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Mesnetlerinden Farklh Yer Hareketi Etkisindeki Kablo
Destekli Kopriilerin Yapi-Zemin Etkilesim Analizi

Hiiseyin KARTAL!
Kurtulus SOYLUK?

(074

Bu calismada esit merkez agikliga sahip asma ve egik kablo askili kdpriilerin dinamik
davranisinin karsilastirilmasi amaciyla 6nce merkez agikligi 1000 m olan bir egik kablo askili
koprii ile bir asma koprii sistemi tasarlanmistir. Tasarimi yapilan kopriilerin dinamik
davraniglarini incelemek i¢in kopriilere iiniform ve mesnetlerinden farkli yer hareketi
uygulanip, yapi-zemin etkilesiminin dikkate alindig1 ve ihmal edildigi durumlar i¢in zaman-
tanim alaninda dogrusal olmayan analizler gerceklestirilmigtir. Calisma sonucunda,
mesnetlerinden farkli yer hareketi uygulamasinin ve yapi-zemin etkilesiminin her iki kdprii
modelinde de yapisal tepkileri genel olarak arttirdigi gozlenmistir. Bunun yaninda, {iniform
ve mesnetlerden farkli yer hareketi uygulanmasina bagli olarak hangi koprii sisteminin daha
fazla etkilendigine iliskin degerlendirmelerde bulunulmustur.

Anahtar Kelimeler: Asma koprii, egik kablo askili koprii, mesnetlerinden farkli yer
hareketi, yapi-zemin etkilesimi.

ABSTRACT

Soil-Structure Analyses of Cable-Supported Bridges under Multiple-Support
Excitation

In this study, it is intended to compare the dynamic behavior of suspension and cable-stayed
bridges for equal center span lengths. For this purpose, a suspension and a cable-stayed bridge
with center spans of 1000 m are designed so that a realistic comparison can be made. Then,
uniform and multiple-support ground motions are applied to the bridges to determine their
dynamic responses. Nonlinear time history analyses are carried out for cases where the soil-
structure interaction is taken into account and ignored. The results show that the multiple-
support excitation as well as the soil-structure interaction generally increase the structural

Note:
- Yaym Kurulu’na 18 Kasim 2021 giinii ulagsmustir. 16 Aralik 2022 giinii yayimlanmak tizere kabul
edilmistir.
- 31 Mayis 2023 giiniine kadar tartismaya agiktir.
e https://doi.org/10.18400/tjce.1224420

1 Kartal Proje, Ankara, Tiirkiye
kartalhuseyin@hotmail.com - https://orcid.org/0000-0002-5132-1205

2 Gazi Universitesi, Insaat Miihendisligi Béliimii, Ankara, Tiirkiye
ksoyluk@gazi.edu.tr - https://orcid.org/0000-0002-3039-0332
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responses for both bridge models. On the other hand, depending on the uniform and multiple-
support motions, the sensitivity of each bridge model is explored.

Keywords: Cable-stayed bridge, suspension bridge, multiple-support excitation, soil-
structure interaction.

1. GIiRiS

Son yillara kadar egik kablo askili kdpriiler orta agikliklart (400-700m) gecmek i¢in tercih
edilirken, asma kopriiler uzun agikliklart (>1000m) ge¢mek igin tercih edilmekteydi. Fakat
son zamanlarda koprii sektoriindeki yapim teknolojilerindeki gelismeler ve dogru analizler
ile birlikte, egik kablo askili kopriller de daha uzun agikliklar i¢in tercih edilmeye
baglanmistir. Bu durumda uzun agiklikli koprii sistemlerinde, kdprii tipine karar vermek i¢in
asma ve egik kablo askili kopriilerin dinamik davranislarinin detayli incelenmesi biiyiik
oneme sahiptir. Egik kablo askili kopriiler ile asma kopriilerin deprem esnasinda dinamik
davraniglart farklilik gosterdiginden esit acikliklara sahip bu kopriilerin - dinamik
davraniglarinin detayli tanimlanmasi gereklidir. Uzun aciklikli asma ve egik kablo askili
kopriilerin dinamik davranisinin karsilagtirilmast ile ilgili olarak giiniimiize kadar yapilmis
olan caligmalarda koprii merkez agikliklari farkli uzunluklarda oldugundan, s6z konusu
koprii  sistemlerinin - dinamik davranislarinin  daha gergekgi bir karsilastirmasinin
yapilabilmesi i¢in bu ¢alismada merkez agikliklart 1000 m olan bir adet asma koprii ile bir
adet egik kablo askili kopriiniin tasarimi yapilmis ve niimerik model olarak kullanilmistir.
Tasarimi tamamlanan egik kablo askili ve asma kdopriilerde kritik deprem yiiklemelerini
belirleyebilmek igin, sert, orta ve yumusak olmak iizere ii¢ farkli zemin grubuna ait kayitlar
kullanilarak {iniform ve mesnetlerinden farkli yer hareketleri tanimlanmis ve kopri
sistemlerine uygulanmustir. Koprii modellerine uygulanan yer hareketleri, rasgele titresim
teorisi esas alinarak {iretilirken, iretilen her bir yer hareketi EC8’de tanimlanan B, C ve D
zemin siiflarina karsilik gelen sert, orta ve yumusak zemin cinsleri ile uyumlu olacak sekilde
elde edilmistir. Kopriilerin dinamik tepkisine yapi-zemin etkilesiminin etkisini belirlemek
icin yapi-zemin etkilesiminin dikkate alindig1 ve ihmal edildigi durumlar her iki kdprii igin
de ayr1 ayri ele alinip karsilagtirmalari yapilmistir. Yapi-zemin etkilesiminin dikkate alindigi
koprii modellerinde, ana kulelerin ve kenar ayaklarin mesnetlendigi noktalardaki zeminler
dogrusal elastik yaylar ile temsil edilmistir. Mesnet noktalarinda, her bir Gtelenme ve donme
icin esdeger Winkler yatak katsayist (k) hesaplanmistir. Yapi-zemin etkilesiminin ihmal
edildigi koprii modellerinde ise ankastre mesnet uygulamasi yapilmistir. Gegmiste asma ve
egik kablo askili kopriilerde yap1 zemin etkilesiminin kopriilerin dinamik davranisina etkisini
ayr1 ayr1 inceleyen ¢aligmalar olmasina ragmen esit merkez agikliga sahip asma ve egik kablo
askilt kopriiler i¢in yap1 zemin etkilesiminin de dikkate almarak dinamik tepkilerinin
kargilagtirildigt bir caligmaya rastlanmamustir. Saadeghvaziri vd. [1] ¢aligmalarinda mevcut
kopriilerde yapi-zemin etkilesiminin dinamik davranisa olan etkisini incelemislerdir. Temel
sonucunda, egik kablo askili kopriilerin analizlerinde yapi—zemin etkilesiminin dikkate
almmasinin biiyiik 6neme sahip oldugu belirtilmistir. Soneji ve Jangid [2] ana kaya iizerine
rijit kazik temel gruplariyla mesnetlenmis egik kablo askili kdprii sisteminin dinamik
davranisina yapi-zemin etkilesiminin etkisini incelemislerdir. Kazik temel etrafindaki
zeminin koOpri davranisint 6nemli Olglide degistirdigi gorilmiistiir. Liang vd. [3]
calismalarinda uzun agiklikli bir egik kablo askili kopriiniin mesnetlendigi kazikli temellerin
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dinamik davranigint zemin-kazik-koprii etkilesimini dikkate alarak incelemislerdir ve
mesnetli kule sistemlerinde kazik baslarindaki maksimum egilme momentlerinin azaldig1
belirtilmistir. Zheng ve Takeda [4] calismalarinda bir egik kablo askili koprii i¢in yapi-zemin
etkilesiminin sistemin dinamik davranisi {izerindeki etkisini incelemiglerdir. Caligmanin
sonucunda, kiitle yay modelinin zemini temsil etmek i¢in uygun bir model oldugu
belirtilmistir. Siddharth vd. [5] ¢alismalarinda yapi-zemin etkilesimini dikkate alarak sert,
orta sert ve yumusak zemin siniflari igin egik kablo askili kdpriilerin dinamik davranisinda
temel derinliginin etkisini incelemiglerdir. Calisma sonucunda zemin sinifinin egik kablo
askil1 kopriilerin dinamik davranisinda biiyiik etkisinin oldugu, 6zellikle yumusak zeminlerin
yapinin hakim periyotlarmi %30 arttirdig1 belirtilmistir. Lyngs vd. [6] Izmit Kérfez Gegisi
Asma Kopriisii’nilin sismik analizleri igin yapi-zemin etkilesiminin modellenmesi {izerine
calismiglardir. Calismanin sonucunda, temel alti zeminin ve zemin ile temel arasinda bulunan
ara dolgu elemanlarinin lineer olmayan elemanlar ile modellenerek yapilan analizlerin daha
gercekei sonuglar verdigi belirtilmistir. Miao ve Tang [7] Dalian Gulf Asma Kopriisii’niin 3
boyutlu dinamik davranigina kazik-zemin etkilesiminin etkisini incelemislerdir. Yapilan
analizler sonucunda yap1 zemin etkilesiminin yapisal deplasmanlar1 ve kesit tesirlerini
arttirdigt belirtilmistir. Keshishian [8] ¢alismasinda koprii tiirli uzun agiklikli yapilarin
rasgele titresim analizi ile ¢6ziimiinde yer hareketindeki degisim ve yapi-zemin etkilesiminin
etkisini incelemistir. Caligmasinin sonucunda yer hareketindeki degisimin koprii davranist
tizerinde daha etkili oldugu ve yapi-zemin etkilesiminin sonuglart kiigiiltebilecegi gibi,
arttirabilecegi de gozlenmistir. Khan ve arkadaglari [9] caligmalarinda zeminin yaylar ve
sontimleyiciler ile modellendigi esdeger modal enerji yontemini kullanarak yapi-zemin
etkilesiminin yelpaze tipi egik kablo askili kdpriilerin dinamik davranisi lizerindeki etkisini
incelemislerdir. Mesnetlerdeki yer hareketleri arasindaki korelasyon etkileri dikkate alinarak
yapi-zemin etkisinin géz oniinde bulunduruldugu ve ihmal edildigi durumlar i¢in yapilan
dinamik analizler neticesinde, yapi-zemin etkilesiminin dikkat alindigt durumlarda
korelasyon etkisinin daha fazla oldugu belirtilmistir. Soyluk ve Sicacik [10] egik kablo askil
kopriilerde, degisen yer hareketi bilesenleri igin yapi-zemin etkilesimi analizi
gergeklestirmiglerdir. Calismalarinin sonucunda egik kablo askili kopriilerin dinamik analizi
i¢in farkli yer hareketi ve zemin-yapi etkilesiminin dikkate alinmasi gerektigi vurgulanmustir.
Kuyumcu ve Ates [11] caligmalarinda degiserek yayilan yer hareketleri etkisindeki
kopriilerde zemin—temel-koprii etkilesiminin etkisini incelemislerdir. Zeminin rijitlikleri
yaylar ve soniimleyiciler ile tarfilenmis ve yapmin dinamik davranisi sert, orta sert ve
yumusak olmak {izere {i¢ ayr1 zemin sinifi i¢in incelenmistir. Calismanin neticesinde, yapi-
zemin etkilesiminin, 6zellikle yumugak zeminler i¢in, kopriiniin dinamik davranisi iizerinde
biiylik 6nemi oldugu vurgulanmistir. Ates ve arkadaslari [12] mesnetlerinden farkli yer
hareketinin ve yapi-zemin etkilesiminin kazikli temelleri olan egik kablo askili kopriilerin
dinamik davranigi iizerindeki etkilerini incelemiglerdir. Yapi-zemin etkilesimi Winkler
modeli tabanli dinamik empedans fonksiyonlari ile dikkate alinmistir. Calismanin sonucunda
yapi-zemin etkilesiminin ve mesnetlerinden farkli yer hareketlerinin egik kablo askili
kopriilerin dinamik davranisi tizerinde onemli etkileri oldugu ve birlikte diisliniilmesi
gerektigi belirtilmistir. Shiravand ve Parvanehro [13] ¢alismalarinda yapi-zemin etkilesimini
dikkate alarak egik kablo askili kopriilerin lineer olmayan dinamik davranigina sismik yer
hareketinin etkilerini incelemislerdir. Caligmanin sonucunda farkli zemin tiirlerinin yapisal
tepkileri arttirdigr belirtilmistir. Tochaei ve arkadaslar1 [14] ¢alismalarinda yakin fay yer
hareketinin ve yapi-zemin etkilesimininin egik kablo askili kopriilerin dinamik davranisina
etkilerini incelemislerdir. Yapi—zemin etkilesimi box-spring sistem ile temsil edilmistir.
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Calismanin sonucunda yakin fay etkisinde ve yumusak zeminlerde yapisal tepkilerin arttig1
belirtilmistir. Kartal ve Soyluk [15] ve Soyluk ve arkadaslar1 [16] ¢aligmalarinda sirasiyla
homojen ve heterojen zemin durumlart i¢in farkli merkez agikliklara sahip bir egik kablo
askili koprii ile bir asma kopriiniin dinamik davranigmi karsilastirmislardir. Yapi-zemin
etkilesiminin dikkate alinmadig1 ¢alismalarin sonucunda tiniform yer hareketi etkisi igin egik
kablo askili kopriiniin daha duyarli oldugu belirtilmistir. Soyluk ve Karaca [17]
calismalarinda kablo destekli kopriilerin dinamik davranigina yakin fay ve uzak fay yer
hareketi etkilerini incelemislerdir. Caligmanin sonucunda yakin fay yer hareketinin egik
kablo askili kopriiye oranla asma kopriiniin dinamik davranigi tizerinde daha biiyiik bir
etkisinin oldugu belirtilmistir. Kartal ve Soyluk [18] ¢alismalarinda asma kopriilerin dinamik
davranisina yapi-zemin etkilesiminin etkisini incelemislerdir. Caligmalarin sonucunda asma
kopriilerde yapi-zemin etkilesiminin dikkate alindig1 durum igin elde edilen yapisal tepkilerin
daha biiyiik oldugu ve yapi-zemin etkilesimi etkisinin zemin sinifina gore degiskenlik
gosterdigi belirtilmistir. Dumanoglu ve Adanur [19] asma kopriilerin antisinkronize dinamik
analizi iizerine calismiglardir. Caligmanin sonucunda, asma kopriilerin dinamik analizleri
yapilirken es-fazli yer hareketi yaninda zit fazli yer hareketinin ve deprem dalgalarinin bir
mesnetten digerlerine ulasma zamanlarinin, buna bagli olarak farkli hizlarin dikkate alinmasi
gerektigi belirtilmistir. Kartal ve Soyluk [20] ¢alismalarinda egik kablo askili kopriilerin
dinamik davranigsina yapi-zemin etkilesiminin etkisini incelemislerdir. Caligmalarin
sonucunda egik kablo askilt kopriilerin tasarimi yapilirken kopriilerin insaa edilecegi
bolgedeki zemin smifinin kdpriiniin deprem yiikleri altindaki davranigi tizerinde biiylik
etkisinin oldugunu ve yapi-zemin etkilesiminin dikkate alinmasi gerektigi belirtilmistir.

2. EGIK KABLO ASKILI KOPRU GENEL OZELLIKLERi VE SONLU ELEMAN
MODELI

Tasarimi yapilan egik kablo askili kdpriiniin toplam uzunlugu 1970 m’dir. Kopriiniin merkez
acikligi 1000 m olup kenar agiklik mesafeleri ise 485 m’dir. Orta acgiklik ve kenar acgiklik
tabliyesi gelikten olugmaktadir (Sekil 1). Ana kulelerin yiiksekligi 340 m’dir ve ters Y
seklinde tasarlanmustir. Kablo yerlesim sekli yelpaze sistem olarak diigiiniilmiistiir. Ana kule
temellerinin genigligi 40m, boyu 80m ve kalinligi da 10 m’dir. Ana kulenin zemine
mesnetlendigi nokta ile tabliye arasindaki diisey mesafe 60 m olup tabliye iistiinden ana kule
tepe noktasina olan diisey mesafe 280 m’dir. Ana kule ve tabliye en kesiti Sekil 2’de
gosterilmigtir. Koprii ayaklart temelleri yiizeysel temel olarak tasarlanmustir ve kule ayaklari
temellere ankastre olarak baglanmistir. Kenar agikliklarda ise 120 m ve 250 m’lik kisimlarda
ilave ayaklar olup koprii tabliyesi bu noktalarda diisey yonde mesnetlenmistir [21].

20*2= 40 Adet Kablo = o 202 = 40 Adet Kablo 20*2= 40 Adet Kablo

}mmw ‘

485m ‘ 1000m ‘ 485m

Sekil 1 - Egik kablo askili képrii genel goriiniimii
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Sekil 2 - Egik kablo askili koprii ana kule ve tabliye en kesiti

Kopriiniin 3 boyutlu sonlu eleman modeli SAP 2000 Advanced 19.1.0 [22] sonlu eleman
programi kullanilarak olusturulmustur. Ana kulelerin ve tabliyenin modellenmesinde ¢ubuk
elemanlar kullanilmigtir. Kablolarin modellenmesinde SAP 2000 programinin i¢inde mevcut
bulunan 6zel kablo elemanlar1 kullanilmistir. Modelde toplam 384 diigiim noktasi, 223 ¢cubuk
eleman, 160 adet kablo eleman ve 162 adet baglanti elemant kullanilmigtir. Sekil 3’de
kopriiniin 3 boyutlu sonlu eleman modeli gdsterilmistir.

Sekil 3 - Egik kablo askili képriiniin 3 boyutlu sonlu eleman modeli

Tablo 1 - Malzeme mekanik éozellikleri

Yapisal Celik Akma Gerilmesi (fy)  Kopma Gerilmesi Ela?.tlflte Ke{yx}la Poisson
S (N/mm?) () (N/mm?) Modiili (E)  Modiili (G) (U)
it . (N/mm?) (N/mm?)
(S 355)
355 510 210000 80769 0,30
Kablo Celik Ay ma Gerilmesi (fy)  Kopma Gerilmesi Ela?.tl?lte Ke{yx}la Poisson
Sinifi 2 ) Modiilii (E)  Modiilii (G)
(N/mm?) (fu) (N/mm?) N 5 )
(EN 10138- (N/mm?) (N/mm?)
3) 1582 1860 195000 - -
Karakteristik Basing Karakteristik Cekme Elastisite Kayma Poisson
Beton Sinifi Dayanimi (fx) Dayanimi (feik) Modiilii (E) Modiili (G) (U)
(C 50) (N/mm?) (N/mm?) (N/mm?) (N/mm?)
50 2,5 37000 15416 0,20
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Orta aciklik ve kenar agiklik tabliyesi ¢elikten olugmaktadir ve gelik kesitler kdprii boyunca
degisiklik gostermektedir. Tabliyede kullanilan celik sinift S355 olarak secilmistir. Ana kule
ve temellerde kullanilan betonarme donati ¢eligi malzemesi ise S420 olarak se¢ilmistir. Ana
kule ve temeller icin C50 beton sinifit kullanilmigtir. Tabliye, ana kule ve kablolarda
kullanilan malzemelerin mekanik 6zellikleri Tablo 1°de gosterilmistir.

Ana kuleler 340 m yiiksekliginde ve ters Y seklinde betonarme sistem olarak tasarlanmustir.
Ana kule ve ana kule ayaklarini birbirine baglayan yatay kirislerin en kesiti 8§ m x 8 m’dir.
Egik kablo askil1 kprii igin sonlu eleman modelinde olusturulan ana kule kesiti ve geometrik
ozellikleri de Sekil 4’de gosterilmistir.

* | € property Data
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+ ] [oeron cso 5 Setbosen T Dependestproperes 5766553
I constant °

Sekil 4 - Egik kablo askili képrii ana kule kesiti ve geometrik ozellikleri

Celik malzemeden olusan orta ve kanar aciklik tabliye kesitleri koprii boyunca degiskenlik
gostermektedir. Egik kablo askil1 koprii i¢in tabliye kesitleri bilgisayar modelinde Sekil 5°de
gosterilen dagilima goére tanimlanmustir.

AN

LU R ——\

AAAAAAAAA 44444443/3T2,T1T1T2T3TTTT 516 T6TEL 6 TE T AR T4 |
T T L

Sekil 5 - Egik kablo askili képrii icin ¢elik tabliye kesitleri

Tabliye genisligi 40 m, tabliye yiiksekligi de 4 m’dir. Kablolarin tabliyeye baglanti noktalar:
arast mesafe 24 m’dir. Ortotropik kutu kesitli tabliye aecrodinamik bir enkesite sahiptir. Egik
kablo askili koprii i¢in bilgisayar modelinde olusturulan gelik tabliye kesitlerin geometrik
ozellikleri Sekil 6’da gosterilmistir.
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Sekil 6 - Egik kablo askili képrii tabliyesi T1 ve TS5 kesiti geometrik dzellikleri

Kablolarda olusan sehim nedeniyle kablo elastisite modiilii azalmaktadir. Yiikiin artmasryla
kablodaki sehimin azalmasi sonucu kablolarda ortaya ¢ikan lineer olmayan bu etkiyi dikkate
almak icin literatiirde yaygin olarak kullanilan Ernst tarafindan oOnerilen denklem ile
hesaplanan esdeger elastisite modiilii kullanilmigtir [23]. Kablolarin yataydaki boylar1 ve
caplar1 degiskenlik gosterdiginden her bir kablo igin esdeger elastisite modiilii
hesaplanmistir. Kablolarin genel yerlesimi Sekil 7’de, genel ozellikleri de Tablo 2’de
gosterilmistir.

20 *2 = 40 Adet Kablo 20 *2 = 40 Adet Kablo

Sekil 7 - Egik kablo askili koprii kablo yerlesimi ve numaralari

Tabliyenin kiitlesi tabliye kenar uglarinda kablolarin baglandigi noktalarda toplanmistir [24].
Kiitleler kopriiniin enine, boyuna ve diisey yoOniinde tanimlanmistir. Tabliye g¢ubuk
elemanlari ile ana kule ¢ubuk elemanlari birbirine baglanti elemanlari ile birlestirilmistir. Bu
baglanti elemanlar1 diiseyde ve enine yonde sabit olup, koprii boyuna yoniinde 20000
elemanlar1 tanimlanarak tabliye ile kablo baglantist gergekgei bir sekilde saglanmigtir. Sekil
8’de tabliyenin ana kuleye baglantisi ve rijit baglant1 elemanlar1 gosterilmistir. Tabliyenin
kenar ayaklar tizerindeki baglantisi, kopriiniin boyuna yoniinde kayar mesnet olarak diger
yonlerde ise sabit mesnet olarak diizenlenmistir. Tabliyesinin ana kuleye mesnetlenme
sartlar1 Sekil 9°da gdsterilmistir [21].



Mesnetlerinden Farkli Yer Hareketi Etkisindeki Kablo Destekli Kopriilerin ...

Tablo 2 - Egik kablo askili koprii kablo ozellikleri

ORTA ACIKLIK KABLOLARI

KENAR ACIKLIK KABLOLARI

Kablo Kablo Kablo Kablo cap1 Kablo alan1 Kablo Kablo Boyu Kablo Kablo ¢ap1 Kablo alam
no Boyu (m) yerlesimi (mm) (mm?) no (m) yerlesimi (mm) (mm?)
1 485 7 * 400 174 15448 40 485 a7 * 400 174 15448
2 461 7 * 400 174 15448 39 461 Q7 * 400 174 15448
3 437 @7 * 400 174 15448 38 437 7 * 400 174 15448
4 413 ©7 * 400 174 15448 37 413 7 * 400 174 15448
5 380 @7 *400 174 15448 36 389 Q7 * 400 174 15448
6 365 @7 *400 174 15448 35 365 a7 * 400 174 15448
7 341 A7 *400 174 15448 34 341 a7 * 400 174 15448
8 317 @7 *330 160 13062 33 317 a7 * 330 160 13062
9 293 @7 *330 160 13062 32 293 7 * 330 160 13062
10 269 7 *330 160 13062 31 269 Q7 * 330 160 13062
11 245 @7 *330 160 13062 30 245 Q7 * 330 160 13062
12 221 @7 *330 160 13062 29 221 a7 * 330 160 13062
13 197 @7 *220 136 9438 28 197 a7 * 330 160 13062
14 173 @7 *220 136 9438 27 173 a7 * 330 160 13062
15 149 @7 *220 136 9438 26 149 7 * 330 160 13062
16 125 @7 *220 136 9438 25 125 Q7 * 220 136 9438
17 101 @7 *220 136 9438 24 101 Q7 * 220 136 9438
18 77 Q7*180 119 7226 23 77 a7 * 180 119 7226
19 53 ©7%*180 119 7226 22 53 a7 * 180 119 7226
20 27 O7*180 119 7226 21 27 a7 * 180 119 7226
!
7R \
/ \
/1IN
// ’/ Ny | R Tabllyc

Rijit baglant1 elemam

Mesnet baglanti elemani

Ana kule

" Kablo baglant: noktas:

Sekil 8 - Koprii tabliyesinin ana kuleye baglantisi ve rijit baglanti elemanlari
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Sekil 9 - Egik kablo askili képrii tabliyesinin ana kuleye mesnetlenme sartlar

3. ASMA KOPRU GENEL OZELLIKLERIi VE SONLU ELEMAN MODELI

Tasarimi yapilan asma kopriiniin toplam uzunlugu 1500 m’dir. Kopriiniin merkez agikligi
1000 m olup kenar agiklik mesafeleri ise 250 m’dir (Sekil 10). 4 m yiiksekligindeki koprii
tabliyesi 40 m toplam genislige sahip olup, celikten olugmaktadir ve gelik kesitler koprii
boyunca degiskenlik gdstermektedir. Asma koprii igin tabliye kesitleri bilgisayar modelinde
Sekil 11°de gosterilen dagilima gore tanimlanmistir. Ana kule 240 m yiiksekliginde ve H
seklinde betonarme olarak tasarlanmistir (Sekil 12). Ana kule ve ana kule ayaklarini birbirine
baglayan yatay kiriglerin en kesiti § m x 8 m’dir. Asma koprii i¢in sonlu eleman modelinde
olusturulan ana kule kesiti ve geometrik 6zellikleri agik kablo askili koprii ile ayni olup daha
once Sekil 4’de gosterilmistir. Ana kablolar kuleden 250 m uzaklikta beton bloklara ankre
edilmistir. Koprii ayak temelleri yiizeysel temel olarak tasarlanmistir ve kuleler temellere
ankastre olarak mesnetlenmistir. Ana kule temellerinin genisligi 40 m, boyu 80 m ve kalinlig1
da 10 m’dir [25].

39 *2 =78 Adet Aski

250m ‘ 1000m ‘ 250m

Sekil 10 - Asma koprii genel goriintimii

Kopriiniin 3 boyutlu sonlu eleman modeli SAP 2000 Advanced 19.1.0 sonlu eleman programi
kullanilarak olusturulmustur. Ana kulelerin ve tabliyenin modellenmesinde ¢ubuk elemanlar
kullanilmistir. Asma koprii i¢in olusturulan g¢elik tabliye enkesiti ve enkesitlerin geometrik
ozellikleri egik kablo askili kdprii ile ayni olup daha dnce Sekil 6°da gosterilmistir.
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KULE
KULE

Sekil 11. Asma képrii ¢elik tabliye kesitleri

25m \ﬁm‘ ‘n’m 25m ‘ ‘
e
g Y 7 8 :
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Sekil 12 - Asma koprii tabliye ve ana kule en kesiti

Aski halatlarinin modellenmesinde SAP 2000 programinin iginde mevcut bulunan 6zel kablo
elemanlar1 kullanilmistir. Ana kablo ve aski halatlar1 genel yerlesimi Sekil 13°de, genel
ozellikleri de Tablo 3’de gosterilmistir.

1 NOLU ANA KULE 2 NOLU ANA KULE

Sekil 13 - Asma koprii ana kablo ve aski halatlar: yerlegimi

Modelde toplam 271 diigiim noktasi, 110 ¢ubuk eleman, 162 adet kablo eleman ve 82 adet
baglanti eleman1 kullanilmistir. Sekil 14’de asma kopriiniin 3 boyutlu sonlu eleman modeli
gosterilmistir. Modelde tabliye cubuk elemanlar: ile aski halatlar1 arasina rijit baglanti
elemanlar1 tanimlanarak gergek durumu yansitacak sekilde tabliye ile aski halati baglantisi
saglanmistir. Tabliyenin ana kuleye mesnetlendigi noktalarda, diiseyde ve enine yonde sabit
kullanilmustir. Tabliyenin ana kuleye mesnetlenme sartlar1 egik kablo askili kdprii ile ayni
olup daha once Sekil 9°da gosterilmistir. Tabliyenin kiitlesi tabliye ile aski halatlarinin
baglandig1 noktalarda toplanmistir [25].

10
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Tablo 3 - Asma koprii ana kablo ve aski halat ozellikleri

Kablo Kablo Kablo Kablo Kablo Kablo Kablo Kablo

No Boyu Capi Alam No Boyu Capi Alam

(m) (mm) (mm?) (m) (mm) (mm?)
1 310 700 326952.5 21 21 160 13062.40
2 1067 700 326952.5 22 20.5 160 13062.40
3 310 700 326952.5 23 21 160 13062.40
4 163 160 13062.40 24 23 160 13062.40
5 147 160 13062.40 25 26 160 13062.40
6 132 160 13062.40 26 29 160 13062.40
7 118 160 13062.40 27 33 160 13062.40
8 106 160 13062.40 28 38 160 13062.40
9 94 160 13062.40 29 44 160 13062.40
10 84 160 13062.40 30 50 160 13062.40
20 23 160 13062.40 40 163 160 13062.40

Sekil 14 - Asma koprii 3 boyutlu sonlu eleman modeli

4. KOPRULERIN TASARIMINDA KULLANILAN YUKLER

Koprii yapr elemanlarinin zati yiikii kesit tariflerine gore SAP 2000 programi tarafindan
hesaplanmigtir. Koprii tabliyesinde kullanilan ilave kaplama ve ekipman agirliklari ise Tablo
4’de gosterilmistir.

Tablo 4 - Képrii tabliyesi ilave kaplama ve ekipman agirliklar

Yiik Cinsi Birim Agirlik Kalinlik Yiik Degeri
Asfalt 24.0 kN/m? 8 cm 1.92 kN/m?
Izolasyon 22.0 kN/m? 1 cm 0.22 kN/m?
Korkuluk - - 1.50 kN/m
Otokorkuluk - - 0.50 kN/m
Koprii iizeri aydilatma - - 0.10 kN/m
Pilon Asansori - - 0.15 kN/m

11



Mesnetlerinden Farkli Yer Hareketi Etkisindeki Kablo Destekli Kopriilerin ...

Trafik yiiklemesi AASHTO- LRFD 2007 [26] Kisim 3.6.1.2.2°ye gore yapilmistir.
Yiklemede, kopriiniin tamamina {iniform yayili sabit trafik yiikii uygulanirken, koprii
boyunca 4 seridin tamaminin tasit ile dolu oldugu durum incelenmistir. Trafik yiiklemesinde
tasit tipi olarak AASHTO’da tarifli tasarim kamyonu kullanilmistir. Tasarim kamyonu
Olgiileri ve yiik degerleri Sekil 15°de gosterilmistir.

35000N 145000 N 145 000N [v~e——+

1800mm
4300mm__| 4300 to 9000 mm |

Sekil 15 - Tasarim kamyonu él¢iileri ve yiik degerleri [24]

Yaya yliklemesi olarak AASHTO- LRFD 2007 Kisim 3.6.1.2.2°ye gore tabliye {izerinde 3,60
kN/m? yaya yiikii alinmustir. Yaya seridi genisligi 2,50 m’dir. Toplam 18,00 kN/m
degerindeki yaya yiikii (2 x 3,60 kN/m? x 2,50 m) kdprii tabliyesinin tamamina uygulanmustir.
Riizgar yiiklemesi AASHTO- LRFD 2007 Kisim 3.8’e gore yapilmustir. Tasarim riizgér hizi
160 km/sa olarak kabul edilmistir ve elde edilen riizgar basinci tabliye ve ana kulelere
uygulanmistir. Deprem yiiklerinin hesabinda AASHTO- LRFD 2007 Kisim 3.10
kullanilmistir. Kopriiye etki eden deprem yiikii i¢in davranis spektrum analizi yapilip mod
birlestirme yontemi kullanilmistir. Deprem bolgesi = 4, Ao = 0,40, Yapt onem katsayis1 =
1.5 parametrelerine gore davranis spektrum grafigi olusturulmustur ve kopriiniin her iki
yoniinde deprem yiikii uygulanmistir.

5. DEPREM HAREKETININ TANIMLANMASI

Tasarimi yapilan egik kablo askili ve asma kopriide kritik deprem yiiklemelerini
belirleyebilmek i¢in sert, orta ve yumusak olmak iizere ii¢ farkli zemin grubu igin {iretilen
kayitlar tiniform ve farkli yer hareketleri seklinde koprii sistemlerine uygulanmistir. Yer
hareketi kayitlari rasgele titresim teorisi esas alinarak tiretilirken, iretilen her bir yer hareketi
EC8’de tanimlanan B, C ve D zemin siniflarina karsilik gelen sert, orta ve yumusak zemin
cinsleri ile uyumlu olacak sekilde elde edilmistir.

Yer hareketi iiretmek iizere bu calismada Hao ve arkadaslari [27] tarafindan Onerilen
simiilasyon yontemi esas alinistir. S6z konusu yontem, uygunluk fonksiyonu ile spektral
yogunluk fonksiyonlarina bagli olarak farkli yer hareketlerinin {iretilmesinde
kullanilmaktadir. i ve j mesnet noktalarindaki ivmeler i¢in uygunluk fonksiyonu,

Sij(iw)

Vij(iw) = ——= (1)
Y [siwys;ow)

Burada, S;;(w) ve S;;(w) sirasiyla, i ve j mesnetlerindeki yer hareket ivmelerine ait spektral
yogunluk fonksiyonlarmi gosterirken, S;;(iw) i ve j mesnetlerindeki yer hareket ivmeleri
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arasindaki karsit-spektral yogunluk fonksiyonunu gostermektedir. Uygunluk fonksiyonu ise
asagidaki sekilde tanimlanmaktadir.

Yii (iw) = [y )| vi; (W) v (w)® = [y W) expli(8;w)™ +05,w)%)] (@)

Burada y3(w)! ve yi(iw)¥, v3(iw)® sirast ile korelasyon, dalga-yayilma ve zemin etkilerini ifade
etmektedir. Zemindeki dalgalarin yayilmasi esnasinda yansimasi ve kirilmasi sonucu olusan
korelasyon etkisi i¢in, Harichandran ve Vanmarcke [28] tarafindan 6nerilen ve yaygin olarak
kullanilan model dikkate alinmistir. Dalgalarin mesnet noktalarina varis siireleri arasindaki
farktan kaynaklanan dalga-yayilma etkisi,

—
O iw) = —— 3)

Vapp

ifadesi ile tanimlanmaktadir. Burada v,p, goriinen dalga yayilma hizini ifade etmekte olup,
dit dalga yayilma dogrultusunda mesnetler arasindaki yatay izdiisim uzakligini
gostermektedir. Lokal zemin kosullarindaki farkliliklardan kaynaklanan zemin etkisi ise,

_q Im[H(iw)H j(=iw)]

. S =
9” W) tan Re[H;(iw)H j(-iw)]

4)

ile tanimlanirken, burada Hi(iw) zemin katmanlarindaki filtrasyonu temsil eden zemin
frekans davranis fonksiyonudur.

Yer ivmesinin spektral yogunluk fonksiyonu i¢in, Clough ve Penzien [29] tarafindan
gelistirilen filtre edilmis beyaz giiriiltii modeli kullanilmaktadir.

wg+4lZwiw? w*

Sii(w) = So Q)

(Wé—w2)2+4féwéwz (W?—w2)2+4—{l2¢wjng

Burada Sy, spektral yogunluk fonksiyonunun ordinat degerini gosterirken, w, ve g, sirasiyla
birinci filtreye ait dogal frekansi ve soniim oranini, wr ve ¢ ise ikinci filtreye ait parametre
degerlerini ifade etmektedir. Yer hareketi elde etmek igin, ilk olarak belirtilen spektral
yogunluk fonksiyonlar1 ile uyumlu stasyoner rasgele islem ornekleri iii(t), tia(t), ..., Un(t),
olusturulmaktadir (Hao ve arkadaglari [27]). Bu amagla,

li (£) = Ykc1 Dy Arm (W) cos[wit + B (W) + Py (W))] (6)

kullanilmaktadir. Burada w=lAw, Aw=wx/N, wy lst kesim frekansini, @m(wi) 0-27
araliginda tiniform dagilim gosteren rasgele faz acisini (Qmi ve ¢rs m=r ve n=s olmasi disinda
istatistiksel olarak bagimsiz olmalidir), k mesnet noktalarini ifade etmekte olup, Axm(Wi) ve
Oxm(W1) ise olusturulmus kayitlarin genlik ve faz acisini ifade etmektedir.

Deprem hareketinin stasyoner olmayan bir islem olmasi nedeniyle farkli mesnet
noktalarindaki stasyoner olmayan yer hareket ivmeleri, stasyoner olarak elde edilen yer
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hareketlerinin stasyoner olmayan bir sekil fonksiyonu ile c¢arpilmasi sonucu elde
edilmektedir.

a(t) = § ()i (1) (7

Sekil fonksiyonu &(t) asagidaki gibi tanimlanmaktadir.

(t/to)? 0<t<t,
&)=+ 1 to<t<t, ®)
exp(—0.394(t — t,,) t, <t

Burada ty ve t, dominant deprem titresim bolgesindeki stasyoner boliimiim baslangic ve bitis
siirelerini gostermektedir. Bu calismada ty=4s ve t,=10s degerleri kullanilmaktadir. Bu
calismada olusturulan tiim yer hareket ivime kayitlari, %5 soniim orant igin ve 0.3g PSA’ya
gore normalize edilmek suretiyle, Eurocode 8 [30] ile uyumlu olacak sekilde belirlenmistir.

Uniform yer hareketi igin koprii modelinin mesnetlerinde EC8’¢ gore siniflandiriimis
homojen sert (B), orta (C) ve yumusak (D) zemin kosullar1 dikkate alinmistir. B, C ve D sinifi
zemin i¢in elde edilen ivme-zaman kayitlar1 kullanilarak kopriilere enine, boyuna ve diisey
dogrultuda olmak tizere ii¢ yonlii iiniform yer hareketleri uygulanmistir. Diisey dogrultuda
uygulanan yer hareketi, yatay bilesen 2/3 carpilmak suretiyle elde edilmistir. Kopri
sistemlerine uygulanan iiniform yer hareketleri Sekil 16°da gosterilmistir.

1 NOLU ANA KULE 2 NOLU ANA KULE

Sekil 16 - Koprii sistemlerine uygulanan iiniform yer hareketleri

Uniform yer hareketi durumunda koprii sistemlerine uygulanmak iizere B, C ve D sinifi
zemin i¢in elde edilen ivme—zaman kayitlar: Sekil 17°de gdsterilmistir.
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BSINIFI ZEMIN

fvme (g)
Tvme (g)

Zaman (sn) Zaman (sn) ' Zaman (sn)

Sekil 17 - B,C ve D sinifi zemin ivme-zaman kayitlar

SAP2000 programinda yerdegistirme-zaman fonksiyonu kullanilarak farkli yer hareketi
uygulanabildiginden, tiniform yer hareketi uygulamasindan farkli olarak mesnetlerinden
farkli yer hareketi uygulamasinda yerdegistirme-zaman kayitlar1  kullanilmustir.
Yerdegistirme kayitlar1 ivme kayitlarina bagh olarak elde edilirken, DEEPSOIL v7.0 [31]
yazilimi ile eksen diizeltmesi yapilmistir. Farkli yer hareketi analizi i¢in yer hareketi
tiretilirken 6nce zemin homojen alinmis olup, yer hareketi degisimi dalga-yayilma ve
korelasyon etkisi ile dikkate alinmistir. Bu durumda kopriilerin 1 nolu ana kule mesnetlerine
ve kopriilerin bu yakasindaki diger mesnetlere ayn1 yer hareketleri enine, boyuna ve diisey
yonde olmak iizere ii¢ dogrultuda uygulanirken, 2 nolu ana kule mesnetlerine ve kopriilerin
bu yakasindaki diger mesnetlere dalga yayilma ve korelasyon etkisi dikkate alinarak
belirlenen yer hareketleri yine ti¢ dogrultuda uygulanmistir. Dalga yayilma hizlar1 B, C ve D
zemin cinsi i¢in sirastyla 720 m/s, 360 m/s ve 180 m/s olarak dikkate alinmustir.

1 NOLU ANA KULE 2 NOLU ANA KULE
. o
;i ®) Q\JD)
;% (B) Q ©)

Sekil 18 - Asma kopriiye uygulanan mesnetlerinden farkl yer hareketleri

Daha sonra 1 nolu ana kule mesnetleri ile kdpriilerin bu yakasindaki diger mesnetlerdeki
zemin cinsi ayni olmak iizere, 2 nolu ana kule mesnetleri ile kopriilerin bu yakasindaki diger
mesnetlerdeki zemin cinsi farkli alinarak, iki yakadaki zemin cinsinin farkli olmasi durumu
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icin de farkli yer hareketi uygulamasi yapilmistir. Zemin cinsindeki farklilik yaninda dalga-
yayllma ve korelasyon etkisinden kaynaklanan yer hareketi degisimi de dikkate alinmustir.
Heterojen zemin cinsi olarak BC, BD ve CD durumlari dikkate alinmigtir. BC kisaltmas ile
tanimlanan farkli yer hareketi icin, koprii modellerinin 1 nolu ana kulesinin bulundugu
yakadaki mesnetlerin sert (B) zemin smifi iizerine insa edildigi kabul edilirken, diger
yakasindaki mesnetlerin orta (C) zemin sinifi {izerine insa edildigi kabul edilmistir. Koprii
sistemlerine uygulanan mesnetlerinden farkli yer hareketleri Sekil 18’de gosterilmistir.

Egik kablo askili kopriide ana kule mesnetleri harici diger mesnetler kdpriiniin boyuna yonde
kayar mesnet olduklarindan bu mesnetlere boyuna yonde yer hareketi uygulanmamistir.
Deprem yiiklemeleri i¢in zaman tanim alaninda dogrusal olmayan analizler yapilmis olup s6z
konusu analizlerde kopriilerin kendi agirliklart da gdz oniinde bulundurulmustur. Asma
kopriiye uygulanan BC ve CD smifi zemin igin tretilmis farkli yer hareketine ait
yerdegistirme—zaman kayitlart Sekil 19 ve Sekil 20°de gosterilmistir.

BC1 SINIFI ZEMIN BC2 SINIFI ZEMIN

Yerdegistirme (m)

o
©
8

o

5

&

8

8

Yerdegistirme (m)

Zaman (sn) Zaman (sn)

Sekil 19 - Asma koprii 1 ve 2 nolu yakada uygulanan BC sinifi zemin yerdegistirme -zaman
kayitlar

CD1 SINIFI ZEMIN CD2 SINIFI ZEMIN

10 0 40 50

Yerdegistirme (m)
o
g
]

Yerdegistirme (m)

Zaman (sn)

Zaman (sn)

Sekil 20 - Asma koprii 1 ve 2 nolu yakada uygulanan CD swnifi zemin yerdegistirme -zaman
kayitlar

6. YAPI-ZEMIN ETKILESIMININ TANIMLANMASI

Yapi-zemin etkilesiminin dikkate alindigi kdprii modellerinde, ana kulelerin ve kenar
ayaklarin mesnetlendigi noktalarda zeminler dogrusal elastik yaylar ile temsil edilmistir.
Mesnet noktalarinda, her bir 6telenme ve donme igin esdeger Winkler yatak katsayist (k)
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hesaplanmigstir. Yatak katsayist hesaplart FEMA 356 [32] Bo6liim 4’e gore yapilmistir. Zemin
siniflarina goére zeminin donme ve 6telenme rijitlikleri degistiginden her li¢ zemin sinifi (B,
C, D) i¢in ayn hesaplamalar yapilmistir. Her iki koprii ana kule temellerinin de ayni
boyutlarda olmasindan dolay her bir ana kule temeli i¢in hesaplanan zemin rijitlikleri her iki
koprii ana kule mesnet noktalaria da uygulanmistir. Egik kablo askili kdpriiniin kenar agiklik
temelleri i¢in de ayrica yatak katsayisi hesabi yapilmigtir. Koprii temellerinin zemine
mesnetlendigi noktalarda temellerin donme ve 6telenme rijitlikleri igin kullanilan formiiller
asagida verilmistir. [32]

Temel enine yonde 6telenme rijitligi (Kx) =[(G x B) / (2 - v)] x [ 3,4 x (L/B)*% + 1,2]
Temel boyuna yonde 6telenme rijitligi (Ky) =[(GxB)/ (2 - v)] x [ 3,4 x (L/B)*% + 0,4 x L
/B +0,8]

Temel diisey yonde dtelenme rijitligi (Kz) = [(G x B) / (1 - v)] x [ 1,55 x (L/B)%75 + 0,8]
Temel boyuna yonde dénme rijitligi (Kxx) = [(Gx B* /(1 -v)] x[ 0,4 x (L/B) +0,1]

Temel diisey yonde donme rijitligi (Kzz) = (G x B*) x [ 0,53 x (L/B)>* +0,51]

[T

Burada, “G” kayma modiiliinii, “B” temel genisligini, “v” poisson oranini, “L” de temel
boyunu ifade etmektedir. Koprii temelleri i¢in hesaplanan 6telenme ve donme rijitlikleri
koprii sonlu elamanlar modellerinde yay olarak her bir ana kulenin ve kenar ayaklarin mesnet
noktalarinda tariflenmistir. Her li¢ zemin sinifi i¢in ana kule ve kenar agiklik temellerinin
donme ve otelenme rijitlikleri Tablo 5 ve Tablo 6’da gosterilmistir. Yapi-zemin etkilesiminin
ihmal edildigi koprii modellerinde ise ankastre mesnet uygulamasi yapilmustir.

Tablo 5 - Asma ve egik kablo askili képrii ana kule temelleri donme ve otelenme rijitlikleri

Ana Kule Temelleri (B =40m, L = 80m, v =0.5)
Zemin Smifi Kx (kN/m) Ky (kN/m) Kz (kN/m) Kxx (kN.m) Kyy (kN.m) Kzz (kN.m)
B 501389577 532078262 784121731 3.31438E+11 9.26065E+11 6.27155E+11
C 7549977691 80120911.8 118073886 49908256881 1.39448E+11 94437660923
D 15544071.72 16495481.84 24309329.47 10275229358 28709845636 19443047837

Tablo 6 - Egik Kablo Askili Koprii Kenar Ayak Temelleri Dénme ve Otelenme Rijitlikleri

Kenar Ayak Temelleri (B = 10m, L = 40m, v =0.5)
Zemin Smifi  Kx (kN/m) Ky (kN/m) Kz (kN/m) Kxx (kN.m) Kyy (kN.m) Kzz (kN.m)

B 183590877 206607390.7 298297588.4 9782018349 75534907083 46994656134
C 27645309.92 31111161.09 44917968.78 1472986748 11374126811 7076505406
D 5691681.454 6405239.048 9247817.101 303261977.6 2341731990 1456927584
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7. NUMERIK ANALIZLER

Dikkate alinan koprii sistemlerin iiniform ve farkli yer hareketleri etkisindeki analizleri hem
yapi-zemin etkilesiminin dikkate alindigi hem de ihmal edildigi durumlar icin yapilmig ve
elde edilen bulgular karsilastirilarak degerlendirilmistir. Sert, orta ve yumusak zemin cinsleri
dikkate almarak iretilen tniform ve farkli yer hareketleri igin gergeklestirilen dinamik
analizler neticesinde ana kulelerde ve tabliyelerde elde edilen yer degistirme ve kesit
tesirlerinin karsilastirmalar1 yapilmistir. Yapi-zemin etkilesiminin dikkate alindig1 durumlar
“YZE” olarak, ihmal edildigi durumlar ise “ANKR” olarak adlandirilmistir. Calismada
dikkate alman kopriilerin geometri, kiitle ve rijitlik 6zelliklerinin farkli olmasi nedeniyle,
yapisal tepkilerin farkli olmasi beklenen bir durumdur. Burada yapilan karsilagtirmanin
amaci, Uiniform ve mesnetlerinden farkli yer hareketi uygulamasi durumlar igin s6z konusu
kopriilerin performansini belirlemek ve deprem hareketinin tiniform veya farkli olarak
uygulanmasi durumunda, yapi-zemin etkilesimine de bagli olarak, ne derece etkilendiklerini
goreceli olarak karsilastirmaktir. Boylelikle, bu calismanin amacina uygun olarak, merkez
acikligin 1000m’ye ulastigi uzun aciklikli kablo-destekli koprii sistemlerinde, deprem
kuvvetleri acisindan koprii tipinin se¢imine karar verebilmek i¢in bir degerlendirme
yapilabilmesi hedeflenmistir.

