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ULASIM GEOTEKNIGINDE iKLiM
DEGISIKLIGININ ALTYAPI DUZEYINDEKI
YANSIMALARI VE iZLEME, MODELLEME

ILE ADAPTASYON STRATEJILERI

Goknur BERBER NARIN!

1. GIRIS

Iklim degisikligi, ulasim altyapisin1 yalnizca dogrudan
cevresel etkilere maruz birakmakla kalmayip, yollari,
demiryollarini, dolgulari, gecis bolgelerini ve ilgili toprak islerini
destekleyen geoteknik sistemleri giderek artan dlclde
doniistiirmektedir (Mndawe vd., 2015; Wang vd., 2020; Ng vd.,
2024). Tastyic1 zemin iklimsel a¢idan istikrarsiz hale geldiginde,
ortaya c¢ikan sonuclar artik yalnizca altyapi altindaki malzeme
davranisi ile sinirli kalmamakta; ray geometrisindeki bozulmalar,
kaplama  yulzeyindeki  hasarlar, istikrarsizhk,  bakim
maliyetlerinin artmasi1 ve uzun vadeli varlik performansindaki
biiyliyen belirsizlik gibi altyap1 diizeyindeki yansimalara
doniismektedir.

Giincel calismalar, bu altyap1 diizeyindeki yansimalarin
mekansal agidan heterojen bir dagilim sergiledigini ve yerel
zemin durumu, geometri, drenaj, maruziyet ve 1sil-su rejimi
tarafindan gii¢lii bicimde kosullandirildigini géstermektedir. Sert
iklim degiskenlikleri karsisinda mevcut ulagim altyapisinin
yeterliligini sorgulayan c¢alismalar (Ng vd., 2024), altyap
altindaki su tablas1 degisimini ve uzun vadeli sizma biit¢esini
inceleyen aragtirmalar (Kumar & Hayano, 2024) ile bolgesel
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Olgekte altyapr maliyetlerini degerlendiren ¢aligmalar (Suter vd.,
2019) bu gergegi agikca ortaya koymaktadir. Sonug olarak ulagim
geoteknigi, performansin ¢evre, geomateryaller, izleme kanitlari,
tahmin modellemesi ve miihendislik miidahalesinin gelisen bir
bilesimi olarak ele alindig1 daha genis bir sistem perspektifine
dogru yonelmektedir.

Bu arka plan dogrultusunda, mevcut boliim altyap:
diizeyindeki yansimalara ve izleme, modelleme ile adaptasyon
stratejilerine odaklanmaktadir. Boliimiin amaci, iklime duyarl
zemin davraniginin nasil koridor 6l¢eginde bir varlik yonetimi
sorununa donistigiini ve literatlirin bu sorunu giderek daha
fazla entegre, dayaniklilik odakli yaklagimlar araciligiyla nasil ele
aldigin1 sentezlemektir.

2. METHOD

Bu boéliim, ulagim altyapisinin geoteknik performansina
iklim degisikliginin etkilerini inceleyen PRISMA tabanli {ist
derlemeden ftiiretilmektedir. Ust kamit tabani, iklimle ilgili,
geoteknik ve ulagim odakli arama terimleri kullanilarak Web of
Science ve Scopus kayitlarindan derlenmistir. Derleme is akist
291 kayit belirlemis; tekrar icermeyen 244 kayit elde edilmis,
tarama agamasinda 124 c¢alisma isaretlenmis ve Dbaglik
normallestirme ile tekrar dogrulama sonrasinda 121 6zgiin teknik
¢alisma korunmustur.

Mevcut boliim, bagimsiz olarak taranan yeni bir korpusu
temsil etmemektedir. Bunun yerine, ayni kanit matrisinin altyap1
diizeyindeki sonuclara ve dayaniklilik odakli yanit stratejilerine
odaklanarak ikincil tematik bir yeniden gruplandirmasina
dayanmaktadir. Calismalar, iklim etkenine, altyap1 tiiriine,
geoteknik soruna ve metodolojik katkiya goére Ozet diizeyinde
kodlanmis; kodlama yapis1 karsilikli dislayict olmayan bigimde
kurgulanmustir.
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Yeniden gruplandirilmis kanit tabaninda 79 calisma
izleme veya uzaktan algilamayi, 64 calisma modelleme veya
tahmini ve 51 ¢alisma adaptasyon, stabilizasyon veya azaltimi ele
almaktadir. Bu frekanslar, boliim boliimlerini sistem diizeyindeki
yansimalar, tan1 yontemleri, ongorii araglart ve degisen iklim
kosullarinda miihendislik miidahaleleri iizerine ¢er¢evelemek igin
kullanilmistir.

3. ALTYAPIDUZEYINDEKIi YANSIMALAR

3.1. Ray Geometrisi Bozulmasi1 ve Demiryolu
Kullanilabilirliginin Azalmasi

Iklim degisikliginin demiryolu altyapisina en dogrudan ve
Olciilebilir yansimalarindan biri ray geometrisinin bozulmasidir.
Tastyic1 zemin 1s1l veya su igerigi degisimleriyle deforme olmaya
basladiginda, bu etki ilk olarak ray dogrultusundaki egimler,
yatay hizalama hatasi ve raylar arasi geniglik degisimi bigiminde
gozlemlenmektedir (Kaewunruen vd., 2018; Tang vd., 2024).
Daimi donmus zemin (permafrost) bolgelerinde gergeklestirilen
uzun vadeli izleme calismalari, zemin ¢6kme hizinin ve kalici
deformasyonun kiiresel 1sinma kosullarinda dolgu yiiksekligine,
buz agisindan zengin permafrost tabakasmnin kalinligina ve
sahaya 0zgii ortalama yillik zemin sicakligina bagli olarak 6nemli
ol¢iide degistigini ortaya koymaktadir (Tang vd., 2024). Qinghai-
Tibet Demiryolu boyunca yiiriitiilen sayisal modelleme ve saha
izleme ¢alismalart bu bulgular1 dogrulamakta; permafrost
tablasindaki yiikselmenin ve buz igeriginin yiiksek oldugu
tabakalarin ¢oziilmesinin birleserek uzun vadeli slibsidansa yol
actigini ve bu siirecin giizergahin belirli kesimlerinde operasyonel
giivenlik icin kritikk bir esige yaklasmaya basladigin
gostermektedir (Wang vd., 2025; Jiang vd., 2024).

Donmus olmayan ve mevsimsel olarak 1slak ortamlarda
ise ray geometrisi bozulmasit farkli mekanizmalar araciligiyla
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gelismektedir. Brezilya’da tropikal iklim kosullarinda yiiriitiilen
sayisal analizler ve saha ¢aligmalari, zemin emme degiskenliginin
alt temel dayanikli modiiliinii dogrudan etkiledigini ve bu etkinin
ray geometrisi bozulmasina birincil katki sagladigmi ortaya
koymustur (Castro vd., 2021). Benzer bulgular, nem igerigi ve
zemin emme degerinin mevsimsel yagis Oriintlilerine ve
buharlagsmaya bagli olarak diizenli dalgalanmalar sergiledigi agir
yuk tasiyan demiryolu zemin formasyonlarinda da raporlanmistir
(Vandoorne vd., 2021). Dolayisiyla hem donmus hem de
donmamis ortamlarda ray geometrisi bozulmasi, yalnizca
malzeme Ozellikleriyle degil; iklim siiriiciisii, drenaj rejimi,
ylikleme ge¢misi ve tastyict zemin davranisi arasindaki baglasik
iliskiyle agiklanmaktadir.

Uzun vadeli izleme c¢alismalari ayn1 zamanda zemin
¢okme siireclerinin mevsimsel olmaktan ¢ikip kiimiilatif bir hal
aldigin1 gostermektedir. Qinghai-Tibet Demiryolu’nun Beiluhe
kesiminde  gerceklestirilen  arastirmalar, tren  kaynakli
titresimlerin yiliksek buz igerikli permafrost tabakalar {izerinde
belirgin bir basing etkisi yarattigini ve bu etkinin buzun
erimesiyle birleserek toplam ¢Okmeyi kiimiilatif bi¢imde
artirdigini kanitlamistir (Tang vd., 2024). Tas-kirma dolu yataklar
gibi aktif sogutma sistemleri, bu bozulmay1 yavaslatabilmektedir;
ancak s0z konusu sistemlerin etkinliginin mevcut i1sinma kosullar
altinda giderek azaldigi bildirilmektedir (Jiang vd., 2024). Bu
bulgu, hi¢gbir miihendislik 6nleminin siiresiz gecerli olmadigini ve
sistem performansmin siirekli izlenmesi gereken dinamik bir
stire¢ oldugunu acike¢a ortaya koymaktadir.

3.2. Kaplama Yiizeyi Yanmiti,, Yapisal Talep ve Yasam
Dongusi Yuka

Karayolu kaplamalarinda iklim degisikliginin etkisi,
kaplama alt tabakasindaki zemin durumunun degismesi
araciligiyla trafik yiikleri ile ¢evresel kuvvetler arasindaki
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dengeyi bozan dolayli mekanizmalar {izerinden de
isleyebilmektedir. Zemin dayanikli modiiliiniin azalmasi ya da
nem igeriginin artmasi, ayni trafik yiikii altinda kaplama katlaria
iletilen gerilmeleri biiyiiterek yorulma ve kalici deformasyon
birikimini hizlandirmaktadir (Jibon vd., 2024; Mendoza-Sanchez
vd., 2025). Deniz seviyesi yikselmesinden kaynaklanan yiizey
alt1 su tablas1 yiikselmesinin Kuzey Amerika’daki kiy1 karayolu
altyapilan tlizerindeki etkisini modelleyen calismalar, kaplama
servis Omrinde 6nemli diizeyde kisalmalar 6ngérmektedir (Knott
vd., 2017). Bu baglamda alt temel tabakasinin suya doyma orani
ve drenaj hizi, servis Omriiniin en kritik belirleyicileri olarak 6ne
cikmaktadir.

Is1 dalgalarmin  yasandigi  donemlerde  kaplama
ylizeyindeki yiliksek sicakliklar dogrusal siirekli beton
kaplamalarda eksenel kuvvetlerin birikmesine ve potansiyel
burkulmaya zemin hazirlamaktadir. Sonlu elemanlar yontemiyle
gergeklestirilen ayrintili  analizler, kaplama kalinligi, zemin
yataklama katsayisi ve ylizey siirtinmesinin bu tiir burkulmay1
tetikleyecek kritik esigi belirlemede belirleyici rol oynadiginm
gostermistir (Yang & Bradford, 2017). Bu mekanizma, kaplama
tasarimi acisindan sicaklik smir kosullarini salt nem etkilerinin
Otesine tasiyan ve daha da karmasik bir sorun haline getiren bir
boyutu temsil etmektedir. iklim projeksiyonlar, 1s1 dalgas
siddetinin ve siiresinin artacagin1 0ngordiigliinden, bu yapisal
talep sorunu Oniimiizdeki yillarda daha da belirginlesme
egilimindedir.

Yasam dongiisii perspektifinden bakildiginda, iklim
kosullarinin kaplamalar tizerindeki birikmeli etkisi artan bakim
talebi, erken yenileme gereksinimi ve isletim maliyetlerinde
yiikselis biciminde tezahiir etmektedir. Seyriisefer bozuklugunun
yakit tiiketimine ve sera gazi salinimlarina katkisini arastiran
kaplama-arag etkilesimi ¢aligmalari, kaplama yiizey kalitesiyle
kiiresel 1sinma potansiyeli arasinda dogrudan bir bag
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kurulabilecegini vurgulamaktadir (Kim vd., 2019). Uzun vadeli
kaplama izleme verileri kullanilarak yiiriitiilen diger analizler ise
iklim bolgelerinin—ozellikle yiiksek yagis ve donma indeksi
bilesenlerinin—piiriizlillik artisin1 ve beraberindeki cevresel
maliyetleri nasil farklilagtirdigini kanitlamaktadir (Alam vd.,
2020). Bu bulgular, kaplama tasarim ve bakim kararlarina iklim
senaryolarinin sistematik bi¢cimde dahil edilmesi gerektigini
acikca ortaya koymaktadir.

3.3. Degisen iklim Altinda Dolgu, Sev ve Toprak Isi
Istikrarsizhg

Toprak dolgular, sevler ve genel olarak toprak isleri
altyapisi, dogrudan iklimsel maruziyet nedeniyle iklim
degisikliginin en savunmasiz bilesenlerini olusturmaktadir.
Arastirmalar, asir1 yagis olaylarinin, mevsimsel kuruma-islanma
dongiilerinin ve sicaklik degisimlerinin sev stabilitesini, dolgu
biitiinliiglinli ve tasiyic1 zemin deformasyon oriintiilerini farkl
mekanizmalar tizerinden olumsuz etkiledigini gostermektedir
(Stirling vd., 2017; Wu vd., 2024). Geoteknik santrif(j testleri ve
yeni gelistirilen c¢evresel odalar aracilifiyla gerceklestirilen
deneyler, termik dongulerin dolgu deformasyonunu tetikleme
bicimini, asir1 yagisin embankman egimlerini istikrarsizlagtirma
mekanizmalarim1  ve  donma-¢éziilme  dongiilerinin = sev
bozunmasini nasil hizlandirdigini nicel olarak ortaya koymustur
(Ng vd., 2024).

Demiryolu giizergahlarinda toprak isi hasar egilimlerini
kayit altina alan wuzun vadeli ¢alismalar, dolgulardaki
istikrarsizligin biliylik ¢ogunlugunun asir1 hava olaylariyla degil;
kiimiilatif su icerigi birikimi ve kil doldurma malzemelerinin
bosluk suyu basmci veya gozenek suyu basinct tepkisiyle
baglantili oldugunu ortaya koymustur (Holt vd., 2025). Kil
dolgulardan  olusan  Britanya  demiryolu  sebekesinde
gerceklestirilen saha izlemeleri ve sayisal modellemeler, asir
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islak kis mevsimlerinin gozenekli su basinglarini kritik esige
yaklastirdigini ve basarisizlik riskini artirdigini dogrulamaktadir
(Briggs vd., 2013). Jeofizik yontemlerin ve dort boyutlu elektrik
Ozdiren¢ tomografisinin etkinligini arastiran ¢aligmalar ise nem
hareketinin  izlenmesinde ve gizli hidratolojik yollarin
belirlenmesinde bu tekniklerin yiliksek potansiyel tasidigin
kanitlamistir (Holmes vd., 2022).

Daglik kosullar ve yiiksek riskli giizergdhlar, toprak isi
istikrarsizig1 agisindan 6zellikle zorlu ortamlar olusturmaktadir.
Cokiintii ve tas diismesi gibi jeolojik tehlikelerin giderek
yayginlastigi Avusturya demiryolu aginda yiiriitiilen istatistiksel
degerlendirmeler, ylizeysel kaymalar ve beseri kokenli dolgu
basarisizliklarinin belirleyici kayip mekanizmalar1t oldugunu
ortaya koymustur (Laimer, 2025). Hint ve Himalaya daglik
giizergahlarinda gerceklestirilen kapsamli incelemeler ise
karayolu sevlerinde asir1 yagis kaynakli kaymalarin tehlike
degerlendirmesinin  iklim projeksiyonlariyla nasil entegre
edilmesi gerektigini tartismaktadir (Dahiya vd., 2025). Soz
konusu bulgular bir arada degerlendirildiginde, degisen iklim
altinda dolgu ve sev istikrarsizliginin hem tasarim hem de igletim
boyutlarinda biitiinlesik bir risk yonetimi g¢ercevesini zorunlu
kildigint agikca ortaya koymaktadir.

3.4. Malzeme Bozunumundan Sistem Duzeyinde
Altyap1 Riskine

Bireysel geoteknik malzeme bozunumunun sistem
diizeyinde altyap1 riskine doniisme siireci, genel olarak mekansal
heterojenlik ve glizergdh boyunca degiskenlik araciligryla
islemektedir. Tek bir glizergah hatt1 boyunca farkli zemin tipleri,
drenaj kosullari, maruziyet agilar1 ve yap1 geometrileri bir arada
bulunabilmekte; bu c¢esitlilik, iklim etkilerinin farkli yerlerde
farkli bi¢cimlerde tezahiir etmesine yol agmaktadir (Cui vd., 2024;
Gao vd., 2022). Qinghai-Tibet Karayolu boyunca yurutilen
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calismalar, benzer iklim kosullar1 altinda bile zemin yiizeyi
sicakliginin ve su igeriginin farklilagabilecegini; bu durumun da
deformasyon ve c¢okme oruntulerinde belirgin - mekéansal
farkliliklar yaratabilecegini gostermektedir (Cui vd., 2024).

Coklu tehlike yaklasimi, sistem diizeyindeki riski
anlamak agisindan giderek daha fazla 6nem kazanmaktadir.
Karayolu dolgularin1 nem girisi ve oyulmaya kars1 kirilganhk
islevleri araciligiyla analiz eden calismalar, iklim kaynakl
yiliklenme senaryolart altinda hasar olasiliginin
hesaplanabilecegini ortaya koymus ve altyap1 yoneticilerine ag
Olcekli savunmasizlik degerlendirmesi i¢in pratik bir arag
sunmustur (McKenna vd., 2021). Benzer bigimde, permafrost
bolgelerinde  ulagim  altyapist  maliyetlerinin  kiiresel
projeksiyonlari, yiliksek 1sinma senaryolarinda pek ¢ok iilkenin
katlanacagi yasam dongiisii degistirme maliyetlerinin ¢arpici
bicimde artacagini1 6ngérmektedir (Suter vd., 2019).

Altyap1 diizeyindeki riskin anlasilmasi, geoteknik kaniti
varlik yonetimi ve bakim onceliklendirme kararlarina baglayan
cercevelerin gelistirilmesini de gerektirmektedir. Bu baglamda
yapisal olmayan varliklar i¢in kirilganlik analizi, varlik kosul
degerlendirmesi ile artan iklim baskis1 altinda miidahale
zamanlamas1 ve tekrar eden altyap1 basarisizlig1 oriintiilerinden
elde edilen dersler giderek artan bir ilgi gérmektedir (Holt vd.,
2024; McKenna vd., 2021). Bu biitiinlesik perspektif olmaksizin,
bireysel geoteknik bozunum bulgularinin sistem genelindeki risk
degerlendirmesine doniistiiriilmesi gliclesmekte; iklime dayanikli
ulasim miihendisligi ise tutarli ve etkin bir gercege
kavusamamaktadir.
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4. iZLEME, MODELLEME VE ADAPTASYON
STRATEJILERI

4.1. Uzaktan Algillama, Saha Enstriimantasyonu ve
Jeofiziksel izleme

Iklim degisikligine bagh geoteknik bozunumun tespitinde
ve karakterizasyonunda izleme teknolojileri kritik bir islev
iistlenmektedir. InSAR (Interferometric Synthetic Aperture
Radar) tabanli yilizey deformasyon Ol¢iimii, 6zellikle Qinghai-
Tibet Demiryolu boyunca permafrost bdlgelerinde, yiizeyin
milimetrik Ol¢ekte hareket haritalarin1 zaman serileri halinde
tiretmesiyle sahada yaygin kullanim alani bulmustur (Huo vd.,
2025). Sentinel-1A ve TerraSAR-X goruntileri gibi yuksek
¢cozliniirliiklii radar wverileriyle biitiinlestirilen bu teknikler;
mevsimsel deformasyon orintilerini, golge-giinesli yamag
etkilerini ve bolgesel 6lcekte iklim etkenlerinin zemin hareketine
katkisin1 ayirt edebilmektedir (Wang vd., 2017). Uzaktan
algilama ile iklim ve ¢evre degiskenlerini birlestiren makine
o0grenmesi modelleri ise artik kisa vadeli deformasyon tahminleri
ve erken uyari sistemlerine entegre edilmektedir (Huo vd., 2025).

Saha enstriimantasyonu ise zemin sicakligi, nem igerigi,
emme degeri ve gdzenekli su basincinin siirekli kaydedilmesini
saglayarak  uzaktan algilamanin  erisemedigi  ayrintiyi
sunmaktadir. Demiryolu yataklarindaki nem ve emme degisimini
mevsimsel Olgekte izleyen gerilimolger ve kapasitans sensori
tabanli aragtirmalar, zemin emme degerinin yiik tasima
kapasitesini yagish ve kurak donemler arasinda belirgin bigimde
farklilagtirdigin1  ortaya koymustur (Vandoorne vd., 2021).
Yuksek c¢oziunurlikli izleme verilerinin ylizey deformasyon
Olciimleriyle entegre edildigi ag diizeyinde caligmalar, mevcut
izleme altyapisinin  genis giizergahlardaki ¢esitli zemin
kosullarini kapsamaktan uzak kaldigimi gézler oniine sermektedir
(Wang vd., 2025; You vd., 2025).
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Jeofiziksel yontemler, 0Ozellikle Elektrik Ozdireng
Tomografisi (ERT) ve Sismik Yodntemler, temas gerektirmeyen
genis alan arastirmalari i¢in giderek daha fazla bagvurulan araglar
haline gelmektedir. Zamana bagli ERT izlemesi (4B ERT),
demiryolu kesimlerinde bitki ortiisiiniin nem dagilimi tizerindeki
etkisini ve bunun sonucunda ortaya c¢ikan biiziilme-gisme
davranigin1 basariyla karakterize etmistir (Holmes vd., 2022).
Benzer yaklagimlar kiy1 sevlerinin ve yiiksek zemine sahip daglik
giizergahlarin taranmasinda da uygulanmis; 6zellikle kaplama
altindaki  permafrost dinamiklerini  izlemede  ERT’nin
konvansiyonel zemin sicaklig1 izlemesine giiglii bir tamamlayici
oldugu kanitlanmistir (Klyuev & Brigida, 2025). Sismik
yontemler acisindan ise aktif tabaka karakterizasyonu
kapsaminda gelistirilen enstriimanli dinamik konik penetrasyon
deneyi (IDCP), soguk bolgelerdeki altyapilarda mevcut giizergah
boyunca hizli saha Sl¢limlerine imkan tanimaktadir (Byun vd.,
2014).

4.2. Eslesik  Sayisal Modelleme ve Ongoriicii
Performans Degerlendirmesi

Eslesik  1sil-hidrolik-mekanik ~ (THM)  modelleme
yaklagimlari, iklim siiriiclisiinii zemin durumu degisiklikleri ve
altyapt deformasyonuyla sistematik bicimde iliskilendirmek
acisindan ulasim geotekniginde standart ara¢ konumuna
gelmistir. Permafrost dolgularinda THM modelleme ile yardtilen
sayisal calismalar, dolgu yiiksekliginin, buz iceriginin ve ylizey
maruziyetinin ¢oziilme oturmasini birbirinden bagimsiz olarak
kontrol ettigini dogrulamistir (Tang vd., 2024; Tang vd., 2021).
Ancak tek degiskenli sensitivite analizleri; buz agisindan zengin
permafrost, mevsimsel termik dongii ve tren kaynakli yliklemenin
baglasik olarak isledigi ger¢ek saha kosullarmi yansitmaktan
cogunlukla uzak kalmaktadir.
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Doygun olmayan zemin mekanigi ilkelerine dayanan
modelleme yaklagimlari, saha izleme verileriyle birlestirildiginde
demiryolu altyapisinin iklim etkilerine yanitin1 basariyla
nitelendirebilmektedir. Tropikal iklim kosullarinda doygun
olmayan zeminlere dayali sayisal analizler gerceklestiren
calismalar, zemin emme degerinin dayanikli modiili
belirlemedeki baskin roliinii ve bunun gilizergdh geometri
bozulmasina nasil yansidigim1 ortaya koymustur (Castro vd.,
2021). iklim verisi girdili pavement altyapis1 modellemesi ise
nemli bdlge yollarinda zemin sicaklik ve su igeriginin birlikte
degistigi donemlerde, geleneksel tasarim degerlerine kiyasla ¢ok
daha genis bir dayanikli modiil aralifiyla karsilasildigin
gostermektedir (Jibon vd., 2024). Bu bulgular, yapay zeka ve
makine O0grenmesiyle desteklenen tahmin modellerinin izleme
verileriyle beslenerek gergek zamanl kosul degerlendirmesine
entegre edilmesi gerektigine isaret etmektedir.

Ote yandan, iklim 1sinma senaryolar1 altinda gelecek
altyap1 performansii 6ngérmeye yonelik modeller giderek daha
fazla kabul gormektedir. Qinghai-Tibet Demiryolu boyunca farkli
RCP senaryolarim1  (diisiik: RCP2.6, vyiiksek: RCP8.5)
degerlendiren termal rejim simiilasyonlar;; yliksek 1smma
senaryosunda dolgu taban disinda permafrostsuz kosullara
2030’lardan itibaren gecilecegini ve bu durumun mevsimsel
¢coziilme, oturma ve uzun vadeli kullanilabilirlik kayiplarimni
birbirini izleyen asamalar halinde tetikleyecegini dngdrmiistiir
(Chen vd., 2023). Permafrost tablasni tahmin etmek amaciyla
iklim ve zemin sicakligi verilerini biitiinlestiren makine
ogrenmesi modelleri ise standart regresyon yontemlerine kiyasla
belirgin bir dogruluk artis1 saglamaktadir (Zhang vd., 2025).
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4.3.Is1l, Hidrolik, Yapisal ve Malzeme Tabanh
Adaptasyon Onlemleri

Iklim degisikligine yonelik adaptasyon stratejileri, soguk
ve sicak bolgelerdeki degisken tehdit kosullarina uyum saglamak
amaciyla kapsamli bir onlem yelpazesini kapsamaktadir. Kirict
tag yatakli ve termosifon donanimli embankmanlar gibi termik
kontrol sistemleri, Qinghai-Tibet giizergahinda permafrost
sicakligini diistirmek icin onlarca yildir uygulanmakta ve uzun
vadeli saha izleme verileriyle etkinlikleri kanitlanmis
bulunmaktadir (Cheng vd., 2009; Tang vd., 2021). Ote yandan,
demir-digbiikey termosifon (TPCT) performansmmn iklim
isinmasima bagli olarak zayifladiginin raporlanmasi; mevcut
onlemlerin, degisen iklim kosullarina uyum saglayan dinamik ve
uyarlanabilir bir tasarim anlayisiyla yeniden degerlendirilmesini
zorunlu kilmaktadir (Hou vd., 2022).

Drenaj iyilestirme ve su yonetimi, iklime duyarl
guzergahlarda en yiksek uygulanabilirlik potansiyeline sahip
adaptasyon kategorilerini olusturmaktadir. Glizergah boyunca su
birikintisi alanlarmin belirlenmesini ve bu durumun zemin
hastaliklartyla 1iliskilendirilmesini inceleyen c¢alismalar; tikali
veya yetersiz tasarlanmis drenaj sistemlerinin, 6zellikle sicaklik
yukselmesiyle birlikte permafrost bélgelerinde altyap: tabani /
subgrade bozunumunu nasil hizlandirdigin1 agik¢a ortaya
koymaktadir (Cui vd., 2024). Deniz seviyesinin yikselmesinin
ylizeyalti su tablasim1 etkiledigi kiy1 karayollarina iligkin
caligmalar ise zemin tiirii ve kaplama yapisina bagh kirilganlik
siniflandirmalarinin  adaptasyon planlamasimi verimli bigimde
yonlendirecegini vurgulamaktadir (Knott vd., 2017).

Malzeme tabanli adaptasyon yaklasimlart arasinda zemin
stabilizasyonu, yliksek performansli doldurma malzemeleri ve
iklim dayanimina yonelik kaplamalar degerlendirilebilir. Kireg¢
ile stabilize edilmis laterit zeminlerin mevsimsel 1slanma-kuruma
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dongiileri altindaki dayanikliik  performansini arastiran
calismalar, kisa vadeli mukavemet kazanimmin uzun vadeli iklim
maruziyetinde korunmasi i¢in en uygun baglayici igeriginin
belirlenmesinin kritik 6nem tasidigini gostermektedir (Razali vd.,
2023). Genisleme o6zelligindeki kil alttemellerinde kaplama
mevsimsel nem dalgalanmasinin baskin deformasyon etkeni
oldugu durumlarda, tasarim parametrelerine iklim ayarli zemin
emme modellerinin dahil edilmesi kaplama hizmet omrini
uzatmaktadir (Jibon vd., 2024). Bu bulgular, malzeme segimi ve
zemin iyilestirme kararlarinin, saha kosullarina ve iklim yoluna
0zgii, kapsamli yasam dongilisii performansi degerlendirmesi
temelinde alinmasi1 gerektigini vurgulamaktadir.

4.4. Kapah Dongii Dayamkhlik: izleme, Modelleme ve
Miidahaleyi Birbirine Baglamak

Geoteknik kaniti, 6ngorii modelleme ve miihendislik
miidahalesini tek bir entegre cergevede birlestirme hedefi, iklim
dayaniklilig1 alanindaki en krittk metodolojik gegis olarak
karsimiza ¢ikmaktadir. Geleneksel yaklasim; bagimsiz varlik
incelemesi, statik tasarim kontrolii ve reaktif bakim gibi
birbirinden kopuk asamalar olarak tasarlanmistir. Buna karsin
yeni nesil caligmalar, saha Ol¢limlerinin modeli stirekli
giincelleyen bir girdi islevi gordiigli, model ¢iktilarinin ise risk
yorumunu ve miidahale zamanlamasini yonlendirdigi dinamik
geri besleme donguleri 6nermektedir (Armstrong vd., 2024; You
vd., 2025).

Uzaktan algilamay1 c¢evresel degiskenlerle ve zemin
sicaklig1 geri bildirimiyle biitiinlestiren sistemler bu vizyona en
cok yaklasan ornekleri temsil etmektedir. Permafrost ¢okmesinin
mevsimsel Oriintiilerini uzaktan izleyerek uyar1 esikleri ve
mudahale tetikgileri tiretmek igin uydu platformlarini saha
sensorleriyle birlestiren hibrit sistemler gelistirilmis ve pratikte
test edilmistir (Huo vd., 2025; Holmes vd., 2022). Ancak bu tiir
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sistemlerin biitliinlesik karar destegine doniistliriilmesi; bakim
onceliklendirme, biitge dongiisii ve kurumsal kararlar agisindan
hala zorlu bir siire¢ olmaya devam etmekte ve kapali dongiiniin
bu son halkas1 glizergadh yonetiminde en kirillgan nokta olmay1
strdurmektedir.

Stratejik geoteknik varlik yOnetimi perspektifinden
bakildiginda, biiyiik dlcekli altyapir sahipleri ag genelinde risk
profili olusturmaya ve miidahale zamanlamasini optimize etmeye
yonelik gerceveler gelistirmektedir. Bu c¢ergeveler cogunlukla
zemin parametrelerindeki belirsizligi istatistiksel yontemlerle ele
alarak olasiliksal basarisizlik degerlendirmeleri iiretmekte ve
Onleyici tedbirlerin ge¢ miidahaleye kiyasla ekonomik avantajini
hesaba katmaktadir (Armstrong vd., 2024). Iklim degiskenliginin
bu gergevelere entegrasyonu, zamana bagli zemin durumu evrimi
ve buna bagli performans bozunumunu hesaba katacak bigimde
risk  yOnetimini temelden yeniden yapilandirmay1
gerektirmektedir. Bu  donilisiim, izleme, modelleme ve
adaptasyonun ayri1 disiplinler olarak degil; birbirini strekli
besleyen bir dongii olarak kurgulandigi ulagim geotekniginin
¢ekirdegini olusturmaktadir.

5. ARASTIRMA BOSLUKLARI VE GELECEK
YONELIMLER

5.1. Smirh Uzun Vadeli Saha Dogrulamasi

Izleme, modelleme ve adaptasyon alanlarinda kaydedilen
belirgin ilerlemeye karsin, mevcut literatiirdeki en kritik eksiklik
coklu iklim dongiisiinii kapsayan uzun vadeli saha dogrulama
verilerinin yetersizligidir. Mevcut calismalarin biiyiik bolimii,
birka¢ yillik gozlem pencerelerinden elde edilen kisa izleme
serilerine ya da yalnizca birkag iklim senaryosunu inceleyen vaka
calismalarina dayanmaktadir (You vd., 2025; Chen vd., 2023).
Geoteknik performansin farkli iklim gergeklesmelerine nasil
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tepki verdigini kavrayabilmek i¢in, oturma ve deformasyon
egilimlerini birbirini izleyen 1sinma asamalarina gore inceleyen,
on yili asan ¢ok donemli izleme serilerine ihtiya¢ duyulmaktadir
(Tang vd., 2024).

Bu eksiklik, hem tahmin modellerini hem de adaptasyon
degerlendirmelerini  dogrudan etkilemektedir. Modelleme
calismalarinda, kisa siireli dl¢lim verilerine dayali kalibrasyon
sirecleri; baglasik stireglerin farkli iklim yollarinda nasil
evrildigini geregi gibi yansitmayabilmektedir. Benzer bigcimde,
adaptasyon Onlemlerinin baslangicta umut verici sonuglar
vermesi, bu Onlemlerin uzun vadeli 1sinma trendleri altinda da
etkinligini siirdiirdiigiine dair giivence saglamamaktadir (Hou
vd., 2022). Termosifon ¢alismalarindan elde edilen bulgular ve
diger proaktif sogutma sistemlerinin analizleri; bu sistemlerin,
kosullarin koétiilestigi tam da en ¢ok ihtiyag duyuldugu dénemde
etkinlik yitirebilecegini ortaya koymaktadir. Bu gergek, aragtirma
tasarim1 agisindan koklii bir paradigma doniisiimiinii zorunlu
kilmaktadir: performansin yeni iklim kosullarina yanit1 statik bir
ozellik olarak degil, dinamik ve siirekli evrimlesen bir siireg
olarak ele alinmalidir.

Uzun vadeli saha dogrulamasmin sistematik bigcimde
saglanabilmesi; birden fazla iklim bolgesini kapsayan performans
izleme aglarmin kurulmasini, geoteknik parametrelerin ve altyapi
kosulunun siirekli kayit altina alindig1 referans gilizergahlarin
belirlenmesini ve mevcut veri silolarmin biitiinlesik analize
olanak verecek sekilde acilmasini gerektirmektedir. Boyle bir
altyapt olmaksizin, hem iklime duyarli tasarim standartlarinin
hem de giizergah diizeyinde uyum kararlarmin giiglii bir kanit
temeline oturtulmas1 miimkiin olmayacaktir.
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5.2. Adaptasyon Onlemlerinin iklimler ve Varhk
Tipleri Arasinda Transferliligi

Ikinci 6nemli arastirma boslugu, basarili adaptasyon
onlemlerinin farkli iklim boélgeleri ve altyapr tiirleri arasindaki
aktarilabilirligine iligskin yetersiz anlayistir. Kanit tabaninin
onemli bir kismi, permafrost giizergahlarina —Gzellikle Qinghai-
Tibet Platosuna— 6zgii arastirmalardan olugmakta; bu durum ise
elde edilen bulgularin mevcut 1sinma trendlerine paralel bi¢cimde
kuruma baglayan eski donmus zemin glizergahlarina, mevsimsel
donma-¢oziilme bolgelerindeki yiiksek hiz demiryollarma veya
kaplama temelli sistemlere ne 6lgiide uyarlanabilecegini belirsiz
kilmaktadir.

Farkli  iklim  baglamlarinda  zemin iyilestirme
yontemlerinin karsilagtirmali performans: da heniiz yeterince
anlasilmamistir.  Kire¢  stabilizasyonunu  1slanma-kuruma
dongiileri altinda degerlendiren ¢alismalar; basarinin, kil
mineralojisi ve iklim tipine gore belirgin farkliliklar gosterdigini
ortaya koymustur (Razali vd., 2023). Benzer sekilde, donma-
¢oziilme direnci i¢in tasarlanmig graniiler malzemeler tropikal
veya yart kurak  baglamlarda farkli  bir davranig
sergileyebilmektedir. Transferlilik sorunu, raporlama
orunttlerinde de kendini gostermektedir: akademik literatur,
diisiik hacimli karayollarina, toprak doldurma sistemlerine ve
tropikal ya da yar1 kurak giizergahlara kiyasla pahali koridor
sistemlerinde uygulanan yiiksek teknolojili ¢dziimleri orantisiz
bicimde 6n plana ¢gikarmaktadir.

