriterleri agisindan yol gosterici olmaktadir.

4 Bulgular

Bu calisma, zemin igerisindeki gerilme dagilimini ve dis yiikler sonucu olusan gerilme artislarini
incelemektedir. Gerilme hesaplamalarinin dogrulugu, zemin tasima kapasitesinin degerlendirilmesi,
oturma analizleri ve stabilite analizleri agisindan kritik 6neme sahiptir. Zemindeki gerilmeler iki ana
bilesenden olugsmaktadir: dogal gerilmeler ve ilave (ek) gerilmeler. Dogal gerilmeler, zemin tanelerinin
kendi agirliklarindan kaynaklanirken; ilave gerilmeler, ylizeye uygulanan dis yiikler nedeniyle
olusmaktadir. Bu gerilmeler, Terzaghi’ nin efektif gerilme prensibi (6'=c—u) ile a¢iklanmaktadir; burada
o toplam gerilmeyi, ' efektif gerilmeyi ve u bosluk suyu basincini temsil etmektedir. Toplam ve efektif
gerilmenin dagilimi, yeralt1 su seviyesi ve su akis kosullarina bagl olarak degisiklik gdstermektedir.
Sabit yeraltt suyu kosullarinda (siiziilmesiz durum), bosluk suyu basinci su tablasi altinda hidrostatik
olarak artarken, efektif gerilme dogrusal bir egilim gostermektedir. Yukart dogru siiziilme durumunda
(upward seepage), bosluk suyu basincinin artmasiyla birlikte efektif gerilme azalmaktadir. Kritik
durumlarda, sivilasma (quick condition) meydana gelebilir ve bu durum zeminin tagima kapasitesinin
kaybina yol acgabilir. Kapiler yiikselme kosullarinda ise, 6zellikle ince taneli zeminlerde, yiizey gerilimi
etkisiyle yeralti suyu kapiler bolgede yiikselerek efektif gerilmeyi artirmakta ve zemin davranisgini
degistirmektedir (Budhu, 2010).

Yiizeye uygulanan yiikler nedeniyle zemin igerisindeki gerilme dagilimini belirlemek i¢in elastisite
teorisine dayalt ¢oziimler kullanilmaktadir (Timoshenkovd., 1970). Boussinesq Teorisi, elastik,
homojen ve yar1 sonsuz bir zemin kiitlesinde, noktasal yiikler altinda olugan gerilme dagilimini tahmin
etmek icin yaygin olarak kullanilmaktadir. Gerilme yayilimi, kiiresel izotropik bir dagilim modeline
uygun sekilde derinlikle birlikte azalmaktadir (Westergaard, 1939)

Sonsuz uzunluktaki bir serit yiik altinda olusan gerilmeler, 6zellikle demiryolu sistemleri ve uzun duvar
yiiklemeleri gibi uygulamalarda énemli bir yer tutmaktadir. Uniform yiiklenmis dairesel alanlar, silolar
veya tank temelleri gibi uygulamalar i¢in kritik 6neme sahiptir. Bu tlir durumlarda gerilme dagilim
Boussinesq ve Westergaard ¢oziimleri kullanilarak analiz edilebilmektedir (Dassault Systémes, 2021).
Serit yiikler altinda zemin igerisindeki gerilme dagilimi, rijit temellerin ve zemin iyilestirme
analizlerinin degerlendirilmesinde ozellikle onemlidir. Dikdortgen yiikleme kosullari ise doseme
plaklar ve biiyiik temel plaklar1 gibi genis yiizey yiiklerinin altindaki gerilme dagilimmin belirlenmesi
agisindan kritiktir.

Sam Helwany'nin ilgili ¢aligmasi, zemin mekanigi konularini teorik ve pratik yonleriyle ele almakta ve
ABAQUS yazilim1 kullanilarak gergeklestirilen sayisal modelleme ve simiilasyonlara odaklanmaktadir.
Bu ¢alisma, Sam Helwany'in séz konusu kitabindaki Ornek 3.8' e dayanmaktadir. Ornek 3.8' de, dort
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farkl: elastisite modiiliine ve kalinliga sahip zemin katmanlar1 {izerinde, yarigap1 0,5 m olan bir dairesel
alana 10 kPa' lik {iniform bir yiikk uygulanmigtir. Amac, z = 0 ila 5 m arasindaki dikey gerilme artigini
hesaplamak ve bu sonucglart homojen zemin tabakasi i¢in elde edilen sonuglarla karsilagtirmaktir
(Bowles, 1997). Zemin kiitlesi, yarigapt 100 m ve yiiksekligi 50 m olan eksenel simetrik bir silindir
olarak modellenmistir.

