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Oz

Ingaat yikint1 atiklarmin (IYA) depolama sahalarina dokiim {icreti ve nakliye bedeli
gbz Oniine alindiginda ve ayrica dogal kaynaklarin da az tiiketilmesi agisindan
[YAnin geri déniisiimiiniin saglanmasi gerekmektedir. [YA'nin tekrar iiretime
katilmasiyla, beton iiretimi i¢in gerekli olan malzeme tasarrufu saglanacaktir. Bu
calismada, kentsel déniisiim kapsaminda olusacak insaat yikint1 atiklarimin (IYA) geri
déniistimii saglanarak betonda kullanilabilirligi arastirilmistir. %100 TYA, %100
normal agrega (NA) ve %50 IYA-%50 NA kullanilarak deneyler yapilmistir. Bu
numunelerden %50 ITYA-%50 NA olanina %2, %5 bor ve %2, %5 bor atig1 eklenerek,
iiretilen kiip numunelerin basing dayanimlari olgtilmiistiir. 28 giinliik ortalama
basing dayanimi %50 IYA-%50 NA numunesi igin 42,1 MPa, %2 bor atig1 numunesi
i¢in 36,2 MPa, %5 bor atig1 numunesi igin 26,7 MPa, %2 bor katkis1 numunesi i¢in 35,1
MPa ve %5 bor katkis1t numunesi i¢in ise 30,7 MPa olarak bulunmustur.

Anahtar kelimeler: Kentsel doniisiim, ingaat yikimti a1, Bor, Beton, Basing dayanim
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Effects of Boron and Boron Waste with Recycling
Aggregate on Normal Concrete

Abstract

Construction debris wastes (CDW) need to be recycled, considering the cost of
dumping construction debris to landfills and transportation costs, as well as less
consumption of natural resources. With the re-joining of the construction debris waste
in production, the material savings required for concrete production will be achieved.
In this study, the recycling of construction debris wastes that will occur within the
scope of urban transformation and its usability in concrete pavement were
investigated. Experiments were carried out using 100% cleared CDW, 100% normal
aggregate (NA), and 50% CDW-50% NA. Compressive strengths of cube samples
produced by adding 2%, 5% boron and 2%, 5% boron waste to 50% CDW-50% NA of
these samples were measured. The 28 -day average compressive strength was found
to be 42.1 MPa for 50% CDW-50% NA sample, 36.2 MPa for 2% boron waste added
sample, 26.7 MPa for 5% boron waste added sample, 35.1 MPa for 2% boron added
sample and 30.7 MPa for 5% boron added sample.

Keywords: Urban Transformation, Construction Debris Waste, Boron, Concrete,
Compressive Strength
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1. Giris

Insaat ve yikim faaliyetleri cevre igin
onemli bir tehdit olusturmaktadir ve
bunlarin olumsuz etkileri arasinda atik
uretimi, artan kirlilik, arazi bozulmasi ve
kaynaklarin tiikenmesi yer almaktadir
(Lu & Tam, 2013). Insaat endiistrisindeki
son egilim, enerji titketimi, kirlilik, atik
bertarafi ve kiiresel 1sinma acgisindan
cevresel azaltmak saf

etkiyi icin

malzeme kullaniminin yerini alabilecek
yap1

Ote
yikilmasi

alternatif malzemelerinin
eski
ingaat
atiklar
tim diinyayr endiselendirmektedir
(Behera, Bhattacharyya, Minocha,
Deoliya, & Maiti, 2014). Beton, temel
olarak  baglayict  malzemeler,
agregalar ve katkilar gibi
bilesenlerden olusan kompozit
Bu Dbilesenler
agrega, toplam beton hacminin yaklasik
%60-75'ini kapladigi i¢in ¢ok 6nemli bir

kullanilmasidir. yandan,

yapilarin ve

faaliyetlerinden kaynaklanan

su,
farkli
bir

malzemedir. arasinda

rol oynamaktadir (Kosmatka, Panarese,
& Kerkhoff, 2002). Yillik beton
kullanimimin 20 milyar ton oldugu
diistiniilmektedir (Mehta & Meryman,
2009). Bununla birlikte, insaat yikinti
atiklari, herhangi bir toplumda {iretilen
toplam kat1 atigin yaklasitk %10 ila
%30unu olusturur (Li & Zang, 2013).
Atk akismin 6nemli bir kismu etkisizdir
ve uygun sekilde yonetilirse yeniden
kullanilabilir/geri doniistiiriilebilir (Rao,
Jha, & Misra, 2007).

Kentsel doniisiim kapsaminda yikilan
bina atiklarinin, gevresel faktorler de goz
oniine alinarak kullanilmas: ihtiyac
dogmustur. Insaat atiklari, insan
yasaminin ayrilmaz bir parcasi olan
baslica cevre kirleticilerinden biridir.
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Gliniimtizde bilimin ilerlemesi ile
tiretim teknolojisi ve kat1 atik yonetimi
¢ok degismistir (BandehLou, Parvishi, &
Kheradranjbar, 2016). Tiirkiye genelinde
konut talebi,

bulunmaktadir. Bu talebin zamaninda

arz1 fazlasiyla ge¢mis

karsilanamamasi, ¢arpik kentlesmeyi ve
depreme karsi dayanimu diisiik yapilar
beraberinde getirmektedir. Gelismekte
olan {ilkelerdeki temel problemlerden
biri
aninda ¢ok biiyiik sorunlara neden
olmaktadr.

Kentsel doniistim ile yikilan yapilarda
attk malzeme olarak ortaya g¢ikan
geri bir
materyaldir. Molozlar, hammadde ve
yap1 malzemesi tedariki agisindan, beton
uretim asamasinda agrega ve yol
insaatlarimin altyapisinda dolgu
malzemesi olarak kullanilabilir. Ayrica,

olan gecekondulasma, deprem

molozlar dontistiirtilebilir

insaat yikinti atiklarinin uygun sekilde
geri doniistiiriilmesi konusunda da
Onemli bir aragtir. Beton iiretilirken

kullanilan ~ dogal  agrega  yerine
molozlarin kullanilmas1 ile istenilen
beton dayaniminin saglandig1

gorilmiistiir (Abbas, Fathifazl, Isgor,
Razaqpur, Fouriner, Foo, 2006). Ote
yandan, yikilacak yapmin diger
materyalleri de geri doniisiim yolu ile
farkl sekillerde degerlendirilebilir.

Dogal agregalar; cesitli yollarla elde
edilebilir. Bu yollardan bazilar;; nehir
yataklari, denizler ve tas ocaklar1 olarak
siralanabilir. Tim madenler iginde
diinya genelinde en yiiksek pay %58 ile
agrega lretimidir (agrega kullanimi
Avrupa'da yillik 7 ton/kisi ve Tiirkiye'de
4 ton/kisi). Agrega kaynaklarinin yiiksek
miktarlarda  tiiketiminden  dolayy,
ilerleyen senelerde diinyanin ekolojik
olarak negatif yonde etkilenecegi ve bu
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kaynaklarin titkenme riskinde oldugu
diistiniilmektedir (Oztiirk, Celikkol, &
Erkan, 2007). Fazla miktarda ihtiyag olan
agrega kaynaklarinin tiiketilmesi ve
insaat yikinti atiklarimin (IYA) cevreye
verdigi geri

agreganin  kullanilmasini
kilmaktadir. Geri
agregalarinin ve iginde kullandiklar:
betonun ozelliklerini belirlemek

zararlar, kazanilmig
zorunlu

kazanilmis beton

amaciyla pek ¢ok arastirma yapilmstir.
Bunun yan sira, diinyada ticari 6neme
sahip bor yataklar1 Tiirkiye, Rusya,
Giiney Amerika ve ABD’dedir. Tiirkiye
3,3 milyar ton ile diinya bor rezervinin
%73’iine ev yapmaktadir.
Bagka bir ifadeyle, yillik tiiketiminin
kabaca 4 milyon ton (+/-%10) oldugu
hesaba katilirsa, bu rezerv 1.000 yil
kadar yetecek diizeydedir.
birlikte diinya bor pazarindaki durum

sahipligi

Bununla

gin gectikge yiikselmektedir ve 2020
yilinda bor pazar payi %57 degerine
ulagmustir (Eti Maden, 2020).

Tiirkiye’de bulunan ticari degere sahip
bor minareleri, tinkal (Na2BsO7-10H20),
kolemanit (Ca2BsO11-5H20) ve tileksittir
(NaCaBsOy-8H20) (Bayca, Batar, Sayn,
Solak, & Kahraman, 2008; Batar, Koksal,
Yersel, 2009). Bor minerallerinin i¢indeki
B20s (bor trioksit) oranina “tendr” adi
verilmektedir. Bor madenlerinin degeri,
icindeki B20s orami ile Olciilmekte ve
yiiksek miktarda bu orana sahip olanlar
daha degerli kabul edilmektedir
(Buluttekin, 2008). Yiiksek tendrdeki bor
cevherleri ekonomik olarak ¢ikarilmakta
ve islenmektedir (Kiitiik-Sert, 2016;
Kutiik & Kiitiik-Sert, 2020).

Son zamanlarda artan c¢evre bilinci
madencilik sektoriinde de kendisini
madencilik

hissettirmis, faaliyetleri

sonucu olusan atiklarin cevreye zarar
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vermeden bertaraf edilmesi hususunda

cesitli  yonetmelikler ve standartlar
getirilmistir. Bor atiklarmin uygun
yontemlerle cesitli sektorlerde

degerlendirilmesi sonucunda;

e Atiklarin stoklanmasindan dogan
sorunlar ve stoklama maliyeti azalacak,
Cevreyi asgari
diizeye indirgenecek,

e Bor atiklarinin degerlendirilmesi
sonucu tretilen yeni {iriinler, iilke

° kirleten unsurlar

ekonomisine ek kazang saglayacaktir
(Kiitiik-Sert & Kiitiik, 2013).

Son yillarda bor minerallerinin ¢imento
katkis1 olarak kullamimi {izerine cesitli
calismalar yapilmis ve yapilmaya
devam etmektedir (Kitiik-Sert, Kara &
Kiitiik,  2020).  Tirkiye'deki  bor
rezervleri diistiniildtigiinde, bu
calismalarin iilkemiz i¢in 6nemi kat ve
kat daha fazladur.