Bu boslugun kapatilmasi, adaptasyon onlemlerinin
uygulanabilirlik kosullarini —zemin tipi, iklim kusagi, su igerigi
rejimi, trafik ylikleme smift ve bakim kapasitesi gibi faktorler
acisindan— sistematik bigcimde belgelemeyi gerektirmektedir.
Altyapr tipleri ve iklim bolgeleri genelinde transferlilik
kosullarin1 agik¢a tanimlayan sentez ¢alismalari, uygulayicilara
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baglam temelli se¢im kriterlerinden yoksun genel yonergelerin
cok Otesine gecen, pratik ve kanita dayali bir yol haritas
sunabilecektir.

5.3. Altyapr Yonetiminde Karar Odakh Cercevelere
Duyulan ihtiyac

Son olarak, iklim degisikliginin geoteknik sonuglarmi
somut altyapi yOnetimi kararlartyla iligskilendiren karar odakli
cergevelerin gelistirilmesi hala yeterince olgunlagsmamis bir
arastirma alani olmayi siirdiirmektedir. Mevcut aragtirma {liretimi,
malzeme Karakterizasyonuna, tehlike tanimlamasina ve
performans modellemesine yogunlagsmaktadir; ancak bu bilginin
miidahale zamanlamasi, bakim Onceliklendirmesi, yatirim
kararlar1 ve dayaniklilik tasarimi agisindan uygulanabilir ¢iktilara
nasil doniistiiriilecegi biiyiikk Olclide belirsiz  kalmaktadir
(Armstrong vd., 2024).

Geoteknik varlik bozunumunun hem basarisizlik riskini
hem de erken miidahalenin ekonomik cazibesini degerlendirerek
optimal miidahale zamanlamasmi belirleme yoOniindeki
yaklasimlar umut verici olmakla birlikte, bunlarm iklim kaynakl
degiskenlikle birlestirilmesi hala gelisim asamasindadir
(Armstrong vd., 2024). Kalic1 deformasyonun ya da servis dmrii
kaybinin hangi esigin asimiyla tetiklenecegini belirleyen sinir
durum degerlendirmeleri ile karar destek sistemleri, gilizergah
Olgeginde iklim kirllganligi degerlendirmelerinden yararlanan
uygulayicilara biiyiik kolaylik saglayabilecektir.

Uygulamaya hazir cercevelerin gelistirilmesi; sahadan
elde edilen geoteknik verilerin iklim projeksiyonlar1 ve varlik
kosul  degerlendirmeleriyle  sentezlenmesini,  performans
bozunum modellerinin bakim karar dongiilerine entegre
edilmesini ve geoteknik bilginin karar alicilarin anlayabilecegi ve
harekete gecebilecegi risk puanlart ya da kirilganhk
siniflandirmalarina doniistiiriilmesini zorunlu kilmaktadir. Bu
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entegrasyon, iklime dayanikli ulagim altyapisinin yalnizca teknik
bir basar1 olmakla kalmayip, yonetimsel agidan da siirdiiriilebilir
bir hedef haline gelmesinin 6nkosuludur.

6. SONUCLAR

Bu boliim, 121 6zgiin teknik ¢alismadan olusan PRISMA
taranmig st korpusun tematik yeniden gruplandirmasi
aracilifiyla altyapr diizeyindeki yansimalari ve dayamklilik
odakli yanit stratejilerini sentezlemistir. Gozden gegirilen
kanitlar, iklime duyarli geoteknik bozunumun salt bir zemin alt1
malzeme sorunu olmadigini agik¢a ortaya koymaktadir: tasiyici
zemin c¢evresel agidan istikrarsiz hale geldiginde, ortaya cikan
etkiler dogrudan kullanilabilirlige, glivenlige, bakim yiikiine ve
yasam dongiisii altyapt performansina yansimaktadir.

Literatiiriin isaret ettigi en sik tekrarlayan altyap1 sonuglari
sunlardir: demiryolu koridorlarinda ray geometrisinin bozulmast,
karayolu sistemlerinde artan kaplama tepkisi ve yapisal talep,
dolgu ve sevlerde istikrarsizlasma ile degisen iklim maruziyeti
altinda proaktif bakimin zorunlu hale gelmesi. Bu sonuglar
yiiksek diizeyde sahasima 6zgii bir karakter tagimakta ve ayni
guzergah boyunca bile 6nemli heterojenlik sergilemektedir; bu
durum, geleneksel sabit tasarim varsaymmlarmin uzun vadeli
varlikk yonetimi ic¢in giderek yetersiz kaldigini ortaya
koymaktadir.

Ikinci 6nemli sonu¢ metodolojik niteliktedir. Alan,
tiimlesik izleme, modelleme ve adaptasyon cergevelerine dogru
actk bir yonelim sergilemektedir. Uzaktan algilama, saha
enstriimantasyonu, jeofiziksel tani, 1sil-su-mekanik yorumlama
ve eslesik Ongorli modelleme, operasyonel kriz noktasina
ulasmadan 6nce bozunumu tespit etmek ve yorumlamak amaciyla
giderek daha sik bir arada kullanilmaktadir. Isil kontrol
sistemleri, drenaj iyilestirme, yapisal optimizasyon ve malzeme
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tabanli stabilizasyon gibi adaptasyon onlemleri umut verici
sonuglar vermektedir; ancak etkinlikleri yerel geometriye, bakim
kosuluna, maruziyet diizeyine ve iklim yoluna gii¢lii bi¢imde
bagimli kalmaya devam etmektedir.

Bu bulgular bir arada degerlendirildiginde, iklime
dayanikli ulasim  geotekniginin  kapali dongiili  karar
cercevelerine dogru ilerlemesi gerektigi ortaya ¢ikmaktadir:
gbzlem modelleri guncellemeli, modeller risk yorumunu
yonlendirmeli ve miidahaleler gelisen saha kanitina gore
zamanlanmalidir. Arastirmanin éniimiizdeki agamasi, uzun stireli
izlemeyi giliclendirmeli, model transferliligini iyilestirmeli ve
geoteknik kaniti bakim oOnceliklendirmesi ile altyapi yOnetimi
kararlarina daha agik ve dogrudan bi¢imde baglamalidir
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PROGRESSIVE COLLAPSE IN
INTERNATIONAL CODES: A COMPARATIVE
ASSESSMENT OF DIRECT AND INDIRECT
REGULATORY APPROACHES

Saffet KILICER?

1. INTRODUCTION

Progressive collapse can be defined as the propagation of
an initial local and limited damage in a structure through chain-
like load redistribution mechanisms within the structural system.
Therefore, progressive collapse is not merely a problem of
individual member resistance. Rather, it is a multi-parameter
structural safety problem in which continuity, primary load paths,
ductility, structural integrity, and alternative load path capacity
must be evaluated together. The literature emphasizes that terms
such as “progressive collapse”, “disproportionate collapse”,
“robustness”, “integrity”, and “redundancy” are not always used
with identical meanings; therefore, terminological clarity itself
constitutes a distinct area of discussion. Recent studies and
review papers show that this conceptual complexity and
uncertainty are not limited to the theoretical level, but also
directly affect design approaches, analysis methods, and
acceptance criteria.

When the historical development of academic studies and
the growing interest in progressive collapse are examined, it is
seen that this subject has largely gained momentum following
major structural damage cases, collapse incidents, and the

1 Asst. Prof., Artvin Coruh University, Faculty of Engineering, ORCID: 0000-0002-
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political consequences associated with such failures. After the
Ronan Point collapse, the concepts of structural integrity and
disproportionate collapse became more prominent in the United
Kingdom. Subsequently, following the Oklahoma City bombing
and the September 11 attacks, more systematic guidelines and
analysis methods were developed, particularly in the United
States. Indeed, in the United Kingdom, Approved Document A
(2013), which is currently in force, directly addresses
“Disproportionate Collapse” as a performance requirement. It
clearly states that a building should not collapse to a
disproportionate extent in the event of an accident. In the United
States, GSA guidelines and DoD documents define the issue not
merely as a general safety principle, but as a design problem that
must be verified through specific scenarios.

Terrorist attacks and unexpected loading conditions have
led design approaches to develop over time along two main axes.
The first is the indirect design approach, which includes
preventive measures such as tie forces, structural integrity, key
elements, and structural robustness. The second is the direct
design approach, which is based on explicit analysis procedures
such as member removal scenarios, alternative load path analysis,
and linear or nonlinear static and dynamic assessments. These
approaches are more extensively addressed in United States
guidelines. One of the most influential early documents published
by NIST, Best Practices for Reducing the Potential for
Progressive Collapse in Buildings, explains the acceptable risk
approach through threat definition, event control, and structural
resistance components. Li et al. criticized the simplifications of
the tie force method in existing codes, particularly because of the
use of large coefficients, and proposed an improved and revised
tie force method. In parallel, the GSA guidelines provide a
detailed framework for the alternative load path approach.
Eurocode 1-7, on the other hand, presents a robustness-based
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framework through the limitation of local damage under
accidental actions, key element design, ductility, and alternative
load paths.

Numerical studies show that progressive collapse is not
merely a matter of verbal or conceptual definitions, but also a
research topic closely related to both material behavior and
structural system mechanisms. Studies have particularly focused
on reinforced concrete frames, beam-slab systems, flat slab—
column systems, and steel frames. Following column loss, the
load-resisting behavior of structural systems may evolve from
flexural action to catenary action, while slab systems may
develop membrane action. The review of reinforced concrete
systems by Yagob et al. (2009) and the experimental review study
by Alshaikh et al. (2020) indicate that joint regions, slab
contribution, and shear failure are decisive factors in column-loss
scenarios. Some studies also show that punching shear and post-
punching behavior, particularly in flat slab—column systems, play
a critical role in resistance against progressive collapse.

A significant portion of existing studies focuses either on
the behavior of specific structural systems under particular
scenarios or on the accuracy of specific analysis procedures.
However, only a limited number of studies have examined the
extent to which international codes explicitly address progressive
collapse, the countries in which the terms “progressive collapse”
or “disproportionate collapse” are used directly, and the countries
in which the issue is regulated mainly through concepts such as
“accidental actions”, “robustness”, “structural integrity”, “tying
systems”, or “key elements”. For example, in the United
Kingdom, the issue is still explicitly regulated under the heading
of “disproportionate collapse”, whereas Eurocode 1-7 addresses
it through the limitation of local damage and a structural
robustness-based approach. In the United States, the ASCE/SEI
76-23 standard has been published, and the 2026 version of UFC
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3-301-01 has adopted this standard, thereby expressing the
concept of “disproportionate collapse mitigation” in a more
explicit manner. This situation indicates that international
comparisons should consider not only the question of whether a
provision exists, but also how explicit that provision is, which
terminology is used, and through which design tools it is made
applicable.

When the existing literature is examined, it is seen that
several key studies provide important knowledge on progressive
collapse. One of these, NISTIR 7396, presents a general
assessment of progressive collapse in terms of the acceptable risk
approach, indirect and direct design methods, and provisions in
different national standards. In the European context, the report
Guidance on the Design for Structural Robustness, published by
the JRC, addresses the concept of robustness from both
conceptual and technical perspectives and provides a basis for
developing a more harmonized approach in Europe by examining
existing guideline and code provisions. Similarly, Abdelwahed
(2019) presents a review study that discusses the causes, analysis
methods, and design approaches related to progressive collapse in
buildings by synthesizing the existing literature. Ellingwood et al.
(2007) provided a comprehensive framework for reducing the
potential for progressive collapse in structures, including threat
identification, structural continuity, alternative load paths, local
resistance, and detailing principles. Nair (2006) emphasized that
disproportionate collapse should be understood as a failure in
which the resulting damage is excessive and chain-like in relation
to the initial cause, highlighting the role of structural continuity
and tie strength in preventing such collapses. Kiakojouri et al.
(2020) comprehensively evaluated analytical, experimental, and
numerical approaches to progressive collapse in framed structural
systems, together with collapse mechanisms, triggering events,
and robustness enhancement techniques, thereby identifying
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future research needs. Elkady et al. (2024) presented a
comprehensive review of the historical development of
progressive collapse research, current analysis and design
approaches, and emerging future research needs. Byfield et al.
(2014) evaluated progressive collapse research together with
regulatory developments and summarized its historical evolution,
key events, research trends, and principal code-based approaches.
Ellingwood (2006) is a fundamental study that addresses the
probabilistic assessment of progressive collapse risk triggered by
abnormal loads and the incorporation of risk mitigation strategies
into design practice and standards. Starossek and Haberland
(2010) systematically defined the terminology used in the field of
disproportionate collapse and established a conceptual
framework among key terms such as robustness, vulnerability,
and continuity, proposing a performance-based prevention
approach in this context. Kiliger (2025) examined the progressive
collapse behavior of a reinforced concrete structure using the
enhanced local resistance (ELR) method and presented a
comparative assessment of UFC 4-023-03 and the Turkish
Building Earthquake Code 2018. In another study, Kiliger (2025)
investigated the effects of weapon systems on structural damage
and progressive collapse through the case of Belgorod Oblast and
presented important findings in terms of structural safety. Kiliger
and Ozgan (2026) evaluated the risk of progressive collapse in
reinforced concrete structures by considering soil-structure
interaction. In the study, the Winkler model was used to analyze
the effect of soil behavior on the structural system response, and
the role of soil flexibility in the progressive collapse mechanism
was demonstrated. Kilicer and Temugin Kiliger (2026) assessed
the robustness of existing reinforced concrete buildings against
progressive collapse in different provinces and geographical
regions using the tie-force method, providing a comparative
evaluation in terms of structural robustness. Bita et al. (2019), on
the other hand, examined how practitioners use existing codes
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and guidelines at the global scale based on survey data,
particularly revealing practice trends in the United States,
Canada, Europe, and Australia/New Zealand. However, none of
these studies provides a systematic country-based comparison of
the codes of approximately twenty-seven countries in terms of
“progressive collapse definition”, “main terminology used”,
“direct or indirect regulatory approach”, and *“regulatory
explicitness”. Therefore, building on these studies, this chapter
aims to fill this gap within a specific framework that focuses on a
broad set of country examples, the distinction between direct and
indirect regulatory approaches, definition and terminology
comparison, and regulatory explicitness. In this respect, the study
extends the general background provided by existing reviews and
reports to a more comprehensive and comparative level of code
analysis. Thus, it makes the position of progressive collapse in
international regulations more visible, classifiable, and
discussable.

2. METHODOLOGY

In this study, the sections of the codes of twenty-seven
selected countries that either most closely express the concept of
progressive collapse or directly present it as a conceptual issue or
an analysis method were examined. Care was taken to include
countries from almost every continent. The codes considered for
the twenty-seven countries, listed alphabetically, are as follows:
CIRSOC 101-25 (Argentina), Code of the Republic of Belarus on
Architectural, Town-Planning and Construction Activities
(Belarus), ABNT NBR 8681 (Brazil), National Building Code of
Canada 2020 (Canada), NCh433.0f1996 Mod.2012 (Chile),
Reglamento Colombiano de Construccion Sismo Resistente
(Colombia), Egyptian Code for Calculation of Loads and Forces
in Structural and Building Works (Egypt), EN 1991-1-7:
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Eurocode 1 (EU countries), Ghana Building Code (Ghana), Code
of Practice for Structural Use of Concrete 2013 and Code of
Practice for Structural Use of Steel 2011 (Hong Kong), National
Building Code of India 2016 (India), Iranian Code of Practice for
Seismic Resistant Design of Buildings (Iran), Building Standards
Act (Japan), National Building Code 2024 (Kenya), New Zealand
Building Code, Clause B1: Structure (New Zealand), National
Building Code (Nigeria), Ministry of Housing, Construction and
Sanitation regulations (Peru), Qatar Construction Specifications
(Qatar), SP 385.1325800.2018 (Russia), Saudi Code for
Structural Design Loads, Seismic, and Wind (Saudi Arabia),
Building Control Acts (Singapore), SANS 10160-1 (South
Africa), KDS 41 12 00 (South Korea), Turkish Building
Earthquake Code (Turkiye), Dubai Building Code (UAE),
Approved Document A: Structure (United Kingdom), and
ASCE/SEI 76-23, UFC 4-023-03, and UFC 3-301-01 (United
States). The selected countries include both developed and
developing countries, and an effort was made to include
regulatory examples from different geographical regions and
continents. Thus, codes and regulatory approaches from different
parts of the world were examined. The analysis focused on the
sections of these codes that include direct references to
progressive collapse or to related sub-concepts. Where more than
one code existed for the same country, the code most closely
related to structural collapse, structural safety, or progressive
collapse-related concepts was selected. The extent to which
progressive collapse is explicitly addressed and the main
terminology used in each code were then evaluated. Although it
is already known that countries approach progressive collapse in
different ways, a comparison of this scope has not been
previously presented in the literature. Most existing studies focus
on specific structural systems, analysis methods, United States-,
United Kingdom-, or European Union-based guidelines, or
limited country examples. The originality of this study lies in its
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comparative evaluation of how progressive collapse is defined in
international codes, which concepts are used to represent it, and
which design tools are associated with it across a broad country
sample. The data obtained in this study are presented in Table 1
in terms of explicitness level and main terminology. Countries
classified as High include analysis methods for progressive
collapse, through which the resistance of a structure against
progressive collapse can be assessed. The Moderate-High level
refers to cases in which explicit progressive collapse terminology
is accompanied by more clearly defined design tools such as
structural integrity, key elements, alternative load paths, or
similar provisions. The Moderate category includes countries in
which the term progressive collapse is used directly or where
strong indirect expressions are present. The Low-Moderate level
refers to countries where the term progressive collapse is not used
directly, but where the issue is indirectly addressed through
concepts such as continuity, structural integrity, load path, or
robustness. The Low level refers to countries where the term
progressive collapse is not used directly and where the issue is
either addressed only through weak indirect expressions or not
addressed at all.

3. CONCLUSION

When the relevant codes of twenty-seven different
countries are examined, it is observed that each country either
approaches progressive collapse indirectly through different
terminology or addresses concepts that are closely related to
progressive collapse, even if no specific analysis method is
provided. The main terminology and explicitness level related to
progressive collapse for each country are presented in Table 1.
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Table 1. Regulatory Explicitness and Main Terminology Related
to Progressive Collapse in International Codes

No Country Explicitness Main T.
1 Argentina Low-Moderate AA/SS

2 Belarus Low-Moderate CS/SR

3 Brazil Low-Moderate EA/SS

4 Canada Low-Moderate SI/R/IGS
5 Chile Low SS

6 Colombia Low-Moderate SS/RR

7 Egypt Low-Moderate EL/SS

8 EU™ Moderate AAIR/SI/TP
9 Ghana Low SI/GS

10 Hong Kong Moderate-High SI/PC/KE
11 India Moderate PC/R/I
12 Iran Low-Moderate SS/C

13 Japan Low-Moderate SS/R

14 Kenya Low-Moderate Si

15 New Zealand Low-Moderate LP/R

16 Nigeria Low BS/SE
17 Peru Low SS

18 Qatar Low-Moderate SI/AL

19 Russia High PC

20 Saudi Arabia Low-Moderate SS/AL
21 Singapore Moderate AA/RITP
22 South Africa Low-Moderate SI/R

23 South Korea Low-Moderate SS/R

24 Tarkiye Low-Moderate AL/SI

25 UAE Moderate SR/AL
26 UK High DC

27 us High DCM/PC

*AA: Accidental Actions, AL: Accidental Loading, BS: Building Safety, C:
Continuity, CS: Construction Safety, DC: Disproportionate Collapse, DCM:
Disproportionate collapse mitigation, EA: Exceptional Actions, EL:
Exceptional Loads, GS: General Safety, I: Integrity, KE: Key Elements, LP:
Load Path, PC: Progressive Collapse, R: Robustness, RR: Resistance
Requirements, SE: Structural Efficiency, Sl: Structural integrity, SR:
Structural Robustness, SS: Structural Safety, TP: Tie Provisions.

** The row “EU countries” refers to countries such as Germany, France, Italy,
Spain, Portugal, the Netherlands, Belgium, Sweden, Denmark, Finland,
Austria, Poland, the Czech Republic, Slovakia, Slovenia, Estonia, Latvia,
Lithuania, Romania, Croatia, and Greece,
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This comparative framework demonstrates that
progressive collapse differs significantly among countries not
only as a structural analysis problem, but also in terms of code
language, performance expectations, and design verification
approaches. For Argentina, although CIRSOC 101-25 does not
directly address progressive collapse as a concept or as an
analysis method, it refers to load paths, continuity, events that
may lead to accidental actions, and structural safety. In Belarus,
the regulatory approach is generally based on construction safety
and structural safety, and no specific analysis method related to
progressive collapse is proposed. According to the accessible
sources, the Brazilian code refers to exceptional actions,
considers catastrophic effects, and emphasizes structural safety.
However, it does not provide a direct concept for progressive
collapse; rather, it addresses structural safety under exceptional
actions. In Canada, although the concept of progressive collapse
IS mentioned, its scope remains at the level of structural safety
and is not regulated as an independent and detailed progressive
collapse standard. Therefore, the terms structural integrity,
robustness, and general safety used for Canada in the table reflect
concepts such as structural integrity, local damage, alternative
load paths, and tie elements. Since the codes of Chile and Egypt
generally focus on seismic activity, the concept of progressive
collapse is not further detailed, and structural safety remains the
primary concern. Colombia also emphasizes a general safety
approach. For European Union countries, although progressive
collapse is not directly addressed in Eurocode 1 and its annexes,
key elements, ties, robustness, and accidental actions are
included. These concepts indirectly represent progressive
collapse through a multi-component framework; however, no
specific design analysis methods are provided. According to
official and semi-official information, the Ghana Building Code
mainly includes uniform building standards and minimum
requirements, while limited information is available regarding
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progressive collapse. In the Hong Kong codes, terms such as
structural integrity, key elements, and progressive collapse appear
in a manner similar to Eurocode. The Indian code includes special
loads and accidental loads, and also refers to the concept of
progressive collapse. In Iran, construction provisions are
generally based on resistance to lateral loads and connections
between structural elements. Since these provisions partially
reflect progressive collapse-related considerations, Iran is
classified as Low-Moderate in the table. In Japan, rather than
directly addressing progressive collapse, the codes strongly
regulate structural safety, particularly through stringent
requirements for the seismic behavior of high-rise buildings. In
Kenya, buildings are required to be designed to resist various
hazards such as earthquakes, floods, and fire. Although the issue
is not explicitly addressed in New Zealand, the code is essentially
based on general performance and structural safety principles.
Nigeria addresses general building safety. In Peru, general load
provisions, seismic design, and structural safety are more
prominent than progressive collapse. Qatar also appears to focus
on structural safety within the framework of general building
rules. Unlike many other countries, Russian codes directly refer
to progressive collapse. They state that buildings should satisfy
structural safety and stability requirements and that certain
important building groups should be resistant to progressive
collapse. In Saudi Arabia, when evaluated together with the
general code framework, the regulations provide provisions on
structural reliability and the loads to be considered in structural
design; however, no direct expression related to progressive
collapse is found. In Singapore, there are indirect definitions and
expressions close to concepts such as accidental actions and local
collapse. In South Africa, although there are no explicit
progressive collapse provisions, general loads, limit states, and
reliability-based structural safety are addressed. In South Korea,
as in several other countries, structural safety and robustness are
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emphasized, but progressive collapse is not treated as a primary
regulatory issue. In Tdlrkiye, similar to many developing
countries, the code addresses seismic behavior, structural loads,
and structural integrity; however, no direct provision related to
progressive collapse is included. In the United Arab Emirates,
there are definitions close to disproportionate collapse, as well as
provisions related to progressive collapse design methods. In the
United Kingdom, progressive collapse is addressed through
subtopics such as tying provisions and column removal. In the
United States, unlike most other countries, the codes and
guidelines include design methods and almost all major subtopics
related to progressive collapse. The percentage distribution of
explicitness levels among the examined countries is presented in
Table 2.

Table 2. Distribution of Progressive Collapse Explicitness Levels

by Country
Explicitness Level Number of the countries Percentage %
Low 4 1481
Low-Moderate 15 55.56
Moderate 4 14.81
Moderate-High 1 3.70
High 3 11.12

Among the examined countries, 55.56% are classified at
the Low-Moderate explicitness level. This indicates that a
considerable proportion of the countries fall within this
intermediate-low range and that progressive collapse is not yet
addressed through sufficiently explicit and detailed regulatory
provisions in many national codes. Only three countries are
classified at the High level, suggesting that detailed progressive
collapse design models and analysis-based provisions are mainly
developed in a limited number of countries. The Low and
Moderate levels each account for 14.81%, indicating that these
categories remain relatively limited within the overall
distribution.
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The countries examined within the scope of this study
were reclassified by continent in order to reveal regional
tendencies in the regulatory explicitness levels related to
progressive collapse. In this context, the distribution of
explicitness levels by continent is presented in Table 3.

Table 3. Continental Comparison of Progressive Collapse
Explicitness in International Codes*

Continent L LM M MH H Tendency
Mostly indirect and weakly

Africa 2 3 0 0 0 -
developed provisions
Mostly indirect, but with
Asia 0 6 3 1 0 several moderate or stronger
examples
Europe 0 1 1 0 2  Comparatively stronger

Mixed. One indirect and one
highly explicit framework
Mostly indirect and low to
moderate provisions

Indirect performance based
approach

N. America 0 1 0 0 1

S. America 2 3 0 0 0

Oceania 0 1 0 0 0
Total 4 15 4 1 3

*The explicitness levels Low, Low-Moderate, Moderate, Moderate-High, and
High are abbreviated in the table as L, LM, M, MH, and H, respectively.

The predominance of the Low-Moderate level among the
examined continents indicates that progressive collapse is
generally not addressed through direct analysis procedures.
Instead, it is mostly treated indirectly through definitions and
related concepts such as structural integrity, robustness,
accidental actions, continuity, or general structural safety. The
fact that Africa and South America are mainly represented by
Low and Low-Moderate levels shows that provisions related to
progressive collapse remain relatively limited in these regions.
Asia presents a more heterogeneous pattern, including Low-
Moderate, Moderate, and Moderate-High levels. Europe shows a
stronger regulatory tendency due to the presence of High-level
examples. North America, represented by one Low-Moderate and
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one High-level regulatory framework, exhibits a mixed structure.
Since Oceania is represented only by New Zealand, the
assessment for this continent should be considered limited.

Overall, these findings indicate that many national codes
require a more comprehensive regulatory model for progressive
collapse, one that integrates common terminology, minimum
robustness requirements, and both direct and indirect design
approaches. Expanding the number of countries examined may
provide a broader basis for evaluating global regulatory
tendencies. However, based on the current findings, it can be
anticipated that an enlarged country sample would likely increase
the dominance of the Low and Low-Moderate explicitness levels.
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BARAJ TIPININ SECIMi*

Sadettin TOPCU?

A. BARAJ TiPLERIN SINIFLANDIRILMASI
4.1. Genel

Barajlar, smiflandirma amacina bagli olarak farklh
kategoriler altinda ele alinabilir. Bu el kitabinda, barajlarin ii¢
temel  smiflandirma  kapsaminda  incelenmesi  uygun
goriilmektedir: kullanim amacina gore, hidrolik tasarimima gore
ve yapiminda kullanilan malzemeye gore siiflandirma.

4.2. Kullanim Amacimna Gore Siiflandirma

Barajlar, hizmet edecekleri temel isleve gore depolama
barajlar1, derivasyon barajlar1 ve tagkin kontrol barajlari olarak
smiflandirilabilir. Bu ana siiflandirmalar, barajin {istlenecegi
0zel islevler dikkate alinarak daha ayrmtili bi¢cimde de ele
alinabilir.

Depolama barajlar1, suyun bol oldugu donemlerde suyu
biriktirmek ve su arziin yetersiz kaldigi donemlerde kullanmak
amactyla insa edilir. Bu donemler mevsimsel, yillik ya da daha
uzun siireli olabilir. Ornegin, birgok kii¢iik baraj kurak yaz
aylarinda kullanilmak iizere ilkbahar aylarindaki akislar1 depolar.

Depolama barajlari, icme ve kullanma suyu temini,
rekreasyon, balik¢ilik ve yaban hayati, hidroelektrik enerji

1 Bu boluim, United States Department of the Interior, Bureau of Reclamation
tarafindan yayimlanan Design of Small Dams adli eserin “Chapter 4: Selection of
Type of Dam” baglikli boliimiinden Tiirkgeye ¢evrilmistir. Ceviride 6zgiin metnin
teknik anlami ve mithendislik terminolojisi korunmaya galistlmstir.

2 Dog. Dr, Kiitahya Dumlupinar Universitesi, Teknik Bilimler MYO, Insaat B liimii
ORCID: 0000-0003-1306-2502.
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tiretimi ve sulama gibi farkli kullanim amaglarina gore ayrica
smiflandirilabilir. Bir depolama barajinin hizmet edecegi 6zel
ama¢ ya da amagclar, cogu zaman yapimin tasarimimi dogrudan
etkiler. Beklenen rezervuar seviye degisimleri veya izin
verilebilir rezervuar sizintis1 gibi tasarim 6lgiitleri de bu amaglara
bagl olarak belirlenebilir. Sekil 4-1’de kuglk bir toprak dolgu
depolama baraji, Sekil 4-2’de ise hem derivasyon hem de
depolama amaciyla kullanilan bir beton agirlik yapisi
gosterilmektedir.

Derivasyon barajlari, genellikle suyu hendeklere,
kanallara veya diger iletim sistemlerine yonlendirmek i¢in gerekli
su seviyesini ve hidrolik yiikli saglamak amaciyla insa edilir. Bu
barajlar, sulama projelerinde, akarsu suyunun akis halindeki bir
dereden  kanal digindaki bir depolama rezervuarina
aktarilmasinda, belediye ve sanayi kullanimlarinda veya bu
amagclarm birlikte yer aldig1 projelerde kullanilabilir. Sekil 4-3’te
tipik bir kii¢iik derivasyon baraj1 gosterilmektedir.

Taskin kontrol barajlar, tagkin akisini geciktirmek ve ani
tagkinlarin etkisini azaltmak amaciyla insa edilir. Bu barajlar
genel olarak iki ana tipe ayrilir. Birinci tipte su gecici olarak
depolanir ve mansaptaki kanalin tasima kapasitesini agsmayacak
bir debiyle, bir ¢ikis yapis1 araciligiyla kontrollii bigimde
birakilir. Ikinci tipte ise su miimkiin oldugunca uzun siire tutulur
ve gegirgen kiyilara ya da temele sizmasina izin verilir.

Ikinci tip taskin kontrol barajlarmm temel amaci yeraltl
suyu beslenmesini artirmak oldugundan, bu yapilar kimi zaman
yeraltt suyu besleme baraji veya yeraltt suyu besleme seddesi
olarak da adlandirilir. Baz1 taskin tutma barajlar1 ise sediment
tutmak amaciyla inga edilir; bu tiir yapilar genellikle rusubat
tutucu barajlar olarak adlandirilir.

Kicuk projelerde buyuk olgekli projelere gore daha az
yaygin olmakla birlikte, barajlar ¢ogu zaman birden fazla amaca

49



Insaat Miihendisligi Alaninda Akademik Tartismalar

hizmet edecek sekilde tasarlanir. Birden ¢ok amacin s6z konusu
oldugu durumlarda, rezervuar hacmi genellikle her bir kullanim
amaci i¢in ayr1 ayri tahsis edilir. Yaygin bir ¢ok amagcli proje tipi,
depolama, taskin kontrolii ve rekreasyon islevlerini bir arada
bulundurur.

4.3. Hidrolik Tasarima Gore Siiflandirma

Barajlar, hidrolik tasarim bakimindan iki ana gruba
ayrilabilir: lizerinden akim ge¢mesine izin verilen barajlar ve
tizerinden akim ge¢cmesi 6ngoriilmeyen barajlar.

Uzerinden akim geg¢mesine izin verilen barajlar, suyun
kret Gzerinden veya kret boyunca yer alan dolusavaklar
araciligiyla gecirilmesine olanak verecek sekilde tasarlanir. Bu
tip barajlarda en yaygin kullanilan yap1 malzemesi betondur.

Uzerinden akim gegmesi dngoriilmeyen barajlar ise suyun
kret kotunu agsmayacagi kabuliiyle tasarlanir. Bu yaklasim, baraj
yapiminda kullanilabilecek malzeme segeneklerini genisletir ve
toprak dolgu ile kaya dolgu barajlarin da uygulanmasina imkan
VErIr.

Bircok projede bu iki tasarim yaklagimi birlikte
kullanilarak kompozit baraj yapilart olusturulur. Ornegin,
tizerinden akim ge¢mesine izin verilen bir beton agirlik baraji ile
toprak dolgu sedde boliimleri ayni1 yapi iginde birlikte yer alabilir.
Sekil 4-4, Bureau of Reclamation, yani Amerika Birlesik
Devletleri Islah Biirosu tarafindan insa edilmis bu tir bir
kompozit yapiy1 gostermektedir.

4.4. Malzemeye Gore Simiflandirma

Tasarim yoOntemlerinin ele alimmasinda en yaygm
kullanilan ~ smiflandirma, barajin  yapiminda  kullanilan
malzemeye dayanir. Bu smiflandirma ayni zamanda temel

tasarim tipini de ifade eder. Ornegin “beton agirlik baraji” veya
“beton kemer baraj1” gibi adlandirmalar bu kapsamdadir.
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Bu metnin kapsami, giinlimiizde en yaygin olarak insa
edilen baraj tipleriyle; yani toprak dolgu, kaya dolgu ve beton
agirlik barajlariyla sinirlidir. Beton kemer, beton payandali ve
ahsap barajlar gibi diger baraj tiplerine ise, tasarimlarinin neden
bu metinde ayrintili olarak ele alinmadigi agiklanarak kisaca
deginilmektedir.

Sekil 4-1. Oregon’da Crescent Creek tzerinde yer alan ve kiguk
bir toprak dolgu depolama baraji olan Crescent Lake Baraj.

4.5. Toprak Dolgu Barajlar

Toprak dolgu barajlar en yaygin baraj tipidir. Bunun
baslica nedeni, bu barajlarin insasinda zorunlu kazilardan elde
edilen malzemelerin ve ¢ok az islem gerektiren yerel dogal
malzemelerin kullanilabilmesidir. Zorunlu kazi malzemelerinin
ve yakin c¢evreden saglanan Odiing malzemenin biiylik
miktarlarda kullanilabilmesi, toprak dolgu barajlar acisindan
onemli ekonomik {istlinlikler saglar. Ayrica toprak dolgu
barajlarin temel ve topografya gereksinimleri, diger baraj
tiplerine gére daha az sinirlayicidir.
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Depolama amaciyla insa edilen barajlar arasinda toprak
dolgu barajlarmn, diger baraj tiplerine kiyasla daha yaygin bi¢imde
yapilmaya devam etmesi beklenmektedir. Bunun baslica
nedenlerinden biri, blylk 0lgekli su depolama projeleri
sonucunda beton yapilar igin elverigli sahalarin giderek
azalmasidir. Bu durum, Ozellikle sulama amaciyla suyun
korunmasimin temel bir gereklilik oldugu kurak ve yar1 kurak
bolgelerde daha belirgindir.

Toprak dolgu baraj siflandirmasi birkag farkli tipi
kapsasa da, toprak malzemelerin kazilmasi, taginmasi ve
sikistirilmasina yonelik modern ekipmanlarin gelismesi, silindirle
sikistirilmis dolgu tipini daha ekonomik hale getirmistir. Bu
gelisme, yar1 hidrolik ve hidrolik dolgu tiplerinin blyuk 6l¢tide
yerini silindirle sikistirilmig dolgularin almasina neden olmustur.
Bu durum o6zellikle nispeten az miktarda malzemenin islendigi
kiigiik yapilarin insasi i¢in gecerlidir; ¢iinkii bu tiir islerde verimli
hidrolik islemler igin gerekli biiylik tesislerin kurulmasi
ekonomik degildir. Bu nedenle, bu metinde yalnizca silindirle
sikigtirilmis toprak dolgu baraj tipi ele alinmaktadir. Silindirle
sikistirilmis toprak dolgu barajlar, 6. boliimde aciklandigi lizere
“homojen”, “zonlu” veya “diyaframli” olarak ayrica
siiflandirilir.
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Sekil 4-2. Idaho’da Payette Nehri iizerinde yer alan beton agirhk
tipinde bir depolama ve derivasyon yapisi olan Black Canyon
Baraji.