7.1. Modal Analiz Sonuclar1

Egik kablo askili koprii analizlerinde 50 mod dikkate alinmis olup, kiitle katilim: boyuna
yonde %92, enine yonde %91 olarak ger¢eklesmistir. K&priiniin modal analizi sonucunda
elde edilen ilk tic mod sekilleri Sekil 21 ve Sekil 22’de gosterilmistir. Kopriiniin 1. modu
boyuna yondeki salinim modudur ve 11.88 sn’lik dogal periyota sahiptir. 2. modu yatay
yondeki egilme modudur ve 8,75 sn’lik periyota sahiptir. 3. modu diisey yondeki egilme
modudur ve 5,97 sn’lik periyota sahiptir. Diger modlar burulma modlar1 olup periyodlart da
cok yakin oldugundan burada gosterilmemistir.

Sekil 22 - Egik Kablo Askili Koprii 3.Mod Sekili
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Egik kablo askil1 koprii i¢in diisey yondeki egilme frekansi hesabi Chinese Wind-resistant
Design Specification for Highway Bridges [33] Boliim 5’de yer alan ampirik formiiller
kullanilarak da hesaplanmuistir.

f,=150/L 9)

L = Koprii merkez agiklig1 (Kenar agiklik mesnetli) = 1000 m
fb = 0,15 Hz
Tb (Diisey Periyot)= 1/ f, = 6,67 sn

Sonlu eleman yazilimi ile elde edilen diisey yondeki egilme modu 5,97 sn olup, yukaridaki
formulasyon ile elde edilen T = 6,67 sn degerine yakin oldugu goriilmektedir.

Asma koprii analizlerinde 50 mod dikkate alinmis olup, kiitle katilim1 boyuna ydnde % 93,
enine yonde % 90 olarak gergeklesmistir. Kopriiniin modal analizi sonucunda elde edilen ilk
iic mod sekilleri Sekil 23 ve Sekil 24’de gosterilmistir. Kopriiniin 1. modu diisey yondeki
antisimetrik egilme modudur ve 9,93 sn’lik dogal periyota sahiptir. 2. modu yatay yondeki
egilme modudur ve 9,22 sn’lik periyota sahiptir. 3. modu diisey yondeki egilme modudur ve
7,01 sn’lik periyota sahiptir. Diger modlar burulma modlar1 olup periyodlari da ¢ok yakin
oldugundan burada gosterilmemistir.

Sekil 23 - Asma Kéoprii 1. ve 2. Mod Sekilleri

Sekil 24 - Asma Képrii 3.Mod Sekili

Dikkate alinan egik kablo askili ve asma koprii sistemlerinin kiitle ve rijitlik 6zelliklerindeki
farkliliklar yaninda, mesnet kosullarindaki farkliliga da bagl olarak modal davraniglarinda
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da farkliliklar ortaya ¢ikmugtir. Ornegin egik kablo askili kdprii igin ilk bes modun x ve y
dogrultusundaki kiitle katilim orant %70 civarinda iken, asma kopriide x dogrultusundaki
katilim 19. modda, y dogrultusundaki katilim ise 8.modda %70’i gegmektedir. S6z konusu
bu farkliliklarin yapisal tepkiler tizerinde de etkili oldugu diistiniilmektedir.

Asma koprii i¢in diisey yondeki simetrik ve antisimetrik egilme frekansi hesaplari da Chinese
Wind-resistant Design Specification for Highway Bridges [33] Boliim 5°de yer alan ampirik
formiiller kullanilarak hesaplanmustir.

131(2T’T)2+2Hg

(10)

1
fy, =~
b L m

L = Koprii merkez agiklig1 (Kenar agiklik mesnetli) = 1000 m

EI = Diisey egilme rijitligi (1,73 x 10'2 N/m?)

Hg = Sabit yiikler altinda ana kabloda olusan yatay ¢ekme kuvveti (7,84 x 107 N)
m = Tabliye ve ana kablonun birim boy agirlig: ( 25280 kg/m)

fb=0,094 Hz

Tb (Diisey Periyot)= 1/ fb = 10,63 sn

Sonlu eleman yazilimi ile elde edilen diisey yondeki antisimetrik egilme modu 1. mod olup
bu moda ait periyot degeri 9,93 sn’dir. Yukaridaki formulasyon ile elde edilen T = 10,63 sn
degerinin, sonlu eleman yazilim ile elde edilen degere yakin oldugu goriilmektedir. Asma
koprii i¢in disey yondeki simetrik egilme frekansi da asagidaki formulasyon ile
hesaplanmuistir.

01 [EcA
i (n

L =Kopri merkez agiklig1 (Kenar aciklik mesnetli) = 1000 m
Ec = Ana kablo elastisite modulii (1,95 x 10'' N/m?)

Ac = Ana kablo kesit alan1 (0,33 m?)

m = Tabliye ve ana kablonun birim boy agirlig: ( 25280 kg/m)
fb=0,159 Hz

Tb (Diisey Periyot)= 1/ fb = 6,29 sn

Sonlu eleman yazilimi ile elde edilen diisey yondeki simetrik egilme modu 3. mod olup bu
moda ait periyot degeri 7,01 sn’dir. Yukaridaki formulasyon ile elde edilen T = 6,29 sn degeri
ile sonlu eleman yazilimi ile elde edilen degerin yine yakin oldugu goriilmektedir.
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7.2. Yer Degistirmeler

Her i¢ zemin sinifi i¢in yapi-zemin etkilesiminin dikkate alindig1 ve ihmal edildigi durumlar
g6z Onlinde bulundurularak uygulanan yer hareketleri neticesinde en fazla yer degistirme
degerlerinin elde edildigi egik kablo askili ve asma koprii sistemlerinin tabliye orta
noktalarinda ve egik kablo askili koprii sistemi ana kule tepe noktasi ile asma koprii sistemi
ana kule orta noktasi i¢in elde edilen yer degistirme degerleri, merkez agiklik uzunluguna ve
kule yiiksekligine boliinmek suretiyle oransal olarak Tablo 7’de gésterilmistir. Yer
hareketlerinin asma ve egik kablo askil1 koprii tizerindeki goreceli etkilerini belirleyebilmek
icin, egik kablo askilt koprii icin elde edilen yer degistirme oranlari asma koprii igin elde
edilen yer degistirme oranlari ile normalize edilmistir.

Hem yapi-zemin etkilesiminin dikkate alindigi hem de ihmal edildigi iiniform yer hareketi
uygulanmasi neticesinde egik kablo askili koprii tabliyesinde elde edilen diisey yer
degistirme degeri oranlar1 asma koprii tabliyesinde elde edilen yer degistirme degeri
oranlarina gore her {i¢ zemin sinifi i¢in de daha biiyiik ¢ikmis olup aradaki fark ortalama
olarak %30 mertebesindedir. Yapi-zemin etkilesiminin ihmal edildigi mesnetlerinden farkl
yer hareketi uygulamasi neticesinde sert-yumusak (BD) ile sert-orta (BC) heterojen zemin
siniflart igin asma koprii tabliyesinde elde edilen diisey yerdegistirme degeri oranlarinin egik
kablo askil1 koprii tabliyesinde elde edilen yerdegistirme degeri oranlarina gore sirasiyla %44
ve %24 daha biiyiikk oldugu, orta-yumusak (CD) heterojen zemin sinifi ig¢in elde edilen
degerlerin ise olduk¢a yakin oldugu gézlenmistir. Bunun yaninda yapi-zemin etkilesiminin
ihmal edildigi ve homojen zemin ortaminin dikkate alindigi mesnetlerinden farkli yer
hareketi uygulamasi neticesinde homojen yumusak (DD) zemin cinsi igin egik kablo askili
koprii tabliyesinde elde edilen diisey yerdegistirme degeri oraninin asma koprii tabliyesinde
elde edilen yerdegistirme degeri oranina gore %39 daha biiyiik oldugu, homojen sert (BB) ve
homojen orta (CC) zemin simiflari i¢in elde edilen degerlerin ise olduk¢a yakin oldugu
gozlenmistir. Yapi-zemin etkilesiminin dikkate alindigi mesnetlerinden farkli yer hareketi
uygulamasi durumunda sert-yumusak (BD) ile sert-orta (BC) heterojen zemin simiflari icin
asma koprii tabliyesinde elde edilen diisey yerdegistirme degeri oranlarinin egik kablo askili
koprii tabliyesinde elde edilen yerdegistirme degeri oranlarina gore sirasiyla %39 ve %27
daha biiyiik oldugu, orta-yumusak (CD) heterojen zemin sinifi i¢in elde edilen degerlerin ise
yakin oldugu gdzlenmistir. Bunun yaninda yapi-zemin etkilesiminin dikkate alindigi ve
homojen zemin ortamimin dikkate alindigr mesnetlerinden farkli yer hareketi uygulamasi
durumunda homojen orta (CC) zemin cinsi i¢in asma kdpril tabliyesinde elde edilen diisey
yerdegistirme degeri oraninin egik kablo askili koprii tabliyesinde elde edilen yerdegistirme
degeri oranina gore %14 daha biiyiik oldugu, homojen sert (BB) ve homojen yumusak (DD)
zemin siiflari i¢in elde edilen degerlerin ise olduk¢a yakin oldugu goézlenmistir.

Kule yatay yer degistirme oranlar1 incelendiginde, hem yapi-zemin etkilesiminin dikkate
alindig1 hem de ihmal edildigi durumda tiniform yer hareketinin uygulanmasi neticesinde her
ii¢ zemin sinifi i¢in de egik kablo askili kopriide elde edilen maksimum yatay yer degistirme
degeri oranlarinin asma kopriide elde edilen maksimum yer degistirme degeri oranlarina gore
daha biiyiik oldugu gézlenmistir. Orta (CC) zemin sinifi igin ankastre durumda s6z konusu
oran %93 mertebesindedir. Mesnetlerinden farkli yer hareketi uygulamasi durumunda ise
genel olarak asma kopriide elde edilen maksimum yatay yer degistirme degeri oranlari, egik
kablo askili kdpriide elde edilen maksimum yer degistirme degeri oranlarina gore daha biiyiik
¢ikmistir. Bunun yaninda ankastre durumda sert-orta (BC) heterojen zemin sinifi i¢in egik
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kablo askili koprii kule yatay yerdegistirme degeri oraninin asma koprii kulesinde elde edilen

yerdegistirme degeri oranina gore %30 mertebesinde daha biiylik oldugu gézlenmistir.

Tablo 7 - Tabliye ve ana kulelerde elde edilen maksimum yer degistirme oranlari

Tabliye Orta Noktas1 Diisey Kule Yatay Deplasman
Deplasman Oranlar1 (ul/L) Oranlar1 (u2/h)
Kablo
Askili Asma
Koéprii—  Koprii -
Yer Hareketi IZ:E}I(: Asma 52;2 Iélrl‘tlz
Koprii Koprii Noktast  Noktasi
L=1000m L=1000m Qran h=340m h=240m Qran
(a) (b) (a/b) (a) (b) (a/b)
Uniform Yer Hareketi BB (ANKR) 0.152 0.149 1,02 0.403 0.249 1.62
Uniform Yer Hareketi CC (ANKR) 0.221 0.162 1.36 0.724 0.375 1.93
Uniform Yer Hareketi DD (ANKR) 0.363 0.296 1.23 0.994 0.638 1.56
Uniform Yer Hareketi BB (YZE) 0.202 0.155 1.30 0.470 0.350 1.34
Uniform Yer Hareketi CC (YZE) 0.252 0.176 1.43 0.793 0.423 1.87
Uniform Yer Hareketi DD (YZE) 0.406 0.311 1.31 1.106 0.883 1.25
Farkli Yer Hareketi BD (ANKR) 0.398 0.711 0.56 0.653 0.933 0.70
Farkli Yer Hareketi BC (ANKR) 0.302 0.399 0.76 0.662 0.508 1.30
Farkli Yer Hareketi CD (ANKR) 0.485 0.477 1.02 0.797 1.121 0.71
Farkli Yer Hareketi BB (ANKR) 0.314 0.294 1.07 0.597 0.571 1.05
Farkli Yer Hareketi CC (ANKR) 0.328 0314 1.04 0.756 0.714 1.06
Farkli Yer Hareketi DD (ANKR) 0.683 0.492 1.39 1.056 0.950 1.11
Farkli Yer Hareketi BD (YZE) 0.506 0.832 0.61 0.772 1.220 0.63
Farkli Yer Hareketi BC (YZE) 0.339 0.465 0.73 0.721 0.737 0.98
Farkli Yer Hareketi CD (YZE) 0.602 0.612 0.98 0.836 1.468 0.57
Farkli Yer Hareketi BB (YZE) 0.378 0.397 0.95 0.648 0.671 0.97
Farkli Yer Hareketi CC (YZE) 0.353 0.410 0.86 0.917 1.069 0.86
Farkli Yer Hareketi DD (YZE) 0.756 0.762 0.99 1.186 1.263 0.94

(ul : Diisey Yerdegistirme (mm), u2 : Yatay Yerdegistirme (mm))

Yapi-zemin etkilesimi hem egik kablo askili kopriide hem de asma kdpriide, {iniform ve
mesnetlerinden farkl1 yer hareketi uygulamast igin tabliye diisey yer degistirmelerini ve kule
yatay yer degistirmelerini arttirmistir. Yapi-zemin etkilesiminden dolay1 mesnetlerden farkli
yer hareketi uygulanmasi durumunda egik-kablo askili kdprii modeline ait kule ve tabliye yer
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degistirmelerinde gozlemlenen ortalama artig miktari, tiniform yer hareketi uygulamasi i¢in
elde edilen artis miktarina yakin ¢ikarken, asma koprii modelinde mesnetlerden farkli yer
hareketi uygulanmasi durumunda gozlemlenen ortalama artig miktari, iiniform yer hareketi
uygulamasi i¢in elde edilen artis miktarindan daha fazla olmustur.

Tabliye diisey yerdegistirmeleri ile kule yatay yerdegistirmeleri igin elde edilen sonuglar,
tiniform yer hareketi etkisinde egik kablo askili kopriiniin asma kopriiye oranla daha fazla
etkilendigini gosterirken, mesnetlerden farkli yer hareketi uygulamasi durumunda asma
kopriiniin genel olarak daha fazla etkilendigini ortaya koymaktadir.

7.3. Egilme Gerilmeleri

Egik kablo askili koprii tabliyesi i¢in en bilylik egilme gerilmesi, maksimum momentin
meydana geldigi tabliyenin ana kuleye mesnetlendigi noktalarda meydana gelmektedir. Bu
nedenle egik kablo askili koprii tabliyesi i¢in maksimum egilme gerilmesi degeri (Gmax),
tabliyenin ana kuleye mesnetlendigi noktalarda elde edilen egilme momenti (Mmax) degeri
dikkate alinarak elde edilmistir. Asma koprii tabliyesi icin ise en biiylik egilme gerilmesi
maksimum momentin meydana geldigi tabliyenin orta noktasinda meydana geldiginden,
asma kopri tabliyesi i¢in maksimum egilme gerilmesi degeri (omax), tabliyenin orta
noktasinda elde edilen egilme momenti (Mmax) dikkate alinarak belirlenmistir. Her iki koprii
modelinde de en biiyiik egilme gerilmesi maksimum momentin meydana geldigi ana
kulelerin zemine mesnetlendigi noktalarda meydana gelmektedir. Bu nedenle her iki kdprii
sistemi ana kuleleri i¢in maksimum egilme gerilmesi degeri (Gmax), ana kulelerin zemine
mesnetlendigi noktalarda elde edilen egilme momenti (Mmax) degerine bagli olarak elde
edilmistir. Her ii¢ zemin sinifi i¢in, yapi-zemin etkilesiminin dikkate alindigir ve ihmal
edildigi durumlar da géz oniinde bulundurularak uygulanan yer hareketleri neticesinde egik
kablo askili ve asma kopriilerin tabliyelerinde ve ana kulelerinde elde edilen maksimum
egilme gerilmesi degerleri ve oranlar1 Tablo 8 ve Tablo 9°da gosterilmistir.

Hem yapi-zemin etkilesiminin dikkate alindigi hem de ihmal edildigi durumda iiniform ve
farkl1 yer hareketi uygulanmasi igin asma koprii tabliyesinde elde edilen egilme gerilmeleri,
egik kablo askili koprii tabliyesinde elde edilen egilme gerilmelerinden daha biiyiik ¢ikmustir.
Uniform yer hareketi uygulamast i¢in asma kdprii tabliyesinde elde edilen egilme gerilmeleri
ortalama %10, farkl1 yer hareketi uygulamasi i¢in ise ortalama %15 daha biiytik ¢ikmistir.

Uniform ve mesnetlerinden farkli yer hareketi uygulamasi icin yapi-zemin etkilesimi her iki
koprii modelinde de tabliye egilme momentlerini arttirmustir. Uniform yer hareketi
durumunda egik kablo askili kopriide yapi-zemin etkilesimi tabliye egilme momentlerini tiim
zemin cinsleri dikkate alindiginda ortalama %23,1 arttirirken, mesnetlerden farkli yer
hareketi uygulamasi durumunda ortalama %16,8 arttirmigtir. Asma koprii igin elde edilen
oranlar ise sirastyla %25,2 ve %17,3dir.

Tasarimi yapilan egik kablo askil1 koprii tabliyesinin miitemadi olmasindan dolay1 en biiyiik
egilme gerilmeleri tabliye ile koprii ayaginin birlesim noktasinda meydana gelmektedir.
Asma koprii ise tek aciklikli basit mesnetli sistem olarak calistigindan en biiyiik egilme
gerilmeleri koprii agikligt ortasinda meydana gelmektedir. S6z konusu bu yapisal farkliligin,
koprii tabliyelerinde egilmeden kaynaklanan gerilmelerde gozlemlenen farkliligin nedeni
oldugu diistiniilmektedir.
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Tablo 8 - Tabliyelerde elde edilen maksimum egilme gerilmesi degerleri ve oranlart

Egik Kablo Askili Asma Koprii
Koprii Tabliyesinin ~ Tabliyesi Orta

Ana Kuleye Noktasinda
orelendi - Flde b
Edilen Egilme Gerilmesi

Gerilmesi (kN/m?) (kN/m?) Oran

(a) (b) (a/b)

Uniform Yer Hareketi BB (ANKR) 120681 129092 0.93
Uniform Yer Hareketi CC (ANKR) 125579 142872 0.88
Uniform Yer Hareketi DD (ANKR) 149694 164630 0.91
Uniform Yer Hareketi BB (YZE) 147825 165828 0.89
Uniform Yer Hareketi CC (YZE) 155491 178749 0.87
Uniform Yer Hareketi DD (YZE) 184005 200864 0.92
Farkli Yer Hareketi BD (ANKR) 183835 235204 0.78
Farkli Yer Hareketi BC (ANKR) 148164 190101 0.78
Farkli Yer Hareketi CD (ANKR) 165840 203951 0.81
Farkli Yer Hareketi BB (ANKR) 146672 166978 0.88
Farkli Yer Hareketi CC (ANKR) 173380 179103 0.97
Farkli Yer Hareketi DD (ANKR) 175956 195514 0.90
Farkli Yer Hareketi BD (YZE) 204994 262492 0.78
Farkli Yer Hareketi BC (YZE) 175607 228203 0.77
Farkli Yer Hareketi CD (YZE) 198796 235431 0.84
Farkli Yer Hareketi BB (YZE) 173492 204912 0.85
Farkli Yer Hareketi CC (YZE) 193736 204890 0.95
Farkli Yer Hareketi DD (YZE) 212820 233445 0.91

Kule egilme gerilmelerine ait oranlar incelendiginde, hem yapi-zemin etkilesiminin dikkate
alindig1 hem de ihmal edildigi durumda tiniform yer hareketi uygulanmasi neticesinde egik
kablo askili kdprii kulesinin zemine mesnetlendigi noktada elde edilen egilme gerilmelerinin,
asma koprii kulesinde elde edilen egilme gerilmelerine oranlar1 genel olarak 1’e yakin
¢ikmistir. Sonuglar arasindaki en biiyiik farklilik DD yumusak zemin sinifi i¢in gézlenmis
olup asma koprii kulesindeki egilme gerilmesi degerleri egik kablo askili koprii kulesi egilme
gerilmesi degerlerinden %10 mertebesinde daha biiylik ¢ikmistir. Hem yapi-zemin
etkilesiminin dikkate alindigi hem de ihmal edildigi durumda mesnetlerinden farkli yer
hareketi uygulamasi neticesinde her ii¢ zemin sinifi i¢in de asma koprii kulesinde daha biiytik
egilme gerilmesi degerinin ortaya ciktig1 goriilmektedir. Farkli yer hareketi uygulamasi igin
asma koprii kulesinde elde edilen egilme gerilmesi degerleri ortalama %19 daha biiyiik
cikmustir.
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Uniform ve mesnetlerinden farkli yer hareketi uygulamasi i¢in yapi-zemin etkilesimi her iki
koprii modelinde de kule egilme momentlerini arttirmistir. Uniform yer hareketi durumunda
egik kablo askil1 kopriide yapi-zemin etkilesimi kule egilme momentlerini ortalama %12,7
arttirirken, mesnetlerden farkli yer hareketi uygulamasi durumunda ortalama %13,4
arttirmigtir. Asma koprii i¢in elde edilen oranlar ise sirasiyla %13,9 ve %14,7 dir.

Tablo 9 - Ana kulelerde elde edilen maksimum egilme gerilmesi degerleri ve oranlar

Egik Kablo Askili

Kéorii Ana Asma Koprii Ana
P! . Kulesinin Zemine
Kulesinin Zemine Mesnetlendigi
Mesnetlendigi £ Oran
Yer Hareketi Noktada Elde Noktada Elde

) raca - Edilen Egilme (a/b)

Edilen Egilme 500G (kN/m?)

Gerilmesi (kN/m?)
(2) (b)

Uniform Yer Hareketi BB (ANKR) 17433 17545 0.99
Uniform Yer Hareketi CC (ANKR) 20117 19489 1.03
Uniform Yer Hareketi DD (ANKR) 30555 33511 0.91
Uniform Yer Hareketi BB (YZE) 19693 20068 0.98
Uniform Yer Hareketi CC (YZE) 23061 21915 1.05
Uniform Yer Hareketi DD (YZE) 34408 38144 0.90
Farkli Yer Hareketi BD (ANKR) 29019 36971 0.78
Farkli Yer Hareketi BC (ANKR) 20275 32095 0.63
Farkli Yer Hareketi CD (ANKR) 32963 39294 0.84
Farkli Yer Hareketi BB (ANKR) 26461 31340 0.84
Farkli Yer Hareketi CC (ANKR) 32624 35173 0.93
Farkli Yer Hareketi DD (ANKR) 40793 42296 0.96
Farkli Yer Hareketi BD (YZE) 33651 43556 0.77
Farkli Yer Hareketi BC (YZE) 23319 37454 0.62
Farkli Yer Hareketi CD (YZE) 34046 44401 0.77
Farkli Yer Hareketi BB (YZE) 32307 39678 0.81
Farkli Yer Hareketi CC (YZE) 34713 41874 0.83
Farkli Yer Hareketi DD (YZE) 46450 49188 0.94

7.4. Eksenel Gerilmeler

Her iki koprii sistemi tabliyeleri i¢in de en biiyiik eksenel gerilmeler maksimum eksenel
kuvvetin meydana geldigi tabliyenin ana kuleye mesnetlendigi noktalarda meydana
geldiginden, her iki koprii tabliyesi i¢in maksimum eksenel gerilme degeri (Gmax), tabliyenin
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ana kuleye mesnetlendigi noktalarda elde edilen eksenel kuvvet (Nmax) degerine bagli olarak
belirlenmistir. Bunun yaninda, ana kulelerdeki maksimum eksenel gerilme degeri (Gmax), ana
kulelerin zemine mesnetlendigi noktalarda elde edilen maksimum eksenel kuvvet (Nmax)
degerine bagl olarak elde edilmistir. Her iic zemin sinifi i¢in, yapi-zemin etkilesiminin
dikkate alindig1 ve ihmal edildigi durumlar da g6z oniinde bulundurularak uygulanan yer
hareketleri neticesinde egik kablo askili ve asma kdprii sistemlerinde tabliyenin ana kuleye
mesnetlendigi noktalarda ve ana kulenin zemine mesnetlendigi noktalarda elde edilen
eksenel gerilme degerleri ve oranlari Tablo 10 ve Tablo 11°de gosterilmistir. Uniform ve
farkli yer hareketi uygulamasinin asma ve egik kablo askili koprii tizerindeki etkilerini
belirlemek igin, egik kablo askili koprii i¢in elde edilen maksimum eksenel gerilme degerleri
ile asma koprii icin elde edilen maksimum eksenel gerilme degerleri arasindaki oran
verilmistir. Her li¢ zemin sinifi igin hem yapi-zemin etkilesiminin dikkate alindigt hem de
ihmal edildigi durumda tiniform yer hareketi uygulanmasi neticesinde egik kablo askili koprii

Tablo 10 - Tabliyelerde elde edilen maksimum eksenel gerilme degerleri ve oranlart

Egik Kablo Askili Koprii Asma Koprii

Tabliyesininl./}_na Kuleye KuT:;éi}I(ZZislggtfz r?c?igi

Yer Hareketi Mesnetlel_ldlgl Noktada Noktada Elde Edilen Oran

Elde Edllen Eksenel Eksenel Gerilme (a/b)

Gerilme (kN/m?) (kN/m?)
(@) )

Uniform Yer Hareketi BB (ANKR) 14120 1790 7.89
Uniform Yer Hareketi CC (ANKR) 14327 2473 5.79
Uniform Yer Hareketi DD (ANKR) 16041 3577 4.48
Uniform Yer Hareketi BB (YZE) 15723 2369 6.64
Uniform Yer Hareketi CC (YZE) 16006 2722 5.88
Uniform Yer Hareketi DD (YZE) 16980 3949 4.30
Farkli Yer Hareketi BD (ANKR) 16368 3408 4.80
Farkli Yer Hareketi BC (ANKR) 15079 2270 6.64
Farkli Yer Hareketi CD (ANKR) 16872 2971 5.68
Farkli Yer Hareketi BB (ANKR) 14582 2756 5.29
Farkli Yer Hareketi CC (ANKR) 15105 3780 4.00
Farkli Yer Hareketi DD (ANKR) 18303 4242 4.31
Farkli Yer Hareketi BD (YZE) 18787 3251 5.78
Farkli Yer Hareketi BC (YZE) 17475 2666 6.55
Farkli Yer Hareketi CD (YZE) 19811 3907 5.07
Farkli Yer Hareketi BB (YZE) 18444 3210 5.75
Farkli Yer Hareketi CC (YZE) 17279 3925 4.40
Farkli Yer Hareketi DD (YZE) 20703 4643 4.46
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tabliyesinde elde edilen eksenel gerilmelerin asma koprii tabliyesinde elde edilen eksenel
gerilmelere gore belirgin sekilde daha biiylik oldugu gézlenmistir. Sonuglar arasindaki en
biiyiik farklilik BB sert zemin sinifi i¢in gdzlenmis olup 6zellikle sert zemin (BB) sinifi i¢in
egik kablo askili koprii tabliyesinde elde edilen eksenel gerilme degeri, asma kdoprii
tabliyesinde elde edilen eksenel gerilmeye gore 7,89 kat daha fazla ¢ikmistir. Benzer sekilde,
hem yapi-zemin etkilesiminin dikkate alindigt hem de ihmal edildigi durumda
mesnetlerinden farkli yer hareketi uygulanmasi neticesinde, tiniform yer hareketi etkisinde
oldugu gibi her li¢ zemin sinifi ig¢in de egik kablo askili kdprii tabliyesinde daha biiyiik
eksenel gerilme degerlerinin ortaya ¢iktigi goriilmektedir. Sonuglar arasindaki en biiyiik
farklilik sert-orta (BC) heterojen zemin sinifi i¢in gézlenmis olup, s6z konusu analiz durumu
icin kopriiler arasinda 6,64 kat mertebesinde farklilik gézlenmistir.

Tablo 11 - Ana kulelerde elde edilen maksimum eksenel gerilme degerleri ve oranlar

Egik Kablo Askili K&prii Asma Koprii Ana

Ana Kulesinin Zemine Kulesinin Zemine
. Mesnetlendigi Noktada Mesnetlendigi Noktada  Oran
Yer Hareketi Elde Edilen Eksenel Elde Edilen Eksenel (a/b)
Gerilme (kN/m?) Gerilme (kN/m?)
(a) (b)
Uniform Yer Hareketi BB (ANKR) 8346 6898 1.21
Uniform Yer Hareketi CC (ANKR) 7802 7138 1.09
Uniform Yer Hareketi DD (ANKR) 8399 7504 1.12
Uniform Yer Hareketi BB (YZE) 9149 8069 1.13
Uniform Yer Hareketi CC (YZE) 8850 7964 1.11
Uniform Yer Hareketi DD (YZE) 9492 8270 1.15
Farkli Yer Hareketi BD (ANKR) 9524 9436 1.01
Farkli Yer Hareketi BC (ANKR) 9342 8750 1.07
Farkli Yer Hareketi CD (ANKR) 10418 9653 1.08
Farkli Yer Hareketi BB (ANKR) 9325 9266 1.01
Farkli Yer Hareketi CC (ANKR) 10465 9784 1.07
Farkli Yer Hareketi DD (ANKR) 11581 10378 1.12
Farkli Yer Hareketi BD (YZE) 10302 10041 1.03
Farkli Yer Hareketi BC (YZE) 10975 9501 1.16
Farkli Yer Hareketi CD (YZE) 11034 10042 1.10
Farkli Yer Hareketi BB (YZE) 10150 9898 1.03
Farkli Yer Hareketi CC (YZE) 11860 10920 1.09
Farkli Yer Hareketi DD (YZE) 13078 11498 1.14
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Kule eksenel gerilmeleri incelendiginde, hem yapi-zemin etkilesiminin dikkate alindig1 hem
de ihmal edildigi durumda tiniform ve farkli yer hareketi uygulanmasi neticesinde her iic
zemin smifi i¢in de egik kablo askili képrii kulesinin zemine mesnetlendigi noktada elde
edilen eksenel gerilme degerlerinin, asma koprii kulesinde elde edilen eksenel gerilme
degerlerine gore kismen daha biiylik oldugu goriilmiistiir. Sonuglar arasindaki en biiyiik
farklilik tiniform yer hareketi durumunda BB (ANKR) yumusak zemin sinifi i¢in gdzlenmis
olup egik kablo askili koprii kulesindeki egilme gerilmesi, asma koprii kulesindeki
gerilmeden %21 daha biiytik ¢ikmustir.

Her iki koprii modeli arasindaki farklilik ortalama %10 mertebesindedir. En biiyiik eksenel
yiikler her iki kdprii modeli igin de tabliye ile koprii ayaginin birlesim noktasinda meydana
gelmektedir. Egik kablo askili kopriide kenar agikliklarda da tabliye olmasi nedeniyle dengeli
konsol prensibinden dolay1 tabliyeye ve kulelere aktarilan eksenel yiik daha fazla olmaktadir.
Bu nedenle egik kablo askili koprii kuleleri ve 6zellikle de tabliyesi eksenel gerilmelere karsi
beklenildigi gibi daha hassastir.

7.5. Kesme Gerilmeleri

Egik kablo askili koprii tabliyesi i¢in en biiylik kesme gerilmesi, maksimum kesme
kuvvetinin meydana geldigi tabliyenin ana kuleye mesnetlendigi noktalarda meydana
geldiginden, egik kablo askili kdprii tabliyesi icin maksimum kesme gerilmesi degeri (Tmax),
tabliyenin ana kuleye mesnetlendigi noktalarda elde edilen kesme kuvveti (Vmax) degeri
dikkate alinarak elde edilmistir. Asma koprii tabliyesi icin ise en biiyiik kesme gerilmesi
maksimum kesme kuvvetinin meydana geldigi tabliyenin orta noktasinda meydana
geldiginden, asma koprii tabliyesi i¢in maksimum kesme gerilmesi degeri (Tmax), tabliyenin
orta noktasinda elde edilen kesme kuvveti (Vmax) dikkate alinarak belirlenmistir.

Her iki koprii ana kuleleri i¢in en biiyilk kesme gerilmesi maksimum kesme kuvvetinin
meydana geldigi ana kulelerin zemine mesnetlendigi noktalarda meydana gelmektedir. Bu
nedenle her iki koprii sistemi ana kuleleri i¢in de maksimum kesme gerilmesi degeri (Tmax),
ana kulelerin zemine mesnetlendigi noktalarda elde edilen kesme kuvveti (Vmax) degerine
bagl olarak elde edilmistir. Her ii¢ zemin sinifi i¢in, yapi-zemin etkilesiminin dikkate
alindig1 ve ihmal edildigi durumlar da goz 6niinde bulundurularak uygulanan tiniform ve
farkli yer hareketi neticesinde koprii tabliyelerinde ve ana kulelerde elde edilen maksimum
kesme gerilmesi degerleri ve oranlar1 Tablo 12 ve Tablo 13’de gosterilmistir.

Hem iiniform hem de farkli yer hareketi uygulamasi igin egik kablo askili koprii tabliyesinin,
kesme gerilmesi agisindan asma koprii tabliyesine oranla daha fazla etkilendigi goriilmiistiir.
Sonuglar arasindaki en bilyiik farklilik, BB sert zemin sinifinin dikkate alindigi iniform yer
hareketi uygulamasi i¢in %73 mertebesinde elde edilmistir.

Kule kesme gerilmelerine ait oranlar incelendiginde, hem yapi-zemin etkilesiminin dikkate
alindigi hem de ihmal edildigi durumda tiniform ve farkli yer hareketi uygulanmasi
neticesinde her {i¢ zemin smifi i¢in de asma koprii kulesinin zemine mesnetlendigi noktada
elde edilen kesme gerilmesi degerlerinin, egik kablo askil1 koprii kulesinde elde edilen kesme
gerilmesi degerlerine gore daha biiyiik oldugu goriilmiistiir.
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Tablo 12 - Tabliyelerde elde edilen maksimum kesme gerilmesi degerleri ve oranlari

Asma Koprii
Tabliyesinin Ana
Kuleye Mesnetlendigi ~ Oran
Noktada Elde Edilen  (a/b)
Kesme Gerilmesi

Egik Kablo Askili Koprii
Tabliyesinin Ana Kuleye
Yer Hareketi Mesnetlendigi Noktada
Elde Edilen Kesme
Gerilmesi (kN/m?) (a)

(kN/m?) (b)
UniformYer Hareketi BB (ANKR) 20141 11624 1.73
UniformYer Hareketi CC (ANKR) 20305 13332 1.52
UniformYer Hareketi DD (ANKR) 22351 16226 1.38
UniformYer Hareketi BB (YZE) 23005 14538 1.58
UniformYer Hareketi CC (YZE) 23138 15119 1.53
UniformYer Hareketi DD (YZE) 25470 19535 1.30
Farkli Yer Hareketi BD (ANKR) 22108 19897 1.11
Farkli Yer Hareketi BC (ANKR) 21393 14099 1.52
Farkli Yer Hareketi CD (ANKR) 21575 17620 1.22
Farkli Yer Hareketi BB (ANKR) 21580 14950 1.44
Farkli Yer Hareketi CC (ANKR) 22970 17242 1.33
Farkli Yer Hareketi DD (ANKR) 26983 21410 1.26
Farkli Yer Hareketi BD (YZE) 28772 26560 1.08
Farkli Yer Hareketi BC (YZE) 24852 18493 1.34
Farkli Yer Hareketi CD (YZE) 27884 19789 1.41
Farkli Yer Hareketi BB (YZE) 25663 16132 1.59
Farkli Yer Hareketi CC (YZE) 25892 19693 1.31
Farkli Yer Hareketi DD (YZE) 29984 24569 1.22

Tablo 13 - Ana kulelerde elde edilen maksimum kesme gerilmesi degerleri ve oranlari

Egik Kablo Askili K&prii Asma Koprii Ana

Ana Kulesinin Zemine Kulesinin Zemine
Yer Hareketi Mesnetlendigi Noktada Mesnetlendigi Noktada  Qran
er Harekeli Elde Edilen Kesme Elde Edilen Kesme  (a/b)

Gerilmesi (kN/m?) Gerilmesi (kN/m?)

(a) (b)

UniformYer Hareketi BB (ANKR) 445 830 0.54
UniformYer Hareketi CC (ANKR) 526 954 0.55
UniformYer Hareketi DD (ANKR) 792 1416 0.56
UniformYer Hareketi BB (YZE) 470 872 0.54
UniformYer Hareketi CC (YZE) 576 1093 0.53
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Tablo 13 - Ana kulelerde elde edilen maksimum kesme gerilmesi degerleri ve oranlari

(devam)

Egik Kablo Askili Koprii Asma Koprii Ana

Ana Kulesinin Zemine Kulesinin Zemine
Yer Hareketi Mesnetlegdigi Noktada Mesnetleqdigi Noktada  Oran
Elde Edilen Kesme Elde Edilen Kesme (a/b)

Gerilmesi (kN/m?) Gerilmesi (kN/m?)

(a) (b)
UniformYer Hareketi DD (YZE) 890 1536 0.58
Farkli Yer Hareketi BD (ANKR) 1538 2315 0.66
Farkli Yer Hareketi BC (ANKR) 1407 2142 0.66
Farkli Yer Hareketi CD (ANKR) 1909 2035 0.94
Farkli Yer Hareketi BB (ANKR) 1499 2113 0.71
Farkli Yer Hareketi CC (ANKR) 1534 2322 0.66
Farkli Yer Hareketi DD (ANKR) 2257 2982 0.76
Farkl1 Yer Hareketi BD (YZE) 1771 2655 0.67
Farkli Yer Hareketi BC (YZE) 1630 2313 0.70
Farkli Yer Hareketi CD (YZE) 2245 2370 0.95
Farkli Yer Hareketi BB (YZE) 1649 2264 0.73
Farkli Yer Hareketi CC (YZE) 2012 2491 0.81
Farkli Yer Hareketi DD (YZE) 2451 3145 0.78
8. SONUCLAR

Bu calismada merkez agikliklari esit (1000 m) olmakla birlikte, belirli bir geometriye sahip
bir egik kablo askili koprii ile geometrik Ozelliklerinin farkli oldugu bir asma koprii
sisteminin dinamik davranigi, kopriilere tiniform ve mesnetlerinden farkli yer hareketi
uygulanmak suretiyle, yapi-zemin etkilesimi etkisi de dikkate alinarak belirlenmis ve
karsilagtirtlmigtir.

Calisma sonucunda, deprem hareketinin koprii mesnetlerine iiniform veya farkli uygulanmasi
durumunda egik kablo askili ve asma koprii sistemlerine ait yapisal tepkilerin farklilastigi
gozlenmistir. Her iki koprii modeli i¢in de maksimum yapisal tepkiler genel olarak
mesnetlerinden farkli yer hareketi uygulanmasi neticesinde ortaya ¢ikmistir. Dolayisiyla
uzun agiklikli kablo-destekli koprii sistemlerinin analizinde klasik bir yaklagim olan iiniform
yer hareketi dikkate alinmasinin yeterli olmayacagi, zemin cinsinde bagli olarak deprem
hareketi degisim etkisinin dikkate alinarak her bir kdprii mesnedine farkli yer hareketi
uygulanarak da analizlerin yapilmas1 gerektigi goriilmiistiir.

Uniform ve mesnetlerinden farkli yer hareketi uygulanmasi durumunda, yapi zemin
etkilesiminin dikkate alinmasi hem egik kablo askili kdpriide hem de asma kopriide yapisal
tepkileri arttirmistir. Bunun yaninda ¢alismadan elde edilen sonuglar, egik kablo askili ve
asma kopriilerin tasarimi yapilirken kopriilerin insa edilecegi bolgedeki zemin sinifinin
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kopriiniin deprem yiikleri altindaki davranisi lizerinde biiyiik etkisinin oldugunu ve yapi-
zemin etkilesiminin de dikkate alinmasi1 gerektigini ortaya koymaktadir.

Dikkate alinan yap1 elemanina, yapisal tepkiye ve uygulanan yer hareketine (tiniform/farklr)
bagli olarak, bazen egik kablo askili kopriiniin bazen de asma kopriiniin daha fazla
etkilendigi, sistematik bir degisimin olmadig1 anlasilmaktadir. Bununla birlikte, genel bir
degerlendirme olarak, mesnetlerden farkli yer hareketi uygulanmasi durumunda asma
kopriiniin egik kablo askili kopritye gore daha fazla etkilendigi, iiniform yer hareketi
uygulanmasi durumunda ise egik kablo askili kopriiniin daha fazla etkilendigi ifade edilebilir.
Bu durum segilecek koprii tiiriine karar verilirken, deprem hareketinin degisiminin dikkate
alinarak yap1 mesnetlerine farkli yer hareketinin uygulandigi mesnetlerden farkl yer hareketi
uygulamasinin da etkili olabilecegini gostermektedir.

Bu calisma sonucunda deprem hareketinin yap1 mesnetlerine iiniform ve farkli olarak
uygulanmasina bagli olarak, uzun acgikliklar i¢in koprii tipi segimine yonelik
degerlendirmelerde bulunulmustur. Ancak nihai koprii tipi se¢imine deprem kuvvetleri
yaninda koprii aciklify, riizgdr kuvveti, maliyet, ingaat agamalar1 vb. etkenler de dikkate
alinarak karar verilmelidir. Ornegin, koprii acikligi arttikca 6zellikle egik-kablo askili
kopriilerde kule yiiksekliginin oldukga artmasi, koprii se¢imine etki edecek ©Onemli
etkenlerden bir tanesi olarak goziikmektedir. Diger taraftan, egik kablo askili ve asma koprii
modellerine ait kule tipinin, tabliye tipinin, kablo geometrisinin, mesnetlenme kosullarinin,
malzeme O6zelliklerinin vb. kopriilerin dinamik davranisi iizerinde énemli etkisinin olacagi
diistiniiliirse, bu ¢aligmada dikkate alinan ve belirli geometrik 6zelliklere sahip egik kablo
askili ve asma koprii sistemleri igin elde edilen sonuglar genellestirilmemelidir.
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ABSTRACT

In this study, direct shear tests were conducted on soil - geomembrane interfaces.
Sand/bentonite mixture and crushed sand were tested in contact with two geomembranes of
the same type. To examine the effect of leachate on the mechanical properties of the
geomembrane, acidic mine drainage, coal combustion product, and municipal solid waste
leachates were prepared in the laboratory. The initial void ratio and internal friction angles
of sand/bentonite and crushed sand were 0.34, 0.52, and 23°, 35°, respectively. In the smooth
geomembrane - soil interface, the minimum interface friction angle (18°) was obtained on
acidic mine drainage cured geomembrane — sand/bentonite, while the maximum (31°)
interface friction angle was obtained on uncured geomembrane - crushed sand. In the textured
geomembrane - soil interface, the minimum interface friction angle (17°) was obtained on
acidic mine drainage cured geomembrane — sand/bentonite, while the maximum (43°)
interface friction angle was obtained on uncured geomembrane - crushed sand. The friction
angle of the crushed sand - geomembrane surface is higher than the friction angle of the
sand/bentonite - geomembrane surface. While acidic mine drainage is the leachate that affects
the shearing behavior of the geomembrane in the most negative way, coal combustion
product is the leachate that has the least negative impact.

Keywords: Geomembrane, interface shear strength, leachate, direct shear test.

1. INTRODUCTION

Geosynthetics (GSs) are planar products made from polymers that have a widespread
application in environmental and geotechnical engineering. Most parts of a modern landfill
design are used as linings to prevent leachate from accumulating and leaking polluting the
environment [1 — 3]. Storage of different solid waste (municipal, mine, coal, etc.) has become
a common application in recent years [4 — 5]. However, disposal areas should be designed in
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such a way that they do not pose a problem for the environment and human health [6 — 8].
Specially produced cover composite and lining systems should be placed on the base of the
landfill and over the waste. These systems usually consist of multiple hydraulic barriers made
up of layers of geomembrane (GM) or geosynthetic clay liner (GCL). Two kinds of GCL are
generally used in geosynthetic composite systems in landfills; the unreinforced GCL
containing a thin layer of bentonite bonded to high-density polyethylene (HDPE) GM, and
the reinforced GCL containing a stitched or needle punched geotextile encapsulated bentonite
to bond the support geotextiles [9 — 10]. Generally, textured HDPE geomembrane is preferred
in systems used with geotextiles. On these barriers, sand or gravel is laid as the last layer [11
-12].

Lateral shear stresses that can occur under the influence of lateral forces such as earthquake
winds, etc., were not taken into account in the designs, which led to various construction
errors, such as the shearing of the storage facility in Kettleman Hills, California [13]. Landfill
covers (protection covers) used today effectively fulfill their duties. However, how long these
systems can maintain their efficiency should be examined in detail. For this reason, it is
necessary to elaborate examine its mechanical properties in detail. Although there are many
studies on permeability, puncture, and tearing in the literature, studies examining mechanical
properties under the influence of lateral stresses are quite limited [14 — 16]. As a result of the
studies, it was determined that this disaster occurred due to the shear failure at the soil - GM
interface. Due to limited references, engineers usually reduce the internal friction angle by a
little (1/2 or 2/3) when obtaining the interface friction angle as recommended in textbooks
[17]. Some researchers have determined that these coefficients may be less than 2/3 or even
less than 1/2 in their studies, so the interface behavior between different soils and different
geomembranes needs to be examined in detail [18 — 19].