Bor atig1t katkilh Kkillerin seramik
sektorunde  frit, sir ve  masse
hazirlanmasinda kullanilabilirligi

kanitlanmistir (Sénmez, Ozdag, Ozler, &
Stimer, 1993).Bu ¢alismani amaci, sinirlt
kaynaklar1 tiiketmek yerine, atiklarin
degerlendirilmesini saglamaktir.
Betonda hem IYA hem de bor atiklarinin
birlikte kullanimi ile ilgili literatiirde
herhangi bir ¢alismaya rastlanmamuistir.
Bu yiizden, bu calismada IYA ve bor
atiklar1 farkli oranlarda betona katki
yapilmis; beton numunelerinin basing
dayanimlari Ol¢iilmiis ve tartisilmistir.

2. Materyal ve Yontem

Bu calismada, insaat yikint1 atig1 (IYA)
ve normal agrega (NA) olmak tizere iki
cesit agrega kullanilmistir. Bunlarla
yapilan karigimlara belirli oranlarda bor

minerali ve bor atig1 eklenerek deneye
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tabi tutulmustur. Bu deneylerde, YA
olan beton molozlarinin elle (gekic
yardimiyla) kirilip elenerek 0-4 mm ve 4-
16 mm boyutunda ince ve iri IYA
uretilmistir (Li X. , 2008).

Normal agrega gruplar: belirli oranlarda
azaltilarak yerine insaat yikinti atig
ilave edilmis ve C25/30 beton smifinda

beton numuneleri tretilmistir.
Karisimlarda iri ve ince TYA ile birlikte
kullanilarak %50 agirlik¢a ikame
edilmistir. Beton numuneleri
laboratuvar  ortaminda teste tabi
tutularak basing dayanimlar:
belirlenmistir. Beton uretiminde

baglayict olarak Mus Yurt¢im Portland
¢imentosu (TS-EN 197-1;2012 CEM 1V/B
(P) 32,5 R) ve karisim suyu olarak sebeke
suyu kullanilmistir. Katki olarak %2 ve
%5 oranlarinda bor minerali ve bor atig1
kullanilmistir. Su/¢imento oranmi 0,39
olan, katkili, IYA agregali beton ve
normal  agregali  beton
dokilmiistiir.

Yapilan calismalar, arazi calismalar1 ve

serileri

laboratuvar ortaminda yapilan deneysel
calismalar olmak
ayrilmaktadir. Arazi ¢aligmalars;

Ingaat yikinti atiklarinin toplanmast,
Alinan atik beton kiitlelerinden karot

lizere ikiye
L
L]
numunelerinin alinmasi,

Toplanan beton kiitlelerinin elle
(¢eki¢ yardimiyla) kirilmasi,

Kirilan betondan iri ve ince ingaat
yikint: atiginin elde edilmesidir.
Laboratuvar ortaminda yapilan
deneysel ¢alismalar ise;

o Elek analizi deneyi ile insaat yikinti
atiginin tane biyiikligii dagiliminin
belirlenmesi,

IYA birim hacim agirhig ve su
emmesinin belirlenmesi,
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e %100 NA, %100 IYA, %50 TYA — %50
NA, %50 IYA — %50 NA — %2 Bor,
%50 TYA — %50 NA — %5 Bor, %50
IYA —%50 NA - %2 Bor Atig1, %50
IYA -%50 NA - %5 Bor Atig1 olan
karisim oranlarinda 6’sar adet beton
numunelerinin tiretilmesi; 7 ve 28

gin kiir havuzunda bekletilmesi

iglemi,

e Farkh karisim oranlarindaki
numunelerin basing dayanim testidir
(TS 802, 2016).

IYA ve NA numunelerinin karisim
hesabi, TS 802 — Beton Karisim Tasarimi
Hesap  Esaslar1  dikkate alinarak
tasarlanmigtir (TS 802, 2016).

IYA ve NA ile olusturulacak olan beton
karissm  hesabinda
¢okme degeri (slump degeri) 30 mm

numunelerinin

alinmustir.

IYA ile iiretilecek beton numuneleri icin
elde edilen agreganin maksimum tane
biiyiikliigii 16 mm olarak belirlenmistir.
Betonun karisim suyu miktari, agrega en
betonun

biiyiik tane biiyiikliigiine,

kivamina, betonun icerisinde
kullanilacak olan kimyasal katkiya ve
hava siirtikleyici katkiya bagh olarak
degisiklik gostermektedir. Beton {iretimi
icin gerekli olan yaklasik karisim suyu
miktari, TS 802’den betonun ¢okmesi ve
en biiyiik agrega tane biiyiikliigiine gore
verilen referans degerler goz oOniinde
bulundurularak belirlenmistir (TS 802,
2016). 30 mm ¢okme degerine sahip
beton icin insaat yikintt atigmin en
biiyiik agrega tane biiyiikliigii 16 mm
oldugundan dolayi, karisim suyu
miktar1 166 kg/m3 olarak belirlenmistir.
Ayrica betona ilave olarak %2 ile %5
oraninda bor (kolemanit minerali) ve %2

ile %5 oraninda bor atig1 kullanilmistir.
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Tablo 1. Bor mineralinin oksitli bilesen analizi

Kolemanit (% agirlikca)

Bilesen C-75 pm
B20s 40 +0,50
B20s (Bu 38,65 + 1,00
calisma igin)
CaO 27,00 + 1,00
SiO2 4,00-6,50
SO4 0,60 maksimum
As 35 ppm maksimum
MgO 3,00 maksimum
SrO 1,50 maksimum
AlOs 0,40 maksimum
Na20 0,35 maksimum
Fex0s 0,08 maksimum
Nem 1,00 maksimum

Kullanulan bor mineralinin kimyasal
analizi Tablo 1'de verilmistir (Kitik,
2017). Sekil 1, Sekil 2 ve Sekil 3'te
sirasiyla; ingaat yikint1 atiklari, toplanan
beton kiitlelerinin ¢eki¢ yardimiyla
kirilmasi ve sonucunda elde edilen YA

gOsterilmisgtir.

Sekil 3. lde dﬂeningaat y;i(1nt1 atig1

Arazi calismalar1 kisminda atik beton
kiitlelerinden
alinmasi Sekil 4'te gosterilmistir.

karot numunelerinin
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’u\

Sekil 4 Atlk beton kutlelerlnae_zn karot
numunelerinin alinmasi

IYA ve NA ile iiretilecek olan beton

numunelerinin  bilesenleri belirlenen
oranda tartilarak onceden
nemlendirilmis betoniyere

konulmustur. Once Sekil 5'te goriildiigii
iizere iri ve ince agregalar konulup 1-2
dakika karigtirilmigtir. Daha sonra
¢imento, bor ve bor atig1 eklenip 2-3
dakika daha karistinlmaya devam
etmistir. Ardindan su eklenerek 3-5
dakika daha karistirilan beton, Sekil 6’da
goriilen son halini almigtir.

Sekil 5. Kuru malzemelerin betoniyerde
karigtirilmasi
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Sekil 6. Beton karigim1

Karistirma isleminin tamamlanmasinin
ardindan daha 6nceden temizlenmis ve
olan  beton  numune
kaliplarina beton karisimi Sekil 7’de
goriildiigii gibi yerlestirilmistir.

yaglanmis

sgﬁggs
8 8 = :

=]

i

sekl 7. hlra karigim betuu N
yerlestirilmesi

Verilen karisim olanlarinda toplamda 42
adet 15x15x15 cm boyutunda beton kiip
numune {iretilmistir. Uretilen beton kiip
numuneler 7 giin ve 28 giin kiir
havuzunda bekletilmistir. Kiir
havuzundan ¢ikarilan kiip numuneler
tizerinde basmng dayanim deneyi
uygulanmistir.

3. Bulgular ve Tartisma

Calismada kullanilan NA ve IYA
agregasina elek analizi yapilarak 1 no’lu
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micir, 2 no’lu micir, kirma kum ve kum
boyutlarina ayrilmistir (TS EN 932-1,
1997). Her bir boyut i¢in birim hacim
agirliklar1 ve agirlik¢ca su emme oranlar:

hesaplanmistir. Sonuglar Tablo 2 ve
Tablo 3'te verilmistir.

Tablo 2. Normal agrega birim hacim agirlik ve su emme degerleri

1 no'lumicr 2no’lumicar Kirmakum Kum
Birim Hacim Agirlig1 2,65 2,66 2,82 2,00
Su Emme 1,23 0,80 5,13 8,17
Tablo 3. insaat yikint1 atig1 birim hacim agirlik ve su emme degerleri
1 no'lumicar 2no’lumiar Kirmakum Kum
Birim Hacim Agirligi 2,40 2,35 0,54 0,40
Su Emme 7,40 9,10 11,40 26,1
3.1. Agrega Tane Biiyiikliigii Dagilimi 12620+A1"deki maksimum dane

Iri ve ince agregalara ait numunelerin
dane biiyiikliiklerine gore dagilimi elek
belirlenmistir.
Kullanilan agregalarin maksimum dane
boyutu 16 mm olarak bulunmustur. Iri
ve ince agrega dane dagilimlari igin

analizi sonucunda

biiytikliigli 16 mm olan egrilere ait alt
(A), orta (B) ve {ist smirlara (C) uygun,
ozellikle alt smir ile orta arasinda yer
sekilde karisik agrega
graniilometrisi ayarlanmistir (TS 706 EN
12620+A1, 2009). Sekil 8de normal
agrega icin, Sekil 9'da ise insaat yikinti

alacak

agrega  dagilimmi  belirleyebilmek  atig1 icin graniilometri egrisi
amacityla, belirli yilizdeler denenerek  sunulmustur.
beton agregalar: standartlar1 TS 706 EN
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Sekil 8. Normal agrega graniilometri egrisi
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Sekil 9. Ingaat yikint1 atig1 graniilometri egrisi

3.2. Beton Numunelerinin Basin¢ Dayanim

Sekil 10’da bor atigr ve bor Kkatkist
olmayan, %100 IYA, %100 NA ve %50
[YA-%50 NA beton kiip numunelerine
ait 7 gilinliik ve 28 giinlitk ortalama
basing dayanimi degerleri verilmistir.
Sekil 11’de ise %50 TYA-%50 NA ilave
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olarak sirasiyla %2 bor atifi, %5 bor
atig1, %2 bor katkili, %5 bor katkili beton
kiip numunelerine ait 7 giinliik ve 28
basing dayanimi

ginliik ortalama

degerleri verilmistir.
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Sekil 10. Bor Katkisiz Beton Numunelerinin Basing Dayanim: Degerleri
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Sekil 11. %50 IYA - %50 NA ve Bor ile Bor Atig1 Katkili Beton Numunelerinin Basing