Toprak dolgu barajlar, dolusavak ve cikis tesisleri gibi
yardimc1 yapilara ihtiyag duyar. Bu baraj tipinin baglica
dezavantaji, yeterli dolusavak kapasitesi saglanmadiginda,
tizerinden akan suyun asindiric1 etkisiyle zarar gorebilmesi ve
hatta tamamen yikilabilmesidir.

Baraj yeri ana akarsu yatagi disinda degilse, insaat
sirasinda  akarsuyun  baraj yerinden giivenli  bigimde
uzaklastirilmas: gerekir. Bu amagla akarsu, baraj gdvdesinin
icinden gegen bir galeriyle veya baraj yerinin etrafindan dolasan
bir tiinelle derivasyona alinabilir. Beton barajlarda genellikle bir
derivasyon tiineli veya galerisi kullanilir. Bunun yaninda, insaat
sirasinda beton bloklar iizerinden kontrollii asmaya olanak
saglayacak ek diizenlemeler de yapilabilir.

Dolgu barajlarda ise bazen, barajin agikliginin bir ya da
iki yaninda kalan boliimleri inga edilirken nehrin baraj yerinden
gecebilmesi icin gecici bir agiklik birakilir. Insaat sirasindaki
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derivasyon uygulamalar1 11. Bdliimde daha ayrintili olarak
acgiklanmaktadir.

4.6. Kaya Dolgu Barajlar

Kaya dolgu barajlar, stabiliteyi saglamak igin farkl
boyutlardaki kaya malzemelerinden, su ge¢irimsizligini saglamak
icin ise gecirimsiz bir membrandan olusur. Bu membran; memba
yizlinde yer alan gecirimsiz bir toprak kaplama, beton plak, asfalt
beton kaplama, celik plaklar, baska gecirimsiz elemanlar veya
baraj govdesi iginde yer alan gegirimsiz ince bir toprak cekirdek
olabilir.

Sekil 4-3. Utah, Duchesne yakinlarinda Duchesne Nehri
iizerinde yer alan kiiciik bir derivasyon yapisi olan Knight
Derivasyon Baraj.

Toprak dolgu barajlarda oldugu gibi, kaya dolgu barajlar
da suyun baraj lizerinden asmasi durumunda hasar gorebilir veya
yikilabilir. Bu nedenle, agsmay1 onleyecek yeterli kapasitede bir
dolusavaga sahip olmalar1 gerekir. Bunun istisnasi, kaya dolgu
kaplamasi 6zellikle asmaya dayanacak sekilde tasarlanmis gok
alcak derivasyon (memba batardosu) barajlaridir.
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Kaya dolgu barajlar, gecirimsiz membranda yirtilmaya
yol agabilecek diizeyde oturma meydana getirmeyecek saglam
temeller lizerine inga edilmelidir. Bu nedenle, bu barajlar i¢in en
uygun temel kosullar1 genellikle kaya temeller veya sikistirilmig
kum-cakil temellerdir.

Kaya dolgu baraj tipi, kaliteli kaya malzemesinin bol
oldugu uzak sahalar, uygun zemin malzemesinin smirh
bulundugu yerler, uzun siireli ve yogun yagislarin toprak dolgu
baraj insasin1 giiclestirdigi bolgeler veya beton baraj insasinin ¢ok
maliyetli olacagi sahalar i¢in uygundur. Kaya dolgu barajlar
tropikal iklimlerde yaygin olarak kullanilir; ¢iinkii ingaatlari uzun
stireli yiiksek yagis kosullarina daha elverislidir.

4.7. Beton Agirhk Barajlarn

Beton agirlik barajlart makul derecede saglam kaya
temelinin bulundugu sahalar i¢in uygundur. Bununla birlikte,
yeterli su kesme ve gecirimsizlik onlemleri alindiginda, algak
yapilar aliivyal temeller lizerine de oturtulabilir. Bu barajlar,
tizerinden akim gegen dolusavak kretleri olarak kullanilmaya
oldukea elverislidir. Bu iistlinliikleri nedeniyle, toprak dolgu veya
kaya dolgu barajlarin dolusavaklarinda ya da derivasyon
barajlarinin iizerinden akim gecen bdliimlerinde sikga tercih
edilirler.

Agirlik barajlart planda diiz veya egrisel olabilir. Egrisel
planli bir baraj, baz1 durumlarda hem maliyet hem de giivenlik
acisindan {istiinliik saglayabilir. Ornegin, barajin egriligi yapmin
bir boliimiiniin daha saglam bir temel lizerine yerlestirilmesine
olanak tantyabilir ve bu da gerekli kaz1 miktarini azaltabilir.

55



Insaat Miihendisligi Alaninda Akademik Tartismalar

e /é s

Sekil 4-4. Colorado’da Big Thompson Nehri tzerinde yer alan ve
toprak dolgu ile beton agirhik yapisinin birlesiminden olusan
Olympus Baraji. Beton boliimii, dolusavagi ve bir kanala ait cikis

yapisin icermektedir.

Silindirle sikistirilmis beton (RCC) kullanilarak beton
baraj insa etme yaklagimi gelistirilmis ve uygulanmistir. Amerika
Birlesik Devletleri’nde ve diger iilkelerde ¢esitli RCC barajlart
insa edilmistir. Bununla birlikte, bu el kitabinda RCC teknolojisi
ve tasarim yontemleri ele alinmamaktadir; ¢iinkii bu yontemler ve
yaklasimlar gorece yenidir ve gelisimini siirdiirmektedir.

4.8. Beton Kemer Barajlar

Beton kemer barajlar, mesnetler arasindaki agikligin baraj
yiiksekligine oranla ¢ok biiylik olmadigr ve mesnetlerdeki kaya
temelin kemer itkisini giivenli bigimde karsilayabildigi sahalar
icin uygundur.

Bu kapsamda iki tip kemerli baraj tanimlanabilir: tek
kemerli barajlar ve ¢ok kemerli barajlar. Tek kemerli baraj, bir
kanyonu tek bir yap1 olarak gecer ve genellikle kret uzunlugunun
baraj yiiksekligine orant en fazla 10:1 olacak sekilde
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sinirlandirilir.  Tasariminda, gerekli  goriildiigiinde her iki
mesnette kiiclik itki bloklar1 veya kret boyunca uygun bir noktada
dolusavak yer alabilir.

Cok kemerli baraj ise iki farkli bi¢cimde tasarlanabilir.
Arizona’daki Bartlett Baraj1 6rneginde oldugu gibi, payandalar
arasinda 50 feet veya daha kisa aciklik gecen, kalinlig1 iiniform
silindirik gévdelerden olusabilir. Diger bir segenek ise birkag yiiz
feet araliklarla yerlestirilmis masif payandalar tarafindan taginan
birden fazla tek kemerli barajdan olusan sistemdir.

Barajin amaci, tasarim ve ingaat kararlarint dogrudan
etkiler. Yapimin 50 yillik hizmet dmrii beklenen kalic1 biiyiik bir
baraj mi, yoksa 5 yillik yararli 6mrii olan gegici bir batardo mu
oldugu, tasarim ve insaat siliresini, baraj ve temel igindeki
malzemelerin kalitesini, temel iyilestirmelerini ve hidrolik
kosullar1 belirleyen 6nemli bir etkendir.

Yapisal ve ekonomik bakimdan, rijit zemin, ¢akil veya iri
yuvarlak taglar {izerine oturan bir kemer baraj1 tasarlamak uygun
degildir. Kemer barajlarinin stabilitesi, gerek baraj kesitinin
gerekse beton-kaya temas yiizeyinin gorece ince olmasi
nedeniyle, genellikle kaldirma basincindan Onemli oSlgiide
etkilenmez.

Tarihsel olarak, hem kalict hem de gecici beton barajlar,
ingaat sirasinda ve sonrasinda kismen ya da tamamen su altinda
kalma kosullarina dayanacak sekilde tasarlanmistir.

Kemer baraj tasarimi uzmanlik gerektirdiginden, bu
kitapta bu konu ayrintili olarak ele alinmamaktadir. Tasarim,
yukler, analiz yontemleri, giivenlik katsayilar1 ve benzeri konular
icin Bureau of Reclamation yayini olan Design of Arch Dams adli
esere basvurulmalidir.
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4.9. Beton Payandah Barajlar

Payandali barajlar, diiz plakli ve ¢ok kemerli yapilardan
olusur. Masif agirlik barajlarina kiyasla yaklasik yiizde 60 daha
az beton gerektirirler. Ancak kalip isciligi ve donati celigi
gereksinimindeki artig, cogu zaman beton tasarrufunu dengeler.

Iscilik maliyetlerinin malzeme maliyetlerine oranla daha
diisiik oldugu 1930’1u yillarda ¢ok sayida payandali baraj insa
edilmistir. Buna karsilik, is¢ilik maliyetlerinin yiiksek oldugu
kosullarda bu tip barajlarin ingaat maliyeti genellikle diger baraj
tipleriyle rekabet edemez.

Payandali barajlarin tasarimi, biiyiik 6l¢iide bu alana 6zgii
deneyimden kaynaklanan bilgi ve miihendislik yargisina dayanir.
Bu nedenle ve giliniimiiz kosullarinda payandali barajlarin
uygulama alani smirli oldugundan, bu barajlarin tasarimi bu
metinde ele alinmamaktadir.

4.10. Diger Tipler

Yukarida belirtilenlerin diginda baska baraj tipleri de insa
edilmistir. Ancak bunlar ¢ogu durumda belirli bir yerel
gereksinimi karsilamakta veya deneysel nitelik tagimaktadir. Bazi
orneklerde, hem barajin kaplama ya da déseme boliimiinde hem
de tasiyict gergevesinde yapisal ¢elik kullanilmustir.

Ayrica 1920°den 6nce, 6zellikle Kuzeybati’da ¢cok sayida
ahsap baraj insa edilmistir. Ancak ahsap barajlarda gereken iscilik
miktar1 ve yapinin kisa hizmet 6mrii birlikte degerlendirildiginde,
bu baraj tipi modern ingsaat kosullarinda ekonomik olmaktan
uzaktir. Bu nedenle ahsap barajlar ve diger yaygin olmayan baraj
tipleri bu metinde ele alinmamaktadir.
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B.BARAJ TiPi SECIMINI YONLENDIREN
FiZIKSEL ETKENLER

4.11. Genel

Planlama ve tasarimin erken asamalarinda, saha se¢imi ve
baraj tipi dikkatle degerlendirilmelidir. Belirli bir baraj yeri i¢in
yalnizca tek bir baraj tipinin veya yardimei1 yapimin uygun oldugu
durumlar oldukga istisnaidir. Genellikle, bir baraj tipinin en
uygun ve en ekonomik secenek oldugunun gosterilebilmesi i¢in
farkli baraj ve yardimci yapi tiplerine iligskin 6n tasarimlar ile
maliyet tahminlerinin hazirlanmas1 gerekir. Bu nedenle, saha
secimi ve baraj tipiyle ilgili kararlar yeterli etiide dayanmiyorsa,
projenin gereginden pahaliya mal olmas1 olasidir.

Baraj tipinin se¢imi, planlamacilar, hidrologlar, geoteknik
miihendisleri, hidrolik miihendisleri, yapi1 miihendisleri ve
jeologlar gibi farkli disiplinlerden uzmanlarin birlikte ¢alismasini
gerektirir. Bu is birligi; topografya, jeoloji ve temel kosullar,
mevcut malzemeler, hidroloji ve depremsellik gibi fiziksel
etkenlerin dogru degerlendirilmesi ve buna bagh olarak
ekonomik, giivenli ve uygulanabilir tasarimlarin gelistirilebilmesi
acgisindan zorunludur.

Dolusavak desarjlarindan korunma, ¢ikis tesislerine
iliskin smirlamalar, ingaat sirasinda akarsuyun derivasyonu, is
giicli ve ekipman temini, sahaya erisilebilirlik, sahanin fiziksel
ozellikleri, barajin amaci1 ve baraj glivenligi gibi hususlar nihai
baraj tipi se¢imini etkiler. Cogu durumda nihai se¢im, incelenen
farkli baraj tiplerinin insaat maliyetlerinin karsilagtirilmasina
dayanir. Asagidaki paragraflarda, baraj tipi seciminde etkili olan
baslica fiziksel etkenler agiklanmaktadir.

4.12. Topografya

Topografik degerlendirmeler, baraj yeri ve rezervuar
alanmin ylizey bi¢imini, sahaya erisimi ve insaat malzemelerine
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ulasilabilirligi kapsar. Topografya ilk baraj tipi se¢imini biiyiik
Olciide belirler. Yiiksek ve kayalik yamaglar arasindan akan dar
bir dere, dogal olarak kaya dolgu veya iizerinden akim gecen
beton baraj secenegini glindeme getirir. Buna karsilik, algcak ve
hafif dalgali ovalar toprak dolgu baraji i¢in daha elverisli kosullar
sunar. Ara kosullarda ise kompozit yapilar gibi farkli segenekler
degerlendirilebilir. Sonug olarak, baraj tipi seciminde topografya
bliyiik 6nem tagir.

Topografya yardimer yapilarin se¢imini de 6nemli dlgiide
etkileyebilir. Ornegin dogal gegitler veya topografik esikler
mevcutsa, dolusavagin bu alanlardan gecirilmesi miimkiin
olabilir. Rezervuar gevresi, baraj yiiksekligine kiyasla ytiksek ve
kesintisiz ise, agik kanal tipi veya tiinel tipi bir dolusavak
gerekebilir. Dolusavakla ilgili bu tir hususlar baraj tipinin
secimini de etkileyebilir. Derin ve dik yamagli bir kanyonda, kaya
dolgu baraj i¢in ayr1 bir dolusavak insa etmek yerine, lizerinden
akim gegen dolusavakli bir beton baraj yapmak daha ekonomik
olabilir.

4.13. Jeoloji ve Temel Kosullar

Farkli kaya ve zemin tiirlerinin temel ve insaat malzemesi
olarak uygunlugu, baraj tipi seciminde dikkate alinmasi gereken
temel jeolojik konular arasindadir. Bir baraj yerindeki temel
jeolojisi, ¢cogu zaman o saha i¢in hangi baraj tipinin uygun
oldugunu belirler. Tabakalarin dayanimi, kalinhigi ve egimi;
gecirgenlik; eklem ve catlak sistemleri ile faylanma gibi
ozellikler baraj tipi se¢giminde dnemli rol oynar. Asagida yaygin
olarak karsilasilan bazi temel tiirler a¢iklanmaktadir.

(a) Kaya temeller

Onemli jeolojik kusurlardan armmmus, gorece yiiksek
kayma dayanimma sahip, erozyona ve sizmaya direngli saglam
kaya temelleri, iizerlerine insa edilebilecek baraj tipi acisindan az
sayida smirlama getirir. Bu durumda belirleyici etken genellikle
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malzeme ekonomisi veya toplam proje maliyetidir. Ayrismis
kayanin  kaldirilmasi; kaya eklemlerinin ve ¢atlaklarin
enjeksiyonla gec¢irimsiz hale getirilmesi ¢ogu zaman gereklidir.
Kil seylleri, baz1 kumtaslari, ayrismis bazaltlar ve benzeri daha
zayif kayaglar ise baraj tasarimi ve insasinda Onemli sorunlar
dogurabilir ve secilecek baraj tipini giiclii bigimde etkileyebilir.

(b) Cakil temeller

Iyi sikistirlmg cakil temeller, toprak dolgu veya kaya
dolgu barajlar i¢cin uygundur. Ancak cakil temellerde yliksek
hizlarda su sizintis1 goriilebileceginden, sizmayi kontrol altina
almak amaciyla gecirimsizlik perdeleri veya benzeri onlemler
uygulanmalidir.

(c) Silt veya ince kum temeller

Silt veya ince kum temeller, uygun sekilde tasarlandiginda
alcak beton agirlik barajlar1 ve toprak dolgu barajlar icin
kullanilabilir. Ancak bu tiir temeller genellikle kaya dolgu
barajlar i¢in uygun degildir. Tasarim ag¢isindan baslica kaygilar:
farkli oturma, doygunluk sonrasinda zeminde gé¢me olasiligi,
kaldirma kuvvetleri, borulanmanin Onlenmesi, asir1 sizma
kayiplar1 ve mansap dolgu topugundaki temel zeminin erozyona
kars1 korunmasidir.

(d) Kil temeller

Kil temeller, toprak dolgu barajlarin oturtulmasi ic¢in
kullanilabilir. Ancak bu temellerin gorece diisik kayma
dayanimma sahip olmasi, dolgu sevlerinin daha yatik
tasarlanmasin1 gerektirir. Baraj altindaki kil temeller ayrica
6nemli Olctide konsolidasyon oturmasina ugrayabilir. Daha yatik
sev gerekliligi ve kil temellerin fazla oturma egilimi nedeniyle,
kil temel {iizerine kaya dolgu baraj insa etmek genellikle
ekonomik degildir. Kil temeller ¢ogu zaman beton agirlik
barajlart i¢in de wuygun degildir. Temel tabakalarinin
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konsolidasyon 6zelliklerini ve iist yiikleri tasima kapasitelerini
belirlemek i¢in genellikle temel malzemesi iizerinde dogal
durumunu temsil eden deneyler yapilmasi gerekir.

(e) Uniform olmayan temeller

Zaman zaman, yukarida tanimlanan temel tiirlerinden
herhangi birine tam olarak uyan, yeterince Uniform bir temel
kosulu bulunmayabilir. Bu gibi durumlarda barajin kaya ve
yumusak zemin gibi farkli ozelliklere sahip malzemelerden
olusan {niform olmayan bir temel {izerine oturtulmasi
gerekebilir. Bununla birlikte, bu tiir kosullar ¢cogu kez o6zel
tasarim Onlemleri ve uygun temel iyilestirme yontemleriyle
giderilebilir. Cok olagandisi gorlinmeyen baraj yerleri dahi,
deneyimli miihendislerin degerlendirmesini gerektiren 6zel
sorunlar ortaya cikarabilir.

Yukarida belirtilen temel iyilestirme yOntemlerinin
ayrmtilari, toprak dolgu, kaya dolgu ve beton agirlik barajlarinin
tasarimina iligkin 1ilgili bdliimlerde, sirasiyla 6., 7. ve &.
boliimlerde verilmistir.

4.14. Mevcut Malzemeler

Farkl1 baraj tipleri icin gerekli baslica malzemeler, ¢gogu
zaman baraj sahasinda veya sahanin yakin ¢evresinde bulunabilir.
Bunlar genel olarak su sekilde siralanabilir:

e Dolgu yapiminda kullanilacak zemin malzemeleri,
e Dolgu ve anrogman i¢in kullanilacak kaya malzemeleri,

e Beton agregasi olarak kullanilabilecek kum, cakil ve
kirmatas.

Ozellikle  biiyiik  miktarlarda  kullamlan  ingaat
malzemelerinin uzak mesafelerden tagmmmasi proje maliyetini
onemli Olgiide artirir. Bu nedenle, malzeme tasima giderlerinin
azaltilmas1 veya tamamen ortadan kaldirilmasi, toplam proje
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maliyetinin diisiiriilmesinde 6nemli bir etkendir. Cogu durumda
en ekonomik baraj tipi, uygun nitelikteki malzemenin makul bir
mesafe i¢inde ve yeterli miktarda temin edilebildigi baraj tipidir.

Beton yapimina uygun kum ve ¢akilin yerel olarak, makul
bir maliyetle ve hatta proje sahasi i¢cinde bulunmasi, beton baraj
secimini destekleyen 6nemli bir avantajdir. Benzer sekilde, kaya
dolgu i¢in uygun kaya malzemesinin yakin ¢evrede bulunmasi da
kaya dolgu baraj se¢imini daha elverisli hale getirir.

Sonu¢  olarak, nihai  yapmin  giivenliginden,
verimliliginden ve kalitesinden 6diin vermeden proje maliyetini
azaltabilecek tiim yerel malzeme kaynaklar1 dikkatle
degerlendirilmelidir.

4.15. Hidroloji

Hidrolojik ¢alismalar, 4.2. Boliimde depolama barajlart
kapsaminda belirtilen proje amaclarini inceler. Baraj ve yardimci
yapi tipinin se¢imini yonlendiren hidrolojik etkenler ile ekonomik
etkenler arasinda yakin bir iligki vardir. Akim 6zellikleri ve yagis
rejimi, suyun kontroli ve derivasyonu Uzerindeki etkileri ve
ingaat siliresini uzatabilmeleri nedeniyle insaat maliyetini 6nemli
Olglide etkileyebilir. Derivasyon igin bayuk tunellerin gerekli
oldugu  durumlarda, bu tiinellerin tiinel dolusavaga
dontistiiriilmesi en ekonomik dolusavak alternatifi olabilir.

4.16. Dolusavak

Dolusavak, barajin yasamsal Oneme sahip yardimci
yapilarindan biridir. Cogu zaman dolusavagin boyutu, tipi ve
konumuna iliskin dogal kisitlamalar baraj tipinin se¢iminde
belirleyici olur. Dolusavak gereksinimleri, saha kosullarindan,
barajin tipinden veya biiyiikliiglinden bagimsiz olarak, esasen
ylizey akigt ve akarsu akim Ozellikleri tarafindan belirlenir.
Gegirilmesi gereken taskinlarm biiytlikligii, secilecek dolusavak
tipini dogrudan etkiler. Bu nedenle, biiyiik taskin potansiyeline
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sahip akarsularda dolusavak baskin yapi1 haline gelebilir ve baraj
tipi se¢imi ikincil bir degerlendirme olarak ele alinabilir.

Biiyiik bir dolusavagin insaat maliyeti, ¢ogu zaman
toplam proje maliyetinin 6nemli bir béliimiinii olusturur. Bu gibi
durumlarda, dolusavak ile barajin tek bir yapida birlestirilmesi
istenebilir. Bu da iizerinden akim gegen beton bir barajin
secilmesini destekler. Ayr1 dolusavak kanallarindan ¢ikan kazi
malzemesinin baraj dolgusunda kullanilabildigi bazi durumlarda
ise toprak dolgu baraj avantajli olabilir. Dolusavak
gereksiniminin kii¢iik oldugu projelerde, dar baraj yerlerinde bile
toprak dolgu veya kaya dolgu barajlar ¢cogu kez uygun segenekler
héaline gelir.

Toprak veya kaya dolgu barajlar iizerine, iizerinden akim
gecen beton dolusavaklarin inga edilmesi genel olarak onerilmez.
Clinkii bu tiir tasarimlarda ariza riskini azaltmak i¢in daha
muhafazakar tasarim kabullerine ve ek gilivenlik Onlemlerine
ihtiya¢ duyulur. Bu uygulamada karsilasilan baslica sorunlardan
biri, rezervuar ylkleri etkimeye basladiktan sonra dolgu ve
temelde farkli oturmalarin meydana gelebilmesidir. Bu farkli
oturmalar beton yapida diizensizliklere ve c¢atlaklara yol agabilir.
Ayrica beton kanalda olusabilecek ¢atlaklar veya derz agikliklari,
suyun kanaldan dolgu i¢ine sizmasina neden olabilir. Bu durum,
cevredeki dolgu malzemesinde borulanma veya yikanma riskini
artirir. Bunun yaninda, dolusavak insaatina baslanmadan Once
dolgu govdesinin tamamen tamamlanmis olmas1 gerekir. Tiim bu
nedenlerle, toprak veya kaya dolgu barajlar (zerinde beton
dolusavak tasarlanmasi 6zel dikkat gerektirir ve ¢ogu durumda
tercih edilmez.

Bu etkenlere ek olarak, kaplama kalinligmin artirilmasi,
donat1 ¢eligi miktarmin ¢ogaltilmasi, su kesme diizenlemeleri,
derz islemleri, drenaj ve 6n yiikleme gibi daha muhafazakar insaat
ayrintilart maliyeti artirir. Bu nedenle dolusavak tasariminda
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genellikle alternatif ¢oziimler tercih edilir. Bu ¢ézlimler, yapmin
mesnetlerdeki dogal malzeme Tlizerinden veya i¢inden
gecirilmesini ya da baraj altina galeri seklinde yerlestirilmesini
icerebilir.

En yaygin ve tercih edilen dolusavak diizenlemelerinden
biri, dolusavagin baraj govdesi diginda, bir veya iki mesnetten
acilan bir kanal ilizerinden ya da barajdan uzak bir noktadan
gecirilmesidir. Boyle bir konum secildiginde, baraj iizerinden
akimm ge¢cmesi Ongorulmeyen tipte tasarlanabilir. Bu da toprak
dolgu ve kaya dolgu yapilarin1 segenekler arasina katar. Buna
karsilik, barajdan wuzakta uygun bir dolusavak yeri
bulunamiyorsa, iizerinden akim gecen dolusavagi icerebilecek bir
baraj tipinin secilmesi gerekebilir. Bu durumda dolusavak, ana
nehir kanalmin yalnizca bir bolimiinii kaplayacak sekilde
yerlestirilebilir; barajin geri kalan kismu ise toprak, kaya veya
betondan olugabilir. Sekil 4-4’te gosterilen Olympus Baraji bu tip
bir yapiya Ornektir.

4.17. Deprem

Baraj deprem etkilerine maruz kalabilecek bir bolgede yer
aliyorsa, tasarimin ek yiikleri ve artan gerilmeleri karsilayacak
sekilde yapilmasi gerekir. Toprak dolgu, kaya dolgu ve beton
agirlik barajlar1 i¢in deprem tasarimina iligkin hususlar sirasiyla
6., 7. ve 8. boliimlerde ele alinmaktadir. Deprem bdlgelerinde,
baraj tipinin se¢imi ve baraj tasarimi bu tiir yapilarda deneyimi
olmayan kisiler tarafindan iistlenilmemelidir.

C. HUKUKI], EKONOMIK VE ESTETIK
DEGERLENDIRMELER

4.18. Yasal Kisitlamalar

Seyriisefere elverigli akarsularin sularmin kontroliine
iliskin yasal kisitlamalar bulunmaktadir. Bu tiir akarsularda suyun
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derivasyonu veya kontroline yonelik planlar ABD Ordusu
Miihendisler Birligi'nin onayma tabidir. Baraj insas1 ve
isletmesiyle ilgili, yapr tipinin secimini etkileyebilecek cok
sayida bagska federal ve eyalet diizenlemesi de vardir.

Hemen her eyalette, belirli biiyiikliigiin lizerindeki tiim
baraj ve rezervuarlarin tasarimini, insasini ve isletilmesini
diizenleyen yasalar ve yoOnetmelikler bulunmaktadir. Elli
eyaletten herhangi birinde baraj insa etmeyi planlayan
muhendisler veya mal sahipleri, ayrintili tasarimlara gegmeden
once ilgili eyalet makamlariyla iletisime gegmelidir.

4.19. Amag ve Fayda-Maliyet iliskisi

Bir barajin hizmet edecegi amacin dikkate alinmasi, cogu
zaman en uygun baraj tipini isaret eder. Ornegin, baraj tipi se¢imi;
barajin temel islevinin sulama, enerji veya igme suyu amactyla
stirekli ve giivenilir depolama saglamak; tagkinlar tutarak kontrol
etmek; akarsu akimmi diizenlemek; ya da depolama islevi
olmayan bir derivasyon baraji veya savak olarak gbérev yapmak
izere belirlenmesine bagli olabilir.

Giivenli ve islevsel bir barajin insa edilemeyecegi saha
sayist oldukca azdir. Ancak bir¢ok durumda, sahaya O6zgii
kosullar proje maliyetini kabul edilebilir diizeyin iizerine
cikarabilir. Bu nedenle uygun baraj yerlerinin arastirilmasi, bir
projenin  saglayacagi faydalarla orantih  bir maliyetle
gergeklestirilip  gerceklestirilemeyecegini  belirlemede ¢ogu
zaman temel etkendir.

Hidroelektrik enerji Gretimi, sulama ve su temini gibi
amaclara yonelik projelerden elde edilecek faydalarin
degerlendirilmesi i¢in kabul gérmiis yontemler bulunmaktadir.
Buna karsilik, taskin kontrolii projelerinde bu degerlendirme
yontemleri daha az belirgindir. Rekreasyon projelerinin degerini
O0lemek i¢in ise genel kabul gormiis tatmin edici bir Olgiit
bulunmamaktadir.
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Rekreasyon amagli bir projenin gerekcelendirilmesi,
projeden yararlanacak niifusun biiyiikliigline, bolgede yer alan
benzer projelerin konumuna ve bolgedeki gelisme egilimine bagh
olarak yapilmalidir. Bu kapsamda, bolgedeki deger artis1 veya
deger kaybi1 egilimleri de dikkate alimmalidir. Tiim bu
degerlendirmeler, proje maliyeti ve mevcut finansman
olanaklariyla birlikte ele alinmalidir.

Bir projenin yapilmasi istense bile, hizmet edecegi niifus
siirliysa, pahali bir sahanin gelistirilmesi ekonomik agidan hakli
gosterilemeyebilir. Bagka bir durumda ihtiyag daha biiyiik
olabilir; ancak niifusun azalmasi veya miilk degerlerinin diismesi
gibi egilimler de karar siirecinde dikkate alinmalidir. Her iki
durumda da segilecek ¢Oziimiin miimkiin oldugunca diisiik
maliyetli olmas1 gerekir. Bu tiir kosullarda, kii¢lik depolama
kapasitesine sahip algak bir baraj uygun bir secenek olabilir.

4.20. Estetik

Genel olarak her yapir tipi islevsel amacma uygun,
tamamlanmis ve iscilik acisindan diizglin bir goriiniime sahip
olmalhidir. Tamamlanmig yiizeylerin dogrultusu ve dokusu
tasarim gerekleriyle uyumlu olmali; géze hos goriinmeyen
duzensizlikler icermemelidir.

Estetik degerlendirmeler, 6zellikle rekreasyon amaci 6n
planda olan yapilarda, yap: tipinin se¢iminde 6nemli bir rol
oynayabilir.
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KENTSEL ULASIMDA OZEL ARAC
TALEBININ YONETIMI: TOPLU TASIMAYA
YONLENDIRME iCIN BiR ANALITIK
CERCEVE!

Polat YALINIZ?

1. GIRIS

Gilinlimiizde hizli kentlesme, niifus artis1 ve ekonomik
gelismeler, kent ici ulagim sistemleri iizerinde 6nemli baskilar
olusturmaktadir. Ozellikle plansiz gelisen sehirlerde, kent
merkezlerine yonelen 6zel arag trafigi, trafik sikisikligi, cevresel
kirlilik ve erigilebilirlik sorunlarni beraberinde getirmektedir.
Bu durum, siirdiiriilebilir ulasim politikalarinin 6nemini giderek
artirmaktadir. Bu baglamda ulagim planlamasi, yalnizca altyapi
gelistirmeyi  degil, aym1 zamanda ulasim talebinin
yonlendirilmesini ve siirdiiriilebilirlik hedefleri dogrultusunda
sistemin yeniden yapilandirilmasini da icermektedir (Broaddus
& Cervero, 2019).

Kent merkezlerine yonelen 6zel ara¢ trafiginin trafik
sikisikligl, ¢evresel sorunlar ve erisilebilirlik baskis1 yarattigi
cesitli calismalarda ortaya konulmaktadir (Elker, 2002; Yaliniz,
2006). Ozellikle plansiz gelisen kentlerde, o6zel arag
kullanimindaki artisin ulasim sistemleri tiizerinde Onemli
baskilar olusturdugu bilinmektedir (Giilgeg, 1998; Yaliniz,
2006). Kent merkezine yonelen 6zel ara¢ talebinin kontrol altina

1 Kitap boliimii Polat Yalmiz’in Eskisehir Osmangazi Universitesi Fen Bilimleri
Enstitiisti Doktora tezinden tiretilmistir.

2 Dr.Ogretim Uyesi, Kiitahya Dumlupmnar Universitesi, Miihendislik Fakiiltesi,
Insaat Miihendisligi Boliimii, ORCID: 0000-0003-0373-9727.
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alinmasi,  siirdiiriilebilir ~ ulasim  politikalarmin ~ temel
amaglarindan biri olarak degerlendirilmektedir (Yaliniz, 2006).

Kent merkezleri, sosyal ve ekonomik aktivitelerin
yogunlastig1 alanlar olup, ayni zamanda ulasim sistemlerinin en
fazla zorlandig1 bolgeler olarak 6ne ¢ikmaktadir. Bu baglamda,
0zel ara¢ kullaniminin azaltilmas1 ve toplu tasima sistemlerinin
tesvik edilmesi, stirdiiriilebilir ulasimin temel hedefleri arasinda
yer almaktadir.

Bu c¢alismada, kent merkezine gelen o&zel arag
kullanicilarinin  toplu tasimaya yonlendirilme potansiyelinin
belirlenmesine yonelik bir model Onerilmektedir. Calismanin
temel amaci, hangi kosullar altinda ve hangi oranlarda 6zel arag
kullanicilarinin toplu tasimaya kayabilecegini ortaya koymaktir.

Bu boliimiin amaci, kent merkezine yonelen 6zel arag
talebinin yoOnetilebilmesi i¢in izlenebilecek analitik ve asamali
bir yaklasimi ortaya koymaktir. Bu kapsamda, dnce 6zel arag¢
kullanimimimn kent i¢i ulasim iizerindeki etkileri ele alinmakta,
ardindan talep yoOnetiminde kullanilabilecek politika araglar
aciklanmakta ve son olarak 0Ozel ara¢ kullanicilarinin toplu
tasimaya yonlendirilmesine yoOnelik model temelli bir yol
haritas1 sunulmaktadir.

2. SURDURULEBILIR ULASIM VE KENT ICi
SORUNLAR

Kent i¢ci ulasimda 6zel ara¢ kullanimmin giderek artmasi,
yalnizca trafik sikisikligina yol agan bir durum degil, ayni
zamanda cevresel, ekonomik ve mekansal sonuglar doguran ¢ok
boyutlu bir sorundur. Ozel arag odakli ulasim yapisi; enerji
tiketiminin  artmasina, hava kirliliginin yogunlasmasina,
kamusal alanlarin park alani olarak kullanilmasma ve kent ici
erisilebilirligin zayiflamasma neden olmaktadir. Ozellikle kent
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merkezlerinde yogunlagan bu baski, ulasim sisteminin
verimliligini azaltmakta ve mevcut altyapinin yetersiz kalmasina
yol agmaktadir.

Kent merkezleri, ticaret, hizmet, yOnetim ve sosyal
yasam faaliyetlerinin yogunlasti§i alanlar olmalari nedeniyle
yiiksek dilizeyde yolculuk g¢ekmektedir. Ancak bu alanlarin
fiziksel kapasitesi sinirlidir ve ¢ogu durumda yeni yol alani
iretmek ya da tasit kapasitesini siirekli artirmak miimkiin
olmamaktadir. Bu nedenle, kent merkezine yonelen 6zel arag
talebinin yalnizca altyap1 yatirimlariyla degil, talep yonetimine
dayali politikalarla da ele alinmas1 gerekmektedir.

Strdiirilebilir ulagim yaklasimi, ulasim sorunlarmin
¢Oziimiinde yalnizca arz artirict miidahaleleri esas almamaktadir.
Ayn1 zamanda, ulagim talebinin yOnlendirilmesi de bu
yaklagimin temel bilesenlerinden biri olarak kabul edilmektedir.
Bu kapsamda, 0Ozel ara¢ kullanimmin azaltilmasi, toplu
tasimanin  tesvik edilmesi, park politikalarinin  yeniden
diizenlenmesi ve erisim yonetimi stratejilerinin gelistirilmesi
onem kazanmaktadir. Dolaysiyla kent i¢i ulasim sorunlarinin
¢oziimiinde temel yaklasim, daha fazla tasit hareketine alan
acmak degil, mevcut yolculuk talebini daha verimli, dengeli ve
stirdiiriilebilir bicimde yonetmek olmalidir.

