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Abstract

When using waste demolition such as recycled aggregates, it is important to investigate compressive
behavior such as flexural strength, shear strength, and torsional strength, etc. On the design of beam
structure, the investigation of structure failure of flexural and shear failure is required. An effective
tool to detect failure is necessary. This paper proposed a static stress estimation method using digital
image correlation (DIC) for the shear behavior of Z-push off specimens made of 100% recycled aggregate
concretes. The DIC method initially requires random black speckles painted on the concrete surface to
capture a series of images and, consequently, a displacement field. DIC measures this displacement field
by comparing digital images taken before and after the speckles. In forecasting the shear stress behavior
of recycled concrete aggregates in Z-push off specimens, the inspection was conducted by comparing
the original test results with the DIC. The results of the shear stress revealed approximately 4-6% errors
when compared with the present standard equation. Moreover, the shear stress values of test specimens
obtained from Vecchio and Collin yielded equation results close to those of the test. In addition, DIC is

able to better detect linear deformation when compared with the traditional inspection with less errors.

Keywords: Recycled Concrete Aggregate, Digital Image Correlation, Z-push Off, Shear Behaviour, Finite

Element Analysis
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2.1 NN598NULUUAIDE1INATDU
n1seanuuumegmaaeulugunse z aeld
WsaLROY 138071 “Z-push off” specimen Hvunge
500 1. N9 200 W, wazdiAunwl 100 wu. wazd
599U 20 1. Feeeimsiasuman Useneulusie

WSnESIMEN 4-012 (Fy= 395 wnzl1ana) deteaiu
M3ITRNNTR wazldindnlasnuun ¢6@50 L.
(Fy= 235 winzthana) ndaeenavaaeulifimsietuman
U3auaanans Crack Plane (200 x 100 wy.) itelsinis
AURMNUSIADOULFAUNUIINADUNIALNEIDE9LFIY?

ATeildviniswIsuiiegdlunisnageu
Z-push off IMNAIUNAUABUNIATIUIVAIUNGUY AL
3 9819 LAYLYNATUANUULUIATINNENU An M1
IATIUNYIVNAUSTINYIG (NA) M2 19857Ur81U
PMNAYABUNIAYDY (RCA) WAz M3 11a3IuRIUN
wiepaunsngosnaulsuUsudulewaniosay 2.5 a0
Yuinaaundn (RCA-SF) wuuwia 3D 811 65 w. Sidu
Hugudnans 1.2 1. ﬁ“ﬁgﬂﬁ 3 (Fy = 1200 wngU1@na
E = 200 3ngU1@n1a) A 8adundIuNes Langlu
ANS97 1 warensedl 2

AN97197 1 AIUNALABDUNIARDABUNTA 1 AU.Y

Proportion (kg) M1 M2 M3
Cement 500 500 500
Water 253 253 253
Fine Aggregate (FA) 765 765 765
Natural Aggregate (NA) 768 - -
Recycled Aggregate (RCA) - 768 768
Steel Fiber - - 6
Super Plasticizer - - 0.25
wy/c ratio 0.5 0.5 0.5
Slump (mm) 75 70 65

M13199 2 AauantivesianuiaTIuve ukazasden

Physical Properties NA RCA FA
Max. size (mm) 19.1 18.6 4.76
Specific Gravity 2.67 2.53 2.63
Water Absorption (%) 1.1 5.4 1.2
Fineness Modulus 7.48 7.6 3.51
Impact Value (%) 10.15 13.4 -
Crushing Value (%) 21.77 23.12 -
Residual Mortar (%) - 325 -
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M13799 3 AALURADUNINAINALELIINIY 6 FIDENS

Values Mix-1 Mix-2 Mix-3
foo (MPa) 34.4 334 30.8
feo (MPa) 41.2 40.1 35.8

f, (MPa) 3.4 33 4.2

f, (MPa) 5.1 4.9 4.4
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fmungalaeldismeniuaiiuiavesing (Frame of
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Reference image attime t Reference image attime t j4+4
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o

ANUATYALUUADILANI U IVD S TaR)