Dayanimi Degerleri

Uretilen beton numuneleri C25/30 beton
smifinda oldugundan dolayi, kiip
numunelerin 28 giinliik dayanimlarinin
30 MPa degeri ile kiyaslamas:
yapilabilir:

%100 IYA
ortalama basing dayammi 29,6 MPa

. ile dretilen betonun

ile bu degerin hemen hemen
karsilandig;,
e %100 NA ile dretilen betonun

ortalama basing dayanimi 31,4 MPa
ile bu degerin karsilandigs,

%50 IYA-%50 NA ile iiretilen
betonun ortalama basing dayanimi
42,1 MPa ile bu degerin fazlasiyla
iisttinde oldugu,

%50 IYA-%50 NA ile iiretilen betona
%2 bor atig1 eklendiginde, ortalama
basing dayanimi 36,2 MPa ile bu
degerin karsilandigy,

%50 1YA-%50 NA ile iiretilen betona
%5 bor atig1 eklendiginde, ortalama
basing dayanimi 26,7 MPa ile bu
degerin altinda kaldigs,

%50 1YA-%50 NA ile iiretilen betona
%2 bor katki olarak eklendiginde,
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ortalama basing dayanimi 35,1 MPa
ile bu degerin karsilandigy,

%50 TYA-%50 NA ile iiretilen betona
%5 bor katki olarak eklendiginde,
ortalama basing dayanimi 30,7 MPa
ile  bu  degerin  karsilandig:
anlasilmigtir.

Bu verilerden Ozetle ifade edilirse,
C25/30 beton smifinda hedef dayanimi
30 MPa’a ulasilmasi istendigi igin su
yorum yapilabilir:

%100 NA, %50 TYA-%50 NA, %50 [YA-
%50 NA-%2 bor atigl, %50 1YA-%50
NA-%2 bor katkis, %50 IYA-%50 NA-
%5 bor katkisi ile {retilen beton
numunelerinde amag dayanima
ulagirken; %100 IYA ve %50 IYA-%50
NA-%5 bor atig1 ile iiretilen beton
numunelerinde ise amaglanan dayanim
elde edilememistir.

En yiiksek basing dayanimi 42,1 MPa ile
%50 TYA-%50 NA beton numunesinde

saptanmistir, Bu yiiksek degerin
IYA’daki  yapistk olan  ¢imento
kalintilarindan kaynaklandig1
diistiniilmektedir. Bu kayda deger
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sonug, c¢imento tiiketiminde tasarruf
saglayabilecektir.

Beton numunelerinin 28 giinliik basing
dayanimlari, %100 NA
karsilagtirilmis ve asagidaki sonugclar
tespit edilmistir:

%100 TYA ile iiretilen betonun basing
dayanim degerinin %100 normal
agrega ile {iretilen betona gore %5,73
daha az oldugu,

%50 1YA-%50 NA-%5 bor atig
katkis1 ile fiiretilen betonun basing
dayanum degerinin %100 normal
agrega ile iretilen betona gore
%11,97 daha az oldugu,

%50 [YA-%50 NA-%5 bor katkisi ile
tiretilen betonun basing dayanmm
degerinin %100 NA ile {iretilen
betona gore %2,23 daha az oldugu,
%50 1YA-%50 NA
betonun basing dayamim degerinin

ile

ile {retilen
%100 normal agrega ile f{iretilen
betona gore %34,1 daha fazla oldugu,
%50 TYA-%50 NA-%2 bor atig
katkis1 ile ftiretilen betonun basing
dayanim degerinin %100 normal
agrega ile iiretilen betona gore
%15,29 daha fazla oldugu,

%50 IYA-%50 NA-%2 bor katkisi ile
iretilen betonun basing dayamm
degerinin %100 normal agrega ile
iiretilen betona gore %11,78 daha
fazla oldugu goriilmiistiir.

Ayrica bor ve bor atig1 katkilar
kullanilarak hazirlanan numunelerin
dayanim sonuglar1 kendi igerisinde
mukayese edildiginde, bor katkil
betonlarin  basing dayanimlarmin
ortalamasi (32,9 MPa) bor atig1 katkili
betonlarin  basing  dayanimlarinin

ortalamasindan (31,45 MPa) biraz daha
biiyiik oldugu belirlenmistir.

57

Elde edilen bu sonuglar literatiirde
arastirilmigtir. Durmus vd. tarafindan
yapilan bir ¢alismada, iri geri dontisiim
beton agregasi orani arttikca betonun
basing dayaniminin azaldig1
belirlenmistir. Yani, basing dayanimi, %0
IGDBA kullaniminda 43,92 MPa iken
%100 IGDBA kullaniminda 29,90 MPa’a
diismiistiir (Durmus, Simsek, & Day,
2009). Demirel ve Simsek tarafindan
yapilan bir calismada, atik beton geri
doniisim agregast orani yiikseldikge
betonun basing dayaniminin diistiigi
tespit edilmistir. Baska bir deyisle,
basing dayanimi en yiiksek %10 iri GDA
kullaniminda 36 MPa iken, en diisiik
%50 ince GDA kullaniminda 26 MPa
olarak bulunmustur (Demirel & Simsek,
2015). Kadiroglu vd. geri doniisiimden
elde
olusturulan agregalar, geri doniisiimlii
agrega (GDA) ve insaat moloz atiklar
(IMA) ile ilgili bir calisma yapmugtir.
Basing dayaniminin GDA  oraninin

edilen betonlarin kirilmasiyla

artmasiyla  azaldigi = saptanmustir.
Bununla birlikte IMA oranimin %15lere
ulasmasiyla basing dayanuminin
azaldig1, tam tersine IMA oraninin %25
basing
gorilmiistiir.

olmasiyla dayaniminin
yiikseldigi IMA’daki
yiikselisin nedeni, diisiik klor iyon
gecirimliligi degerlerine atfedilmistir
(Kadiroglu, Oz, Tezcan, & Kuru, 2017).

Bu ¢alismada, hem bor atig1 hem de bor
ilavesinin %2’den %5’e ¢tkmasiyla beton
basing dayaniminin azaldig:
bulunmustur. vd. tarafindan
yapilan c¢alismalarda, bu sonuca benzer
sonuglar elde edilmistir: Bor (kolemanit)
ikamesinin %3’e kadar betonun basing
dayanimimmi ve asinma dayanimini
iyilegtirdigi, = fakat daha  yiiksek
oranlarda kotiilestirdigi tespit edilmistir

Kara



Yentimur M. F., Kiitiik_Sert T., & Kiitiik S. 2022

(Kara, Kiitiik-Sert & Kiitiik, 2020; Kiitiik-
Sert, Kara & Kiitiik, 2020).

4. Sonuglar

Bu calismada, atik beton kiitleleri el ile
kirilarak (¢eki¢ yardimiyla) insaat yikint:
atig1 elde edilmistir. Sonrasinda beton
karisimina %50 oraninda insaat yikinti
atig1 ikame edilerek {iretilen beton
numuneleri {izerinde basing dayanimi
bu
numunelere %2 ve %5 oranlarinda bor

deneyi  yapilmustir.  Ayrica
ve bor atig1 ilave edilerek bu katkilarin
etkisi

elde

edilen verilerden asagidaki sonuglara

beton dayanimina

gozlemlenmistir.  Deneylerden

ulagilmgtir:
e Basing dayanim degerlerinin en
bliytigiine 42,1 MPa ile %50 insaat
yikint1 atig1-%50 normal agrega ile
iretilen beton sahip iken, en
kiigtigiine ise 26,7 MPa ile %50 ingaat
yikint1 at1$1-%50 normal agrega— %5
bor atig1 ilavesi ile iiretilen beton
sahiptir.

Atiklarin degerlendirilmesi, ¢evre
kirliliginin ~ azaltilmasi,  normal
agrega kullanimindan ve ¢imento
miktarindan tasarruf saglanmasi ve

beton dayanimi agisindan insaat

yikintt atit agregalarmin belli
oranlarda kullanilabilecegi
distiniilmektedir.

Tesekkiir

Yazarlar, deneylerin yapilmasina yardimeci
olan C')gr‘ Gor. M. Selguk GUNER’e, bor
minerallerin temininde Eti Maden Isletmeleri
Genel Midiirliigii'ne, Insaat Miihendisligi
Boliimii Bitirme Tezi kapsaminda calismay1
yliriiten ogrencilerimiz Atilla
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Abstract

This paper aims to investigate the critical buckling loads of uniaxially loaded simply
supported square thin plates with central circular and square holes in terms of some
parameters like hole shapes, slenderness ratios and total hole areas. In this study,
buckling analyses of perforated plates with different hole shapes of perforation and
slenderness ratios were carried out. For this purpose, plate models with seven
different total hole areas were examined together with the non-perforated plate. The
total hole area ratios in the models are 0.79%, 3.14%, 7.07%, 12.57%, 19.63%, 28.27%
and 38.48%, respectively. The total hole areas of the models with square holes are
arranged to be the same as the models with circular holes to compare the results
among circular and square perforated plates properly. The models were established
by using the finite-element (FE) software ANSYS using Shell-181 elements which are
4-node structural shell elements. The comparisons on critical buckling loads between
square and circular perforated results show that the buckling load for the plates with
square holes is higher than for the plates with circular holes.

Keywords: Buckling, Perforated plates, Finite element, Square perforated, Circular perforated
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Tek Eksenli Yiikleme Altindaki Kare ve Dairesel Delikli
Kare Plaklarin Burkulmasi

Oz

Bu makale, merkezi dairesel ve kare deliklere sahip tek eksenli ytiiklii basit mesnetli
kare ince plaklarin kritik burkulma ytiiklerini delik sekilleri, narinlik oranlar1 ve
toplam delik alanlar1 gibi baz1 parametreler agisindan incelemeyi amaglamaktadir. Bu
calismada, farkli delik sekillerine ve narinlik oranlarina sahip delikli plaklarin
burkulma analizleri yapilmistir. Bu amagla bosluksuz plak ile beraber yedi farkl
bosluk oranina sahip plak modelleri incelenmistir. Modellerdeki bosluk oranlari
sirasiyla %0.79, %3.14, %7.07, %12.57, %19.63, %28.27 ve %38.48 seklindedir. Dairesel
ve kare delikli plaklar arasindaki sonuglart dogru bir sekilde karsilastirabilmek icin
kare delikli modellerin toplam delik alanlar1, dairesel delikli modellerle ayn1 olacak
sekilde diizenlenmistir. Modeller, kiitiiphanesinde bulunan 4 diigiim noktal1 yapisal
kabuk elemani olan Shell-181 elemanlari kullanilarak sonlu elemanlar yazilimi
ANSYS ile analiz edilmistir. Elde edilen sonuglar, aym bosluk alanina sahip kare
delikli plakalarin burkulma ytiklerinin dairesel delikli plakalara gore daha yiiksek
oldugunu gostermistir.