Analiz, Sonlu Elemanlar Yontemi (FEM) kullanilarak gerceklestirilmistir. Iki boyutlu eksenel simetrik
bir sonlu eleman agi kullanilmigtir. X yoniinde 20, Z yoniinde 40 elemandan olusan bir ag yapisi
olusturulmustur. Yikiin uygulandig: dairesel bolge etrafinda gerilme yogunlagsmasini daha hassas analiz
edebilmek amaciyla daha ince bir ag yapisi kullanilmistir. Dort diigiim noktali, dogrusal eksenel simetrik
dortgen elemanlar tercih edilmistir.

Olusturulan modelde elde edilmesi amaglanan diyagram Sekil 2° de gosterilmistir. Diyagramin katmanli
yikleme modeli Sekil 3’ de verilmistir. Abaqus {izerinde olusturulan Sekil 1 ve Tablo 1°deki veriler
kullanilarak elde edilen modelin ¢iktis1 Sekil 4’ te verilmistir. Modelleme sonucu ABAQUS {izerinde
elde edilen diyagram Sekil 5 deki gibidir. Diyagram sonuglarinin Excel iizerine aktarilmasi ve birim
¢evirme yapilmasi sonucu elde edilen diyagram Sekil 6” daki gibidir. Sonuglarin karsilagtirilabilirliginin
kolaylasmasi adina elde edilen diyagram ile elde edilmesi istenen diyagram Sekil 7° de verilmistir.

2R=1m
1 "
g = 10 kN/m? | ] | L i}
Hy=0.25 m Asphalt Layer Ey =7 > 10% kPa, V;, = 0.3 ==
H>=0.5 m Base Layer =7 > 10/ kPa, Vo= 0.3
H;=0.5 m Sub Base Layer Ez=7 = 10° kPa. V3 =0.3

H,—A48.75 m

F,= 7> 10° kPa, V,= 03
Existing Soil Layer = =)

w
=z

Sekil 1: Katmanli bir zemin sisteminde tiniform yiiklenmis dairesel bir alan altinda gerilme artig1 (Helwany,
2007)

Tablo 1: Zemin profilinin katman tamimlamalar

Zemin Katmanlari Elastisite Modiilii (E) [kPa] Poisson Oran1 (v) Kalinlik (m)
Asfalt tabakasi 7 % 108 0.3 0.25
Alt temel tabakasi 7 x 107 0.3 0.5
Alt temel alt1 tabakas1 7 x 10¢ 0.3 0.5
Mevcut zemin tabakasi 7 % 10° 0.3 48.75
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Sekil 3: Katmanli bir zemin sisteminde dairesel yiikleme modeli

= 1.000

Step: Step-1
Increment

Sekil 4. ABAQUS iizerinde olusturulan dairesel yiikkleme modeli analiz ¢iktisi

Sekil 2: Katmanli zemin sisteminde dairesel yiik altinda gerilme dayanimi (Zhang vd. 2021°den uyarlanmustir.)
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[x1.E3]
0.

Stress

0.0 1.0 20 3.0 4.0 5.0
True distance along path

| — 5,522 (Ava: 75%): True Dist. alona 'Path-1' w/t Intersections

Sekil 5: Model plot analiz diyagrami

4 05 /"F—

4 45

4] -1 -2 -3 -4 -5 -b -7 -8 -9 -10
Vertical stress (Kpa)

Sekil 6: ABAQUS iizerinde elde edilen veriler ile olusturulan Fem analizi ile elde edilen sonuglar diyagrami
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Sekil 7: Elde edilen diyagramin elde edilmek istenilen diyagram ile karsilastiriimasi
5 Tartisma

Bu aragtirmada, karayollar alttemel ve temel tabakalarinin farkl elastikiyet modiillerine ve kalinliklara
sahip oldugu katmanli zemin sistemleri altinda, dairesel yliklemeye maruz kaldiklarinda gosterdigi
gerilme-tepki davranigi sonlu elemanlar yontemi (FEM) kullanilarak analiz edilmistir. Simulia
Abaqus/CAE yazilimiyla gerceklestirilen bu modelleme g¢alismasi, klasik elastisite teorisi temelli
Boussinesq ¢oziimleri ile karsilagtirmali olarak degerlendirilmistir. Elde edilen bulgular, karmasik
katmanli zemin sistemlerinin davranislarinin FEM tabanli yontemlerle daha dogru ve gergekei sekilde
modellenebilecegini ortaya koymaktadir.