In the literature, some studies examined the effect of only soil type or only geomembrane
type on the interface shear behavior. Chai and Saito [20] determined the geomembrane — clay
interface shear strength behavior with a large-scale direct shear device. Bentonite powder
and quartz (30%) were mixed with clayey soil (70%). The types of geomembranes used in
the study are polyvinyl chloride (PVC), polyethylene (PE), and high-density polyethylene
(HDPE). Direct shear tests were conducted under the 50, 80, and 100 kPa normal stresses.
The test results showed that the clayey soil — PVC interface had a maximum adhesion value.
The interface friction angle between bentonite and all other geomembranes was quite small
(3° - 4°). Since the water coming out of the bentonite accumulates at the interface during the
shear test, a water layer is formed between the geomembrane and the bentonite particles, and
therefore the interface friction angle is lower than it should be. Besides, the shear strength of
the soil was achieved approximately 55% bigger than the interface shear strength. Effendi
[18] studied the interface shear strength behaviors of different types of geomembranes
(smooth HDPE, very smooth LDPE, PVC) and Ottawa sand. The geomembrane thicknesses
were 2.03, 1.52, and 1.52 mm, respectively. The interface shear strength parameters were
determined by the ring shear test, the normal stresses ranged from 50 kPa to 200 kPa, and the
shear rate was 2.4 mm/min. The productivity ratio [E] (tand/tand) was derived to evaluate
the results obtained. The HDPE with a very stiff and smooth surface had the lowest from 34
to 45% (E = 0.34 to 0.45). A higher between 44 to 59% of that of the Ottawa sand was
mobilized in the tests with the relatively softer surface VLDPE geomembrane. For PVC
geomembrane the productivity ratio ranged between 70 to 97% of the Ottawa sand at normal
stress from 50 kPa to 223 kPa. In conclusion, the interface strength of these smooth
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geomembranes was found to be dependent on normal stress levels: the PVC was the most
dependent, and the smooth HDPE was the least dependent. Feng and Cheng [9] conducted
laboratory tests to obtain the interface shear strength behaviors between geomembrane — soil
and geomembrane — geotextile. These experiments were repeated more than once under
different normal stresses. A 1.5 mm thick textured HDPE geomembrane and nonwoven
geotextile with a mass per unit area of 400 g/m? were used. The soil was classified as silty
clay with silty sand according to USCS. The shear strength experiments were conducted with
a large-scale direct shear and the shear rate was 1 mm/min. For the geomembrane — geotextile
interface, one sample was tested under increasing normal stress with the order of 50, 100,
and 200 kPa. For geomembrane — soil interface experiments, five specimens were examined
three times under constant normal stress of 20, 50, 100, 200, and 300 kPa. One sample was
sheared three times at increasing normal stress from 50 to 100 and 200 kPa. The
geomembrane — geotextile interface friction angle values were found 19.8°, 18.07°, and
17.45° for the 1%, 2", and 3™ repeat, respectively. The geomembrane — soil interface friction
angle values were found 10.67°, 9.07°, and 9.00° for the 1%, 2", and 3™ repeat, respectively.
Geomembranes are exposed to various leachates in storage facilities. These leachates damage
the geomembranes over time due to the chemicals they contain. In the literature, there are
studies examining the damage of leachates on geomembranes. Stark and Santoyo [21]
investigated the interface shear strength behavior between ten geomembranes and two soils.
Seven geomembranes are smooth, three are textured and their thickness varies between 0.75
and 1.5 mm. The types of geomembrane used are PVC, HDPE, LLDPE, coated woven
polyethylene and polyolefin. The types of soil used were clayey glacial till and Ottawa fine
sand. The interface shear strength parameters were measured with a torsional ring shear
apparatus and the shear rate was 0.015 mm/min. The results of the experimental study showed
that textured geomembranes have a larger interface friction angle than smooth
geomembranes. According to clayey glacial till soil tests, the maximum interface friction
angle (46°) was obtained tenth GM (textured, 1.5 mm, HDPE). The minimum interface
friction angle (14°) was obtained ninth GM (smooth, 1.5 mm, HDPE). According to Ottawa
sand soil tests, the maximum interface friction angle (31°) was obtained tenth GM (textured,
1.5 mm, HDPE). The minimum interface friction angle (15°) was obtained second GM
(smooth, 1.5 mm, LLDPE). Also, the glacial till/geomembrane interfaces exhibited higher
interface friction angles than the Ottawa Sand/geomembrane interfaces. Abdelaal et al. [22]
investigated the effect of leachate constituents on the oxidation induction time (OIT) and
physical properties of geomembrane. The leachate was obtained by mixing various chemicals
in the laboratory to represent municipal solid waste leachate. The geomembranes were kept
in glass pools containing these leachates for about 108 months at different temperatures (22,
40, 55, 70, and 85 °C). Melt index, stress-crack resistance, and OIT tests were performed on
the samples that completed the curing period. At the end of 4 months, the OIT value
decreased by 98% at 85 °C and by 40% at 55 °C. There was a decrease in melting index at 55
°C to reach almost 0.8 (from 1.0) after 25 months and then the values increase with time to
the initial values after 75 months of incubation. Similar trends were obtained at other
temperatures. On the other hand, a sharp decrease was observed in the stress-crack resistance
at the end of 80 months at 55 °C, 40 months at 70 °C, and 12 months at 85 °C. Gulec et al.
[23] examined the effect of acidic mine drainage (AMD) leachate on the mechanical
properties of the HDPE geomembrane. The geosynthetic materials were immersed in tanks
containing synthetic AMD at 20, 40, or 60 °C over 22 months. According to mechanical test
results, that is no temporal changes in wide-strip tensile, puncture, and tear strength are
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evident, regardless of the temperature or leachate. Similar results have been reported by
Mitchell [24] and Grubb et al. [25] for other geomembranes exposed to AMD.

In this study, the friction angle between the soil and the geomembrane was determined using
a medium-scaled direct shear device. Smooth and textured HDPE GM with a thickness of
1.5 mm was used as the GM type. Crushed sand and sand/bentonite mixture (80/20) were
used because they are generally used in landfills. In addition, GMs were cured in three
different synthetic leachate fluids in a laboratory environment for four months to represent
the environment formed in solid waste landfills more meaningfully. These fluids were
leachates of municipal solid waste (MSW), coal combustion product (CCP), and acidic mine
drainage (AMD). First of all, the geotechnical index parameters and internal friction angles
(¢) of the soils were determined. Then, the friction angles (8) of the interfaces formed
between the uncured and cured geomembranes and the soils were determined. This study
investigated soils and geomembranes with different properties in combination under the
influence of various leachates. Shear strength mechanisms were determined and material
behavior was evaluated. In addition, laboratory studies were supported by microscopic image
analysis. In terms of content, it is thought that study will contribute to the development of
both practice and academic studies.

2. MATERIALS
2.1. Soils

Two different soils were used in this study, namely, sand/bentonite (80/20) mixture (SB:
particle size 2.0 mm — 0.0 mm) and crushed sand (CS: particle size 2.0 mm — 0.075 mm).
The reason why these soils were preferred was that they were frequently used in waste storage
areas [26 — 27]. In addition, the effect of grain size was investigated by using such soils. The
geotechnical index properties of soils have been listed in Table 1. Image analysis was

Table 1 - Some geotechnical index properties of soils used in this study

Property Sand/bentonite (SB) Crushed sand (CS)

Specific gravity, G 2.46 2.68
Liquid limit, LL (%) 60.7 -

Plastic limit, PL (%) 30.2 NP

Max. dry unit weight, Yary,max (KN/m?) 17.0 17.3

Opt. moisture content, Wop: (%) 13.2 11.2

Do - 0.19

Dso 0.2 0.69

Do 1.5 1.70

Coefficient of uniformity, C, - 8.95

Coefficient of curvature, C, - 1.47

USCS SC SW
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performed with soil particles using the ImagelJ software (Figure 1). As a result of the particle
analysis, the roundness of the CS soil was obtained as 0.57, while the roundness of the SB
soil was obtained as 0.71 (between 0-1).

Figure 1 - Image analysis of a) CS, b) SB

2.2. Geomembranes

In this study, smooth (HDPE) and textured (HDPE/T) high-density polyethylenes, which are
commercially available, were used. These types of GMs have a high tensile strength at low
stresses, low-cost assembly, and long-term weather resistance so they are frequently
preferred in applications. Polyethylene (PE) is the name of ethylene in monomer form.
Ethylene turns into Polyethylene with several polymerization methods. HDPE geomembrane
is a geosynthetic liner formed as a result of the extrusion of high-density polyethylene and
shaped homogeneously. HDPE GMs are used for sealing in projects such as mine waste
landfills, tank fields, municipal solid waste landfills, acid tanks, ponds, and irrigation canals.

The properties and physical appearance of these GMs given by the manufacturer have been
listed in Table 2.

Table 2 - Some characteristics of geomembranes used in this study

Essential characteristics Unit HDPE HDPE/T
Thickness mm 1.5 1.5
Stress crack resistance h >200 >200
Elongation at yield % >12 >12
Tensile stress at break N/mm? >26 >26
Elongation at break % >700 >700
Water permeability m*/m?.d <10 <10
Resistance to weathering % <25 <25
Oxidation strength % <25 <25
Yield strength N/mm? >16 >16
Static puncture resistance N 3700 7200
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2.3. Synthetic Leachates

The synthetic leachates used in this study were produced by mixing various chemical
compounds in distilled water, as suggested by Hrapovic [28], Gulec et al. [23], Rowe et al.
[29], and Benson et al. [30]. Three different leachates were created synthetically in the
laboratory to represent solid waste landfills. These were leachates of municipal solid waste
(MSW), coal combustion product (CCP), and acidic mine drainage (AMD). The MSW
leachate was a suitable medium for the growth and maintenance of acetogenic, methanogenic,
and sulfidogenic bacteria involved in the mineralization stage of anaerobic degradation. Also,
the mixture containing only three volatile fatty acids, adjusted to pH = 3.45, was used as a
possible variation of landfill leachate [31-34]. The chemical contents of the MSW leachate
have been listed in Table 3.

Table 3 - Composition of MSW leachate (Hrapovic [28])

Chemical name Chemical Amount (per 1 L)
formula
Acetic acid CH;COOH 7 mL
Propionic acid CH;CH,COH SmL
Butyric acid C4Hz0, I mL
Dipotassium phosphate K>HPO4 30 mg
Potassium bicarbonate KHCO3 312 mg
Potassium carbonate K>COs; 324 mg
Sodium chloride NaCl 1440 mg
Sodium nitrate NaNO; 50 mg
Bicarbonate of Soda NaHCOs; 3012 mg
Calcium chloride CaCl, 2882 mg
Magﬁfi;f;digtl:“de MgCl,.6H,0 3114 mg
Magnesium sulfate MgSO4 156 mg
Ammonium bicarbonate NH4HCO; 2439 mg
Urea CO(NH>)» 695 mg
Trace metal solution - 1 mL
Sodium sulfide nonahydrate Na»S.9H,0 Titrate to an E;-120-180 mV
Sodium hydroxide NaOH Titrate to a pH 5.8-6.0
Distilled water H,O Tomake 1 L

The CCP leachates used in this study were identified through analysis of a database
containing leachate data from 33 CCP disposal sites compiled by the Electric Power Research
Institute (EPRI) [30]. The database included concentrations of major cations and anions,
ionic strength, the relative abundance of monovalent and polyvalent cations, pH, and
electrical conductivity (EC). It was determined that CCP leachate was slightly alkaline (pH
7.65) as a result of pH measurements. The chemical contents of the CCP leachate have been
listed in Table 4.
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Table 4 - Composition of CCP leachate (Benson et al. [30])

Chemical name Chemical formula Amount (mg)
Potassium sulfate K>S0, 161
Sodium chloride NaCl 51
Calcium chloride CaCl, 58
Sodium sulfate NaxSO4 722
Calcium sulfate CaS0, 987
Magnesium sulfate MgSO4 146

The composition of AMD was selected by reviewing the composition of 12 AMD for metallic
mine waste reported in the literature [33]. In this mixture, the most common metals (Fe, Zn,
Cu, and Ca) in AMD, their concentrations and types were determined, relative. Fe, Zn, and
Cu are also three of the five most abundant metals extracted from sulfide ores (Fe, Ni, Cu,
Pb, and Zn). It was determined that AMD leachate was quite acidic (pH 0.95) as a result of
pH measurements. The concentrations of these metals obtained from the literature have been
shown in Table 5.

Table 5 - Composition of AMD leachate (Gulec et al. [33])

Chemical name Chemical formula Amount (mg)
Copper (II) sulfate CuSO4 88
Zinc Sulphate Heptahydrate ZnS04.7H,0O 864
Sulfuric Acid H,SO4 886
Iron (II) sulfate heptahydrate FeS0O4.H,O 4076
Calcium sulfate CaSO, 681

They were replaced by fresh leachate every 2—4 weeks [33]. Direct shear tests were carried
out with geomembranes that completed their curing period. When the studies in the literature
were examined, it has been shown that there was a change in the mechanical properties of
GMs even after 4 months of curing [35].

3. METHODS
3.1. Direct Shear Tests

In the first phase of the laboratory experiments, the internal friction angles of the soils were
determined using a medium-scale direct shear box with dimensions of 100 x 100 mm using
the conventional direct shear test method according to ASTM D30808 [36], [37 —40]. The
interface friction angle (8) of the soil — GM interfaces were obtained according to ASTM

D5321 [41] using a medium-scale direct shear apparatus, and the test setup is shown in Figure
2.
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Figure 2 - Test setup of soil — GM interface direct shear test

Concrete blocks were produced in the dimensions of the lower box of the direct shear device,
and this concrete block was placed in the lower box since if the soil was placed both above
and below the direct shear box, the underlying soil would settle during the experiment and
the geomembrane would not remain stable on the shearing surface. The geomembrane was
attached to the concrete block with a strong adhesive (Mitreapel instant adhesive) to prevent
the geomembrane from moving during the direct shear test. The soil was placed in the upper
box of the direct shear device (Figure 3).

o @

Figure 3 - Sample preparation steps for interface direct shear tests
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Samples prepared at optimum water content were placed in the shear box at maximum dry
unit weight density. The samples were kept in pore fluid for about two hours to achieve 100%
saturation (After the experiments, the saturation degrees of the samples were almost 1). In
stage I of the direct shear experiments, uncured geomembranes and tap water (TW) as pore
fluid were used. In stage II, the geomembranes were kept in different leachate for 4 months,
and then in the direct shear tests, these geomembranes were used. Medium-scale direct shear
tests were carried out under the normal stress values of 49, 98, and 196 kPa. The experiments
were carried out with a shear rate of 0.5 mm/min due to the very high permeability of CS,
and 0.1 mm/min due to the low permeability of SB [20, 42].

3.2. Surface Roughness Measurement

First, Koerner [43] indicated that surface roughness measurements can be used as a textural
index or a textural descriptor for manufacturing quality control and construction quality
assurance. However, today, high-precision measurement techniques have proven that surface
roughness measurements of geomembranes are not only quality descriptors for
geomembranes but may be related to various soil-geosynthetic interaction mechanisms. The
Optical Profilometer method (OPM) used to measure geomembrane surface roughness is
based on the theoretical developments of Gokhale and Underwood [44] and the experimental
work of Gokhale and Drury [45]. The surface roughness of the samples was measured with

an optical profilometer (OPM) after direct shear tests to determine the damage caused by the
leachates on the surface of the geomembranes. A profilometer is a measuring instrument used
to measure a surface's profile, to quantify its roughness. Critical dimensions such as step,
curvature, and flatness are computed from the surface topography. The OPM analysis was
conducted in Totomak A.S. with a profilometer device (Figure 4). Measurements were made
from an area of 4 cm? in the middle of the geomembrane, both in the shear direction and
perpendicular to the shear direction. The Rmax value was calculated by taking the average of
the two measurements.

YUZEY PURUZLULOGOND OLGME -

SURFACE TESTER

Figure 4 - Profilometer device
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4. RESULTS AND DISCUSSION
4.1. Direct Shear Test

In order to determine the shear strength behavior, a conventional direct shear test (soil — soil
interface) was carried out with two soils (SB, CS) prepared at the maximum dry unit weight
and optimum moisture content under three normal stresses (49, 98, 196 kPa). The initial void
ratio and internal friction angles of SB and CS were 0.339, 0.517, and 22.8, 34.7°
respectively. The interface friction angle values of the coarse soils were obtained higher. In
the literature, as the particle size increased, the internal friction angle also increased because
larger particles would require more frictional force to reach the sliding state and roll after
being released at the lock peak [9, 46 — 47].

4.2. Interface Direct Shear Test

Interface direct shear tests were carried out to determine the effect of the particle size, the
roughness of GM, and pore fluid on the interface shear behavior between soil — GM. The
preparation steps and applied normal stresses of the samples are the same as for the traditional
direct shear test. The repeatability of the laboratory experimental results in direct shear and
interface direct shear tests was ensured by running two to three trials from multiple tests. The
shear stress-strain graphs of soil — HDPE GM and soil — HDPE/T GM have been shown in
Figure 5.

In Figure 5, shear stresses at the SB-HDPE interface, all curves up to 1% strain reaches the
maximum and at the same time the final value. And there was an increase in shear stress
parallel to the increase in normal stress. Shear stresses at the SB-HDPE/T and CS-HDPE/T,
the effect of the surface roughness of the geomembrane was seen. The curves increased up
to much larger strains, notably the final value for SB was not obtained. This situation can be
explained as follows, the notches of the textured GM and the soil particles are interlocked
during shearing so that the shear stresses increase for a long time and then take a constant
value. On the other hand, in a smooth geomembrane, the soil particles adhere to the GM
surface for a while and then slide on the smooth surface, causing shear stresses to increase
and then fixate [1, 18, 48]. Also, for two soil types, the soil — HDPE/T shear strength has
been determined greater than the soil — HDPE shear strength. This is already an expected
result because the roughness on the GM surface increases the friction force and therefore the
interface friction angle also increases. The same results were obtained by Vaid and Rinne
[49] and Monteiro et al. [50]. The behavior of the smooth HDPE GM was an appearance of
little or no hook-and-loop interaction between the soil — smooth HDPE GM. Conversely, at
the soil — textured HDPE GM interface there was a significant hook-and-loop interaction and
as the roughness increased, additional passive resistances were activated [51]. Envelopes of
soil — HDPE and soil - HDPE/T interfaces obtained from shear stress-strain graphs have been
presented in Figure 6.

While the interface shear strengths of SB and CS were almost the same at low normal
stresses, it is seen that CS had greater shear strengths than SB as the normal stress increased.
The shearing resistance of the interface is caused by the sliding, and rolling of soil particles,
adhesion, interlocking of soil particles with the GM surface, or embedding of soil particles
into the GM. For granular soil-GM, the cohesive force corresponds to the force required to

44



Inci DEVELIOGLU, Hasan Firat PULAT

200 200
——SB_49 = —SB 98 — SB_196 ——SB 49 = SB 98 = =SB _196
150 150 1
=z ?
g £ .-
Y ‘..Z - -
100 £100 S
Z .- & R
E / ——e—t——m e — :;‘ -~ - -
= 2 . R
“ 0! e, 291 7 = ="
l’,...._..._— —~—-
i’
HDPE HDPE/T
o 0 I | | i
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Strain, & (%) Strain, & (%)
200 200
(549 = —CS.98 — CS_196 ——(CS_ 49 = =(S 98 = CS_196
S—— _——
-
150 150 SE
2 =z .
g & 7
bt == = .
100 | N £ 100 ./
| s P
= = - - - -
© [ it s N
50 - _/,-—’ 50 / -
I r
/7 HDPE/T
0 HDPE 0 (]
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Strain, & (%) Strain, £ (%)
Figure 5 - Shear stress-strain graphs of soil — geomembrane interfaces
200 200
m SB m SB
X CS x CS
“_X
150 4 150 +
= =
& &
= =
P P
g g
= 100 £ 100 -
Z Z
= <
@ @
= =
wn n
50 A 50
o
. HDPE . HDPE/T
0 50 100 150 200 250 0 50 100 150 200 250
Normal stress (kPa) Normal stress (kPa)

Figure 6 - Mohr-Coulomb failure envelopes of soil — geomembrane interfaces a) HDPE, b)
HDPE/T

allow soil particles to slide across the interface. As the normal stress increases, so does the
ability of soil particles to plow the GM. Therefore, both sliding and plowing can contribute
to the overall frictional force when shearing granular soil-GM. However, the same is not true
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for cohesive soils. Even under high normal stresses, they only slide, not plow [52]. This is an
explanatory feature for CS with angular particles to have high shear strength. This also
explains why the SB-HDPE interface has a parabolic envelope while the CS-HDPE interface
has a linear envelope. In the literature, while drawing Mohr-Coulomb failure envelopes,
researchers have used linear failure envelopes [53 — 54], while other researchers have to plot
curved failure envelopes for cohesive soil-GM interfaces [55 — 56]. Markou and Evangelou
[57] obtained the failure envelopes of the cohesive soil-GM as parabolic, while the failure
envelopes of the granular soil-GM were linear.

4.3. Effect of Pore Fluid

Geomembranes were stored in different leachates for 4 months in order to examine the effects
of leachate generated in landfills on the shear strength parameters of the geomembranes.
Interface direct shear tests were performed without curing samples in tap water (TW) and 4
months cured samples in leachates (AMD, CCP, MSW). In addition, the surface roughness
of the samples was measured with a profilometer after direct shear tests to determine the
damage caused by the leachates on the surface of the geomembranes. Rimax value, which is a
surface roughness coefficient, was obtained from profilometer measurements. A comparison
of the interface friction angles and Rmax values for different pore fluids has been shown in
Figure 7.

From Figure 7, it is seen that there is no general trend between the leachate and friction
angles. However, in general, AMD was the leachate that most negatively affected the friction
angles, while CCP was the leachate that had the least effect. The reason why AMD damages
the geomembrane is that chemical degradation begins with a change in polymer structure and
ends with a change in engineering properties [58]. Diffuse changes in the polymer; a decrease
or increase in molecular weight, embrittlement, loss of additives and plasticizers, formation
of free radicals, and deterioration of transparency [59]. The reason why MSW damages the
geomembrane is that oxidative degradation begins. Viebke et al. [60] and Hsuan and Koerner
[58] described oxidative degradation as a three-step process. In stage 1, there is no significant
change in the engineering properties. Stage 2 is an induction time for degradation to begin
and begins after the antioxidants are depleted. In stage 3, there are significant changes in
physical and mechanical properties due to oxidation. In this study, it is seen that stage 2
started after a 4-month curing period. The reason CCP is less harmful than others is that CCP
leachates are inorganic and may have more polyvalent cations and higher ionic strength than
MSW [61-62]. It also has a much higher pH than AMD. Therefore, the effect of CCP to
damage the mechanical properties of the geomembrane is very low compared to AMD and
MSW.

Also from Figure 7, it has been determined that the interface friction angle is inversely
proportional to the scratches and grooves formed on the surface during the experiment. In
order to see these scratches and grooves more clearly, microscopic images of the
geomembranes were obtained after the experiment (Figure 8). While there were no scratches
on the geomembrane surface before the experiment, the scratches on the surface were
observed after the experiment. In addition, it was determined that the geomembrane at the
HDPE-CS interface had deeper and more numerous scratches than the geomembrane at the
HDPE-SB interface.
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4.4. Effect of Particle Size

The interface friction angle values of soil - HDPE, and soil - HDPE/T GMs have been given
in Figure 9. It was found that the interface friction angles of the SB were lower than the CS.
Because relatively larger particles need more frictional force to reach sliding conditions and
to roll after the release of interlocking [36]. CS is less spherical, less rounded, and less regular
compared to SB. These angular sand particles can form deeper grooves and plow to afford a
higher interface friction angle [46, 52, 63 — 64]. It has also been reported in studies that
higher interfacial friction angle values are obtained at higher dry densities by Fleming et al.
[48], Adamska [65], and Khilnani et al. [66],. This is because more soil grains are in contact
with the surface of the GM, resulting in increased contact area and accordingly increased
interface shear strength. Also, the same conclusion was reached as a result of this study.

40
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Figure 9 - The interface friction angle values of soil-HDPE and soil-HDPE/P in TW

4.5. Comparison with the Literature Studies

Isaev and Sharafutdinov (2020) investigated the interface shear behavior between clayey and
sandy soils and concrete, steel (polished and rough) and polymer surfaces. The Riy coefficient
was determined by dividing the interface shear strength to the internal shear strength. The
coefficients in sandy soil were 0.47-0.78, 0.47, and 0.93 for steel (polished-rough), concrete
and polymer, respectively. The coefficients in clayey soil were 0.65, 0.53, and 1.0 for steel
(polished), concrete and polymer, respectively [67]. In the present study, the interface-to-
internal friction angle ratio of SB-HDPE and CS-HDPE was 0.94 and 0.96 in uncured
experiments. The interface-to-internal friction angle ratio of SB-HDPE/T and CS-HDPE/T
was 1.17 and 1.19. When compared with the results obtained from this study, it is seen that
the closest result is with polymer interfaces. Considering that HDPE GM is a polymer-based
material, the results obtained in this study were found to be compatible with the literature. In
another study, Cen et al. (2020) investigated the dynamic shear behavior of pure sand and
textured and smooth HDPE geomembrane interface. The interface peak shear
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strength/internal peak shear strength ratios are 0.61 and 0.89 for smooth and rough GM,
respectively [68]. When compared with the results obtained from this study, it is seen that
the ratios are lower. This is because the particles of the pure sand used are more rounded and
also because the GMs have lower roughness. Cabalar (2016) obtained the interface friction
angles between two different sands (Trakya sand [TS] and crushed stone sand [CSS]) and
steel, concrete, and wood. The ratio of the interface friction angle to the internal friction angle
in TS was obtained as 0.38, 1.06, and 0.81 for steel, concrete, and wood, respectively. The
ratio of the interface friction angle to the internal friction angle in CSS was obtained as 0.34,
1.14, and 0.86 for steel, concrete, and wood, respectively [69]. Compared to the results
obtained from this study, the concrete interface coefficient is compatible with HDPE/T, while
wood is compatible with HDPE.

5. CONCLUSION

In this study the interface shear strength parameters of the soil — geomembrane were
investigated. The interface friction angles of the soil — geomembrane interface were obtained
with a medium-scale direct shear device. Two types of soils (sand/bentonite mixture, and
crushed sand) were used in the tests to investigate the effect of particle size and angularity
on the interface friction angle. Smooth and textured HDPE GMs of the same thickness were
used to determine the effect of the geomembrane roughness on the interface friction angle.
In addition, the interface direct shear tests were also performed with 4 months cured samples
in different leachates (AMD, CCP, MSW) to determine the effect of the chemical content of
the leachates. As a result of the study:

e The initial void ratio and internal friction angles of SB and CS were 0.34, 0.52, and 23,
359 respectively.

e In HDPE-soil interface, the minimum interface friction angle (18°) was obtained on
AMD cured GM-SB, while the maximum (3 1°) interface friction angle was obtained on
uncured GM-CS.

o In HDPE/P-soil interface, the minimum interface friction angle (17°) was obtained on
AMD cured GM-SB, while the maximum (43°) interface friction angle was obtained on
uncured GM-CS.

e It was determined that shear stress increased with increasing horizontal displacement in
textured HDPE-GM interfaces, but shear stress increased up to a certain horizontal
displacement and then remained constant in smooth HDPE-GM interfaces.

e  Soils with larger and more angular particles have higher interface friction angles.

e While granular soil-geomembrane interfaces have linear Mohr-Coulomb failure
envelopes, cohesive soil-geomembrane interfaces have parabolic Mohr-Coulomb failure
envelopes.

e In general, it has been determined that the leachate that affects the geomembranes most
adversely is AMD, and the one that affects the geomembranes the least is CCP.

e It is recommended to avoid the use of smooth and textured HDPE GMs in mine tailing
storage facilities using SB and CS.

e It is recommended to use smooth HDPE GMs in coal combustion waste storages and
textured HDPE GMs in municipal solid waste storages.
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Symbols

AMD Acidic mine drainage

Ce Coefficient of curvature
CCP Coal combustion product
CS Crushed sand

Cu Coefficient of uniformity
E Productivity ratio

EC Electrical conductivity
GCL Geosynthetic clay liner
GM Geomembrane

GS Geosynthetic

Gs Specific gravity

HDPE Smooth high density polyethylene
HDPE/T  Textured high density polyethylene
LDPE Low density polyethylene

LL Liquid limit

MSW Municipal solid waste

OoIT Oxidation induction time

OPM Optical profilometer

PE Polyethylene

PL Plastic limit

PVC Polyvinyl chloride

SB Sand/Bentonite mixture

T™W Tap water

USCS Unified soil classification system

VLDPE Very low density polyethylene

Wopt Optimum water content
Ydry,max Maximum dry density
o Interface friction angle
¢ Internal friction angle
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ABSTRACT

Contracting parties generally tend to resolve their disputes through the litigation process. The
lengthy litigation process reduces the belief among the parties that the disputes are resolved
peacefully, and this destabilizes the sustainable structure of the construction industry where
disputes are very common. Determining the most common sources of disputes in construction
lawsuits is very important in terms of taking necessary precautions beforehand. Additionally,
increasing the competency levels of construction and judicial actors regarding construction
processes is extremely important in terms of making the judicial process more efficient and
faster. Therefore, this study aims to reveal the most frequent dispute sources in the
construction industry, the competency levels of judicial actors including expert witnesses and
the average duration of the construction-related litigation process for the superior courts.
Hence, 346 construction-related lawsuits conducted between 2018 and 2021 were examined
via content analysis to classify the common themes. Lawsuits were investigated via the
official websites of Courts of Cassation and National Judicial Network Information System
(UYAP). Next, the frequency analysis was conducted to detect the significance of each theme
via SPSS software. It is highly believed that this study will enable the decision-makers to
take necessary precautions before the dispute occurs as well as improve the dispute resolution
process in the construction industry. Projects related to superstructure works constituted the
majority of the disputes ending up with the judicial process. Additionally, the majority of the
disputes detected from lawsuits resulted from “Debit and Credit” related issues. Moreover,
the litigation process was also detected as a very lengthy process. Furthermore, it is detected
that majority of the lawsuits were rejected by the Courts of Cassation due to inadequacies of
the competency levels of the judicial actors.

Keywords: Dispute, dispute resolution, contract, construction.

1. INTRODUCTION

Involving numerous stakeholders, construction projects aim to achieve desired quality, cost
and time in accordance with the project contract with the help of limited resources [1]. Having
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commercial relations carried out by over 200 industries, the construction sector [2] has played
a significant role in the economic growth of countries [3]. However, due to the complicated
nature of construction projects, change is inevitable [4], [5]; thus, the relationship that
commences positively between the parties is likely to deteriorate over time [6]. As a result
of this, most of the projects end up with disputes for which contracting parties are liable to
settle in a timely manner in order not to undermine their commercial relationships [7]. The
contracting parties generally tend to resolve their disputes through litigation process which
takes a long time as a result of many factors, and thus projects may lose both time and money
[8]. The lengthy litigation process reduces the belief in resolving the dispute peacefully in
the eyes of the contracting parties [9] and this destabilizes the sustainable structure of the
construction industry where disagreements are very common.

Increasing the efficiency and competency levels of the construction and judicial actors related
to construction proceedings are extremely essential for the judicial process to be more
effective and rapid [10]. Additionally, developing solutions for dispute prevention is very
vital to take the necessary precautions beforehand. Notwithstanding the popularity of the
dispute resolution process, studies with respect to the investigation of the litigation process
in conjunction with the construction industry in Turkey have been found out as insufficient.
Investigating the proceedings until 2007, a study was conducted to spot the frequency of
dispute types as per the provisions of Contract of Work in Turkish Code of Obligations, [11].
Later, the competency levels of actors taking part in the judicial process were investigated
via semi-structured interviews conducted with 10 expert witnesses [10]. Moreover, the
competency levels of judicial actors taking the role in construction-related lawsuits in Turkey
were also revealed through semi-structured interviews conducted with judicial actors [12].
Furthermore, in the previous study [13], problematic areas concerning the litigation process
were investigated by analysing the leading cases conducted by only Courts of Cassation until
2017. Since 2017, new regulations have been released to improve the judicial process, which
has dramatically changed the jurisdiction system as well as the competency levels of judicial
actors in Turkey. The main changes being intended to improve litigation process in Turkey
have been enacted with respect to Expert Witness [14], establishment of the Regional Courts
which started their duty on 20" July 2016 for Building Audit [15]. Since there have been the
abovementioned major changes in the litigation process, a comprehensive reinvestigation of
the litigation process is extremely crucial to detect the main dispute sources of the
construction industry as well as the competency levels of construction and litigation actors.
Additionally, awareness of practitioners in the construction industry in terms of the average
duration of the litigation process is very vital so as to enable decision-makers in the
construction project to compare the litigation process with the other alternative dispute
resolution methods. This aids the decision-makers to form the project contract by considering
alternative dispute resolution processes. Therefore, in order to lead the construction to take
the necessary precautions during the course of the construction projects and improve the
competency levels of litigation actors, this study aims to detect the average duration of the
litigation process for the superior courts, the most frequent dispute sources in the construction
industry and the competency levels of judicial actors. For this reason, 346 appealed
construction-related cases conducted between 2018 and 2021 were examined through content
analysis in order to categorize the common themes as per the average duration of the lawsuits,
the types of projects, the source of disputes and the decisions of the upper courts. Then, the
frequency analysis was conducted via SPSS program to determine the magnitude of each
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theme under the categorizations. The cases were gathered from the websites of Courts of
Cassation and UYAP in which leading cases are provided. It is explicitly believed that
spotting the most frequent dispute sources may enable the decision-makers to take necessary
precautions in the construction projects in advance. Additionally, judicial actors and
lawmakers may take advantage of this research so as to improve the bottlenecks of the
litigation process. Moreover, it is believed that this study revealing the average duration of
litigation process will definitely rise the success of the dispute resolution process by enabling
the practitioners to seek their rights with the help of alternative dispute resolution processes.
Furthermore, international construction organizations seeking to make investment in Turkey
can benefit from the outputs of this study in terms of the litigation process and its possible
outcomes. To evaluate the outputs of this study provided in the section of Conclusions and
Recommendations, it is highly believed that foreknowledge concerning the litigation process
in Turkey is to be illustrated; hence, a summary of the literature reviews is provided in
sections 2 and 3.

2. DISPUTE RESOLUTION PROCESS IN CONSTRUCTION INDUSTRY

Organizations of the jurisdiction system and their roles differ from country to country. In
Turkey, there are two main justices, namely judicial and administrative. In addition to this,
there are three levels of the justice system, namely, Courts of First Instance, Regional Courts
and Supreme Courts. Courts of Cassation and Presidency of the Council of State are
authorized as Supreme Courts for civil and administrative cases respectively. The Regional
Courts (Courts of Appeal) may conduct a new investigation and a legal audit by collecting
evidence that has not been collected by the concerned Court of First Instance and may hear
witnesses again as well as may conduct a site survey in order to make a determination.

Courts of First Instance under Judicial Justice have two main divisions which are Civil Courts
and Criminal Courts. Civil Courts contain Civil Courts of Peace, Civil Courts of General
Jurisdiction and Specialized Courts. If the concerned Specialized Courts are not available in
a district, Civil Court of General Jurisdiction is authorized. Courts of First Instance
concerning administrative justice - which are regulated via Legislations # 4576 [16] and 4577
[17] - are categorized under three main courts which are “Administrative Court”, “Presidency
of the Council of State - Chamber Number 1” and “Tax Court”. Most of the decisions given
by the Courts of First Instance are rejected by the Regional Courts or Courts of Cassation due
to the fact that the boundaries of authority concerning Courts of First Instance are not well
known by the construction and judicial actors, and this further extends the duration of the
litigation process unnecessarily [10]. Even though appealing brings justice, the prolongation
of the process contradicts with Judicial Economy [25] (Article 141), [26] (Article 6), which
results in time and money consumption for the dispute parties. The recognition of the
boundaries concerning the authority and structure of civil and administrative courts prevents
the prolongation of the construction-related cases, thus the organizational structure of courts
is comprehensively illustrated in Figure 1, and later their authorizations — which are to be
known to interpret the outputs of this study provided in the section of Conclusions and
Recommendations - are defined in this chapter.
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Administrative Court is authorized in disputes arising between the contracting parties due to
administrative contracts made for the execution of one of the public services except for
contracts referring to arbitration. Cases related to the tendering processes made by public
services and claims concerning misinterpretation and misapplication of the legislation by the
public services are conducted by the Administrative Courts. Tax Courts are authorized for
the cases concerning tax issues of the organizations. According to articles 1 and 2 in
Administrative Trial Procedure Law [18], disputing parties are not invited to the court in the
cases conducted by Council of State, District Administrative Courts, Administrative Courts
and Tax Courts. Thus, the determination is made as per case documents by the concerning
courts. This procedure is also called “Written Trial Procedure”. Different opinions have been
put forward in the doctrine about whether the written trial procedure applied in our
administrative judicial system is fair or not. Some jurists strongly argue that arrangements
for the implementation of the oral proceedings should be made in order to demand justice by
the concerning parties [19], [20]. Civil courts are empowered to deal with cases concerning
property rights and personal property cases that are outside the duties of the peace courts and
private law [21]. The Commercial Courts are responsible for conducting all commercial
lawsuits, regardless of the value or amount of the subject matter [22]. Mediation is a
compulsory process before suing in Commercial Courts. Courts of Peace are authorized in
cases such as lawsuits for the sharing of movable and immovable property or rights, ending
the partnership, debt of arising from the rental, and mediation issues [23]. Mediation is the
prerequisite for suing in commercial courts and labour law [24]; therefore, the majority of
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construction-related cases are coordinated in terms of the mediation process by Courts of
Peace. According to Article 25/1 of the Cadastral Law No. 3402 [25], The Cadastral Court is
authorized for the cases related to property ownership of immovable, land registry, deed
annotation, border disputes of lands, and the works imposed by the private laws. The power
of Consumer Court granted by consumer rights protection and their duties cover cases
regarding disputes that may arise from practices for the consumers [26]. Mostly construction-
related cases caused by the selling of the land, dwelling, material and equipment are heard in
Consumer Courts. The Labour Courts are empowered to deal with legal disputes such as
compensation, employee receivables between workers and the employer or the representative
of the employer according to the Labour Courts Law No. 7036 [24]. Mediation is a mandatory
process in advance of suing in Labour Courts. The rights of the craftsman are protected under
Articles 1 to 3 of the Law of Intellectual Property Rights Number 5846. The utilization and
any change of the work produced by a craftsman are subject to the craftsman's permission.
In disputes such as the verbal or written form of the works, computer programs, photographs,
maps, plans, projects, sketches, all kinds of architectural, urban designs, projects and models
arising from this issue, Civil Courts for Intellectual Property are authorized [27].

Majority of the Turkish contract in the construction industry refer directly to the litigation
process before applying to an alternative dispute resolution process (ADR) [10]. However,
in some special cases such as labour [28], commercial [22] and consumer [26] related cases,
mediation is a prerequisite of the application to the litigation process. By the same token,
mediation as an ADR method is dictated by law in some special cases in Turkish Construction
Industry. In other countries such as Europe and USA, ADR methods are part of the standard
form of contracts. In FIDIC contract which is adopted all over the world as well as in Europe,
Dispute Adjudication Board (DAB) and arbitration are referred to settle the dispute
respectively [29]. In the UK, in New Engineering Contract 4 (NEC4), any dispute is to be
referred to adjudication first, before applying to arbitration or litigation, as appropriate [30].
In the USA, The American Institute of Architects (AIA) contract pinpoints Dispute Review
Board (DRB) which is known as DAB in FIDIC contract, mediation, arbitration and Initial
Decision Maker (IDM) to settle the dispute between the contracting parties [31].

With regard to neutral dispute resolution, court types and their authorizations differ from
country to country. Litigation is one of the most common and reliable processes to resolve
disputes within the construction industry. In the UK, Technology and Construction Court
(TCC) deals with construction dispute cases (e.g., buildings, engineering and surveying).
TCC is part of the Queen’s Bench Division of the High Court of Justice under the Civil
Deviation of the Court of Appeal under the Supreme Court of the United Kingdom. TCC
accepts disputes which are over the value of £250,000. The amount which is under this is
dealt at the County Court [32]. The fact that there is a court for construction cases is the
biggest feature that distinguishes the English court system from the Turkish court system.

In the USA, the federal court structure consists of three main levels which are district courts,
also called as trial courts, circuit courts which are the first level of appeal, and the Supreme
Court which is the final level of appeal. In the USA, a small percentage of the construction
disputes filed end up going to litigation because the majority of the cases are resolved before
the litigation process or assigned over to arbitration; therefore, 1 or 2 percent of the cases are
carried to the litigation statistically. In the USA, decision-makers in the construction industry
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do not elect to have a jury trial. The litigation system in the USA is similar to the Turkish
litigation system in terms of having 3 levels of the court hierarchy.

3. TURKISH JUDICIAL SYSTEM

Filing a lawsuit and responding to the filed lawsuit are conducted with a petition. The time
for the defendant to respond to the petition begins with the petition of the lawsuit notified to
the defendant, and this period is two weeks (HMK m. 127). However, if the defendant party
does not submit the rebuttal petition to the court, it is deemed to disclaim all claims of the
plaintiff in the petition (HMK m.128). If there is a reply petition by the defendant, 2 weeks
is allowed for the claimant to give a rejoinder petition (HMK m.136). The petitions must be
written clearly, and evidence and the defence are proved thoroughly to the concerned court
(HMK m.129). The claimant should apply to the authorized courts; otherwise, the
prerequisite of the case is not fulfilled. Due to missing knowledge concerning the
authorization of the courts by construction practitioners as well as judicial actors, numerous
numbers of construction-related cases have been rejected by superior courts [13]. These
interminable inappropriate acts prolong the hearings and conclude with the time and cost
overrun as well as deteriorate the relationships of the contracting parties. In cases of
hesitation in the understanding of the court's authority regarding the subject of the case,
Regional Courts authorize the relevant Court of First Instance and the Courts of Cassation
authorize the relevant Regional Courts (HMK m. 22). If a lawsuit is not filed to the authorized
court, the court which is applied gives a decision of rejection of the venue. Plaintiff should
apply to the court to take the case to the authorized court within the following two weeks;
otherwise, the case is deemed as have not been opened (HMK m.20). The process of Courts
of First Instance is illustrated in Figure 2 below.
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Figure 2 - Process of Courts of First Instance

Courts of First Instance concerning judicial justice consist of Civil Courts of Peace, Civil
Courts of General Jurisdiction, and Specialized Courts [21]. Commercial Court, Consumer
Court, Family Court, Labour Court, Cadastral Court, Civil Courts for Intellectual Property
Rights and Marine Court are categorized under Specialized Courts. Civil Courts of General
Jurisdiction are authorized in the case of the absence of Specialized Courts.
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Regional Courts of Justice were established for appeal with the law numbered 5235 in 2004
and started their duties in 2016, and thus, judicial justice has become a three-level judicial
system [33]. There are 191 Law offices and 177 criminal offices in the Regional Courts of
Justice [34]. If the case amount is over the monetary limit which is defined by Article 341 in
the Law of Civil Procedure, the parties can apply to Regional Court for an appeal within 2
weeks following the decision of the Courts of First Instance (Hukuk Muhakemeleri Kanunu
m.345) [22]. This monetary limit is increased every year by the General Notification of the
Tax Procedure Law (HMK Ek Mad. 1) [22]. If the due date of application to the superior
court falls into the judicial vacation, the periods are deemed to be extended by one week from
the end day of the judicial vacation, without the need for a separate decision (HMK m. 104)
[22].

The Courts of Cassation, which is the last review authority in judicial justice, is in charge of
reviewing the decisions of Regional Court (Yargitay Kanunu m.1) [35]. There are twenty-
three legal departments in the Courts of Cassation charged with reviewing civil cases, and
this number has been changed to twelve in 2016 with the law numbered 6723 [36]; however,
this change hasn't come into force. One of the parties can apply to Court of Cassation for an
appeal within 2 weeks following the decision of the Regional Court (Hukuk Muhakemeleri
Kanunu m.361) [22] as long as the case price is over the monetary limit which is defined by
articles 362 and 369 in the Law of Civil Procedure. This price is increased every year by the
General Notification of the Tax Procedure Law (HMK Ek Mad. 1) [22]. The case is examined
at the General Assembly of Civil Chamber when the Courts of First Instance resist the
reversion decision given by the Courts of Cassation. Additionally, General Assembly of Law
is authorized when there is a conflict concerning jurisprudence between the civil chambers
of courts of cassation and when one of the chambers intends to change a jurisprudence
(Yargitay Kanunu m.15) [35].

During the judicial process, actors such as judges, lawyers and expert witnesses play crucial
roles to conduct the hearing most effectively. In Judicial Justice, being a judge requires
graduation from an accredited law school, succeeding in a judgeship exam and interview,
and being less than thirty-five years old [37], [38]. Justice Academy of Turkey (TAA)
established in 2019 [39] provides training programs for judges, judge candidates, notaries
and lawyers. Lawyers advocate for their clients in the court and in the other judicial bodies
like arbitration, and thus a successful defence is vital for the triumphant hearing [40]. Also,
certified lawyers can act as mediators during the mediation process [41]. Being a lawyer
entails having an accredited law degree, completing a legal internship and registering in a
Bar [40]. In addition to this, the candidates of lawyers, judges and notaries who graduated
from law school after 1999 should pass the Entrance Exam for Legal Professions [42]. An
expert witness is a natural person who is consulted for an expert report in order to provide
technical information about the cases [43]. To be an expert witness, 24 hours of training
concerning the proficiency of expert witness requires to be completed by the experts who are
experienced in the concerning area for a minimum of 5 years. Every 3 years, 6 hours of
theoretical and practical training is to be completed to renew the license of the expert witness.
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4. METHODOLOGY

To thwart the negative consequences of the dispute, in this study, it was aimed to determine
the average duration of the litigation process in higher courts, the most common disputed
areas in the construction industry and the competency levels of judicial actors. Therefore, of
346 construction related lawsuits conducted between 2018 and 2021, 133 Regional Court
decisions and 213 Court of Cassation decisions regarding the construction projects were
reviewed. The cases were obtained from the official websites of Courts of Cassation and
UYAP. To achieve the objective of this study, the reviewed cases were categorized according
to the dispute subjects and project types with the help of content analysis. Later, the
frequencies of the following comparisons were computed and average duration of the
litigation process in higher courts was determined by using frequency analysis with SPSS
software: "Project Types versus the number of cases conducted by regional courts and courts
of cassation", “The subject of the lawsuits versus the number of cases conducted by regional
courts and courts of cassation”, “Decision of Appellate Court versus the number of cases
conducted by regional courts and courts of cassation”, “Decision of Appellate Court versus
Subjects of Lawsuits”, “Project Types versus Subjects of Lawsuits”, “Durations of
Proceedings Conducted by Courts of Cassation”. The summary of the methodology is
illustrated in Figure 3 below.
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Figure 3 - Summary of Methodology

5. FINDINGS

In the wake of investigating the 346 construction-related cases conducted between 2018 and
2021 with the help of content analysis and frequency analysis, the categorizations of Project
Types of the cases and their frequencies as per the number of cases conducted by Regional
Courts and Courts of Cassation are depicted in Table 1 below.
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Table I - Frequencies of Project Types of the Cases Conducted by Regional Courts and
Courts of Cassation

Number and Frequency of Cases Average Duration

Project Types (vear)
Ré%i:::tal g;):sl:tsi((:lf Frequency Courts of Cassation

Superstructure Works 68 191 75% 1.81
Finishing Works 21 5 8% 2.20
Electrical Works 5 3 2% 2.33
Building Audit Works 1 6 2% 2.67
Infrastructure Works 25 7 9% 1.71
Electrical/Mechanical Works 5 1 2% 1.00
Mechanical Works 3 - 1% -
Design Works 5 - 1% -
Total/Average 133 213 100% 1.84

At the first glance of Table 1, in construction-related cases, the average duration of Courts of
Cassation is 1.84 years. It turns out that the projects with the highest number of disputes are
related to the superstructure works which constitute 75% of the total lawsuits. This is
followed by Infrastructure works and finishing works with 9% and 8% respectively. Cases
related to the "Building Audit Works" were resolved with the longest period of 2.67 years by
the Courts of Cassation. The minimum duration of the case conducted by Courts of Cassation
was related to Electrical/Mechanical Works, which is 1 year. Comparisons of the subjects of
the lawsuits with the number of lawsuits conducted by Regional Courts and Courts of
Cassation are tabulated in Table 2 below.