Anahtar kelimeler: Burkulma, Delikli plaklar, Sonlu eleman, Kare delik, Dairesel delik.
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1.Introduction

Perforated plates are used in many
engineering
member and are subjected to a wide
variety of loads. One of these loads is the

areas as a structural

buckling load which was acting in-plane
uniaxial compressive to these members.
Buckling behavior is often encountered
in such structures and commonly
generates large deformations. Therefore,
buckling design for perforated plates
used as the main structural member is
gaining considerable importance in the
structural designs.

In this sense, although there are studies
on perforated plates, there has not been
much research on buckling and there are
few studies on this subject in the
literature. There were also studies about
perforated rectangular and square plates
subjected to various loads as lateral
bending and inplane tension loads with
different boundary conditions (Albayrak
& Saragoglu, 2016; Saracoglu &
Albayrak, 2018; Saracoglu et al., 2020;
Saracoglu et al., 2021, Karakaya, 2022).
Narayanan and Avanessian (1984),
investigated stability of plates with cut-
outs plates under shear by using finite
method. They computed
buckling coefficient for simply and fixed
supported plates containing various
shaped cut-outs. After the calculations
they suggested a formula for the use of
practical engineers. Brown, presented
elastic stability analyses of perforated
plates with different aspect ratios for
concentrated loading. He emphasizes in
his study that some simple modifications
to the boundary conditions and
geometry of the plate affect the critical

element
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load of the plate majorly (Brown, 1990).
Shakerley and Brown (1996), studied
buckling square
positioned perforated plates with fully
fixed and simply supported boundaries.
They explained the effect of longitudinal

of eccentrically

or lateral slots and the location of
perforations to the critical buckling load
in their study. Shanmugam et al. (1999)
have proposed critical loads for the
design perforated plates with
different boundary conditions and
different shapes of openings which are
subject to uni-axial and bi-axial in-plane
compressive loadings for design in their
study. El-Sawy et (2004) have
investigated the buckling stress of
perforated rectangular
square plates subjected to uniaxial
loadings. By using the finite element

of

al.

circular and

method effects of various parameters
have been determined in their study.
Maiorana et al. (2008) have investigated
the stability of perforated plates with
rectangular and circular holes under
localized symmetric loads. Kémiir and
Sonmez (2008), were studied the stability
of rectangular plates with different
perforations and loading cases, different
normalized hole sizes, and aspect ratios
by wusing finite element software
program ANSYS. Rezaeepazhand and
Sabori (2008), were studied the damaged
metallic perforated square plates and
they conducted finite element codes for
numerical studies. Maiorana et al. (2009)
were were developed some numerical
non-linear analyses for perforated plates
with eccentric holes in their parametric
study. In perforated plates, Komur
(2011) selected elliptical holes as a
different geometrical shape and he
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investigates the effect of
parameters on buckling behavior. Seifi et
al. (2017) were studied the global
buckling
perforated plates experimentally and
and Al-Araji

(2017) were investigated the buckling of

some

behavior of reinforced

numerically. Al-Amar

perforated and unperforated stiffened
plates under uniaxial compressive load.
Yanli et al. (2019) investigated the
buckling behavior of perforated plates
under bending by using finite element
software and a practical formula was
proposed for the coefficient of buckling.
Soares et al., (2019) studied about the
buckling of perforated thin and thick
plates. plates
considered with the simply supported
boundary condition and loaded with uni
axial in-plane loads. And also they

Investigated were

compare the results with the literature.
Soleimanian et al. (2020) studied the
buckling and vibration of perforated
plates made with composite materials
under thermal loads and they suggested
a model for analyses. Guo and Yao
(2021) presented an extensive parametric
study about the buckling behavior of
perforated plates with rectangular and
circular hole shapes. Evaluated plates
have simply
supported investigated  with
different parameters in their study. Kim
et al. (2021) were investigated the
perforated plates subjected to uni axial
compression loadings by using the
commercial

been considered as

and

finite element analysis
program and experimentally. They were
considered thickness, aspect ratio and
opening size as variables in their study.
Silveira et al. (2021) were studied about
perforated plate buckling which has

elliptical-shaped holes. They
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numerically simulated the models with
software using the Finite Element
Method and square steel perforated
plates have a symmetric geometry.
Plates were simply supported in its four
edges and submitted to a biaxial
compressive load and has a centered
They apply the
constructal design method for numerical
analysis of the perforated plates. Fu and
Wang (2022) were investigated the

elliptical ~ cutout.

buckling of perforated plates and for this
purpose, they developed a new semi-
analytical model by wusing the
Timoshenko shear beam theory in their
study and they compare the results with
finite element method solutions.

The main objective of this study is to
investigate the critical buckling loads of
simply supported perforated plates with
different perforations and different
slenderness under
uniaxial compressive loads numerically.
Investigated plates have the same
opening sizes with different hole shapes;

ratios in-plane

circular, and square shaped.
2.Material and Methods

Plates can be unstable because of the
critical in-plane forces acting on the
plates and these forces have effects also
on flexural behavior. And also, these
plates acting with these forces may
undergo buckling by becoming unstable.
In engineering practice design for
stability is critical. If the in-plane load
acting on the square plate is below the
critical value and too small to cause
buckling, the state of equilibrium is
stable. But if the in-plane load is greater
than the critical value, the state of
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equilibrium is unstable, and this leads to
larger deflections.

The general deflection expression which
satisfies the boundary conditions of a
simply supported rectangular plate can
be expressed as an infinite series of as
follows:

mmxX . Nmy

W= 10 et amnsinTsmT D

4P o o sin—=sin—=
~ abmD Zm=1,2,3,~~2n:1,2,3,~~ m2 n2\ mZocrh
a2 bZ)” w2a2D

In equation (2) D is the plate flexural
rigidity, a is the length of the plate in x
axis, b is the length of the plate in y axis,
and o« is the critical stress value.

When the denominator of one of the
terms in equation (2) becomes equal to
zero the critical stress value oo occurs.
This critical value will occur when n=1 in
equation (2). Equation (3) and Equation
(4) give these critical stress values.

In equation (1) w defines the deflection
value. This general expression can be
customized for a simply supported
rectangular plate uniformly lateral
loaded in the x direction and carrying a
concentrated load P at a point with
coordinates C and 1) is as follows.

sin——sin—= 2
m?a?D (m? 112

oo = (i 33) ©)
2D (mb a\2

0 =1 (o + ) *)

Geometry of a plate model subjected to
uniaxial compressive forces is shown in
Figure 1.
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Figure 1. Non-perforated plate model and boundary conditions under uniaxial

compressive forces

The elastic critical stress of a square
plates subjected to uniform axial
compressive stress which are simply

supported along all edges is as follows
(Bryan, 1891; Guo & Yao, 2021):
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m2E

O = K Hame ®)

The calculation results of the examples
discussed in this study were obtained
using the ANSYS finite element package
program. The 4-node structural shell
element SHELL 181 from the ANSYS
element library, shown in Figure 2, is

In equation (5) E is the elastic modulus,
v is the Poisson’s ratio, a is the plate
width and h is the plate thickness. Plate
buckling coefficient is expressed in
equation (5) as k. If D is the plate flexural
rigidity (Timoshenko & Woinowsky-
Krieger, 1959), plate buckling coefficient

used as the finite element. The
SHELL 181 element is 4-node structural
shell element with different options such

is explained in equation (6) and ) ) i
as triangular option, membrane option

ti 7).
equation (7) or layered option. Each of the 4 nodes of

this element has six degrees of freedom:

k =0, % 6

= Oer o2 ) translations in the X, y, and z directions
Eh3 . .

D= 0 (7)  and rotations in the x, y, and z axes.

Triangular Option

not recommended
KEYOPT(11) =0 ( ) KEYOPT(11} =1

Figure 2. Geometry of SHELL181 finite element in ANSYS (Swanson Analysis System
Inc., 2005)

It supports properties such as linear,  opening sizes. Holes on the plates are
large rotation, and large strain nonlinear  circular, and square shaped.
applications (Swanson Analysis System  Geometry and boundary conditions of

Inc., 2005). the plate model with a circular hole is
shown in Figure 3. In the present study,
3.Examples plates are considered to be simply

supported on all edges. Freedom of the
In order to investigate the hole shape  translational displacement in the plane
effect on buckling of uniaxially loaded of the plate and condition of
square plates, one dimension of the plate  nonoccurrence of rigid body movement
is taken as 300 mm, and analyses were  should be applied to the models. For this
performed for non-perforated, square  purpose, two joints at the bottom corners
perforated, and circle perforated square = were fixed in the y direction and middle
plates. Investigated two plates have joint at the bottom edge was fixed in the
different hole shapes with the same  x direction.
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Figure 3. Plate model with a circular hole and boundary conditions.

Dimensions and the loading of the plate
is shown in Figure 1 and Figure 3
Material properties of the example plates
were modulus of elasticity (E) and
Poisson’s ratio (v) are 200000 MPa, and
0.3, respectively.

3.1 Verification of Mesh Quality

The
simulations performed by the finite
element method are dependent on the
mesh quality. Results obtained with a

results obtained in numerical

poor mesh structure will also give poor
or inaccurate results. Therefore, it is
necessary to make sure that the mesh is
good enough to obtain reliable results. In
general, the finer mesh means the more
accurately results. But in this case, there
are more data points, and the number of
nodes and unknowns will increase. To
determine the dependence of the results
the mesh quality
independence study is performed.