Stirdiiriilebilir ulagim, ulagim ihtiyaglarmin ¢evreye zarar
vermeden, ekonomik ve sosyal dengeleri koruyarak
kargilanmasimi amaglayan bir yaklagimdir (Banister, 2008). Bu
yaklasim kapsaminda;

 Ogzel ara¢ kullanimimin azaltilmasi
e Toplu tasimanin tesvik edilmesi
e Alternatif ulasim tiirlerinin gelistirilmesi,

On plana ¢ikmaktadir.
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Kent merkezlerinde yasanan baslica sorunlar sunlardir:
* Trafik sikisiklig1

* Yetersiz yol kapasitesi

* Yol kenar1 park problemleri

* Diizensiz kentsel gelisim.

Ozellikle yol kenari park uygulamalari, trafik akigmi
olumsuz etkileyerek kapasite diislisiine neden olmaktadir. Bu
nedenle talep yonetimi stratejileri (6rnegin park politikalar1 ve
fiyatlandirma) kritik rol oynamaktadir.

2.1. Talep Yonetimi Yaklasimmmn Kent ici Ulasgim
Politikalarindaki Yeri

Kent i¢i ulasim sorunlarmin ¢6ziimiinde uzun yillar
boyunca agirlikli olarak arz yonlii yaklagimlar benimsenmistir.
Yeni yol yapimi, kavsak kapasitesinin artirilmasi ve tasit
trafigini rahatlatmaya yonelik fiziksel diizenlemeler, ulasim
planlamasinin temel araclar1 arasinda goriilmiistiir. Ancak
Ozellikle biiyiik ve orta biiytikliikteki kentlerde, yalnizca altyapi
kapasitesinin artirilmasma dayali bu yaklasimin uzun vadede
kalic1 bir ¢6ziim liretmedigi goriilmiistiir. Ciinkii artan kapasite,
¢ogu durumda yeni 0zel ara¢ yolculuklarimi tesvik etmekte ve
kisa siire sonra benzer sikigiklik diizeyleri yeniden ortaya
cikmaktadir.

Bu nedenle giinlimiizde ulasim planlamasinda, talep
yonetimi yaklagimi giderek daha fazla 6nem kazanmaktadir.
Talep yonetimi, mevcut yolculuk talebinin zaman, tiir, glizergah
ve erisim bicimi acisindan daha verimli  bicimde
yonlendirilmesini esas almaktadir (Meyer, 1999). Bu yaklasim,
kent merkezlerine yonelen 6zel ara¢ baskisinin azaltilmasi, toplu
tasimanin tesvik edilmesi ve kamusal alanlarin daha dengeli
kullanilmasi agisindan 6nemli avantajlar sunmaktadir.
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Ozellikle kent merkezleri gibi fiziksel kapasitesi sinirh
alanlarda, talep yonetimi politikalar1 yalnizca trafik sikigikligimn
azaltmak icin degil; aym1 zamanda erisilebilirligi artirmak,
cevresel etkileri smirlamak ve ulasim tiirleri arasinda daha
dengeli bir dagilim saglamak i¢in de kullanilmaktadir. Bu
kapsamda park politikalari, fiyatlandirma stratejileri, arag erisim
kisitlamalari, aktarma sistemleri ve toplu tasima hizmet
kalitesini artirmaya yonelik diizenlemeler, talep yOnetiminin
temel araclari arasinda yer almaktadir.

Bu bolimde onerilen analitik cerceve de esasen bu
yaklagim iizerine kurulmaktadir. Bagka bir ifadeyle amag, kent
merkezine yonelen 6zel arag talebini yalnizca 6lgmek degil; ayni
zamanda bu talebin hangi politika araglar1 ve hangi hizmet
kosullart altinda toplu tagimaya yonlendirilebilecegini sistematik
bir bigimde degerlendirmektir.

3. OZEL ARAC KULLANICILARININ TOPLU
TASIMAYA YONLENDIRILMESI

Bu boliimde sunulan yaklasim, belirli bir kente 6zgii
uygulama sonuglarindan ziyade, farkli kentsel baglamlara
uyarlanabilir bir analiz ve planlama c¢ercevesi sunmay1
amaclamaktadir. Bu nedenle, anket uygulamalarma iligkin
detayli soru setleri yerine, veri toplama siirecinin kapsami ve
icerigi metodolojik diizeyde ele almmustir. Sekil 1.’de kent
merkezine yonelen 0zel ara¢ kullanicilarmin toplu tagimaya
yonlendirilmesine yonelik metodolojik cerceve ve analiz sureci
gosterilmistir.
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Kent merkezine 6zel arag girisini kisitlayici 6nlemlerin belirlenmesi
(Fiziksel kisitlamalar, otopark politikalari ve fiyatlandirma stratejileri)

\ l J

Segilen onlemler dogrultusunda 6zel ara¢ kullanicilarinin

toplu tasimaya yonelme potansiyelinin belirlenmesi amaciyla

anket ¢alismasinin planlanmasi

[ Kent merkezi ile iliskili otomobil kullanici sayisinin belirlenmesi ]

' -
{

Kent merkezine gelen arag sayisinin ve yolculuk talebinin hesaplanmasi ‘

|

{ Anket verilerinin degerlendirilmesi ve model ile entegre edilmesi ]

!

2 i
|
|

-

Toplu tasima konfor seviyesi ve erisilebilirilk kriterlerine bagh olarak
L alternatif senaryolarin olusturulmas:

S S

Ozel aragtan toplu tasimaya kaymasi beklenen kullanici sayisinin
belirlenmesi

|

R _ _ o
Yapilacak uygulamalarin (park et-bin, otopark diizenlemeleri vb.)
maliyetlerinin analiz edilmesi

Sekil 1. Kent merkezine yonelen 6zel ara¢ kullamcilarimin toplu
tasimaya yonlendirilmesine yonelik metodolojik ¢erceve ve analiz
siireci (Yalimiz, 2006’dan uyarlanmistir).

Ozel arag kullanicilarinin toplu tagimaya
yonlendirilmesi, siirdiiriilebilir ulagim politikalarinin en 6nemli
bilesenlerinden biridir. Bu siire¢, Sekil 1°de gosterildigi iizere
kisitlayic1 onlemlerin belirlenmesi, kullanici davranislariin veri
toplama yoluyla degerlendirilmesi ve model/senaryo temelli
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talep yOnetimi agsamalarmi igeren biitlinciil bir analiz
¢ercevesinden olusmaktadir.

3.1. Kisitlayict Onlemler

Kent merkezine ara¢ girisini azaltmaya yonelik 6nlemler
sunlardir:

» Fiziksel kisitlamalar (yaya bolgeleri)
* Otopark politikalar1
* Fiyatlandirma stratejileri.

Bu onlemler birlikte uygulandiginda daha etkili sonuclar
vermektedir.

Bu 6nlemler, tek baglarma uygulandiklarinda sinirli etki
olusturabilmektedir. Ornegin yalnizca park {icretlerinin
artirilmasi, yeterli toplu tasima alternatifi bulunmadiginda
kullanic1 davranisinda beklenen degisimi yaratmayabilir. Benzer
bicimde yalnizca fiziksel kisitlama getirilmesi de, erisim
ihtiyacin1  ortadan kaldirmadigi i¢in  kullanicilarm  farkl
alanlarda yeni sorunlar tretmesine neden olabilir. Bu nedenle
kisitlayict  Onlemlerin  bir biitin olarak degerlendirilmesi
gerekmektedir.

Talep yoOnetiminde basari, ¢ogu zaman birden fazla
politika aracinin esgiidim igerisinde uygulanmasina baglhdir.
Park kisitlamalari, fiyatlandirma stratejileri ve toplu tasima
hizmet iyilestirmeleri birbirini desteklediginde, kullanicilarin
0zel aragtan vazgegme egilimi daha belirgin hale gelmektedir.
Bu durum, yalnizca zorlayici onlemler ile degil, ayn1 zamanda
alternatif ulagim bigimlerinin ¢ekiciliginin  artirilmast ile
aciklanabilir.

Bu cercevede kent merkezlerinde uygulanacak
politikalarin, erisim kisit1 getiren onlemler ile hizmet kalitesini
yiikselten Oonlemler arasinda denge kurmasi gerekir. Aksi halde
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kullanicilar ~ agisindan sistem adil, kabul edilebilir ve
uygulanabilir goriinmeyebilir. Dolayisiyla 6nerilen metodolojik
gerceve igerisinde, kisitlayict  Onlemler yalnizca  tekil
miidahaleler olarak degil; kullanict davraniglart iizerindeki
birlesik etkileri bakimindan degerlendirilmelidir.

3.2. Veri Toplama ve Davramssal Degerlendirme
Yaklasimi

Bu calismada, 6zel arac¢ kullanicilarinin toplu tasimaya
yonlendirilmesine yonelik stratejilerin  gelistirilmesinde veri
toplama siireci onemli bir asama olarak ele alinmaktadir. Bu
kapsamda anket calismalari, kullanic1 davranislarinin ve tercih
egilimlerinin belirlenmesinde temel araglardan biri olarak
Onerilmektedir.

Ancak bu boliimde belirli bir anket uygulamasi ya da
ornek anket formu sunulmamaktadir. Bunun yerine, farkli
kentlerde uygulanabilecek esnek ve uyarlanabilir bir yontem
cercevesi ortaya konulmaktadir. Ciinkii her kentin ulasim yapisi,
kullanic1 profili ve sorun alanlar1 farklilik gostermekte olup,
kullanilacak anket sorularinin da bu yerel kosullara gore
sekillendirilmesi gerekmektedir.

Bu dogrultuda, oOnerilen yaklasim kapsaminda anket
calismalarinin  asagidaki  bagliklar1  kapsayacak  sekilde
tasarlanmasi1 dnerilmektedir:

 Ogzel arac kullanim aliskanliklarimni,
e Park etme davranislarini,
* Toplu tasimaya yonelik tutumlari,

* Farkli politika senaryolarina karsi kabul diizeylerini
Olcmeye yonelik olarak tasarlanmasi onerilmektedir.

Dolayisiyla bu boliimde sunulan yaklasim, belirli bir
uygulamaya bagl kalmadan, arastirmact ve uygulayicilara kendi
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calisma  alanlarna  uygun  veri  toplama  siirecini
tasarlayabilecekleri bir metodolojik ¢ergeve sunmaktadir.

3.3. Kent Merkezi ile Tliskili Otomobil
Kullanicilarimin Belirlenmesine Yonelik Model ve
Parametreler

Kent merkezi ile iliskili otomobil kullanicilarinin
belirlenmesi, 06zel ara¢ talebinin yonetilmesine yonelik
gelistirilecek stratejilerin temelini olusturmaktadir. Bu nedenle,
analiz slirecinin ilk agamalarindan biri, kent merkezine yonelen
0zel ara¢ kullaniminin nicel olarak ortaya konulmasidir. Sekil
1’de verilen siire¢ kapsaminda model asamasia gegilmektedir.

Bu kapsamda gelistirilen model, kentsel yolculuk
davraniglarin1  etkileyen  temel  parametrelerin  birlikte
degerlendirilmesine ~ dayanmaktadir. Model kapsaminda
kullanilan baglica parametreler asagida verilmistir:

e Ndufus (P): Calisma alaninda yasayan toplam niifusu
ifade eder. Niifus, ulasim talebinin temel belirleyicisidir ve
gelecege yonelik projeksiyonlarda dikkate alinmalidir.

o Hareketlilik (M): Kisi basina diisen ortalama giinliik
yolculuk sayisini ifade eder. Bu deger, kentin sosyo-ekonomik
yapisina ve ulasim aligkanliklarina bagl olarak degismektedir.

e Tiirlere Gore Otomobil Kullanim Orani (Aus).
Giinliik yolculuklar igerisinde 6zel otomobil kullaniminin payimi
ifade eder.

» Kent Merkezine Cekilen Yolculuk Orani (o). Toplam
yolculuklar igerisinde kent merkezine yonelen yolculuklarin
oranini ifade eder. (Yaliniz, 2006)

Bu parametreler birlikte degerlendirilerek, kent merkezi
ile iliskili otomobil kullanici sayis1 asagidaki esitlik yardimiyla
hesaplanabilmektedir:

76



Insaat Miihendisligi Alaninda Akademik Tartismalar

Mok=PxMxXxAmsxa  (Yalmiz, 2006) 1)
Burada;

* M,: Kent merkezi ile iligkili otomobil kullanict say1s1
* P: Nufus

* M: Hareketlilik

* A, Otomobil kullanim orant

* a: Kent merkezine c¢ekilen yolculuk orani olarak
tanimlanmaktadir.

Bu esitlik, kent merkezine yonelik 6zel arag talebinin
temel bilesenlerini bir araya getirerek, ulasim planlamasinda
kullanilabilecek pratik ve uygulanabilir bir model sunmaktadir.

Modelin saglikli bir sekilde uygulanabilmesi i¢in, kent
genelinde yolculuk iiretim ve ¢ekim degerlerinin belirlenmesi
gerekmektedir. Bu amagla, kent ulasim planlarinda yaygin
olarak kullanilan zon bazli analiz yaklasimi tercih edilmelidir.
Kent, analiz bolgelerine ayrilarak her bir bolge i¢in;

* Nifus

* Istihdam

e Egitim kurumlar
e Saglik tesisleri

o Gelir duzeyi

gibi degigkenler dikkate almarak yolculuk iiretim ve
¢ekim degerleri hesaplanmalidir.

Elde edilen bu degerler dogrultusunda, kent genelindeki
toplam yolculuk sayisi ile kent merkezine yonelen yolculuk
sayist belirlenerek aralarindaki oran ortaya konulmaktadir. Bu
oran, modelde O6nemli bir ¢arpan olarak kullanilmakta ve kent
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merkezi ile iligkili otomobil kullanicilarinin belirlenmesinde
dogrudan etkili olmaktadir.

Ayrica, ulasim sistemlerinin dinamik yapisi goz oniinde
bulundurularak analiz siirecinde zaman boyutunun da dikkate
almmas1 gerekmektedir. Bu kapsamda model, yalnizca mevcut
durumu degil, belirli dénemler i¢cin Ongdriilen degisimleri de
kapsayacak sekilde kurgulanmalidir. Boylece model, farkli
senaryolar altinda giincellenebilir ve uzun vadeli planlamalarda
etkin bir sekilde kullanilabilir.

Kent merkezi ile iligkili otomobil kullanici sayisinin
dogru bir sekilde belirlenmesi, 06zel ara¢ kullanimmnin
azaltilmasma yonelik politika ve stratejilerin gelistirilmesinde
kritik bir rol oynamaktadir. Bu asamada elde edilen veriler,
sonraki asamalarda gerceklestirilecek senaryo analizleri ve toplu
tasimaya  yoOnlendirme  stratejilerinin  temel  girdisini
olusturmaktadir.

3.4. Kent Merkezi ile iliskili Otomobil Sayismn
Belirlenmesi

Kent merkezi ile iligkili otomobil kullanici sayisinin
belirlenmesinden sonra, bir sonraki asama bu kullanicilarin
olusturdugu 06zel ara¢ talebinin tasit bazinda ortaya
konulmasidir. Bu asama, kent merkezine yonelen toplam
otomobil sayisinin tahmin edilmesi agisindan kritik Oneme
sahiptir. Ciinkii ulagim politikalarinin uygulanabilirligi, yalnizca
yolcu sayisinin degil, ayn1 zamanda bu yolculuklart lireten arag
sayisinin da bilinmesini gerektirir.

Bu kapsamda, kent merkezi ile iligkili otomobil kullanici
sayisinin otomobil doluluk orani ile birlikte degerlendirilmesi
gerekir. Otomobil doluluk orani, belirli bir zaman diliminde 6zel
ara¢ basina diisen ortalama kisi sayisini ifade etmektedir. Kent
genelinde farkli noktalarda, 6zellikle zirve saatlerde yapilacak
trafik saymmlar1 ve gozlem calismalart araciligiyla bu oran
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belirlenebilir. Bdylece kent merkezi ile iliskili otomobil
kullanict sayisi, arag bazmna indirgenerek kent merkezine
yonelen otomobil sayist hesaplanabilmektedir.

Bu yaklagim, yalnizca mevcut 6zel ara¢ baskisinin nicel
olarak ortaya konulmasima degil, aym1 zamanda uygulanacak
park yonetimi, erisim kisitlamasi ve toplu tagima tesvikleri gibi
politikalarin etki alaninin belirlenmesine de katki saglamaktadir.
Dolayisiyla otomobil sayismin belirlenmesi, ulasim talep
yonetimi  stratejilerinin - mekansal ve islevsel diizeyde
planlanabilmesi agisindan temel bir asamadir.

3.5. Merkeze Gelen ve Giin Icinde Park Eden
Araclarin Degerlendirilmesi

Kent merkezine gelen tiim 6zel araglar, ayn1 davranigsal
Ozelliklere sahip degildir. Bu nedenle analiz siirecinde, kent
merkezine yOnelen araglarin yalnizca giris yapan toplam arag
sayist lzerinden degil, giin igerisinde merkezde park etme
davranis1 gosteren araglar iizerinden ayrica degerlendirilmesi
gerekir. Ozellikle yol kenar1 park sorunlarmin yogunlastig:
merkez alanlarda, bu ara¢ grubu kentsel trafik isleyisi iizerinde
dogrudan belirleyici olmaktadir.

Giin i¢inde kent merkezinde park eden araglarin
belirlenmesi, park talebinin biiytlikliglinii ortaya koydugu gibi,
“park et-bin” tiiri uygulamalarin potansiyel kullanici kitlesini de
tanimlamaktadir. Bu ¢ercevede, kent merkezine gelen araglarin
ne kadarmnin kisa siireli erisim amaciyla, ne kadarinin ise uzun
siireli park amaciyla merkezde bulundugunun belirlenmesi
onemlidir. Boyle bir ayrim, oOzellikle toplu tasima ile
entegrasyon stratejilerinin gelistirilmesinde planlamaciya 6nemli
avantajlar saglar.

Bu asamada elde edilen veriler, kent merkezinde otopark
diizenlemelerinin  yeniden yapilandirilmasi, {icretlendirme
politikalarinin gelistirilmesi ve merkez dis1 aktarma alanlarinin
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planlanmasi1 i¢in temel veri niteligindedir. Ayn1 zamanda bu
degerlendirme, hangi kullanici grubunun toplu tasimaya
yonelmeye daha yatkin oldugunun anlasilmasina da yardimci
olmaktadir.

3.6. Senaryo Tabanh Talep Yonetimi Yaklasimi

Ozel arag kullanicilarinin toplu tagimaya
yonlendirilmesine ~ yonelik  politikalarin  etkili  bigimde
degerlendirilebilmesi i¢in senaryo tabanli bir yaklasim
benimsenmelidir. Ciinkii kullanict davraniglari, yalnizca mevcut
kosullara degil, ayn1 zamanda uygulanacak politikalarin
niteligine ve toplu tagima sisteminin sundugu hizmet diizeyine
gore de degismektedir. Bu nedenle farkli politika bilesimleri
altinda ortaya cikabilecek davranigsal tepkilerin dnceden analiz
edilmesi gerekir. Bu boliim Sekil 1’de sunulan akisin senaryo
olusturma asamasini olusturmaktadir.

Senaryo yaklasimi kapsaminda, kent merkezinde
uygulanabilecek kisitlayici  Onlemler ile toplu tasimanin
cekiciligini artirict diizenlemeler birlikte ele alinabilir. Ornegin
yol kenart parkin kaldirilmasi, park ficretlerinin artirilmasi,
merkez dis1 aktarma noktalarinin olusturulmasi, toplu tasima
hizmet sikliginin iyilestirilmesi ve arag¢ i¢i konfor kosullarinin
gelistirilmesi gibi miidahaleler, farkli senaryolar halinde
degerlendirilebilir.

Bu senaryolarin temel amaci, 6zel ara¢ kullanicilarinin
hangi kosullarda toplu tasimaya geg¢meye daha istekli
olacaklarini belirlemektir. Bdylece tek bir politika aracina dayali
yaklasimlar yerine, birbiriyle uyumlu ve davranigsal olarak
desteklenen politika setleri gelistirilebilir. Senaryo tabanl
degerlendirme, o6zellikle ulasim planlamasinda karar vericilere
alternatifler arasinda karsilastirma yapma ve onceliklendirme
imkani sunmaktadir.
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3.7. Toplu Tasimaya  Kayma  Potansiyelinin
Degerlendirilmesi

Toplu tasimaya kayma potansiyelinin belirlenmesi,
gelistirilen modelin en Onemli ¢iktilarindan biridir. Bu
degerlendirme, kent merkezine gelen 6zel ara¢ kullanicilarinin
ne kadarinin belirli kosullar saglandiginda toplu tagimayi tercih
edebilecegini ortaya koymaktadir. Bu nedenle s6z konusu
asama, hem ulasim talep yonetiminin basarisin1 6lgmek hem de
uygulanacak politikalarin beklenen etkisini nicel bicimde ifade
etmek a¢isindan onemlidir.

Kullanicilarm toplu tagimaya yonelimleri tizerinde birgok
etken rol oynamaktadir. Bunlar arasinda toplu tagimanin
erisilebilirligi, bekleme siiresi, konfor diizeyi, gilivenilirligi,
aktarma kolayligi ve seyahat siiresi gibi hizmet diizeyi
gostergeleri 6n plana c¢ikmaktadir. Bunun yaninda, kent
merkezindeki park olanaklarmin smirlandirilmas: ve 6zel arag

kullanim maliyetinin artirilmasi1 da kullanic1 tercihlerinde etkili
olabilmektedir (Zhang et al., 2023).

Bu baglamda, toplu tasimaya kayma potansiyeli yalnizca
zorlayic1 politikalarin sonucu olarak degil, ayn1 zamanda toplu
tastmanin cazibesinin artirilmasiyla da iligkili olarak ele
alinmalidir. Son yillarda gelisen yeni nesil ulagim hizmetleri ve
dijitallesme temelli mobilite ¢oziimlerinin kullanict tercihleri
tizerinde etkili oldugu goriilmektedir (Shaheen & Cohen, 2020).
Bu durum, politika iiretiminde yalnizca kisitlayict dnlemlerin
degil, ayni zamanda hizmet kalitesini artirmaya yonelik
diizenlemelerin de birlikte degerlendirilmesi gerektigini ortaya
koymaktadir.

3.8. Uygulama icin Yol Haritas1

Kent merkezine yonelen 6zel arac talebinin yonetimi, tek
asamalit bir miidahaleden ziyade, birbirini tamamlayan
adimlardan olusan biitlinciil bir planlama siireci gerektirir. Bu
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nedenle gelistirilen analitik ¢erceve, uygulayicilar i¢in asamali
bir yol haritas1 sunmalidir.

[lk asamada, kent merkezinde 6zel ara¢c kullanimini
etkileyen temel sorun alanlart belirlenmelidir. Bu kapsamda
trafik sikisikligi, yol kenar1 park yogunlugu, erisilebilirlik
sorunlart ve toplu tagima hizmet diizeyi gibi unsurlar analiz
edilmelidir. ikinci asamada, kullanici davranislarini anlamaya
yonelik veri toplama sureci ydritilmeli; anketler, gozlemler ve
sayimmlar yoluyla 6zel ara¢ kullanicilarinin tercih yapilari ortaya
konulmalidir.

Uciincii asamada, kent merkezi ile iliskili otomobil
kullanicilar1  ve  otomobil sayillar1 model yardimiyla
hesaplanmali; bdylece miidahale alaninin nicel boyutu
belirlenmelidir. Dordiincli  asamada ise farkli  senaryolar
gelistirilerek, uygulanabilecek politika araglarmin etkileri
karsilagtirmali bigimde degerlendirilmelidir. Son asamada, elde
edilen bulgular dogrultusunda yerel kosullara en uygun politika
bilesimi belirlenmeli ve bu bilesim kademeli bigcimde
uygulamaya aktarilmalidir.

Bu yol haritasi, yalnizca mevcut sorunlara miidahale
etmeyi degil, ayn1 zamanda gelecekte artmasi muhtemel ulasim
talebini de Ongdrerek uzun vadeli planlama yapilmasmi
miimkiin kilmaktadir. Boylece kent merkezine yonelik 6zel arag¢
baskis1 daha yonetilebilir hale gelmekte ve siirdiiriilebilir ulagim
hedeflerine daha gercekei bir sekilde yaklagilabilmektedir.

3.9. Yontemin Farkli Kentler I¢in Uygulanabilmesi

Bu boliimde sunulan yaklasim, belirli bir kente 0zgii
uygulama sonuglar iiretmekten ziyade, farkli kentsel baglamlara
uyarlanabilecek bir planlama cercevesi dnermektedir. Kentlerin
niifus yapisi, mekansal gelisim bicimi, toplu tasima diizeyi,
otomobil sahipligi oran1 ve merkez alanlarinin islevsel
Ozellikleri birbirinden farkli oldugu i¢in, 6zel arag talebinin
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yonetimine yonelik gelistirilecek stratejilerin de yerel kosullara
duyarl olmasi1 gerekmektedir.

Bu agidan bakildiginda o6nerilen modelin en Onemli
avantajlarindan biri, temel yapisini koruyarak farkli kentler igin
yeniden kurgulanabilmesidir. Modelde kullanilan niifus,
hareketlilik, otomobil kullanim oran1 ve kent merkezine ¢ekilen
yolculuk orani1 gibi parametreler, yerel verilerle yeniden
tanimlanabilir. Ayni sekilde veri toplama siirecinde kullanilacak
anket bagliklari, gozlem yontemleri ve senaryo bilesenleri de her
kentin ulagim sorunlarina goére giincellenebilir.

Omegin toplu tagmma sisteminin gelismis oldugu bir
kentte, kullanicilarin toplu tasimaya gecis kararinda hizmet
sikligi ve konfor diizeyi daha belirleyici olabilirken; toplu
tasima altyapisinin  smirli  oldugu kentlerde park et-bin
sistemleri, ¢evresel erisim ¢oziimleri ve aktarma kolayligi daha
onemli hale gelebilir. Benzer bigimde, tarihi kent merkezlerine
sahip yerlesimlerde fiziksel erisim kisitlamalar1 daha giiclii bir
arac olarak kullanilabilirken, yaygin gelismis kent dokularinda
fiyatlandirma ve otopark yonetimi 6n plana ¢ikabilir.

Bu nedenle boliimde gelistirilen analitik yapi, tek tip bir
¢Oziim onermekten c¢ok, karar vericilere ve arastirmacilara yerel
kosullara gore Ozellestirilebilecek esnek bir degerlendirme
sistemi sunmaktadir. Bu 6zellik, Onerilen yaklasimin yalnizca
teorik degil, ayn1 zamanda pratik planlama siireglerinde de
kullanilabilir olmasini saglamaktadir.

4. SONUC VE DEGERLENDIRME

Kent merkezine yonelen 6zel arac talebinin yonetimi,
giliniimiiz kent i¢i ulagim planlamasiin en 6nemli basliklarindan
biridir. Artan niifus, hareketlilik ve otomobil sahipligi, 6zellikle
merkez alanlarda trafik sikisikligini, park sorunlarini ve
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erisilebilirlik baskisin1 artirmaktadir. Bu nedenle 0zel arag
kullaniminin yalnizca altyapt artirnmi yoluyla degil, talep
yonetimi odakli politikalarla ele alinmasi gerekmektedir.

Bu bolumde ortaya konulan analitik cerceve, 0zel arag
kullanicilarinin ~ toplu  tasimaya yoOnlendirilmesine yonelik
sistematik bir yaklasim sunmaktadir. Onerilen yapi; kisitlayict
Onlemlerin belirlenmesi, kullanic1 davraniglarinin
degerlendirilmesi, kent merkezi ile iliskili otomobil kullanici
sayisinin modellenmesi ve senaryo analizleri yoluyla toplu
tasimaya kayma potansiyelinin belirlenmesi asamalarindan
olusmaktadir. Bu yoniiyle yaklasim, hem kuramsal hem de
uygulamaya doniik bir planlama araci niteligi tasimaktadir.

Ayrica bu yaklasim, farkli kentler i¢in uyarlanabilir bir
yapt sunmaktadir. Kentin niifus yapisi, yolculuk aliskanliklari,
merkez ¢ekim giici ve toplu tasima hizmet dilizeyi gibi
degiskenler dikkate almarak model yeniden kurgulanabilir.
Boylece boliimde sunulan cerceve, yalnizca belirli bir 6rnege
dayali olmaktan ¢ikmakta; daha genis Olgekte siirdiiriilebilir
ulasim politikalarinin ~ gelistirilmesine katki saglayabilecek
genellenebilir bir yontem haline gelmektedir.

Kent merkezine yonelen 6zel arac talebinin yonetimi,
yalnizca ulasim miihendisligi acgisindan degil, ayni zamanda
kentsel yasam kalitesi, g¢evresel siirdiiriilebilirlik ve kamusal
alan kullanim1 agisindan da degerlendirilmesi gereken ¢ok
boyutlu bir konudur. Bu nedenle gelistirilecek politikalarin
teknik hesaplara dayanmasi kadar, kullanici davranislarmi ve
yerel yoOnetimlerin uygulama kapasitesini dikkate almasi da
Oonem tasimaktadir. Bu boliimde onerilen yaklasim, s6z konusu
cok boyutlu yapiyr gozeterek 6zel arac talebinin azaltilmasina
yonelik kararlarin daha sistematik ve karsilastirilabilir bi¢cimde
alinmasina katki sunmaktadir.
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Ayrica, bu cerceve gelecekte yapilacak ampirik
calismalar i¢in de bir temel olusturmaktadir. Boliimde
tanimlanan veri toplama bagliklari, model parametreleri ve
senaryo olusturma ilkeleri, farkli kentlerde uygulanacak
arastirmalar i¢in baslangi¢ noktasi olarak kullanilabilir. Boylece
Onerilen yontem, yalnizca kavramsal bir agiklama sunmakla
kalmayip, ileride gelistirilecek uygulamali ¢aligmalarin
metodolojik altyapisini da olusturmaktadir.

Sonug olarak, kent merkezlerinde 6zel arag talebinin
azaltilmas1 ve toplu tasimanin tesvik edilmesi i¢in gelistirilecek
politikalarin, davranigsal verilerle desteklenen analitik modellere
dayanmasi biiyiikk 6nem tagimaktadir. Bu tiir yaklasimlar, karar
vericilere yalnizca mevcut durumu agiklamakla kalmaz; ayni
zamanda hangi miidahalenin hangi dlglide etkili olabilecegine
iliskin Oongdrii sunarak daha rasyonel ve siirdiiriilebilir ulagim
kararlarinin alinmasina yardime1 olur.
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THE EVOLUTION OF DROUGHT
MONITORING METHODS: FROM GROUND-
BASED OBSERVATIONS TO SATELLITE-
BASED SYSTEMS

Emre TOPCU?

1. INTRODUCTION

Drought, while a natural component of the hydrological
cycle, has become a more pronounced and destructive
environmental process in recent years due to the increasing
impacts of climate change and human activities on a global scale.
The decrease in the amount of precipitation, irregularities in the
temporal and spatial distribution of rainfall, and rising
temperatures are among the key factors directly affecting the
formation of drought. However, anthropogenic factors such as
population growth, urbanization, the intensification of
agricultural irrigation activities, and the unplanned use of water
resources have caused drought to evolve from merely a natural
event into a complex environmental and socio-economic
problem. Drought, unlike other natural disasters, is a process that
does not develop suddenly, progresses slowly, and whose effects
accumulate over time. Therefore, it is often defined in the
literature as a "slow-onset disaster.” (Wilhite, 2000). This
characteristic of drought makes early detection difficult and often
leads to its effects being noticed late. Especially the delayed
effects observed on hydrological systems necessitate that drought
analyzes be evaluated not only with short-term data but also with
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long-term observation series. Drought can be defined in different
ways from different disciplinary perspectives. Meteorological
drought is characterized by a prolonged lack of precipitation in a
specific area, while agricultural drought is related to the
insufficient soil moisture necessary for plant growth.
Hydrological drought, on the other hand, is defined by reductions
in river flows, lake levels, and groundwater resources (Dracup et
al., 1980). Socio-economic drought, on the other hand,
encompasses the impacts of water scarcity on economic activities
and social life. This multidimensional structure makes the process
of monitoring and analyzing drought quite complex (Wilhite and
Glantz, 1985; Mishra and Singh, 2010). Drought monitoring
studies refer to a set of methods developed to accurately assess
this complex structure. These methods aim to determine the
formation process, intensity, duration, and spatial distribution of
drought. However, when the methods of drought monitoring are
examined historically, it is seen that the developments in this field
are largely dependent on advancements in data collection
technologies and analytical capacities. In the early periods,
analyzes based solely on terrestrial observations were insufficient
for assessing drought on a regional and global scale due to limited
data capacity. Index-based approaches developed to overcome
these limitations have enabled drought to be expressed in a
standardized manner and have allowed for comparable analyzes
between different regions. In the subsequent process, the use of
geographic information system (GIS) technologies added a
spatial dimension to drought analysis and made it possible to map
drought distributions over large areas. However, since these
methods are largely dependent on terrestrial data, issues such as
data deficiency and irregular station distribution have persisted.
With the development of satellite technologies, a significant
paradigm shift has occurred in drought monitoring studies.
Thanks to remote sensing methods, large areas can be
continuously and regularly monitored, which allows for a better
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understanding of the temporal and spatial dynamics of drought.
Especially vegetation indices, soil moisture data, and surface
temperature measurements have become important data sources
in drought analysis. However, the reliance of satellite data on
indirect measurements necessitates the evaluation of these data
alongside ground observations. Nowadays, drought monitoring
studies are conducted using multidimensional approaches based
on the integration of different data sources. The combined use of
terrestrial observations, satellite data, and hydrological model
outputs ensures that drought analyzes become more reliable and
comprehensive. Additionally, machine learning and artificial
intelligence techniques play a significant role in the development
of drought prediction and early warning systems by enabling the
analysis of large data sets. In this section, the historical
development of drought monitoring methods is addressed within
a framework extending from terrestrial observations to satellite-
based and integrated systems. The advantages, limitations, and
application areas of each approach are examined in detail, and the
fundamental components of modern drought monitoring systems
are presented. In this context, the study aims to systematically
present the evolution of methods used in the field of drought
monitoring, providing a conceptual framework for methods to be
developed in the future.