Table 2 - Frequencies of Subjects of the Lawsuits Conducted by Regional Courts and
Courts of Cassation

Number and Frequency of Cases Average Duration

Year
Subjects of the Lawsuits ( )
Regional Courts of Frequenc Courts of
Court Cassation ! y Cassation
Registration and Nullification o
for Deed and Title 18 62 23% 1.98
Occupational Accident 3 4 2% 2.00
Debit and Credit 79 77 45% 1.70
Termination of Contract 10 21 9% 1.81
Project Delay 12 36 14% 1.89
Defective Products 11 13 7% 1.85
Total/Average 133 213 100% 1.84
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It is beyond the question that the biggest number of cases was related to monetary issues,
which constitute 45% of the total cases. It is followed by Registration and Nullification for
Deed and Title (23%) and Project Delay (14%), Termination of Contract (9%), Defective
Products (7%) and Occupational Accident (2%). Additionally, while the minimum duration
of the cases conducted by Courts of Cassation is higher than 1.7 years, dispute resulting from
occupational accidents has a maximum duration of 2 years. Frequency analysis of the
decisions made by Regional Courts and Courts of Cassation is given in Table 3 below.

Table 3 - Frequencies of the Decisions made by Regional Courts and Courts of Cassation

Number and Frequency of Cases AYerage
Final Decisions of Appellate Duration (Year)
Courts Regiona  Courts of Frequenc Courts of
1 Court  Cassation q y Cassation

Reas;gssment - Unsuitable Case 7 20 8% 230
Condition
Reassessment - Needs for Expert o
Judgment 1 2 1% 2.00
Approving the Verdict 31 40 21% 2.75
Reassessment - Decision of o
Rejection of Venue > 2 36% 1.03
Reassessment - Missing Review o
and Wrong Assessment 38 67 30% 1.99
Approving Verdict with a o
Correction 0 > 1% 2.20
Reassessment - Defective Expert o
Judgment Report 4 6 3% 1.83
Reassessment - Not Offering o
Taking an Oath ! ! 1% 3.00

Total/Average 125 191 100% 1.84

The reassessment decision concerning the rejection of the venue — which results from the
application to the wrong courts by plaintiffs and their lawyers - constitutes the biggest number
of lawsuits by 36%. In addition to inadequacy of the knowledge of the lawyers regarding the
authorizations of the courts, Judges in the Courts of First Instance heard these cases without
rejecting them. It can be inferred from this study that the competency levels of the judicial
actors such as lawyers and judges are not adequate in terms of authorizations of the courts. It
is followed by the reassessment decisions resulting from Missing Review and Wrong
Assessment by 30% due to inadequacies of the judges in terms of construction related cases.
Next, Unsuitable Case Condition constitutes 8% of the total cases which also implies the
inadequacies of the lawyers and judges in terms of construction related cases. It is followed
by Defective Expert Judgment Report by 3%. Not Offering Taking an Oath by 1% and Needs
for Expert Judgment by 1%. Only 22.5% of the cases were approved by the Appellate Courts.
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Comparing the cases depicted in Table 3, while lawsuits resulting in reassessment decisions
due to rejection of venue took a minimum duration which is 1.03 years, lawsuits resulting in
reassessment decisions due to not offering to take an oath took a maximum duration which
is 3 years. Decisions of Regional Courts and Courts of Cassation are compared with the case
subjects as depicted in Table 4 below.

Table 4 - Comparison of the Decisions of Regional Courts and Courts of Cassation with
Case Subjects

Subjects of Lawsuits

Final Decisions of

Appellate Courts Total

Occupational
Termination of
Contract
Registration and
Nullification for
Deed and Title

Debit and Credit
Defective Products
Accident

Project Delay

Reassessment - Needs for
Expert Judgment

=]
2
S
=]
2
X
=]
N
X

0.3% 0.0%  0.0% 0.9%
Reassessment - Unsuitable

0, o, 0, 0, 0, o, 0,
Case Condition 3.8% 03% 03% 03% 09% 2.3% 7.8%

Reassessment - Missing
Review and Wrong 12.1% 32%  5.5% 12%  3.8% 4.6% 30.3%
Assessment

Reassessment - Decision of 1o 4o/ 1900 4300 00%  2.0%  9.0%  35.8%
Rejection of Venue

Approving Verdict with a 03%  0.0% 03% 00% 00%  0.6%  12%

Correction

Approving the Verdict 9.0%  09% 32% 03% 12%  6.1%  20.5%

Ei;iﬁ?iﬁ;ﬁgn?ﬁffﬁéﬁe 14%  0.6% 00% 00% 09%  0.0%  2.9%

I;Zﬁfz;s:?g:th NotOffering o ot 0.0%  00% 00% 00%  06%  0.6%
Total 462%  6.1% 1;;6 20%  9.0%  23.1%  100%

Reassessment decisions were made by Regional Courts and Courts of Cassation for 78.3%
of the cases. By the same token, Courts of First Instance made the wrong determination by
78.3%. It is clearly revealed that the competency levels of the actors taking part in the Courts
of First Instance have to be improved. The most problematic area is the authorization of
courts concerning Debit and Credit related issues, which constitutes 19% of the total cases.
Secondly, decisions of Courts of First Instance were rejected by Appellate Courts by 12%
for the cases concerning Debit and Credit issues. 9% of the cases related to Registration and
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Nullification for Deed and Title were rejected by Appellate Courts due to filing the lawsuit
to the unauthorized courts. A comparison between the project types and the subject of the
lawsuits is illustrated in Table 5 below.

Table 5 - Comparison of the Decisions of Regional Courts and Courts of Cassation with
Project Types

Subjects of Lawsuits

5 s I:

5] - —_ = =S 2

. = = < = o o= =
Project Types © = = S S & = Total

3 ez A £ S5 T8

= = 5 S5 £: :tg&§

= Sl 2 =2 £ E Z2E -

2 - 88 585 B3

(=] [=]-w [-w o < =0 gz A
Infrastructure 5.5% 1.4% 1.7% 0.0% 0.3% 0.3% 9.2%
Electrical Works 1.4% 0.3% 0.0% 0.6% 0.0% 0.0% 2.3%
Finishing Works 5.5% 1.2% 0.3% 0.0%  0.0% 0.3% 7.2%
Building Audit Works 0.3% 0.3% 0.9% 0.0% 0.6% 0.0% 2.0%
Superstructure 30.1% 2.9% 10.1% 1.4% 8.1% 22.5% 75.1%
%Z‘;E:’a” Mechanical 14%  0.0%  03%  0.0% 00%  0.0% 1.7%
Mechanical Works 0.6% 0.0% 0.3% 0.0% 0.0% 0.0% 0.9%
Design 1.4% 0.0% 0.0% 0.0% 0.0% 0.0% 1.4%

Total 462%  6.1%  13.6% 2.0% 9.0% 23.1% 100.0%

30% of the debit and credit-related cases are related to superstructure projects. Also, 23% of
the superstructure project related cases were associated with nullification for deed and title.
In addition to this, 10% of the cases concerning project delay resulted from superstructure
projects. Furthermore, 8% of the total cases related to superstructure works were about the
termination of the project contract. When the remaining remarkable figures are examined,
5.5% of the cases relate to debit and credit and finishing works, and 5.5% of the cases are
related to debit and credit and infrastructure work. Durations concerning the lawsuits
conducted by Courts of Cassation are depicted in Table 6 below.

Table 6 - Durations of Proceedings Conducted by Courts of Cassation

Case Duration (Year)

Courts — _
Minimum Mean Maximum

Courts of Cassation 1 1.84 3
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As is derived from the study, the cases of the third degree of appellate courts named Courts
of Cassation took 1.84 years as average while the longest period of the cases is 3 years and
the shortest period of the cases is lyear.

6. DISCUSSIONS

Since project contract is one of the major sources of dispute, the first step to be taken for the
prevention of disputes is to form the project contracts thoroughly, correctly and
understandably [44], [45]. In the UK, construction actors are also of the opinion that an
improved project contract better governs the project management which enables the decision
makers to settle the disputes [46]. As is defined in the “Freedom of Form Principle” defined
in the Law of Obligations, the contract is not subject to any form unless otherwise stated in
the law. However, as is derived from the reviewed lawsuits, most of the contracts of the cases
subject to Contract of Work were formed verbally, which ended up with time consumption
due to lack of proof.

It is derived from this study that litigation is a long-lasting process and may deteriorate
business relationships. This very long process of litigation also contradicts the basic law
principle, namely the necessity of concluding cases within a reasonable time, which is also
called judicial economy [47], [48].

Superstructure works, finishing works and infrastructure works are the most sensitive
projects in terms of the disputes related to monetary issues; therefore, the contracts of these
projects are to be clear concerning the debt and credit-related issues [8]. The majority of the
disputes in superstructure projects are related to the subjects concerning the nullification for
deed and title, project delays and termination of the project contract. Preparation of the
project contracts of superstructure projects by considering these subjects is very vital in terms
of clarity and covering all project scopes. In addition to contract preparation, managing the
contract with the adoption of BIM in construction projects may also enable the practitioners
to manage all project scopes thoroughly [49].

One of the most imperative project deliverables to be considered when making a construction
contract is project duration; however, it is difficult to accomplish a construction project in
which many construction activities are beyond the control of the contractor [50], [S1]. It was
also detected in this study that most of the projects end up with disputes due to delays in
projects. Despite the efforts made by construction practitioners and a great deal of empirical
research, construction projects still suffer from delays and the risks of construction delay are
global issues, with more than 40% of projects in the construction industry being delayed
worldwide [52], [53].

Also, some of the disputes concerning the design work detected in this study were related to
intellectual property rights, and these cases were conducted by Civil Courts for Intellectual
Property. Concerning the issue of intellectual property rights, most project contract forms do
not fully define it although the issue is of interest to project stakeholders [49].

Defective expert witness report is one of the major causes of rejection of the cases by Courts
of Cassations, which undermine the litigation process. One of the biggest reasons can be
shown as the lack of qualifications of expert witnesses. The experience in lawsuits reveals
that numerous expert witnesses are very inadequate to improve themselves in terms of
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technology changing rapidly [54]. Secondly, expert witnesses in the construction industry
tend to accept all kinds of cases without considering their expertise areas [10].

As is derived from this study, one of the most problematic areas in construction-related cases
is the lack of knowledge of construction and law actors concerning the authorizations of the
Court of First Instance. Enough law lectures concerning law are not provided in engineering
and architectural departments, and availability of little if any lawyers - who specialized in a
certain domain - is very problematic. These issues may cause the application of unauthorized
courts which can delay the litigation processes further. Also, since construction actors have
limited knowledge about the litigation process, the majority of the disputes occurring in the
construction projects tend to be carried to the litigation without considering the drawbacks
of the litigation process.

The majority of the lawsuits were related to the disputes resulting from debit and credit issues
for which Commercial Courts and Civil Courts are authorized. Firstly, the inadequate
definitions of the contract terms related to payment may result in dispute among contracting
parties. Additionally, inefficiency and ineffectiveness of the mediation process related to
commercial cases also increase the number of the debit and credit related lawsuits [13]. It is
also asserted in the literature that changes in projects can be overwhelming and have a
significant impact on project success and profitability ending up debit and credit related
disputes [55]; therefore, changes in construction projects are also to be managed thoroughly.

It was detected that reassessment decisions concerning the rejection of the venue were made
by the superior courts due to selecting the wrong courts by plaintiffs resulting from the
inadequacies of the knowledge of the lawyers to the authorizations of the courts. Later,
substantial numbers of the lawsuits were declined by the superior courts due to missing
reviews and wrong assessments performed by the judges. In addition to this, judges in the
Courts of First Instance heard these cases without rejecting them. These drawbacks stand for
that the competency levels of the judges are also not adequate. Also, reassessment decisions
due to unsuitable case conditions imply the inadequacies of the lawyers and judges in terms
of construction related cases. Furthermore, a great number of the lawsuits were declined due
to the defects in the expert witness reports, which indicate the disqualifications of expert
witnesses.

7. CONCLUSIONS AND RECOMMENDATIONS

Having sophisticated nature and involving a high number of stakeholders, construction
projects mostly end up with disputes resulting in the litigation process. An in-depth
investigation of construction-related lawsuits is extremely important for diminishing the
disputes in the construction industry as well as reveal the drawbacks concerning the litigation
process related to the construction industry. Hence, this study aimed to divulge the most
common dispute causes in the construction industry, the competency levels of judicial actors
including expert witnesses and the average duration of the litigation process for the superior
courts.

Regional Courts and Courts of Cassation gave reassessment decisions by 78.3% of the cases.
Reassessment decision due to rejection of venue constitutes the majority of the rejected
lawsuits by superior courts. It is followed by “Missing Review and Wrong Assessment”,
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“Unsuitable Case Condition”, “Defective Expert Judgment Report”, “Needs for Expert
Judgment” and “Not Offering Taking an Oath” respectively. To reduce the number of the
reassessment decisions, competency levels of judicial actors concerning debit and credit
related lawsuits are to be improved in Commercial Courts and Civil Courts. Additionally,
participating in the cases conducted by Courts of First Instance, judicial actors’ competency
levels related to project delay and registration and nullification for deed and title also have to
be increased in order to diminish wrong determination of the cases as well as reduce the
duration of the litigation process. Next, petitions, rebuttal petitions rejoinder petitions - whose
processes are also defined in Figure 2 - have to be written by lawyers whose experiences are
closely related to the case subject in order to diminish the number of unsuccessful lawsuits
resulting from rejection of venue. Later, the expertise areas of expert witnesses in the
construction industry have to be more specific to reduce defective expert witness reports.
Also, the qualifications of expert witnesses can be improved by accelerating the training
duration and including a final exam in the training program.

The vast majority of construction-related cases arise from projects with superstructure works.
It is followed by Infrastructure Works, Finishing Works, Building Audit Works, Electrical
Works, Mechanical Works and Design Works. Additionally, with regards to superstructure
projects, “Debit and Credit” related disputes constitute the majority of the lawsuits.
Furthermore, it is detected that Courts of Cassation rejected majority of the lawsuits related
to “Debit and Credit”. To improve the dispute resolution process in the construction industry
in Turkey, contract terms should be improved in accordance with the subjects concerning
debit and credit. Other sources of the disputes - which are Registration and “Nullification for
Deed and Title”, “Project Delay”, “Termination of Contract”, “Defective Products” and
“Occupational Accident” respectively - are relatively less compared to the debit and credit
related cases; however, they are significant and also require to be controlled and monitored
closely in construction projects.

Since project contract is one of the sources of the dispute, standard forms of contracts for
Turkish construction industry can be formed to reduce contract-related disputes. Also, since
construction projects are complex in nature, all contracts in the construction industry should
be formed in written or official forms rather than verbal ones to diminish misapprehensions.

Moreover, the litigation process was detected as a very lengthy process. Average duration of
litigation process conducted by Courts of Cassations was detected as 1.84 years. As is
detected in this study, the dispute resolution process is long; therefore, being defined by Law
of Civil Procedure, the monetary limits concerning carrying the cases to the upper courts can
be increased in order to reduce the duration of the litigation process. By considering the
lengthy litigation process, contracting parties are recommended to consider alternative
dispute resolution processes in their contract before seeking their rights through litigation.
By the same token, the project contract should refer to the reasonable dispute resolution
process to which contracting parties can apply in case of any dispute between the contracting
parties instead of directly referring to the litigation process whose prolongation may result in
monetary loss and deterioration of relationships. Furthermore, it is also highly suggested that
alternative dispute resolution processes such as arbitration, mediation, dispute adjudication
process, expert determination and negotiation can be part of the lectures for the Bachelor’s
Degree in engineering and architecture departments.

71



Identification of Dispute Sources in the Construction Industry via Court Files

To diminish the number of disputes carried to the litigation, it is also recommended that
construction law lectures are to be included in the bachelor's degrees of engineering,
architecture and law departments. Since delay is one of the major sources of the dispute,
employing a scheduler may also contribute to lowering the number of disputes related to
project delays by informing the possible delays in advance. Additionally, disputes related to
the design work resulted from intellectual property rights which were conducted by Civil
Courts for Intellectual Property. To diminish the number of lawsuits, the awareness of
construction actors in terms of property rights can be risen by involving this subject in the
bachelor’s degree in engineering and architecture departments.

This study is unique by investigating dispute domains in the construction industry from law
point of view. It is believed that this study will pave the way for improving the constructional
dispute resolution process with the help of the outputs of this study. Moreover, this study is
also believed to shed light on the improvement of the litigation process by illuminating the
possible inadequacies encountered during the course of construction-related proceedings.
Furthermore, this study may enable the legislative to improve the legislation concerning
Contract of Works in Code of Obligation numbered 6098 in Turkey by considering the
abovementioned outputs.
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ABSTRACT

This study aims to investigate the impact of control and warm mix binders modified with
nano-silica on the asphalt binder functioning to resist rutting endurance and low-temperature
cracking. The percentages of nano-silica employed in this research were 2%, 4%, and 6% of
asphalt binder weight. The control and modified binders were evaluated by performing
conventional and rheological tests. The rheological properties were examined by master
curves, isochronal plots, multiple stress creep recovery (MSCR), Superpave rutting
parameter, and bending beam rheometer. The outcomes implied that the performance of the
asphalt binder (with or without ZycoTherm) improved when nano-silica was added
concerning (G*/sin ¢) parameter. The MSCR test demonstrated that the recovery (R %) of
the control and warm mix binders improved whereas the non-recoverable creep compliance
(Jw) dropped, implying that nano-silica boosted the rutting potential. Moreover, it was
observed at different temperatures that the values for the complex shear modulus increased
when the phase angle values were reduced. Furthermore, at low temperatures, it is presumed
that the performance of nano-silica modified asphalt binders will have minimal performance
as opposed to the binders prepared with ZycoTherm, which prevents low-temperature
cracking.
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1. INTRODUCTION

Asphalt pavement must have the ability to withstand various loads during its service life to
ensure optimal effectiveness for flexible pavements. Pavements are subjected to various
forms of distress including high-level temperature rutting, middling-temperature fatigue, and
minimal-level temperature cracking. A significant form of distress in asphalt pavements is
known as rutting. Rutting is prevalent in elevated - temperatures areas owing to the asphalt’s
decreased stiffness as well as the materials flow caused by their viscoelastic characteristics
[1]. Asphalt is the primary cause of rutting distress, especially in low and intensive traffic at
elevated — temperatures [2]. The existence of shear deformation and increased density are the
main causes of rutting within the asphalt pavement layers. Furthermore, the build-up of
enduring strain in the various asphalt layers due to permanent deformation extensively
influences rutting. On the other hand, thermal cracking is a serious problem that occurs in
cold-weather asphalt pavements. Because of the thermal shrinkage of asphalt, thermal
cracking generally develops in the asphalt pavement layer [3]. The asphalt layer is prevented
from being moved by friction between both the asphalt and bottom layers, leading to tensile
stresses in the asphalt layers. The levels of these stresses rise as the temperature falls. Once
these stresses exceed the asphalt mixture's tensile strength, initial cracks appear at the base
of the asphalt layer [4, 5].

The pavement performance is affected by the conventional physical and rheological features
of the asphalt mixtures at elevated and reduced environmental temperatures, which influence
the final function of the mixture. Therefore, it is crucial to discover the enhanced asphalt that
offers exceptional road operation, easy construction and is cost-effective. The application of
various nanomaterials such as nano-alumina, nano-tubes, and nano-clays has been studied
for use as modifiers for asphalt binders [6-9]. Nano-silica is considered to be one of the most
significant nano-materials that is effective for modifying the attributes of asphalt and asphalt
mixtures. The important advantages of nano-silica are its high-performance features and its
low production costs. It also has many advantageous properties including suitable dispersing
capacity, high stability, elevated purity percentages, high specific area, and strong absorption
[10].

Permanent deformation is one of the most common types of asphalt pavement deterioration.
Previous studies have advocated for the use of nano-silica in asphalt binders to improve
rutting resistance [11-13]. Many researchers have employed nano-silica to modify the asphalt
features and observed that the asphalt modified with nano-silica had greater complex
modulus (G*) and lesser phase angle () values [14-15]. Therefore, by adding nano-silica to
improve binder properties, the permanent deformation and fatigue distress performance of
asphalt can be enhanced [10]. Saltan et al., [16] applied nano-silica at three different
percentages of 0.1%, 0.3%, and 0.5%. The results showed that the asphalt binder's elastic
behavior improved, resulting in improved fatigue and rutting resistance. Shafabakhsh et al.,
[11] discovered that the inclusion of 3% nano-silica did not affect the elevated temperature
performance of asphalt binder while the inclusion of 5% and 7% nano-silica improved the
asphalt binder's elevated temperature performance by one and two grades, respectively. Bhat
and Mir [13] demonstrated that nano-silica modified binders displayed increased rutting
resistance in comparison to unmodified binders. In their research, the rutting resistance was
analyzed by utilizing various methods such as MSCR, G*/sin J, and creep assessments. All
the methods revealed that the application of nano-silica improved the rutting resistance of the
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neat binder. Arshad et al., [17] incorporated nano-silica at various concentrations (1-5%),
and the results revealed that 2% nano-silica was the optimal dose with greater effect in terms
of non-recoverable creep compliance (J,) and percentage recovery (R %). At low
temperatures, the performance of asphalt modified with nanoparticles may be a disadvantage.
Onochie et al., [15] tested the control asphalt with 2% and 4% nano-silica using a BBR and
discovered that the modifications resulted in 6% and 14% greater creep stiffness,
respectively. Nejad et al., [14] reported the same findings, the incorporation of nano-silica
into the asphalt caused higher creep stiffness and lowered the m-value, demonstrating the
inefficiency of nano-silica on the low-temperature cracking resistance. Therefore, higher
nano-silica doses may increase rutting resistance but have a negative impact on low-
temperature performance [18].

Other than the utilization of nano-silica, the use of Nano-ZycoTherm as an additive for warm
mix binder is a promising alternative. Warm mix asphalt (WMA) technologies are applied to
decrease the asphalt production temperature to 120-135 °C and compaction temperature to
105-120 "C [19]. WMA is considered one of the ideal options for paving as it is eco-friendlier
compared to conventional HMA. Warm mix additives lead to a reduction in fumes, while
preserving the environment and the well-being of people. Recently, numerous studies have
been conducted on warm mix asphalt technologies wherein the utilization of various forms
of additives. For instance, nano-technology ZycoTherm was proposed as a silane-based anti-
striping agent, which has the potential to minimize temperatures without negatively affecting
the compaction at low-temperature levels [20]. Ziari et al, [21] studied the features of
ZycoTherm-modified binders through physical and rheological assessments of asphalt. The
outcomes revealed that applying ZycoTherm did not significantly influence the elastic
responses, fatigue, and rutting properties of the binder. However, Mirzababaei ef al., [22]
conducted a study using the MSCR test for asphalt binders of asphalt with 85/100 grade. The
results gathered implied that ZycoTherm reduced the non-recoverable compliance values
(Jur), which indicates lower susceptibility against rutting distress for asphalt binders.
According to the results obtained from the evaluations, the binder prepared with ZycoTherm
(0.1%) was found to have the greatest effect on the asphalt binder's performance with 85/100
penetration grade facing permanent deformation. Raufi et al., [23] studied the after-RTFO
(short-term aging) performance of ZycoTherm modified binder. The ZycoTherm-modified
binder showed an improvement in rutting property and led to increasing G*/sin J rates in
comparison to the control binders at various frequencies and temperature ranges. In addition,
it was observed that an enhancement of the asphalt binder concerning the rutting performance
was attained as a result of nano-ZycoTherm adjustments. Ibrahim and Mehan [24] conducted
a study involving DSR and BBR assessments. The study revealed an increment in the rutting
parameter (G*/sin J), fatigue parameter (G*. sin o), creep stiffness, and also the m-values for
each ZycoTherm-modified asphalt binder, and when 0.5% of ZycoTherm was added, all
these outcomes reflected higher values.

Individually, ZycoTherm and nano-silica are effective asphalt binder modifiers. However,
their compatibility as a couple is an area of research that needs to be looked into more. The
following research focuses on examining the rheological features of asphalt modified with
ZycoTherm given that there have been few studies conducted on the MSCR and frequency
sweep tests of ZycoTherm-modified binders. Furthermore, studies on nano-silica have been
carried out in recent years, but the effect of ZycoTherm/nano-silica concerning the rutting
resistance and low-temperature cracking has yet to be determined. Hence, it is decisive to
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analyze the performance of ZycoTherm modified with several percentages of nano-silica
utilizing these approaches.

2. THE STUDY’S OBJECTIVES

1. Examine the effects of ZycoTherm, nano-silica, and ZycoTherm / nano-silica on the
viscosity of the asphalt binder at various temperature ranges.

2. Evaluate the effects of adding ZycoTherm, nano-silica, and ZycoTherm / nano-silica on
various rheological characteristics of the asphalt binder using a frequency sweep test.

3. Assess the permanent deformation of ZycoTherm, nano-silica, and ZycoTherm / nano-
silica modified binders utilizing Superpave rutting resistance parameter (G*/sin J) and
MSCR.

4. Investigate the effect of adding ZycoTherm, nano-silica, and ZycoTherm/nano-silica on
the low-temperature performance using BBR.

3. MATERIALS AND EXPERIMENTAL DESIGN

The examined materials’ specifications are presented in this section. Fig. 1 shows a tree
diagram displaying the experimental system applied to demonstrate the complete scope of
this research study.

) Nano-silica @ 2%, 4%, ZycoTherm @0.1% by weight
Control Asphalt Binder |g 6% by weight of asphalt > of asphalt
A 4 |
Unaged Short-term aging Long-term aging

/ \ v A\ 4
*Conventional tests:

_Penetration * Rheological tests using DSR: * Bending Beam
- Softening point - Multiple Stress Creep Rheometer
- Rotational viscosity Recovery Test - Determination of creep
* Rheological tests - Detctrmination of rutting stiffness and m-value
using DSR: resistance parameter
- Frequency sweep \-

test
- Determination of
rutting resistance

K parameter /

Figure I - The flowchart of the study
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3.1. Asphalt Binder

The control asphalt binder utilized in this research was 60/70 grade. Table 1 below displays
the characteristics of the asphalt binder.

Table 1 - Physical properties of control asphalt binder

Test Test method Unit Result Criteria
Penetration at 25°C ASTM D5 0.lmm 67 60-70

Softening point ASTM D36 °C 50 48-56

Ductility at 25°C ASTM D113 cm 100 100 minimum
Flash point ASTM D92 °C 322 230 °C minimum
Rotational viscosity at 135 °C ASTM D4402  Pas 0.5672 3 Pa s maximum

3.2. Nano-Silica

The silica composite is available globally and is applicable in the manufacturing of colloidal
silica, silica gel, fumed silica, and other substances [25]. SiO; is the chemical compound for
silica and is similar to the compound structure of diamonds. SiO; exists in nature in both
crystalline and amorphous forms. Silica is white and has relatively high melting and boiling
points [26]. There are various functional characteristics of nano-silica including high precise
surface area, intense absorption, effective dispersal capability, high-level stability, and high
chemical purity [10]. The addition of nano-materials offers various benefits including
reduced manufacturing costs and increased performance [27]. The nano-silica features are
shown in Table 2.

Table 2 - Physical properties of nano-silica

Property Value
Appearance Translucent liquid
pH 6.71

Viscosity (20 °C) 3.05mPa.s
Particle size 11 nm

3.3. ZycoTherm

ZycoTherm is a chemical warm mix additive that provides significant benefits as a result of
WMA technologies. ZycoTherm lowers the mixing and compaction temperatures.
ZycoTherm is considered to be an antistrip warm-mix chemical additive to stipulate moisture
endurance for asphalt pavements. Moreover, it is also a scent-free substance. At room
temperature, ZycoTherm has been identified as a warm mix additive that is integrated at 0.1%
- 0.15% of the weight of the asphalt binder [28]. ZycoTherm, a silane-base technology, was
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employed and is considered to be more efficient than other well-known chemical WMA
additives that are amine-based due to the fact the silane-based additives produce a molecular
level hydrophobic zone that is water-resistant. The characteristics of ZycoTherm are shown
in Table 3.

Table 3 - Physical properties of ZycoTherm

Property Value

Physical state Liquid

Color Pale yellow

Viscosity 1-5 Pas

Specific gravity (25°C) 0.97g/cm’

Odor Odorless

Flash point >80 °C

pH 10 % solution in water neutral or slightly acidic

3.4. Preparing the Modified Binder

The asphalt binder was combined with 2-6% of nano-silica, using 2% increments of the
original weight for the binder, to produce nano-silica modified asphalt binder. The asphalt
binder was heated to 160 °C, while the asphalt binder was modified with the aid of a
mechanical mixer. Approximately 400g of binder was placed in a cylinder-shaped container
and set on a hot plate. To preserve the viscosity of the binder within the blending process, the
hot plate was adjusted at 160 °C. The heated asphalt binder was progressively infused with
nano-silica while the mixture was stirred with a mechanical mixer. The stirring speed was
adjusted to 1800 rpm for 60 minutes. To ease the reference of each sample, the nano-silica
modified asphalt binders were identified by utilizing the following acronyms: 2% NS, 4%
NS, and 6% NS. According to the manufacturer’s suggestion, the WMA binder was prepared
by using an additive content set at 0.1% of the binder’s weight. The mechanical stirrer was
set up at a speed sufficient to create a 15-30 mm deep vortex within the liquefied asphalt.
The ZycoTherm was then added to the center of the vortex in a drop-wise method, while the
asphalt was stirred at 130 “C with a pace of 10 drops per minute with a 1 ml syringe. The
stirring continued for 15 minutes to complete the mixing procedure. Furthermore, to prepare
WMA modified with nano-silica (ZycoTherm/nano-silica), the control asphalt was blended
first with 0.1% ZycoTherm as mentioned previously, and then the nano-silica was gradually
added to the mix by 2, 4, and 6% and blended with asphalt binder at 1800 rpm. The modified
binders were labeled as, 0.1%Z+2%NS, 0.1%Z+4%NS, and 0.1%Z+6%NS.

3.5. Aging Conditions of Asphalt Binder

The control asphalt and modified binders were conditioned under short and long-term aging
phases. To simulate the conditions of the short-term aging, a rolling thin film oven (RTFO)
was utilized. The standard assessment method ASTM D 2872 indicates that 35 grams of
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asphalt must be set in open-mouthed cylinder bottles and then positioned into a heated
carousel prepared oven at a temperature of 163 °C, which revolves beneath air- blown
pressure at 15 rpm for 85 minutes. The test samples were utilized in the rheological evaluation
of the RTFO-aged asphalt. According to ASTM D 6521, the asphalt binders were aged for
20 hours in a pressure aging vessel at 100 “C and a pressure of 2.1 MPa in terms of long-

aging.

4. EXPERIMENTAL METHODS
4.1. Basic Physical Binder Tests

The fundamental properties of the control asphalt binder and the modified binders were
identified by using the following tests: penetration test (ASTM D5), softening point test
(ASTM D36), and viscosity test using a Brookfield Rotational Viscometer (ASTM D4402).

4.2. Temperature Susceptibility

Asphalt binder is composed of thermoplastic material, which means that when temperatures
increase, it becomes softer, and when temperatures decrease, it hardens. This feature is one
of the traits of asphalt binders known as temperature susceptibility. As the physical traits of
asphalt transform at increased temperatures, the consistency and temperature susceptibility
are specified by using the PI parameter, or penetration index. To compute the PI, the
temperature susceptibility for binders is calculated by using the penetration at a temperature
of 25 °C and softening point outcomes, as shown in Eq. 1 [29].

_1952-5001log(Peny5)—20SP
50log(Penys)—SP—120

PI

(1

Where Pen(25) denotes the value of the penetration of the asphalt binder at 25 °C in 0.1mm
and (SP) is the softening point value of the asphalt binder in °C.

4.3. Dynamic Shear Rheometer (DSR)

The rheological characteristics of asphalt have been identified through its vicious and elastic
features at low, moderate, and elevated temperatures. The DSR was utilized to perform
Superpave rutting resistance, frequency sweep, and multiple stress creep recovery (MSCR)
consistent with ASTM D7175, AASHTO T315, and ASTM D7405, respectively. The
assessments were carried out to analyze the rheological features of control asphalt and warm
mix binder that were modified by using various degrees of nano-silica. A frequency sweep
assessment was employed to analyze the linear rheological features of the control and
modified binders. The rheological indicators that are frequently acquired from the DSR
experiment are the complex modulus (G *) and phase angle (). The following indicators were
applied to analyze the binder’s elasticity characteristics. Moreover, the MSCR test was
employed to identify the recovery (R %) and the non-recoverable creep compliance (/) for
the control and warm mix binder modified with nano-silica in RTFO aged state.
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4.3.1. Frequency Sweep Test

The asphalt pavement structures under traffic loads displayed a dynamic loading influence
and the blacktop material demonstrated various viscoelastic attributes when placed under
various load frequencies. The assessment of the frequency sweep was performed where the
load frequency was changed from 1 Hz to 15 Hz. Moreover, the assessment was conducted
under strain-regulated states and the temperatures ranged between 10 ‘C and 82 °C with a
temperature gap of 6 °C. During the assessment, an 8 mm plate was applied for temperatures
under 40 “C, while a 25 mm plate was utilized for temperatures higher than 40 °C. The G*
and o results obtained from the frequency assessment were employed to establish master
curves for the control and warm mix binder modified with nano-silica. Additionally, the
isochronal plots were plotted to assess how the modification process affected the performance
features of both the control and warm mix asphalt binder.

4.3.2. Multiple Stress Creep Recovery (MSCR) Test

On the RTFO-aged specimens, a DSR was utilized to perform the MSCR test. The test
evaluates the rutting performance of a binder by assessing both the recovery percent (R %)
and the non-recoverable parameter of creep compliance (J,). At 0.1kPa and 3.2kPa levels of
stress, the MSCR test comprises 10 cycles of stress creep with a 1-second duration and a 9-
second recovery time. The samples were tested utilizing a 25 mm plate and a 1 mm spacing
at a temperature of 64 “C. After releasing the imposed stress, the (R %) denotes the binder's
elastic recovery. An asphalt binder with a high elastic tendency may result in minimal lasting
asphalt deformation. A high value of (J,-) implies a binder's susceptibility to rutting and
conversely is right. The (J,-) values might show the stress dependency of both unmodified
and modified binders. Egs. 2 and 3 are used to quantify (J,-) and (R %), respectively.

Jor =L )

g

Where J, represents the non-recoverable creep compliance (kPal), &, symbolizes the
unrecoverable strain at the end of the recovery period, and ¢ symbolizes the stress (kPa)
utilized during the loading period.

R % =510 % 100 (3)
&

1

Where R % is the percentage recovery, €, symbolizes the value of the strain at the end of the
creep stage, and &;, denotes the strain rate at the end of the recovery stage.

4.3.3. Superpave Rutting Resistance Parameter

The Superpave rutting parameter (G */sin ) was performed per ASTM D 7175-15 to measure
the resistance to rutting of the control and modified binders. G*/sin J parameter is used to
determine whether asphalt binders fail when exposed to high temperatures. The binder
deformation is avoided at loading as G*/sin o rises. The G*/sin ¢ ratio for an unaged asphalt
binder must be greater than 1kPa, whereas the G*/sin ¢ ratio for RTFO-aged binder must be
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greater than 2.2kPa based on ASTM D 2872. On both unaged and RTFO- aged binders, the
assessment was carried out utilizing a DSR and a 25-mm-diameter parallel plate shape and a
spacing of 1 mm. The test procedure was done at a frequency of 10 rad/sec in a range of
temperature of 58 °C to 76 °C, at temperature intervals of 6 °C.

4.4. Bending Beam Rheometer (BBR) Test

The BBR method was applied to evaluate the low-temperature function of asphalt binders
under ASTM D6648. The creep stiffness and m-value were attained by applying the BBR
method for 60 seconds at varying temperatures: 0 °C, - 6 °C, -12°C, and -18 °C. As stated by
the requirement sets for Superpave, the creep stiffness has an ultimate value of 300 MPa and
at least 0.3 is required for the m-value. To compute the creep stiffness and m-value, the
control asphalt and the modified binders were all evaluated. All binder samples were subject
to short-term aging (RTFO) and long-term aging (PAV).

5. RESULTS AND DISCUSSION
5.1. Conventional Physical Properties

The softening point and penetration tests' findings are shown in Table 4. The penetration test
was conducted to assess the consistency of the control asphalt and modified binders, and the
softening point test was conducted to validate the asphalt binders' high-service temperature.

The effect of adding nano-silica to the control and ZycoTherm binders is illustrated in Table
4. The penetration diminishes and the softening point rises, as can be seen. In comparison to
the control and ZycoTherm binders, each nano-modified asphalt binder sample had a lower
penetration and a greater softening point. The decrease in penetration values reveals that the
binder has a stiffening influence, with stiffening increasing in proportion to the rise in nano-
silica concentration. The binder's softening point is also increased when nano-silica is added,
which improves its temperature susceptibility. The higher the penetration index value is, the
lower the temperature susceptibility for the asphalt binder. Table 4 shows the PI outcomes.

Table 4 - Physical properties of control asphalt and modified binders

Binder Type Penetration at 25 °C Softening point PI
(0.1mm) {9)
Control Binder 67 50 -0.495
2%NS 52.65 55.30 0.165
4%NS 49.36 57.85 0.555
6%NS 46.51 59.40 0.727
0.1% Z 55 52.82 -0.296
0.1% Z+ 2%NS 50.50 56.50 0.325
0.1% Z+ 4%NS 48.94 58.75 0.719
0.1% Z+ 6%NS 45.30 60.60 0.9003
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The viscosity of the control and nano-modified binders was measured utilizing a Brookfield
rotational viscometer (RV) at a range of high temperatures between 135 °C and 195 °C with
10 °C increments. According to Fig. 2, all of the samples of asphalt binder had low viscosity
values at elevated temperatures. Typically, when the temperature increases, the viscosity
values are reduced. The inclusion of nano-silica in the control binder leads to increased
viscosity values for the nano-silica modified asphalt binders. Moreover, according to the
Superpave criteria, at 135 °C the viscosity values were within the limits, and the nano-silica
modified asphalt binders acquired lower viscosity values in comparison to the maximum
limit at 3 Pa s. However, looking at 4% NS, one can infer from the mixing procedure of the
nano-silica modified asphalt binders that chemical reactions and physical diffusions might
occur in which a new structure may be developed because of the nano-silica’s temperature
resistance resulting in the reduction in viscosity value as compared to other percentages.
Moreover, nano-silica can intensify the control binder and enhance the recovery capability
upon applying stress. Conversely, the viscosity value was decreased when nano-silica was
added to the warm mix binders, which is part of the warm mix additive ZycoTherm that
greatly affects the reduction of viscosity. As a result, the ZycoTherm resulted in a reduction
in viscosity values, for example; a viscosity reduction of roughly 11.5% and 15% at 135 and
165 °C, respectively, in the binder containing both 0.1% ZycoTherm and 6% NS. ZycoTherm
is regarded as an advantageous attribute for an additive, especially when assessing its
effectiveness, given that it minimizes the functional temperatures that assist in preparing
potential cost-effective and sustainable pavements. When ZycoTherm is in a liquid condition,
it is considered one of the elements that influence the reduction of viscosity [23].

= 4 - Control 2%NS =k = 4%NS =X == 6%NS
ceeedeees 0.1%Z — W= 0.1% Z+2% NS =A== 0.1%Z+4%NS ==X=0.1%Z+6%NS
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Figure 2 - Rotational viscosities for control and modified binders
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5.2. Multiple Stress Creep Recovery (MSCR) Test
5.2.1. Cumulative Strain

The usual strain outputs from the MSCR assessment of control and modified asphalt at 64 °C
with two levels of stress are displayed in Figs. 3a and 3b, respectively. In Fig. 3a, the low-
stress level (100 Pa) for the first 100 seconds is displayed, while Fig. 3b shows the high-
stress level (3200 Pa) for the next 100 seconds. The outcomes obtained from the MSCR
consist of two stages, namely the creep stage and the recovery stage, to finish a cycle. It can
be shown by analyzing the gathered strain and stress levels, the accumulated creep
compliance at 100Pa is lesser than at 3200Pa, which signifies that when stress levels increase,
the accumulated strain increases as well. Moreover, the addition of 0.1% ZycoTherm on the
control asphalt led to a slight decrease in the gathered strain. However, when adding nano-
silica to the binders, it can be observed that the gathered strain decreases considerably when
compared to the control and ZycoTherm binders. As a result, the nano-silica can enhance the
stiffness of the binder at elevated temperatures. From the outcomes gathered, it is shown that
6% NS has the lowest accumulated strain followed by a 0.1%Z +6%NS compared to the
other percentages.

5.2.2. Recovery Percentage (R %)

The recovery percentage strain assists in identifying the elastic characteristic of the asphalt
when subject to loading. The percentage recoverable strain is an essential constraint for
assessing the recovery capability of the asphalt after it has deformed. The increase in the
percentage of asphalt recovery (R %) represents minimal exposure to permanent deformation.
This occurs during the 9-second rest period within each cycle, which allows more strain to
return to its former condition. This constraint is crucial when analyzing the asphalt binder
resistance to rutting as it denotes the hindered asphalt elasticity. As shown in Fig. 3c, the
recovery percentage strain at 100 Pa and 3200 Pa stress levels for control asphalt and
modified binders. According to the analysis of the outcomes obtained at each stress level, the
value marginally declined at 3200 Pa as opposed to the value at 100 Pa.

The following results imply that by adding nano-silica to control asphalt, the elastic recovery
and rutting resistance for the asphalt binder is improved. Adding nano-silica increases the
recovery value and this is evident in the data gathered. By observing the data collected at
100 Pa stress level, the recovery of the control binder is 6.6% and it increases to 24.28%,
20.56%, and 27.72% once nano-silica was added at 2%, 4%, and 6%, respectively. While the
warm mix binder (0.1% Z) shows a 7.84% recovery, and this recovery jumps to 20.54%,
15.14, and 25.99% when 2%, 4%, and 6% nano-silica were added, respectively. The same
type of improvement was observed at the 3200 Pa stress level. As a consequence, the
inclusion of nano-silica improves the asphalt binder's elasticity, resulting in a better recovery
response.

5.2.3. Non-recoverable Creep Compliance (Jur)

The non-recoverable creep compliance (J,,) constraint is used to determine the impact of the
binder on rutting performance. When J,, values are low, it represents improved rutting
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resistance, and when J,- values are high, it represents poor rutting resistance. In Fig. 3d, the
Jur outcomes are shown for the control and ZycoTherm binders, which have been modified
with nano-silica at both 100 Pa and 3200 Pa stress levels. According to the data, the J,,
increases as the stress level transitions from 100 Pa to 3200 Pa, at 100 Pa results show the
decline of J,, for the control binder from 3.058 to 1.643, 1.76, and 1.319 when nano-silica
was added at 2%, 4% and 6% of, respectively. The J, for warm mix binder (0.1%Z) is 2.644,
with the addition of 2, 4, and 6% of nano-silica the .J, values dropped to 1.791, 2.512, and
1.501, respectively.
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The higher stiffness of the modified binders might explain the drop in the J, value with the
presence of nano-silica. The recovery strain percent (R %) revealed an inverse relation with
non-recoverable creep compliance (J,-). The reduction in non-recoverable creep compliance
along with the increase in recovery values revealed that the modified binders with nano-silica
have a greater impedance to permanent deformation.

According to AASHTO T350, J,- at 3200 Pa is used as a criterion to categorize asphalt
depending on a specified traffic volume and loading rate, as shown in Table 5. According to
the J,, results, control, 4%NS, 0.1%Z, 0.1%Z+2%NS, and 0.1%Z+4%NS modified binders
were determined to be appropriate for standard loading (S), whereas 2%NS, 6%NS, and
0.1%Z+6%NS were determined to be suitable for heavy loading (H). As a result, the
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inclusion of nano-silica improves the asphalt binder's traffic loading grade. Moreover, the
decrease in J, values with the addition of nano-silica might be explained by the greater
stiffness of the modified asphalt binders.

Table 5 - Grade category of Jnr at 3200Pa based on traffic loading

Grade Category Jor at 3200 (1/kPa) Traffic loading level
(ESALs)

E (Extremely loading) 0.0<0.5 > 30 million and speed of
traffic<20Km/h

V (Very high loading) 0.5<1.0 > 30 million or speed of
traffic<20Km/h

H (High loading) 1.0<2.0 10-30 million or speed of
traffic 20-70Km/h

S (Standard loading) 2.0<4.0 <10 million and speed of
traffic >70Km/h

5.3. Frequency Sweep Test
5.3.1. Isochronal Plots

The use of isochronal plots allowed the viscoelastic attributes of the control and modified
asphalt like the G* and J against temperature, to be illustrated at specific frequencies. Figs
4a-4d show the temperature ranges plotted against the phase angle and complex modulus for
the unaged control binder, warm mix binder, and nano-silica modified binders at 1 Hz and
15 Hz. Figs.4a and 4b show the isochronal plots for the control asphalt modified with nano-
silica at 1 and 15 Hz, respectively. The G* value rises and the J value reduces at all
temperatures as a result of the addition of NS to the control binder for up to 6%. This implies
that the dispersion of nano-silica within the mixture results in an improvement in the strength
of the modified asphalt and considerably improves the asphalt's elevated-temperature
performance. The complex modulus of nano-silica modified binders has increased
significantly, enhancing the binders' rutting resistance. This increase becomes more
pronounced at higher frequencies. Moreover, when temperature increases, the phase angle of
the binders increases, and the modified binders with nano-silica exhibit lower phase angles
than the control asphalt. The phase angle of the 6% NS decreases significantly at both low
and high temperatures. Furthermore, the phase angle of nano-silica modified binders
decreases at low (1 Hz) and high (15 Hz) frequencies, showing that the modified binders
seem to be elastic [13,30].

Figs. 4c and 4d show the isochronal plots for the control, ZycoTherm, and ZycoTherm/nano-
silica binders at 1 and 15 Hz, respectively. It is shown that asphalt modified with 0.1%
ZycoTherm is capable of insignificantly increasing the G* and reducing the ¢ values in
comparison to the control binder, implying that its behavior at high temperatures is quite
similar to that of control asphalt. However, when nano-silica was added to the warm mix
binder at various proportions, this resulted in a significant increase in the G* values and a
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decrease in the J values. The variations found in the G* and ¢ values at 15 Hz for the control,
warm mix, and nano-silica modified binders at 2%, 4%, and 6% were much more significant
than those at 1 Hz but followed the same pattern, demonstrating that the effect of additives
was more pronounced at higher frequencies. Because all modified binders with nano-silica
show higher stiffness at both high and low temperatures, it can be stated that nano-silica
modified binders with or without ZycoTherm were able to enhance the performance of the
elevated temperatures (resistance to rutting) of control asphalt but were ineffective in
enhancing the performance of the low-medium temperature.