In this mesh quality study, buckling

on a mesh

analyses were performed on a simply
supported square steel plate with the
dimension 300 mm x 300 mm and a
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thickness of 2 mm. A series of models
were generated for this sample plate by
meshing with finite elements whose size
was varying from 50 mm (coarsest mesh)
to 2 mm (finest mesh) divisions for mesh
quality verification. Critical buckling
load yielded from each model were
calculated and compared to study the
influence of mesh quality on the
buckling analysis results. This series of
buckling analysis results, comparisons
and percentage approximate errors were
calculated by comparing other results to
the &
Woinowsky-Krieger, 1959) and shown in
Figure 4. It can be observed from
Figure 4 that when the number of mesh
elements along plate length is higher

exact results (Timoshenko

than 60, the increase of mesh density
does not significantly improve the
accuracy of critical buckling load

anymore.
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Figure 4. Number of mesh elements vs

accuracy for critical buckling

load

Different results are obtained with
different frequencies
created for the analyzed plate models.
Because the mesh created for the
problems in the finite element method
directly affects the results. As the
number of elements increases, more
accurate results are approached. The
than
necessary will cause different numerical

finite element

frequency of elements more
errors. In order to determine the correct
mesh density, the
relationship between element size and
critical buckling load is examined by

finite element

increasing the number of finite elements,
and the element size with the same
amount of critical buckling load can be
determined. As a result of such
convergence processes, the finite
element size is taken as 5 mm in the
problems solved in this study.

3.2 Verification of Finite Element
Analysis Models
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The correct calculation of the analysis
results is directly dependent on the
selected element type as well as the finite
element mesh density. To evaluate the
accuracy of finite element solutions, the
obtained results should be compared
with experimental results or theoretical
values. In this study, in order to verify
the finite solutions, the
problems taken from the reference

element

samples were also solved and the

convergence of the obtained values was
checked.

1Max
0.53889
0.77778
0.66667
0.55356
0.44444
0.33333
0.22222
o1
5.639%e-18 Min

Figure 5. Contour plot of total
deformations for a non-
perforated plate.

Before investigating the buckling

behavior of the perforated plates by
using finite element software buckling
analyses of the non-perforated plates
taken the literature were
performed by using the program to
verify the accuracy. For this purpose, the
results

from

obtained by finite element
method are compared to those results
obtained by using an exact solution
procedure based on the infinite power
series (Timoshenko & Woinowsky-

Krieger, 1959). As an example, buckling
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analysis was performed for

perforated square plate by taking the

non-

finite element size as 5mm and the
contour plot of total deformations of the
plate is shown in Figure 5.

Buckling analyses of the other example
problems also performed by using the
finite-element software and critical
buckling loads were obtained.

The buckling coefficient is calculated as

in Equation (8).

D 2
Ner = k7 (®)

In equation (8) N« is the critical buckling
load. The buckling coefficients obtained
by the finite element for the simply
supported square plates without holes
with  different thickness and the
corresponding values obtained from
Timoshenko and Woinowsky-Krieger
(Timoshenko & Woinowsky-Krieger,
1959) are listed in Table 1. Length of
square steel plate is taken as 300 mm.

Table 1. Comparison of critical buckling load and buckling coefficients of non-

perforated plate
a / h N FE KFE N(Tim&Woi)  k(Tim.&Woi.) KDifference% N Pifference%
(N/mm) (N/mm)
150 64.2790  4.0005 64.2709 4.0000 0.013 0.013
100 216.8800  3.9994 216.9144 4.0000 -0.016 -0.016
50 1732.1000  3.9926 1735.3151 4.0000 -0.185 -0.185

Difference% values are calculated by the
formula in equation (9):
FE—Reference

Difference% = —— x 100 C))

Reference
It can be seen from the Tablel that there
is a good consistency of the buckling
coefficients and loads obtained from

finite element method and numerical
results from literature. These results

indicate that the finite element method
models presented in this paper is reliable
and accurate. And also, critical buckling
load for simply supported square plate
with a circular hole is verified from El-
Sawy and Nazmy (El-Sawy & Nazmy,
2001) and shown in Table 2. In the
middle of the square plate, a circular
hole is perforated, and the diameter was
taken as 150mm which is half of the
square plate length.

Table 2. Comparison of critical buckling load and buckling coefficients of a square

plate with a circular hole

a/h NFE KFE N(EL&Naz)  Jc(El&Naz) KDifference% N Difference%
(N/mm) (N/mm)

150 46.6390 2.9026 46.5964  2.9000 0.091 0.091

100 157.2800  2.9003 157.2629  2.9000 0.011 0.011

50 1253.9000  2.8903 1258.1034  2.9000 -0.334 -0.334
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3.3 Finite Element Analysis Models

Analyzes were performed for square
plates with a square, and circular hole of
different open area ratios and different
slenderness ratios (a/h = 50, 100, and
150). Plate surface areas are constant as

300 mm x 300 mm. Square plates with
circular holes were taken as reference
and the open area in each problem was
modeled equally so that the sample
problems could be compared with each
other.

|
T
— — — — :
— l— — — :
— — — «— ————«<————:————>»————
— «— — «~— :
— — — «— \\\ | '// [A
—> — T |
— D, — — Dy N : P
| l%
[}
a a a

Figure 6. Plane view of square plate models with circle and square hole shapes.

A schematic plan view for one of the
example problems which has the same
open area is shown in Figure 6. The
notation & is the length between the line
of action of the load and the square hole
edge in the middle of the plate and the
notation l is the similar length for the
circle hole.
Boundary conditions are simply
supported in four edges as shown in
Figure 1. A uniform unit load is applied
to the edges of x=0 and x=a=300mm and
performed the eigenvalue analysis by
using the
program. After obtaining the lowest
eigenvalue, the critical buckling load Ner
was calculated. The effect of slenderness
ratio, open area ratio, and hole shape on
the critical buckling load of perforated
square plates loaded with uniaxial

compression are presented in Table 3. In

finite element software

the analyses, both cases of rectangular
and circular holes in the middle of the
plates are considered.
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The variation of the length ¢ is for square
perforated plate and the length Ic for
circle perforated plate versus the hole
area is shown in Figure 7.
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Hole area (mm?) x 103

0 .% 40
Figure 7. Variation of the location of the
edge lines of the circular and

square holes.

Figure 8 compares the critical buckling
loads for simply supported square plates
with square and circular holes. In this
figure slenderness ratios of the plates are
150 so that 300 x 300 dimensioned plate
thickness is 2 mm.
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Figure 8. Critical buckling loads for

perforated square plates (a/h=150).

In Figure 9 and Figure 10, the buckled
shapes of the example plates are shown,
indicating the formation of only one
half-wave for all hole diameters used. In
these seven example problems, the hole
areas of the square holes are the same as
the circle holes.

Table 3 Comparison of critical buckling loads with different parameters

Model h Hole Open D- (2 Nere Ds s Ners
no (mm) area area (mm) (mm) (N/mm) (mm) (mm) (N/mm)
(mm?) ratio
(%)

1 2 0.00 0.00 0 150 64.279 0.000 150.000 64.279
2 2 706.86 0.79 30 135 61.772  26.587 136.707 61.684
3 2 282743 3.14 60 120 56.513 53.174 123.413 56.599
4 2 6361.73 7.07 90 105 51.871  79.760 110.120 52.354
5 2 11309.73 1257 120 20 48.687 106.347  96.826 49.539
6 2 1767146 19.63 150 75 46.639 132934 83.533 47.724
7 2 2544690 28.27 180 60 45.189 159.521  70.240 46.450
8 2 34636.06 38.48 210 45 43.885 186.108 56.946 45.554
9 3 0.00 0.00 0 150 216.880 0.000 150.000 216.880
10 3 706.86 0.79 30 135 208.420 26.587 136.707  208.076
11 3 282743 3.14 60 120  190.680 53.174 123.413  190.882
12 3  6361.73 7.07 90 105 175.010 79.760 110.120 176.523
13 3 11309.73 1257 120 90  164.240 106.347 96.826  166.967
14 3 1767146 19.63 150 75 157.280 132934 83.533 160.754
15 3 2544690 28.27 180 60 152.300 159.521 70.240  156.329
16 3 34636.06 38.48 210 45 147.730 186.108 56.946  153.138
17 6 0.00 0.00 0 150 1732.100 0.000 150.000 1732.100
18 6 706.86 0.79 30 135 1664.600 26.587 136.707 1660.760
19 6 2827.43 3.14 60 120 1523.100 53.174 123.413 1522.322
20 6 6361.73 7.07 90 105 1397900 79.760 110.120 1406.602
21 6 11309.73 1257 120 90 1311.100 106.347 96.826 1328.598
22 6 1767146 19.63 150 75 1253900 132.934 83.533 1276.296
23 6 2544690 28.27 180 60 1211.300 159.521 70.240 1237.184
24 6 34636.06 38.48 210 45 1169.600 186.108 56.946 1206.876
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Figure 9. Buckling mode shapes for circle plate models with different hole areas.

Figure 10. Buckling mode shapes for square plate models with different hole areas.

4.Results and Discussion uniaxial compressive loads have been

investigated numerically. Analyses were
The critical buckling loads of simply  performed by using commercial finite
supported  different hole shaped element software package ANSYS. As a
perforated plates subjected to in-plane  result of these simulations, it is observed
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that when the hole area increases the
critical buckling loads also decrease as
expected. Because the plate rigidity was
also decreased by the perforation.

In order to compare the results more
accurately, the hole areas of the square-
hole plates and the circular-hole plates
were taken as the same. It is interesting
that critical buckling loads of circular
perforated plates are lower than the
square perforated plates with the same
hole area. Similar to what Brown et al.
mentioned in their study (Brown et al,,
1987), if the length between the line of
action of the load and the hole edge in
the middle of the plate is longer, this
eventually increases the critical buckling
load with the increased area between the
edge of the square plate and the hole.
Thus, the critical buckling load of a
square hole plate is greater than for a
circle hole plate which has the same
boundary conditions and loadings.

As shown in Figure 7, the length fs is
greater than the length lc for all
considered example problems. As the
hole area increases, the
between the defined lengths increases,
and accordingly the critical buckling
loads for plates with square holes also

difference

increase. This result could be seen in
detail in Figure 8 for the a/h ratio of 150.
The graphs of critical buckling loads
versus open hole areas for thicker plates
with slenderness ratios of 100 and 50 are
similar to this graph, but only the values
of the loads change.

Analyses results of critical buckling
loads for simply supported square plates
with square and circle holes with the
same hole ratio are shown in Figure 9
and Figure 10. It can be seen from the
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figures that when the hole area decreases
total deformation of the plate increases
especially at the edges of the holes. In the
last two models whose hole area is
larger, this value is more dominant at the
edge of the hole perpendicular to the
lines where uniaxial buckling loads are
applied.