2. APPROACHES BASED ON GROUND
OBSERVATIONS

The first and most fundamental stage in the historical
development of drought monitoring studies is ground-based
observation data collection systems. This approach is based on
the direct measurement of atmospheric and hydrological
processes, constituting the oldest and most reliable data sources
for drought analysis. Meteorological variables such as
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precipitation amount, air temperature, relative humidity, wind
speed and direction, sunshine duration, and evaporation, as well
as hydrological parameters like river discharge, lake levels, and
groundwater levels, constitute the fundamental components of
these systems. Ground observation systems are generally
conducted thru meteorological stations and hydrometric
measurement points. Meteorological stations continuously
monitor atmospheric conditions to produce long-term data series,
while flow observation stations track changes in river discharges.
Groundwater observation wells, on the other hand, contribute to
the determination of hydrological drought by monitoring changes
in aquifer systems. These measurement networks form the basic
data infrastructure for drought analysis. The most significant
advantage of terrestrial observations is that they provide high
accuracy and reliability due to being based on direct
measurements. The measured data directly represent physical
processes, thereby minimizing uncertainties arising from
modeling or prediction processes. This situation makes terrestrial
data indispensable, especially in hydrological analyzes.
Additionally, long-term observation records are of great
importance in determining the frequency and severity of
droughts. However, terrestrial observation systems also have
significant limitations. The most fundamental issue is the limited
spatial coverage. Since measurement stations are generally
positioned at specific points, they are insufficient to represent the
heterogeneous structure of large areas. Especially in mountainous
regions with complex topography and semi-arid areas, the large
distance between stations reduces the representativeness of the
data. This situation makes it difficult to accurately determine the
spatial distribution of drought. Another important limitation is
related to data continuity and data quality. Malfunctions in
measurement devices, lack of maintenance, and human errors can
create gaps and inconsistencies in data sets. Especially in long-
term analyzes, such data gaps directly affect the reliability of the
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results. In addition, the complete absence of stations or their
insufficient number in some regions makes the data deficiency
even more pronounced. Another disadvantage of terrestrial
observations is the high cost of data collection and operation. The
installation of new stations, the maintenance of existing systems,
and the data management processes require significant economic
resources. This situation is a significant factor that limits the
expansion of observation networks, especially in developing
countries. The use of local data in drought analysis is generally
based on the application of specific threshold values and
statistical methods. For example, periods that fall below the long-
term average rainfall values can be defined as drought. However,
such approaches make it difficult to compare different climate
regions and do not provide a standard evaluation framework.
These limitations have paved the way for the development of
more advanced and systematic methods in drought monitoring
studies. Especially the problems of data deficiency and spatial
representation have led researchers to index-based approaches
where drought can be quantitatively expressed. In this context,
while terrestrial observations continue to be an important data
source in the development of subsequent methods, they have
ceased to be a sufficient analytical tool on their own. Today,
terrestrial observations are still considered an indispensable
component of drought monitoring studies. However, these data
are generally used in conjunction with satellite-based
observations and modeling techniques, thereby obtaining more
comprehensive and reliable analyzes. This situation indicates that
the role of terrestrial observation systems in drought monitoring
studies continues to evolve. In conclusion, ground-based
observation approaches form the foundation of drought
monitoring studies and maintain their importance today due to the
high accuracy they provide. However, limitations such as spatial
coverage, data continuity, and cost render the use of these
methods alone insufficient and necessitate the development of
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more advanced analytical techniques. This development process
has laid the groundwork for the emergence of index-based
approaches, which represent the next stage in the evolution of
drought monitoring methods.

3. DEVELOPMENT OF INDEX-BASED
APPROACHES

The limitations of drought analyze based on terrestrial
observations, particularly their inadequacies in producing
comparable results across different regions and time periods, have
necessitated the development of new methods to quantitatively
express drought. In this context, the index-based approaches
developed have marked a significant milestone in drought
monitoring studies and have allowed for the standardized
assessment of drought. Indexes numerically express the severity,
duration, and frequency of drought by combining different hydro-
meteorological variables into a single scale. When examining the
development of drought indices, it is observed that the first
comprehensive approach was the Palmer Drought Severity Index
(PDSI). PDSI is a model based on the principle of water balance
that evaluates precipitation, temperature, and soil properties
together. This index defines drought conditions based on the
disruption of the balance between water supply and demand in a
specific region. The most significant advantage of the PDSI is that
it is sensitive not only to precipitation data but also to
hydrological processes such as evapotranspiration and soil
moisture. However, despite this advantage, the complex
calculation structure and fixed parameters of the PDSI limit its
applicability in different climate regions. It is particularly noted
that the index's performance is low in semi-arid and tropical
regions (Palmer, 1965; Alley, 1984). Developed to overcome the
limitations of the PDSI, the Standardized Precipitation Index
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(SPI) has become one of the most widely used methods in drought
analysis. SPI is based solely on precipitation data and expresses
the deviation of precipitation from the long-term average by
standardizing it over a specific time scale (e.g., 1, 3, 6, 12
months). This approach allows for direct comparison between
different regions. The most significant advantage of SPI is its ease
of calculation and low data requirements. Therefore, it can even
be applied in regions where data deficiency is common (McKee
et al., 1993). Another important feature of SP1 is that it allows for
analysis at different time scales. Short time scales reflect
meteorological drought, while long time scales better represent
hydrological drought processes. This situation allows for the
separate evaluation of different stages of drought. However, the
fact that SPI is based solely on precipitation data causes it to
overlook the effects of temperature increases and
evapotranspiration processes. This situation constitutes a
significant limitation, especially in regions where the effects of
climate change are pronounced. Developed to address this
deficiency, the Standardized Precipitation-Evapotranspiration
Index (SPEI) offers a more comprehensive assessment of drought
analysis by incorporating the temperature effect. SPEI is based on
the water balance approach and takes into account the difference
between precipitation and potential evapotranspiration. In this
way, the impact of rising temperatures on water demand is
integrated into drought analysis. SPEI stands out as an important
tool, especially in examining the effects of global warming on
drought (Vicente-Serrano et al., 2010). Index-based approaches
have not been limited to meteorological data alone; over time,
different indices evaluating hydrological and agricultural
droughts have also been developed. For example, the
Standardized Streamflow Index (SSI), based on river discharges,
is used in the assessment of hydrological drought. Similarly, soil
moisture-based indices play an important role in determining
agricultural drought. These developments have made it possible
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to evaluate the different components of drought analysis
separately. However, some limitations of index-based approaches
persist. These methods are largely dependent on terrestrial data
and struggle to produce reliable results in areas with data scarcity.
Additionally, the fact that different indices produce different
results can create uncertainty in drought assessment. This
situation indicates that the use of a single index is insufficient and
that a multi-index approach is more appropriate.

4. GIS-BASED SPATIAL ANALYSIS
APPROACHES

An important methodological leap in drought analysis has
occurred with the use of geographic information systems (GIS)
technologies. Ground-based observations and index-based
approaches, while they can reveal the temporal dimension of
drought to some extent, have limitations in accurately
representing the spatial distribution. GIS technologies have
addressed this deficiency, enabling the analysis of the spatial
dynamics of drought and creating a new paradigm in drought
monitoring studies. GIS-based approaches allow for the
collection, analysis, and visualization of different types of data on
the same platform. Thanks to these systems, point data obtained
from meteorological stations can be generalized to large areas,
and the regional distribution of drought can be expressed thru
maps. Especially the determination of the spatial distribution of
drought indices is of great importance for decision-makers. Such
analyzes can be directly used in areas such as water resources
management, agricultural planning, and disaster risk assessment.
One of the most critical steps in GI1S-based drought analyzes is
the conversion of point data into spatial surfaces. This
transformation is generally carried out thru interpolation
methods. Interpolation is a statistical approach that allows for the
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estimation of unknown areas based on known data points. In this
context, the most commonly used methods include inverse
distance weighting (IDW), spline, and kriging. The IDW method
calculates the value of a point based on the distances of the
surrounding observation points. In this method, nearby points
have higher weights and have a greater influence on the estimated
value. IDW, although a simple and fast method in terms of
computation, may not provide reliable results in some cases due
to its failure to consider the spatial correlation structure. The
spline method, on the other hand, aims to mathematically model
the surface smoothly and is particularly used in the representation
of continuous variables. However, this method may not fully
reflect the spatial structure of the data and may tend to over-
smooth. The Kriging method is considered one of the most
advanced interpolation techniques in GIS-based drought
analyzes. This method takes into account not only the distance but
also the spatial correlation between the data. Kriging produces
more reliable predictions by modeling the relationship between
data points using variogram analysis. Therefore, it yields more
successful results compared to other methods, especially in areas
with a heterogeneous structure (Goovaerts, 1997). GIS
technologies are not limited to interpolation; they also allow for
multi-criteria analyzes to be conducted. The simultaneous
evaluation of different data layers (precipitation, temperature, soil
type, land use, etc.) allows for a more comprehensive analysis of
drought risk. Such analyzes are particularly used in the creation
of regional drought sensitivity maps. Another significant
advantage of GIS-based approaches is that they facilitate the
visualization of results. Thru maps, graphs, and thematic visuals,
the spatial distribution of drought can be clearly presented. This
situation enables decision-makers and policymakers to better
understand the risk of drought and develop appropriate strategies.
However, there are some limitations to GIS-based drought
analyzes. The accuracy of these methods largely depends on the

95



Insaat Miihendisligi Alaninda Akademik Tartismalar

quality of the data set used. Insufficient data density, irregular
station distribution, and measurement errors can lead to
significant uncertainties in interpolation results. Additionally, the
fact that different interpolation methods produce different results
can make the interpretation of analyzes difficult. Another
limitation is that GIS-based analyzes are generally static in
nature. These analyzes mostly use data from a specific time
period and may not fully reflect the dynamic nature of drought.
This situation makes it difficult to track temporal changes and
necessitates a continuous data flow. In conclusion, GIS-based
spatial analysis approaches represent a significant development
stage in drought monitoring studies. These methods provide
significant contributions to determining the spatial distribution of
drought and identifying risk areas. However, limitations such as
data dependency and static analysis structure indicate that these
methods alone are not sufficient. This situation has encouraged
the development of remote sensing methods with broader area
coverage capacity and the ability to provide continuous data,
accelerating the transition to the next stage in the evolution of
drought monitoring methods.

5. REMOTE SENSING AND SATELLITE-BASED
APPROACHES

The development of remote sensing technologies has
created one of the most significant turning points in drought
monitoring studies. While terrestrial observations and GIS-based
analyzes provide a certain degree of spatial representation, they
fall short in continuously and high-resolution monitoring of large
areas. Satellite-based systems have largely eliminated this
deficiency, making it possible to conduct drought analyzes on a
global scale and with high temporal resolution. This situation has
allowed drought to be addressed not only as a local or regional
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event but also as a process that can be monitored on a global scale.
Remote sensing is based on determining surface properties by
making measurements in different bands of the electromagnetic
spectrum without coming into contact with the Earth's surface.
These measurements are particularly used in monitoring
parameters directly related to drought, such as vegetation cover,
soil moisture, and surface temperature. The wide area coverage
capacity and regular data production provided by satellite data
enable a detailed analysis of the temporal development of
drought. One of the most commonly used remote sensing
indicators in drought monitoring studies is the Normalized
Difference Vegetation Index (NDVI). NDVI is calculated using
reflectance values measured in the red and near-infrared bands
and reflects the density and health of vegetation. While healthy
and dense vegetation is represented by high NDVI values, an
increase in plant stress under drought conditions is observed as a
decrease in NDVI values. Therefore, NDVI1 is used as an effective
tool, especially in monitoring agricultural drought (Rouse et al.,
1974). In addition to NDVI, different derivative indices such as
the Enhanced Vegetation Index (EVI) and the Vegetation Health
Index (VHI) have also been developed. These indices are
designed to reduce atmospheric effects and to determine changes
in vegetation cover more accurately. Especially, it evaluates plant
stress more comprehensively by combining VHI, NDVI, and
surface temperature data. Another important application of
remote sensing data is the monitoring of soil moisture. Soil
moisture is a critical parameter in terms of the hydrological and
agricultural dimensions of drought. Satellite-based soil moisture
measurements are conducted thru microwave sensors. These
sensors can collect data without being affected by atmospheric
obstacles such as cloud cover and can determine soil moisture
distribution over large areas. Soil moisture data play an important
role, especially in detecting the early stages of drought. Surface
temperature data is also used as an important parameter in drought
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analysis. Rising temperatures accelerate evapotranspiration
processes and increase water loss. Satellite-based surface
temperature measurements contribute to the monitoring of
evaporation processes and the identification of water stress. These
data, especially when used in conjunction with NDVI, enable a
more comprehensive assessment of drought conditions. One of
the most important advantages of remote sensing data is the
continuous and regular production of data. Satellite systems
create time series data by observing the same region at regular
intervals, allowing for detailed monitoring of the temporal
development of drought. This situation is of great importance in
determining the onset, development, and cessation of drought
events. However, remote sensing methods also have some
limitations. Firstly, these data are based not on direct
measurements but on reflection values and model-based
calculations. This situation causes them to contain a certain level
of uncertainty. Additionally, cloud cover and atmospheric
conditions can negatively affect the data collection of some
sensors. Especially optical sensors cannot provide data under
dense cloud cover. Another important limitation is the need for
local validation of remote sensing data. The reliability of satellite
data is tested by comparing it with terrestrial observations, and its
accuracy is enhanced thru calibration processes. Therefore,
instead of using remote sensing methods alone, evaluating them
in conjunction with terrestrial observations yields more accurate
results. In recent years, more comprehensive drought analyzes
have begun to be conducted by using data obtained from different
satellite systems together. The use of multiple sensors allows for
the combination of the advantages of different data sources,
resulting in higher accuracy outcomes. This approach highlights
the importance of data integration in drought monitoring studies.
In conclusion, remote sensing and satellite-based approaches
have brought about a significant transformation in drought
monitoring studies, enabling the continuous and high-resolution
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monitoring of large areas. These methods contribute to a better
understanding of the spatial and temporal dynamics of drought.
However, their reliance on indirect measurements and calibration
requirements necessitate the use of these methods alongside
ground observations. This situation has laid the groundwork for
the next stage in the evolution of drought monitoring methods,
which is the development of integrated and multi-source
approaches.

6. INTEGRATED AND MODERN APPROACHES

When examining the historical development of drought
monitoring methods, it is clearly seen that analyzes based on a
single data source or method are insufficient to fully reflect the
complex and multidimensional nature of drought. This situation
has necessitated the development of integrated approaches that
utilize different types of data and analysis techniques together.
Today, drought monitoring studies are based on multilayered
systems where ground observations, satellite data, and numerical
model outputs are evaluated together. The main objective of
integrated approaches is to combine the advantages of different
data sources to achieve more reliable, comprehensive, and higher
accuracy results. While terrestrial observations provide high
accuracy, satellite data offers the advantage of wide area
coverage, and modeling techniques allow for predictions in areas
where data is lacking. The combined use of these three
fundamental components provides a significant quality
improvement in drought analyzes. In this context, data fusion
techniques stand out as one of the most critical components of
integrated drought monitoring systems. Data fusion refers to the
process of combining data obtained from different sources and
evaluating it within a single analytical framework. In this process,
appropriate integration methods are applied by considering the
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resolutions, accuracy levels, and time intervals of different data
sets. For example, by combining satellite data with high spatial
resolution and terrestrial measurements with high accuracy, data
sets optimized in terms of both accuracy and coverage can be
created. Another important component of integrated approaches
is hydrological and climate models. These models
mathematically represent the different components of the water
cycle, enabling the simulation of drought processes. Especially in
regions where there is a lack of data, model outputs are used as
an important supporting element in drought analyzes. However,
the accuracy of the model results largely depends on the quality
of the data sets used and the proper calibration of the model
parameters. In recent years, the use of machine learning and
artificial intelligence methods in drought monitoring and
prediction studies has significantly increased. These methods
contribute to a better understanding of drought processes due to
their ability to analyze complex relationships within large
datasets. Especially the algorithms used in the analysis of time
series data can learn from past data to predict future drought
conditions (Mishra and Singh, 2011). Among machine learning
methods, algorithms such as artificial neural networks, support
vector machines, and decision trees stand out. These methods
have the capacity to evaluate different types of data within the
same model and can successfully model non-linear relationships.
The deep learning techniques developed in recent years, on the
other hand, can produce highly accurate predictions, especially on
large datasets, and are creating a new paradigm in drought
analysis. Another important application area of integrated
drought monitoring systems is early warning systems. Early
warning systems ensure the early identification of drought risk
and the timely implementation of necessary measures. These
systems analyze information obtained from different data sources
to assess the probabilities of drought occurrence and provide
information to decision-makers. Especially in the agricultural
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sector, early warning systems play a critical role in reducing crop
losses. However, the implementation of integrated approaches
also brings some challenges. The integration of different data
sources raises issues of data compatibility and standardization.
Additionally, using data sets with different resolutions together
can complicate the analysis processes. Therefore, data
preprocessing, quality control, and calibration processes are of
great importance for the success of integrated systems. Another
significant challenge is related to computational costs. Processing
large datasets and running complex models require high
computational power. However, the development of cloud
computing technologies in recent years has made it possible to
carry out such analyzes more quickly and at a lower cost. In
conclusion, integrated and modern approaches represent the most
advanced stage in drought monitoring studies. These approaches
enable a more accurate and comprehensive assessment of drought
processes by utilizing different data sources and analysis
techniques together. However, challenges such as data
integration, model calibration, and computational costs constitute
the areas that need improvement in these methods. In the future,
advancements in artificial intelligence and big data technologies
are expected to contribute to the further development of drought
monitoring systems.

7. COMPARATIVE EVALUATION OF METHODS

The historical development of drought monitoring
methods reflects a process in which different data sources and
analysis techniques have emerged sequentially and evolved over
time to complement each other. In this process, terrestrial
observations, index-based approaches, GIS-based spatial
analyzes, remote sensing techniques, and integrated systems have
contributed to the understanding of different dimensions of
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drought. However, each of these methods, while offering certain
advantages, also contains various limitations. Therefore, the
comparative evaluation of methods in drought monitoring studies
is of critical importance for determining appropriate analysis
strategies. Ground-based observation-based approaches represent
the data sources that provide the highest accuracy in drought
analysis. These methods reliably reflect physical processes
because they are based on direct measurements. Especially in
hydrological analyzes, data such as river flows and groundwater
levels reveal the true impacts of drought. However, the most
significant disadvantage of terrestrial observations is their limited
spatial coverage. In regions where the number of stations is
insufficient, data representation weakens, and this negatively
affects the accuracy of drought analyzes. Additionally, issues
such as data continuity and measurement errors are also among
the limitations of this method. Index-based approaches offer a
significant advantage by allowing drought to be expressed in a
standardized manner. Thanks to these methods, comparisons can
be made between different regions and time periods, and drought
severity can be evaluated numerically. Especially indices like SPI
and SPEI are widely used in drought analysis (McKee et al., 1993;
Vicente-Serrano et al., 2010). However, these methods are largely
dependent on terrestrial data and are limited in areas where data
is lacking. Additionally, the ability of different indices to produce
varying results can create uncertainty in drought assessment. GIS-
based spatial analysis approaches play an important role in
determining the spatial distribution of drought data. These
methods enable the spatial analysis of drought risk by allowing
point data to be represented on a field basis. Especially
interpolation techniques make it possible to make predictions in
areas where there is a lack of data. However, the accuracy of GIS-
based analyzes largely depends on data quality. Low station
density and irregular data distribution can reduce the reliability of
these methods. Additionally, the generally static nature of these
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analyzes leads to an insufficient representation of the temporal
dynamics of drought. Remote sensing and satellite-based
approaches offer significant advantages in drought monitoring
studies, such as wide area coverage capacity and continuous data
production. Thanks to satellite data, drought can be monitored on
aregional and global scale, and temporal changes can be analyzed
in detail. Parameters such as NDVI, soil moisture, and surface
temperature play an important role in assessing different aspects
of drought. However, the fact that satellite data relies on indirect
measurements and is affected by atmospheric conditions
constitutes some limitations of these methods. Therefore, satellite
data needs to be calibrated with ground observations. Integrated
and modern approaches combine the advantages of different
methods to achieve more comprehensive and reliable results.
These systems are based on the combined use of terrestrial
observations, satellite data, and model outputs. Thanks to data
fusion techniques, different data sets are combined, and the
accuracy of the analyzes is increased. Additionally, machine
learning and artificial intelligence methods play an important role
in drought prediction. These approaches, especially in the
analysis of large datasets, demonstrate high performance.
However, integrated approaches also involve some challenges.
The harmonization of different data sources, ensuring data
quality, and accurately determining model parameters directly
affect the success of these systems. Additionally, high
computational requirements can make the implementation of
these methods difficult. However, technological advancements
and the widespread adoption of cloud computing systems are
making it easier to overcome such challenges. The comparative
evaluation of drought monitoring methods clearly shows that a
single method is not sufficient for all conditions. Therefore, the
most effective approach today is the development of multi-source
analysis systems that utilize different methods together. These
systems produce more balanced results in drought analyzes by
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providing both high accuracy and wide spatial coverage. In
conclusion, the comparison of drought monitoring methods
facilitates the understanding of the strengths and weaknesses of
each approach and contributes to the identification of appropriate
analysis strategies. It is expected that future drought monitoring
systems will be designed based on the integration of these
methods and will focus on improving data quality. In this context,
interdisciplinary approaches and technological innovations will
continue to play a decisive role in drought analysis.

8. CONCLUSION

Drought monitoring methods have evolved from
terrestrial observations to index-based approaches, GIS
technologies, and satellite-based systems, now integrated with
data fusion and artificial intelligence for more accurate analyses.
Since drought is a multi-dimensional process involving
meteorological, agricultural, and hydrological components, no
single method is sufficient. A combined use of ground
observations, satellite data, and modeling techniques ensures
more reliable results. Despite these advances, key challenges
remain: data deficiency, particularly in developing countries,
irregular station distribution, and inconsistencies in integrating
different data sources continue to hinder analysis accuracy.
Satellite data, while offering broad spatial coverage, relies on
indirect measurements and requires calibration with ground
observations. Machine learning and deep learning methods have
brought significant progress in drought prediction and early
warning systems; however, they demand large, high-quality
datasets to function effectively. Early warning systems are
especially critical for protecting agricultural production and
sustainably managing water resources. For Tlrkiye specifically,
while notable progress has been made, improvements are still
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needed in data integration, institutional coordination, and
technological infrastructure. Expanding observation networks,
enhancing satellite data utilization, and fostering inter-
institutional data sharing remain top priorities. Looking ahead,
the convergence of hydrology, meteorology, remote sensing, and
data science, supported by big data and cloud computing, will
enable more precise, integrated, and predictive drought
monitoring systems, ultimately contributing to sustainable water
management and drought risk reduction.
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HICAZ RAILROAD MA'AN STATION
CONSTRUCTION TECHNOLOGIES, PROJECT
GEOMETRY, AND MATERIALS
INFORMATION

Ahmet GOKDEMIR!
Elif TOMBAK?

1. INTRODUCTION

The Hejaz Railroad has secured its place in history as one
of the largest and most costly infrastructure projects undertaken
by the Ottoman Empire in the early 20th century. In the literature,
while the project’s financing models, Pan-Islamism policies, and
military strategic aspects are often highlighted, the technical
dimensions behind this vast network, such as engineering genius,
construction technologies, and material logistics, symbolize the
true success of the project. Under the leadership of the German
Chief Engineer, Meissner Pasha, and his team, this "technical
anatomy" transformed the 1320-kilometer main line between
Damascus and Medina from merely a series of tracks into an
engineering triumph developed against the challenging desert
topography. The geometry of the line, the strength properties of
the construction materials used, and the unique solutions
developed to address climatic challenges elevated the Hejaz
Railroad above the global engineering standards of the time.
Within this technical discipline, Ma'an Station is positioned as the

1 Assoc. Prof. Dr., Gazi University, Faculty of Technology, Civil Engineering
Department, ORCID: 0000-0003-2151-6228.

2 Master’s Student., Gazi University, Institute of Science, ORCID: 0009-0001-9402-
6302.

108



Insaat Miihendisligi Alaninda Akademik Tartismalar

most critical and strategic junction of the line in the Jordanian
geography. Ma'an, considered the largest "lung" of the tracks
extending south from Damascus before reaching Medina, served
as the main construction and logistics center where operational
processes such as locomotive maintenance, water, and coal
supply were managed. With its commissioning in 1904, this
station gained an identity as an oasis of technology in the middle
of the desert. Architecturally, Ma'an Station is a complex that
combines the Ottoman esthetic with local stone craftsmanship.
This vast complex, extending from passenger buildings to
massive water towers, from repair workshops to staff quarters, is
proof that the line was not only a transportation project but also a
permanent settlement and civilization project. During the years of
World War |, the station became the keystone of military
logistics, serving as a garrison ensuring the southern security of
the line; during the Arab Revolt, it formed the most crucial
defense line in the struggle to keep the railroad operational
without interruption. After the Empire withdrew from the region,
Ma'an Station underwent a political transformation by serving as
the headquarters for King Abdullah I during the founding phase
of Modern Jordan. Today, this place, which stands as a "museum-
station™ with its century-old Ottoman locomotives silently resting
on the tracks and its stone buildings preserving their original
texture, is one of the strongest witnesses carrying the technical
heritage of the Hejaz line into the present. This study aims to
highlight the engineering achievements of the Hejaz Railroad and
the vital role of this strategic station in the historical process,
specifically focusing on Ma'an Station, from an academic
perspective.
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2. RESEARCH METHOD

In this study, a qualitative research method was adopted
to evaluate the effects of the Ma'an Station, one of the strategic
stops of the Hejaz Railroad, on urban development, military
logistics, and architectural character from a holistic perspective.
The research process was structured on the assumption that the
station is not just a transportation structure, but also a "railway
heritage” that triggers the socio-political and spatial
transformation of the region. In this context, the functional
transformation and architectural identity of the station throughout
historical processes have been attempted to be revealed thru an
in-depth analysis of qualitative data. The primary data collection
technique of the research consists of a comprehensive literature
review. Within the scope of the study, Ottoman archival
documents, German engineering reports, and national and
international academic publications written on the Hejaz Railroad
have been systematically examined. Especially the theoretical
approaches regarding railroad architecture, station typologies,
and the characteristic features of early 20th-century Ottoman
public buildings have been used as a fundamental framework to
understand the unique structure of Ma'an Station. In the later
stages of the study, the focus shifted to the analysis of visual data
in addition to written sources. Spatial readings have been
conducted thru historical plans, station diagrams, period
photographs, and topographic maps found in the literature. The
positioning of technical units such as water towers, repair
workshops, and dormitories located within the Ma'an Station
complex has been interpreted to understand the station's
operational capability as a logistics center. Visual data has been
matched with textual data to focus on the unique architectural
details and engineering solutions of the structure. All the obtained
data were evaluated using a comparative and descriptive analysis
method. Ma'an Station; by comparing it architecturally and
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functionally with other important stops on the line (Damascus,
Amman, Medina), the unique "technical anatomy" and strategic
position of this station within the Hejaz line have been clarified.
As a result, based on the information distilled from the literature,
the study was completed by creating a theoretical synthesis on the
station's historical heritage and its museum identity in the modern
era.

3. WORK AREA: MA'AN PROVINCE AND
STATION CAMPUS

Ma'an, which forms the center of the research area, is a
province located in the southern part of Jordan and is the largest
administrative region in the country in terms of land area.
Covering an area of approximately 32,832 kmz, which is nearly
37% of the country's land, this vast geography borders Saudi
Arabia to the east and the provinces of Agaba and Tafila to the
west. Ma'an, throughout history, has been referred to as the
"gateway to the desert” and has become one of the most critical
transit points for both caravan routes and modern transportation
axes. Ma‘an, due to its strategic location on ancient trade routes
and pilgrimage paths, has maintained its status as a regional
center throughout history. Located at an altitude of approximately
1100 meters above sea level, this settlement, established on a
desert plateau, has been at the center of transportation networks
due to its access to water resources and its key position on the
north-south axis, despite the harsh climate conditions. This
strategic depth clearly illustrates why Ma'an was chosen as a
"main operational center” in the technical and military planning
of the Hejaz Railroad project. In terms of administrative structure,
Ma'an is divided into four main districts (Liva) within the modern
administrative system of the Hashemite Kingdom of Jordan, and
the provincial center is also the area where the railroad heritage is
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most strongly felt. The urban development of the city began to
take shape around the station complex from the early 20th
century; the traditional settlement fabric has integrated with the
industrial and logistical functions brought by the railroad. This
situation has made Ma'an not only a geographical center but also
a laboratory where the effects of the railroad heritage on urban
morphology can be best observed. The Ma'an Station complex,
which forms the most unique part of the study area, today
continues to exist like a historical island within the modern fabric
of the city. The warehouse buildings, technical workshops, and
water towers located around the station form the first building
blocks in the region's transformation from a rural character to an
urban logistics center. The study area addressed in this research
is not limited to just the station building; in order to trace the
socio-spatial changes brought to the region by the line, the urban
impact area surrounding the station has also been included in the
analysis.
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Figure 1. Hejaz Railroad Line (Deradkeh, 2011)
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4. THE LOGISTICAL HEART OF THE HIJAZ
RAILROAD: MA'AN STATION

The Hejaz Railroad (1900-1908) was the last major
engineering endeavor of the Ottoman Empire and one of the most
visionary infrastructure projects implemented in the early 20th
century. Spanning approximately 1320 kilometers between
Damascus and Medina, this project showcased a technical success
with its 1050 mm narrow gage, preferred for logistical and cost
advantages. The project was not limited to laying tracks; the
bridges, tunnels, and culverts developed to overcome the
challenging desert topography created a "technical anatomy™ that
symbolized the technical maturity of Ottoman engineering at that
time. The primary motivation behind the construction of the line
was to connect the Islamic world in accordance with the policy of
Pan-Islamism and to reinforce the central authority's influence
over the holy lands. Strategically, the line revolutionized civil
transportation by reducing the arduous pilgrimage journey, which
traditionally took about 40 days, to 4-5 days, and also provided
rapid military deployment capability to the region. From an
operational perspective, the Hejaz Railroad was designed as a
self-sufficient integrated logistics system in the middle of the
desert. The stations built along the route, equipped with water
supply, fuel storage, and telegraph communication, have become
modern focal points that transformed the socio-economic
landscape of the region. Within this logistics chain, each stop has
been designed according to a specific hierarchy; the technical
maintenance of the trains and personnel needs have been
managed with an industrial discipline that ensures the
sustainability of the line.
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Figure 2. Ma'an Station (Robinson, 1918)

5. STRATEGIC LOCATION AND CAMPUS PLAN

The Hejaz Railroad was constructed with an engineering
discipline far ahead of its time, developed to withstand the
challenging climate and terrain conditions brought by the desert
topography. The choice of a 1050 mm narrow gage, which
determined the general characteristics of the line, both accelerated
material logistics and optimized construction costs. The steel
sleepers used in the rail laying process were offered as a solution
to the deformation of wooden sleepers caused by the desert heat;
the water drainage systems and viaducts along the route were
constructed using high-strength masonry techniques to ensure the
geometric continuity of the line. This engineering genius has
transformed the line into not just a transportation route, but an
integrated technological system that transcends the desert.
Located at the very heart of this vast network, the Ma'an Station
is positioned at the midpoint of the 1320-kilometer route between
Damascus and Medina, at an elevation of approximately 1000
meters above sea level. It is located on a strategic plateau. Ma'an
has been designed as an operational center where both the
northern and southern segments of the line intersect, due to its
geographical location. The station complex has a fully equipped
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"campus" type layout, including the main station building,
locomotive repair workshops, coal depots, massive water towers,
and staff accommaodations. This layout plan shows that the station
is not just a stop, but also an autonomous industrial island that
meets all the needs of the personnel and technical equipment. In
the technical planning of the facility, operational speed and
maneuverability have been prioritized. The geometry of the tracks
has been connected to the station area with wide-radius curves to
allow heavy locomotives to maneuver without difficulty; thus, the
uninterrupted flow of logistics has been ensured.

Figure 3. Ma'an Station Campus (Jordan Tourism Board, 2023)

6. ARCHITECTURAL CHARACTER AND
STRUCTURAL MATERIAL ANALYSIS

The architectural identity of Ma’an Station is a
characteristic reflection of the "late Ottoman public architecture™
that combines civil and military building standards in the late
period of the Ottoman Empire. In the construction of the
buildings, yellowish and beige limestone quarried locally in
accordance with the region's geological structure were used.
Buildings constructed using the masonry technique stand out with
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their thick wall structures that provide natural insulation against
the extreme temperature differences of the desert climate. This
choice of material has provided the station with both an
esthetically pleasing appearance that harmonizes with its
surroundings and structural strength that has allowed it to stand
for an extraordinarily long time. In the exterior arrangements of
the buildings, functionality and simplicity are at the forefront. The
flat arch forms used in the windows and door openings showcase
the "Neoclassical" touches where the Ottoman architectural
tradition is blended with European influences. On the roofs,
cradle roof systems covered with Marseille-type tiles, considered
the signature of railroad architecture, were preferred. These steep
roofs, although rarely, were designed to drain winter rainfall in
the region and also give the buildings a characteristic silhouette.
In the interiors high ceilings and wide spans aimed to maximize
natural ventilation and enhance the comfort of the staff. Another
noteworthy element in the structural analysis of the station is the
harmonious combination of stone and metal. Especially the cast
iron components used in the window frames of the main buildings
and the load-bearing columns in the interiors are examples of the
application of the industrial revolution of the period in the
Ottoman context. The large block stones used at the foundation
level of the buildings increase the stability of the structure, while
the refined craftsmanship toward the upper floors indicates that
the stone was worked with an artistic esthetic. This architectural
language has transformed Ma’an Station from an ordinary
transportation stop into a permanent monumental work reflecting
the technical discipline of the Hejaz line. The Ma'an Station
complex is not a single building, but rather a collection of
complex groups of structures that respond to different functional
needs. Toward the end of the war, Ma'an, despite sieges and
attacks, became one of the last strategic points in the region to be
abandoned by the Ottomans. The station's infrastructure,
managed with military discipline, played a vital role in the retreat
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processes and the evacuation of the wounded. The conversion of
some buildings into temporary hospitals and ammunition depots
during the war years once again proved how flexible and resilient
the station's architecture was. This historical excerpt shows that
Ma'an Station is not only a technical success but also a symbol of
an empire's determination to maintain its logistical capabilities
even under the most challenging conditions. Following the
withdrawal of the Ottoman Empire from the region, Ma'an Station
transformed into a political center witnessing the birth pangs of
modern Jordan's history. In 1920, Emir (later King) Abdullah |
arrived in Ma'an from Hejaz and chose the station buildings there
as his temporary headquarters and "government center."

Figure 4. Ma'an Station Open-Air Museum, Hejaz Railroad
Locomotive No. 52 (Jordan Heritage Archive, 2022)

7. FIRST-CLASS STATION TYPOLOGY AND
ARCHITECTURAL SYNTHESIS ON THE
HIJAZ LINE

The stops along the Hejaz Railroad route are divided into
three main classes based on the logistical load they undertake,
their strategic location, and the service capacity they offer. Ma'an
Station is in the "First Class Station™ category, which is at the top
of this hierarchy. This classification symbolizes that the station
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serves not only as a passenger stop but also as an administrative
center, a technical maintenance base, and a large military
garrison. As a first-class station, Ma’an is one of the main nodes
ensuring the operational continuity of the line, and its
architectural program has been designed to accommodate this
multifaceted functionality. The architectural character of the
station is an original synthesis of "Late Ottoman Architecture”
and "German Neoclassicism." This hybrid style is a combination
of the Westernization trend in the Ottoman state structures of the
period and the technical esthetics of the German engineers
involved in the construction of the line. The train station building,
with its massive form, symmetrical facade arrangement, and the
elegance of local stone craftsmanship, presents a monumental
stance. In terms of structural organization, the train station
building offers a sharp functional distinction between the floors.
The ground floor of the building is dedicated to public and
operational functions such as spacious passenger lounges, ticket
counters, and telegraph offices, while the upper floor is more
designed as a private living space.