5.3.2. Master Curves

A master curve can be described as a curve that reflects the binder’s time dependence by
displaying rheological parameters, such as G* and J, across a selection of temperatures and
frequencies. The established curve is capable of distinguishing the various assessed binders.
Developing the master curve required a time-temperature superposition, where 22 °C was
selected as the reference temperature. Furthermore, upon plotting a smooth curve at other
temperatures, the rheological outcomes were shifted horizontally using related factors. Fig.5
shows the master curves for the G* and 6 of the control binder, warm mix binder, and nano-
silica modified binders for the unaged samples. In Fig. 5a, the complex shear modulus, G*,
for the control asphalt modified with nano-silica modified is shown. It is demonstrated that
adding nano-silica to the asphalt resulted in higher values of complex modulus over the whole
range of frequency and temperature. Because of the presence of nano-silica, an increase in
the complex modulus values indicates that the asphalt binder becomes stiffer and can
considerably improve the asphalt's high-temperature performance. The degree of increase in
complex modulus values for 6% NS is greater than for the other percentages. This tendency,
however, is observed to be more evident at lower frequency ranges. Generally, lower
frequencies indicate slower-moving vehicles, making the pavement more susceptible to
rutting [31]. On the other hand, Fig. 5b illustrates the complex shear modulus, G*, for the
control asphalt binder, warm mix binder, and warm mix binder modified with nano-silica. It
is evident that the complex modulus of ZycoTherm-asphalt was marginally higher than the
control asphalt, but not significantly; however, when NS was added at any percentage to the
ZycoTherm-asphalt binder, the G* significantly increased. This might contribute to the
stiffening effect of nano-silica particles. In Fig. Sc, the master curves for the phase angle of
the control asphalt modified with various NS percentages are shown. As shown in the figure
that the phase angle declines across all frequencies. In comparison, the phase angle of the
control asphalt approaches 90°, meaning that the asphalt will lose its elasticity and enter the
viscous flow phase. The nano-silica modified binders have a phase angle of no greater than
75°, guaranteeing that the asphalt is resistant to rutting. In Fig. 5d, the master curves of the
phase angles for the control asphalt, warm mix binder, and warm mix modified with nano-
silica are illustrated. It is shown that the control asphalt had the highest phase angle value;
however, this parameter was slightly decreased when 0.1% of ZycoTherm was added; the
drop-in phase angle values in the middle and low-frequency ranges are more noticeable.
When NS was added to binders containing ZycoTherm, the phase angle values were
significantly reduced in comparison to those of the control asphalt and warm mix asphalt.
Logically, the nano-silica modified binders displayed the largest variation degrees in raising
the complex modulus and lowering the phase angle.
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5.4. Superpave Rutting Parameter

Because the majority of the asphalt binder's permanent deformation occurs during the early
phases of pavement construction, the Superpave standard mandates that the DSR test be
performed on unaged and RTFO-aged asphalt at high -temperatures to determine rutting
resistance. The Superpave rutting parameter (G */sin o) is utilized to define the enhancement
of the binder’s rutting resistance when adding nano-silica to the control and warm mix
binders at various temperatures, as depicted in Fig. 6. Fig. 6a shows that all the unaged nano-
silica modified binders have higher G*/sin J values than control and warm mix binders, while
the ZycoTherm-modified binder revealed insignificant resistance towards potential rutting in
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comparison to the control binder and that this resistance increased significantly following the
inclusion of nano-silica. By observing the outcomes of the modified binders, the addition of
nano-silica to control and warm mix binders the enhancement levels at all temperatures are
significant. The rutting enhancement is the result of nano-silica dispersion within the asphalt
binder, where the NS particles adhere to the binder's surface, forming a new network structure
of NS-modified asphalt binder. Fig. 6b shows the G*/sin ¢ values for RTFO-aged binders.
Despite this, all nano-silica modified binders have a higher G*/sin § than the control and
warm mix binders, which is identical to the unaged condition. Control and warm mix binders
having up to 6% NS by weight of binder had the greatest G*/ sin J value, followed by binders
containing 2% NS, while binders containing 4% NS had the lowest G*/ sin J value. The
incorporation of nano-silica into asphalt binder improves rutting resistance at elevated -
temperatures in general, with the effects of 6% NS being the most substantial.
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5.5. Bending Beam Rheometer Test

The BBR test was utilized to assess the rheological features of the binders at low
temperatures. As displayed in Fig. 7a and Fig.7b, at 60 seconds, all binders' creep stiffness
and m-values were determined below 0 °C, -6 °C, -12 °C, and -18 °C. When the temperature
was reduced from 0 °C to —18 °C for all asphalt binders, it is evident that the creep stiffness
increased and the m-value decreased. Moreover, it is apparent that the creep stiffness of 2%
NS, 4% NS, and 6% NS was higher than the control binder and the m-value for the binders
was marginally less than that of the control binder. Nano-silica had a negative impact on
binders' low-temperature performance, as evidenced by drop-in m- values and an increase in
stiffness values. Additionally, the addition of nano-silica to the control asphalt in the absence
of ZycoTherm did not effect on the control binder's low-temperature performance grade,
despite changing the m-values and creep stiffness values. The insignificant influence of nano-
silica on the low-temperature PG of binders was also documented in previous studies [10,
14, 32]. In comparison to the control binder, the creep stiffness is somewhat lower and the
m-value higher for the warm mix binder containing 0.1% ZycoTherm. Furthermore, the
ZycoTherm binder has a greater m-value as compared to control asphalt; a higher m-value
indicates superior cracking resistance. The control asphalt met the low-temperature standards
at -6 °C, whereas the ZycoTherm binder at -12 °C, as the m- value was more than 0.3.
However, the creep stiffness increased and the m-values decreased when NS was added to
the warm mix binder. As a result, adding nano-silica to the control asphalt does not effect on
its low-temperature performance and is insufficient to change the low-temperature grade,
whereas the ZycoTherm binder with or without nano-silica particles at low temperature is
able of changing the performance grade for the control asphalt and cracking might be
avoided. As a result of the findings, the control binder, warm mix binder, and nano-modified
asphalt stiffnesses at 60 s were all below 300 MPa and the m-values for all the binders at the
60s were above 0.300. All the evaluated binders are within the Superpave™ specification.
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Figure 7a - Creep stiffness values for control and modified binders
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Figure 7b - m-values for control and modified binders

6. CONCLUSION

This research focused on analyzing the impacts of the various percentages of nano-silica (i.e.,
2%, 4%, and 6%) on the basic physical features and the rheological features of the control
and warm mix binders. Moreover, the research evaluated the impacts of various temperature
and frequency ranges on complex modulus and phase angle values as well as the permanent
deformation resistance by using the MSCR and Superpave rutting resistance parameter. The
influence of low temperatures was utilized using the bending beam rheometer. The results
obtained from this study are as follows.

The basic physical features reveal that by adding nano-silica to the control binder, the
penetration values decreased while the softening point values increased. Additionally, the
warm mix binders modified with nano-silica displayed better enhancement as opposed to the
control binder and nano-silica modified binders without ZycoTherm.

By incorporating nano-silica into the control binder, the high-temperature susceptibility
decreased and is better enhanced for warm mix binders modified with nano-silica.

The outcomes obtained from the rotational viscosity prove that nano-silica modified binders
have higher values than warm mix binders modified with nano-silica. This implies that
adding ZycoTherm decreases viscosity. The modified binders' viscosity values all fall within
the Superpave specifications requirement at 135 °C.

The frequency sweep assessment reveals that the stiffness of the control and warm mix
binders was enhanced with the inclusion of nano-silica, resulting in greater complex modulus
(G*) values and lesser phase angle (8) values and enhanced rutting resistance.
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The MSCR evaluation displays the effect of nano-silica modified control and warm mix
binders on improving the rutting resistance by boosting the recovery percentages and
decreasing the J, values.

Based on the Superpave rutting resistance parameter G*/sin J, adding nano-silica to the
control and warm mix binders increases the elasticity of the binder rendering it more resistant
to rut.

The BBR test reveals that at low temperatures, applying nano-silica to the control asphalt
increases creep stiffness, thus lowering the m-value. This demonstrates nano-silica's
ineffectiveness at low temperatures, as well as its resistance to cracking. However, the
inclusion of ZycoTherm material had a good influence on changing the grade from -16 °C to
-22 °C, meaning that the ZycoTherm/ nano-silica modification had a greater effect on low-
temp grade owing to the presence of ZycoTherm.
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ABSTRACT

In the present study, the impacts of variety of fiber types and amounts on shear dominant
Ultra High Performance Fiber Reinforced Concrete (UHPFRC) beams and the feasibility of
fully replacement of stirrups by the steel fibers were investigated. Fifteen UHPFRC beams
containing five different fiber types and three volume fractions were prepared without stirrup
and were loaded under four-point loading. The influences of steel fiber were discussed in
terms of the load-deflection behavior, cracking behavior, collapse modes, ultimate shear
strength, nominal moment capacity and deflection ductility. The steel fiber use prominently
increased the post-cracking stiffness and load capacity of the UHPFRC beams with the help
of the fibers’ crack-bridging ability. Conversely, the steel fibers in different types didn’t have
an importance on the collapse mode of the shear dominant UHPFRC beams. The use of
straight steel fibers in the UHPFRC beams, even at very low volume fractions of 0.5 percent,
changed the collapse condition from shear to flexure resulting in a ductile behavior. But the
hooked fiber inclusion by 1.5 vol percent percent at least is needed to guarantee the flexural
behavior regardless of hooked or multi hooked-end form.

Keywords: Ultra high performance fiber reinforced concrete, ultimate shear strength,
moment capacity, fiber type, volume fraction.

1. INTRODUCTION

In recent years, the Ultra High Performance Fiber Reinforced Concrete (UHPFRC) has
become one of the important products of concrete technology thanks to its many advantages.
The UHPFRC use is a new option to fulfill the disadvantages of traditional normal strength
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reinforced concrete in design and practical applications through its excellent compressive
strength and considerably improved post-cracking tensile behavior. As widely used in the
literature, when the concrete compressive strength exceeds the threshold of 130 MPa - 150
MPa and the tensile strain-hardening characterization is ensured by sufficient steel fiber
content, this kind of special concrete mixture can be defined as the UHPFRC [1-6]. The
compressive and tensile properties of UHPFRC are improved with optimization of the
standard cement, silica fume, grand granulated blast slag, quartz flour and particular
admixtures such as superplasticizer, air-entraining agent [1,7-10]. In addition, the steel fibers
can be randomly dispersed in the UHPFRC mixture, which may be in straight, single, double
or triple end-hooked, wavy or twisted forms, significantly improves the strength, stiffness
and ductility of structural members. Compared to normal or high strength fibrous concrete,
the UHPFRC has high level of compressive / tensile deformation capacities and durability
through its high-density matrix and special curing techniques [2, 11, 12]. Thus, the superior
mechanical properties of UHPFRC allow more economic and long-life structures in
comparison to the traditional normal or high strength concrete usas [7, 13]. The above-
mentioned advantages of the UHPFRC become much more evident in design applications of
reinforced concrete beams [7, 13, 14].

Regarding the shear dominant UHPFRC beams, as in well-known structural behavior for the
normal or high strength concrete, when the principal tensile stress exceeds the tensile stress
of concrete, the diagonal inclined shear crack develops through the member’s web region and
thus the brittle collapse occurs in adverse manner. Owing to the superior mechanical
properties of the UHPFRC, the steel fibers randomly added to the concrete mixture have a
noteworthy potential to fully replace or partially reduce the stirrups or shear reinforcements
or shear links which may lead to reinforcement congestion in slender cross-section members
[7]. In the meantime, the inclusion of steel fibers considerably restricts the formation and
propagation of shear cracks.

In earlier studies, the shear behavior of UHPFRC members with and without stirrups have
been intensively investigated under two topics. The first one is the impact of fiber type and
amount on the shear strength and failure pattern, and the second one is the feasibility of use
of steel fibers in place of the stirrups or shear reinforcements. Some research studies by others
widely reported that the addition of steel fibers to the UHPFRC beams enhanced their
ultimate shear strength through the concrete’s post-cracking strength, depending also upon
the fiber geometry and volume fraction, compressive strength, tensile reinforcement
characteristics, shear span-to-depth ratio [7, 15-25]. In this sense, Voo et al. [26] pointed out
that the fiber type and amount didn’t have a notable effect on the first cracking load, but they
had a particular influence on the failure load and crack propagation. Baby et al. [15] revealed
that the shear strength of UHPFRC beam not only depended on the compressive and tensile
strengths, but also the cross-section shape, dispersion characteristics of fibers, level of
applied pre-stressing load. Yang et al. [21] stated that the shear strength of a pre-stressed
UHPFRC beams were larger than that of non-pre-stressed beam under same fiber content.
Ciprian et al. [23] studied the impacts of mono and hybrid fiber usages to the shear behavior
on I-shaped UHPFRC beams. For the considered fiber amounts of 1.5 vol percent, 2.0 vol
percent and 2.55 vol percent, the hybrid fiber use was more effective than the mono use in
point of the ultimate strength and cracking parameters. El-Dieb et al. [16] also noted that the
ultimate strength of a UHPFRC beam containing the steel fibers of 1.2 vol percent was greater
than that of beams with the stirrups. Qi et al. [17] obtained similar outcomes with respect to
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these parameters in the shear dominant UHPFRC beams. They reported that the fiber type
did not have a notable impact for same fiber volume fraction. At this point Yavas et al. [7]
concluded that the steel fiber use in low volume fractions did not have significant effect on
the first cracking levels regardless of fiber type. Nevertheless, the shear load exhibited an
increasing trend for further fiber amounts. It was also noted that the UHPFRC members’
collapse mode changed to flexure, indicating ductile behavior when the short-straight fibers
of 1.5 vol percent were used. Lim and Hong [20] tested a series of rectangular shaped
UHPFRC beams in shear. They reported for the cases with and without the shear
reinforcement that the fiber use contributed positively to the shear strength and played an
important role on restraining the cracks along with the shear reinforcement. It was also noted
that the UHPFRC beams gained a significant strength even when the spacing of shear
reinforcements was exceeded the stipulated limits in the ACI 318 design code. A similar
study was conducted by Yavas and Goker [27] for four tensile reinforcement ratios ranging
from 0.8 percent to 2.2 percent. Although the steel fibers were insufficient to prevent the
shear failure at higher reinforcement ratios, the ultimate strength increased about 2 times in
comparison to the non-fiber beam. However, the inclusion of hooked fibers to the concrete
mixture changed the collapse mode to the ductile flexure failure for lower reinforcement
ratios.

Another research issue for the shear dominant UHPFRC members is the feasibility of fully
or partially replacement of stirrups by the steel fibers. Within this context, the partially use
of steel fibers in place of the stirrups in the reinforced concrete members was included for
the normal strength concrete in the ACI 318-19 [28]. But very limited information is available
with regard to this challenge. Zagon et al. [29] studied the replacement of stirrups by steel
fibers on the I-shaped UHPFRC beams exhibiting the shear behavior without steel fiber. They
declared that the replacement of traditional stirrups by the steel fibers in particular volume
fraction was feasible for moderate level of shear loads. The study recommended a
combination of additional single diagonal rebar and steel fiber uses instead of fully stirrup
use. Yoo et al. [30] investigated the elimination of minimum shear reinforcement in high-
strength fibrous reinforced concrete beams. Based on the test results of five beams with and
without the hooked fibers, the inclusion of steel fibers by 0.75 vol percent might correspond
the minimum shear reinforcement stipulated in design codes. A similar outcome was
presented in Lim and Hong [20] and they revealed that no shear reinforcement required for
the UHPFRC beams including the fiber content of 1.5 vol percent. Qi et al. [17], on the other
hand, recommended the use of moderate level stirrups to get better structural performance
since the increasing fiber volume fraction did not ensure a notable contribution. Meszdly and
Randl [31] discussed the importance of traditional stirrups and steel fiber usages on the shear
behavior. The total of twenty I-shaped UHPFRC beams consisting of the non-fiber, short-
straight fiber and different stirrup configurations was tested in the shear. The results showed
that the steel fiber use, regardless of the volume fraction, provided notable contribution to
the ultimate shear strength and ductility of UHPFRC beams compared to the configurations
with the stirrup.

Various efforts were made on the shear response of UHPFRC beams, however, most of them
focused on the short-straight fibers. In the existing studies, the feasibility of replacement of
the stirrups in the reinforced concrete beams has not been examined for different fiber types.
Thus, there is significant lack of knowledge about different fiber content (type and amount)
on the shear behavior. In the experimental study presented here, the impact of various fiber
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contents on the shear dominant UHPFRC beams as well as the best fiber content allowing
the availability of steel fibers in place of the stirrups were investigated. In this context, a total
of fifteen UHPFRC beams with five fiber types and three volume fractions were prepared
without stirrup and they were loaded until collapse failure. In addition, two non-fiber
reference beams were produced with/without the stirrups to represent pure effectiveness of
steel fibers. The structural behaviors relation to the test beams were discussed in terms of the
load-deflection behavior, cracking behavior and failure pattern, ultimate shear strength,
nominal moment capacity and deflection ductility by referencing the non-fiber
configurations.

2. EXPERIMENTAL PROGRAM
2.1. Mixture Design and Mechanical Properties

In the experimental program, the UHPFRC and non-fiber mixture compositions, which were
previously developed in other studies by the authors, were used [6, 7]. So, the minimum
concrete compressive strengths of 130-140 MPa and 110-120 MPa were targeted for the
fibrous and non-fiber mixtures, respectively. The binder part of mixtures consisted of the
standard cement CEM-1/42.5-R (C), silica fume (SF) and ground granulated blast-furnace
slag (GGBFS). The aggregates consisted of two sizes of quartz sands, the particle sizes in the
range of up to 0.8 mm (QS-1) and 1.0 to 3.0 mm (QS-2). In proportion to the traditional
concrete mixtures, the water-to-binder ratio (W/B) for the designed concrete mixture was
significantly reduced to 0.18 with the help of polycarboxylate ether-based superplasticizer
(SP) which could provide adequate viscosity and workability. When the impacts of different
fiber contents were investigated, two types of short-straight and two types of hooked and
multi hooked-end steel fibers were used in the UHPFRC mixtures. However, the considered
volume fractions of 0.5 percent, 1.0 percent and 1.5 percent comprised of the fiber use by
0.75 vol percent in place of the minimum shear reinforcement in the ACI 318-19 design code
[28]. The mixture components and proportions, fiber dimensions, type and volume fractions,

6/0.16 13/0.16 30/0.55

T ——

60/0.75 60/0.90

- -—

Length/Diameter (mm)

Figure 1 - The considered straight and hooked-end steel fiber types
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characteristic strengths of tensile reinforcements are given in Figure 1 and Tables 1-2. The
concrete compressive strength of each mixture was obtained from uniaxial compression tests
using the cubic samples in the dimension of 100x100x100 mm?® in accordance with the
specifications of EN 12390-1 and EN 12390-3 [32-33]. Regarding the tensile strengths of
mixtures, the dog bone-shaped samples having cross-sectional area of 30x30 mm? with the
68 mm overall width and 240 mm height were prepared. While the compression strengths of
samples were measured by a hydraulic press with the 3000 kN loading capacity and rate of 1
MPa/s, the tensile strengths were determined through the universal testing machine with the
displacement control by the loading speed of 0.1 mm/min. The samples were tested at 28
days.The average experimental strengths of cube and dog bone-shaped specimens
corresponding to each beam configuration are summarized in Table 2. The test beams were
coded by the fiber length, type and volume fraction ( percent), respectively. Here, the S, H
and MH denote the straight, hooked and multi hooked-end fibers, respectively. For instance,
the code 13S 1.5 indicates the beam containing the straight fiber with the length of 13 mm
by 1.5 vol percent (Table 2).

Table 1 - Material composition by weight (kg/m’)

Mixture Non-fiber UHPFRC-1 UHPFRC-2  UHPFRC-3
C 690 690 690 690

SF 138 138 138 138
GGBFS 276 276 276 276
QS-1 542 535 530 525
QS-2 542 535 530 525
Water 199 199 199 199

SP 17.25 17.25 17.25 17.25
sefbr <00 e percen

All UHPFRC mixtures showed higher compressive strength than the non-fiber mixture due
its high-density matrix as well as the limitation of opening of micro cracks and further
propagation by the steel fibers. Thus, the steel fiber use relatively improved the compressive
strength in the percentages varying between 2 percent and 20 percent. It should be noted that
the increases related to the mixtures containing the straight fibers of 13 mm were more
apparent than those of other fiber types. However, the highest compressive strength was
obtained for the mixture with 13 mm straight fiber by 1.5 vol percent. It can be deduced that,
increasing fiber volume fraction enhanced the compressive strength, regardless of the fiber
type, due to improvement in the mechanical bond strength, as shown in Table 2. Regarding
this matter, the similar outcomes were pointed out in some research by others [6, 7, 9, 30, 34-
36].
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Table 2 - Steel fiber, reinforcement and concrete properties

Fiber Rebar Concrete
Beam Type Ly LD ﬁﬁb serce # and £, £ f;cone
(mm) (MPa) . (MPa)  (MPa) (MPa)
NF 126
NF 08 - - - - - 458/581 128 4.8
6S_0.5 0.5 132 58
6S_1.0 Straight 6 38 2500 1.0 466/570 134 5.9
6S_1.5 1.5 139 79
135_0.5 0.5 144 59
13S_1.0 Straight 13 81 2500 1.0 469/593 148 7.1
138 1.5 1.5 152 102
30H_0.5 0.5 136 5.3
30_10 MOt 30 ss 1345 10 451/573 142 56
30H_1.5 1.5 144 68
60H_0.5 0.5 131 47
60H_1.0 H";“;d' 60 70 1225 1.0 484/597 133 52
60H_1.5 1.5 137 6.1
60MH 05 0.5 130 423
60MH 1.0 hooked- 60 67 1500 1.0 488/607 132 64
oM 15 15 135 77

Ly: fiber length, Dy: fiber diameter, fi/?: tensile strength of fiber, percentvol : fiber volume
fraction,

/v and fu: yield and tensile strength, f,: compressive strength, f;<": tensile strength of concrete

As for the results of tensile strength, the inclusion of steel fibers ranged from 0.5 vol percent
to 1.5 vol percent significantly improved the tensile strength by between 8 percent and 113
percent by depending also on the fiber geometry. It was also noted that when the fiber amount
in the mixture increased from 0.5 vol percent to 1.0 vol percent, the tensile strength was more
sensitively affected by the increase in fiber amount, as shown in Table 2. During the uniaxial
sample tests, the brittle collapse occurred once the first cracking was observed on the non-
fiber specimen, as expected. After this stage, the tensile strain-hardening behavior was
achieved for the fibrous concrete mixtures above 1.0 vol percent except for the shortest
straight fiber of 6 mm (Figure 2). This fiber type did not exhibit hardening response for the
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overall volume fractions since the fiber length could not build a bridge on both sides of
cracks. Beyond the peak load level, the fibers began to slide out because of the growing of
cracks in the tensile region. Thus, the strength drops launched on axial force - deflection
relationships of the samples.

8
——135 1.0

7 1 ——30H 1.0

B ——60H_1.0
- ——60MH_1.0
< 5 -
g
=4
<
£3
7]

2

1

0 T T T

0 0.01 0.02 0.03 0.04

Strain

Figure 2 - Stress-strain relationships of specimens with fiber volume fraction of 1.0 percent
showing strain hardening behavior

2.2. Preparation of UHPFRC Test Beams

In the framework of this study, a total of fifteen simply reinforced UHPFRC beams consisting
of five fiber types were prepared for three volume fractions. In addition, two non-fiber
reference beams were produced with (NF_OS) and without (NF) the stirrup to reveal the
impacts of variety of fiber content (type and amount). The dimensions of the test beams are
100x150x1500 mm and clear span between the two supports is 1400 mm. The tensile
reinforcement ratio was kept constant as 2.4 percent, which composed of two 14 mm steel
rebars. Whereas the considered reinforcement ratio almost corresponds the upper limit (2.0
percent) in the Turkish Design Standard (TS 500) [37], the maximum ratio stipulated in the
ACI 318 design code was modified by the strain equilibrium in the recent editions [28, 38,
39], in which the ratio was calculated as 6.3 percent.

The beam dimensions and reinforcement details are presented for a typical test beam in
Figure 3. Three coupon samples related to the longitudinal reinforcements for each test group
were tested under the direct tension. In this way, the average yield and tensile strengths of
the samples are given in Table 2. The ends of longitudinal reinforcements were hooked to
avoid the premature bond failure. Shear reinforcement was not provided in the shear span of
UHPFRC beams to eliminate the influences of other components. While the beam NF was
designed to fail by shear, the beam NF_OS was equipped with open stirrups with 8§ mm
diameter and the spacing of 65 mm, which almost corresponds to the minimum transverse
spacing in the TS 500 and ACI 318-19 guidelines [37, 28], as shown in Figure 3. Overall, the
preparation and casting procedures in regard to the test beams can be found in detail in Hasgul
et al. and Yavas et al. [7, 13].
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Figure 3 - Schematic representations of test beams

2.3. Test Setup

The four-point loading test setup is presented in Figure 4. In the study, the shear-span to
depth ratio (a/d) was 3.9 for all beams, and the vertical loads were applied at a distance of
500 mm from both supports. Referring to Figure 4, a load cell was attached between the jack
and spreader beam to measure the applied load. The load P was applied to the beams as two
equal concentrated loads as P/2 and P/2 through a steel spreader beam. Later on, the load
increments were monotonically applied to the beam by a hydraulic servo testing machine
with the capacity of 500 kN. The whole tests were conducted under deflection control

procedure at 0.2 mm/min.

Test beam

Potantiometric
transducer

Figure 4 - The four-point loading system
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It should be noted that the loading speed for the test beams changing to flexure was increased
to 0.5 mm/min to reduce duration between the peak and ultimate deflections. A
potentiometric transducer was mounted the bottom face of beam midpoint to measure vertical
deflections. The applied load (P) and mid-span deflections (A) were recorded by use of 24-
channel data acquisition system that had the data-recording frequency of 8 Hz per channel.
At the certain deflection steps, the crack formations and propagations were highlighted over
the test beams.

3. TEST RESULTS AND DISCUSSIONS

In the experimental program, the total of seventeen singly reinforced UHPFRC beams and
non-fiber reference beams were loaded under the four-point loading scheme until collapse
failure. Because of conducted various loadings, the parameters of P—A behavior, cracking
pattern and collapse mode, ultimate shear strength, nominal moment capacity and deflection
ductility were discussed by comparing them with the non-fiber reference configurations.

3.1. Load-Deflection Relationships

The test beams were subjected to the planned loading protocol until the collapse condition
and their load (P) and mid-span deflection (A) behaviors were determined (Figure 5). The
P—A relationships and corresponding crack patterns at the collapse conditions are given for
each fiber type in Figure 5. In addition, the main quantitative features obtained from the
loadings are summarized in Table 3. It should be noted at this point that the deflection and
ductility responses beyond the peak load were determined for only the beams the structural
behavior of which transformed from the shear to flexure after the steel fiber use. Firstly, the
yield deflection A, was calculated from the bi-linearized P — A relationship, which is one of
the methods recommended in Park [40]. Here, the deflection point A, corresponds to the
deflection at the intersection of secant stiffness at the peak load P, and 0.75P, [2, 13].
Secondly, Park [40] also proposed some procedures to specify the ultimate deflection A, of
an experimental load-deflection relationship. One of these procedures, which is well-known
as the load reduction method of 20 percent, was based on in the study [41-44].

Referring to Figure 5, all the P—A relationships showed linear elastic response until the first
cracking point and stiffness degradations commenced on the beam responses. In the post
cracking stage, the P-A relationships could be divided into two groups according to their
collapse conditions as the shear or flexure. In the shear dominant beams, as shown in
Figures 5c-5e, a dramatic load drop occurred without any significant increase in the
deflection response as well as before the yielding of reinforcement.

When the stirrup or sufficient fiber content was provided, full flexural response was observed
by reinforcement yielding following the deflection hardening as well as strength degradation
after the peak load (Figures 5a-5¢). The short-straight fibers considered each volume fraction
prominently improved the post-cracking stiffness values and load-carrying capacities of the
UHPFRC beams in comparison with the non-fiber configuration because of the crack-
bridging ability of the fibers which allows smaller deflections even at higher load levels. In
addition, the stiffness and load capacity showed an increasing trend with the increases in the
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fiber amount. While the hooked and multi hooked-end fibers provide ductile flexural
behavior for only 1.5 percent volumetric ratio, they significantly improved the capacity with
respected to the reference beam NF_OS, especially beams with long hooked-end fibers of
60H 1.5 and 60MH_1.5 (Figures 5c-5e¢). However, these beams were limited in terms of
deflection capacity compared with the beam NF_OS. These results are very compatible with
the previous studies in relation to the structural behavior of UHPFRC beams [2, 7, 13, 17,
45-48].
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Table 3 - Characteristic values of P-A relationships at various stages and collapse modes

A Py A Py Ay p, _Ductility index — Collapse

Beam  mm) kN) mm)  (N)  (mm) KN) AA, AvA, mode
NF - - 7.57 4741 - - - - DT
NF_OS 11.23 71.36 3428 7884 38.1 7737 3.05 3.39 cC
6S 0.5 8.57 7331 2472 78.19 4154 7038 2.88 4.85 CC
6S 1.0 1041 78.19 29.22 8385 3532 74.62 2.81 3.39 CC
6S 1.5 953 8821 995 9187 36.86 &87.05 1.04 3.87 CC

135 0.5 10.54 82.84 3276 9235 51.65 84.75 3.11 4.90
13S 1.0 10.22  88.15 2337 95.11 72.01 76.09 2.29 7.05

CC
RR
135 1.5 9.58 92.87 18.16 100.32 51.94 8423 1.90 5.42 RR
DT

30H 0.5 - - 8.62  62.76 - - - -

30H_1.0 - - 9.26  74.58 - - - - DT
30H_1.5 9.00 80.25 20.88 84.08 66.74 67.24 232 7.42 CC
60H_0.5 - - 6.99  63.62 - - - - DT
60H_1.0 - - 826  72.90 - - - - DT
60H 1.5 940 84.56 2627 93.81 3225 79.80 2.79 3.43 CC
60MH_0.5 - - 726  57.78 - - - - DT
60MH_1.0 - - 10.19 84.37 - - - - DT
60MH_1.5 - - 21.16  97.60 - - - - F+DT

Py: yield load, Pp: peak load, Py: ultimate load, Ay: yield deflection, Ap: peak deflection, Au: ultimate
deflection, DT: diagonal tension, CC: concrete crushing, RR: reinforcement rupture, F: Flexure

3.2. Cracking Behavior and Collapse Modes

The collapse conditions of UHPFRC beams with respect to the studied fiber types are
presented for three volume fractions in Figure 5. At the beginning of load steps, the vertical
flexural cracks vertically commenced at the lowermost faces in the constant moment zone of
the beams. Thereafter, additional vertical cracks formed alongside the existing cracks with
the increasing loads, but the crack widths remained in a well-restricted level for the UHPFRC
beams because the steel fibers built a bridge between both sides of the cracks. But it is not
easy to see these cracks with naked eyes until the peak load in the P — A relationship. These
cracks can be only seen with the help of crack width magnifier. As the load increased further,
the member behavior and collapse modes separated depending on the fibers type and amount
as shown in Figure 5.

For the reference beam (NF) without the fiber and stirrup, when the principal tensile stress
reached the tensile strength of concrete, as in the conventional normal strength concrete, the
beam failed suddenly as a consequence of formation of diagonal single crack initiated in the
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shear span and propagated between the loading point and support, as shown in Figure 6a.
This collapse mode points out the diagonal tension (DT) in the brittle manner. At this point,
while the test beams containing the hooked or multi hooked-end fiber by 0.5 vol percent and
1.0 vol percent failed by the DT, the fibers significantly delayed the formation of shear cracks
(Figure 6a). However, the beam 60MH_1.5 exhibited the flexure-shear failure by a splitting
at the diagonal crack after the tensile reinforcement yielded. It can be deduced that the steel
fiber type has an important influence on the collapse mode of the shear dominant UHPFRC
beams.
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Figure 6 - Typical collapse modes for the test beams

Whereas the reference beam NF was designed to fail by shear, the reference beam NF_OS,
which had the minimum shear reinforcement ratio, exhibited full flexural behavior resulting
the concrete crushing (CC) along a wide region at the constant moment zone, as shown in
Figures 6b-6¢. The catastrophic collapse with the CC occurred in the compression zone when
the critical section of beam reached their flexural capacity. When it comes to the UHPFRC
beams without stirrup having an adequate fiber content in the concrete matrix, the test beams
showed well enough stable behavior from the beginning to the end of tests through the
deformation ability provided by the steel fibers. In this regard, the fibers prevented the
formation of diagonal cracks therefore, well-distributed flexural cracks propagated towards
to the compression zone with further load increments, as shown in Figure 5.

The beams containing the straight fiber of 6 mm as well as the beams 13S_0.5, 30H_1.5 and
60H 1.5 failed by the concrete crushing (CC) as such in the reference beam NF_OS rather
than the non-ductile shear failure (Figure 6b). While the CC occurred in the UHPFRC beams,
the deformation stayed at a limited region since the steel fibers produced a kind of
confinement effect in comparison with the NF_OS. For the beams 13S 1.0 and 13S_1.5,
flexural behavior was terminated by the reinforcement rupture (RR). In the UHPFRC beams
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with flexural failure, a large crack formed at a single point adjacent to the beam midpoint. As
shown in Figure 6¢c, the related crack width intensely enlarged as against others and
dominated the beams’ collapse mode. This response of UHPFRC is widely defined as the
crack localization [44, 48-51]. It should be noted that even though the crack localization
phenomenon occurred in all UHPFRC beams, only the beams 13S 1.0 and 1.5 failed by RR.
This outcome indicates that the use of 13 mm straight steel fiber pointedly increased the
compressive deformation capacity of the UHPFRC more than other fiber types. Despite the
increased deformation, the concrete did not crush and eventually the RR occurred. Regarding
the crack localization phenomenon, while the research by others [2, 13, 30, 45, 52] reported
the RR for only the 13 mm straight fiber, Yoo and Yoon [46] declared that the rupturing
failure was inevitable under low reinforcement ratio regardless of the fiber type. Sturm et al.
[52] also pointed out that the reinforcement ratio had particular importance on the collapse
condition. The authors’ previous study [13] confirmed this outcome since very high strength
and deformation capacity of the UHPFRC could allow the use of excessive tensile
reinforcements.

It can be deduced from these tests that the use of short-straight fiber in the UHPFRC beams,
even at very low volume fractions of 0.5 percent, changed the collapse mode to flexure
resulting the ductile behavior without placing the stirrups. However, the hooked fiber
inclusion by 1.5 vol percent at least is needed to guarantee the flexural behavior regardless
of hooked or multi hooked-end form. The test results also revealed that the short-straight
fibers showed much better performance in terms of the limitation of diagonal cracks as
against the hooked fiber types. This is related to the fact that number of the hooked fibers in
per unit volume is lower than the straight fibers due to their longer length. Beside this, the
dispersion and orientation of longer fibers became poor because of the blocking effect of
longitudinal reinforcement.

3.3. Deflection Ductilities

For the UHPFRC beams exhibiting the flexure behavior with the help of some fiber contents,
the ductility responses were evaluated by the peak load deflection ductility g, and ultimate
deflection ductility za,. Firstly, the ductility corresponding to the peak load can be
determined by proportioning the deflection at the peak load A, to the yield deflection A,.
Secondly, the deflection ductility capacity can be calculated by considering the ultimate
deflection A, instead of the A, for the beams continued to sustain loads well beyond the peak
load, just as the UHPFRC beams. Both ductility indexes calculated for the corresponding
UHPFRC beams as well as the reference NF_OS beam are compared in Figure 7. It can be
noted that the test beams that failed by the shear were left out of the flexural assessments.

Referring the Figure 7 and Table 3, while the ductility levels at the peak loads of the beams
6S_0.5 and 13S_0.5 nearly corresponded to that of the reference beam NF_OS, regardless of
the fiber length, the ductility level provided by the stirrups couldn’t be ensured for higher
fiber amounts. The reason of this is that as the fiber volume fraction increased in the concrete
matrix, its restriction ability on the crack formations was enhanced. Thus, the beam
deflections before the peak load decreased by a certain amount in comparison to the non-
fiber stirrup configuration. This circumstance led to a decrease in the peak load ductility with
the increase of fiber amounts. Figure 7 also allows to compare the effect of fiber length for
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1.5 vol percent. Accordingly, longer fiber use slightly increased the deflection ductility due
to fibers’ low efficiency in the pre-peak area where the crack widths were too small.
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Figure 7 - Ductility indexes at the peak load and ultimate deflection

From the point of the ultimate deflection ductility s, as shown in Figure 7, fully replacement
of stirrups by the straight fibers of 6 mm and 13 mm is feasible for the considered volume
fractions. Moreover, these UHPFRC beams showed more ductile behavior up to 2.1 times
compared to NF_OS. It can be pointed out that the minimum 1.5 vol percent needed to get
the same ductility level by the hooked fiber (Figure 7). Here, the ductility performance of
hooked-end fiber 30H was better than the 60H and 60DH. While the ductility ratio obtained
for the beam 30H_1.5 was greater 2.2 times than that of the beam NF_OS, the beam 60H_1.5
exhibited the same ductility level. But the multi hooked-end fiber use, even at 1.5 vol percent,
could not change the collapse condition to the flexure. However, there was no apparent trend
between the considered fiber types and amounts from the point of the ultimate ductility
(Figure 7). It can be also understood that while the fiber length relating to the straight fiber
did not affect the ductility ratio for the lowest volume fraction, it became an important
variable to be considered for additional volume ratios. Unfortunately, it is not easy to support
this outcome for the UHPFRC beams with the hooked or multi hooked-end fiber types
because the most of them failed by shear. Regarding this issue, Yoo and Yoon [48] and Singh
et al. [45] reported that higher flexural ductility could be achieved as the fiber length increases
in the UHPFRC matrix. From the point of ductility definitions, it can be clearly deduced that
the most effective fiber type was the 13 mm straight fiber (Figure 7). This fiber type not only
had a great potential to change the structural behavior of shear dominant UHPFRC beams,
but also provided the stipulated ductility by means of the stirrups in design codes.
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3.4. Shear and Flexural Capacities

In the shear dominant UHPFRC beams exhibiting the brittle failure even when higher amount
of steel fiber was used for the certain fiber types, the ultimate shear strengths V', of UHPFRC
and non-fiber reference beam are presented together in Figure § in order to show how the
fiber content influenced the behavior. It can be added that the test beams displaying flexural
collapse were left out in the discussions related to the shear strengths.
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Figure 8 - Influences of fiber type and amount on the shear strength of UHPFRC beams

Referring the Figure 8 and Table 3, the strength of shear dominant beams were much higher
than those of the non-fiber configuration. Besides, an increase in the volume fraction of fibers
uniformly enhanced the shear strength, regardless of the fiber type for both 0.5 vol percent
and 1.0 vol percent. However, the steel fibers increased the shear strength in ratios varying
between 22 percent and 106 percent depending on whether the fiber type is hooked or multi
hooked-end (Table 3). As a side note, an increment of 0.5 percent in the fiber amount gained
significant strength varying between 15 percent and 46 percent.

While various investigations [7, 15-25] generally accepted the view that the steel fibers
enhance the shear strength, the provided strength increase was more apparent for the fiber
amounts higher than 1.0 vol percent according to Pansuk et al. [53] and Meszoly and Randl
[31]. For the same fiber amount (1.0 vol percent), Meszdly and Randl [31] obtained roughly
four times higher capacity than non-fiber condition. However, the authors’ previous study
[7] revealed that the fiber contribution on shear strength remained very limited below 0.5 vol
percent for the straight, hooked and multi hooked-end fibers.

Figure 8 also indicates that the fiber type does not have an importance on the ultimate strength
of shear dominant UHPFRC beams. Besides that, the choice of hooked or multi hooked-end
fiber type did not affect the shear behavior distinctively. Although the largest capacity
enhancement among the test beams was obtained for the beam 60DH_1.5, this fiber type
could not transform the collapse mode to the flexure in contrast to other UHPFRC beams
having 1.5 vol percent. On the other hand, the nominal moment capacities M, corresponding
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to peak load of the experimental load-deflection relationships with respect to the UHPFRC
beams transferring the flexure by steel fibers as well as the non-fiber beam with the minimum
transverse reinforcement are presented for each volume fraction in Figure 9. Parallel to the
shear strength, the test beams failed by shear were left out in the discussions. For the
UHPFRC beams exhibiting flexural behavior, a small increment in the fiber amount provided
notable contribution to the capacity in a positive manner. So, the moments were enhanced up
to 27 percent depending on the fiber amount in the concrete matrix (Table 3). However, the
fiber type had a particular influence on the moment capacity unlike the shear behavior. In
this sense, longer fiber length resulted in an apparent capacity increase for the straight fiber
type since the fibers’ crack-bridging ability improved across the crack width. The moment
capacities of beams 13S 0.5, 1.0 and 1.5 were greater by 18 percent, 13 percent and 9 percent

than those of the 6S 0.5, 1.0 and 1.5, respectively.
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Figure 9 - Influences of fiber type and amount on the moment capacity of UHPFRC beams

Considering both straight fiber types, whereas the 0.5 vol percent for the fiber 6S almost
corresponded to the minimum transverse reinforcement, as shown in Figure 9, the hooked
fiber inclusion by 1.5 vol percent at least was required to guarantee the flexural behavior. For
others, the 30 mm and 60 mm hooked fibers for the related fiber amount could improve the
moment capacity by 7 percent and 19 percent when compared with NF_OS, respectively. As
in the straight fibers, it is perceived that the variation of moment capacity will be in an
increasing tendency as the length of hooked fiber increases to the further amounts such as
2.0 vol percent and 2.5 vol percent. The best performance from the point of the moment
capacity was obtained once again for the beam 13S 1.5 (Figure 9). These results indicated
that the use of straight fibers in place of the stirrups in UHPFRC beams not only transformed
the collapse mode from the shear behavior, but also provided additional flexural capacity
even for the lowest volume fraction considered (0.5 vol percent). It should be also noted that
these findings are based on the considered UHPFRC matrix and steel fiber content used in
this study. It is necessary to emphasize that this ratio is far below the ACI 318 criteria [28],
in which the minimum amount of steel fiber by 0.75 vol percent is needed for the stirrup
replacement in the structural members produced by the normal strength fibrous concrete.
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4. CONCLUSIONS

In the present study, the impacts of different fiber contents on the shear dominant UHPFRC
beams as well as the feasibility of fully replacement of stirrups by the steel fibers were
investigated. In this framework, the total of fifteen UHPFRC beams containing five different
fiber types and three volume ratios were prepared without transverse reinforcement and were
loaded until collapse failure. The following findings can be drawn from the experimental
investigations:

All the P-A relationships of UHPFRC beams showed linear elastic response until
the first cracking points. Beyond this level, all P—A relationships were divided into
two groups according to their collapse modes as shear or flexure.

Regarding UHPFRC beams that failed in the form of diagonal tension, the steel fiber
use substantially increased the post-cracking stiffness and load capacity in
comparison with the non-fiber reference configuration because of the crack-
bridging ability which allowed smaller deflections even at higher load levels.
However, the fiber type did not have an important influence on the shear failure. As
in the existing shear investigations, the shear strengths of UHPFRC beams were
much higher than that of the non-fiber configuration. However, an increase in the
volume fraction of fibers uniformly enhanced the shear strength, regardless of the
fiber type.

On the other hand, the UHPFRC beams, in which an adequate fiber content was
ensured without stirrup, showed well enough stable behavior through the
deformation ability provided by the steel fibers. The fibers prevented the formation
of diagonal cracks for further load increments and thus, well-disturbed vertical
cracks propagated towards to the uppermost compression face. Accordingly, the test
beams with the straight fiber of 6 mm as well as the 13S 0.5,30H_1.5 and 60H_1.5
failed by the concrete crushing. Differently, the beams 13S 1.0 and 1.5 showed
more deformation ability than other beams and failed by the reinforcement rupture
due to the crack localization phenomenon.

A small increase of the fiber amount provided notable contribution to the moment
capacity in a positive manner. So, the moments increased up to 27 percent depending
on the fiber amount in the concrete matrix. Unlike the shear behavior, the fiber type
has also a particular influence on the moment capacity.

It can be drawn from the conducted tests that the use of straight fiber in the UHPFRC
beams, even at very low volume fraction of 0.5 percent, changed the collapse
condition to flexure resulting the ductile behavior without placing the stirrups. It is
important to note that this ratio is far below the ACI 318 requirements regarding
stirrup replacement in the structural members. However, the hooked fiber inclusion
by 1.5 vol percent at least is needed to guarantee the flexural behavior regardless of
hooked or multi hooked-end form.

Referring to the ultimate deflection ductility, the full replacement of stirrups by the
straight fibers of 6 mm and 13 mm is feasible for fiber amounts by 0.5 percent-1.5
percent by volume. These beams showed more ductile behavior up to 2.1 times in
proportion to the non-fiber configuration with the stirrups. But the 1.5 vol percent
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at least is needed to get same ductility level by the hooked fiber because of less
homogenous dispersion and less numbers per unit volume.

The primarily results of this study revealed that the fiber type and amount significantly affects
the shear and flexural behaviors of the UHPFRC members. It should be also noted that these
findings are based on the considered UHPFRC matrix and steel fiber content used in this
study. Similar studies incorporating other parameters such as fiber contents, shear span-to-
depth ratios, reinforcement ratios, and loading conditions, will play an important role on the
preparing of specific code and standard regarding the UHPFRC.
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ABSTRACT

After the guardrails are designed, the structural adequacy and safety criteria are determined
by the relevant standards and full-scale crash tests. One of the widely used standards is
European Norm 1317 (EN1317). Guardrail systems generally consist of rails and posts. The
guardrails are more rigid around the posts, which are mounted on the ground or embedded in
soil at certain intervals. Therefore, it is important for driver/passenger and roadside safety to
determine the most critical point in terms of structural and safety performance and design
according to the most unfavourable situation. With this motivation, in this study, the effect
of different impact points on the structural and safety performance of the HIW4 guardrail
was investigated by finite element (FE) analysis. For this purpose, first of all, the finite
element models of the HIW4-A system were calibrated and validated with real crash test
data. Then, with the help of the validated models, analyses were completed for different
impact points as 0.5, 1.0, 1.5 and 2.0 meters with a half-meter difference for the standard 2-
meter post spacing. In the light of the measured safety parameters such as Acceleration
Severity Index (ASI), Theoretical Head Impact Velocity (THIV) and structural performance
criteria such as working width (W) and exit angle (o), the critical impact point for the
guardrail was determined. Contrary to what is generally known, crashing vehicles into
flexible points (0.5 and 1.0 m) rather than impacting rigid points (1.5 and 2.0 m) creates a
more negative situation in crash tests.

Keywords: Guardrail, EN1317, ASI, THIV, finite element analysis.

1. INTRODUCTION

Guardrails are passive protective systems built on the roadside parallel to the road that keep
errant vehicles on the road after an accident. Guardrails are classified into three main groups
according to their deformation characteristics. Flexible, semi-rigid and rigid systems.
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Systems with 3 meters of lateral deformation during impact are defined as flexible, systems
with 0.2-1.5 meters of lateral deformation as semi-rigid, and systems with 0-0.2 meters of
lateral deformation are defined as rigid systems. As given in Figure 1, (a) concrete barriers
are rigid, (b) steel guardrails are semi-rigid and (c) cable guardrails are examples of flexible
systems.

Guardrails used in roadside safety as passive protective systems go through various structural
and safety adequacy standards before being applied. The most common of these safety
standards are EN1317 [1] and MASH [2]. These standards make performance analysis in two
aspects. The first is the performance of the barrier in terms of driver and passenger safety,
and the second is the structural performance of the barrier. Before applying the designed
roadside safety systems, their safety and structural performances are tested in crash test
centers. Systems that pass the tests are certified and approved for application.