5.Conclusion

The critical buckling loads prediction of
staggered arranged perforated plates
with holes of different geometries
stainless steel plates under compressive
loading was investigated by finite
element analysis software. For this
purpose, buckling analyses of perforated
plates with different hole shapes of
perforation and slenderness ratios were
carried out. Centrally located circular
and square holes in square plates
subjected to uniaxial buckling load have
been considered and analyzed for
simply supported boundary conditions.
The following are some conclusions that
can be drawn based on the numerical
outcomes of the problems:

. Increasing the size of the hole
area will reduce the critical buckling
load of simply supported perforated
rectangular plates aforementioned in
this study.

. As the hole area increases, the
length between the action line of the
uniaxial load and the circle hole edge in
the middle of the plate decreases more
than the length between the square hole

edge.
. The critical buckling load of
square and circular hole simply

supported square plates with the same
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hole area loaded with uniaxial buckling
load is higher for plates with square
holes than for plates with circular holes.
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Abstract

Infiltration of moisture into the Warm Mix Asphalt (WMA) mixture is one of the
primary factors that potentially compromises pavement structural integrity. This
paper evaluates the effectiveness of a warm mix additive as an antistripping agent in
WMA. In this study, to simulate field environmental conditions in the laboratory,
asphalt mixture specimens were first exposed to long-term aging and moisture
damage (simultaneously). Different aspects of WMA and Hot Mix Asphalt (HMA)
performance including compactability, workability, tensile and shear strengths were
then studied and compared. A 3D image analysis was performed to precisely quantify
the percentage of failure contributed by adhesion on the fractured surface of the tested
specimens. The test results showed that WMA samples were not only more workable
and compactable compared to HMA but also exhibited superior resistance toward
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moisture damage over HMA even after experiencing severe moisture conditioning.
Such trend was also observed based on higher strength and lower adhesion failure of
WMA compared to HMA, regardless of test type. The tensile and shear stresses
results indicated that utilization of cubical aggregates in asphalt mixtures can
improve mixture performance. Moreover, the 3D image analysis results showed that
the cubical aggregates utilized to prepare modified WMA exhibited lower adhesion
failure which could be correlated to the effectiveness of the WMA additive.

Keywords: Warm mix additive, Cubical aggregates, Moisture conditioning, Long-term
aging, Imaging technique.
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Ilik Karisim Katkis1 Katilan Asfalt Karisiminin
Performansina Uzun Siireli Yaglanma ve Nem Zararinin
Birlestirilmis Etkilerinin Degerlendirilmesi

Oz

Ihk Karisim Asfalt (WMA) karisimma nemin sizmasi, kaplamanin yapisal
biitiinliigiini potansiyel olarak tehlikeye atan birincil faktorlerden biridir. Bu makale,
1lik karisim katki maddesinin WMA'da soyulma 6nleyici bir madde olarak etkinligini
degerlendirmektedir. Bu ¢alismada, laboratuvarda saha ortam kosullarimi simiile
etmek icin, asfalt karisim numuneleri 6nce uzun siireli yaslanma ve nem hasarina
(eszamanli olarak) maruz birakilmigtir. Daha sonra sikistirilabilirlik, islenebilirlik,
¢ekme ve kesme dayanimlar: dahil olmak tizere WMA ve Sicak Karisim Asfalt (HMA)
performansinin farkli yonleri incelendi ve karsilastirildi. Test edilen numunelerin
kirik yiizeyindeki yapismanin neden oldugu bozulma yiizdesini kesin olarak 6lgmek
i¢in bir 3D goriintii analizi yapildi. Test sonuglar, WMA numunelerinin HMA'ya
kiyasla yalnizca daha fazla islenebilir ve sikistirilabilir oldugunu degil, ayni zamanda
siddetli nem kosullandirmasma maruz kaldiktan sonra bile HMA'ya gdre nem
hasarina karsi tistiin direng sergiledigini gosterdi. Bu egilim, test tiiriinden bagimsiz
olarak, HMA'ya kiyasla WMA'nin daha yiiksek mukavemeti ve daha diisiik yapisma
bozulmasina dayali olarak da gozlendi. Cekme ve kayma gerilmeleri sonuglari, asfalt
karisimlarda kiibik agrega kullaniminin karigim performansini iyilestirebilecegini
gostermistir. Ayrica, 3D goriintii analizi sonuglari, modifiye WMA'y1 hazirlamak igin
kullarulan  kiibik  agregalarin, WMA  katki maddesinin etkinligi ile
iliskilendirilebilecek daha diisiik yapisma bozulmasi sergiledigini gosterdi.

Anahtar kelimeler: 1lik karisim katki maddesi, Kiibik agregalar, Nem sartlandirmasi, Uzun
siireli yaslandirma, Goriintiileme teknigi.
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1. Introduction
Warm Mix Asphalt (WMA) has recently

gained  popularity = among  road
construction industries due to their
lower  mixing and  compaction

temperatures compared to Hot Mix
Asphalt (HMA) (Barraj, F., et al., 2022).
This results in reduction of greenhouse
gas emissions and energy consumption.
Despite the beneficial impacts, WMAs
are susceptible to moisture damage as
mixing and
compaction temperatures leading to
incomplete drying, hence the presence of
trapped moisture within the aggregate
particles. According to Hicks (1991), the
two main mechanisms associated with
moisture damage are adhesion failure
due to presence of water at the interface
between mixture constituents which

ramification of lower

facilitate the removal of binder film from
the aggregate surface, and of cohesion
failure due to the changes in asphalt
mastics or mortar softening point in the
presence of moisture. Copeland et al.
(2007) later on recognized aggregate
degradation as the third mechanism in
which degrades  the
bituminous mixtures. Wen et al. (2016)

moisture

suggested that the addition of an
antistripping agent in WMA
considerably improve the stripping
inflection point due to moisture damage.
One of the recently developed WMA
additives is ZycoTherm. This additive
can reduce the mixture compaction
temperatures to approximately 110°C.
Rohith and Ranjitha (2013) reported
compatibility of ZycoTherm with both

can

unmodified and modified binders due to
its insignificant influence on the binder
properties and grade. Sharanappanavar
(2013) also found lower mixing and
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compaction of WMA
mixtures modified using ZycoTherm, It
was also stated that such additives can
potentially act as an anti-stripping agent
to enhance the moisture resistance of
asphaltic mixtures.

temperatures

In reality, asphalt pavements are
subjected to several distresses such as
moisture damage and long-term aging.
The aging increases the mixture stiffness
and brittleness, particularly at low
temperatures (Hamzah et al., 2015).
Similarly Menapace et al. (2015)
informed that although aging exhibited
negligible impacts on the microstructure
morphology of WMA binders, such
effects could considerably influence the
asphalt mechanical properties. Bairgi et
al. (2018) found the beneficial impacts of
densification and long-term field aging
on WMA rutting and stripping
characteristics. According to Izadi et al.
(2018), although aging increased the
fracture energy and failure resistance of
both WMA and HMA, long-term aging
reduced the mixtures’
fatigue life. However, the detrimental

significantly

effects of aging on the mechanical
properties of WMA were found to be
lower compared to the corresponding
values of HMA. Arefin et al. (2018)
found that binder type plays a crucial
role on the effects of aging on both WMA
and HMA. Valentova et al. (2016)
reported the effects of aging on mixtures’
moisture susceptibility in terms of
Indirect Tensile Strength Ratio (ITSR),
containing either only regular paving
grade bitumen or bituminous binder
with combination of anti-stripping
agents or WMA additives. From their
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study, the additive initially showed
reduced ITSR after 5 days of laboratory
aging, but improved ratio after 9 days of

aging.

The objectives of this study are: to first
assess the moisture susceptibility of
mixtures incorporating warm mix
additive under different circumstances
such as simultaneous long-term aging
and moisture damage; to measure the
proportions of adhesive failure and
broken aggregates via 3D imaging
technique, and finally to evaluate and
the
performance of specimens when normal
and cubical aggregates were used to
prepare asphalt mixtures. Two types of
asphaltic mixtures subjected to various
conditions

compare compactibility  and

including, unconditioned
and simultaneous three freeze-thaw (3 F-
T) cycles and long-term aging (LTA)
were prepared. The additive
incorporated as the anti-stripping and

warm compaction additive in WMA to

was

investigate the effects of lower
compaction temperature on the
mixtures’ moisture damage
susceptibility. The performance of

asphalt mixtures in terms of tensile and
shear strengths was also evaluated.

2 Materials and Methods

2.1 Materials

WMA samples incorporating the warm
mix additive with 80/100 penetration

grade (PG-64) base binder, normal and
geometrically cubical shaped granite
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aggregates in
accordance with local specifications for
asphalt mixture type AC 14 (JKR 2008).
HMA mixtures were also prepared to
serve as control samples. Tables 1 to 3
provides the basic properties of raw
materials and aggregate gradation.
Ordinary Portland Cement (OPC) was
the filler type used. As a continuation
from a previous study conducted by
Kuan (2017), 5.3% optimum binder
content was adopted in the preparation
of all specimens. To prepare the
modified binder, the base binder and
high shear mixer mould utilized for wet

were first prepared

mixing were preheated at 140°C in an
oven for two hours prior to blending. A
warm mix additive, 0.1% by binder
mass, was then added to the base binder
and premixed homogenously at 1,000
rpm for 10 minutes. The properties of the
added additive are tabulated in Table 4.
From the Rotational Viscometer test
results, the mixing and compaction
temperatures for HMA were determined
as 160°C and 150°C, respectively, while
the corresponding values were reduced
to 140°C and 130°C for the preparation of
WMA. Prior to the mixing procedures,
the batched aggregates were preheated
in an oven for four hours at the target
compaction temperature, while the base
and modified binders were only pre-
heated for two hours at the same
temperature to minimise premature
aging of binder. The loose mixtures were
finally compacted to 7+1% air voids
using a gyratory compactor.
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Table 1. Granite aggregate properties.

Feature Measured Values
Specific Gravity (g/cm3) 2,62
Water Absorption Ratio (%) 0,91

Los Angeles Abrasion Loss Value (%) 23,86
Aggregate Crushing Value (%) 19,25
Coarse Aggregate Angularity (%) 49,51

Flat and Elongated (%) 23,3

Table 2. Binder PG-64 properties.