WATANTUTELNANAIINANENEFIBENNTUNTI Z Uans
Tusud 6 (n) dwiudsteyairglusunsy wu-Dic
Version 2021 dnSuiiuia 2 TR (2D) Wandud
UNINEIREIETANYAl [gﬂﬁ 6 (1)] Inen191 Python
Code Version 3.0 tiguiulusunss Open source Wuu
2D uaz 3D [23] lutlgtu Tupadl 4
”Luahueummiﬁmé?aiswﬂﬁmwi'mmmﬁagﬂsuaa
Nufndegrmageu TngdaUszanananiwee (DIC)
AugAdElavinsaaeulnendes Canon EOS 5D Mark
IV fvuafnANagldungagn 4480 x 6720 Pixel 119UU
PIAUVY Tripod w191 dng (FOV) Wuszes 500 uy.
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Load cell

developed by Tl & CW

P @ ;. Digital Image Correlation (WU-DIC version 2021)
s Licenced to Walailak University WU

Job information

Test path

C:\Program Files (x86)\WU-DIC\Project),
Image format (jpg, png..) - case sensitive -
IPEG, PNG, TIF, TIFF, BMP
Pixel dimension [mm]

5
Max deformation velocity [mm/sec]
0.001
Camera acquisition time [s]

1
Start index

o
Levels

1
Image time sampling

1
Template width w [pixels]

5
Horizontal edge d/2 [pixels]

10
Vertical edge b/2 [pixels)

2
GIF

Analysis

Note

(n) nsAnnsgUnsalszuunTIviacie DIC uagnslin  (¥) lUsunsu WU-DIC version 2021 euthawangidn
iuiInusIN gnsuszanana

v
Y

U 6 () M3findsgUnsniszuunsIvindie DIC dwsudietne Z-push off wag (1) TUsuNsy WU-DIC

M13199 4 Tsunsu Open Source dwsuliasgiAnsidesy vesian lnewaianisuseaianadnameng [23]

Softwares 2D/3D Approach Language oS Code repository
DICe 2D/3D Local/Global C++ Cross-platform | https://github.com/dicengine/dice
dolphin_dic | 2D/3D Global Python Cross-platform | https://bitbucket.org/mgenet/dolfin_dic/
src/master/
Ncorr 2D Local Matlab Linux/Windows | https://sithub.com/justinblaber/ncorr 2D
matlab
pydic 2D Local Python Cross-platform | https://sgitlab.com/damien.andre/pydic
pyxel 2D Global Python Cross-platform | https://github.com/jcpassieux/pyxel
py2DIC 2D Local Python Cross-platform | http://github.com/Geod-Geom/py2DIC/
YaDICs 2D/3D Local/Global C++ Linux http://yadics.univ-lille1.fr/wordpress/
uDIC 2D Global Matlab Cross-platform | https://mudic.readthedocs.io/en/\atest/
WU-DIC 2D Local/Global Python Cross-platform | 1 Dunsiaunlulasenist
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Favhnsandaiaud Canon Lens EF 50 wu. fifsvey
Wliagegn 0.21x LLasﬁizaﬂﬁ/\Iﬁaﬁﬂqmﬁ 0.35 u. &
msiauainalaelanln LED 3117w 8 vasn wu1a
300 ¥t imwaing 60000 &nd LilemunusfuAL
awessyUiRasegdliimuaihasenasnnis
NAEBU é’ummﬂugﬂﬁ 6 (n)

2.4.2 N13NYUA Speckle VUAIDENAADUY

A3 5 waneeazidunteyavesgunInmieg
ldlunisuszanana wazsnsfimesvandeaunin
uag UsumsIain 158n11 Frame of View (FOV) Tu
mstufinanituRovesinegrmaaeu avl¥ndes DSLR
WUU Full Frame taglalusinsu Cannon EOS Utility
dmfumugunistuiinamyng 1 3uil uagduin
yadoyazunmaddureuiuned vagviinsliimin

ussynneaey wielduszanananisidesuvesituin
fegrmagaausialy

A15199 5 ANNS1EWesTkEluNRnATsEUU DIC

DIC Parameters Value Unit
Focal Length 50 mm
FOV 200 x 200 mm
Recording Resolution 4480 x 6720 pixel
Objection-camera Distance 500 mm
Speckle Dimension a.27 pixels
Object Speckle Dimension 0.35 mm
Facet Size 19 x 19 pixels
Recording Trigger 1 sec

TumsiiieSouiisunadnsildainnisimsezi
lnswealiansuszananalaggunin (DIC) a4 Auws
fin1smsine (FOV) fluunm 200 x 200 wa. Tagituil
Wilvhmslesgiazgninsne fenseatense ua
aMNAYTNEEeRREUYIMSAINENT8 (Speckle Pattern)
dievhnsuszanananisndeulwilunuissuiu aue
Aidelevinisaiagnaedelaenisny %ﬁﬁ’]ﬂ’]immu
wsenaluusiazadslngldyngunsalfimuauusinaain