8. MA'AN STATION CARRIAGE SYSTEM AND
CONSTRUCTION TECHNOLOGY

The buildings in the Ma’an station complex represent
high-quality examples of the traditional masonry construction
technique skillfully applied in the late Ottoman public
architecture. The walls that carry the main load of the buildings
are designed to be approximately 70-80 cm thick in accordance
with static requirements and climatic necessities. This massive
thickness provides a mass rigidity that not only supports vertical
loads but also increases the structure's resistance to regional
tremors. The structural solidity provided by the masonry system
is the most fundamental technical factor in Ma'an's preservation
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of its physical integrity for over a century. In the arrangement of
the walls, a "double-skin™ (sandwich) system that combines
esthetics with functionality has been adopted. On the exterior of
the structure, finely crafted limestone blocks obtained from local
quarries were preferred. On the inner surface, the core structure
of the wall was created using rubble stone fill, which is a more
economical yet durable solution. This hybrid masonry technique,
while preserving the monumental and smooth appearance of the
outer facade, prevents cracking by optimizing the building's
flexibility thru the mortar-filled core of the wall. One of the
greatest advantages provided by this load-bearing system is its
excellent thermal insulation capacity. The extreme day-night
temperature differences characteristic of desert climates are
mitigated by the high thermal capacity (thermal mass) of the 80
cm thick stone walls. The stone walls, which trap the heat of the
sun during the day, keep the interior cool; at nite, they slowly
release this heat, balancing the indoor temperature. This masonry
technology at the Ma'an Station is not just an engineering choice;
it is also a passive climate control genius developed against harsh
natural conditions. The most critical element that holds the stone
blocks together in the Ma'an station structures is the modified
form of traditional horasan mortar adapted to the regional
conditions. To enhance the static stability of the walls, advanced
engineering solutions such as "tenon" and "mortise" systems have
been used in the interlocking arrangement of the stone blocks.
Especially in the corner and window arch keystones, interlocking
mechanical forms were preferred to prevent the stones from
slipping. In some critical junction points, metal (iron) clamps
were used, which were placed in grooves opened into the stones
and fixed with poured lead. In conclusion, Ma'an Station is a
holistic work where the rational plan of the ground floor and the
disciplined architectural language of the facade come together.
Each stone trim, arched opening, and flooring detail is a signature
that carries the technical standards of the Hejaz Railroad and the
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Ottoman's visionary engineering understanding into the present
day. This structural character has transformed Ma'an from merely
a railroad station into a monument of industrial heritage, where
function is blended with esthetics and traditional materials are
combined with modern techniques. The circular stone water
towers, which are the most critical structures ensuring the
operational continuity of steam locomotives, are the most iconic
elements rising vertically in the Ma'an Station complex. The
cylindrical form of these towers is not just an esthetic choice; it is
an advanced engineering solution that minimizes the harsh wind
loads of the desert and evenly distributes the massive hydrostatic
pressure created by the water inside the wall surface using the
principle of "hoop stress.” The massive cast iron water tank
positioned at the top of the tower safely transfers the load to the
ground thru special cushion beams embedded in the stone body.
This structural arrangement is a complete masterpiece of
hydraulic engineering, allowing water to be quickly discharged to
locomotives using the force of gravity. When examined in terms
of technical anatomy, the cut stone craftsmanship used in the
construction of the water towers and the piping inside reveal the
precision of the Ottoman railroad technology. To prevent the
water inside the tank from being affected by temperature changes
and to avoid evaporation, the thermal mass provided by the stone
body was utilized. These towers, which worked in conjunction
with hinged water casks that could fill the locomotives' water
tanks (tender) within minutes, served as the "technical lungs” of
the line. Today, these towers are among the most solidly standing
structures that represent the industrial heritage of the Hejaz
Railroad and prove the technological efficiency of a century ago.
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9. STRUCTURAL DAMAGES AND MATERIAL
DETERIORATIONS OBSERVED IN THE
MA'AN STATION STRUCTURES

The structures on the Ma’an Station campus are facing
various types of structural deterioration due to the extreme desert
climate and periods of abandonment they have been exposed to
for over a century. The most noticeable damage observed in the
stone walls is the physical loss of material, referred to as "surface
loss" and “spalling." Thermal stresses caused by high
temperatures during the day and sudden cooling at nite have led
to the growth of capillary cracks within the limestone and the
separation of the stone surfaces into layers. Additionally, the
"erosion effect” created by sand particles carried by the wind has
weakened the outer shell of the structure by causing the joint
fillings on wind-exposed facades to empty and the corners of the
stone blocks to lose their form. Another critical type of damage
observed in strategic and technical structures is "corrosion” and
"biological degradation” in metal and wooden components. The
cast iron tanks in the water towers and the steel trusses in the
workshop buildings have entered a rusting process due to the
effects of moisture and oxidation, causing thinning in the metal
sections and a reduction in load-bearing capacity. The wooden
supports in the roof systems, however, have been subjected to rot
due to leaking rainwater and pest attacks, causing them to deform
over time. Before the restoration process, these chronic damages
have been recorded as elements threatening the static balance of
the structure, and the current interventions aim to stop these
deteriorations and preserve the structural integrity.
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Figure 5. Ma'an Station Material Analysis and Restoration
Report (Source: Gema Art International, 2012)

10. PROTECTION STRATEGIES AND
RESTORATION INTERVENTIONS FOR
MA'AN STATION

The transfer of the historical buildings located on the
Ma’an Station campus to future generations depends on the
scientific intervention methods determined within the framework
of the main field of study of building restoration. The "micro-
injection” method is of critical importance for addressing material
losses and joint voids, which are among the primary factors
threatening structural integrity. The aim is to fill the empty joints
and micro-gaps between the stone blocks with injection materials
that are compatible with the original mortar, lime-based, and
sulfate-free. This method aims to restore the mass rigidity of the
structure while ensuring structural continuity without disrupting
the natural breathability of the stone texture. For static issues such
as deep cracks and separations in the structure, the "stitching"
technique is recommended. In this method, the stone blocks on
both sides of the crack are mechanically bonded to each other
using stainless steel rods and special binding epoxies. This
intervention creates a reinforcement layer that is not visible from
the outside while rebalancing the static loads of the structure.
Respecting traditional construction techniques, this method offers
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a static solution in harmony with the stone's own dynamics,
instead of irreversible interventions like reinforced concrete. The
most sustainable phase of restoration is the "adaptive reuse"”
strategy. The preservation of Ma’an Station as a "Railway
Museum™ not only maintains the historical identity of the
structure but also gives it a modern function. In this process, the
most delicate balance is the integration of modern comfort
conditions such as air conditioning and lighting into the structure
without damaging the original stone and wooden texture. The
transportation of utility lines thru recyclable channels and
providing maximum protection with minimal intervention to the
structure will preserve Ma’an's industrial heritage value while
making it a living cultural hub. Restoration works carried out on
monumental structures like Ma’an Station bring with them deep
discussions on the axis of "fidelity to the original” and "structural
necessity." Interventions such as micro-injection and structural
stitching, proposed within the framework of the main field of
study of building restoration, seem indispensable for ensuring
static stability. However, the irreversible nature of these
applications is a subject of debate among conservation theorists.
Although the compatibility of lime-based mortars with the
original stone texture appears flawless on paper, the differences
in the material's aging process pose a risk of visual and structural
heterogeneity in the long term. Especially the stitching of
structural cracks with stainless steel rods, although seen as a
savior from a modern engineering perspective, is an intervention
that limits the stone's natural flexibility. At this point, the
fundamental question to be asked is: Should we transform the
structure into an unshakable mass by modern standards, or should
we proceed with more flexible, traditional methods that respect
its natural movement capability, which it has exhibited for a
century? The interaction of modern steel rods with the
microclimate within the stone is described by some experts as "an
intervention in the spirit of the structure,” and the importance of
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less invasive methods is emphasized. The process of repurposing,
while aiming to preserve Ma’an Station as a "Railway Museum,"
also brings with it the pressure of "comfort conditions” on the
architectural heritage. Integrating modern ventilation, electrical,
and heating systems into a historical building often means
piercing the original wall texture or closing off ceiling voids. The
effort to museumify the structure, while turning it into a living
space, risks transforming the building's "silent and raw" historical
atmosphere into a consumer object. Another aspect of the
discussion is the economic and social sustainability of the
restoration. In a settlement like Ma’an, on the edge of the desert,
how much do high-tech restoration methods align with the
region's local resources in terms of sustainability? In scenarios
where the local population is not involved in the restoration
process and these technical interventions are carried out solely by
external experts, the structure becomes alienated from the
community, and the awareness of preservation cannot be
disseminated to the grassroots. Real preservation is possible not
only thru chemical injections but also by integrating the structure
into the daily life of the local people. In conclusion, the
restoration of Ma’an Station is not just a technical engineering
problem, but a philosophical choice.

11. CONCLUSION

The data examined throughout this study demonstrate that
Ma’an, with its strategic location, comprehensive campus plan,
and hierarchical structure groups, is the most critical logistical
base of the Hejaz line. Architecturally, Ma'an Station offers a
remarkable synthesis of local material usage and universal
engineering solutions. 80-centimeter-thick double-walled stone
walls, providing thermal insulation and structural rigidity,
challenge the desert climate; while European-sourced steel roof
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trusses and complex water tower systems brought the advanced
industrial technology of the era to the region. This hybrid
structure has emerged as a unique “technical anatomy" by
blending the Ottoman's traditional stone craftsmanship heritage
with the requirements of the modern industrial revolution. The
transformation of the station throughout history shows that it is
not just a technical facility, but also a political symbol. The role
it played as a military garrison and logistical refuge during the
darkest days of World War | continued as it served as
headquarters for King Abdullah I during the establishment phase
of modern Jordan. The transformation of a transportation
structure into an administrative center during the founding phase
of the state has turned Ma'an Station from a technical heritage into
a national memory site. The restoration and repurposing efforts
carried out today are the most vital steps taken to preserve Ma'an
Station as a "railway museum." Micro-injection, stone stitching,
and mortar analysis conducted by institutions like Gema Art
International have ensured the preservation of the structure's
original texture and its transmission to future generations.
However, the preservation process should not be limited to
physical interventions; the industrial heritage value carried by the
station should be made sustainable by integrating with the cultural
consciousness of the local people. Ultimately, Ma'an Station is a
living history lesson with its century-old locomotives quietly
standing on the tracks of the Hejaz Railroad, its still-standing
stone water towers, and its administrative building that has
become a museum. This research reveals that each layer of the
station, from its technical details to its historical depth, has
steadfastly maintained its place in the history of modernization in
the Middle East. Ma'an is not just a stop belonging to the past
today; it is hailed as one of the most valuable pieces of humanity's
shared cultural heritage at the intersection of engineering,
architecture, and political history.
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1050 mm LEGACY: THE ARCHITECTURAL
STRUCTURE AND MATERIAL
CHARACTERIZATION OF THE DAMASCUS
HIJAZ STATION

Ahmet GOKDEMIR!
Enes ESKi?2

1. INTRODUCTION

The Damascus Station has been a concrete proof of the
style that combines the Ottoman's modern local architectural
identity with Neoclassical Arab (Damascus-Andalusian)
architecture. On the exterior facade of the Train Station, local
stones such as durable and esthetic basalt and limestone,
characteristic of the Damascus region, were used. The stones have
been meticulously crafted to evoke the tradition of "ablag” in
traditional Islamic architecture, which involves the arrangement
of stones in different colors. At the main entrance, there is a series
of three arches that monumentalize the building. On the upper
parts of these arches and on the facade, turquoise-colored tiles
were used to emphasize the Ottoman touch. Additionally, the
arches form the part that determines the structure's statics. The
small towers rising at both ends of the Damascus Train Station
building, resembling a fortress, symbolize the structure's military
and administrative authority. The interior of the station, in
contrast to the hard stone texture of its exterior, features an
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extremely elegant and "palatial™ craftsmanship. The most striking
feature of the interior is the carved ceilings made with
craftsmanship. These ceilings are inspired by the traditional
mansion architecture of Damascus. The colored glass (stained
glass) used in the windows refracts the incoming light, creating a
mystical atmosphere. These glasses are usually adorned with
geometric patterns. The main waiting hall of the station features
a floor made of high-quality marble and patterned tiles, creating
a spacious and clean area for passengers. The majority of the steel
rails and fasteners used in the railroad line of the Damascus Train
Station were imported from Europe (especially from the Krupp
factories in Germany). However, the wrought iron craftsmanship
on the balconies and window railings of the station building
showcases the skill of local artisans. In addition to traditional tiles
on the roof, steel construction supports, which were the modern
engineering solution of the time, were also used. The Clock
Tower, located right in the center of the station building,
symbolized the introduction of the concept of "modern times" to
the region at that time. The mugarnas (honeycomb-like
decoration) details seen at the entrances and ceiling corners
confirm the building's adherence to Islamic architectural heritage
(Ozyiiksel, 2000).

Figure 1. Damascus Hijaz Railroad Station Building
(https://archives.saltresearch.org/handle/123456789/17hl=tr-TR
(08.03.2026 14:30)
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2. RESEARCH METHOD

In this study, which aims to evaluate the relationship
between the Damascus Station and urban development and
architectural character, a qualitative approach has been adopted.
During the research process, secondary sources were primarily
utilized, and a conceptual inference was made based on existing
academic studies. In the methodological process shaped by the
literature review axis, fundamental parameters such as railroad
heritage and architectural features have been examined on a
national/international scale. The findings obtained from these
examinations were addressed from a comparative perspective,
forming the theoretical foundation of the study.

3. TYPES OF STONES USED IN THE BUILDING
AND TECHNICAL DETAILS

The stones used in the construction of the Damascus Hejaz
Station are not just a visual choice, but also strategic engineering
decisions that ensure the structure stands for centuries. The warm,
honey-colored and occasionally pinkish texture seen on the
building's overall exterior comes from limestone extracted from
local quarries in Damascus. These stones are a dense enough
material to fall into the "semi-marble™" category. Due to its low
porous structure, the material is prevented from absorbing
rainwater, which has provided it with resistance against freeze-
thaw cycles. Despite its hardness, it allows for fine carving
(mugarnas and window surrounds). The elegant geometric
patterns on the facade of the station have been preserved thanks
to the stone's fine-grained structure. In the lower parts of the
building, at the foundation level and at the contrasting points of
the decorations, black basalt has been used. The reason for this is
that basalt, being a volcanic-origin rock, is one of the stones with
the highest compressive strength. It has a strength in the range of
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100-300 MPa. In a structure like a station, which experiences
heavy loads (train vibrations and crowded human traffic),
preventing moisture from rising from the ground (capillary rise)
serves as an "isolation barrier."” Additionally, it is extremely
resistant to acid rain and wear. In architectural design, the use of
these two stones (light-colored limestone and dark-colored basalt)
together is called the "ABLAQ TECHNIQUE." With this method,
the high "thermal mass" of these stones plays a critical role in the
climate of Damascus, which is very hot during the day and cool
at nite. The stones absorb the sun's heat during the day and slowly
release it at nite. This situation allows the interior of the station to
remain cool with a natural air conditioning effect. Additionally,
the specific gravity of the stones used is around 2.5-2.8 g/cms,
which provides the building with great static stability. The
marbles used on the interior facade of the building provide an
esthetic appearance while increasing the wear resistance of the
floor. Almost all of these stones were brought from the Mezzeh
and Hauran regions just outside of Damascus.

! 5

Figure 2. Interior Architecture of Damascus Hijaz Station
(https://whc.unesco.org/ (04.03.2026 — 23:24))

The static structure of the Damascus Hejaz Station is not
just about the stacking of stones; it is a combination of Ottoman
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traditional architectural knowledge and early 20th-century
modern engineering calculations. In the Damascus Hejaz Station,
stone craftsmanship is a perfect blend of structural necessity and
esthetics. The stones used in the station were cut by hand with
astonishing precision, even before the advent of modern CNC
machines. The joint surfaces of the stones (the gaps) have been
shaved with such precision that the joint thickness drops to 2-3
mm in some places. This ensures that the load is evenly
distributed across the stone surface in masonry structures and
prevents localized stress accumulations. Corner stones (quoin
stones) were selected in massive blocks and placed in an
interlocking manner to maintain the vertical balance of the
building. This provides a rigidity that prevents the building from
"collapsing™ under lateral loads such as an earthquake. The
sequential arrangement of black basalt and yellowish limestone,
which is the signature of Syrian architecture, is not just visual.
The thermal expansion coefficients of the two different stones are
different. Engineering ingenuity comes into play here; the special
pozzolanic mortar placed between these stones acts as a "cushion”
that absorbs the expansion difference between the two stones. The
water absorption rate of black basalt is very low. Therefore, in the
lower levels of the building that come into contact with moisture,
basalt was used, while in the upper levels, lighter and more
workable limestone was used, following the principle of
"lightweight superstructure." The carvings above the windows
and the "mugarnas” called stalactites are actually voids for weight
reduction. The decorations made by hollowing out the insides of
stone blocks reduce the dead load at that point without disturbing
the pressure line of the arch form. The fine grooves in the window
sills allow rainwater to "drip" away from the building surface
without seeping inside. This is a natural detail that prevents the
carbonation and corrosion of the stone (Kiirk¢iioglu, 2012). The
processing methods applied to the surface of the stone also hold
engineering significance. Leaving the stone surface slightly rough
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makes it difficult for air pollution and soot to adhere to the surface
and maximizes the stone's "breathability” (vapor diffusion). The
sharp corners where the stones meet are beveled at a 45-degree
angle to prevent them from breaking during transportation and
installation. The stonework at the Hejaz Station in Damascus
offers a surface esthetic at the micro-scale while being a 'materials
engineering' success that extends the static lifespan of the
masonry structure at the macro-scale. The cutting angle of each
stone has been calculated to directly contribute to the overall
rigidity matrix of the building.

4. CARRIER SYSTEM AND LOAD ANALYSIS AT
DAMASCUS HIJAZ STATION

The station was built using the load-bearing masonry
technique. However, there are some modern touches that support
this traditional method. These are; Vertical Load Transfer: The
entire weight of the building is transmitted to the foundation thru
the external and internal load-bearing walls. The thickness of
these walls, sometimes reaching around 80-100 cm on the ground
floor, offers an immense load-bearing capacity. Arch Mechanism:
The flattened and fully rounded arches above the windows and
doors distribute the load to the side buttresses. In this way, wide
spans could be supported without the need for a steel beam.
Seismic Resistance: Historically, Damascus is a region at risk of
earthquakes. The corner towers and wide base area of the building
provide a low center of gravity, increasing stability under
horizontal loads (earthquake waves). Horasan mortar is one of the
oldest and most successful “composite binders™ in the history of
civil engineering. The choice of this mortar in massive structures
like the Damascus Hejaz Station is not a coincidence; it is entirely
a decision based on durability and performance. Horasan mortar
is not a simple lime mortar. What makes it strong is the
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pozzolanic material within it. Slaked lime (Ca(OH)z2), river sand,
and the most critical element, brick fragments/powder (burnt
earth), constitute the components of the pozzolanic mortar. Silica
(S102) and alumina (A1203) in the brick dust react with calcium
hydroxide in lime to form calcium silicate hydrate (C-S-H) gels.
This is a chemical process similar to the setting of modern
cement. At the time the station was built, cement was known, but
Horasan mortar was preferred for the following advantages: Low
Elasticity Modulus (E): Horasan mortar has a much lower
elasticity modulus compared to modern cement. This way, it acts
as a "damper" between the stone blocks. It dampens the train
vibrations and thermal expansions that come to the building
without causing cracks. High Breathability Capacity: The porous
structure of the mortar allows moisture within the stone to be
expelled. If cement had been used, moisture would be trapped
inside the stone and would end its structural life thru
salting/exfoliation. Self-Healing: When micro-cracks occur, the
free lime in the mortar comes into contact with water, re-
precipitating as calcium carbonate (CaCOs) and sealing the crack.
In prestigious structures like the Damascus Station, "additives" of
the time were used to enhance the strength of the mortar. These
include: Organic Additives: It is known that egg whites, whey, or
vegetable oils were added to the mortar to increase its strength
and workability. These substances increase the adhesion
capability of the mortar. Hemp and Flax Fibers: To counteract
tensile stresses, plant fibers are sometimes added during the
mixing stage of the mortar; this is an early form of reinforced
mortar logic (Mavioglu, 2011). The fundamental factor that has
carried the structural life of the Damascus Hejaz Station for over
a century is not the strength of the stones, but rather the elastic-
plastic behavior of the mortar that binds the stones together. This
mortar forms a 'semi-flexible' matrix that preserves structural
integrity under the dynamic loads created by trains. Why is "Brick
Dust" So Important? Lime normally sets by reacting with air
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(carbonation). However, the addition of brick dust to the Horasan
mortar gives it hydraulic properties. So, it can harden even inside
thick walls where air cannot enter and is resistant to water, which
is why it is vital in stations in rainy or humid areas like Damascus.

In the early 1900s, we didn't have membrane-based
coatings or polyurethane injections like we do today. They used
a system based entirely on materials science and traditional
engineering ingenuity to solve the hydrostatic pressure and
impermeability created by tons of water. The insulation of the
Damascus Hejaz Station and the surrounding water reservoirs
was provided by this four-tiered defense line: This was the top
segment and the most costly insulation method. The inner
chamber of the reservoir was covered with lead plates, especially
at metal or stone joints. Lead plates were brought together using
an overlapping method, and the joints were fused to combine
them. Lead is a material that does not corrode, is flexible (does
not crack in structural settlements), and does not alter the
chemical structure of water, thus providing impermeability in
storage facilities. If the warehouse is completely made of
stone/brick masonry, a special Horasan plaster would be used on
the inner surface. But this had a different recipe than the mortar
we used for building the walls. In addition to lime and finely
ground brick dust, hydrophobic (water-repellent) substances such
as linseed oil, flaxseed oil, or beeswax were mixed in to enhance
the "pozzolanic activity." The plaster was applied not in one go,
but in 3-4 layers, and each layer was sanded and polished after it
dried. This shiny surface created a "polish” effect that prevented
water from entering the pores (Tourret, 1989). There was a
protective shield around the exterior of the warehouse that
prevented external moisture from entering or seeping into the
foundation, rather than preventing water from leaking out. A layer
of compressed clay (clay slurry) was placed between the
warehouse wall and the outer cladding. When clay comes into
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contact with water, it swells and forms an impermeable layer; this
is the principle of the oldest "waterproof membrane.” Some water
towers had riveted steel tanks on top. While the steel plates were
riveted together, a paste made of flax fiber and linseed oil was
applied to the seams. When the rivet was hammered in, this paste
would compress and make it impossible for water to leak.

Figure 3. A water reservoir built on the Hejaz Railroad
(https://dergipark.org.tr/tr/search?q=Hicaz+Demiryolu&section=
articles (08.03.2026 23:26)

In historical water reservoirs, insulation has arisen from
the balance between the material's hydrophobic character and its
behavior under hydrostatic pressure. Especially lead coating and
multilayer hydraulic plaster applications are the historical
precursors of today's modern insulation technologies' 'rigid-
elastic’ hybrid structure. Restoration in historically and
technically complex structures like the Damascus Hejaz Station
is akin to a surgical operation. Here are the main technical
challenges encountered: The biggest challenge in the restoration
is to replicate the original stone and mortar texture from 1917.
The closure of some original stone quarries makes it difficult to
find stones with the same mineral composition and thermal
expansion coefficient. Incorrect stone selection leads to cracks
between the original stone and the new stone over time. In some
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faulty repairs made in the mid-20th century, modern cement was
used. However, cement prevents historical stones from
"breathing" and causes the moisture that accumulates inside the
stone to lead to internal decay (salting). In modern restorations,
these cements need to be cleaned using mechanical methods and
replaced with hydraulic lime-based mortars. The station is
inherently a dynamic area. The increasing traffic and
underground tremors due to the city's growth put pressure on the
structure. Micro voids that form inside the walls over time are
filled with specially mixed mortars injected at low pressure
without compromising the structural integrity. In some modern
projects, foundation reinforcement (such as jet-grouting) is
recommended to protect the building from earthquakes. However,
the original basalt foundation of the Damascus Station is so solid
that interventions have generally been limited to superficial
cleaning and joint renewal. The interior details of the building,
considered its "soul," are much more delicate than the stones.
Although the climate of Damascus is dry, wooden ceilings
(especially cedar and walnut) undergo biological degradation
over time. In the restoration, these woods are preserved using
special chemical impregnation methods. The lead strips holding
the stained glass windows bend over time. Each piece of glass is
carefully removed one by one and rejoined with new lead without
disturbing the original pattern (the leaded glass technique), which
is an art that requires patience. The Damascus Hejaz Station is not
just an engineering marvel made of stone and iron; it is a
masterpiece where the Ottomans combined esthetic concerns with
static solidity. Every restoration effort made today is a signature
that ensures this 'petrified history' page can be read by future
generations.
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5. TRANSPORTATION ENGINEERING AND
LOGISTICS STRATEGY AT DAMASCUS
HIJAZ STATION

The standard railroad track gage in the world is generally
1435 mm (Standard Gauge). However, the Hejaz Railroad was
built with a special gage of 1050 mm from Damascus to Medina.
So, why narrow gage? Because a narrow gage means smaller
tunnels, narrower bridges, and less earthwork. For the Ottoman
Empire's limited budget and challenging desert geography, this
was an economic necessity. Narrow gage railroads are more
flexible in rugged terrains and sharp curves. This was an
advantage for the terrain encountered when descending south
from Damascus. This choice required the standard wagons from
Europe to transfer in Damascus. So, the Damascus Station
became not just a stop, but also a logistics transfer hub. The
biggest engineering challenge for the steam locomotives
departing from the Damascus Station was "water." Steam
locomotives require vast amounts of water. Finding water in the
desert stages after Damascus was nearly impossible. That's why
extra water wagons (tender) were added next to the locomotives.
In the workshops at the Damascus Station, German Henschel and
Jung brand locomotives were usually serviced. These machines
were modified "desert lions™ to withstand desert dust and extreme
heat (Demiryolu Miihendisligi Dergisi (TCDD  Arsivi)
2023/SAY1 18). The arrangement of the tracks inside the station
was the product of operational intelligence. The Damascus Hejaz
Station was not a "terminus” but a transfer and maneuvering
station. To allow locomotives to change direction, there were
massive turntables at the north and south entrances of the station.
The stones (ballast) laid under the tracks were chosen from the
hard basalts around Damascus. This spread the dynamic load
created by the locomotive onto the ground while providing
drainage to prevent the rails from rusting. The Damascus Hejaz
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Station was the brain of the 1050 mm narrow-gauge system.
Although this gage width choice initially seemed like a cost-
saving move, it transformed into an engineering standard that
enabled thousands of kilometers of desert travel, thanks to the
technical workshops and logistical capacity of Damascus. The
Damascus Hejaz Station is not just an architectural form; it is a
linear balance established by the compressive strength of basalt
and the elasticity of Horasan mortar, with a narrow gage geometry
of 1050 mm. This stability, which has persisted from 1917 to the
present, is evidence of the precision in the local selection of
materials and the correct engineering foresight in the load transfer
mechanisms.

Figure 4. Sham Hijaz Station Roof Truss and Wide Span
Tensioners (https://www.diyanethaber.com.tr/foto-galeri/devrik-
baas-rejimi-osmanli-yadigari-hicaz-demir-yolundaki-kadem-
istasyonunu-harabeye-cevirdi(04.03.2026 — 21:33)

Distribution of the characteristic loads the station is
subjected to: Dead Loads (G): Due to the density of the stone, the
load per square meter is quite high. This situation increases the
inertia forces of the structure during an earthquake, but it provides
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stability against the overturning moment. Live Loads (Q): There
is a capacity exceeding the standards set at 5 KN/m? for station
waiting halls. Dynamic Effects: The vibrations transmitted from
the rails to the foundation during the stop-and-go maneuvers of
trains are dampened by the basalt base layer and elastic mortar.
Seismic Performance Parameters (Engineering Commentary)
Considering the seismic activity of Damascus, although the
structure has a low ductility ratio, its high rigidity results in a low
period (T). This prevents the building from entering resonance.
The structure has a natural resistance to torsional effects due to
the proximity of the center of mass and the center of rigidity. The
corner towers act as 'static braces' in the structure, restricting
lateral displacements. 1. Regional Geological Structure and Soil
Profile Damascus is geologically located at the intersection of the
alluvial fan formed by the Barada River and the basalt plateaus to
the east. Soil Class: The area where the station is located has a
heterogeneous structure consisting of dense sandy-gravelly
alluvial layers and occasional limestone bedrock. Groundwater
Table (GWT): Due to the proximity of the river, the groundwater
level is variable. This situation necessitated insulation against
capillary rise in the foundations. 2. Foundation System: Solid Raft
Effect With the technology of the period, a deep piled foundation
was preferred instead of a pile foundation. Under the load-bearing
walls, there are stone pedestals that are 50-80% wider than the
wall width, gradually widening. After the foundation pit was
excavated, large-sized basalt stones were compacted as a
blocking to increase the ground safety stress. This is similar to the
modern "rock fill" concept. Thanks to the thickness of the walls
and the width of the foundation, the unit stress transferred to the
ground has been kept well below the bearing capacity of the
alluvial soil (1.5 - 2.5 kg/cm?2). 3. Dynamic Loads and Drainage
Engineering In railroad structures, it is the dynamic effects
created by locomotives that strain the ground rather than static
loads. Between the railroad line and the building foundation, a
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graded granular layer (sub-grade) designed to dampen vibrations
has been implemented. This absorbs the seismic and mechanical
shocks transmitted to the building. To prevent changes in water
levels from reducing the ground's load-bearing capacity, stone
masonry drainage channels have been constructed around the
building. This helps to keep the effective stress in the ground
constant. In the foundation design of the structure, the alluvial
character of the soil in Damascus and the cyclic loads created by
the locomotives have been successfully balanced. The use of
basalt block is not only a foundation reinforcement but also a
‘ground improvement' strategy that extends the lifespan of the
structure. A service life of over 100 years is the most concrete
evidence that differential settlements remain below the threshold
values.

6. RESULTS AND EVALUATION

The Damascus Railroad Station has been identified not
only as a transportation hub in history but also as a fundamental
catalyst driving urban development. Since its construction, the
station has determined the direction of the city's physical growth
and has led to the shaping of commercial, social, and residential
fabric around it. The Damascus Station is a monumental symbol
reflecting the technological capabilities and esthetic
understanding of the era in which it was built. From an
architectural perspective, this structure has played a key role in
preserving urban identity and ensuring historical continuity. In
the reviewed literature surveys, it is confirmed that the stations
are unique heritage elements that combine local architecture with
universal engineering solutions. The evaluations conducted
within the scope of the study have shown that railroad
infrastructure should be considered not just as a technical system
but as a living "industrial heritage." Even if the station has
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completed its functional lifespan, its inclusion in urban life thru
repurposing projects is of critical importance for the sustainability
of urban memory. In conclusion; the Damascus Station is one of
the most important building blocks that connects the historical
layers of the city and strengthens its urban character. Integrating
this structure's architectural qualities with modern urban
amenities while preserving them will both ensure the protection
of cultural heritage and lay the groundwork for the creation of
more quality urban spaces.
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BETONARME YAPI ELEMANLARINDA
EGILME, KESME VE BURULMA
ETKIiLERININ TS 500 VE TS EN 1992-1-1
CERCEVESINDE DEGERLENDIRILMESI|!

Necim KAYA?

1. GIRIS

Betonarme yap1 elemanlarinin tasariminda giivenlik,
kullanilabilirlik ve siineklik kosullarinin birlikte saglanmasi,
yalnizca kesit kapasitesinin hesaplanmasina degil, ayn1 zamanda
ic kuvvetlerin eleman iginde nasil aktarildiginin dogru
yorumlanmasina baghdir. Beton ve donatidan olusan kompozit
yap1, basing ve ¢ekme etkilerinin farkli malzemeler tarafindan
kargilanmasi nedeniyle dogrusal elastik olmayan bir davranig
gosterir. Bu nedenle betonarme elemanlarda egilme, kesme ve
burulma etkilerinin yalnizca yonetmelik formiilleriyle degil, yap1
mekaniginin denge, sekil degistirme uyumu ve malzeme
davranisi ilkeleriyle birlikte degerlendirilmesi gerekir (Celep,
2009; Ersoy & Ozcebe, 2004).

Betonarme davraniginin  belirlenmesinde  deneysel
calismalar 6nemli olmakla birlikte, her kesit tipi, yiikleme diizeni,
malzeme smifi ve donati kombinasyonu i¢in deney yapmak
uygulamada miimkiin degildir. Bu nedenle tasarim standartlart,

Bu kitap boliimii, yazarm “Basit egilme, kayma ve burulma etkisi altindaki
betonarme yapi elemanlarinin TS 500 ve TS EN 1992-1-1 standartlarina gore
orneklerle incelenmesi” baglikli yiiksek lisans tezinden tiretilmistir.

Batman Universitesi, Teknik Bilimler Meslek Yiiksekokulu, insaat Teknolojileri
Bolumu, Batman, Turkiye. ORCID: 0000-0003-1478-761X.
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deneysel birikim ile analitik modelleri bir araya getirerek
miihendislik uygulamalarma yonelik hesap esaslar1 olusturur.

Yazarin yiiksek lisans tezinde de egilme, kayma ve
burulma etkisi altindaki betonarme elemanlarin TS 500 ve TS EN
1992-1-1 esaslarina gore analitik Orneklerle incelendigi
gorulmektedir (Kaya, 2010). Bu kitap bélimd, s6z konusu tez
calisgmasindaki temel bilgileri dogrudan tekrarlamak yerine,
bunlar1 yapt mekanigi merkezli ve karsilastirmali bir cerceve
icinde yeniden diizenlemeyi amaglamaktadir.

TS 500, Tiirkiye’de betonarme yapilarin hesap ve yapim
kurallarii diizenleyen temel standartlardan biridir. Standart, yap1
elemanlarinin kullanim amacma ve giivenlik kosullarma uygun
bicimde tasarlanmasi, boyutlandirilmasi ve donatilmasi igin
pratik bir tasarim gergevesi sunar (Tiirk Standardlar1 Enstitiisi
[TSE], 2000). TS EN 1992-1-1 ise Eurocode 2 kapsaminda beton,
betonarme ve dngerilmeli beton yapilarm tasarimina iligkin genel
kurallar1 icermekte; giivenlik, kullanilabilirlik ve dayaniklilik
kosullarin1 sinir durum tasarimi yaklagimi i¢inde ele almaktadir
(TSE, 2009). Bu iki yaklagim ayni temel miihendislik hedeflerine
yonelmekle  birlikte, bazi hesap adimlar, katsayilar,
idealizasyonlar ve donat1 diizenleme ilkeleri bakimindan farklilik
gOsterebilmektedir.

Bu boliimiin amaci, betonarme elemanlarin egilme, kesme
ve burulma etkileri altindaki davranigin1 TS 500 ve TS EN 1992-
1-1 gercevesinde karsilastirmali olarak tartismaktir. Bolimde
oncelikle betonarme davramiginin  yapt mekanigi temeli
aciklanmakta, daha sonra egilme, kesme ve burulma etkileri ayri
basliklar altinda ele alinmaktadir. Son kisimda ise tezde ulasilan
bulgulara dayanilarak standartlar arasindaki temel farkliliklar
tasarim pratigi agisindan yorumlanmaktadir. Bu kapsam, kitap
boliimii niteligine uygun olarak 0zet veya bildiri metninden daha
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genis; ancak dogrudan tez metnini kopyalamayan, yeniden
yazilmis ve atiflandirilmig bir akademik ¢erceve sunmaktadir.

2. BETONARME DAVRANISININ YAPI
MEKANIGi TEMELI

Betonarme, betonun basing dayanimindan ve g¢eligin
¢ekme dayanimindan yararlanan kompozit bir tagtyict malzeme
sistemidir. Bu kompozit davranisin ortaya ¢ikabilmesi i¢in beton
ile donat1 arasinda aderansin saglanmasi, donatmin uygun beton
ortisuyle korunmasi ve kesitin yiikleme boyunca birlikte sekil
degistirmesi gerekir. Diizlem kesitlerin sekil degistirdikten sonra
da diizlem kaldigi kabulii, egilme hesabinin temel
varsayimlarindan biridir. Bu varsayim, kesit yiiksekligi boyunca
dogrusal birim sekil degistirme dagilimi dogurur ve basing
bolgesi ile ¢ekme donatisi arasindaki i¢ kuvvet dengesinin
kurulmasmi saglar (Ersoy & Ozcebe, 2004; Kaya, 2010).

Betonarme elemanlarin davranigi yiik artis1 boyunca tek
asamal1 degildir. Diisiik yiik diizeylerinde beton hem basingta
beton kesit Ozellikleriyle temsil edilebilir. Egilme momenti
arttikga cekme bolgesindeki betonun ¢cekme dayanimi asilir ve
catlama meydana gelir. Catlama sonrasi ¢ekme gerilmelerinin
biiylik bolimii donati tarafindan tasinir; nétr eksen konumu
degisir, etkin atalet momenti azalir ve eleman rijitligi diiser. Bu
asama, betonarmenin dogrusal elastik ¢éziimden ayrildigr ilk
onemli esigi olusturur (Celep, 2009; Kaya, 2010).