Feature

Measured Values

Penetration at 25°C, 100 g, 5 s, (0.1 mm) 85,8
Softening Point (°C) 45
Ductility at 25°C (cm) >100
Flash and Fire Point (°C) 331-340
Solubility (%) 99,52
Specific Gravity (g/cm3) 1,03
Table 3. Aggregate gradation for mix type AC14 (JKR, 2008)
Sieve Sizes (mm) 20 14 10 5 3,35 1,18 0425 015 0,075
Lower-Upper Limits 100 90-100 76-86 50-62 40-54 18-34 12-24 6-14 4-8
Passing (%) 100 95 81 56 47 26 18 10 6
Table 4. Properties of the warm mix additive
Criteria Descriptions
Form Liquid
Color Pale yellow
Flash Point (°C) >80
Density (g/ml) 1.01
Freezing Point (°C) 5
Solubility Miscible in water
pH Value 10% solubility in water neutral or slightly acidic
Viscosity (CPS) 100-500

2.2 Mixtures Conditioning Methods

In addition to unconditioned samples
the
specimens were long-term aged and

(control), some of compacted
moisture conditioned to simulate the
field conditions. The SHRP-A-383 (Bell
et al,, 1994) procedures were modified

where compacted samples were exposed
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to ultraviolet light at 85°C for five days
in a forced-draft oven to prepare the
long-term aged specimens. To accelerate
the adverse effects of field water
intrusion in asphalt pavements, the aged
specimens were then fully immersed in

a vacuum saturator filled with sodium
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carbonate solution at 6.62 gm/litre
concentration for moisture conditioning
following ASTM D4867 (ASTM, 2006)
procedures. A saturation level of 55% to
80%
compacted specimens in the desiccator

was achieved by vacuuming
for 15 minutes. The vacuum saturation
procedures were repeated when the
degree of saturation was less than 55%,
while the specimens were considered as
damaged and discarded when the

Table 5. Designation of tested mixtures

degree of saturation was more than 80%.
Specimens were then freezed at-18 + 2°C
for at least 15 hours, followed by
immersion in water bath at 60°C for 24
hours as one cycle. The above procedure
was repeated for three cycles. For ease of
reference, the mixtures were designated
based their
conditioning methods as exemplified in
Table 5.

on constituents and

Mixture Type Aggregate Type Conditioning Mixtures Designation
Normal Unconditioned HNU
. Conditioned HNC
Hot Mix Asphalt —
Cubical Unconditioned HCU
Conditioned HCC
Normal Unconditioned WNU
Warm Mix Asphalt Conditioned WNC
Cubsical Unconditioned WCU
Conditioned WCC

2.3 Determination of Compaction Energy and Workability Indices

The Compaction Energy Index (CEI)
indicates the consumed energy by the
roller during execution in order to
compact loose asphalt mixtures to the
desired in-situ density. The CEI was
obtained from the maximum specific
gravity (Gmm) values from the 8t
gyration to 92% of Gmm. The Gmm
value of the 8" gyration was used to
mimic the compaction effort by the
paver during construction, while the
selection of 92% Gmm was based on the
current state of practice where HMA mat
was initially roller-compacted to 92%
Gmm, and subsequently compacted
under traffic loading. The CEI euquals
the area under the curve between the 8th
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gyration and 92% Gmm as shown in
CEI
generally desirable, mixtures with very

Figure 1. Although Ilower is
low CEI value might result in a tender
pavements which should be avoided

(Mahmoud and Bahia, 2004).

Moreover, the mixture workability was
calculated based on Leeds Workability
Method (Cabrera, 1991). The Leeds
method is based on the relationship
between mixture air voids and the
corresponding compaction energy input
applied by the gyratory compactor. A
higher Workability Index (WI) indicates
mixtures that are easier to compact
(Dessouky et al., 2012). It should be
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Figure 1. [llustration of the compaction energy index (Mahmoud and Bahia, 2004)

informed that in order to minimizing
compaction effort lower CEI and higher
WI mixtures are more desirable.

2.4 Leutner Shear Test

The Leutner shear test is typically used
to determine the pavement layers
bonding condition. In this study, the test
was conducted to determine the effects
of aggregate shape and warm mix
additive on the shear strength of asphalt
specimens. In the test, the samples were
first pre-conditioned at 10°C in an
incubator for four hours prior to testing.
The conditioned specimens were placed
in the Leutner shear frame with
interchangeable clamping and loading
devices, and properly aligned with the
shear axis as shown schematically in
Figure 2. A constant loading rate of 50.8
mm/min was then applied until the
specimens were sheared into two parts
and the maximum shear force was
Displacement  recordings
allowed the relationship between shear
load versus displacement to be plotted.

obtained.
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The Leutner shear strength was
calculated wusing Equation (1). The
Leutner shear strength ratio as an aging
index was also computed as the strength
ratio of conditioned to unconditioned
specimens.

Os = Fmax/A (1)

where, 0s is the shear strength (MPa),
Fmax represents the maximum shear force
(kN), A is the specimen cross sectional
area (m?).

2.5 Semi-Circular Bending Test

The Semi-Circular Bending (SCB) test is
typically used to characterize mixtures’
fracture properties (Omranian et al,
2017). The test was carried out in
accordance with AASHTO TP 124
(AASHTO, 2016) procedures to measure
the tensile strength of asphalt mixtures.
Semi-circular specimens with a notch at
the center of flat side were first prepared.
The specimens were conditioned at 10°C
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in an incubator for four hours prior to
testing. A SHIMADZU Universal
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Figure 2. Schematic of leutner shear test (Sudarsanan et al., 2018)

Testing Machine equipped with SCB test
setup was employed to perform the test.
Two roller supports were set at 120 + 0,1
mm distance apart. A semi-circular
specimen was placed on the roller
supports and the load cell of 100 kN was
aligned with the notch at the centre. The
load was then applied at a constant rate
of 50.8 mm/min until the specimen split
into two. Figure 3 presents a schematic
sketch  of and their
preparation, testing apparatus as well as
the split samples. The maximum tensile

specimens

strength was calculated using Equation
2. The tensile strength ratio was also
computed as the strength ratio of
conditioned to unconditioned
specimens.

omax = 4,253Fmax/Dt (2)
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where, Fmax is the maximum force (N), D
equals the specimen diameter (mm), and
t is the specimen thickness (mm). In
total, three replicates for each tested
mixture were evaluated.

2.6 Imaging Technique

Upon close visual examination, three
distinct colours can be observed on the
of the tested
specimens. These colours were related to
failures caused by adhesion (brownish),
cohesion (black) and broken aggregates
(white). A 3D image analysis technique
was carried out to measure the
percentages of adhesion and cohesion
failures as well as broken aggregates due
to moisture damage. The 2D images of
the fractured surface of the tested
samples were initially captured using a

fractured surfaces

high-resolution optical device. At least
20 images at equally spaced intervals
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(a) Schematic of Semi-Circular Bending Test (Omranian et al., 2018a)

Figure 3. SCB test

were taken for each specimen. Figure 4
shows the schematic image capturing
procedures. The conventional 2D photos
were converted into a 3D model using
the Autodesk ReCap Photo software.
The completed 3D models were then
saved and exported to CloudCompare
3D image analysis.
Following the study conducted by Teh
and Hamzah (2019), the 3D models were
first converted into grey scales to reduce

software for

the model multidimensional domain to
lower dimensions comprising only one
or two component For
classification of the model, the threshold
range values for adhesive failures and
broken aggregates were determined by
limiting the number of segments
between 0 and 255. Accordingly, lower
band values reperesents binder areas,
while higher intensities
stripped and broken aggregates. The
number of pixel point clouds attributed
to broken aggregates, adhesive and
cohesive failures was analysed and
in CloudCompare. The
calculated pixels by the software were
then used to measure the porion of
adhesion and cohesion failures as well as
broken aggregates.

axes.

shows the

determined

For ease of
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(b) Split Sample

differentiating the composition of each
specimen, white colour indicates the
composition of broken aggregates, while
red and black colours visualize the
cohesive  failures,
respectively. Figures 5a and b show the
original 3-D model and classified model,

adhesive  and

respectively as  obtained  from
CloudCompare software.

3. Results and Discussion

31 Compaction Energy and
Workability Indices

Figures 6a and b show the CEI and WI of
unconditioned asphalt
produced with normal and cubical
aggregates, respectively. The results
presented in Figure 6a indicate that the
CEI of HNU is considerably higher than
WNU, while the difference between the
corresponding values drops for HCU
and WCU. The discrepancy between
CEIs" of HNU and WNU implies that
HMA requires extra energy for mixture
compaction to achieve the
density during road construction.

mixtures

desired
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eJaWE)

(a) Original 3D Model
Figure 5. Image analysis using cloud compare

This finding is in agreement with the
study conducted by Omranian et al.
(2018b), where such behaviours were
attributed to the beneficial impacts of
warm mix additives on the CEIL In
addition, the mixtures incorporating
cubical aggregates exhibit lower CEI
than mixtures produced with normal

aggregates. This finding can be
correlated to the shape of cubical
aggregates that possesses higher

homogeneity degree with visible edges
and corners faces for dense packing and
lower air voids. The difference between
the CEI of HCU and WCU is noticeably
lower when compared to similar HNU
and WNU values. It indicates that
cubical aggregates significantly reduce
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(b) Classification of 3D Model

the CEI, hence, the impacts of mixture
type on the corresponding value can be
ignored. The result in Figure 6b indicates
that the WI of HNU and HCU is lower
compared to the corresponding values of
WNU and WCU, respectively. Despite
the CEl the difference between WI is
more obvious for mixtures produced
using cubical aggregates. It indicates
that mixtures containing warm mix
additive are more workable. In addition,
prepared  with
aggregates exhibits higher WI compared
to mixtures produced using normal
aggregates, which indicates improved
workability of mixtures with cubical
aggregates. The difference between the
WI of mixtures with normal aggregates

mixtures cubical
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is extremely lower compared to the
corresponding  values of mixtures
produced with cubical aggregates. It
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Figure 6. Results of mixture compactability indices