Figure 1 - (a) Concrete barriers (rigid), (b) Steel guardrails (semi-rigid), (c) Cable
guardrails (flexible)

Instruments that provide roadside safety are required to provide the highest level of driver
and passenger safety. The ASI value used to determine driver and passenger safety in
EN1317 is evaluated in 3 classes. Class A (ASI<1) is defined as safe, class B as potentially
hazardous (ASI<1.4), and class C as dangerous (ASI<1.9). Class A ASI values are generally
obtained for guardrails designed mostly from steel and flexible material, while class B-C ASI
values are obtained for rigid concrete barriers. In this sense, it can be said that steel barriers
are safer than concrete barriers in terms of driver and passenger safety [3]. There are many
studies conducted to improve the ASI values of currently used or newly designed roadside
safety systems. Teng et al. [4] conducted a study on the effect of guardrail height and post
spacing criteria on the ASI value of W rail type steel guardrails. In the study, it was
understood that these two criteria affect the ASI value. Again, Teng et al. [5] investigated the
reliability of W-rail type steel guardrails formed with different post types (I profile, C profile,
U profile, and Sigma profile) based on factors such as ASI, THIV, and working width (W).
As a result, it is stated that the most reliable and best performing post type is the Sigma
profile, and the worst- performing and least energy-absorbing post type is the I profile. Wilde
et al. [6] made a finite element analysis in their study, and determined that the transition
regions of steel guardrails to different levels are the most critical regions in terms of ASI-
THIV values. In studies on concrete barriers, Borkowski et al. [7] simulated TB11 and TB32
tests separately for ground-fixed and non-fixed concrete barrier types using the LS-DYNA
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program, and it was stated that the unfixed barrier was safer than the fixed one in terms of
ASI. Ozcanan and Atahan [8], in their optimization to improve the ASI value of the NJ type
concrete barrier, stated that the ASI value after the optimal design was improved by 14.1%
compared to the original design, and in the case that the optimal barrier was not fixed to the
ground, the ASI value obtained was 23.5% better than the original design value. Other than
steel guardrails and concrete barriers mentioned above, there are studies related to roadside
safety. Yumrutas et al. [9] made a performance analysis of the newly developed hybrid
barrier, and compared the results to the conventional roadside barriers. It was stated that the
developed hybrid barrier could be used as an alternative to the commonly used barriers. In
the study for the development of bollard systems used to protect the infrastructure facilities
used in the city [10], the weaknesses of the existing bollard systems were identified and
suggestions were made for their improvement. In the study conducted by Yilmaz et al. [11],
the motorcyclist protection barrier system was optimized, and as a result safer and more
economical sections were obtained. Moreover, other investigators considered the problem of
improving crash cushion systems that provide road safety [12], ASI value of cable barrier for
different speeds [13], determining the danger levels of obstacles such as traffic lights, trees,
lighting poles, rocks, ditches, etc. that threaten roadside safety [14], and comparing the ASI-
THIV values and AIS-HIC values [15][16][17]. These studies were carried out with the help
of real crash tests and FE analyses.

It is inevitable to use the finite element method (FEM) in roadside safety analysis. Because
the full-size tests of the developed systems are expensive in terms of cost and time. Especially
performing more than one experiment can make the situation much more difficult. Therefore,
the use of finite element analysis provides great advantages in full-size modelling of real
crash tests. In this sense, any number of analysis can be performed with FEM and variations
can be tried for different parameters and variables. Ray [18] stated that nonlinear FE analysis
has become a useful part of the roadside safety hardware design and evaluation process. Ren
and Vesenjak [19], in their study aimed to compare FE and experimental crash analyses for
roadside safety, concluded that the results of numerical and experimental crash tests are very
close, and that nonlinear dynamic FE analysis can be performed instead of performing many
costly and laborious real crash tests. Borovinsek et al. [20], in their studies investigating the
reliability of FE simulations for roadside safety, error values of less than 8% were obtained
between FE simulation values and real collision values, and it was argued that FE simulations
could be used in this sense. Borkowski et al. [21] compared the TB11 test with the real crash
test and LS-DYNA FE simulation according to some criteria within the scope of EN 1317
standard and emphasized that the LS-DYNA FE model can be used. Niezgoda et al. [22] in
their studies on the use of computer-assisted software in modelling and simulation of crash
tests, it was recommended that numerical and experimental tests largely confirm each other,
and the use of computer-aided software in crash tests would be convenient. Pachocki and
Wilde [23] stated in their study that the H2W5-B type steel barrier was successfully designed
and tested with LS-DYNA non-linear FE program. It has been seen that the common FE
program used in the road restraint system (RRS) research is LS-DYNA. Therefore, LS-
DYNA [24] was used for FE analysis in this study.

The two basic elements of steel guardrails are rail and posts. Posts are mounted on the ground
or embedded in soil with certain distances. The system is more rigid, especially in areas close
to the posts. Knowing the most critical impact point of guardrail in terms of design is
important for driver/passenger and road safety. The aim of this study is to investigate the
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effect of the impact point on the structural and safety performance of the steel guardrails
using a finite element analysis. For this, a HI W4-A class guardrail was chosen as an example.
FE models were calibrated and validated using prioritized impact tests data. Then, using the
validated models, the impact points on the guardrail system were determined as 0.5, 1.0, 1.5,
2.0 meters for the system with a standard post width of 2 meters, and analyses were made. In
the light of the analysis made, the critical impact point was determined in terms of guardrails
and the results were shared below. This study makes this research unique as it investigates
the FE analysis of the effect of the impact point on the structural and safety performance of
the steel guardrails. Calculation of the ASI, THIV, working width (W), and exit angle (o)
parameters are determined through the TB11 and TB42 test of the EN1317 standard for
H1W4-A system.

2. EUROPEAN NORMS (EN1317-16303), GUARDRAIL, AND FE TECHNIQUES
AND VALIDATION

2.1. EN1317 safety and Performance Criteria

The EN1317 standard expresses the severity of injury with 2 parameters that known as safety
criteria. These are the acceleration (injury) severity index (ASI) and the theoretical head
impact velocity (THIV). The injury parameter ASI takes into account the effect of occupant
restraint systems such as seat belts. It is determined according to ASI Equation (1),

ASI(t) = J(Z_i)z + (%)2 + (Z—)2 (1)

Here, the components a,, ay,a, contain the vehicle acceleration values in the Ox, Oy, Oz
axes, respectively, and the components in the denominator represent the threshold values
applied according to the standard, which are respectively: @, = 12g,a, = 9g,a, = 10g.
The g is the gravitational acceleration. The calculated value of ASI is the scalar value
expressed by Equation (2).

ASI = max[ASI(t)] (2)

The second parameter specified by the EN 1317 standard is the theoretical head impact
velocity (THIV). In this parameter, it is assumed that possible injuries to the vehicle occupant
are directly related to the occupant's collision with the interior of the vehicle. The THIV value
can be calculated with Equation (3) assuming that the head speed of the driver/passenger
inside the vehicle is equal to the vehicle speed in the horizontal plane.

0.5
THIV = [Vieaq x> (T) + Vieaa y2(T)]

3)
Here, Vhead x» Vheaa y» are the values of the head velocity in the longitudinal and lateral
directions relative to the vehicle axis passing through its center, respectively. T is when the
theoretical passenger head moves 600 mm in the O, axis direction or 300 mm in the 0,, axis
direction.
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Limit values of ASI and THIV safety parameters are given in Table 1.

Table 1 - Impact severity levels [1]

Impact severity level Index values
A ASI<1.0
B ASI<14 and THIV <33 km/h
C ASI<19

In Figure 2 are the positions of the accelerometer and dummy used in the vehicle while
measuring ASI and THIV during the TB11 crash test.

== Y “
==

4, Car accelerometers and gyroscope

& ATD accelerometer
® Loadcell

Figure 2 - Accelerometer and dummy positions for ASI and THIV calculation [25]

Table 2 gives the performance evaluation criteria of H1 W4-A barrier system. Figure 3 shows
the test case according to EN1317 standards. As can be seen from the figure, the working
width (W) is the greatest displacement of the guardrail during an impact. After a vehicle has
impacted into the guardrail, it leaves the guardrail from an exit point. Exit box can be
designed as a rectangular shaped box, calculated from the beginning of the vehicle exit point,
the width (A) and length (B) of the impacting vehicle. One of the evaluation criteria of a
crash test according to EN1317 is that a vehicle must remain inside the short edge of the exit
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box when exiting the barrier. The aim here is to prevent vehicles entering the traffic after an
accident. Hence, calculation of the exit angle of a vehicle is of importance in terms of test
acceptance.

The maximum acceptable lateral displacement or working width (W) is 1.3 m which is upper
limit of W4 level. Also, for the test conditions of TB11, and TB42 the maximum exit angle
(o) is no more than 19° in reference to guardrail.

Table 2 - EN1317 test evaluation criteria for HI guardrail systems

System Test Working width Exit box Exit angle (o)
Type (W) (m) (width(A) x length(B)) (m)* (°)**
TB11 <13 4.4x10 <19
H1W4A
TB42 <13 8.22x20 <17

*Calculated based on EN1317/2

**Calculated based on exit box length

Working width (w)

Exit point Guardrail

Impact angle ;
P = Exitangle

Acar=2.2m +width of car + 16% of lenght of car
Anev=4.4m +width of HGV + 16% of lenght of HGV
Abus =4.4m +width of bus +16% of lenght of bus

Exit box

pf——————— B (Bear=10m, Buev =20 m, Bous =20m) ——/

Figure 3 - lllustration of crash test condition of EN1317 and exit box calculation [26]

The evaluation of the road safety designs in Turkey is performed in accordance with the
EN1317 standards. The test acceptance criteria that is specified in EN1317 for HI1
containment level, is given in Table 3. Detail on vehicle crash test descriptions and
containment levels are given in EN1317 part 2 [1].

Table 3 - EN1317 test acceptance criteria for HI guardrail systems [1]

System Impact speed  Impact angle (©)  Total mass Type of

type Test (km/h) ©) (kg) vehicle
. TBI1 100 20 900 Car
TB42 70 15 10000 Rigid HGV*
*Heavy Goods Vehicle
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2.2. Virtual Testing Tolerance in European Norm (EN) 16303

Validation and calibration are required in order to be able to analyze with numerical models
of crash tests conducted within the scope of EN1317. For this, there are acceptance criteria
and error tolerances specified in EN16303 [28]. Allowable tolerances regarding safety and
performance parameters are given in Table 4. In the quantitative comparison of the numerical
models made with the real models, the allowed error tolerances must remain within the given
deviation values.

Table 4 - EN 16303 virtual test tolerance for validation process

Parameter Tolerance
ASI +0.1
THIV (km/h) +3

W (m) +0.1
Exit angle (o) *

* Calculation and acceptance criterion are given in EN1317. Limit values are given in
Table 2.

2.3. The Details and FE Models of HIW4-A Guardrail System

In this study, crash test data related to the HIW4-A barrier system were used. HIW4-A
represents one most widely used barrier systems in general. The main components of the
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Figure 4 - (a) HIW4 guardrail system details and (b) FE model of the design
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guardrail are the W-beam rail and the C-type post. The guardrail consists of S235JR graded
steel material. In Figure 4 geometric details and FE model of the HIW4-A system are given.
In the LS-DYNA model, the rail and post section are ‘Shell’ modelled, and the ‘MAT24’ is
used as the material for both. Bolt connections between rail and post are defined as ‘Beam’.
Materials and models validated from previous studies [8], [26], [29] were used in this
research.

Figure 5 shows the meanings of the symbols which are forming the name of the guardrail
system that is classified according to EN 1317 standards.

Impact severity level

H1 W4 A

Working width

Figure 5 - Symbol meanings of HIW4-A system

Commonly used materials and technical specifications of HIW4A system are given in Table
S.

Table 5 - Technical details of guardrail systems used in this study

Guardrail system type Rail Post Material Rail thickness (mm) Post thickness (mm)
HIW4A W C120X60X20 S235JR 3.0 4.0

2.4. FE Analysis Techniques

Figure 6 shows technical details and the FE models of the vehicles used in the TB11 and
TB42 tests. The FE vehicles used here were not modelled for this study. The vehicles are
models shared and validated by the National Crash Analysis Center [27]. These models have
been developed for free use in safety assessment and crash tests. In the FE model created for
this study, only the guardrail part is modelled and the vehicles were used as ready-made.

Since the crash tests are dynamic tests, the FE analysis is run explicitly. Termination time
was calculated as 0.4 s for TB11 and 1.5 s for TB42. Time Step is selected by default. The
ASCI card was opened for outputs such as acceleration and displacement, and the plot time
interval was defined as 0.01 s. The “LS-Manager” interface was used for analysis. In this
interface, analyses were made for a total of 8 cores, 4 real and 4 virtual, and MEMORY=400
000 000.
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Model Information at State 1:

67852 Nodes
61876 Shells, 198 Shell Parts
2 Beams, 2 Beam Parts
820 Solids, 9 Solid Parts
20 Discrete Elements, 14 Discrete Parts
133 Mass Elements
385 Nodal Rigid Bodies
1293 Rigid Elements
61425 Deformable Elements

Total no. of Elements = 62718
Total no. of Parts = 223

Model Extends:
-3.7781e+03 < x < -2.8046e+01
-8.5000e+02 <y < 8.5000e+02

2.6873e-02 < z < 1.4346e+03

Projection details:
view distance = 5.1004e+03
znear plane = 5.1004e+00
z far plane = 1.7757e+04
field of view = 45.0

Maodel Mass:
structural mass = 6.2701e-01
lump mass = 2.6958e-01
tural mass = 0.0000e+00

Model Information at State 1:

29929 Nodes

27316 Shells, 122 Shell Parts
60 Beams, 2 Beam Parts
1088 Solids, 7 Solid Parts
32 Discrete Hements, 27 Discrete Parts

59 Mass Elements

23 Nodal Rigid Bodies

1329 Rigid Elements

27167 Deformable Elements

Total no. of Elements = 28496
Total no. of Parts = 158

Model Extends:
-0.6500e+01 < x < 8.2237e+03
-1.2430e+03 <y < 1.2430e+03
-1.4827e+03 <z < 2.1327e+03

Projection details:
view distance = 1.1232e+04
znear plane = 1.1232e+01
z far plane = 3.9105e+04
field of view = 45.0

Model Mass:
structural mass = 4.1724e+00
lump mass = 5.9840e+00

tural mass = 0.0000e+00

Figure 6 - Technical details and the FE models of vehicles used in TB11 (car) and TB42
(HGV) tests [27]

2.5. Validation of the FE Models

In the above section, the tests to be performed for H1 system is given in Table 2. Previous
studies have included actual test data for TB11, and TB42 tests. Based on these tests, full-
scale finite element models of H1 system was created using LS-DYNA software. The validity
of these models created in the FE environment was compared against the actual crash test
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Table 6 - Comparison of data obtained from real tests and FE models

Tests Parameters Real crash FE models Tolerance I.nsllde
tests limits?
ASI 0.86 0.79 +0.1 Yes
TB11
THIV (km/h) 22 21 +3 Yes
W (m) 1.12 1.20 +0.1 Yes
TB42
a(°) 8 10 <19 Yes

Figure 8 - (a) FE model of TB42 (b) Real test of TB42 (CSI 2017 [30]) [26]
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data. The quantitative comparison of the FE model and the crash test is given in Table 6. The
difference between the ASI, THIV, W and a values obtained for the FE model and the crash
test as a result of the TB11 and TB42 tests remains within the limits specified in the EN16303
and EN1317 standards. In addition, the qualitative comparison of FE model and crash test is
given in Figures 7-8. As shown in Figures 7-8, results obtained from the FE models and the
real crash tests show good agreement. As a result of the validation, it was understood that the
FE model could be used in this study.

3. FINITE ELEMENT TEST SETUP AND ANALYSIS
3.1. Finite Element Test Setup

Studies conducted in America and Europe have shown that the crash angles in accidents are
between 30°-34° with a 90% probability [31]. The impact angles taken in EN1317 remain
lower. However, it is obvious that as the impact angle and impact speed increase, the impact
intensity and acceleration increase. There are studies evaluating impact velocity and angle
conditions for EN1317 barrier tests [31][32]. Therefore, in this study, the critical impact
point, which is not mentioned in the literature, was investigated for steel guardrails, rather
than the impact angle and speed. For this, first of all, the FE model of HIW4 guardrail has
been calibrated and validated with crash test data. As a result of the validation, it was deemed
appropriate to use the guardrail FE model with acceptable error values in this engineering
problem. Different impact points were determined on the validated FE model, and tests were
created with validated vehicles. The determined impact points are given in Figure 9.
Considered the standard 2 m spacing, the impact points were determined as 0.5 m, 1.0 m, 1.5
m and 2.0 m points. In crash test centers, the vehicles are usually crashed into the posts (2.0
m point) as the most unfavourable point, as can be seen from the crash test images in Figures
6-7. It is known that the system behaves more rigidly around the posts. However, it is not
clear whether the impact point should be chosen for just upon the post or before-after the
post. In this study, research was carried out for 4 points immediately after the post (0.5m), in
the middle of the two posts (1.0m), just before the post (1.5m) and upon the post (2.0m). For
analysis, 900 kg vehicles under TB11 and 10 000 kg HGV vehicles within the scope of TB42
test were hit at the points determined on the H1 W4 system.

Figure 9 - Vehicles impact points of HIW4-A system
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3.2. Analysis and Results

Totally, 8 analyses were made, including 4 TB11 and 4 TB42 subject to determined impact
points. The outcomes obtained for TB11 (ASI, THIV) and TB42 (W, a) as a consequence of
the analysis are given in Table 7. As can be seen from the table, the highest values in terms
of safety and structural performance are seen at 0.5 and 1.0 m points. The smallest values
occurred at 1.5 m and 2.0 m points. As can be seen from Figures 6-7 in crash tests, vehicles
are usually crash into the post (2.0 m point). Assuming that this point is more rigid in the
guardrail system, the worst situation is expected. However, the 2.0 m point, which was
expected as the most negative point, turned out to be the safest point in terms of impact, just
like the 1.5 m point. In addition, it can be seen that different behaviours occur at all 4 different
impact points in the ASI graphs given in Figure 10. The most important reason for this is that
the rigidity of the steel guardrails is not the same at every point.

Table 7 - Quantitative comparison of data obtained from TB11 and TB42 tests

Impact points

Tests  Parameters

0.5m 1.0m 1.5m 2.0m
ASI 0.85 0.84 0.78 0.79
TB11
THIV (km/h) 24 24 21 21
W (m) 1.22 1.24 1.17 1.20
TB42
o (°) 32 27 5 10
0,9
——TB11_0,5m
0,8 - 0.78 =
; —TB11_1,0m
0,7 : —TB11_1,5m
0,6 : TB11_2,0m
=05 E
7 T !
<04 - :
03 2 |
02 i
0,1 i i \
! P ; Y \/,
o 4 009 011 , | | |
0.10 1
0,00 0,05 0,10 10,15 0,20 0,25 0,30 0,35 0,40
Time (s)

Figure 10 - ASI comparison for different impact points
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Figure 11 - Qualitative comparison of TB11 test for different impact points
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TB42_0.5m

I T=0.00s

T=0.75s

TB42_1.0m
T=0.00s
3 .ﬂ N — .
T=0.75s
e,
TB42_1.5m
I - T=0.00s
i
T=0.75s
T=1.505
TB42_2.0m

T=1.50s

Figure 12 - Qualitative comparison of TB42 test for different impact points
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If we look at the differences of the parameters in Table 7 at different points as significant,
the difference between the largest ASI value and the smallest value is approximately 8-9%.
Again, the THIV value is within the tolerance limit of +3 given in EN16303. The exit angle
(a) differences are more than 6 times between the largest value and the smallest value. In
addition, these values at 0.5 and 1.0 m points exceed the limit values given in Table 2.
Therefore, these differences are too large to be neglected.

If we interpret our results with the help of the qualitative comparisons of different impact
points given in Figure 11-12 for TB11 and TB42; the reason why ASI, THIV, W and a values
are higher at 0.5 m and 1.0 m points is due to the higher penetration amount in vehicles
impacting these points. Because these points are far from the post or because the post does
not come immediately after the impact, these are the points where the vehicles act more
flexible and, hence, penetrate more. It is known that the surrounding of the post is more rigid,
so the penetration amount is less at the points that vehicle crash into the post (2.0 m point) or
the post come to immediately after impacting (1.5 m point). This can be observed for cases
TB11 and TB42 in Figures 10-11. In Figure 11, it can be seen that the impacting part of the
vehicle passes the guardrail for 0.5 and 1.0 m points, but not at 1.5 and 2.0 m points, and the
resulting displacements of the 1.5 and 2.0 m points are less than the 0.5 and 1.0 m points.
The same is true for Figure 12. In addition, as given in Table 7, the W value at 0.5 and 1.0 m
points is greater than the other two points, thus confirming the penetration status in TB11.
Since the penetration is higher in hitting the flexible points, the vehicle's contact with the
guardrail and acceleration values are greater and, hence, the ASI, THIV and W values are
greater. Again, o values of points with higher penetration and W values are also higher. In
fact, the a values obtained at 0.5 and 1.0 m points exceed the limit values calculated in the
scope of EN1317 and given in Table 2. Therefore, in the light of the results given above,
contrary to what is generally known, crashing vehicles into flexible points rather than
impacting rigid points creates a more negative situation in crash tests.

4. DISCUSSION AND CONCLUSION

Generally, in crash tests, vehicles are crashed into posts that will produce the most negative
results. As can be seen from the Figures 6-7 used for the validation of the FE model above,
vehicles are crashed into the post, assuming that the post is the point that will give the most
negative result in the crash tests. The general view is that the post surroundings will behave
more rigidly. But in reality, it is anticipated that the situation may be different. Because rail
and post behaviour work as a system in guardrails. In this study, the effects of the impact
point on safety and structural performance of guardrails were investigated with finite element
method. For this, the FE model was calibrated and validated using the crash test data of the
H1W4-A system made within the scope of EN1317. Then, 4 different collision points (0.5,
1.0, 1.5 and 2.0 m) were determined on the validated models and analysis were done. From
the analysis results, it can be concluded:

e  This study brings novelty to the literature in terms of determining the most critical point
in crash tests and creating an idea for determining the safety criteria of guardrails
according to the most unfavourable situation.

e It has been seen that, contrary to what is generally known, during the crash tests,
impacting the more flexible points (0.5 and 1.0 m) rather than the rigid points (1.5 and
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2.0 m) has more negative results. The reason for this is that the vehicles are more
penetrating and their contact with the guardrail and acceleration values increase when
hitting flexible points.

Guardrail manufacturers can distribute the rigidity, which formed around post, to the
entire system by choosing the rail to be thicker and the steel material more resistant than
the rail. Or vice versa to extend flexibility throughout the system. With more uniform
rigidity or flexibility, critical impact points can be tolerated.

It is stated in En1317 that vehicles should hit the most rigid points of guardrails in crash
tests. However, as it is understood from the outputs of this study, the most rigid point
may not give the most critical safety result, since the guardrail works as a system. The
most rigid point may vary in different guardrail designs. Instead of such a general
statement, specifying a specific point for the relevant guardrail in the standards in line
with the recommendations of this and similar academic research will lead to safer
designs and results.

Since steel guardrail systems generally consist of rails and posts, the results obtained for
this study can be generalized for H2, H3, and H4 guardrail systems.

In future studies, confirming the results obtained with the validated numerical analysis
in this study with full-size crash tests will support the implementation of the results.

References

EN1317-2, Road restraint systems - Part 2: Performance classes, impact test acceptance
criteria and test methods for safety barriers including vehicle parapets Dispositifs. 2010.

American Association of State Highway and Transportation Officials, Manual for
assessing safety hardware, 2009. 2009, p. 259.

R. R. Neves, H. Fransplass, M. Langseth, L. Driemeier, and M. Alves, ‘“Performance
of some basic types of road barriers subjected to the collision of a light vehicle,” Journal
of the Brazilian Society of Mechanical Sciences and Engineering, vol. 40, no. 6, pp. 1—-
14, 2018, doi: 10.1007/s40430-018-1201-x.

T. L. Teng, C. C. Liang, and T. T. Tran, “Effect of various W-beam guardrail post
spacings and rail heights on safety performance,” Advances in Mechanical
Engineering, vol. 7, no. 11, pp. 1-16, 2015, doi: 10.1177/1687814015615544.

T.-L. Teng, C. Liang, C. Hsu, C. Shih, and T. Tran, “Impact Performance of W-beam
Guardrail Supported by Different Shaped Posts,” International Journal of Mechanical
Engineering and Applications, vol. 4, no. 2, p. 59, 2016, doi:
10.11648/j.ijmea.20160402.14.

K. Wilde, S. Burzynski, D. Bruski, J. Chréscielewski, and ..., “TB11 test for short w-
beam road barrier,” 2017, [Online]. Available:
https://mostwiedzy.pl/pl/publication/tb11-test-for-short-w-beam-road-barrier,141616-
1%0Ahttps://mostwiedzy.pl/pl/publication/download/1/tb11-test-for-short-w-beam-
road-barrier 8832.pdf



[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[17]

Sedat OZCANAN

W. Borkowski, Z. Hryciow, P. Rybak, and J. Wysocki, “Numerical Simulation of the
Standard Tb11 and Tb32 Tests for a Concrete Safety Barrier,” Journal of KONES
Powertrain and Transport, vol. 17, no. 4, 2010.

S. Ozcanan and A. O. Atahan, “Minimization of Accident Severity Index in concrete
barrier designs using an ensemble of radial basis function metamodel-based
optimization,” Optimization and Engineering, vol. 22, no. 1, pp. 485-519, Mar. 2021,
doi: 10.1007/s11081-020-09522-x.

H. 1. Yumrutas, S. Ozcanan, and M. Y. Apak, “Experimental and numerical
comparative crashworthiness analysis of innovative renewable hybrid barrier with
conventional roadside barriers,” International Journal of Crashworthiness, vol. 0, no. 0,
pp- 1-17, 2022, doi: 10.1080/13588265.2022.2075124.

M. Y. Apak et al., “Finite element simulation and failure analysis of fixed bollard
system according to the PAS 68:2013 standard,” Engineering Failure Analysis, vol.
135, no. February, p. 106151, 2022, doi: 10.1016/j.engfailanal.2022.106151.

I. Yilmaz, 1. Yelek, S. Ozcanan, A. O. Atahan, and J. M. Hiekmann, “Artificial neural
network metamodeling-based design optimization of a continuous motorcyclists
protection barrier system,” Structural and Multidisciplinary Optimization, vol. 64, no.
6, pp. 43054323, 2021, doi: 10.1007/s00158-021-03080-1.

M. Biiyiik, A. O. Atahan, and K. Kurucuoglu, “Impact performance evaluation of a
crash cushion design using finite element simulation and full-scale crash testing,”
Safety, vol. 4, no. 4, 2018, doi: 10.3390/safety4040048.

D. Bruski and W. Witkowski, “Numerical studies on the influence of selected
construction features and road conditions on the performance of road cable barriers,”
MATEC Web of Conferences, vol. 231, 2018, doi: 10.1051/matecconf/201823101003.

K. Long, Z. Gao, Q. Yuan, W. Xiang, and W. Hao, “Safety evaluation for roadside
crashes by vehicle—object collision simulation,” Advances in Mechanical Engineering,
vol. 10, no. 10, pp. 1-12, 2018, doi: 10.1177/1687814018805581.

R. Sturt and C. Fell, “The relationship of injury risk to accident severity in impacts with
roadside barriers,” International Journal of Crashworthiness, vol. 14, no. 2, pp. 165—
172, 2009, doi: 10.1080/13588260802614365.

A. O. Atahan, J. M. Hiekmann, J. Himpe, and J. Marra, “Development of a continuous
motorcycle protection barrier system using computer simulation and full-scale crash
testing,” Accident Analysis and Prevention, vol. 116, no. December 2016, pp. 103—115,
2018, doi: 10.1016/j.aap.2017.04.005.

K. Wilde, A. Tilsen, S. Burzynski, and W. Witkowski, “On estimation of occupant
safety in vehicular crashes into roadside obstacles using non-linear dynamic analysis,”
MATEC Web of Conferences, vol. 285, p. 00022, 2019, doi:
10.1051/matecconf/201928500022.

141



Finite Element Analysis and Investigation of Critical Impact Point of Steel Guardrails ...

[18]

[19]

[20]

[23]

[24]
[25]

[27]

[28]

[29]

142

M. H. Ray, “Repeatability of Full-Scale Crash Tests and Criteria for Validating
Simulation Results,” Transportation Research Record: Journal of the Transportation
Research  Board, vol. 1528, no. I, pp. 155-160, 1996, doi:
10.1177/0361198196152800117.

Z. Ren and M. Vesenjak, “Computational and experimental crash analysis of the road
safety barrier,” Engineering Failure Analysis, vol. 12, no. 6 SPEC. ISS., pp. 963-973,
2005, doi: 10.1016/j.engfailanal.2004.12.033.

M. Borovinsek, M. Vesenjak, M. Ulbin, and Z. Ren, “Simulation of crash tests for high
containment levels of road safety barriers,” Engineering Failure Analysis, vol. 14, no.
8 SPEC. ISS., pp. 1711-1718, 2007, doi: 10.1016/j.engfailanal.2006.11.068.

W. Borkowski, Z. Hryciow, P. Rybak, and J. Wysocki, “The researches of effectiveness
of road restraint systems,” Journal of Konbin, vol. 13, no. 1, pp. 53-64, 2010, doi:
10.2478/v10040-008-0136-1.

T. Niezgoda, W. Barnat, P. Dziewulski, and A. Kiczko, “Numerical modelling and
simulation of road crash tests with the use of advanced CAD/CAE systems,” Journal of
Konbin, vol. 23, no. 1, pp. 95-108, 2012, doi: 10.2478/jok-2013-0041.

L. Pachocki and K. Wilde, “Numerical simulation of the influence of the selected
factors on the performance of a concrete road barrier H2/W5/B,” MATEC Web of
Conferences, vol. 231, 2018, doi: 10.1051/matecconf/201823101014.

LSTC, “LS-DYNA Keyword User’s Manual Volume,” vol. I, no. February. 2018.

J. Chell, C. E. Brandani, S. Fraschetti, J. Chakraverty, and V. Camomilla, “Limitations
of the European barrier crash testing regulation relating to occupant safety,” Accident
Analysis and Prevention, vol. 133, no. July, p. 105239, 2019, doi:
10.1016/j.aap.2019.07.015.

S. Ozcanan and A. O. Atahan, “RBF surrogate model and EN1317 collision safety-
based optimization of two guardrails,” Structural and Multidisciplinary Optimization,
vol. 60, no. 1, pp. 343-362, Jul. 2019, doi: 10.1007/s00158-019-02203-z.

NCAC (2008) Finite element model archive, George Washington University
FHWA/NHTSA National Crash Analysis Center, http:/
www.ncac.gwu.edu/vml/models.html, Virginia (Accessed 2008)

Europan Norm, “BS EN 16303:2020 BSI Standards Publication Road restraint systems
— Validation and verification process for the use of virtual testing in crash testing
against vehicle restraint system,” 2020.

S. Ozcanan and A. O. Atahan, “Radial basis function surrogate model-based
optimization of guardrail post embedment depth in different soil conditions,”
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile
Engineering, vol. 234, no. 2-3, pp. 739-761, Feb. 2020, doi:
10.1177/0954407019848548.

CSI(2017) Crash testing of H1 and H2 guardrails systems. 0021\ME\HRB\17, Bollate,
Italy



[31]

[32]

Sedat OZCANAN

N. Abraham, B. Ghosh, C. Simms, R. Thomson, and G. Amato, “Assessment of the
impact speed and angle conditions for the ENI1317 barrier tests,” Int. J.
Crashworthiness, vol. 21, no. 3, pp- 211221, 2016, doi:
10.1080/13588265.2016.1164444.

C. Jurewicz, A. Sobhani, J. Woolley, J. Dutschke, and B. Corben, “Exploration of
Vehicle Impact Speed - Injury Severity Relationships for Application in Safer Road
Design,” Transp. Res. Procedia, vol. 14, pp. 4247-4256, 2016, doi:
10.1016/j.trpro.2016.05.396.

143






Turkish Journal of Civil Engineering, 2023 145-172, Yazi1 729, Arastirma Makalesi
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Bu ¢alismada, %50 ve %85 olmak {iizere, iki farkli rolatif sikiliga sahip kum zeminde 40 adet
model test deneyi yapilmistir. Model temel sistemleri; uygulanan yiikiin, sadece radyeye,
sadece kaziklara ve kazikli radye temel sistemine tasitildigi durumlar dikkate alinarak
olusturulmustur. Kazikli radye temeller radyenin zemine goémiilii oldugu ve zemine goémiilii
olmadigi iki farkli durum igin irdelenmistir. Eksenel statik artimsal yiikler altinda analiz
edilen modellerde; optimum kazik araligimnin radyenin goémiilii olmadigi durumda daha
kiiglik, gomiilii oldugu durumda ise daha biiyiikk S/D oranina sahip oldugu belirlenmistir.
Optimum kazik araligi, orta sik1 zeminde, 1.5D ile 4D, ¢ok siki zeminde 4.5D ile 6D arasinda
bulunmustur.

Anahtar Kelimeler: Yapi zemin etkilesimi, kazikli radye temel, optimum kazik araligi,
kazik tasarim parametreleri, model test.

ABSTRACT

Experimental Investigation on Foundation Behaviour and Optimum Pile Spacing in
Cohesionless Soil

In this study, 40 model test were conducted with cohesionless soil in two different relative
density of 50 % and 85 %. The model tests were categorized into 3 different configurations
as only raft, only pile and piled raft foundation. Also the model tests of the piled rafts were
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configured as shallow and surface. During the tests vertical loads were incrementally applied.
The results demonstrate that the optimum pile spacing is smaller in the surface case compared
to the shallow case. The study demonstrated experimentally that optimum pile spacing is to
be between 1.5D to 4D, for 50 % relative density, whereas the optimum pile spacing for 85
% relative density is 4.5D to 6D.

Keywords: Soil-Structure Interaction, Piled Raft Foundation, Optimum Pile Spacing, Pile
Designing Parameters, Model Test

1. GIRiS

Kazikli radye temeller, tasima giicii sinir degerinin yeterli olmadigi veya izin verilen oturma
miktarmin asildig1 durumlarda uygulanmaktadir. Kazikli radye temel sistemlerinde iistyap:
yiikii kazik ve radye tarafindan beraber taginarak zemine aktarilmakta, bu agamada zemin-
kazik-temel-listyap1 sistemleri birbiriyle etkilesim igerisinde bulunmaktadir. Kazikli radye
temel sistemleri ekonomik agidan miimkiin olan en az kazik sayisiyla iistyap:r yiikiinii
tasimay1 amagclamaktadir. Ustyap: yiikii altinda calismaya baslayan kazikli radye temel
sisteminde; kazik ve radye plagi arasindaki yiik paylagim oranlari, temel sisteminin zemin ile
olan etkilesimine gore sekil almaktadir. Bu noktada; 6zellikle siirtiinme kazikli sistemlerde
iist yap1 yiikiine maruz temel sistemlerinde ilk mobilizasyon yada ilk oturma baslayincaya
kadar; iist yapidan gelen yiik, biiyiik oranda kaziklar tarafindan tasmmaktadir. Ilk
mobilizasyonun tamamlanmasiyla, kazik ucu kotunda yiikiin biiyiik bir kism1 zemine transfer
olmus olacak ve temelin oturma degerleri minimize olacaktir. Tam bu noktada kaziklar
maksimum tagima giiciine ulasacak ve yiik, plak temel tarafindan da karsilanmaya
baslayacaktir. Belirtildigi gibi s6z konusu bu sistemin zemin-kazik-radye-iistyap1 etkilesimi
dahilinde sistemin ¢alisma mekanizmasini irdelemek, sistemin ekonomik ve giivenli dizayn
kriterlerinin belirlenmesine katki saglayacaktir [1, 2].

Son yillarda kazikli radye temellerin davranisinin, farkli yontemler kullanilarak incelendigi
calismalarla sikca karsilagilmaktadir. Konuyla ilgili caligmalarda kullanilan yontemler genel
olarak; analitik yontemler, niimerik yontemler, analitik-niimerik yontemler, kiigiik 6lgekli
laboratuvar model testleri, saha vaka analizleri seklinde gruplandirilabilmektedir [3, 4, 5].
Krisnanto ve dig. [5], bu yontemler arasinda olan kii¢iik dlgekli laboratuvar model testlerinin,
Ozellikle 6n tasarim asamasinda nihai yiik ve oturma davraniginin belirlenmesinde etkili
oldugunu belirtmistir.

Kazikli radye temel sistemlerinin geleneksel tasariminda temel plaginin tagima kapasitesine
katkis1 gozardi edilerek sadece kaziklarin yiik tagidig dikkate alinmaktadir. Bununla birlikte
bu tip sistemlerde radye plaginin tagima kapasitesine artan yonde, oturmalarda azalan yonde
katkr sagladigi bilinmektedir. Kuwabara [6] ve Sharafkhah ve Shooshpasha [7], diisey
yiiklenmis kazikli radye temellerin davranislarinin elastik teoriye dayanan sinir eleman
yontemiyle analiz edildigi ¢alismalarda kazik basliginin zemine temas etmedigi, sadece
kaziklarin yiik alabildigi temel sistemleri ile kazikli radye temellerin davranisi
kargilagtirmistir. Kazikli radyelerde, diisey yiikiin %20-40 arasindaki kisminin radye
tarafindan ve kalan %60-80 arasindaki kisminin ise kaziklar tarafindan tasinacagi bu
calismalarda ifade edilmistir.

Kazikli radye temel davranisinin incelendigi model testlerde kazik ¢api, kazik uzunlugu ve
zemin sikilig1 gibi parametreleri degisken kabul ederek, kazikli radye temellerde plagin
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tasima giicline katkisinin ve optimum kazik araliginin incelendigi caligmalar mevcuttur [8, 9,
10]. Bu calismalarda sinir kosullarinin test sonuglarina etkisinin minimize edilmesi amaciyla
tank boyutlar1 i¢in minimum derinlik ve genislik tavsiyeleri bulunmaktadir [11]. Nihai tagima
giicliniin artmasinda kazik uzunlugu, kazik ¢ap1, rolatif sikilik ve kaziklar arasi mesafe v.b.
parametreler etkili olmakla birlikte, kohezyonsuz zeminde kazik capi, kazik uzunlugu,
kaziklar aras1 mesafenin degisken olarak incelendigi bir ¢alismada kazikli radye temellerin
sadece radye temele gore gevsek kum zeminlerde %42-129 oraninda, siki zeminlerde ise
%74-124 daha fazla tasima giiciine sahip oldugu belirtilmistir [12].

Raut ve Dig. [13] saha gozlemleriyle kazik uzunlugu, kazik ¢ap1 ve temel boyutlarinin, kazik
radye yiik paylagim oranini nasil etkiledigini inceleyen bu ¢alismada ayni kazik uzunlugunda
(Lp), kazik ¢apindaki (D) artisin kaziklar tarafindan karsilanan yiikte artisa neden oldugu
bulunmustur. Diger yandan Lp/D oraninin artmasiyla ayni yiik altinda ayn1 kazik araligindaki
kazikli temel tasarimlart diisey yiik altinda daha az oturmaktadir [13,14]. Model testlerde
Lp/D oran1 ve kazik sayisi arttikca kazikli radye temellerin ayni oturma mertebesinde radye
temellere gore daha fazla yiik aldig1 analiz edilmistir [15]. Ancak {istyapr yiikii kaynakli
eksantirisitenin mevcut oldugu durumlarda uzun kazik kullanimmin yap1 tizerindeki riski
biiyiitecegi yapilan c¢alismada belirtilmistir. Bu tiir durumlarda uzun kaziklarin zemindeki
oturmay1 azaltmasina ragmen kisa kazikli radye temelin kullaniminin uygun olacagi da ifade
edilmistir [16]. Kazik baghiginin rijit, yar1 rijit veya esnek olmasi durumu gbz Oniine

artiglarinin oturma davraniglarini artirdigi belirlenmistir [17].

Kazik yerlesim araligi dikkate alindiginda kazik basimnin zemine gomiili oldugu veya
olmadig1 durumda kaziklar arasi mesafenin nihai tasima giiciine etkisi {lizerine yapilan
caligmalarla incelenmistir. Kazik basmin zemine gdmiilii olmadigi durumda, kaziklar arasi
mesafenin 4D ‘den daha biiyiik olmasinin nihai tasima kapasitesinde azalmaya neden oldugu,
kazik basinin gémiilii oldugu durumda ise kaziklar aras1 mesafenin 4D degerinden biiyiik
olmas1 durumunda dahi nihai tasima kapasitesinde artigin devam ettigi goriilmiistiir. Kaziklar
arasi mesafe artsa bile kazik ve temel birlikte calismaya devam ettigi igin tasima giicii
acisindan katki ortaya koymaktadir. Ancak 1D ve 2D gibi mesafe araliginda kaziklar arasinda
zeminde gerilme girisimleri olugsmaktadir. [18]. Tekil kazik, kazik grubu, sadece radye ve
kazikli radye temel yiliklemesinde optimum kazik araligi 3D olarak kazikli radye temel
sistemi i¢in elde edilmistir [19]. Deneysel ve sayisal olarak yapilan analizlerde kazik yerlesim
araligi/kazik capi oranlarinin incelenmesi disinda kazik araligi/temel genisligi (S/B ) orani
dikkate alindiginda bu oranin % 0.7 oldugu durumda kazikli radye sisteminin iistyap1 yiikiine
kars1 en yiiksek tasima kapasitesinde oldugu literatiirde ifade edilmistir[1]. Saha ¢alismalar1
ve kazikli radye temeller i¢in Clancy ve Randolph [20] tarafindan 6nerilen formiillerden elde
edilen veriler karsilastirmali dikkate alindiginda ayni yiik altinda oturma degeri agisindan
saha ¢alismalar1 ve formiiller arasinda % 23’e varan farklar ¢ikmaktadir [21]. Bu amagla 6n
tasarim yaparken model deneyleri dikkate almak bize yol gdsterici olmaktadir.

Bu ¢alismada, model testlerle optimum kazik yerlesimine, Lp/D orani, temel ve kazik
geometrisi, zemin elastisite modiilii v.b. degiskenlerin etkisi aragtirilmistir. Ayni zemin
kosullari, sadece radye, sadece kazik, radyenin zemine gémiilii oldugu ve olmadigi durumda
kazikli radye temel olarak 4 farkli kosul altinda analiz edilmistir. 0.5-1.0 mm dane cap1
dagilimina sahip iki farkli sikiliktaki kum zeminde artan statik yiik altinda testler yapilmistir.
Calismada kazikli radye temel sistemlerinde, ilk mobilizasyon kaynakli yiik paylasim
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mekanizmasini ayristirabilmek igin temel plagi zemine gdmiilii ve plak tabani zemin kotunda
yani temelin gdmiilii olmadig1 durumda olmak iizere iki asamada degerlendirilmistir. Model
testlerde iki farkli temel boyutu, iki farkli kazik capi, 1.5D, 2D, 3D, 4.5D ve 6D kazik aralig1
icin olusturulan numuneler, ¢ok siki ve orta siki zemin kosullarinda test edilmistir. Deneyler
sonucunda elde edilen veriler kullanilarak, kazik uzunlugu/cap orani, temel ve kazik
geometrisi, zemin sikiligi, {istyap1 yiikii, oturmalar v.b. kazikli radye temel sisteminin tagima
giicli lizerinde etkisi bulunan yapi-zemin unsurlarinin katkilar1 degerlendirilmis ve bu
degerlendirmeler 1s181nda kazik radye yiik paylagim orani, optimum kazik aralig1 v.b. tasarim
parametreleri hakkinda literatiire katki saglanmistir.

2. MATERYAL VE METOT
2.1. Model Testlerde Kullamlan Zeminin Miihendislik Ozellikleri

Bu ¢aligmada kullanilan zemin Kocaeli ilinden temin edilmis olan kotii derecelenmis (SP)
kuvars kumudur. ki farkli rélatif sikilikta (% 50 ve % 85) hazirlanan kum zemin iizerinde
model deneyleri yapilmistir. Model testlerde kullanilan zeminin indeks 6zelliklerinin
belirlenmesi icin ASTM D6913 [22] standardiyla elek analizi, ASTM D854-14 [23]
Standartiyla Piknometre, ASTM D4253-16 [24] standardiyla maksimum ve minimum bosluk
orani, ASTM D3080 [25] Standardiyla direkt kesme kutusu deneyleri yapilmustir. ilgili zemin
deneylerinin sonuglart Sekil 1 ve Tablo 1,2 ve 3’te verilmistir.
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Gerilmesi Normal Gerilme Degerleri Gerilmesi- Normal Gerilme Degerleri

Sekil 1 - Zemin Dane Capi Dagilimi ve Direkt Kesme Kutusu Kayma-Normal Gerilme
Grafikleri
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Tablo 1 - Kumun Fiziksel Ozellikleri

Graniilometri Parametreleri Birim Deger
Kaba Kum Yiizdesi % 0
Orta Kum Yiizdesi % 100
Ince Kum Yiizdesi % 0

Do mm 0.48

D3 mm 0.65

Deo mm 0.85

Dso mm 0.75

Uniformluk Katsayis1 C, - 1.77
Derecelenme Katsayisi C - 1.03
Zemin Sinifi - SP

Tablo 2 ve 3’te kum zemine ait sikilik 6zellikleri verilmis olup, % 50 ve % 85 sikilikta model
test tankina yerlesimi i¢in gerekli mithendislik parametreleri belirlenmistir.

Tablo 2 - Kum Zemine Ait Sikiltk Degerleri

Rolatif Sikilik Parametreleri Birim Deger
Dane Birim Hacim Agirligi kN/m? 26.8
Maksimum Bogluk Orani(emaks) - 0.85
Minimum Bosluk Orani(emin) - 0.51
Yimaks kN/m? 17.41
Ykmin kN/m? 14.21

Tablo 3 - Kum Zeminin Cok Siki ve Orta Stki Durumdaki Malzeme Ozellikleri

%85 Sikilik %350 Sikilik
Yiura(kKN/m?) 17 15.8
E(kN/m?) 36010 21060
v 0.3 0.3
G(kN/m?) 13850 8100
d(°) 42 38
c(kN/m?) 0 0
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Tablo 3’te yer alan elastisite, kayma modiilii ve Poisson oranm1 Sekil 1 b ve c’de yer alan
baslangic asamasindaki direkt kesme kutusu deneylerinden elde edilen kayma gerilmesi
yatay birim sekil degistirme oranlanarak kayma modiilii elde edilmis buna gore literatiirde
Noonan ve ark. [26] ve Cetin [27]de yer alan formiillerden yararlanilarak elastisite modiilii
ve Poisson orani hesaplanip, Tablo 3 olusturulmustur.

2.2. Model Test Deneylerinde Kullanilan Temel ve Kaziklara Ait Ozellikler

Model deneylerde kullanilan temel plaklar1 ve kaziklar ¢elik malzemeden imal edilmistir.
Calismada, uzunluklar1 ayn1 olan iki farkli ¢apa sahip kazik tipi, kalinliklar1 ayn1 olan iki
farklt boyuttaki temel tipi kullamilmistir. Temel plaklarmin cidar kalinligt 20 mm dir.
Kaziklara ve temellere ait malzeme 6zellikleri ve boyutsal parametreler Sekil 2 ve Tablo 4°te
verilmigtir.

no
()
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a
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o0 ¢
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(R ()
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b L]

Sekil 2 - Temel plagi ve kazik elemanlarin boyutsal parametreleri

Sekil 2’de temel genisligi (B), temel uzunlugu (L) ve kazik uzunlugu (Lp) ve kazik ¢ap1 (D)
gorsel olarak yer almaktadir.

Tablo 4. Temel ve Kazik Geometrik Olciileri ve Kazik Malzeme Ozellikleri

Malzeme Cinsi Malzeme Niteligi B(mm.) L(mm.) D(mm.) Lp(mm.) LD y(kN/m?) E(kN/m?) v

Birinci Temel 120 120 - - 77 2*%10% 0.30
Ikinci Temel 200 160 - - 77 2%108 0.30
Celik
Birinci Temel Kazig1 - - 7.5 230 30.7 77 2*108 0.30
fkinci Temel Kazig1 - - 20 210 10.5 71 2%108 0.30

Calismada kullanilan tanklar ¢elik levhalar kullanilarak tasarlanmig, tank duvarinda yeterli
esnasinda zemin tabakasinda sikismaya bagl olarak meydana gelebilecek hareketliligin
gozlemlenebilmesi amaciyla model test tankinin cam kaplamali gozlem bosluklar
bulunmaktadir ve Sekil 10°da goriilmektedir. Statik yiikleme kosullarindaki model testlerde,
sinir kosullarmin test sonuglarina etkilerini degerlendirmek amaciyla 500 mm derinlige
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sahip, 500x500 mm ve 500x750 mm boyutlarinda iki farkli kum tanki {izerinde referans
model test deneyleri yapilmistir. Referans deneylerden elde edilen sonuclar birbirleriyle ve
Plaxis 3D sonlu elemanlar programi sonuglari ile karsilastirilmistir. Sinir kosullar etkisi bir
sonraki boliimde degerlendirilmistir.