Kesit davranisi yalnizca dayanim kapasitesiyle degil, ayni
zamanda rijitlik ve siineklik 6zellikleriyle de degerlendirilmelidir.
Moment-egrilik iliskisi bu bakimdan temel bir aractir. Egilme
momentinin kiiclik degerlerinde rijitlik yiiksekken, ¢atlama ve
donati akmasi sonrasi egrilik artar ve kesit daha diisiik ek moment
artiglariyla daha biiyiik donmeler yapabilir. Bu davranis, 6zellikle
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deprem etkileri altinda enerji tiikketimi ve plastik mafsal olusumu
bakimindan onem tasir. Tezde de kesit siinekliginin eleman
stinekligi, eleman siinekliginin ise sistem siinekligi i¢in 6n kosul
olusturdugu vurgulanmaktadir (Kaya, 2010).

Betonarme elemanlarda i¢ kuvvet aktarimmin dogru
yorumlanmasi, 6zellikle kesme ve burulma etkilerinde daha kritik
hale gelir. Egilme davranisi kesit normal gerilmeleriyle daha
dogrudan aciklanabilirken, kesme ve burulma davraniginda asal
cekme gerilmeleri, egik catlaklar, basing ¢ubuklari, etriye ¢ekme
baglari, agrega kenetlenmesi ve boyuna donatilarin diibel etkisi
birlikte rol oynar (Vecchio & Collins, 1986). Bu nedenle kesme
ve burulma hesaplari, egilme hesabina gore daha fazla model
varsayimina ve giivenlik diizenlemesine ihtiyag duyar.

2.1. Egilme, Kesme ve Burulmanin Birlikte
Degerlendirilmesi

Gergek yapi elemanlari ¢cogu zaman yalnizca tek bir i¢
kuvvet etkisi altinda c¢alismaz. Kirislerde egilme momenti ve
kesme kuvveti birlikte olusur; eksantrik yiikleme, kenar kirisleri,
aciklik siireksizlikleri, rijitlik uyumsuzluklar1 ve doseme-kiris
etkilesimleri ise burulma momenti dogurabilir. Bu nedenle
tasarimda egilme, kesme ve burulmanin tamamen bagimsiz
mekanizmalar gibi goriilmesi bazi durumlarda yetersiz kalabilir.
Ozellikle kesme ve burulma etkileri, eleman yiizeylerinde kayma
gerilmeleri olusturarak ayni bolgede ¢atlama ve donati talebi
meydana getirebilir (Hsu, 1990; Kaya, 2010).

Burulma ile egilme arasindaki etkilesim, donatilar
bagimsiz hesaplandiginda bazi tasarim yaklasimlarinda ihmal
edilebilir diizeyde kabul edilebilmektedir. Buna karsilik burulma
ile kesme arasindaki etkilesim daha belirgindir; ¢iinkii her iki etki
de kayma gerilmelerine neden olur ve elemanin Kkritik
ylizeylerinde ayni dogrultuda etkili olabilir. Kaya (2010), tez
calismasinda bu nedenle burulmanin kesme ve egilme ile birlikte
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etkidigi durumlarin daha gercek¢i bir yaklasim sundugunu
belirtmektedir. Tasarim agisindan bu sonug, enine donati
hesabinin yalnizca kesmeye degil, burulma kaynakli etriye
talebine de cevap verecek bicimde diizenlenmesi gerektigini
gostermektedir.

3. EGILME ETKISINDE BETONARME KESIT
DAVRANISI

Egilme etkisi altindaki betonarme kesitte tagima
mekanizmasi, basing bdlgesindeki beton kuvveti ile ¢ekme
donatisindaki ¢ekme kuvvetinin denge halinde c¢aligmasina
dayanir. Catlama 6ncesinde beton kesitin tamami davraniga katki
verirken, catlama sonrasinda ¢ekme bolgesindeki betonun katkisi
tasarimda ¢ogunlukla ihmal edilir. Bu nedenle ¢ekme kuvvetini
karsilayacak donati miktari, kesitin giivenli ve siinek davranisi
acisindan belirleyici hale gelir (Ersoy & Ozcebe, 2004; Kaya,
2010).

Moment-egrilik iliskisi, egilme davranisinin asamalarini
aciklamada temel bir kavramsal aractir. {lk asamada beton ve
donat1 yaklasik elastik davranir. Cekme bolgesindeki beton
dogrusal davranistan ayrilir. Donati akma gerilmesine ulastiginda
kesitte plastik sekil degistirmeler baslar. Nihai asamada ise beton
basing bolgesinin ezilmesi veya donatinin asir1 uzamasi kesitin
tagima giiclinii sinirlar (Celep, 2008; Kaya, 2010).

Egilme tasariminda ama¢ yalnizca yeterli moment
kapasitesi saglamak degildir. Kesitin gogme bicimi de tasarimin
temel pargasidir. Denge altt donatili kesitlerde ¢ekme donatisi
beton basing bolgesinin ezilmesinden 6nce akmaya ulasir. Bu
durumda eleman, gégme 6ncesinde ¢atlak gelisimi ve sehim artigi
gostererek daha siinek bir davranig sergiler. Denge {istii donatili
kesitlerde ise donati akmaya ulagsmadan beton basing bdlgesinin
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ezilmesi s6z konusu olabilir; bu durum gevrek ve ani bir gé¢cme
karakteri olusturur. Bu nedenle donatt oram1i smirlari,
yonetmeliklerde yalnizca ekonomik tasarim amaciyla degil,

stinek davranigsin saglanmasi amaciyla da diizenlenir (Celep,
2009; Ersoy & Ozcebe, 2004).

TS 500 ve TS EN 1992-1-1, egilme hesabinda farkli
katsayilar ve kismi giivenlik diizenlemeleri icerse de temel denge
yaklasgimi1 bakimindan benzer bir mekanik temele dayanir. Tezde
yapilan degerlendirmelerde egilme hesabi bakimindan iki
standart arasinda en fazla yaklasik ylizde iki diizeyinde fark
olustugu belirtilmektedir (Kaya, 2010). Bu sonug, egilme
tasariminin betonarme hesap yontemleri iginde daha olgun ve
daha iyi tanimlanmig bir alan oldugunu goéstermektedir. Bununla
birlikte kiiclik sayisal farklarin uygulamada donati ¢api, donati
adedi ve yerlestirme kosullar1 iizerinde etkili olabilecegi
unutulmamalidir.

swe

3.1. Egilme Rijitligi ve Siinekligin Tasarim Ac¢isindan
Onemi

......

etkiliyken, c¢atlama sonrast rijitlik c¢ekme donatisi, catlak
dagilimi, beton basing bolgesi ve aderans kosullaria bagli olarak
azalir. Bu durum servis yiikleri altinda sehim hesabi, catlak
kontrolii ve titresim davranisi bakimindan 6nemlidir. Betonarme
elemanin yalnizca nihai dayaniminm yeterli olmasi, servis
kullanilabilirligi acisindan her zaman yeterli degildir (Celep,
2009; TSE, 2009).

Stineklik ise elemanin tagima giiciinde ani ve habersiz bir
kayip olmadan sekil degistirme yapabilme yetenegidir. Donati
akmasi sonras1 olusan donme kapasitesi, plastik mafsal
bolgelerinin gelisimi ve enerji tiiketimi acisindan belirleyicidir.
Tezde, basmng donatisinin  bulunmasinin  basing  bolgesi
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yiiksekligini kiigiilterek daha biiyiik egriliklerin olusmasina katki
saglayabilecegi ve bu yolla kesit davranigini daha siinek hale
getirebilecegi  ifade  edilmektedir (Kaya, 2010). Bu
degerlendirme, egilme tasariminin yalnizca alt ¢ekme donatisi
hesabindan ibaret goriilmemesi gerektigini ortaya koyar.

4. KESME DAVRANISI VE EGIiK CATLAMA
MEKANIZMASI

Kesme davranigi, betonarme tasariminin en karmagik
konularindan biridir. Egilme hesabinda kesit i¢ kuvvet dengesi
daha belirgin iken, kesme dayanimi birden fazla mekanizmanin
es zamanl katkisiyla olusur. Catlamamis beton basing bolgesi,
agrega kenetlenmesi, boyuna donatilarin diibel etkisi, etriyelerin
cekme bagi davranigi ve egik basing alan1 kesme kuvvetinin
taginmasina katkida bulunur (Vecchio & Collins, 1986; Zsutty,
1971). Bu bilesenlerin etkinligi catlak agikligina, kesme
acikligina, donati oranina, beton dayanimina ve yiikleme
diizenine bagli olarak degisir.

Kesme etkisi altinda betonarme Kkiriste asal ¢ekme
gerilmeleri belirli bir diizeye ulastiginda egik catlaklar olusur.
Egilme c¢atlaklar1 genellikle ¢cekme bolgesinde diiseye yakin
bicimde baglar; kesme kuvvetinin yiiksek oldugu bolgelerde bu
catlaklar egik yonde ilerleyerek egilme-kesme catlagina doniisiir.
Egik catlak gelistikten sonra kesme kuvvetinin taginmasinda
etriye donatis1 biiyiik 6nem kazanir. Etriye, catlak boyunca ¢gekme
bag1 gibi ¢alisarak basing ¢ubugu ile birlikte kafes kiris benzeri
bir tasima mekanizmasi1 olusturur (Marti, 1985; Vecchio &
Collins, 1986).

Kesme gdecmesi ¢cogu durumda egilme gocmesine gore
daha gevrek karakterlidir. Bunun nedeni, kesme c¢atlaklarinin

hizli ilerleyebilmesi ve catlak yiizeyindeki mekanik kenetlenme
veya beton basing bdlgesinin ani bigimde yetersiz kalabilmesidir.
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Bu nedenle yonetmeliklerde kesme tasarimi, yalnizca nominal
dayanim hesabin1 degil, minimum etriye kosullarini, etriye araligi
sinirlarint ve gevrek kirllmanin Onlenmesini de icerir. Kaya
(2010), TS 500 kapsaminda kesme kuvveti ve burulma etkilerinin
degerlendirilmesinde ozellikle gevrek kirilmanin Onlenmesine
yonelik diizenlemelerin 6nemli oldugunu vurgulamaktadir.

TS EN 1992-1-1’de kesme davranisi, kayma donatisi
bulunmayan ve kayma donatis1 gereken elemanlar ayrimiyla ele
alinir. Kayma donatis1 bulunan elemanlarda kafes modeline
dayanan bir idealizasyon kullanilir; beton basing ¢gubugu, boyuna
donat1 ve etriye donatist birlikte i¢ kuvvet aktarimini saglar. Bu
yaklasim, kesme hesabmin yalnizca kesit alan1 ve beton
dayanimuyla simirli olmadigini; donati yerlesimi, basing alani ve

catlak geometrisiyle birlikte diisiiniilmesi gerektigini ortaya
koyar (TSE, 2009).

4.1. Kesme Hesabinda Standart Yaklasimlarinin
Yorumlanmasi

TS 500, miihendislik uygulamasi bakimindan sade ve
dogrudan kullanilabilir bir kesme tasarimi yaklagimi sunar.
Kesme kuvvetinin belirli smirlar1 asmasi durumunda kesme
donatis1 diizenlenmesi gerekir. Bu diizenleme, egik catlaklarin
gelismesini sinirlamak ve gevrek gogmeyi Onlemek amaci tagir.
TS EN 1992-1-1 ise kesme donatili elemanlarda degisken acili
kafes yaklasimi gibi daha mekanik temelli idealizasyonlara yer
verir. Her iki standartta da amag giivenli tagima giiciinii saglamak
olmakla birlikte, hesap adimlarindaki katsayillar ve model
kabulleri farkli sonuglar verebilir.

Tez calismasinda kesme kuvvetine gore yapilan
hesaplarda iki standart arasindaki farkin burulma hesaplarinda
oldugu gibi egilme hesabina goére daha belirgin olabildigi ve
yaklagik yiizde on diizeyine kadar ¢ikabildigi belirtilmektedir
(Kaya, 2010). Bu fark, kesme davraniginin ¢ok parametreli ve
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model bagiml yapisiyla uyumludur. Tasarimer agisindan 6nemli
olan, sayisal farki yalnizca katsay1 degisimi olarak gérmemek; bu
farkin arkasindaki mekanik varsayimlari ve donati diizenleme
sonuglarin1 da degerlendirmektir.

5. BURULMA DAVRANISI VE KESME-
BURULMA ETKILESIMI

Burulma, betonarme elemanlarda ¢ogu zaman egilme ve
kesme ile birlikte ortaya ¢ikan bir i¢ kuvvet etkisidir. Kenar
kirigleri, balkon ve ¢ikma elemanlari, eksantrik yiiklenen kirisler,
plan duzensizlikleri ve streksizlik bolgeleri burulma etkisinin
olusabilecegi tipik durumlardir. Burulma momenti, kesit
cevresinde kayma gerilmeleri olusturur ve bu gerilmeler elemanin
belirli yiizeylerinde kesme kuvvetinden dogan kayma
gerilmeleriyle ayn1 yonde birlesebilir. Bu nedenle kesme-burulma
etkilesimi, betonarme elemanlarda giivenli tasarim bakimindan
6zel onem tasir (Hsu, 1990; Kaya, 2010).

Burulma etkisindeki betonarme elemanda ¢atlama sonrasi
tasima mekanizmasi, kapali etriyeler ve kesit ¢cevresine dagitilmis
boyuna donatilarla saglanir. Kapali etriyeler burulma kaynakli
egik catlaklar boyunca ¢ekme bagi gibi davranirken, boyuna
donatilar burulma g¢evriminde olusan ¢ekme kuvvetlerinin
karsilanmasia katki verir. Bu nedenle burulma donatis1 yalnizca
belirli bir ylizeye yerlestirilen yerel bir donati olarak
goriilmemelidir; kesit gevresini saran ve yiik yolunun siirekliligini
saglayan bir sistem olarak degerlendirilmelidir (Mitchell &
Collins, 1976; MacGregor & Ghoneim, 1995).

TS EN 1992-1-1’de burulma direncinin kapali kesme
kuvveti dagilimina dayal ince cidarli kapali kesit modeliyle
hesaplanabilecegi belirtilir. Dolu kesitler esdeger ince cidarli
kesitler olarak modellenebilir; T kesitler gibi karmagsik kesitler ise
alt  Kkesitlere ayrilarak her birinin  burulma  katkisi
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degerlendirilebilir (TSE, 2009). Bu yaklasim, burulma
davraniginin kesit ¢cevresindeki kayma akisi ile iliskili oldugunu
acik bigimde ortaya koyar. Tezde de TS EN 1992-1-1"in burulma
degerlendirmesinde yapinin biitiin olarak dikkate alinmasi
gerektigi, statik denge burulma direncine bagliysa tagima giicii ve
kullanilabilirlik sinir durumlarmin birlikte gz 6niline alinmasi
gerektigi aktarilmaktadir (Kaya, 2010).

Burulma etkisinin yalnizca uyumluluk kusurlarindan
kaynaklandigr ve statik dengenin burulma direncine bagh
olmadig1 hiperstatik sistemlerde, tasima giicli sinir durumunda
burulmanin bazi kosullarda ihmal edilebilmesi miimkiindiir. Buna
karsilik denge burulmasi bulunan elemanlarda burulma etkisinin
thmal edilmesi gilivenli degildir. Bu ayrim, miihendislik
uygulamasinda onemli bir tasarim kararmi ifade eder. Bir
elemandaki burulmanin sistemin dengesini saglamak i¢in zorunlu
olup olmadig1 dogru belirlenmeli; gereksiz donati artisindan
kaginilirken giivenlikten 6diin verilmemelidir (TSE, 2009).

5.1. Kesme-Burulma Etkilesiminin Tasarim Sonuclari

Kesme ve burulma ayni elemanda birlikte bulundugunda,
enine donati talebi yalnizca kesme kuvvetinden dogan etriye
alaniyla smnirli kalmaz. Burulma momenti de etriye ve boyuna
donati gerektirir. Bu nedenle hesap sonucunda kesme i¢in gerekli
etriye alani ile burulma i¢in gerekli etriye alani birlestirilmeli;
toplam etriye alani segilen ¢ap ve araliga gore kontrol edilmelidir.
Tezde oOnerilen tasarim siralamasinda oOnce kesitin burulma
acisindan yeterliligi kontrol edilmekte, ardindan egilme donatisi,
kesme etriyesi ve burulma donatilar1 birlikte diizenlenmektedir
(Kaya, 2010).

Burulma tasariminda kesit geometrisi de Onemli bir
etkendir. Kompakt ve kareye yakin kesitler burulma agisindan
daha etkin davranabilir. Genisligi ve yiiksekligi ¢ok farkli olan

......
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olabilir. Bu nedenle burulmanin kritik oldugu elemanlarda, donat:
hesabina ge¢cmeden oOnce kesit boyutlarmin uygunlugu
degerlendirilmelidir. Kesit yetersizse yalnizca donati artirnmiyla
guvenli ve ekonomik bir ¢oziim tretmek mimkiin olmayabilir.

Boyuna burulma donatilarinin kesit g¢evresine uygun
araliklarla dagitilmasi, yiik aktarimimin siirekliligi agisindan
Oonemlidir. Donatilarm yalnizca cekme bolgesine
yogunlastirilmasi, egilme agisindan uygun goriinse bile burulma
cevrimi icin yeterli olmayabilir. Kapali etriyelerin kullanilmasi,
etriye aralig1 sinirlarina uyulmasi ve kose bolgelerinde boyuna
donat1 siirekliliginin saglanmasi giivenli burulma davranisinin
temel kosullaridir (Mitchell & Collins, 1980; TSE, 2009).

6. TS 500 VE TS EN 1992-1-1 ACISINDAN
KARSILASTIRMALI DEGERLENDIRME

TS 500 ve TS EN 1992-1-1, betonarme elemanlarin
giivenli bicimde tasarlanmasini amaglayan iki standart yaklasimi
temsil eder. iki standardin temelinde smir durum diisiincesi,
malzeme dayanimlarmin giivenlik katsayilartyla azaltilmasi ve
yuk etkilerinin guvenli tarafta degerlendirilmesi bulunur.
Bununla birlikte, formiilasyonlar, model kabulleri ve baz1 donati
diizenleme esaslar1 bakimindan farkliliklar ortaya ¢ikabilir. Bu
farkliliklar, 6zellikle kesme ve burulma gibi ¢atlama sonras1 yiik
aktarim mekanizmalarinin daha karmasik oldugu durumlarda
belirginlesir (Kaya, 2010; TSE, 2000; TSE, 2009).

Egilme hesabinda standartlar arasindaki farkin smirh
kalmasi beklenen bir sonucgtur. Ciinkii egilme davranisi, basing
blogu ve c¢ekme donatisi dengesine dayali nispeten 1yi
tanimlanmis bir kesit problemidir. Buna karsilik kesme ve
burulma hesaplarinda davranisin catlak gelisimine, yiik yoluna,
kesit ¢evresi boyunca gerilme dagilimma ve donati diizenine
bagli olmasi, standartlar arasindaki sonug¢ farkini artirabilir.
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Tezde egilme hesabinda farkin yaklasik yiizde iki, kesme ve
burulma hesaplarinda ise yaklasik yiizde on diizeyine kadar
cikabildigi belirtilmektedir (Kaya, 2010).

Bu farklarin uygulamadaki etkisi, yalnizca hesap
sonucunda elde edilen donati alanmin degismesi degildir.
Standart yaklagimi, tasarimcinin kritik kesiti nerede alacag,
burulmayr ihmal edip edemeyecegi, etriye araligini nasil
smirlandiracagi, boyuna donatiy1 kesit ¢evresine nasil dagitacagi
ve kesit yetersizliginde boyut artirimi gerekip gerekmedigi gibi
kararlar1 da etkiler. Bu nedenle Kkarsilastrmali standart
degerlendirmesi, miihendislik pratigi acisindan yalnizca sayisal
sonug tablosu degil, tasarim mantig1 analizi olarak goriilmelidir.

6.1. Karsilastirmah Tasarim flkelerinin Ozetlenmesi

Tablo 1. Betonarme elemanlarda i¢c kuvvet etkilerinin yap1
mekanigi acisindan yorumlanmasi

i¢ kuvvet

etkisi Yap1 mekanigi ve tasarim yorumu

Beton basing bolgesi ile gekme donatisi arasindaki i¢ kuvvet dengesi
Egilme belirleyicidir. Moment-egrilik iliskisi, donat1 akmasi, beton basing
ezilmesi ve donati oran1 siinek davranigin temel gostergeleridir.
Kesme dayanimi ¢atlamamig beton basing bolgesi, agrega
kenetlenmesi, diibel etkisi, etriye katkisi ve basing cubugu
mekanizmasiyla olusur. Egik ¢atlak gelisimi ve gevrek kirilma riski
tasarimda Onceliklidir.

Kesit ¢cevresinde kapali kayma akisi, kapali etriye ve ¢evresel boyuna
Burulma | donati sistemi etkilidir. Kesit geometrisi, kapali etriye siirekliligi ve
boyuna donati dagilimi giivenli burulma davranisi i¢in dnemlidir.

Kesme

Not. Tablo, betonarme davranisin yapr mekanigi ¢ercevesinde yorumlanmast amaciyla
Kaya (2010), TSE (2000) ve TSE (2009) esas alinarak hazirlanmistir.

Tablo 1’de goriildiigli lizere egilme, kesme ve burulma
etkileri ayn1 malzeme sistemi i¢inde farkli i¢ kuvvet aktarim
mekanizmalariyla taginmaktadir. Egilmede kesit dengesi 6n plana
cikarken, kesmede catlak sonrasi ¢ok bilesenli bir tagima sistemi,
burulmada ise kapali gevresel yiik akisi belirleyicidir. Bu nedenle
standartlar arasi karsilastirma yapilirken her i¢ kuvvet etkisini
aynt dogruluk diizeyinde ele almak dogru degildir. Egilme
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hesabindaki yakinlik, kesme ve burulma hesabindaki farklarin
onemsiz oldugu anlamina gelmez.

Tasarim siralamasi acisindan giivenli bir yaklagim, once
elemanin yiikleme kosullarinin ve kritik i¢ kuvvet bilesimlerinin
belirlenmesiyle baslamalidir. Daha sonra kesit boyutlarmin
egilme, kesme ve burulma agisindan yeterli olup olmadigi kontrol
edilmelidir. Burulma momenti kritik sinirin altinda kaliyorsa bazi
standart kosullar1 icinde ihmal edilebilir; ancak denge burulmasi
bulunan elemanlarda bu yol giivenli olmayabilir. Kesit yeterliligi
saglandiktan sonra egilme donatisi, kesme etriyesi, burulma
etriyesi ve boyuna burulma donatisi birlikte diizenlenmelidir. En
son asamada ise minimum donati, maksimum aralik, aderans ve
beton Ortiisii kosullar1 kontrol edilmelidir (Kaya, 2010; TSE,
2000; TSE, 2009).

Tablo 2. TS500 ve TS EN 1992-1-1 yaklasimlarinin tasarim pratigi
acisindan karsilastirnlmasi

Degerlendirme
baghih Karsilastirmah yorum
TS 500 pratik kesit hesab1 ve donati orani sinirlariyla siinek
.. davranigi hedefler. TS EN 1992-1-1 ise sinir durum tasarimi
Egilme hesab1

icinde malzeme modelleri ve kismi katsayilarla benzer kesit
denge mantigini kullanir.

TS 500 uygulama kolaylig1 saglayan dogrudan kontroller ve
Kesme hesabi etriye diizenlemeleri sunar. TS EN 1992-1-1 kafes modeline
dayal1 daha ayrintili mekanik yorumlara imkéan verir.

TS 500 kesit yeterliligi, kritik burulma ve donat1 birlesimi
acisindan pratik denetimler igerir. TS EN 1992-1-1 esdeger
ince cidarli kapali kesit ve kapali kayma akis1 mantigini agik
bicimde kullanir.

Her iki yaklasimda da etriye araligi, minimum donat1 ve
gevrek kirtlmanin 6nlenmesi dnemlidir. Burulmada kapali
etriye ve ¢evresel boyuna donati yerlesimi hesap sonucunun
ayrilmaz parcasidir.

Burulma hesabi

Donati diizeni

Not. Karsilastirma, tezde verilen analitik degerlendirmeler ile ilgili standartlarin
tasarim mantigy dikkate alinarak ézetlenmistiv (Kaya, 2010; TSE, 2000, TSE, 2009).
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7. UYGULAMAYA YONELIK DEGERLENDIRME

Betonarme tasarimda standart formiillerin dogru
uygulanmasi kadar, bu formiillerin hangi mekanik durumu temsil
ettiginin anlagilmasi da onemlidir. Egilme, kesme ve burulma
etkilerinin birlikte bulundugu bir elemanda tasarimci, hesap
adimlarin1 mekanik bir yiik yolu mantig1 i¢inde takip etmelidir.
Ornegin egilme donatis1 yalnizca moment kapasitesini artiran bir
unsur degil, ayn1 zamanda kesme davranisinda diibel etkisine ve
burulma davranisinda c¢evresel c¢ekme kuvvetlerine katki
saglayabilen bir bilesendir. Benzer bigimde etriyeler yalnizca
kesme gatlaklarini kesen donatilar degil, burulma etkisinde kapali
¢evrim olusturan temel tasiyict elemanlardir.

Burulma acgisindan kritik elemanlarda kesit se¢imi, donati
hesabindan oOnce diisiiniilmelidir. Kompakt kesitlerin burulma
davranigi bakimindan daha olumlu sonu¢ verebilmesi, mimari ve
statik tasarim asamalarinda dikkate alinmalidir. Kesit
yetersizligini yalnizca donati artirimu ile karsilamaya ¢alismak,
sik donat1 yerlesimi, beton dokiim giicliigii, aderans sorunlar1 ve
ekonomik olmayan ¢oziimler dogurabilir. Bu nedenle burulma
duyarhilig1 yiiksek elemanlarda hesap-donati iliskisi kadar, kesit
geometrisi-donat1 yerlesimi iliskisi de degerlendirilmelidir.

Kesme ve burulma etkilerinin birlikte ¢alistig1 bolgelerde
etriye araliklarmin smirlandirilmast ve kapali etriye diizeninin
stirekliligi hayati dnemdedir. Etriye kollarinin catlaklar1 etkili
bicimde kesmesi, boyuna donatinin kdse bolgelerinde siireklilik
saglamasi ve beton Ortiisiiniin yeterli olmasi, hesapla elde edilen
kapasitenin ger¢ek elemanda olusabilmesi i¢in gereklidir.
Yonetmeliklerde verilen minimum donati ve aralik kosullart bu
nedenle yalnizca bigimsel sartlar olarak goriilmemelidir.

Kitap boliimii kapsaminda yapilan bu degerlendirme,
tezdeki analitik karsilastirmalari daha genel bir yapi1 mekanigi
cergevesine yerlestirmektedir. Boylece c¢alisma, Onceki Ozet
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bildiri diizeyindeki smnirli kapsamdan ayrilarak egilme, kesme ve
burulma etkilerinin birlikte yorumlandigi daha biitlinciil bir
degerlendirme niteligi kazanmaktadir.

8. SONUC

Bu kitap boliimiinde betonarme yap: elemanlarinda
egilme, kesme ve burulma etkileri TS 500 ve TS EN 1992-1-1
cercevesinde yapt mekanigi acisindan degerlendirilmistir.
Calisma, yazarin yliksek lisans tezinden iiretilmis olmakla
birlikte, tez metninin dogrudan tekrar1 yerine yeniden
kurgulanmig bir akademik boliim niteligindedir. Degerlendirme,
betonarme davranisin giivenli bigimde yorumlanabilmesi igin
denge, sekil degistirme uyumu, c¢atlama sonrasi rijitlik, siineklik
ve i¢ kuvvet aktarim mekanizmalarinin birlikte ele alinmasi
gerektigini gostermektedir.

Egilme davranisi, betonarme tasarimin daha 1iyi
tanimlanmig alanlarindan biridir. Cekme donatisinin akmasi,
beton basing bolgesinin davranisi, donati oran1 ve moment-egrilik
iliskisi egilme gilivenliginin temel belirleyicileridir. TS 500 ve TS
EN 1992-1-1 arasinda egilme hesab1 bakimindan sinirh farklar
olusmasi, bu etkinin kesit dengesi temelinde daha kararli bicimde
modellenebilmesiyle agiklanabilir.

Kesme davranisi, egilmeye gore daha karmasik ve daha
belirsizdir. Egik ¢atlak olusumu, agrega kenetlenmesi, diibel
etkisi, basing alan1 ve etriye katkis1 gibi ¢ok sayida mekanizma
kesme dayanimini etkiler. Bu nedenle kesme hesabinda
standartlar arasindaki farkliliklarin daha belirgin  olmasi
beklenebilir. Gevrek kirilmanin 6nlenmesi i¢in minimum etriye,
etriye aralig1 ve kritik kesit kontrollerinin mekanik anlami dogru
kavranmalidir.
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Burulma etkisi, 0&zellikle kesme kuvvetiyle birlikte
degerlendirildiginde betonarme eleman tasariminin kritik bir
boyutunu olusturur. Burulma ve kesme ayni yiizeylerde kayma
gerilmeleri  meydana  getirebildiginden,  kesme-burulma
etkilesimi  yalmizca ikincil detaylandirma konusu olarak
goriilmemelidir. Kapali etriyeler, kesit g¢evresine dagitilmis
boyuna donatilar ve uygun kesit geometrisi giivenli burulma
davranigiin vazgecilmez bilesenleridir.

Sonug olarak, TS 500 ve TS EN 1992-1-1 karsilastirmast1
tasarimciya yalnizca farkli hesap sonuglari sunmaz; ayni zamanda
betonarme eleman davranisini farkli idealizasyonlar iizerinden
yorumlama imkani verir. Egilmede standartlar arasi1 fark sinirlt
kalirken, kesme ve burulma hesaplarinda farklarin artabilmesi, bu
etkilerin ¢atlama sonrasi ylik aktarim mekanizmalarmma daha
duyarli olmasindan kaynaklanmaktadir. Bu nedenle betonarme
tasarimda standart hiikiimleri, yap1 mekanigi ilkeleriyle birlikte
okunmal1 ve donat1 diizenlemesi hesap sonucunun ayrilmaz bir
parcasi olarak degerlendirilmelidir.
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TABLALI BETONARME KiRISLERDE GOVDE-
TABLA ARA YUZ KESMESININ YAPI
MEKANIGI ACISINDAN
DEGERLENDIRILMESI!

Necim KAYA?

1. GIRIS

Betonarme tasiyic1 sistemlerde kirisler ¢ogu zaman
yalnizca dikdortgen kesitli elemanlar olarak ele almsa da
uygulamada doseme ile birlikte calisan kirisler tablali kesit
davranig1 gosterir. Déseme plaginin kiris gdvdesiyle birlikte
caligmasi, egilme kapasitesi ve rijitlik bakimindan 6nemli avantaj
saglar. Buna karsihik govde ile tabla arasindaki birlesim
bolgesinde boyuna kayma gerilmeleri meydana gelir. Bu
gerilmeler dogru degerlendirilmediginde, kesitin hesapta
varsayilan birlesik davranis1 gergekte tam olarak olusmayabilir.
Bu nedenle tablali betonarme kiriglerde govde-tabla ara yiz
kesmesi, yalnizca yerel bir donat1 detay1 degil, birlesik kesit
davraniginin siirekliligini saglayan temel bir yapi1 mekanigi
problemidir.

Yazarin yiiksek lisans tezinde basit egilme, kayma ve
burulma etkisi altindaki betonarme yapi1 elemanlar1 TS 500 ve TS

Bu kitap boliimii, yazarin “Basit egilme, kayma ve burulma etkisi altindaki
betonarme yapi elemanlarinin TS 500 ve TS EN 1992-1-1 standartlarina gore
omeklerle incelenmesi” baslikli yiiksek lisans tezinden iiretilmistir. Tez
kapsaminda ¢aligmasi yapilan bu boliim, tablali betonarme kirislerde govde-tabla
ara yiiz kesmesi, farkli zamanlarda dékiilen beton ara yiizlerinde kayma aktarimi ve
ara yiliz donatisinin yap1 mekanigi agisindan degerlendirilmesine odaklanmaktadir.

2 Dr. Batman Universitesi, Teknik Bilimler Meslek Yiiksekokulu, Insaat
Teknolojileri Bélumi, Batman, Tlrkiye. ORCID: 0000-0003-1478-761X.
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EN 1992-1-1 standartlarina gore 6rneklerle incelenmistir (Kaya,
2010). Tez kapsaminda egilme ve kayma davranigima ek olarak
tablali T kirislerde gdvde ve tabla kisimlar1 arasinda olusan kesme
kuvveti, farkli zamanlarda dokiilen beton ara yiizlerinde kayma
gerilmesi, ylizey piiriizliiliigii ve ara yiiz donatisinin etkisi ayr1
basliklar altinda ele alinmistir. Bu kitap boliimii, s6z konusu tez
icerigini dogrudan tekrarlamak yerine, ara yliz kesmesi
problemini yap1 mekanigi ve yiik aktarimi odaginda yeniden
dizenlemektedir.

Daha once caligmasi yapilan metinlerde egilme-kesme
davranigi, kesme-burulma etkilesimi ve TS 500 ile TS EN 1992-
1-1 hiikiimlerinin genel karsilagtirmasi iizerinde durulmustur. Bu
bolimde ise kapsam daraltilarak tablali kirislerde gévde-tabla
baglantisinin mekanik isleyisi incelenmektedir. Bdylece ayni
tezden {iretilen ¢aligmalar arasinda konu tekrari azaltilmakta;
egilme, kesme ve burulma genel ¢ercevesinden farkli olarak ara
yliz kesme aktarimi, yiizey sinifi, aderans, piiriizliilik, kayma
sirtinmesi ve ara ylzden gecen donatilarin rolii 6n plana
cikarilmaktadir.

Guncel literatir, beton-beton ara yuzlerinde kesme
aktariminin yiizey durumu, sikistirma etkisi, beton dayanimi, ara
ylizden gecen donati ve catlak geometrisi gibi ¢ok sayida
parametreye bagl oldugunu gostermektedir. Davaadorj, Calvi ve
Stanton (2020), farkli kaynaklardan derlenen 509 ara yiiz kesme
deneyi iizerinden ara yiiz piriizliiliigii, sikistirma gerilmesi ve
beton dayanimmin kesme aktariminda belirleyici parametreler
oldugunu ortaya koymustur. Cao ve c¢alisma arkadaslar1 (2024),
beton kompozit dosemelerde yiizey piiriizliliigii, kayma donatisi
oran1 ve donati agisinin ara yiiz dayanimi tlizerindeki etkilerini
incelemis; ara yiiz ayrilmasinin gevrek bir go¢me karakteri
gosterebildigini vurgulamistir. Jeong ve arkadaglari (2025) ise
celik lifli beton kullanilan monolitik ve ayrt dokiimlii
numunelerde kayma siirtiinmesi mekanizmasini degerlendirerek,
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ara yiiz davraniginin beton ¢ekme dayanimi, diibel etkisi ve
kenetlenme bilesenleriyle birlikte yorumlanmasi gerektigini
gostermistir.

Bu boliimiin amaci, tablali betonarme kiriglerde govde-
tabla ara yiiziinde olusan kesme aktarimmi TS 500 ve TS EN
1992-1-1 ¢ergevesinde yapr mekanigi agisindan degerlendirmek;
ayrica EN 1992-1-1:2023 ve fib Model Code 2020 gibi guncel
yaklagimlarin  beton-beton ara yiizii davranmigina sagladigi
kavramsal katkilar1 tartigmaktir. Boliimde ayrintili sayisal hesap
yapilmamis, bunun yerine tasarimda dikkate alinmasi gereken
mekanik ilkeler ve donat1 diizenleme esaslar1 teknik bir ¢cercevede
aciklanmustir.