3.2 Shear Strength

Figures 7a and b illustrate the results of
mixtures’ shear strength and their ratio
obtained from Leutner shear strength
test, respectively. Figure 7a shows the
higher shear strength of WMA over
HMA both conditioned and
unconditioned samples. This outcome
proves the effectiveness of the added
warm mix additive that enhances the

for

mixtures shear strength. It can also be
correlated to the mixtures internal
friction increment due to the warm mix
additive. However, similar to the study
conducted by Bennert et al. (2010), who
detected increase in shear rate of binders
incorporating Rediset as a warm mix
additive that led to changes in internal
friction of mixtures particles, further
analysis should be carried out to
substantiate such inferences. Moreover,
the incorporation of cubical aggregates
promotes shear strength for both HMA
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and WMA based on the increase in
corresponding values at about 10 + 1%
for all samples. This may be attributed to
the cubical aggregates that contribute to
enhanced shear stress resistance over the
flaky and elongated shapes of normal
aggregates. This implicates the beneficial
impacts of cubical aggregates on the
shear strength of mixtures. Figure 7a
also shows that conditioning of mixtures
(aging and moisturizing) decreases the
strength, whereby the
corresponding values reduce by almost
8 1% for all samples. It can be
concluded that aggregate shape exhibits

shear

+
a more significant effect on shear
strength compared to aging conditions
based on the higher percentage of
aggregate effects on shear strength.
Figure 7b compares the shear strength
ratio of samples which also ranks the
aging resistance of the specimens. The
highest ratio is related to WCs followed
by HCs, HNs and WNs. It implies that
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although the differences are small (the
maximum discrepancy is 1.22% which
can be neglected), aging is less severe for
mixtures produced using cubical
aggregates. This can be attributed to the
lower air voids in mixtures containing
cubical aggregates which reduce the
destructive impacts of moisture and
aging on the samples. Figure 7b also
shows that the least aging effects are
related to WMA with normal
aggregates, attributed to the minor
undesirable effects of the added warm

. / @ Normal m Cubical
§§ ° N
2= 5 [ B
== e 5’ o
28 411 ge B
- & 5 [ e

HMA | WMA | HMA | WMA
Unconditioned 3F-T+LTA

(a)

mix additive (due to low additive
dosage) that the mixture
resistance against moisture damage and

reduces

aging. However, such inferences require
further analysis since WMA with cubical
aggregates exhibits lower susceptibility
to moisture and aging damage
compared to HMA produced with
cubical aggregates, which can be
correlated to the interaction of cubical
aggregates with warm mix additive that
enhances the mixtures aging resistance.

93

&2 Normal B Cubical

Leutner Shear
Strength Ratio (%)

Figure 7. Results of Leutner shear strength and ratio

3.3 Tensile Strength

The fracture behaviour of samples in
terms of tensile strength and their ratio
is presented in Figures 8a and b,
respectively. From Figure 8a, WCU and
HNC  respectively  exhibits  the
maximum and minimum tensile
strength. This trend is similar to a study
conducted by Yang et al. (2017) who

reported warm mix additive
(Evotherm®) positive impacts on the
tensile strength, moisture damage

resistance, and fatigue performance of
crumb rubber modified mixture. The
results also show that there is a minor
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favourable impact of cubical aggregates
on the shear strength, while aging
noticeably deteriorates the mixture
fracture resistance, where the tensile
strength is reduced by approximately 7,5
0,5% for all after
conditioning. Figure 8b shows the tensile
strength ratio which associates with the
difference between the aging resistance
of mixtures. The highest tensile strength
ratio is related to WCs followed by WNs,
HCs, and HNs. Although the differences
in results are not considerable (the
maximum discrepancy is 0,864%), aging
is less severe for WMA. It indicates the
positive impacts of warm mix additive

+ mixtures
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on the mixtures resistance against the
damages caused by moisture and aging
conditioning. This finding is further
explored using imaging technique.
Figure 8b shows that the highest aging
impacts are related to HMA with normal
aggregates as reflected in the lowest
tensile strength ratio. This certifies both
cubical aggregate
additive constructive impacts to reduce

and warm mix

,50

—6 -
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6,00 1
E
59,50 A T
55,00 -
N
%4,50 g :::::

e
4,00

| wva | HMA | wma
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(a)

the moisture and aging resistance of
mixtures. The
aggregates on the tensile strength ratio
can be directly correlated to such
mixtures lower air voids. This finding is
in agreement with the study conducted
by Isacsson and Zeng (1998), where
higher air voids resulted in higher aging
rate and consequently reduced the
mixtures fracture resistance.

effects of cubical
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Figure 8. Results of tensile strength and ratio

3.4 Image Analysis

Image analysis was conducted on the
fractured surfaces of samples to quantify
the percentages of adhesive and
cohesive failures as well as broken
aggregates. Out of the three, this paper
only presents the adhesive failure and
broken aggregates results as shown in
Figures 9 to 10. Cohesive failure can be
easily calculated by deducting adhesive
aggregates
summation from 100%. The results of
image analysis reperesenting adhesive

failure and broken

failure of specimens tested by Leutner
shear and SCB tests are illustrated in
Figures 9a and b, respectively. These
figures clearly show that conditioning of
samples increases the adhesive failure
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which can be associated with the
destructive impacts of moisture damage
and aging that weaken the adhesive
bond between binder and aggregates,
and consequently deteriorate the
mixtures performance. The results also
indicate that the incorporation of cubical
aggregates reduces the adhesive failure
of all mixtures. For instance, adhesive
failure of HNUs tested using Leutner
shear and SCB tests are 17,72% and

10.09%,  respectively,  while the
corresponding  values for HCUs
decrease to 13,28% and 8,67%,
respectively. This finding can be

correlated to the variations in mixtures
air voids and aggregate interlock based
on the changes in aggregates geometrical

shape. However, using either
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methods or advanced
technologies such as utilization of X-ray
computed tomography to scan and
determine the mixtures’ internal
structures is recommended to prove
such inferences. In addition, WMAs
exhibit better performance in terms of
adhesive failure compared to HMAs.
This finding confirms the beneficial
impacts of the added warm mix additive
on mixtures to reduce the adverse
impacts of moisture damage and aging.
Although the trend of variation in
mixtures adhesive failure remains
unchanged for both tests, the samples
subjected to shear test exhibit higher

conventional

25
20
15
10 A

@ Normal ®Cubical

Adhesive Failure (%)

3F-T+LTA

Unconditioned

(a) Leutner Shear Test

adhesive failure compared to those
studied through tensile strength test. For
instance, adhesive failures of WCU and
WCC tested using Leutner shear test are
11.98% and 13.22%, respectively, while
the corresponding values are 10.19% and
8.18%, respectively, for SCB tested
samples. It shows that adhesion plays a
crucial role in mixture shear strength.
Hence, incorporation of the warm mix
additive as an antistripping agent is
recommended pavement that
requires higher shear strength and
locations that experience heavy rainfall
to reduce pavement distresses due to
moisture damage.

for
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(b) Semi-Circular Bending Test

Figure 9. Adhesive failure of samples subjected to different performance tests

The percentages of the specimens’
broken aggregates tested by Leutner
shear and SCB tests are depicted in
Figures 10a and b, respectively. The
results show that the proportion of
broken aggregates
conditioning which can be attributed to
the destructive impacts of moisture and
aging damages on the aggregates. In
addition, lower percentages of broken
aggregates are observed for samples
produced using cubical shaped

increases  after
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aggregates. Although the differences
between broken aggregates for WNC
and WCC when tested using Leutner
shear as well as HNU and HCU when
tested by SCB are very small, the lower
percentage of broken cubical aggregates
can be correlated to their better interlock
and lower proportion of flaky and
elongated aggregates compared to
normal aggregates. These figures also
indicate that the proportion of broken
aggregates varies by mixture type,
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conditioning and test variation. For
instance, in the case of samples subjected
to the Leutner shear test, HCU exhibits
slightly lower broken aggregates
compared to WCU, while the
corresponding value is higher for HCU
over WCU when the SCB test was
performed. An opposite trend can be
observed in the case of HCC and WCC.
Although no specific trend can be
detected in the percentage of broken
aggregates, the differences between
proportions of broken aggregates for
HMAs and WMAs at similar conditions
are very low when Leutner shear test
was conducted, and which can even be
neglected. It can therefore be inferred
that the use of warm mix additive may
not exhibit substantial impacts on the

15 -
< @ Normal = Cubical
% 10 T =
D .
o
= 5 :::
< -
5 B
b
#é 0 e S
@ HMA | WMA | HMA |W|v|A
Unconditioned | 3F-T +LTA

(a) Leutner Shear Test

shear strength when the mixtures
incorporate cubical aggregate. Such
inference can be interpreted as the
dominant impacts of aggregates on
mixtures over warm mix additive.
Moreover, the results indicate that the
mixture has higher broken aggregates
when tested by Leutner shear test
compared to SCB test. For instance, the
percentages of broken aggregates for
HNU and WNU are 8.30% and 10.77%,
respectively, when subjected to shear
strength test, while the corresponding
values are 7.56% 8.08%,
respectively, on SCB tested samples. It
indicates that aggregates with higher
cohesive strength should be
incorporated when the mixtures are
exposed to extreme shear distresses.

and
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Figure 10. Broken aggregates of samples tested using different performance tests

4. Conclusions

Moisture damage susceptibility has
always been a concern in asphalt mixes
as the intrusion of water in asphalt
pavement would eventually lead to
pavement distresses such as stripping
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and ravelling. The effectiveness and
impacts of the added warm mix additive
as an anti-stripping agent and a warm
mix asphalt compaction additive on the
mixtures moisture damage
investigated in this study. The effects of
aggregate the

were

shape on mixtures
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engineering properties were also studied
in terms of tensile and shear strengths,
aggregate degradation after applied
loadings and moisture susceptibility.
The findings conclusions are as follows:
1. The WMA was more workable and
easier to be compacted to the desired
density as compared to HMA even at
a lower compaction temperature, as
reflected in the lower CEI and higher
WL

The WMA samples subjected to that
exposed to simultaneous long-term
aging and moisture damage
exhibited better behaviour in terms of
tensile and shear strength ratios
compared to HMA. This proved the
effectiveness of incorporating warm
mix additive to reduce moisture
damage in asphalt mixtures.
incorporating
aggregates exhibited higher tensile
and shear strengths than those
produced with normal aggregates
which implied cubical aggregates
superior fracture resistance when
subjected to applied loads.

The adhesive failure of WMA
incorporating cubical aggregates was
lower than HMA. This implicated
that the utilization of warm mix
additive aggregates
enhanced the mixtures moisture
damage resistance.

The percentage of broken aggregates
was found to be independent of
moisture conditioning and mixture
type since no specific trends were
observed. The higher percentage of
broken aggregates was found in
mixtures  incorporating  normal
aggregates compared to those
containing cubical aggregates due to

Mixtures cubical

and cubical
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higher proportion of flaky and

elongated aggregates.
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