2.3. Siir Kosullar Etkisi

Statik yiiklemeye tabi tutulan model testlerde, sinir kosullarinin test sonuglarina etkilerini
inceleyebilmek igin derinlikleri 50 cm sabit kalmak kaydi ile yatay 6lgiileri 50x50 cm ve
50x75 cm boyutlarindaki iki adet kum tankinda referans model testler (Sekil 9, Durum 1)
yapilmistir. Durum 1 ve Durum 2 (Sekil 3 a ve b ) i¢in iki farkli temel boyutunda (12%12
cm ve 20*16 cm) Tablo 2 ve Tablo 3’te bulunan rijitlik parametreleri kullanilarak Plaxis 3D
programinda sayisal modeller olusturulmustur. Sayisal analizlerde smir kosullarin
sonuglara olan etkisini irdeleyebilmek amaciyla, sonlu modeller 50x50x50cm(Sekil 3c),
50x75x50cm(Sekil 3d) ve saha kosullar1 (Sekil 3e) i¢in tekrarlanmistir. Literatiirde de yer
aldig1 gibi [12], yapilan referans deneylerden elde edilen sonuclar birbirleri ve Plaxis 3D
sonlu elemanlar programu ile karsilastirilmistir. Her ii¢ durumda da oturma ve tasima
kapasitesi sonuglarinin birbiri ile benzer olmasi sebebi ile ¢alismada kullanilan tanklarin
deney sonuglari igin yeterli oldugu anlasilmistir.

| . )
z 1 : x
xx;“‘ ‘\‘ X

i
a.Sadece Temel Durum 1 3D Plaxis b. Kazikli Radye Temel 2. Temel Durum
Modeli 2 3D Plaxis Modeli
< »
c.(x,,2)50*50*50 cm. d. (x,y,2)50*75*50 cm e. (x,,z)10*20*10 m.

Sekil 3 - Plaxis 3D Sayisal Modelleri Genel Goriiniimii ve Tank Boyutlari

Calismada tablo 5’te yer alan E1,E8,E15,E18,E22, E25 model test deneyleri ve Sekil 3
c,d,e’de yer alan 3 farkli sinir kosuluna gore yapilan tim Plaxis 3D sonlu elemanlar
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analizlerinde elde edilen yilik-oturma davraniglarimin drtiismekte oldugu Sekil 4 ve Sekil 5°te
goriilmektedir.

o <& 4
4 0 o ¥ X
€ 6 0 ? RN
3 ¢ ? 2%
© 8 D o \
E X
2 10 (u] ol
o X
(] Lol
: X
12 o Pl
-14 X X
-16
Yiik(kN)
00— E1 —0—E15 E8 —%— E22 —4—PIxE1 —=—PIXE15 —%—PIXE8 Plx E22

Sekil 4 - E1,LES8,E15,E22 Durum 1 icin yapilan Deneysel ve Sonlu Elemanlar Karsilastirma
Grafikleri

Bu c¢alismadaki model testler arasinda en yiiksek tasima kapasitesine ulasan 2. Temel
boyutlarinda ve 4.5D kazik araligina sahip E18 (orta siki kum) ve E25 (cok siki kum)
deneyleri sonlu eleman analizi ve model test deneyi grafigi Sekil 5’te sunulmustur.

45

Otuma(mm.)

4.5D

-30
Yiik(kN)

-B—E1845D —€—PIx-E18-45D —%—E25-4.5D PIx E25-4.5D

Sekil 5 - E18,E25 Durum 2 4.5D Kazik Aralikli Kazikli Temel Icin Deneysel ve Sonlu
Elemanlar Karsilastirma Grafikleri

Sekil 5’ten goriilecegi lizere bahsedilen tank boyutlarinda, sonlu eleman analizleri ve model
test sonuglar1 birbiri ile uyum igerisindedir. Elde edilen bu sonuglar ¢alismada kullanilan
50x50x50 cm boyutlarina sahip tank ile yapilan deneylerin smir kosullarindan
etkilenmeyecegini gostermistir. Bu nedenle model test g¢alismalarinda ve analizlere
50x50x50 cm boyutlarindaki tank kullanilarak devam edilmistir.
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2.4. Model Test Deneylerinin Uygulamasi ve Test Programi

Farkli boyutsal parametrelerin mevcut oldugu model testlerin sonuglarmin ayni diizlemde
degerlendirilebilmesi, tekrarlanabilirlik ve sonu¢ olarak caligmanin etkinligi acgisindan,
yiikleme hizi, sinir kosullari ve 6zellikle zemin kosullarinin standart hale getirilmesi oldukga
onemlidir. Bu nedenle, zeminin kum tankina doldurulmasi esnasinda azami Ozen
gosterilmigtir. Kum zeminin tanka doldurulmasi i¢in bir yagmurlama kulesi kullanilmis ve
zemin danelerinin tankin i¢ine ayni1 yiikseklikten serbestce diigiiriilmesi saglanmigtir. Tankin
yagmurlama kulesinden yiikleme iinitesine taginmasi sirasinda olast sarsintilarin zemin
sikiligint degistirmesini engellemek amaciyla kayar ving hatti tasarlanmistir. Sekil 6’da
gosterilen diizenek sayesinde kum tanki i¢indeki zemin tabakasinin yagmurlama hattindan
yiikleme tinitesine istenilen kosula en yakin durumda olacak sekilde gegisi saglanmustir.

S~

(a) Model Testin Hazirlamsindaki Ilk Asama (b)Model Testin Ikinci Asamast
Sekil 6 - Model Testlerin Hazirlanis ve Yapilma Gérseli

Sekil 6a’da yer alan yagmurlama kulesinden diisen kum, boru i¢inde hizlanarak boru agzinda
model tankinin i¢ine 5 cm yiikseklikten diismektedir. Bu dogal akis ile kum tankindaki zemin
tabakasmin % 50 rolatif sikilikta yerlesmesi saglanmaktadir. Tankin 500mm olan derinligi,
50mm kalinliginda 10 zemin tabakasi halinde yerlestirilmistir. Tankin alt ve iist kismina
yerlestirilen 30mm ¢apinda 20mm derinliginde numune alma kaplari yardimiyla her dolumda
iki defa olmak tizere rolatif sikilik kontrolii yapilmstir [12, 28, 29].

Calismada dikkate alman ikinci sikilik degeri olan %85 rolatif sikiliga ulasabilmek igin
vibrasyonla sikistirma teknigi kullanilmigtir [28, 29]. Sikistirma islemi yukarida bahsedilen
her 50 mm’lik serim islemi gergeklestirildikten sonra uygulanmustir. Sekil 7’de bu
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uygulamaya ait genel goriiniim verilmistir. Vibrasyon isleminin zemin graniilometrisinde
olast etkilerini degerlendirebilmek agisindan sikistirma islemi 6ncesi ve sonrasinda yapilan
elek analizleri vibrasyonla sikistirmanin zemin graniilometrisinde kayda deger bir degisime
neden olmadigi islem Oncesi ve sonrast her iki elek analizi sonuglarmin ¢ok yakin
cikmasindan dolay1 gostermistir.

Sekil 7 - Kohezyonsuz Zemini Istenilen Rolatif Stkiliga Getirmek icin Titresim Cihazi

’/Yukleme Kirisi

YUkleme Pistonu

Deplasman

lger
Kazikh Radye
Temel

i Ankra j i

Sekil 8 - Deney Diizeneginin Sematik Olarak Gosterimi

Yukleme Kolu

Adu

Veri
Aktarma
OUnitesi

Bilgisayar

Basing Olcer
%/

Sekil 8’de deney diizeneginin genel semasi yer almaktadir. Diizenekte; yiikleme kirigi,
yiikleme pistonu, yiikleme kolu, deplasman 6lger, kazikli radye temel, basing dlger, veri
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aktarma tnitesi ve bilgisayar yer almaktadir. Yiikleme pistonu 20 ton kapasiteli olup 0.5
mm/dk’lik ylikleme hizina sahiptir. Yiikleme kolunun i¢inde 5 tonluk 0.01 kN hassasiyetinde
yiik hiicresi bulunmaktadir. Deplasman 6lcerler 50 mm’ye kadar 0.01 mm hassasiyetinde
Ol¢iim alabilmektedir. Buna gore Sekil 8’den goriilecegi iizere kazikli radye temel kum
tankimin i¢ine 0.5 mm/dk’lik hiz ile yerlestirilmekte daha sonra yiik oturma egrileri bu
sistemler yardimiyla olusturulabilmektedir. Sekil 8’de goriilen basing Olgerler sayesinde
kazikli temelin alt bolgesinde, diger bir deyisle literatiirde [11, 30, 31] esdeger radye olarak
tanimlanan bolgede basing degerleri 6lgiilebilmektedir. Bu sistem ve degerleri belirtildigi
gibi literatiirde yer alan calismalara [32,33] hassasiyet ve yiikleme hizi olarak uyum
saglamaktadir. Diger yandan bu standartlar digina ¢ikilmasi halinde kaziklarin yerinde dokme
veya ¢akma kazik olarak davranmasi s6z konusudur, bu durumlar i¢in de benzer bigimde
yerlestirme ve yiikleme standartlari bulunmaktadir [32, 33]. Calismada kullanilan radye
temel ve kazikli temel sistemleri dort farkli durumda incelenmistir. Sekil 9°da model testlerde
dikkate alinan baglangi¢ kosullar1 gosterilmistir. Buna gore Durum 1’de sadece radye temel,
Durum 2’de kazikli radye (radye plaginin zemine gémiilii oldugu durum), Durum 3’te sadece
kazik temel (kazik basliginin zemin iist kotundan 25 mm. yiiksekte bulundugu durum),
Durum 4’te plak tabani zemine (radye temelin gomiilii olmadig1 durum) temash kazikli radye
dikkate alinarak yiikleme testlerine tabi tutulmustur.

D
=
P P
— = -
1.Durum 2.Durum 3.Durum 4.Durum

Sekil 9 - Model Testlere Yerlestirilen Temel Sistemlerinin Gdsterimi

Testlerde kullanilan temel, kazik ve zemin sikilik varyasyonlarina bagl olarak parametre
sayisinin artirildig bu ¢alismada, olusturulan deney diizeneklerinin isimleri ve dikkate alinan
parametrelerin degerleri Tablo 5’te gosterilmistir. Tabloda boyutsal agilimlar1 ve zemin
durumlari ifade edilen toplam 40 adet model test deneyi yapilmustir. Caligmada dikkate alinan
temel sistemi durumlarina ait test goriintiileri Sekil 10°da verilmistir.

Tablo 5 - Deney Programi

*@G Orta Siki
Deney No B(mm.) | L(mm.) | Lp(mm) | d(mm) | Lp/D S
*S Siki1 Durum
_ G El 120 120 - - - -
g S E8 120 120 - - - -
§ G E15 200 160 - - - -
S E22 200 160 - - - -
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Tablo 5 - Deney Programi (devam)

:G Orta Stk Deney No B(mm.) | L(mm.) | Lp(mm) | d(mm) | Lp/D S
S Siki Durum
. G E2,E3,E4 120 120 230 7,5 30,7 2D, 4D, 6D
£ S | E9,EI0EII 120 120 230 75 | 30,7 | 2D, 4D, 6D
Qg G | E16,E17,E18 200 160 210 20 10,5 | 1.5D, 3D, 4.5D
S E23,E24,E25 200 160 210 20 10,5 | 1.5D, 3D, 4.5D
- G E5,E6,E7 - - 230 7,5 | 30,7 | 2D, 4D, 6D
g S E12,E13,E14 - - 230 7,5 30,7 2D, 4D, 6D
Qg G | E19,E20,E21 - - 210 20 | 10,5 |1.5D,3D,4.5D
S E26,E27,E28 - - 210 20 10,5 | 1.5D, 3D, 4.5D
- G | E29,E30,E31 | 120 120 230 7,5 | 30,7 | 2D, 4D, 6D
g S E32,E33,E34 120 120 230 7,5 30,7 2D, 4D, 6D
g G | E35,E36,E37 200 160 210 20 10,5 | 1.5D, 3D, 4.5D
. S E38,E39,E40 200 160 210 20 10,5 | 1.5D, 3D, 4.5D

e

b)Durum 2 E23 Kazikli Radye Temel
Deney Fotografi

d)Durum 4 E29 Deney Fotografi

Sekil 10 - Durum 1,2,3,4 gosteren model test deneyleri
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Sekil 10°da ¢aligmada temel sistemi test durumlarina ait 6rnek goriiniimler verilmistir. Model
test kutusunun iizerine yerlestirilen cam kaplamali gézlem bosluklar1 sayesinde deney
esnasinda zemin tabakasinda sikigmaya bagli hareketlilik gdzlemlenmistir.

3. BULGULAR VE TARTISMA

Kazikli radye temellerin davranisinin deneysel olarak incelendigi bu ¢alismada, orta siki ve
¢ok siki olmak tizere iki farkli sikilikta hazirlanan kotii derecelenmis kum zemin igin model
deneyler yapilmistir. Deneylerde kazik ¢api, kazik uzunlugu, kaziklar aras1 mesafe ve temel
boyutlar1 degisken olarak secilmistir. Kazik-temel plak etkilesiminin daha net olarak
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Oturma(mm.)
Oturma(mm.)

. 6D
Yiik(kN) Yiik(kN)
_ _ —+—E1 —0—E29-20 E30-4D —X—E31-6D _ _ —+—E8 —O—E32-20 E33-4D —X%—E34-6D
e) %50 Rélatif Stkilik Durum 1-Durum 4 1 %85 Rélatif Sikilik Durum 1-Durum 4
Karsilastirmasi Karsilastirmasi

Sekil 11 - 120x120x20mm plak, D7,5 mm kazik ¢capi durumuna ait model test sonuglart
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anlagilabilmesi igin deneyler, Sekil 9°da gosterilen dort farkli durum igin aynmi kosullarda
tekrarlanmigtir. Bu kapsamda yapilan model testlerden elde edilen yiik oturma degerleri
grafiklendirilmistir. Grafiklerde iki farkli boyuttaki temel geometrisi, orta siki ve ¢ok siki
zemin kosulunda dort farkli baslangic durumu icin elde edilen sonuglar ayr1 ayri olarak
sunulmustur. Sekil 11°de 120x120x20 mm boyutlarindaki birinci temel durumuna ait
sonuglar gosterilmistir. Sekilde kazikli radye temel durumlarini (Durum 2, 4) ve sadece kazik
temel (Durum 3) temsil eden sonuglar, sadece radye temel (1. Durum) igin elde edilen
referans deger ile karsilastirmali olarak sunulmustur. Sekil 11°de sol siitunda yer alan
grafikler zeminin %50 rolatif sikilik degerindeki orta sik1 yerlesimine, sag siitundaki grafikler
%85 rolatif sikiliktaki ¢ok siki yerlesime aittir.

Tablo 6 - 1. Temel Igin Durum 1,2 ve 4 Kendi Icinde Kazik Temel Yiik Paylasma Oranlart

Referans Deney Karsilagtirma Deneyi
Deney | Temel Nihai Tagima Deney | Kazikli Temel Nihai Tasima | Kazik Tasima Temel Tagima
No Kapasitesi(kN) No(S) Kapasitesi(kN) Yiizdesi(%) Yiizdesi(%)
El 1.5 E3(4D) 5.2 71.15 28.84
E8 7.62 E11(6D) 21.44 64.45 35.54
El 1.5 E30(4D) 3.73 60 40
E8 7.62 E34(6D) 16.61 54.12 45.87

Tablo 6’da Durum 1, 2 ve 4’iin kazik ve temelin yiik paylagsma oranlar1 yer almaktadir.
1.durum radye temelin gogme anindaki nihai yiik diger kazikli radye temelin birlikte ¢alistig1
durum 2 ve 4’{in nihai tasima kapasitelerine boliinerek kazik radye yiik paylasim oranlari
yiizde olarak tabloda verilmistir.

Temel tasima kapasitesi 100 (1)

Temel Tasima Yiizdesi =
Kazikli temel Tasima Kapasitesi

Birinci temel tipi igin yapilan model testlere ait sonuglarin verildigi Sekil 11 incelendiginde;
orta siki ve ¢ok siki zemin kosullarinda kazik araliklarnin, temel sisteminin diisey
deplasmanlar1 ve nihai tasima kapasiteleri {izerinde belirleyici sonuglar1 oldugu
goriilmektedir. Sekil 11a’da orta siki1 kumda referans deney yani sadece radye temelin nihai
durumu olan 1,5 kN tasima kapasitesi dikkate alinarak, Durum 2 icin kazik-radye yiik
paylasim oranlari karsilastirilmistir. Kaziklar arasi mesafenin 4D oldugu E3 no’lu kazikli
temel sistemi, -25 mm disey deplasman degerinde 5,2 kN nihai tasima kapasitesine
ulagsmustir. Bu deger, E1 nolu referans deneyde elde edilen kapasite degerinin (1,5 kN) 3,46
katina karsilik gelmektedir. Bu deney igin sisteme eklenen kaziklarin etkili oldugu nihai
durum dikkate alindiginda temel sistemine gelen yiikiin %71.15 oraninda kaziklarca
karsilandig1 hesaplanmistir. 6D araligindaki E4 nolu deneydeki kazikli temel sisteminde 4
kN nihai kapasite degeri elde edilmis, bu durum i¢in kaziklar %62.5 oraninda yiiki
istlenmistir. 2D araligindaki E2 nolu deney i¢in elde edilen sonuglar incelendiginde; orta siki
zemin durumu i¢in radye ve kazikli radye tasima kapasiteleri agisindan belirgin bir farkliligin
olmadig goriilmektedir. Kumdaki kazikli temelllerde kaziklar aras1 mesafe i¢in dnerilen sinir
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degerlerin altinda kalindig1 bu durumda, literatiirde belirtilen gerilme girisiminin [20, 30, 31,
34], gelismesiyle temel sisteminin tasima kapasitesi diigmiistiir ve referans deney(durum 1)
ile neredeyse ayn1 degerde nihai yiik dayanim degeriyle karsilagilmistir Sadece 4D araliktaki
E3 deneyinde kaziklarin yiik paylasimina %71.15 oraninda katki sagladigi, diger kazik
yerlesimlerinde siirtinme direncinin yeterli seviyede mobilize olamamasi nedeniyle bu
oturma degerinde kaziklarin yiik paylagimina katki saglayamadigi gozlenmektedir [30].
flerleyen yiikleme asamalarinda nihai sinirda 6D araliktaki E4 deneyinde kaziklarin yiik
paylasimina olan katkist %62.5 mertebesine ulagsmaktadir. Ancak 2D araligindaki E2
deneyinde kazik-zemin etkilesim bdlgesinde gerilme girisimi[6, 35, 36, 37, 38], nedeniyle
tagima giicli azalirken, kaziklar arasi mesafenin oldukg¢a fazla oldugu 6D durumunda blok
davranis s6z konusu olamamis, 4D durumunda ise kazik grubu blok olarak davrandigindan
tagima giicli daha yiiksek ¢ikmig diger bir deyisle kaziklar en etkin sekilde ¢alismustir.

Sekil 11b’de %85 rolatif sikilik degerinde hazirlanan kumda Durum 2 igin yapilan model test
sonuglart sunulmustur. Sekil 11a ve 11b karsilagtirildiginda tiim kazik araliklar1 i¢in zemin
sikiligindaki artisa paralel olarak tagima kapasitelerinde artis oldugu goriilmektedir. Bu
sikilik durumunda, referans deneyinin nihai tagima kapasitesinin elde edildigi oturma
degerinde (-7.5mm) tiim kazik yerlesimleri i¢in kazikl radyenin tasima kapasitesinin radye
temelin 2 kat1 mertebesinde oldugu goriilmektedir. Kazikli radye temellerin nihai kapasiteleri
dikkate alindiginda kazik yiik paylasim oranlar1 2D ve 4D i¢in %50, 6D durumu igin %70
olarak hesaplanmistir. Bu sonuglar, kaziklar arast mesafenin kazikli radye performansi
tizerinde 6nemli etkiye sahip oldugunu ve optimum araliginin zemin sikilifindan dnemli
oOlgtide etkilendigini gostermektedir. Bu nedenle zemin sikiligina bagl olan optimum kazik
araligma sahip kazikli radye temellerde, etkilesimde bulunan kazik-zemin bolgesinde
stirtinme ve ug direncini artirict yonde kazanimlar gelistigi ve temel sisteminin tagima
kapasitesinde kayda deger artiglar meydana geldigi gortiilmektedir. Bu bulgular Poulos [30]
ve Nyugen vd. [32] tarafindan elde edilen bulgularla 6rtiismekte ve geleneksel oturmadan
bagimsiz temel tasima ve sadece kaziklarin yiik tasima kapasitesini siirtiinme ve ug
direncince hesaplayan s6z konusu formiillerin literatiirde[38] gelismesi gerektigini
gostermektedir.

Calismada Durum 3 olarak tanimlanan ve sadece kaziklarin siirtiinme ve u¢ direncinin sistem
davranisina olan etkisinin ayrigtirilmasi amaciyla olusturulan model testlere ait sonuglar
Sekil 11 ¢ ve d’de gosterilmistir. Bu boliim 120x120x20 mm boyutlarindaki temel sistemi ve
7,5mm ¢apindaki kazik araligina ait sonuglari kapsamaktadir. Deneylerde temel tabant,
zemin {ist kotundan 25 mm yukarida yerlestirilmistir (Sekil 11¢). Bu duruma ait deneylerde
uygulanan yiik; plak tabani ve zemin arasinda temas saglanincaya kadar, kazik yiizey alani
boyunca siirtiinme direnci ve kazik alt ucunda ug direnci tarafindan karsilanmistir. Sonuglar
incelendiginde, kazik tasima kapasitelerinin referans deneyin cok altinda kaldigi
goriilmektedir. Kazik aralig1 sistemin yiik oturma davranigini dogrudan etkilemektedir. Orta
sik1 kumda 6D araligindaki E7 nolu deneyde yilikleme boyunca 0,2 kN nihai kapasite degerine
ulasildiktan sonra sistem yiik alamamistir. Orta siki durumda kaziklar arasindaki mesafe
azaldikea, kaziklarin etkilesime zorlandigi, kazik-zemin sisteminin blok davranisa gegerek
nihai kapasiteye pozitif yonde katki sagladig1 goriilmektedir. Bu bulgular Nyugen vd. [32]
ve Reese vd. [36] tarafindan elde edilen bulgularla ortiismektedir.
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Bununla birlikte sirasiyla 2D ve 4D kazik araliklarinin incelendigi ES ve E6 deneylerinde
temel sistemi oturmadaki artisla yiik almaya devam etmis ancak temel zemine temas edene
kadar referans deney tasima kapasitesine ulasilamamaistir.

Sekil 11d’de %385 rolatif sikiliga sahip kumda Durum 3 i¢in yapilan deneylerin sonuglari
sunulmustur. Zemin sikiligindaki artig, beklenecegi lizere, hem referans deneyde hem de
Durum 3’e ait deneylerde yiik tasima kapasitesine artisa neden olmustur. Cok siki kumda
kazik siirtinmesinden kaynaklanan diisey yiik kapasite kazanimi, orta siki kuma gore
ortalama 4 kat artmistir. Ancak hicbir kazik araligi icin referans deneyin nihai tagima
kapasitesine ulagilamamistir. Cok siki kumda, orta siki kumdan farkli olarak en biiyiik
kazanim 4D aralik olan E13 i¢in saglanmistir, maksimum siirtiinme direncine 2 kN yiikleme
mertebesinde ulasildigr goriilmektedir. 2D ve 6D araliklarda ise 1,12k N ve 1,35 kN
mertebesindeki yliklemenin ardindan mobilizasyona gecilmistir. Sonug¢ olarak orta siki
zeminde optimum kazik aralig1 ¢cok siki zemine gore daha diisiik ¢ikmistir. Buna gore ¢ok
sik1 durumda mobilizasyon daha ge¢ baslamistir. Bu bulgular, Hadi vd. [2] tarafindan elde
edilen arastirma bulgulariyla ortiismektedir. Optimum kazik araliklari, Durum 3’te Durum
2’ye kiyasla hem siki hem de orta siki1 durumda daha az ¢ikmistir. Benzer bigimde El Samee
[18] kazik basliklarinin gomiilii olmadig1, sadece kaziklarin ¢alistigr durumda optimum kazik
araligimin, kazik bagligimin gémiilii olmas1 durumuna gére daha yakin yani daha az oldugunu
gozlemlemislerdir. Radye temelin dahil olmasi (Durum 4) ve kazik bagliklariin gdmiilmesi
(Durum 2) durumlarinda yapilan deneylerde nihai yiik tasima kapasitesini kazik bagliklarinin
gomiilii olmadig1 yani sadece kaziklarin galistigi duruma (Durum 3) gdre daha yiiksek
bulmustur.

Calismada Durum 4 olarak tanimlanan radye plaginin zemin iist kotuna temas ettigi duruma
ait deneyler Sekil 11 e ve f’de sunulmustur. Durum 4’°ii Durum 2’den ayiran temel fark, temel
plag1 diisey yerdegistirmeye basladiginda, kazik-radye yilik paylasiminin baslayacak
olmasidir. Orta sik1 durum i¢in yapilan test sonuglari incelendiginde; 2D araligina sahip E29
nolu deneyde, plak yiik paylasimina yiikleme basindan itibaren dahil olmustur. E29 yiik
oturma grafigi referans deney yani El ile ortiismektedir. Referans deneyde oldugu gibi
zeminde belirgin bir oturma meydana gelmeksizin temel sistemi bir miktar yiik alabilmistir.
Bununla birlikte E29 modelinde temel sistemi referans deney nihai kapasite sinirin1 takiben
yiik almaya devam etmis ve diisey ylik kapasite kazanimi E1’e gore 1,86 katina ¢ikmistir. Bu
sinir durum igin kazik radye yiik paylasim orani kaziklar i¢cin %49 mertebesindedir. 4D ve
6D araligina ait E30 ve E31 nolu deneylerde baglangi¢ kisminda referans deneye gore daha
biiyiikk deplasmanlarin gergeklestigi goriilmektedir. Referans deneyin nihai tasima
kapasitesinde meydana gelmis olan oturma degerleri dikkate alinarak sekil 1le
incelendiginde; E30 ve E31 i¢in daha yiiksek oturma degerleri kayda alinmistir. Oturma
sinirini, kaziklar sayesinde temelin gomiilii oldugu duruma gore daha {ist seviyeye
cekebilmistir. Yiikleme devam ettirildiginde nihai kapasite E30 deneyi icin -18mm diisey
yerdegistirmede 3,5kN ve E31 deneyi i¢in -20mm diisey yer degistirmede 3,4kN olarak
gergeklesmistir. Yiikleme baglangicinda radye plak tabani referans deneyde oldugu gibi
zemin ile temas halinde olmasina ragmen, E30 ve E31 deneylerinde daha diisiik yiik
degerlerinde referans deneye kiyasla biiyiikk oturmalar meydana gelmistir. Ayrica
yerdegistirme direncinin Ozellikle ilk oturma degerleri diger bir deyisle mobilizasyon
baglangicinda durum 2’ye gore farkli oldugu goriilmektedir. Bu durum sistemin ilk
mobilizasyonunun kazik aralig1 ve radye plak derinliginden etkilendigini gostermektedir.
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Sekil 12 - 200x160x20mm plak, D20mm. kazik ¢apt durumuna ait model test sonug¢lari

Cok siki zemindeki 2D araligina sahip E32 deneyinde yiik oturma davranisi E8 deneyinde
gozlenen davranisi ile ortiismektedir. Orta sik1 zemindeki ayni araliga sahip E29 deneyinde
oldugu gibi referans deneyin nihai tasima kapasitesine ulasilana kadar referans deneyin yiik
oturma davranisini takip etmistir. bununla birlikte referans deneyin nihai tasima kapasitesi
astldiktan sonra E29 ile E32 deneyinin davramigi farklilagsmistir. E32 deneyinde referans
deneyin nihai tagima kapasitesi asildiktan sonra temel sisteminde oturmalar devam etmesine
ragmen kayda deger bir yiik kazanimi gézlenmemistir.. Kaziklar aras1t mesafenin 4D oldugu
E33 deneyinde ise optimum davranis gozlenmistir. Bu deneyde, referans deney olan E8
deneyindeki nihai kapasite degeri 7,5 kN yiik degerine daha kiiciik oturma seviyelerinde
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ulasmstir. E33’de -7,5 mm oturma seviyesinde 12,5 kN yiik degeri i¢in kaziklar %39.04
oraninda yiik almistir. E33 deneyinde temel sistemindeki oturma artik¢a referans deneyde
gozlenen nihai degerin iizerine ¢ikan tagima kapasiteleri gerceklesmistir. Bu, radye temelin
gOmiilii derinliginin daha az olmasi veya hi¢ olmamasi1 durumunda kazikli temel sisteminin
daha yiiksek oturma degerlerinde nihai yiike daha ge¢ ulasacagi anlamina gelmektedir.
Benzer sekilde sadece kazik temel durumunda oturmadaki artigla sistem gégmeden yiik
almaya devam etmistir. Bu nedenle kaziklar vasitasiyla, zeminde gé¢gme olusmaksizin daha
biiyiik oturma mertebelerine karst konuldugu goriilmektedir. Caligmada en yiiksek kazik
aralig1 araligma sahip E34 nolu deneyde, referans deney nihai tasima kapasitesine daha
biiyiik bir oturma degerinde ulasilirken, E34 deneyinin nihai yiik tasima degeri E33’ten daha
yiiksek ¢ikmistir. E33 ve E34 nihai durumu dikkate alindiginda kaziklarin yiik paylagimina
%54.12 oraninda katki sagladiklar1 hesaplanmistir.Daha once de bahsedildigi gibi radyenin
altinda kalan bolgede temel derinligi yada kaziklarin sik aralikta kiigiik oturma
mertebelerinde daha fazla yiik tasiyabilmekte ancak nihai durumda daha biiyiik kazik
araliginda daha biiyiik kapasite degerleri ¢ikmaktadir. Bu durum, Poulos [30] tarafindan da
belirtildigi iizere esdeger radye bolgesinde olusan kazik-temel-zemin etkilesimine baglh
oturma davraniginin tasarimda dikkate alinmasi gerektigini gostermekte ve oturma
degerlerinden bagimsiz bir tasima kapasitesinin gergekten uzak oldugunu séz konusu bu
calismalar ifade etmektedir.

Tablo 7 - 2. Temel Icin Durum 1,2 ve 4 kendi icinde kazik temel yiik paylasma oranlar

Referans Deney Karsilastirma Deneyi
Deney Te;ﬂaeslliiahai Deney Kaziklt Temejl N_ihai Tasima | Kazik Ta_lslma Temel Te}slma
No Kapasitesi(kN) No(S) Kapasitesi(kN) Yiizdesi(%) Yiizdesi(%)
E15 3.08 E18(4.5D) 9.42 67.3 32.7
E22 8.38 E25(4.5D) 38.9 78.45 21.54
E1S 3.08 E35(1.5D) 12.74 75.82 24.17
E22 8.38 E40(4.5D) 20.85 59.81 40.19

Tablo 7°de Durum 1,2 ve 4’iin kazik ve temelin yiik paylasma oranlar1 yer almaktadir.
1.durum radye temelin go¢me anindaki nihai yiik diger kazikli radye temelin birlikte calistig
durum 2 ve 4’{in nihai tasima kapasitelerine boliinerek kazik radye yiik paylasim oranlari
yiizde olarak tabloda verilmistir.

Ikinci temel tipi kullanilarak yapilan model deneylerinin sonuglar Sekil 12’de verilmistir.
Bu deneylerde radye plagmin boyutlari 200X160X20 mm, kazik boyu 210 mm ve kazik cap1
20 mm dir. Burada Lp kazik uzunlugu, birinci temel ile neredeyse ayni kalirken kazik cap1
7.5 mm’den 20 mm’ye ¢ikmis, 2.66 kat biiylimiistiir. Sekil 12 incelendiginde; orta siki ve cok
sik1 zemin kosullarinda kazik araliklarinin, temel sistemi nihai tasima kapasitesi ve oturma
rijitligi tizerinde birinci temelle benzer ve belirleyici etkileri oldugu gériilmektedir. Ancak
Lp/D oraninin 10,5 olmast nedeniyle esdeger radye bolgesinde [31, 37] zemin-kazik
etkilesiminde farkliliklar bulunmaktadir. Sekil 12a’da orta siki kumda Durum 2 igin elde
edilen sonuglar, referans deger olan 1. Durum (E 15) ile kiyaslandiginda maksimum diisey
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yiik tagima kapasitesine 4,5D kazik araligina sahip E18 nolu kazikli temel sisteminde
ulasildigr goriilmektedir. Kazik ¢apinin 7,5 mm oldugu birinci temel tipinin kullanildigi E3
deneyinde 25 mm diisey deplasman degerinde 4.5 kN nihai tagima kapasitesine ulasilirken,
20 mm kazik ¢apinin kullanildigi E18 deneyinde 15 mm diisey deplasman degerinde 8,65 kN
tasima kapasitesi degerine ulagilmistir. Bu deger E15 nolu referans deney i¢in elde edilen
diisey yiik kapasite degerinin (3,08 kN) 2,80 katidir. Bu nedenle E18 nolu model igin nihai
yiik tagima kapasitesi dikkate alindiginda yiikiin %67.30 oraninda kaziklarca karsilandigi
hesaplanmistir. 3D araligindaki E17 deneyinde 5,5 kN nihai yiik degeri elde edilmis, bu
durum i¢in kaziklar %44 oraninda yiikii Gstlenmistir. Bu deney igin en diisiik kapasite
degerine ulagan 1.5D araliginda E17 nolu deneyde 7,5mm kazik ¢apindaki temsil model olan
E2 deneyi kadar sistem mobilize olmamis, 4,8 kN’da nihai tagima kapasitine ulagmistir. Bu
deneyde %35.83 oraninda kaziklarca yiik paylasimi saglanmistir. Diger yandan aslinda
kazikli radye temel sistemlerinde Tomlinson [38] tarafindan ifade edildigi gibi geleneksel
yontemde temellerin yilk almadifi varsayilarak tasarim yapildiginda giivenli tarafta
kalinmakta ancak sahadaki gercek olan durum bu olmamaktadir.

Ikinci temel boyutu nihai oturma degeri referans alinarak grafikler incelendiginde ( Smm
oturma igin 3,1 kN kapasite degeri ) E16 deneyinde ayni oturma miktar1 i¢in ayni1 yiik tagima
kapasitesine, E17 deneyi 3,7 kN’da , E18 deneyi 4,8 kN’da ulasmistir. E16 ve E17 nolu
deneyler 10mm diisey yer degistirmede gégme durumuna gegerken optimum sonug olan E18
nolu deney ayni yer degistirmede en yakin sonuca gore 1,5 kat fazla diisey yiik alabilme
kapasitesi gdstermistir. Bu sonuglar optimum kazik araligindaki araliginda, sistemin yiikleme

deney smirmi astiklarimi gostermektedir.

Sekil 12b’de ikinci temel, 2. Durum, %85 rolatif sikilik degeri i¢in yapilan model test
sonuglart sunulmustur. Sekil incelendiginde birinci temel tipinde oldugu gibi tiim deneylerde
zemin sikiligindaki artiga paralel olarak tasima kapasitelerinde artig goriilmektedir. Bu sikilik
durumu icin 1,5D, 3D ve 4,5D araligindaki tiim deneylerde, referans deneyin nihai durumu
icin elde edilen oturma miktart -4 mm. civart dikkate alindiginda; diisey yiik kapasite
kazanimi 2,5 kati mertebesindedir. Bu kazanim igin kazik yiik paylasim oranlart tim
deneylerde %58 olarak hesaplanmigtir. Bu temel sisteminde birinci temele gore, farkli kazik
araliklarina sahip tiim deney diizenekleri nihai siirlarina kadar ayni rijitlikte yiik oturma
davranigina devam etmistir. Modeller sadece nihai kapasite olarak birbirinden ayrismistir. Bu
kapsamda 4,5D araligindaki E25 deneyinde 38.9 kN, 3D araliktaki E24 deneyinde 34 kN,
1,5D araliktaki E23 deneyinde 28 kN nihai tasima kapasitesine ulagilmistir. Nihai durumdaki
kazik-radye yiik paylasimi dikkate alindiginda E25 deneyinde %78.45, E24 deneyinde %75
ve E23 deneyinde %70 oraninda yiik kaziklar tarafindan karsilanmistir. Benzer bigimde El
Samee [18] 2. Durum yiiklemesi olan kazik baslig1 ve radye temelin sisteme dahil olmasi
durumunda sistemin optimum kazik araliginin biiyiiyecegi ve yiik oturma davraniginin belli
bir sinirda gogmeye maruz kalacagini belirtmistir.

Kaziklarin kazik temel sistemine siki zeminlerde kazandirdigi en énemli 6zellik optimum
araligin oturma degerini diger araliklara gore daha list sinira ¢ekebilmesidir. Cok siki
zeminde birinci temel deneylerinde E9,E10,E11°de oldugu gibi neredeyse tiim kazik
araliklarinda yiik oturma davranisi benzer trend izlemis ancak nihai dayanima yakin
bolgelerde kazik araligindaki artis yiik tasima kapasitene olumlu katki saglamigtir [16, 18,
34].
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Calismada Durum 3 olarak tanimlanan ve sadece kaziklarin siirtlinme direncinin sistem
davranisina olan etksinin ayristirilmast amaciyla ikinci temel tipi ve 20 mm ¢apinda kaziklar
icin olusturulan model testlere ait sonuglar Sekil 11c ve d’de gosterilmistir. Sekil 12 c’de
%50 rolatif sikilik, sekil 12 d’de ise %85 rolatif sikilik degeri i¢in sonuglar sunulmustur.
Sonuglar incelendiginde hem orta siki kum hemde ¢ok siki kumda kazik tasima
kapasitelerinin birinci temel tipinde oldugu gibi referans deneyin ¢ok altinda kaldigi
goriilmektedir. Bu temel tipinde orta siki zeminde yapilan deneylerde ¢aligmada kullanilan
kazik araliginin deplasman rijitligi {izerine bir fark ortaya koymadig: goriilmektedir.

Ilk yiikleme direnci olan 0,5 kN asildiktan sonra tiim kaziklarda mobilizasyon
gergeklesmistir. Cok siki zemin durumunda tiim kazik araliklari i¢in ilk yiikkleme direnci 1,5
kN olarak saglanmistir. Bunu takip eden yiiklemede, tiim kazik durumlar1 mobilize olmustur.
Deneylerde etkili siirtlinme direnci 23mm mertebesinde devreye girmistir. Temel tabaninin,
25mm yerdegistirme sonucunda zeminle temasi saglanmig buna bagl ytikleme direncindeki
artis sonuclara yansimistir. Durum 3 ¢ok siki durum icin yapilan model testlerde 4,5D ve 3D
E26 nolu model 5Smm diisey yerdegistirmeden itibaren diger modellerden rijitlik kazanimi
yOniinde ayrigmistir.

Durum 4 yiikleme kosullarindaki deneyler sekil 12 e ve f’de sunulmustur. Orta siki durum
i¢in yapilan test sonuglar1 incelendiginde; birinci temel tipinde oldugu gibi bu deneylerde de
en kiiciik kazik araligina sahip 1,5D dizilmi E35 nolu deneyde, referans deneyle ayni oturma

katki saglamistir. E35 nolu deney 15mm diisey yerdegistirme igin 12.74 kN kapasite degerine
ulagmustir. Kaziklar, bu deger i¢in %75.82 oraninda yiik paylasiminda rol {istlenmistir. 3D ve
4,5D araligindaki E36 ve E37 nolu deneyler 1,5 kN 6telenme rijtligini takiben, mobilize
olmus, referans deney ve E35 nolu model testten ayrismistir. E36 nolu test 7,5mm oturmada,
degistime i¢in saglanmistir. Cok siki durum igin elde edilen sonuglar incelendiginde referans
deney nihai tasima kapasitesi orta sik1 duruma gore 2 kat artig saglamistir. Sik1 durumda 1,5D
ve 3D araligindaki modeller referans deney ile ayni rijitlik ile yiiklemeye tepki vermis,
oturma arttikca kazik yiik paylasimi pozitif yonde sisteme katki saglamistir. Bu sebeple
referans deger nihai tasima kapasitesinin 6l¢iildiigii 7,5mm oturma degerinde 1,5D ve 3D
araligindaki modeller 1,6 kat diisey yiik kapasite kazanimi sergilemiglerdir. 1,5D araligindaki
E38 nolu deney 20mm oturma degerinde 14 kN nihai tagima kapasitesine, 3D araligindaki
E39 nolu deneyl8mm oturma igin 17,5 kN tasima kapasitesine kadar yiik almistir. 4,5D
bu degere miiteakip mobilize olmustur. 15mm oturma miktarina kadar diger modellerin
altinda kalmasina ragmen, en biiyiik nihai diisey yiik degeri olan 21 kN’a ulagmustir.

iki farkli temel boyutu, iki farkli kazik boyutundaki model test diizeneklerinin orta siki ve
¢ok siki zemin durumlarinda, dort farkli baslangi¢ durumu igin yapilan yiik-oturma
analizlerinin yapildig1 bu caligmada; Sekil 13’de tiim durumlarm maksimum kapasite
degerlerinin elde edildigi test sonuglari karsilastirmali olarak sunulmustur. Sekil 13 a ve b’de
birinci temel sisteminde orta sik1 ve sik1 duruma ait sonuglar, Sekil 13 ¢ ve d’de ikinci temel
sisteminde orta siki ve ¢ok siki duruma ait sonuglar sunulmustur.
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Maksimum kapasite degerlerinin karsilastirildigi bu grafiklerde; sadece radye sisteminin
oldugu referans durumlar karsilastirma diizlemi se¢ildiginde; Durum 2 ve Durum 4’te kazik
kapasitesinin artan oturma ile birlikte tasima kapasitesine olan pozitif katkisi agik¢a
goriilmektedir. Birinci temel sisteminde Durum 2 ve Durum 4 i¢in orta sik1 zemin durumunda

165



Kohezyonsuz Zeminde Kazik Araliginin Belirlenmesi ve Temel Davranisinin ...

4D kazik araliklari en yiiksek nihai yiik degerini verirken, siki zeminde 6D kazik araligi en
yiiksek nihai yiik sonucunu vermistir. ikinci temel sisteminde ayni1 durum orta sik1 zeminde
1,5D aralig1 i¢in, ¢cok siki zeminde 4,5D aralik i¢in optimum sonucu vermistir. Bu durum orta
sik1 zeminde; diisiik kazik aralifinin etkili oldugunu, siki zeminde ise daha genis kazik
araliginin etkili oldugu gostermektedir. Kazikli radye temel durumunda gevsek ve sik1 zemin
kalan, yani deney basindan itibaren kazik yiikk paylasiminin etkili oldugu test sonuglari
genellikle plagin zemine gomiilii oldugu Durum 2 i¢in elde edilmistir. Ancak Durum 4 i¢in
nihai yiik tagima degeri s6z konusu oldugunda, sistem ilk baglarda oturma yaparak mobilize
olsa da, artan oturma ile birlikte daha biiyiik tasima kapasitelerinin elde edilmektedir. Ayrica
plagin gémiilii oldugu Durum 2’ye nihai yiik olarak orta siki durumda yaklasilmaktadir.

SR.= DiiseyDeplasmanDegeri N

25mm.

Sekil 14’te S.R. oturma oranini, __ PP, kazikli radye temel sistemlerinde kaziklarin yiik
(Pp+Pr)
tagima yiizdesini temsil etmekte ve literatiirde yer alan[15] 25 mm sinirina gore bu grafik
olusturulmustur. Oturma orani, kaziklarin yiik tasima yiizdesi grafigi, literatiirde yer alan
saha caligmalarina [15, 39, 40, 41] gore karsilastirma grafigi olarak Sekil 14’te sunulmus bu
saha caligmalar1 grafiklerde st limit ve alt limit olarak yer almaktadir. Buna gore saha
caligmalarinin neredeyse tamami yiikk oturma grafiginin degersel olarak giivenli kalan
bolgelerinden alinan rakamlarla dizayn edilmis, diger bir ifadeyle yiik oturma grafiginin
gbgme veya mobilizasyon baslangici bolgelerinden uzak kalan, kazikli radye temelin giivenli
bir bicimde oturma aldig1 bolgelerde dizayn ve uygulamasi gergeklesmistir. Kazikli radye
temellerin oturma orani-kazik yiik tasima orani grafigi kazikli radye temellerin 6n tasarim
asamasinda kullanilabilir[33, 35]. Sharatkakh ve Shooshpasha [7]’e gore kazikli radye
temelin nihai ve izin verilebilir yani nihai yiikten giivenlik sayistyla ii¢ kat azaltilmis ytikle
yapilan dizaynlarda kazikli radye temellerin kazik veya radyesinden yeterince verim
almmamamakta buna gore ekonomik dizayn olmamaktadir. Diger bir deyisle kazikli radye
temellerde kazik ve radye listyap: yiikiine beraber karsi koymakta ve bu durum oturma
degerine bagli olarak, zemin,kazik,temel geometrisi ve 6zelliklerine bagli olarak degismekte
buna gore ekonomik tasarimlar yapilmalidir. Diger yandan literatiirde, Ates ve Sadoglu [12]
iyi derecelenmis ve dane ¢apt dagilimi 1-5 mm arasinda degisen kum ile beton kaziklar ile
bu ¢alismaya benzer kazik ¢api,uzunlugu ve radye temel dlgiilerinde deneyler yapmustir. Bu
calismada ise 0.5-1.0 mm araliginda koti derecelenmis kum zemin ile ¢elik kazik ve radye
ile calistlmigtir. Ates ve Sadoglunun’da [12] degindigi iizere literatiirde optimum kazik
aralig1 ¢ok genis bir aralikta olup 2D ile 12D arasinda degigsmektedir. Bu ¢aligmada ise
Optimum kazik aralig1 orta sik1 zeminde 1.5D ile 4D arasinda ¢ikmus, ¢ok siki zeminlerde ise
4.5D ve 6D arasinda ¢ikmustir. Diger yandan orta siki zeminde kazikli radye temel, radye
temele gore optimum kazik araliginda % 233-300 arasinda yiik tagimada artisa cok siki
zeminde ise optimum kazik aralifinda kazikli radye temel radye temele gore yiik tagima
kapasitesinde % 275-400 artisa sebep olmustur. Diger bir deyisle kazikli radye sistemlerinde
radye temel derinligi olmasa dahi radyenin tasiyabilecegi yilizde bu ¢aligmada yer alan tiim
sistemler igin nihai yiikleme smirlarinda %21.54 ile %60 arasinda kalmaktadir. Benzer
bigimde El-Wakil ve Azzam [1] yapmis oldugu c¢alismada kazikli temellerde radyelerin
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sisteme katkisini genel olarak % 30 civarinda bulmus ve % 55’in iizerine ¢ikamayacagini
belirtmis ancak ¢alismada temel kalinligina dair bir parametre bulunmadigi i¢in bu yiizdeleri
sonug¢ olarak vermistir. Bulgular ve tartigma kisminda bahsedildigi iizere radye kalinligi
parametresi bu sonuglar etkileyebilmekte ve kazikli radye temel sistemlerinde temelinde
tasima giicline katkis1 asikardir.