2. TABLALI BETONARME KIRISLERIN YAPI
MEKANIGi ACISINDAN ONEMI

Tablali betonarme kirisler, gévde ve doseme plaginin
birlikte ¢alismasiyla olusan birlesik kesitlerdir. Pozitif moment
bolgesinde doseme tablasi genellikle basing bolgesinde yer
aldigindan, basing kuvvetinin daha genis bir alana yayilmasina
olanak verir. Bu durum nétr eksen konumunu, i¢ kuvvet kolunu,
kesit rijitligini ve egilme kapasitesini etkiler. Ancak bu olumlu
etkinin gerceklesebilmesi icin tabla ve govde arasinda yeterli
kayma aktarrmi saglanmalidir. Aksi halde kesit, hesapta
varsayilan tek parca T kesit gibi degil, kismen ayrismis elemanlar
gibi davranabilir.

Yapr mekanidi agisindan tablali kiris davranisi, kesit
icindeki normal gerilmelerle smirli degildir. Egilme momenti
aciklik boyunca degistigi i¢in tablada olusan boyuna basing veya
¢ekme kuvveti de kiris boyunca degisir. Bu degisim, govde ile
tabla arasindaki birlesim ¢izgisi boyunca yatay kesme gerilmesi
olusturur. Bagka bir ifadeyle, tablanin kirise katkisi yalnizca
basing alani saglamasindan degil, bu basing alanmin govdeye
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giivenli bicimde baglanmasindan kaynaklanir. Bu nedenle ara yiiz
kesmesi, tablali kesitin i¢ kuvvet biitiinliigiinii saglayan temel
mekanizmadir.

Tablal kirislerde govde-tabla ara yiizii ¢ogu zaman
doseme donatisi, kiris etriyeleri, enine dagitma donatilar1 ve
betonun aderans kapasitesi tarafindan birlikte tasinir. Ancak
tasarimda yalnizca beton aderansmna giivenmek her durumda
yeterli degildir. Kesme kuvvetinin biiyiik oldugu bolgelerde,
moment degisiminin ani oldugu kesitlerde, noktasal yiiklerin
bulundugu acgikliklarda ve farklt zamanlarda dokiilen beton
bolgelerinde ara yiiz kaymasi daha kritik hale gelebilir. Bu
nedenle ara yiiz kontrolii, yalnizca prefabrike veya kompozit
elemanlar icin degil, monolitik dokiilen tablali betonarme
elemanlar icin de 6nemlidir.

Tezde tablali kesit ornekleri egilme hesabi bakimimdan
degerlendirilmis; ayrica TS EN 1992-1-1 kapsaminda tablali T
kirislerde gévde ve tabla kisimlari arasinda olugan kesme kuvveti
ayr1 bir bashik altinda agiklanmistir (Kaya, 2010). Bu ayrim,
tablal1 kesit tasariminda yalnizca egilme kapasitesinin degil, tabla
ile govde arasindaki kuvvet aktarimmin da bagimsiz olarak
kontrol edilmesi gerektigini gdstermektedir.

2.1. Kompozit Kesit Davranmisi ve Birlikte Calisma
Sarti

Kompozit kesit davranisinin olusabilmesi i¢in betonun
farkli bolgeleri arasinda kayma uyumu saglanmahidir. Kirig
govdesi ile tabla arasinda goreli kayma meydana gelirse, kesitin
diizlem kesit kabuliine dayali egilme davranis1 zayiflar. Bu
hesaplanan sehim degerleri gercek davranisi temsil etmeyebilir.
Dolayisiyla govde-tabla ara yiiziiniin yeterli kesme dayanimina
sahip olmasi, yalnizca nihai tagima giicii bakimmdan degil, servis
kullanilabilirligi bakimindan da gereklidir.
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Birlesik davranisin  saglanmasinda aderans, ylizey
puriizliligii, agregalarin mekanik kenetlenmesi, ara yilizden
gecen donatilarin diibel etkisi ve normal basing gerilmeleri
birlikte rol oynar. Bu mekanizmalarin tamami, ara yliz boyunca
olusan kayma gerilmesini karsilayan bir i¢ direng sistemi
olusturur. Betonarme tasarimda bu direng sistemi ¢ogu zaman
sadelestirilmis katsayilar veya standart bagintilariyla temsil edilir.
Ancak miihendislik yorumu agisindan bu katsayilarin arkasinda
yer alan mekanik streclerin bilinmesi 6nemlidir.

GOvde-tabla birlesimi yeterli degilse tablada olusan
basing kuvveti gévdeye tam olarak aktarilamaz. Bu durumda
tablanin etkin genisligi pratikte azalir ve kesit beklenen T kesit
kapasitesine ulasamayabilir. Ozellikle genis ddseme tablasina
sahip kirislerde bu risk daha belirgindir. Ciinkii tabla genisledikce
boyuna kuvvetin govdeye aktarilmasi gereken mesafe ve ara yiiz
boyunca olusan kayma talebi artar.

3. GOVDE-TABLA ARA YUZUNDE KESME
AKISI VE YUK AKTARIM MEKANIZMASI

GOvde-tabla ara yiiziinde olusan kesme gerilmesi,
tabladaki boyuna kuvvetin kiris boyunca degismesinden
kaynaklanir. Egilme momentinin diisilk oldugu kesitlerde
tabladaki boyuna kuvvet smirliyken, momentin biiyiidiigii
kesitlerde bu kuvvet artar. Boyuna kuvvetteki bu degisim, tabla
ile govde arasinda yatay dogrultuda bir kesme akist dogurur. Bu
nedenle ara yiiz kesmesi, dis yiiklerin dogrudan olusturdugu
diisey kesmeden farkli goriinse de aymi denge ilkesinin
sonucudur: eleman i¢inde degisen normal kuvvetler, bagka bir
bolgede kayma aktarimi gerektirir.

TS EN 1992-1-1 yaklasgiminda tablali kiriglerin tabla
kismi, basing ¢ubuklar1 ve ¢ekme donatist bigimindeki ¢ekme
baglarindan olusan bir sistem olarak idealize edilebilir. Bu
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idealizasyon, govde-tabla birlesimini yalnizca bir temas yiizeyi
olarak degil, yiik yolunun siirekliligini saglayan bir mekanik
sistem olarak goriir. Tabla igindeki basing cubuklari, enine
donatilar ve govde ile tabla arasindaki kesme aktarimi birlikte
calisarak tablanin kiris kesitine katkisini giivenli hale getirir.

Ara yiiz kesmesinin bliyiikliigii, yalnizca toplam kesme
kuvvetine degil, tabladaki boyuna kuvvet degisimine de baghdir.
Bu nedenle moment diyagraminin sekli, noktasal yiiklerin yeri,
mesnet kosullar1 ve yiikleme diizeni ara yiiz talebi {izerinde etkili
olur. Momentin sifir oldugu kesit ile en biiyiik momentin olustugu
kesit arasindaki bolge, tabladaki kuvvet degisiminin belirgin
oldugu alandir. Bu bolgede ara yiiz kesme kontrolii daha dikkatli
yapilmalidir.

Klasik elastik teoride homojen bir kiriste yatay kayma
gerilmeleri parabolik dagilimla agiklanabilir. Ancak betonarme
tablal kiriste ¢atlama, donati diizeni, aderans ve betonun ¢ekme
dayanmminin smirli olmast nedeniyle gercek gerilme dagilimi
daha karmagiktir. Bu nedenle standartlar, dogrudan elastik kayma
gerilmesi hesab1 yerine tasarima uygun idealize edilmis ara yiiz
kesme modelleri kullanir. Bu modellerin amaci, karmasik ¢atlama
ve kayma mekanizmasin1 giivenli ve uygulanabilir bir donati
diizenine dondstiirmektir.

3.1. Basin¢ Cubugu ve Cekme Bagi Yorumu

Ara yiiz kesmesinin yapi1 mekanigi bakimindan en
aciklayict yorumlarindan biri basing ¢ubugu-gekme bagi
idealizasyonudur. Bu yaklasimda beton, basin¢ dogrultusunda
calisan egik c¢ubuklarla; donati ise bu basing alanlarini
dengeleyen ¢ekme baglariyla temsil edilir. Tablal kiriste tabla
kismi, gévdeye baglanan bir basing alani gibi c¢alisir. Bu basing
alaninin yon degistirmesi veya govdeye aktarilmasi gerektiginde,
ara yliz boyunca kayma gerilmeleri ve enine donati talebi ortaya
cikar.
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Bu idealizasyon, dzellikle sireksizlik bolgelerinde ve yik
aktarimmin dogrusal olmayan bicimde gerceklestigi kesitlerde
onemlidir. Mesnet yakinlari, ani kesit degisimleri, konsol
baglantilar1 ve noktasal ylik bolgeleri gibi alanlarda i¢ kuvvet
akist klasik kesit teorisiyle tam olarak agiklanamaz. Bu tiir
bolgelerde strut-and-tie yaklasimi, ara yiiz kesmesini yiik yolu ve
denge kavramlariyla daha acik bigimde yorumlamaya olanak
Verir.

Basing cubugu-¢ekme bagi modeli, donati
diizenlemesinin neden yalnizca hesaplanan alan degerinden ibaret
olmadigini da gosterir. Ara ylizden gecen donatinin yeterli ankraj
boyuna sahip olmasi, dogru yonde yerlestirilmesi, catlaklari
kesecek bicimde dlizenlenmesi ve beton ortiist icinde guvenli
aderans saglamas1 gerekir. Donati alan1 yeterli olsa bile ankraj
veya yerlesim yetersizse, ylik aktarimi hesapta varsayildigi gibi
gerceklesmeyebilir.

Tablo 1. Govde-tabla ara yiiz kesme aktarimim etkileyen baslica
parametreler

Parametre Yapi1 mekanigi acisindan etkisi
Aderans, mekanik kenetlenme ve kayma sirtinmesi
Yiizey piirtizliligi kapasitesini artirir; piiriizsiiz ylizeylerde ara yiiz ayrilmasi

daha erken baglayabilir.

Kayma catlagini keserek diibel etkisi ve kenetlenme
saglar; yeterli ankraj yoksa katkis1 sinirh kalir.

Basing ara yiiz siirtinmesini olumlu etkiler; ¢cekme
gerilmesi aderans bilesenini azaltabilir ve ¢atlak agikligini
biyutebilir.

Betonun ¢ekme ve basing dayanimi aderans, agrega

Avra yiizden gegen
donati

Normal basing veya
cekme

Beton dayanimi

kenetlenmesi ve basing gubugu kapasitesi lizerinde
etkilidir.

Moment ve kesme
diyagram

Tabladaki boyuna kuvvet degisimini belirler; moment
degisiminin hizli oldugu bélgelerde ara yiiz kesme talebi
artabilir.

Dokiim zamani ve
uygulama kalitesi

Farkli zamanlarda dokiilen betonlarda yiizey hazirlig,
temizlik ve piiriizlendirme birlesik davranis i¢in
belirleyici olur.
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4. ARA YUZ KESME DAYANIMINI ETKIiLEYEN
PARAMETRELER

Ara yiiz kesme dayanimi tek bir mekanizmanin sonucu
degildir. Beton-beton ara yiiziinde dayanim; kimyasal aderans,
ylzey piiriizliliglinden dogan mekanik kenetlenme, normal
gerilme etkisiyle olusan siirtiinme, ara yilizden gegen donatilarin
dibel etkisi ve betonun ¢ekme-basi dayanimi gibi bilesenlerin
birlikte ¢aligmasiyla olusur. Bu nedenle ara yiiz kesmesi, egilme
kapasitesi gibi dogrudan bir kuvvet ¢iftine indirgenemeyen, ¢ok
parametreli bir dayanim problemidir.

Davaadorj vd. (2020), genis deney verisi iizerinden
yaptiklar1 degerlendirmede ara yiiz kosulunun, sikistirma
gerilmesinin ve beton dayaniminin ara yiiz kesme dayanimi
tizerinde belirgin etkiye sahip oldugunu gostermistir. Bu sonug,
standartlarda yer alan purizlilik katsayilarinin  yalnizca
uygulama kolaylig1 saglayan sayisal diizenlemeler olmadigini;
aksine gercek mekanik davranigin sadelestirilmis temsilcileri
oldugunu gostermektedir. Benzer bicimde Cao vd. (2024), diisiik
kayma donatis1 oranlarinin da dikkate alindig1 kompozit doseme
deneylerinde ylizey piiriizliliigiiniin ve donat1 diizeninin nihai ve
artik kesme dayanimu tizerindeki etkisini vurgulamstir.

Yiizey piriizliligli, ara yliz davranmisinda en kritik
parametrelerden biridir. Piiriizlii ylizeylerde agregalarin birbirine
kenetlenmesi, kayma yer degistirmesi karsisinda mekanik direng
iretir. Buna karsilik ¢ok piiriizsiiz ylizeylerde dayanim biiyiik
Olcude aderans ve varsa donati katkisina bagh kalir. Aderansin
kirilmasi1 halinde ani kayma ve ayrilma davranisi ortaya ¢ikabilir.
Bu nedenle o6zellikle farkli zamanlarda dokiilen betonlarda
ylizeyin temizlenmesi, zayif serbet tabakasinin kaldirilmasi ve
yeterli  piiriizliliigiin ~ saglanmas1  mihendislik  acisindan
zorunludur.
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Ara yiizden gecen donatilar, kesme aktariminda iki temel
islev gortir. Birincisi, ¢atlak ylizeylerinin birbirinden ayrilmasini
simirlandirarak  siirtinme ve agrega kenetlenmesini korur.
Ikincisi, kayma yer degistirmesi gelistiginde diibel etkisiyle ilave
kesme direnci saglar. Ancak bu katkinin gergeklesebilmesi igin
donatilarin ara yiiziin iki tarafinda yeterli ankraja sahip olmasi
gerekir. Tezde de ara ylizden gecen donatinin her iki tarafta
yeterli ankraj boyuna sahip olmas1 gerektigi vurgulanmaktadir
(Kaya, 2010).

4.1. Aderans, Puruzluluk ve Kayma Surtiinmesi

Aderans, beton-beton ara yiiziinde kayma baglamadan
once etkili olan ilk direng bilesenlerinden biridir. Ancak aderans
tek basina giivenilir bir nihai dayanim mekanizmasi olarak
disiiniilmemelidir. Cilinkii catlama, rotre, ylizey kirlenmesi,
soguk derz olusumu veya yetersiz yiizey hazirlig1 aderans1 6nemli
oOl¢iide azaltabilir. Bu nedenle tasarimda piiriizliiliik ve ara ylizden
gecen donati katkisi, aderansi destekleyen ve gd¢cme sonrasi
dayanim siirdiiren mekanizmalar olarak degerlendirilmelidir.

Kayma siirtlinmesi yaklagimi, ara yiiz boyunca normal
basing veya donati kaynakli kenetlenme etkisi olustugunda,
kayma dayanimmin 6nemli Olciide artabilecegini kabul eder.
Donat catlak agilmasini simirladiginda, ¢atlak yiizeyleri birbirine
daha yakin kalir ve purdzli yizeylerin birbirine kenetlenmesi
sirer. Bu durum, ara yiiz davraniginin yalnizca baglangic
dayanimiyla degil, ¢atlama sonrasi artik dayanim ve siineklikle de
ilgili oldugunu gosterir.

Jeong vd. (2025), ¢elik lifli beton kullanilan ara yliz
deneylerinde liflerin beton katkisini artirabildigini ve diibel etkisi
tizerinde olumlu rol oynayabildigini belirtmistir. Bu bulgu, ara
yluz kesmesi tasariminin klasik betonarme sistemlerle sinirh
olmadigini; lifli beton, prefabrike elemanlar, yerinde dokme
tabakalar ve giiclendirme uygulamalar1 gibi farkli malzeme ve
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yapim yoOntemlerinde de Onem tasidigimi  gostermektedir.
Daneshvar vd. (2025) tarafindan tam 6lgekli T kirisler {izerinde
yapilan FRCM giiglendirme ¢alismasinda da yilizey hazirliginin
bag davranis1 bakimindan belirleyici oldugu vurgulanmaigstir.

5. TS500VE TS EN 1992-1-1 YAKLASIMLARININ
DEGERLENDIRILMESI

TS 500 ve TS EN 1992-1-1, betonarme tasarimda giivenli
tagima giicii ve kullanilabilirlik kosullarini saglamay1 amaglayan
standartlardir. Ancak ara yiiz kesmesi gibi 6zel mekanik
problemlerde yaklasimlarm ayrint1 diizeyi farklilagabilir. TS 500
daha ¢ok ulusal uygulama pratigine uygun, sade ve dogrudan
kontrol edilebilir hukimler sunar. TS EN 1992-1-1 ise smir
durum tasarimi ¢ergevesinde kesme aktarimi, ara yiiz
puriizliliigii, donat1 katkis1 ve basing ¢cubugu yaklasimin1 daha
acik bicimde mekanik modellere baglar.

Tezde TS EN 1992-1-1 kapsaminda tablali T kirislerde
tabla kismi ile govde kismu arasinda olusan kesme kuvvetinin,
tablada olusan boyuna kuvvet degisimi lizerinden
degerlendirildigi goriilmektedir (Kaya, 2010). Bu yaklagim,
gOvde-tabla birlesimindeki kesme talebini yalnizca diisey kesme
kuvvetine bagli gébrmez; egilme momentindeki degisim nedeniyle
tablada olusan i¢ kuvvet aktarimini da hesaba katar. Bu bakis,
tablal1 kesitin gergek yiik yolunu anlamak bakimindan 6nemlidir.

TS EN 1992-1-1°de farkli zamanlarda dokiilen beton ara
yuzleri igin yuzeyler oldukga purlzsiz, plruzsiz, purizli ve
girintili ¢ikintil1 gibi siiflara ayrilabilmektedir. Bu siiflandirma,
ara yliz dayaniminda piiriizlillik ve siirtiinme katsayilarinin
davranis lizerindeki etkisini tasarim modeline tasir. Tezde de bu
smiflandirma aktarilmis; ara yiizden gecen donati alani, birlesim
yeri alani, ara yiiz genisligi, normal gerilme ve donati agist gibi
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parametrelerin tasarimda dikkate alindigi belirtilmistir (Kaya,
2010).

Guncel EN 1992-1-1:2023, beton yapilarin giivenlik,
kullanilabilirlik, dayaniklilik ve saglamlik esaslarmi EN 1990 ile
uyumlu bicimde ele alan ikinci nesil Eurocode 2 cergevesini
temsil etmektedir. Bu giincel yaklasim, tasarim hiikiimlerinin
yalnizca dayanim hesabi olarak degil, yapinin tiim émrii boyunca
performansi etkileyen mekanik ve dayaniklilik ilkeleriyle
birlikte okunmasi gerektigini gostermektedir. fib Model Code
2020 ise beton-beton ara yiizleri i¢in kesme aktarim
mekanizmalarini, piriizlilik 6zelliklerini, kayma surtinmesini,
diibel etkisini ve bilesenler arasi etkilesimi daha genis bir
degerlendirme cercevesine tasimaktadir.

Tablo 2. Ara yiiz kesmesi acisindan standart ve model
yaklasimlarinin karsilastirmali yorumu

Yaklasim Ara yiiz kesmesi bakimindan yorum
Uygulama kolaylig1 ve giivenli donat1 diizeni agisindan pratik
TS 500 bir ¢erceve sunar; ara yiiz davranisinin mekanik ayrintilar

sinirl kalabilir.

Tablali kiriglerde govde-tabla kesmesini, boyuna kuvvet
TS EN 1992-1-1 degisimi ve enine donati gereksinimi tizerinden daha agik
bigimde ele alir.

Giivenlik, kullanilabilirlik, dayaniklilik ve saglamlik
ilkelerini daha glincel Eurocode cercevesi iginde
biitiinlestirir.

Beton-beton ara yizleri i¢in plrizlulik, kayma sirtinmesi,
diibel etkisi ve bilesenlerin etkilesimini daha mekanik bir
diizeyde tartigir.

Ara yliz piriizliiligi, sikistirma etkisi, beton dayanimu,
donati orani, donati agis1 ve ylizey hazirliginin davranig
iizerinde belirleyici oldugunu gostermektedir.

EN 1992-1-
1:2023

fib Model Code
2020

Guncel deneysel
caligmalar

5.1. Tablah Kirislerde TS EN 1992-1-1 Yaklasiminin
Mekanik Yorumu

TS EN 1992-1-1’de tablali kirislerde gdvde ve tabla
arasinda olusan kesme kuvvetinin degerlendirilmesi, kesitin
birlesik ¢aligma varsayimini giivence altina almay1 amaclar. Bu
kontrolde esas diisiince, tablanin kiris boyunca tasidigi boyuna
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kuvvetin degismesi ve bu degisimin govde-tabla birlesiminde
kesme aktarimi gerektirmesidir. Dolayistyla hesap, gergekte bir
denge problemidir: tabla kuvvetindeki artis veya azalis, ara yiiz
boyunca olusan kesme akisiyla dengelenir.

Bu yaklasimi 6nemli bir sonucu, ara yiiz kontroliiniin
yalnizca en biiyiik diisey kesme kuvvetinin bulundugu kesitte
yapilmamasi gerektigidir. Boyuna kuvvet degisiminin biiyiik
oldugu bolgeler de kritik olabilir. Ornegin momentin hizl
degistigi bolgeler, noktasal yiiklerin etkili oldugu acikliklar veya
kesit etkili genigliginin degistigi alanlar ara yiiz kesmesi
acisindan ayrica degerlendirilmelidir. Bu nedenle tasarimci,
yalnmizca kesit dayanimini  degil, moment ve kesme
diyagramlarinin eleman boyunca degisimini de Dbirlikte

okumalidir.

Tezde tablali kirislerde dikkate alinan uzunluk, tablada
olusan normal kuvvet degisimi ve enine donatt alani gibi
kavramlarin agiklanmasi, TS EN 1992-1-1 yaklasiminin
dogrudan bir yik aktarim modeli iizerine kuruldugunu
gostermektedir (Kaya, 2010). Bu durum, yapi mekanigi agisindan
son derece anlamlhdir; ¢linkli govde-tabla birlesimi, kesitin tek
parca davranmasini saglayan ara baglant1 diizlemidir.

6. FARKLI ZAMANLARDA DOKULEN BETON
ARA YUZLERINDE KAYMA AKTARIMI

Farkli zamanlarda dokiilen beton ara ylizleri, tablal kiris
davraniginda 6zel bir 6nem tasir. Monolitik dokiilen bir doseme-
kiris sisteminde beton siirekliligi daha dogal bicimde olusurken,
farkli zamanlarda dokiilen betonlarda ara yiiz kalitesi uygulama
kosullarina dogrudan baghdir. Yiizeyde zayif serbet tabakasi
kalmasi, yeterli piiriizlendirme yapilmamasi, kirlenme, nem
kosullarinin uygun olmamasi veya yeni betonun eski betonla
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yeterli aderans saglayamamasi durumunda birlesik davranig
zayiflayabilir.

TS EN 1992-1-1 yaklasiminda farkli zamanlarda dokiilen
beton ara ylizlerinde kayma gerilmesi i¢in ara yiiz tasarim kayma
direnci tanimlanir. Bu direng, ara yiiz piiriizliiliigii, beton ¢ekme
dayanimi, normal gerilme, ara ylizden gecen donati orani,
strtinme etkisi ve donati yonlenmesi gibi bilesenlerle
iliskilendirilir. Tezde bu baslik altinda yiizey siniflar1 ve ara yiiz
donatisinin 6zellikleri aciklanmistir (Kaya, 2010). Bu aciklama,
ara yiiz davranigiin yalnizca beton dayanimiyla degil, uygulama
kalitesi ve donati detaylandirmasiyla da dogrudan iliskili
oldugunu gostermektedir.

Farkli dokiimlii ara yiizlerde piiriizlendirme islemi,
tasarimda varsayillan mekanik kenetlenmenin olusabilmesi igin
gereklidir. Piirtizlendirilmemis ylizeylerde aderans kirildiktan
sonra kayma yer degistirmesi hizli geligebilir. Piliriizlii veya
girintili ¢ikintili yiizeylerde ise kayma dizlemi boyunca daha
fazla mekanik diren¢ olusur. Bununla birlikte piiriizliligiin
dayanim tizerindeki olumlu etkisi, donati1 ve ankraj detaylarinin
yetersiz oldugu durumlarda siirli kalabilir. Bu nedenle yiizey
hazirhg1 ile ara yiizden gecen donati diizeni birlikte
diisiiniilmelidir.

Ara yiliz donatisi, yalnizca kayma kuvvetini karsilayan
pasif bir celik alan1 olarak goriilmemelidir. Bu donati, ¢atlak
acikligini sinirlandirir, siirtiinme mekanizmasini aktif hale getirir,
diibel etkisi olugturur ve ara yiiziin ani ayrilmasim geciktirir. Bu
nedenle ara ylizden gegen donatinin yonii, araligi, ¢api, ankraj

boyu ve beton Ortiisii, tagima giicii kadar gogme big¢imi iizerinde
de etkilidir.

6.1. Ara Yiiz Siniflar1 ve Uygulama Kalitesi

Ara yiiz siniflandirmasi, tasarimciya ylizey hazirliginin
sayisal ve mekanik etkisini degerlendirme olanagi verir. Oldukga
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puriizsiz ylzeylerde beton-beton temasindan beklenen mekanik
kenetlenme smirlidir. Piiriizsiiz yiizeylerde aderans ve siirtlinme
katkis1 artsa da, kayma kapasitesi yine uygulama kalitesine
duyarhdir. Piiriizlii ylizeylerde agreganin agiga c¢ikarilmas: veya
ylzeyin mekanik olarak islenmesi, kayma diizleminde daha etkin
bir kenetlenme olusturur. Girintili ¢ikintili yilizeylerde ise yiik
aktarimi yalnizca siirtiinmeye degil, ylizey geometrisinin
olusturdugu basing alanlarina da bagh hale gelir.

Uygulama kalitesi, bu smiflarin gercek davranisa
doniismesinde belirleyicidir. Projede piiriizlii ylizey varsayilmasi,
sahada aym kalitenin saglandigi anlamina gelmez. Yiizeyin
diizgiin temizlenmemesi, gevsek parcalarin kalmasi, eski beton
yuzeyinin yeterince nemlendirilmemesi veya beton yerlestirme
sirasinda bogsluk olusmasi, ara yliz dayanimini distirebilir. Bu
nedenle ara yiiz kesmesi yalnizca hesap raporunda kontrol edilen
bir madde degil, santiye uygulamasinda denetlenmesi gereken bir
performans unsurudur.

Ara yiiz kalitesinin 6nemi 6zellikle giiglendirme, onarim
ve prefabrike-yerinde dokme birlesimlerde daha belirgindir.
Mevcut beton iizerine yeni beton tabakasi dokiildiigiinde, eski
betonun ylizey durumu ve yeni betonla aderansi birlesik
davranigin temel sartidir. Bu nedenle ara yuz kesmesi konusu,
yalnizca yeni tasarimda degil, mevcut yapilarin iyilestirilmesi ve
performans degerlendirmesinde de 6nem tagimaktadir.

7. TASARIM PRATIiGI ACISINDAN TARTISMA

Tablal1 betonarme kiriglerde ara yiiz kesmesi ¢ogu zaman
tasarimin ikinci planda kalan bir konusu gibi goriilebilir. Bunun
nedeni, monolitik dokiilen kiris-doseme sistemlerinde govde ve
tabla arasinda dogal bir siireklilik oldugu varsaymmidir. Ancak bu
varsaymm, yiiksek kesme talebi, genis tabla, biiyiik agiklik,
noktasal yiik, farkli dokiim asamasi veya yetersiz donati
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detaylandirmas1 gibi durumlarda gegerliligini kaybedebilir. Bu
nedenle pratik tasarimda tablali kesit kapasitesi hesaplandiktan
sonra, bu kapasitenin gerektirdigi ara yiiz yiik aktarimmin
saglanip saglanmadig1 ayrica degerlendirilmelidir.

Tasarim pratiginde ilk adim, tablali kesitin gercekten
hangi 6l¢iide birlikte calistigin1 dogru yorumlamaktir. Déseme
tablasinin tamaminin etkili geniglik olarak hesaba katilmasi,
yalnizca geometrik bir kabul degildir; ayn1 zamanda bu genislikte
olusan i¢ kuvvetin govdeye aktarilabilecegi varsayimini igerir. Bu
varsayim ara yiiz donatisi, yiizey siirekliligi ve uygun beton
kalitesiyle desteklenmediginde, hesaplanan kesit kapasitesi
guvenli tarafta olmayabilir.

fkinci adim, ara yiiz kesme talebinin eleman boyunca
degistigini dikkate almaktir. Momentin en biiylik oldugu kesit,
her zaman ara yiiz kesmesi agisindan tek kritik kesit olmayabilir.
Moment degisiminin hizli oldugu bdlgeler, yiik aktariminin
yogunlastig1 alanlar ve noktasal yiiklerin bulundugu kisimlar ara
yluz gerilmesi bakimindan daha dikkatli incelenmelidir. Bu
nedenle tasarimci, sadece kesit hesabina degil, yiik yoluna ve i¢
kuvvet diyagramlarina da odaklanmalidir.

Ugiincii adim, donat1 detaylandirmasini hesap sonucunun
ayrilmaz pargasi olarak gérmektir. Ara yiizden gecen donatilarin
yeterli alan1 saglamasi tek basma yeterli degildir. Bu donatilar
catlak diizlemini kesecek sekilde yerlestirilmeli, iki tarafta yeterli
ankraj saglamali, beton Ortiisii ve aralik kosullarina uygun olmali
ve santiye uygulamasinda dogru konumda korunmalidir.
Ozellikle genis tablali kirislerde, sadece Kkiris etriyelerine
glivenmek yerine tabla icindeki enine donat1 diizeninin de ara yiiz
kesmesi bakimindan yeterliligi kontrol edilmelidir.

Dordiincii adim, servis davranigii goz ardi etmemektir.
Ara yiiz kesmesi nihai tagima giicli problemi gibi goriinse de, ara
ylizte kismi kayma gelismesi sehim, c¢atlak genisligi ve rijitlik
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kaybini etkileyebilir. Ozellikle tekrarli yiikleme, hareketli yiik,
titresim, yorulma veya cevresel etkilerin bulundugu yapilarda ara
yliz davranigi zamanla degisebilir. Bu nedenle dayaniklilik ve
bakim kosullar1 da ara yiiz tasariminin tamamlayict unsurlardir.

7.1. Onceki Calismalardan Ayrisma ve Etik Kapsam

Bu kitap boliimii, ayn1 yiiksek lisans tezinden hareketle
hazirlanmakla birlikte onceki caligma taslaklarindan konu ve
ama¢ bakimindan ayrilmaktadir. Daha Once caligmasi yapilan
Ozet bildiri, kesme ve burulma etkisi altindaki betonarme
elemanlarin karsilastirmali  degerlendirmesine odaklanmustir.
Tam metin bildiri ise egilme ve kesme davraniginin yap1 mekanigi
acisindan teorik analizini ele almistir. Onceki kitap boliimii ise
egilme, kesme ve burulma etkilerinin TS 500 ve TS EN 1992-1-
1 ¢ercevesinde genel degerlendirmesini sunmustur.

Bu bolimde ise genel egilme-kesme-burulma cercevesi
tekrar edilmemis; kapsam tablali betonarme kirigslerde govde-
tabla ara yliz kesmesine ve farkli dokiimlii beton ara yiizlerinde
kayma aktarimina daraltilmistir. Béylece tezde yer alan daha 6zel
bir konu, yap1 mekanigi agisindan bagimsiz bir kitap boliimii
olarak yeniden yapilandirilmistir. Metin olusturulurken tezdeki
ifadeler dogrudan aktarilmamis, konu yeni literatiir ve giincel
standart yaklasimiyla desteklenerek yeniden yazilmistir.

Bu yaklagim, ayni1 tezden birden fazla yay tretirken etik
acidan gerekli olan ayrigmayr saglamayir amaglamaktadir.
Ayrigma yalnizca baghk degisikligiyle degil, arastirma
sorusunun, odak mekanizmanin, literatiir ¢er¢evesinin ve tartisma
bashiklarmin farklilagtirilmasiyla saglanmalidir. Bu béliimde
temel arastirma sorusu, betonarme elemanlarda genel kesme veya
burulma davranist degil; tablali kirislerde birlesik kesit
davranmiginin  govde-tabla ara yiiz kesmesi {izerinden nasil
giivence altina alinacagidir.
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8. SONUC VE ONERILER

Bu kitap boliimiinde tablali betonarme kiriglerde govde-
tabla ara yiiz kesmesi, yapt mekanigi ilkeleri ¢ergevesinde
degerlendirilmistir. Inceleme, tablali kesit davranisinin yalnizca
egilme kapasitesiyle aciklanamayacagini; tablada olusan boyuna
kuvvetin govdeye giivenli bi¢cimde aktarilmasinin da kesitin
birlesik calismast icin zorunlu oldugunu gdstermektedir. Bu
nedenle ara yliz kesmesi, tablali kiris tasariminda ikincil bir detay
degil, tasima mekanizmasinin temel bilesenidir.

Ara yiiz kesme aktarimi; aderans, ylizey piiriizliligi,
agrega kenetlenmesi, kayma slrtiinmesi, ara yuzden gecen
donatilarin diibel etkisi ve normal gerilme durumunun birlikte
calismasiyla olusur. Bu bilesenlerden herhangi birinin yetersiz
kalmasi, govde-tabla birlesiminde kismi kayma, catlak gelisimi
veya ani ayrilma riskini artirabilir. Giincel deneysel ¢aligmalar,
ylizey piirlizliiliigli ve sikistirma etkisinin ara yliz dayaniminda
belirleyici oldugunu; beton dayanimi ve donati diizeninin de
davranig1 6nemli 6l¢giide etkiledigini gostermektedir.

TS 500, betonarme tasarim i¢in pratik ve giivenli bir
ulusal cerceve sunarken, TS EN 1992-1-1 tablali kirislerde
gOvde-tabla kesmesini tabladaki boyuna kuvvet degisimi ve ara
yiliz donatist iizerinden daha acik bigimde yorumlamaya olanak
vermektedir. EN 1992-1-1:2023 ve fib Model Code 2020 gibi
giincel yaklasimlar ise beton-beton ara yulzlerinde mekanik
bilesenlerin, dayanikliligin ve performans degerlendirmesinin
birlikte ele alinmasi1 gerektigini ortaya koymaktadir.

Tasarim uygulamasi agisindan dort 6neri 6ne ¢ikmaktadir.
Birincisi, tablali kesitlerde etkin tabla genisligi kabul edilirken bu
geniglikte  olusan  kuvvetin  gdvdeye aktarimi  ayrica
diistiniilmelidir. Ikincisi, farkli zamanlarda dokiilen beton ara
yuzlerinde yuzey hazirhgi ve pirizlilik smifi  proje
varsayimmlariyla uyumlu bicimde santiyede denetlenmelidir.
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Ugiinciisii, ara yiizden gecen donatilarin alan1 kadar ankraji, yonii,
aralig1 ve catlak diizlemini kesme bi¢imi de tasarimin ayrilmaz
pargasi olarak degerlendirilmelidir. Dordiinciisii, ara yiiz kesmesi
catlak kontrolii ve uzun siireli davranis bakimindan da ele
alinmalidur.

Gelecek caligmalar i¢in ayni kesit geometrileri lizerinde
TS 500, TS EN 1992-1-1, EN 1992-1-1:2023 ve fib Model Code
2020 yaklagimlarmin parametrik olarak karsilagtirilmasi yararl
olacaktir. Ayrica farkli piiriizlilik siniflan, disiik ara yiiz
donatis1 oranlari, lifli beton kullanimi ve mevcut beton {izerine
yeni beton dokiimii gibi uygulama durumlari deneysel ve sayisal
olarak incelenmelidir. Boylece tablali betonarme kirislerde ara
yliz kesmesi davranigi, yalnizca standart kontrolii diizeyinde
degil, daha kapsamli bir yapi1 mekanigi problemi olarak
degerlendirilebilir.
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