() Speckle U FOV fauyin1snagaay

3
o

3UN 7 TumsunsinIey Speckle uuimeagaagey

Fawsd faguit 7 (n) Tnensasagadneddludnunsd
wlvivunaduiugudnansvesgasnadamnzae
4-5 Pixel 91989970 Lecompte wazAuz [19], Zappa
wazany [20] FaiinnumsnzaslunsUszananadiniy
N5ATIEYinsidesUresiiegisnaunIn Lagvinn1s
WUUTIN FOV faguil 7 (@) wazdiuindoeamnaey
fivinnsniudqadneds Tnegunmlduilunisnsiadu
WEB 19 x 19 Pixel Ingiiuszeyvinansnsiadud
15 Pixel udnasaniounnaaey uandluguil 7 (a) way
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U7 8 MILATwnANasiBenves Speckle

4

HATINNTAATIZVIAMAIN Gray Speckle aglusinsy

WU-DIC wanslugui

3. NANINNADY
3.1 thwiingegauazgUuuuita

iR warsUuuumsIoh uandusmsadl 5
FadunAvauuuiuiivile Fadunsidilaeusadeu
U USLIUUTNAASULSY (Shear Plane) wsudeuusyas
geanuUsiumuidssnvesneunislunsiasietedsd
A NNV 34.4, 33.4 Lag 28.3 lngUnd@na uansu
warwihdnduusaudeu Fedediuidaitudl funnduds
waldslunsiuuusadeudiiuanndy §3deld
ToanuiasealunisilIeuiisu mMaswesieg1emiu
UIATFIUNITNAdDUABUNTA TagdieE1afiannsn
fumumaadeuldgean fie deg1ausn M1 (Nature
Aggresate Concrete) fifnduadawiniv 2.7 wngthaea
M2 (Recycle Aggregate Concrete) fdunadewriiu
2.4 wnzUnaana kag M3 (Recycle Aggregate Concrete
and Steel Fiber) fifhduadewhiu 2.5 wnglraaa Tag
Fragnedi 2 wariegned 3 Sanuanunsalunisduniy
ﬂamiwﬁaasjwuiﬂagﬁéﬁaaaz 9 LarSoLaY 8 MUARU
wAegnad 3 Ty Sauanansalunsiununside
sUiigenindesannsiaddudulomdn fivaelunsiia
aannsalumsiumuLsaisluusnafiinsessn

1INNNTNAFDUNUIN ANSIDAUTEAUVDIFDENS
Fvmsnandulowdniy fenfidesnindrediausn
wavfogreiides arailwaurainnistarinen Super

Plasticizer favhwthitlunsiiuuseansawlunisvae
F10819 wazn1snszatedimunauvedulomsn
Wlililifnnsdusf uinafinuanie mdsdaves
Fregetiudirndosas [24], [25] wANALNUAIEAI
ausalunsaununsIvivuriuiulalannin
Frethausn uazietheiiaos

3.2 HaN1IATIAN5IH U

vhwiin wazsUuuuMsITAuansgUuuUluguil 10
Fausnaiinnsvalifinsesumdn wlinsioiae
wuuyuiiviule uazliinnsess wilumega M3-RCA-SF
Pfidndruvsaduloliuesvlisegadinisasumdn
dawaliAnsesdn Adaunouinnsih madeguly
$179819 M1-NA (Nature Aggregate Concrete) flAL¥infiu
0.52 131, $798119 M2-RCA (Recycle Aggregate Concrete)
gAnnIiu 0.56 i, f219819 M3-RCA-SF (Recycle
Aggregate Concrete and Steel Fiber) ifnwiniu 13.45 a.
Fasrog1ausn wazdieens M2-RCA fiAnnsidegu
Tndiest uilufegis M3-RCA-SF Aifinsiadudule
11/\1l:ua%ﬁuﬁmmamﬁa‘[,umiﬁmaaﬂﬁ@aﬂjw 19 20-25
wih Fadunaannisadudulomdn Afanuause
Tunssinumunmadesulafngd Wlosannilszesnisde
gﬂﬁqmimauﬂ% nsmumunisidegvesitegaly
JULUUYR4 Energy Tneiaaene M3-RCA-SF Simnsaninse
Tunssnumumaidezulaaandnga 40 wih Tneiade