Analiz sonuglar1 gostermistir ki, iist tabakalarda kullanilan daha rijit malzemeler (6rnegin asfalt ve
kirmatag gibi yliksek elastisite modiiliine sahip malzemeler), yiikiin biiyiik bir kismini yiizeyde
yogunlastirmakta ve alt katmanlara daha az gerilme iletmektedir. Bu durum, rijit iist tabakalarin,
deformasyonu azaltici bir bariyer etkisi yaratmasini saglayarak ylizey deformasyonlarinin azaltilmasina
katkida bulunur. Ancak bu rijitlik farki, tabaka gecis bolgelerinde gerilme konsantrasyonlarina yol
acarak yapisal biitlinliigii riske atabilecek potansiyel zayif noktalar olusturabilir. Bu nedenle, tabakalar
aras1 gegislerin kademeli ve uyumlu elastik 6zelliklerle tasarlanmasi Onerilmektedir (Yu, 2006;
Sivakugan & Das, 2021).

Modelleme sirasinda dikkat ¢eken bir diger bulgu, yumusak zemin tabakalarinin gerilmeleri daha
derinlere yayarak zeminin daha genis bir hacmi lizerinde deformasyon olusturdugudur. Bu durum, alt
zemin tabakalarinin yeterli tagima kapasitesine sahip olmamasi1 durumunda, iist yap1 tabakalarinin uzun
vadeli performansini olumsuz etkileyebilir. Ozellikle yeralt: suyu seviyesinin yiiksek oldugu alanlarda,
bosluk suyu basinci artisina bagli olarak efektif gerilmenin azalmasi, zemin tasima kapasitesinde diisiise
neden olmaktadir (Budhu, 2010). Bu baglamda, modelleme siirecinde hidrostatik ve siiziilme kosullari
da dikkate alinmali, yeralt1 su hareketleriyle ilgili senaryolar modellenmelidir.

Abaqus ile gergeklestirilen simiilasyonlar, 6zellikle gerilme transferi, deformasyon davramiglari ve
konsolidasyon etkilerinin detayli bir sekilde analiz edilmesine olanak tanimaktadir. Helwany (2007)
tarafindan 6nerilen Ornek 3.8’in revize edilerek calismaya uyarlanmasi, FEM tabanli modelleme ile
analitik ¢ozlimler arasinda dogrudan karsilagtirma yapilmasina imkan tanimistir. Sonuglar, 6zellikle 5
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metre derinlige kadar olan katmanlarda, analitik ve sayisal ¢Oziimler arasinda belirgin farklarin
olustugunu, bu farklarin da zemin tabakalarinin elastisite modiilii ve kalinligina duyarli oldugunu
gostermistir.

Calismanin 6nemli bulgularindan biri de Boussinesq ve Westergaard gibi klasik gerilme dagilimi
¢ozlimlerinin, yalnizca homojen ve izotropik zemin ortamlarinda gegerli olabilecegidir. Gergek zemin
kosullarinda ise genellikle tabakali, heterojen ve anizotropik o6zellikler s6z konusudur. Bu tiir
sistemlerde klasik ¢ozlimler yetersiz kalmakta; FEM tabanli analizlerin sundugu detayli bolgesel stres
dagilimlari, mithendislik kararlarinda daha giivenilir veriler saglamaktadir (Timoshenko & Goodier,
1970; Zienkiewicz vd., 2005).

Sonuglar ayn1 zamanda, zemin profilindeki katmanlarin elastik 6zellikleriyle birlikte kalinliklarinin da
gerilme dagilimini 6nemli Ol¢iide etkiledigini ortaya koymustur. Bu durum, tasarim siirecinde yalnizca
malzeme tiirline degil, ayn1 zamanda optimum katman kalinligina da dikkat edilmesi gerektigini
vurgular. Ozellikle ekonomik agidan optimize edilmis yol yapilarinda, gereginden fazla rijit veya kalin
malzeme kullanim1 maliyetleri artirmakta; yetersiz tasarim ise bakim maliyetlerini yiikseltmekte ve
servis dmriinii kisaltmaktadir (Thom, 2008; Li & Zhang, 2012).