4. SONUCLAR VE ONERILER

Bu ¢alismada kazikli radye temellerin yiik oturma davranislari, nihai tagima kapasitesi ve her
bir temel elemaninin (kazik,radye ve radye gomiilii derinliginin) zemin ile etkilesimi
aragtirtlmigtir. Toplam 40 adet model test deneyi yapilmistir. Model testlerde % 50 ve % 85
sikilikta kumda sadece radye temel, sadece kazik temel, kazikli radye temel sistemleri i¢in
deneysel analizler yapilmistir. Caligmada kazikli radye temel sistemi, plagin zemine gomiili
oldugu ve plak tabaninin zemine temashi oldugu iki farkli baslangic durumu icin
incelenmistir. Yiik-oturma davranisi, kazik radye yiik paylasim orani, optimum kazik araligi,
rolatif sikiligin etkisi irdelenmistir. Buna gore yapilan deneysel ¢alismalarla elde edilen
sonuglar agagida yer almaktadir.

Optimum kazik araligi 2. Durum deneylerinde 1. Temel boyutlar1 i¢in ¢ok siki zeminde 6D,
orta sik1 zeminde 4D olarak 2. Temel boyutlari i¢inse orta sik1 zeminde 1.5D g¢ok sik1 zeminde
4.5D olarak bulunmustur. Radyenin zemine gomiilii olmadigi 4. Durum icinde analizlerde
optimum kazik araligiin sikilik azaldik¢a azaldigi analizlerde goriilmiistiir. Diger bir deyisle
zemin sikilastikca optimum kazik aralig1 artmakta ancak yiik oturma davranis1 daha genis bir
sahanlikta seyretmektedir.

1.5D’den baslayarak 6D’ye kadar artan kazik araliklarinda, kazikli radye temellerin yiik
oturma davranisi baslangicta benzer gitsede 6zellikle siki zeminlerde daha genis araliklarda
davranis daha fazla nihai yiik tagima kapasitesiyle sonu¢lanmigtir. Burada oturma degerlerine
gore optimum kazik aralifi bulunmali veya sistemin en performansl calistigt oturma
degerleri baz alinarak tasarim yapilmalidir. Diger bir deyisle giivenlik faktorii katsayisina
boliinerek ve oturma degerlerinden bagimsiz olarak tasarima giden geleneksel yontemler,
ekonomi agisindan ve sahadaki kazikli radye temellerin davranisindan uzak kalabilmektedir.

Bu ¢alismada yer alan tiim model testler i¢in, kazikli radye sistemlerinde, radyenin yiik
paylasim orani, nihai yiikleme sinirlarinda %21.54 ile %60 arasinda kalmaktadir. Kazikli
radye temeller nihai yiik tasima kapasitesinde sadece radye temellere gore orta siki kum
zeminlerde % 233-300 arasinda, ¢ok siki kum zeminlerde ise % 275-400 arasinda artiga sebep
olmaktadir. Kazikli radye temeller, radye temellerle kiyaslandiginda nihai tasima
kapasitesinde artis saglarken, oturma smirlarii da daha ytiksek yiik seviyelerinde ulagmustir.
Cok siki zeminlerde radye plaginin zemine gdmiilii olmadigi durumda, plagin gémiilii oldugu
duruma gore daha yiiksek oturma degerlerinde daha diisiik tasima kapasiteleri gdzlenmistir.

Optimum kazik araligi kavramui literatiirde 1.5D ile 12D arasinda yer almaktadir. Bu
kavramin ¢akma kazik, yerinde dokme kazik, betonarme kazik, beton kazik, celik kazik,
ahsap kazik v.b. ve zeminin tipine gbre kadar bu yapi malzemeleriyle etkilesimi
degerlendirilebilir. Ciinkii kazikli radye temel uygulanan zemin artik sade zemin davranisi
olmaktan ¢ikmakta kaziklar ve temelle birlikte kompozit malzemeye doniismekte ve kazikli
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radye temelin altinda kalan bolge(esdeger radye bolgesi), zemin ile yapinin beraber galistig
davranistan olusagelmektedir.

Model test sonuclart incelendiginde, literatiirde yer alan [1, 12] optimum kazik aralii
yaklagiminin sabit olmadig, aslinda yiik baslangicinda ve sistemin tastyabilecegi nihai yiik
degerine yakin oldugu durumda degistigini gostermektedir. Kazikli radye temel
sistemlerinde mobilizasyonun toplam diisey oturmaya yansiyan optimum bir seviyesi
bulunmakta ve bu seviyede sistem ekonomik ve yiiksek perofromansli ¢aligmaktadir. Burada
oturma degerlerine gére optimum kazik araligi bulunmali veya sistemin en performansl
calistigl oturma degerleri baz alinarak tasarim yapilmalidir. Diger bir deyisle giivenlik
faktorii katsayisina boliinerek ve oturma degerlerinden bagimsiz olarak tasarima giden
geleneksel yontemler, ekonomik ve sahadaki kazikli radye temellerin davranisindan uzak
kalabilmektedir

Sonug olarak, orta siki zeminlerde diisiik kazik araliginda, kazik-zemin etkilesimi arttikca,
kazik araligi durumu zaten yeter sikilikta olan zemin tanelerinin, kazik yerdegistirmesi ile
birlikte gbgme sinirina getirmesi siireci kapasite ve davranista belirleyicidir. Bu durumun
kazik tagima giicli problemlerinde 6nemli etkisi oldugu bilinen genlesme davranisi ile iligkili
oldugu diisiiniilebilir. Siki zeminlerde diisiik kazik araligindaki sistemler, oturma artikga, ilk
baglarda daha biiylik kapasite degerlerine ulasmakta ancak bu durum zeminin daha 6nce
gogmesine sebep olmaktadir. Genis dizilimli kazik araliklarinda ise zemindeki sikigsma
kaynakli gogme durumu, daha biiyiik oturma degerlerinde gergeklesmektedir. Bu durum
ulsamasini saglamakta, s6z konusu bu dort durumun 6zellikle radye temelin dahil olup
olmamasina goére oturma yaparak diisey yilik alma kabiliyetine yansimaktadir. Bu sonug;
oturma sinirlar1 daha iist degerlere ulagsmasina izin verilen tasarimlarda kapasite bazli
yaklagim yerine oturma bazli yaklagim izlenerek nihai kapasite limitlerinin belirlenmesinde
kullanilabilir. Kazik araliginin ayn1 zeminde sik olmasi veya daha aralikli olmasi temelin
altinda kalan literatiirde[30, 31] esdeger radye denilen bélgede, zeminle-yap1 elemanlarinin
etkilesimi burada kompozit bir davranig durumu olusturmaktadir. Bu nedenle kazikli radye
temellerin daha giivenli ve ekonomik tasarimi igin arastirmalarin esdeger radye bolgesindeki
sistem davranisi iizerine odaklanmast literatiir ve mithendislik uygulamalari agisindan faydali
olacak ve bu ¢aligmada davranis bu nedenle sadece radye, kazikli radye ve sadece kazik gibi
yapt elemanlarina parcalanarak model test deneyleri ve bunlarin birbirleri ile olan
mukayesesi agiklanmuistir.

Semboller
) Igsel Siirtiinme Agisi
Ykmaks ~ Maksimum Birim Hacim Agirlik

Ykmin  Minimum Birim Hacim Agirlik

A% Poisson Oran
B Temel Genisligi
C Kohezyon
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Ce Derecelenme Katsayist

Cu Uniformluk Katsayist

D Kazik Cap1

dk Dakika

Dio %10’a Karsilik Gelen Cap
Dso %30’a Karsilik Gelen Cap
Dso %50’a Karsilik Gelen Cap
Deo %60’a Karsilik Gelen Cap
E Elastisite Modiilii

Enmin Minimum Bosluk Orant

Emas  Maksimum Bosluk Orani

G Kayma Modiilii

H Esdeger Radye Bolgesinin Yiizeyden itibaren Diisey Y6nde Etki Ettigi Son Derinlik
kN Kilonewton

L Temel Genisligi

Lp Kazik Uzunlugu

P Diisey Yiik

Pp Kaziklarin Tagidig1 Yiik

Pr Radyenin Tasidig1 Yiik

S Kaziklar Aras1 Mesafe

S/D Kazik Aralig
SP Kotii Derecelenmis Kum
S.R. Oturma Yiizdesi

Tesekkiir

Bu calisma S.D.U Bap birimi tarafindan Y6k 100/2000 éncelikli alanlar kapsaminda FDK-
7456 numarali proje olarak desteklenmistir. Yok 100/2000 ve S.D.U bap biriminin degerli
calisanlarina katkilarindan dolayi tesekkiir ederiz.

Kaynaklar

[1] Elwakil, A., Azzam, W., Experimental And Numerical Study Of Piled Raft System.
Alexandria Engineering Journal. 55. 10.1016/j.a¢j.2015.10.001, 2015.

169



Kohezyonsuz Zeminde Kazik Araliginin Belirlenmesi ve Temel Davranisinin ...

[2]

[3]

[4]

[3]

[6]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

170

Hadi, Dheyaa & Fattah, Mohammed & Waheed, Mohanned. Effect of Pile's Number
on the Behavior of Piled Raft Foundation. 39. 1080-1091. 10.30684/etj.v39i7.1795
2021.

Hamderi, M., Kazikli Radye Temellerin Oturma Tahmini I¢in Yeni Bir Yéntem, Dicle
Universitesi Miihendislik Fakiiltesi Miihendislik Dergisi, c. 9, say1. 2, ss. 881-893,
2018.

Hamderi, M., New Approach to Group Pile Load Estimation. International Journal of
Geomechanics. 04019013-1. 10.1061/(ASCE)GM.1943-5622.0001374, 2019.

Krisnanto, S., Sengara, 1., Adelina, F., Advancement of Bearing Capacity and
Settlement Analyses of Piled Raft Foundation, Proceeding SEAGC 3rd AGSSEA
Conference in conjuction with 22nd Annual Indonesian National Conference on
Geotechnical Engineering. Indonesia, 81-84,2018.

Kuwabara, F., An Elastic Analysis for Piled Raft Foundations in Homogeneous Soils,
Soils and Foundations, Vol. 29, No:1, pp. 82-92, 1989.

Sharafkhah, M., Shooshpasha, 1., Physical Modeling Of Behaviors Of Cast-In-Place
Concrete Piled Raft Compared To Free-Standing Pile Group In Sand. Journal of Rock
Mechanics Geotechnical Engineering, 10:703-16 2018,
https://doi.org/10.1016/j.jrmge.2017.12.007.

Ersoy, C. O., Yildirim, S., Experimental Investigation of Piles Behavior Subjected to
Lateral Soil Movement. Teknik Dergi 25, 2014.

Al-Neami, M., & Rahil, F., A., K., Effect of Relative Density on Behavior of Single
Pile and Piles Groups Embedded with Different Lengths in Sand. Engineering
Technology. 34. 1206 2015 .

Hama, S., Soran S., Nihad, N., D., Optimum design of steel piles in different sandy
soil  configurations. = Geomechanics and  Geoengineering. 7. 1-11.
10.1080/17486025.2020.1755461 2020.

Babagiray, G., Akbas, S. O., S1g Rijit Tabaka Uzerinde Yer Alan Kohezyonsuz
Zeminlerdeki Yiizeysel Temellerin Tasima Giicii Hakkinda Sayisal Modelleme Esasli
Parametrik Bir Caligma. Teknik Dergi 29 8185-8198, 2018.

Ates, B., Sadoglu, Erol., Kum Zeminlerdeki Kazikli Radye Temellerin Optimum Kazik
Arahgmin Deneysel Olarak Incelenmesi. Teknik Dergi, 10.18400/tekderg.644885,
2021.

Raut, J., Khadeshwar, S., Bajad, S., Kadu, M., Simplified Design Method for Piled Raft
Foundations. Geotechnical Special Publication. 462-471.
10.1061/9780784413425.047, 2014.

Butterfield, R., and Banerjee, P. K., The Problem of Pile Group-Pile Cap Interaction,
Géotechnique,Volume 21, No:2, pp. 135-142, 1971.

El Garhy, B., Galil, A. A., Youssef A. F., Raia, M. A., Behaviour Of Raft On Settlement
Reducing Piles Experimental Model Study. J Rock Mech Geotech Eng 389-99, 2013 .



Ercan Egemen BASAR, Ilyas Devran CELIK, Miinire FINDIK, Soner UZUNDURUKAN

[16]

[19]

[20]

[21]

[24]

[25]

[29]

[30]

El Sawwaf, M., Experimental Study of Eccentrically Loaded Raft with Connected and
Unconnected Short Piles. Journal of Geotechnical and Geoenvironmental Engineering
136. 10.1061/(ASCE)GT.1943-5606.0000341 2010.

Dung N.T., Chung S.G., Kim S.R.,. Settlement of large-scale piled foundations using
equivalent raft approach, ICE Proceedings Geotechnical Engineering, 163 2010.

Abd Elsamee, W., Analysis Of Pile- Raft Foundations Non- Rested And Directly
Rested On Soil. International Journal of Civil Engineering and Technology. 9. 418-439,
2018.

Lee, S. H., and Chung, C. K., An Experimental Study Of The Interaction Of Vertically
Loaded Pile Groups in Sand, Canadian Geotechnical Journal, 42, 1485-93, 2005.

Clancy, P., and Randolph, M., F., Simple Design Tools For Piled Raft Foundations,
Geotechnique 46, No.2, 313-328. 1996.

Yamashita, K., Tanikawa, T., Hamada, J., Applicability Of Simple Method To Piled
Raft Analysis In Comparison With Field Measurements. Geotechnical Engineering
Journal of the SEAGS & AGSSEA. 46. 43-53, 2015.

A.S.T.M., Standard Test Methods for Particle-Size Distribution (Gradation) of Soils
Using Sieve Analysis, D-6913, American Society for Testing and Materials,West
Conshohocken, 34, 2017.

A.S.T.M., Standard Test Methods for Specific Gravity of Soil Solids by Water
Pycnometer, D-854, American Society for Testing and Materials, West Conshohocken,
8, 2006.

ASTM D4253-16, Standard Test Methods for Maximum Index Density and Unit
Weight of Soils Using a Vibratory Table, ASTM International, West Conshohocken,
PA, www.astm.org, 2016.

ASTM D3080 / D3080M-11, Standard Test Method for Direct Shear Test of Soils
Under Consolidated Drained Conditions, ASTM International, West Conshohocken,
PA, www.astm.org, 2011.

Noonan, D. K. J., Nixon, J., F., The Determination of Young’s Modulus from the Direct
Shear Test. Canadian Geotechnical Journal, 9(4), 504-507. doi:10.1139/t72-049 1972.

Cetin, K.,0., Geoteknik ve Sayisal Modelleme, imo Meslek I¢i Egitim Kursu Raporu,
2018.

Tabaroei, A., Abrishami, S., Seyedi H., Ehsan., Comparison between Two Different
Pluviation Setups of Sand Specimens. Journal of Materials in Civil Engineering. 29.
10.1061/(ASCE)MT.1943-5533.0001985, 2017 .

Hariprasad, C., Mekala, R., Umashankar, B., Preparation of Uniform Sand Specimens
Using Stationary Pluviation and Vibratory Methods. Geotechnical and Geological
Engineering. 34. 10.1007/s10706-016-0064-0, 2016.

Poulos, H., Piled Raft Foundations Design And Applications. Geotechnique. 51. 95-
113.10.1680/geot..51.2.95 2001.

171



Kohezyonsuz Zeminde Kazik Araliginin Belirlenmesi ve Temel Davranisinin ...

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[39]

[40]

[41]

172

Poulos, H., Randolph, M., Pile Group Analysis A Study of Two Methods. Journal of
Geotechnical Engineering. 109. 10.1061/(ASCE)0733-9410109:3(355) 1983.

Nguyen, D. D. C., Jo, S. B., and Kim, D. S., Design Method Of Piled-Raft Foundations
Under Vertical Load Considering Interaction Effects, Computers and Geotechnics, 47,
16-27,2013.

Bajad, S., P., and Sahu, R., B., An Experimental Study On The Behavior Of Vertically
Loaded Piled Raft On Soft Clay, The 12th Intl. Conf. Of International Association for
Computer Methods and Advances in Geomechanics (IACMAG), 84-90. 2008.

Birand, A. A., Kazikli Temeller Teknik Yaymevi Ankara, 2007.

Nguyen, T., Chung, S., Kim, S., R., Settlement Of Piled Foundations Using Equivalent
Raft Approach. ICE Proceedings Geotechnical Engineering, 163. 65-81.
10.1680/geng.2010.163.2.65, 2010.

Reese, L. C., William, M. L., Shin, T. W., Analysis and Design of Shallow and Deep
Foundations, John Wiley Sons, Inc 2006.

Bowles, J.E., Foundation Analysis and Design. 5th Edition, McGraw-Hill, New York,
2001,

Tomlinson, M., J., Pile Design and Construction Practice, Chapman and Hall, London,
UK, 2004.

Phung, L., Piled Raft A Cost-Effective Foundation Method For High-Rises.
Geotechnical Engineering Journal of the SEAGS AGSSEA. 41. 1-12. 2010.

Schmitt, A. J., Turek, R. K., Reducing The Costs For Deep Foundations Of High—Rise
Buildings By Advanced Numerical Modeling, Ar1 The Bulletin of the Istanbul
Technical University, 35 (2), pp. 81-87, 2003.

El-Mossallamy Y., , Lutz, T. B., Richter Innovative Application Of Piled Raft
Foundation To Optimize The Design Of High-Rise Buildings And Bridge Foundations
In: Proc. 10th Intl. Conf. on Piling and Deep Foundations, Amsterdam 2006.



Turkish Journal of Civil Engineering, 2023 173-195, Paper 730, Research Article

Strengthening System Effects on the Out-Of-Plane
Mechanisms Activation of Masonry Walls under Tsunami
Loads
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ABSTRACT

The vulnerability of masonry structures against tsunami loads is a highly debated topic in the
research community due to the impact in the risk evaluation. The main aim of this paper is
to examine the structural response of masonry walls against tsunami loads in terms of out-
of-plane local mechanism activation. Furthermore, a critical discussion is proposed about the
influence of strengthening system parameters on the out-of-plane response of the masonry
wall. Results of parametric analyses are shown in dimensionless form to analyse the effects
of main parameters, both for masonry walls and tsunami waves, on the structural response.
The analyses results are the bases to design strengthening systems with fiber-reinforced
composite materials in order to reduce the vulnerability of masonry structures under tsunami
loads.

Keywords: Tsunami, masonry structures, strengthening systems.

1.INTRODUCTION

Tsunami risk assessment ([1], [2], [3]) has become an important research theme due to the
high reconstruction costs and human casualties associated with the events of the last decades,
such as the 2004 Great Indian Ocean Tsunami [4], the 2010 Chile Tsunami [5], and the 2011
Great East Japan Tsunami [6]. A tsunami is a complex phenomenon based on the wave
propagation theory; it can be triggered by several different phenomena including earthquakes
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or submarine landslides. To assess the tsunami risk of a specific area, a multi-hazard approach
should be considered to capture complex scenarios.

A key component in tsunami risk assessment [7] is the vulnerability assessment of buildings
under tsunami loads. International building codes, standards, and guidelines provide different
approaches to design tsunami-resistant structures.

The ASCE 7-22 [8] proposes an advanced approach to analyse several effects of the tsunami
wave impact on the structures; impact of debris, horizontal and vertical load components are
modelled on the structure. Furthermore, several coefficients are defined to analyse the effects
of the wave direction on the structures. The wave parameters (e.g. inundation depth, wave
velocity, moment of flux) are evaluated by the Energy Grade Line analysis where the tsunami
flux is modelled as a unidirectional flow.

However, simplified models are available, too, as the Japanese guideline proposal [9] where
the tsunami effects on the structure are modelled by an equivalent hydrostatic load
distribution. In this model, the expected inundation depth is amplified in order to indirectly
analyse the hydrodynamic effects. The Japanese guidelines are based on previous research
activities conducted by Asakura et al. [10] and Okada et al. [11].

Furthermore, tsunami wave effects on structures have been analysed by an experimental
program with scaled specimens [12] in order to retrieve empirical equations.

The vulnerability of structures under tsunami loads is completely different from the seismic
load due to the different type of loads. In fact, seismic forces arise from inertia effects that
excite the entire structure, while tsunami loads are predominantly characterized by surface
forces over the inundated elements. As a result, the behaviour of buildings under tsunami
loading differs from the response to seismic actions. However, both types of loads will have
a combined effect on the gravity and lateral force resisting systems for the components at or
below the inundation level. In addition, the modelling of tsunami effects on buildings is
characterized by a high degree of uncertainty due to wave parameters and topographic
information required to quantify tsunami loads [11].

In literature, the available reports on behaviour of masonry structures after a tsunami event
show a high vulnerability of masonry structures to tsunami loads; the main collapse
mechanisms are related to geotechnical failure (e.g. liquefaction) or local mechanisms
activation (e.g. out-of-plane local mechanisms) ([13], [14]).

Preliminary mechanical analyses and studies focalize the attention on the local-mechanisms
activation for both in-plane (IP) and out-of-plane (OOP) mechanisms [15] due to the high
stresses at the ground floor [16] in terms of bending moment and shear. The vulnerability of
the masonry structures is highly influenced by the geometrical characteristics of the masonry
wall in terms of wall length and wall thickness [17].

The vulnerability assessment is the main step to develop risk mitigation techniques like as
strengthening of strategic structures ([18], [19]), early warning systems or evacuation
buildings.
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2. RESEARCH SIGNIFICANCE

The goal of this paper is to analyse the vulnerability of masonry walls under tsunami loads
in terms of out-of-plane local mechanisms activation.

Belliazzi et al. [20] analysed the effects of the strengthening systems with composite material
(e.g. Fiber Reinforced Polymer, FRP, or Fiber Reinforced Cementitious Matrix, FRCM) in
tension on the vulnerability of masonry walls under tsunami loads and preliminary results
were provided assuming a simplified model for the tsunami loads.

The aim of this work is to improve the basis of the previous analyses [20] assuming a more
refined model for the tsunami loads. Equations in dimensionless form are proposed to provide
results applicable to any masonry cross-section. However, it is worth noting that masonry
suffering for premature disaggregation (e.g. stone masonry walls made of weak mortar,
irregular small blocks, and non-connected wall leaves) is not able to develop local
mechanisms [21], hence are out of the present investigation.

In addition, parametric analyses have been performed to analyse the effects of the main
parameters and coefficients of the proposed equation.

The overall results of these analyses allow to increase confidence on the design of
strengthening systems with fiber-reinforced composite materials in tension in order to reduce
the vulnerability of masonry structures under tsunami loads.

3. TSUNAMI LOAD MODEL

In the current literature, several approaches are available to model tsunami inundation forces
on buildings due to the high degree of uncertainties in the fluid mechanics modelling.

The ASCE 7-22 proposes an advanced model where hydrostatic and hydrodynamic effects
are defined separately and several parameters are required to model the tsunami forces. The
Japanese guidelines propose a conservative approach where the tsunami loads are modelled
by one equivalent hydrostatic distribution and the expected inundation depth is amplified in
order to consider the hydrodynamic effects.

Therefore, the ASCE 7-22 requires a high knowledge of the structure and of the wave
characteristics. The Japanese guideline is easier to use than the ASCE 7-22, but the tsunami
force on the structure is usually overestimated. It is clear that the Japanese approach is
recommended if a low knowledge level is achievable, e.g. in large-scale analysis [22].

In this paper, Foster et al. [12] approach is assumed to describe the tsunami inundation forces
on the structure. The method allows to consider hydrostatic and hydrodynamic loads
depending on the inundation depth and the flow velocity. In particular, the flow velocity
depends on the Froud number, Fr (a dimensionless value that describes different flow
regimes). An empirically equation for hydrodynamic loads is provided, dependent upon the
Froude number of the flow and blocking fraction (the ratio between the structure width and
the flow width), based on experimental results [12]. In the experimental activity, the water
waves were generated by a tsunami simulator and the structures have been realized by means
of scaled specimens.
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Therefore, the equation for the hydrostatic load (Eq. 1 - F, represents the resultant of the
hydrostatic load distribution) is related to a linear distribution while the equations for the
hydrodynamic load (Eq. 2 and Eq. 3 - Fq4 represent the resultant of the hydrodynamic load
distribution) are related to a uniform distribution depending on the flow regime.

F,=0.5ps-g-L-h? (1)
If F. < 1 (subcritical regime):
Fg=05-Cp-ps-L-u-h )

If F. = 1 (choked regime):

Fa=2x-ps-L-g-Y(u-h)* 3)

Where p; is the flow density, g is the gravitational acceleration constant, h is the expected
inundation depth, u is the flow velocity, L is the wall length exposed to the tsunami wave,
Cp is the drag coefficient and A is an empirical coefficient.

Cpb =19-(1+19-(b/w)/2)? 4
A=0.73+4+12-(b/w) + 1.1- (b/w)? 5)
Where b is the width of the structure, w is the channel width and the ratio b/w is named
blocking fraction [23]. The blocking fraction generates high instability in hydraulic

calculation: higher blocking fractions increase the tendency of the flow regime to change
from subcritical to choked [24].

Water level ‘ ‘

h

YYVY
Y

I Yq

Figure I - Tsunami inundation forces model (s is the wall thickness, H; is the interstorey
height, q; is the maximum hydrostatic load, qq is the uniform hydrodynamic load)
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The flow velocity u and the Froude number F; are dependent on Eq. 6.

Fr

u=s (6)

In addition, an opening ratio coefficient a is assumed (variable between 0.7 and 1) to consider
the effects of the wall openings, according to ASCE 7-22 [8]. The wall opening coefficient
is defined as one minus the ratio between the openings area and the gross wall area.

The structure is loaded by a trapezoidal load pattern equal to the sum of the hydrostatic and
the hydrodynamic components (Figure 1).

4. MATERIAL CONSTITUTIVE MODEL

Several stress-strain relationships are proposed in international codes and guidelines to model
the non-linear mechanical response of masonry and strengthening systems.

Different failure modes could be reached as masonry crushing or strengthening system failure
in tension depending on material properties combination.

The compressive behaviour of masonry is modelled by rectangular stress-block model
(Figure 2.a) according to Eurocode 6 [25]. The stress-block model is characterized by
effective height y, effective depth of compression zone centre A, and the compressive
strength f... v and A, are equal to 0.8 and 0.4, respectively, based on parabolic-rectangular
stress strain relationship assuming the end of parabola at strain emo equal to 2%o and ultimate
strain emy equal to 3.5%o according to Eurocode 6 [25]. These stress-block parameters are
reasonable if the masonry crushing failure mode is reached.

The stress-block model is assumed as constitutive model in compression of masonry due to
simplification in the calculation in order to retrieve equations in dimensionless form
coherently with the goal of the paper.

Strengthening system behaviour in tension and failure modes are influenced by combination
of matrix and fibers in terms of individual material properties and thicknesses. Main
experimental programs show that the mechanical behaviour in tension is approximated by
linear, bilinear or trilinear behaviour [26].

Furthermore, the fibers have a linear behaviour while the inorganic matrix influences the
response at low strain values with its tension stiffening. In the following cross-section
analysis, a linear tensile behaviour (Figure 2.b) is assumed in tension for composite
strengthening systems with organic matrix (e.g. FRP) according to Italian guideline CNR-
DT 200R1/2013 [27] or due to the assumptions that the inorganic matrix (e.g. FRCM) is
cracked as shown in Italian guideline CNR-DT 215/2018 [28]. In particular, the linear
behaviour is defined by ultimate tensile strength fy, an elastic modulus Ef and an ultimate
strengthening system strain &g, either due to fiber rupture or debonding failure ([26], [29]).

The compressive behaviour of composite strengthening systems is neglected according to
Italian guidelines CNR-DT 200 R1/2013 [27] and CNR DT 215/2018 [28].
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G

A

LS 1 —— = Parabola-rectangle model

fm —— = Stress-block model

€mo €mu €

—— = Linear model

(b)

Figure 2 - Constitutive model of masonry in compression (a)
and strengthening system in traction (b)

5. CROSS-SECTION ANALYSIS

Cross-section analysis is performed in order to analyse the activation of OOP local
mechanisms and the effects of the strengthening system on the flexural capacity.

The cross-section analysis is performed at the ultimate limit state considering the following
basic assumptions according to Italian CNR guidelines (CNR-DT 200R1/2013 [27] and
CNR-DT 215/2018 [28]):
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Conservation of plain sections allow to assume linear strain diagrams, also known
as the Bernoulli-Navier assumption;

The shear deformability is neglected according to the Bernoulli assumption;
Tensile behaviour of masonry is negligible;

Strengthening system is effective only in traction and never in compression due to
composite slenderness, as basic assumption;

Perfect bond between strengthening system and masonry that allows to consider

strengthening system strain & equal to surrounding masonry strain &n (Eq. 7)
without slip phenomena;
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= The ultimate condition of the cross-section is related to compressed masonry
crushing or tensile failure of the composite system depending on composite
mechanical characteristics as shown in the following.

Em = & (7

The proposed dimensionless equations are based on equilibrium equations [30] (Figure 3).

The axial forces are divided by the cross-section width, by, the cross-section height, s, and
the compressive strength, f,, while the bending moment is divided by by, s? fi.

The dimensionless bending capacity equation mgy (Eq. 9) of the unreinforced masonry
structure (URM) cross-section is easily retrieved in the case of cross-section without
strengthening system. It depends on the dimensionless external vertical axial load, no, (Eq.
8), the wall thickness, s, and the interstorey height, Hi; in particular, the ratio between the
wall thickness s and the interstorey height H; represents the geometrical vertical slenderness,
Hi/s, of the masonry wall.

ne=08"% ®)

mpo = 0.5 1, Hi (1—ny) 9)

Where & represents the dimensionless neutral axis depth; the neutral axis, x, is divided by the
cross-section height, s.

- Emu fm -
_ , § WX

X

Masonry

S - <

ny

Strengthening

system 1 by — & < &g, fe

Figure 3 - Cross-section model

In the case of strengthening system applied to masonry cross-section, the dimensionless
bending capacity equation mg o (Eq. 11) is retrieved by a rotational equilibrium between the
compressive masonry resultant and the tensile strengthening system resultant and it depends
on the dimensionless external axial load, ne, (Eq. 10), the geometrical vertical slenderness,
Hi/s, of the wall and the composite mechanical ratio, .

n,=08-{——-w (10)
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08-n, w S

2.2 (11)

Ng 2 Hj

mRm=0.4-§-Hii-(1—o.8§)+

It is worth noting that the external axial loads ny and ne depend on the wall self-weight and
the effect of upper storeys.

The composite mechanical coefficient, ®, (Eq. 13) is function of different masonry and
strengthening system properties according to the dimensionless approach; furthermore, a
ratio between the elastic moduli of the two materials can be detected if it is assumed that the
elastic modulus of masonry E;, depends on f, (Eq. 12) [31] according to Eurocode 6 [25]
definition.

E, =103 f, (12)

tf  €mu 3 .t Ef
w=—=-"—"E=10° -=-—-¢ 13
s fm f s Em mu ( )

Where t¢ represents the fiber equivalent dry thickness.

The composite mechanical ratio @ allows to define the strengthening system with respect to
wall composition in terms of both geometrical and mechanical properties.

6. OUT-OF-PLANE LOCAL MECHANISM

The local mechanism activation is a key aspect of the vulnerability of masonry structures. It
depends on several factors as the material properties, the geometry of the wall, the boundary
conditions and the connections between structural elements.

Several numerical methods have been employed to assess the OOP behaviour of URM
structures. Finite element macro-modelling approaches are the most famous methods to
analyse the OOP mechanisms activation even though the high degree of uncertainties may
provide a non-realistic result in terms of crack pattern. Another criterion is to discretize the
masonry wall in rigid blocks; D’Ayala and Speranza [32] proposed several configurations.

The main OOP local mechanisms are the vertical and the horizontal [27], [33] bending
mechanisms (Figure 4), while shear mechanism are usually negligible with commonly
slender walls (i.e. high Hj/s ratio). The horizontal bending mechanisms are activated when
the external load exceeds the capacity of the cross-section in terms of axial load ([34]). The
masonry wall thrust of the internal arch mechanism equilibrates the external load. In this
paper, the horizontal bending mechanism [35] is not analysed because it requires a masonry
wall without openings for the internal arch mechanism development. Vertical bending
mechanism is typical in masonry walls with openings (common for structures in front of the
seaside).

The strengthening configuration is based on main fibers applied along the vertical direction
over the internal side of the walls (tensile side) with fibers anchored at least at the bottom of
the structure. Typical composite mechanical ratio values, mechanical properties, materials,
application schemes and few photographs are available in many references and a valuable
outline is provided in both Italian CNR guidelines (CNR-DT 200R1/2013 [27] and CNR-DT
215/2018 [28]).
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(@) (b)

Figure 4 - Vertical (a) and horizontal (b) bending mechanisms

Therefore, the vertical bending [36] OOP mechanism activation is reached when the cross-
section capacity is equal to the maximum external load in terms of bending moment.

Linear analyses are performed considering a simply supported beam with a trapezoidal load
pattern changing the inundation depth and the Froude number; the Froude number changes
in the range between 0.7 and 2.0 [37]. The simply supported beam length is equal to the
interstorey height, H;.

A concentrated external axial load, n, is considered on the top for modelling the wall self-
weight and the effect of upper storeys. Therefore, a normalized external axial load on the
cross-section is considered, variable in a range from zero up to about 35% of the ultimate
axial load capacity of the masonry walls. As it will be seen later, this is an upper axial load
threshold, beyond which, the effects of strengthening are negligible [30].

n —_———————

/ h

O Qo s LU =%
(a) (b)
Figure 5 - Static model for h < H; (a) and h > H, (a)
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The maximum bending moment function is simple to derive, considering the static model
shown in Figures 5a and 5b.

The masonry wall is loaded with a hydrostatic load qs and a hydrodynamic load qq according
to Foster et al. [12]:

4s=vw'Lha (14)
Ga=B"Yw L« (15)

Where vy is the specific weight of the water, while f is a coefficient depending on the Froud
number, if the flow regime is a subcritical regime or chocked regime:

Yw =Ps "8 (16)
ifF, <1, B=05-C4-F2 (17)
ifF,>1, Bp=A-F¥3 (18)

Therefore, equations in dimensionless form of the maximum bending moment are derived
depending on the ratio between the inundation depth and the interstorey height.

Ifh/Hi<1:

h
mey = ki (2) [-3- (@4 B+ kol 2o (ar 3P (19)
’ +3 (B ~2Ba—a?) ~ (a+p)k,
Ifh/ Hi> 1:
mg; ==Ky« kg{=2- 0 + 6 (a+B)+ (a+p) i ks (20)

Where four numerical coefficients ki, k», ks and k are defined to simplify the Eqs. 19 and 20:

=i (4 e
h

k2=\/9-[32+3-H—i-0(-(a+3B) (22)

m:Lagym+m+J&ﬁ—9£;mm+m+9kaam+@1 (23)

k=Tt (24)
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7. PARAMETRIC ANALYSES

Several parametric analyses have been performed to analyse the sensibility of the main
parameters of the dimensionless equations.

The tsunami loads depend on the expected inundation depth h and Froude number Fr.
Therefore, 3D charts are plotted using Mathworks Matlab where on the x-axis and y-axis are
shown the inundation depth h/H; (in dimensionless form) and the Froude number F; while on
the z-axis is shown the dimensionless bending moment, ms.

The investigated main parameters are: the external axial load, n, the blocking fraction, b/w,
the drag coefficient, Cp, the empirical coefficient, A, the wall openings coefficient, o, the
vertical geometrical slenderness of the wall, Hi/s, the composite mechanical percentage, ®,
and the k numerical coefficient.

Each parameter changes in specific range as shown in Table 1 and Table 2. The blocking
fraction is assumed equal to 0.1 and 0.6, as representative of different flow regimes [12],
[23], [24]. The empirical parameter A and the drag coefficient Cp are evaluated depending on
the blocking fraction coefficient (Table 1). Masonry wall parameters in Table 2 are usual
values for masonry buildings in front of the seaside (e.g. in Italy [22]).

The composite mechanical percentage ® is assumed equal to 0.00, 0.01, 0.02, 0.03, and 0.04
in order to consider the URM cross-section and the effects of the strengthening system on the
cross-section capacity in terms of ultimate bending moment.

The external axial load n changes among 0.05, 0.15, 0.20, and 0.35.

Table I - Wave parameters evaluated depending on blocking fraction b/w

b/w A Cp
0.1 0.86 2.28
0.6 1.85 4.68

Table 2 - Min, mean and max values of the vertical geometrical slenderness of the wall
Hy/s, the wall openings coefficient o. and the k numerical coefficient

Parameter Min Mean max
Hi/s 2.50 9.58 16.67

o 0.70 0.85 1.00

k 0.003 0.029 0.055

In Figure 6, the effects of the blocking fraction b/w parameter are shown for n equal to 0.05
while the values assumed for the main parameters are shown Table 3. In addition, the
representation of the effects of the blocking fraction b/w parameter and of the composite
mechanical percentage o in one figure allow to analyse the combined influence in terms of
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external loads (depending on b/w) and cross-section capacity (plane horizontal surfaces
depending on ), respectively.

It is worth noting that at the Froud number value of one, a discontinuity on the maximum
bending moment surface is shown due to the abrupt change of the flow regime.

In addition, it is possible to appreciate the effects of the strengthening system on the masonry
wall changing the composite mechanical ratio . The bending moment capacity of the cross-
section does not depend on the inundation depth and the Froude number; therefore, a
horizontal plane represents the bending moment capacity.

The scale of the chart does not allow to appreciate the effects of the strengthening systems
on the masonry cross-section due to the high values of the external bending moment while
increasing the inundation depth (h/H;); capacity is clearly lower than demand at h/H;>0.5.
The dimensionless inundation depth h/H; allows to clearly define the shift between Eq. 19 or
Eq. 20.

Table 3 - Values of the parameters assumed to describe the maximum bending moment
surfaces in Figure 6

Maximum bending ~ Maximum bending

Raaiee moment - Surface |  moment - Surface 2
b/w 0.1 0.6
Co 2.28 4.68
A 0.86 1.85
a 0.7 0.7
k 0.029 0.029
Hi/s 9.58 9.58

hH, o 08 E

Figure 6 - Effects of the blocking fraction b/w parameter with n = 0.05
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Therefore, in Figure 7, the effects of the blocking fraction b/w parameter are shown, for n
equal to 0.05, 0.15, 0.20 and 0.35, with a reduced scale in order to understand the effects of
the strengthening system and to analyse reasonable values of the external bending moment.

The 3D charts are shown for several external axial load values to investigate the strengthening
system effects; in fact, the ultimate bending moment of the cross-section depends on the
external axial load parameter while the external bending moment is not affected.

Increasing the external axial load, the effects of the strengthening systems are minimal due
to the increase of the neutral axis depth and consequentially, due to the lower strain of the
composite. Low composite mechanical values provide yet huge percentage effects in terms
of bending moment capacity due to tensile behaviour added to URM cross-section.

For values of the external axial load n higher than 0.05, the composite mechanical ratio  is
limited only to 0.02 and 0.04 because the plan surfaces are almost overlapped.

(a) ' (b)

(d)

Figure 7 - Effects of the blocking fraction b/w parameter for n equal to 0.05 (a), 0.15 (b),
0.20 (c) and 0.35 (d)

The strengthening system effects become negligible for external load n value higher than
0.35. A masonry wall with higher external axial loads requires other types of strengthening
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strategy as the composite reinforced mortar (CRM) ([38], [39]) in order to carry high
compression loads, too.

The blocking fraction b/w has high effects on the structural response and it is strictly
related to the flow regime. In particular, the vulnerability of the masonry wall increases
with the b/w coefficient.

In Figure 8, the effects of the wall openings o parameter are investigated and the values
assumed for the main parameters are shown in Table 4.

Table 4 - Values of the parameters assumed to describe the maximum bending moment
surfaces in Figure 8

Maximum bending ~ Maximum bending

(TSR moment - Surface |  moment - Surface 2
b/w 0.1 0.1
Cp 2.28 2.28
A 0.86 0.86
a 0.7 1
k 0.029 0.029
Hi/s 9.58 9.58

(a) (b)
Figure 8 - Effects of the wall openings a parameter for n equal to 0.05 (a), 0.35 (b)

As expected, the wall openings have a high influence on the vulnerability of masonry wall
for several reasons. In fact, the openings reduce the load bearing area of the wall and
consequentially, the tsunami forces, hence the influence is in terms of external loads.

In Figure 9, the effects of the geometrical vertical slenderness Hi/s parameter are investigated
and the values assumed for the main parameters are shown in Table 5. The strengthening
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system effects (different capacity horizontal planes) in terms of composite mechanical ratio
o are not plotted here to focus on Hi/s.

Table 5 - Values of the parameters assumed to describe the maximum bending moment
surfaces in Figure 9

Maximum bending ~ Maximum bending ~ Maximum bending

R moment - Surface |  moment - Surface2  moment - Surface 3
b/w 0.1-0.6 0.1-0.6 0.1-0.6
Co 2.28 -4.68 2.28-4.68 2.28 -4.68
A 0.86-1.85 0.86-1.85 0.86-1.85
a 0.85 0.85 0.85
k 0.029 0.029 0.029
Hi/s 2.50 9.58 16.67

(a) (b)

Figure 9 - Effects of the geometrical vertical slenderness Hy/s parameter for b/w equal to
0.1 (a) and 0.6 (b)

The geometrical vertical slenderness of the masonry wall affects the vertical bending
mechanisms activation, as expected. The vertical bending mechanism is a flexural
mechanism and the activation is triggered when the external bending moment equals the
flexural capacity of the cross-section, not depending on Hi/s. Therefore, slender elements
(high value of Hi/s parameter) compared to squat elements are more vulnerable to flexural
mechanisms. The friction block affects mainly the discontinuity of the surfaces while
changing the flow regime.

In Figure 10, the effects of the numerical coefficient k are investigated and the values
assumed for the main parameters are shown in Table 6.
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Table 6 - Values of the parameters assumed to describe the maximum bending moment

surfaces in Figure 10

Parameter Maximum bending ~ Maximum bending ~ Maximum bending
moment - Surface |  moment - Surface2  moment - Surface 3
b/w 0.6 0.6 0.6
Cp 4.68 4.68 4.68
A 1.85 1.85 1.85
a 0.85 0.85 0.85
k 0.003 0.029 0.055
Hi/s 9.58 9.58 9.58

(d)

Figure 10 - Effects of the numerical coefficient k for n equal to 0.05 (a), 0.15 (b), 0.20 (c)
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The numerical coefficient k depends on the specific weight of water, vy, the interstorey
height, Hi, and the compressive strength of masonry, f,. The specific weight of water is
approximately constant (effects of debris and sediment in the case of tsunami can be
expected); the numerical coefficient k allows to investigate indirectly the effects of the
interstorey height Hi. The vulnerability is high for high values of the k coefficient because
the slenderness of the wall is increasing.

8. CONCLUSIONS

The main aim of this paper is to analyse the behaviour of masonry walls under tsunami loads
in terms of out-of-plane (OOP) local mechanisms activation and the benefits of strengthening
systems.

Strengthening systems with composite material represent an important innovation in the civil
engineering techniques to retrofit existing buildings because it is not invasive on the structure,
in terms of mass, stiffness and dynamic response, and it is recommended to preserve safety
of cultural heritage in the case of FRCM or CRM where resin matrix is substituted by mortar.

The vertical bending mechanisms activation is investigated as main OOP local mechanism
of the masonry wall under tsunami loads.

The tsunami load is modelled by the Foster et al. [12] model where the external loads are
modelled by a hydrostatic plus a hydrodynamic load pattern.

Linear analyses are performed considering a simply supported beam as static model assuming
a safety criterion to analyse the bending moment trend. In addition, an external axial load is
modelled to simulate the wall self-weight and the effect of upper storeys due to the effects of
the external axial load on the cross-section capacity.

Equations in dimensionless form are provided to describe the maximum external bending
moment trend and the cross-section capacity in terms of bending moment in order to provide
generalizable results applicable to any masonry wall cross-section and tsunami, but excluding
masonry suffering for premature disaggregation.

Several parametric analyses are performed and the results are shown in terms of 3D charts in
order to analyse the effects of the main parameters on the external bending moment trend and
on the strengthening system. The inundation depth, the Froude number and the bending
moment are shown on the axes. The inundation depth and the Froude number are the main
parameters related to the hydrostatic and the hydrodynamic load.

The investigated main parameters are the external axial load n, the blocking fraction b/w, the
wall openings coefficient, the vertical geometrical slenderness of the wall and the composite
mechanical percentage.

Low composite mechanical values provide huge percentage effects in terms of bending
moment capacity due to tensile behaviour added to unreinforced masonry cross-section,
while benefits of high composite mechanical ratio could be negligible. This is due to the fact
that increasing the external axial load, the effects of the strengthening systems are minimal
due to the increasing of the neutral axis depth and consequentially, the lower strain of the
composite.
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The blocking fraction parameter has a high impact on the vulnerability of the masonry wall
because it affects the flow regime and therefore, the external bending moment trend; the
vulnerability of the masonry wall increases with the b/w coefficient. The wall openings have
a high influence on the behaviour of masonry because the openings affect the load bearing
area of the wall and the activation of the OOP local mechanism.

The geometrical vertical slenderness of the masonry wall affects the vertical bending
mechanisms activation. In fact, the vertical bending mechanism is a flexural mechanism and
the activation is triggered when the external bending moment equals the flexural capacity of
the cross-section. Therefore, slender elements are more vulnerable to flexural mechanisms
than squat elements.

Furthermore, the showed charts and the dimensionless equations are the bases of design tools
for strengthening systems applied on masonry walls under tsunami loads to prevent the OOP
vertical bending mechanism activation. The main parameters are the mechanical and
geometrical parameters of masonry wall and composite system; safety factor has to be
properly considered in the evaluation of the materials mechanical properties and external
loads. In particular, it is important to balance properly such mechanical and geometrical
parameters in order to design optimal strengthening systems, characterized by the best
mechanical performance without economic waste.

Future work will take into account advanced constitutive behaviour of composites depending
on specific assumed fiber and matrix. In addition, other local mechanisms will be taken into
account as in-plane and out-of-plane local mechanisms in terms of bending and shear
capacity.

Symbols

b = width of the structure;

bm = width of the cross-section;

b/w = blocking fraction;

Cp = drag coefficient;

F4 = resultant of the hydrodynamic load distribution;
F; = Froude number;

F; = resultant of the hydrostatic load distribution;

fr = tensile strength of strengthening system;

fru = ultimate tensile strength of strengthening system;
fimn = compressive strength of masonry;

g = gravitational acceleration constant;

E¢ = elastic modulus of strengthening system;

Ewm = elastic modulus of masonry;

190



Stefano BELLIAZZI, Gian Piero LIGNOLA, Andrea PROTA

k = numerical coefficient;

ki = numerical coefficient;

k2 = numerical coefficient;

ks = numerical coefficient;

L = wall length;

mg,; = dimensionless bending moment equation for h < Hj;
m; = dimensionless bending moment equation for h > Hj;
mg, = dimensionless ultimate bending moment of URM;
mg o = dimensionless ultimate bending moment of strengthened cross-section;
n = dimensionless external axial load;

no = dimensionless axial load of URM,;

ne = dimensionless axial load of strengthened cross-section;
H; = interstorey height;

h = expected inundation depth;

gs = hydrostatic load;

qa = hydrodynamic load;

s = thickness of masonry wall;

s/H; = geometrical vertical slenderness of masonry wall;

tr = equivalent thickness of fiber;

u = flow velocity;

w = channel width;

x = neutral axis depth;

o, = opening ratio coefficient;

B = coefficient depending on the Froud number;

€= generic strain;

gr= generic strain of strengthening system;

€m = generic strain of masonry;

€mo = peak strain of masonry;

€mu = Ultimate strain of masonry;

€r = ultimate strengthening system strain;

A\ = empirical coefficient;
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Am.= effective depth of compression zone centre of stress-block model;

vw = specific weight of water;

ym = effective height of stress-block model;

ps = flow density;

o = generic strength;

& = dimensionless neutral axis depth;

® = composite mechanical ratio.
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