3.3 Nanﬁ%Lﬂsﬂzﬁn'\wdﬂwaeLﬁﬂgUu,ma'a
mamﬁmiwﬁmnﬁagﬂuumﬁa AnuziIdele
ﬁnmia%’wm'%laﬂﬁa“luﬂﬁ"i’ﬂﬂm,?mgﬂiul,l,maﬂ 1ng
HIUMTIATIEINGaINgUA N Fehnsasaedesdely
Uinaufetutuuinaiiinsinadgunsainisia LVOT
U 2 90 A ITElATHARINNTIASIERYIINNg
WisuiisunaiildannsmaaeulusiesUfiAnng wui
nsidegUgsanlutLIfIweiiegs M1-NA, M2-RCA
way M3-RCA-SF faunainndeuwiiuiovay 5.82,
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4. NMIVIUENUBLITAADUIINNINTFIUNTIDNUUY
AMAARBUINNUIWTEUNN [14], [17),[21], [22],
[26]-[29] kANUINTFIUNTRBNKUUYDI ACI 318-14

[9] waw CSA-A23.3-04 [30] Falgiandnedsludmnssu
anruuisUseindlng (Lan.) lTunisyiuieainiae
WSABUAUYIUINABUNIALNENREIRED (v, = V/A4,)
wanasasiollil

4.1 Vecchio and Collins theory (1986)

2IN91798 Vecchio ag Collins [31] lauanunis
dmivihugnidisusudeu (v) luglvesaiindeda
ARUNIA (f)) ANUNINNT08517 (W) LAZIUINTDIIA
99 (d) Feeunsil (1)

0.18x/f!

03+ 2%
d, +16

(1
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Longitudinal Strain ( in %)

(1) NMNANSIVAAIBE19 M1-NA
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(A) MNAN5IURAIBE1 M3-RCA-SF

3UM 10 dnwaizsesing waznmnmsivivesiegamaaeulagnsussinaran1maeanlusunsy WU-DIC

4.2 Canada Code CSA (2004)

Tussnnile mmgwmiaamwuﬁﬂimm
LAUIAT LE@URENNITRE19918d@ U TUUTZUIUNUIE
wsaeu (v) TugdvesAmimassanaunin (f)) Lies
sthaien faunsd (2)

v, =0.2x/f (2)

4.3 ACI-318 (2014) KazuINIFIUYD E.N.
dmunmsgumsoonuuuszAanizeEm
MIUNINTFIU ACT 318-14 Teiiansgnedaludmanssy
anruuisUseindlng (Lan.) lTunisyhuieainiae
wsadausunuIINABUNIALTEIeE 1Al Tuguves
Amdssnaeunsa (f7) feaunisii (3)

v, =0.29%.[f! (3)

NANSUSEUE U UNISYINUNEAMUILSIRDU
Tngaun1snsany uwandlugui 11 uanangusegneadi
NEs M1 AR UNELABUNSANIIAUSSTUTIRSRBAY 100

35

-~
-
T ACI318R-14 ,’
3.0 7 Vecchio and Collins theory ,/’
—_ 4 Canda Code Vid
g /
= 25 Yy v
S %
o rd
2 .
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3 el
i} »
£ e % . .
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£ - e ge
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-
e vVy
o
05 T T T T T
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Experimental values (MPa)

3UN 11 MSUSeUigUNISTIUNEMIIERTIAUIN
U1MIFIUNTBONUUY

(Nguden) nau Fsgnseunau M2 fie drunauAaunIn
Alfiavnouninunuiiusssumdsesas 100 (ngudvn)
uaznuieEduHaN M3 fo dnanaeunInTldimy
ARUNIAWVUALSTINRSDEAE 100 Hautuddlowman
(N wuh eiviunglageaunisil () lianditiesnd
Aannisnaaeuiniige Tnefidadevesdnsidiu
5¥NIN AMAFaURaA1YTUNeY (EXP/ANL) = 2.24 uay
#I Standard Deviation (SD) = 0.74 ludiuvesaunis
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91N ACI318-14 (a1n157 3) wui1 Aade EXP/ANL =
1.55 Uazdl SD = 0.48

mﬂgﬂﬁ 11 ezwnlimansilSeuiisumheusadou
91NauN15U89 Vecchio and Collins Feldvdnngus
Modified Compression Field Theory (MCFT) Tinail
Tnddsatunsneaeudiodisuluiegneiiliinnsasy
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P

De
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aun1sf (3) ansaldvhueniisusadeudniv
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dloman naildanmsiussudiouiuunnsaiugu
dleanan ndmnifaseaunninuinamthinsunsadou
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e dadlandeusnddmiunmsoenwuuldaimngsy
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