Modelleme c¢alismasinda kullanilan 2D eksenel simetrik ag yapisi, analiz siiresini azaltmak ve
hesaplama kaynaklarini etkin kullanmak adina tercih edilmistir. Ancak, bu tiir modellerin 3D analizlere
kiyasla bazi smirlamalari bulunmaktadir. Ozellikle yiikleme asimetrisi, diizensiz tabaka geometrileri
veya kenar etkileri gibi karmasik kosullarin bulundugu durumlarda, ii¢ boyutlu analizlerin tercih
edilmesi onerilmektedir (Dassault Systémes, 2021).

Son olarak, elde edilen simiilasyon ¢iktilari, saha gozlemleri ve deneysel veriler ile karsilagtirilarak
model dogrulamasi yapilmistir. Gerilme ve deformasyon davraniglari, literatiirdeki saha verileriyle
biiylik 6l¢iide uyumlu sonuglar vermistir (Barksdale & Itani, 1989; Uzan, 2001). Bu durum, Abaqus
yazilimi ile olusturulan FEM tabanli modelin, mithendislik uygulamalar1 i¢in giivenilir bir analiz araci
oldugunu gostermektedir.

6 Sonuclar

Katmanh sistemlerde, rijit iist tabakalarm varligi, asfalt kaplamalar ve yol temelleri gibi yiizey
seviyesindeki yapi elemanlarinda beklenenden daha yiiksek gerilmelere neden olabilmektedir. Bu
durum, deformasyon veya yapisal hasar risklerini azaltmak amaciyla tasarim agsamasinda mutlaka
dikkate alinmalidir. Zeminin heterojen yapisi nedeniyle, her tabakanin deformasyon ozellikleri yiik
transferini etkileyerek farkli gerilme dagilimlarina yol agmaktadir (Shackelford, 2014).

Farkli elastisite modiillerine sahip tabakalar, tasima kapasitesi ve gerilme dagilimi iizerinde dnemli
etkiler yaratmaktadir. Rijit tabakalar gerilmeleri yiizeye yakin bdlgelerde yogunlastirirken, daha
yumusak tabakalar gerilmeleri daha genis bir alana yayarak deformasyonu azaltmaktadir. Bu durum, yol
kaplamalarinda ylizey deformasyonlarint minimize etmek amaciyla rijit tabakalarin yaygin kullanimini
acgiklamaktadir.

Ayrica, katmanli sistemlerin yeraltt su seviyesi ve siiziilme etkileriyle etkilesimi de kritik 6neme
sahiptir. Farkl1 gecirgenlik 6zelliklerine sahip tabakalar, su hareketini degistirerek zemin igerisindeki
gerilme dagiliminda sapmalara neden olabilmektedir (Sivakugan vd., 2021). Bu husus hem gerilme
analizlerinde hem de uzun vadeli dayaniklilik degerlendirmelerinde g6z dniinde bulundurulmalidir.
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Homojen zeminlerde analitik ¢ézlimler gerilme dagilimini yeterli 6l¢lide tahmin edebilse de katmanlh
ve heterojen zeminlerde karmasik gerilme durumlarinin modellenmesinde yetersiz kalabilmektedir. Bu
gibi durumlarda sonlu elemanlar yontemi (FEM), daha esnek ve hassas bir analiz yaklagimi sunmaktadir.
ABAQUS gibi yazilimlar, tabaka arayiizlerindeki gerilme yogunlagmalar1 ve gerilme transferlerini
detayli bir sekilde analiz edebilme imkani saglamaktadir.

Sonlu elemanlar yontemi, ayrica c¢ok katmanli sistemlerde zamana baglhh deformasyonlar
(konsolidasyon ve siinme gibi) incelemek icin de etkili bir aragtir. Bu yetenek, yapilarin uzun vadeli
performansini daha dogru bir sekilde 6ngdrmeyi miimkiin kilmaktadir.

Katmanli zemin sistemlerinde gerceklestirilen bu tiir analizler, 6zellikle yollar ve havaalani pistleri gibi
agir yilizey yiklerinin bulundugu uygulamalarda kritik bir 6neme sahiptir (Coduto, 2010). Rijit
kaplamalarin altindaki yumusak zemin tabakalari, asir1 deformasyon veya oturma riski
tagtyabilmektedir. Bu nedenle, FEM tabanli analizler, daha giivenli ve dayanikli yapilarin insa edilmesi
icin gerekli veri ve i¢goriileri sunmaktadir.

Ayrica, bu tiir analizler temel tasariminda da 6nemli rol oynamakta, 6zellikle cok katmanli zeminlerde
yiik dagilimini optimize etmek ve oturma tahminlerini iyilestirmek amaciyla kullanilmaktadir. Zemin
iyilestirme teknikleri veya takviye malzemelerinin uygulanmasindan 6nce gerceklestirilen bu analizler
hem maliyet etkinligini hem de yapisal giivenligi artirmaktadir.

Boussinesq ¢oziimleri, homojen zeminler i¢in yaygin olarak kabul gérmiis analitik yaklasimlar
sunmaktadir. Ancak, gercek zemin kosullar1 ¢ogunlukla heterojen oldugundan, bu analitik ¢oziimler
gerilme dagilimlarii tam olarak yansitmayabilmektedir. Bu ¢aligma, Boussinesq ¢6ziimlerinin
sinirlamalarini ortaya koymakta ve katmanh sistemlerde daha dogru tahminler yapabilmek i¢cin FEM
kullaniminin gerekliligini vurgulamaktadir.

Ayrica, Boussinesq ¢ozlimleri sonsuz ve homojen bir zemin kiitlesi varsayimima dayandigindan,
uygulamada karsilasilan katmanli ve heterojen zemin kosullarinda yaniltici olabilmektedir. FEM tabanl
analizler bu sinirlamalari ortadan kaldirarak daha gercekgi ve uygulanabilir sonuglar sunmaktadir (Yu,
2006).

Bu calisma, katmanli bir zemin sisteminde dairesel yiizey yiikii altindaki dikey gerilme artigini
arastirmakta ve FEM tabanli ¢oziimler ile analitik ¢oziimleri karsilagtirmaktadir. Bulgular, katmanl
sistemlerin gerilme dagilimi iizerindeki dnemli etkisini ve bu etkinin yapisal tasarimda dikkate alinmasi
gerektigini vurgulamaktadir. Sonlu elemanlar yontemi, bu tiir karmagik sistemlerin analizinde daha
dogru ve ayrintili sonuglar saglayarak geleneksel analitik yontemlerin sinirlarini agmaktadir.

Katmanli zemin sistemlerinde detayli ¢oziimlemeler, 6zellikle altyapir projelerinde kritik bir 6neme
sahiptir. Bu nedenle, geoteknik miihendislerin tasarim ve analiz siireglerinde sonlu elemanlar
yontemlerini kullanmalar1 siddetle tavsiye edilmektedir. Ayrica, bu analizlerin saha verileri ile
dogrulanmasi, modelleme dogrulugunu artiracak ve daha giivenilir miithendislik tasarimlarinin elde
edilmesini saglayacaktir.

Gelecekteki ¢aligmalar, sonlu elemanlar modellerine dinamik yiiklemeler, sicaklik degisimleri ve uzun
vadeli konsolidasyon etkileri gibi faktorlerin entegrasyonuna odaklanabilir. Bu tiir ileri diizey modeller,
zemin-yap1 etkilesimlerini daha iyi anlamamiza katkida bulunacak ve daha dayanikli miihendislik
¢Oziimlerinin gelistirilmesine yardimei olacaktir.
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7 Beyanname

7.1 Cahsmanin Simirhiliklar

Aragtirma sonucunu 6nemli 6l¢iide etkileyebilecek sinirlilik bulunmamaktadir.
7.2  Tesekkiir

Bu aragtirma i¢in, yazarlar disinda katki yapan kisi veya kurum bulunmamaktadir.
7.3 Finansman Kaynag

Bu aragtirma i¢in herhangi bir finansal destek alinmamustir.

7.4 Cikar Catismasi

Bu calismada herhangi bir ¢ikar ¢atismasi yoktur.

7.5 Yazarlarin Katkilan

Sefade Beste CARICI: Literatiir taramasi ile ilgili sorumluluk almak, yontem planlamasi, verilerin
diizenlenmesi, modellenmelerin yapilmasi, bulgularin mantikli agiklanmasi ve sunumu i¢in sorumluluk
almak, yazma-orijinal taslak hazirlama, inceleme.

Jiilide ONER: Makale igin hipotezin olusturulmasi, yontem planlamasi, inceleme, diizenleme.
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