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Evaluation of Structural Performance of Reinforced Concrete Beams
According to Water Absorption of Recycled Coarse Aggregate
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Abstract

This study estimates the flexural behavior of reinforced recycled aggregate concrete beams. Three specimens with
different types and water absorption of coarse aggregates were constructed and tested. Not only all specimens were
designed to be subjected to 4—point concentrated loads, but also the shear span—to—depth ratio of 2.5 was adjusted to all
specimens to increase the effect of shear. A nonlinear flexural analysis considering the tension stiffening effect of
concrete was performed to predict the moment versus curvature relationships of the specimens. Furthermore, a nonlinear
finite element analysis considering the effect of shear was carried out to estimate the behavior of the specimens. It can
be found from experimental results that the flexural strength and the crack properties of the specimens with recycled
coarse aggregate having a water absorption of 6% were similar to those of the specimen with natural aggregates. The
comparison between the experimental and analytical results showed that existing analytical methods can be successfully
used to predict the behavior of reinforced recycled aggregate concrete beams.
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. Design W/B S Unit weight (kg/m”)
Specimens strength %) @)
(MPa) o o W C F/A S/p S G AD
NA 49.6 47.4 168 220 51 68 842 934 1.86
RA3 24 49.6 48.0 168 220 51 68 842 913 1.86
RA6 47.8 52.4 172 234 54 72 825 749 1.98

Table 2 Properties of specimens

Concrete Reinforcement
. Aggregate types Longitudinal (D22) Shear (D10)

Specimens N E,

Fine Coarse ‘ (MP2) (GPa) Iy fu E, Sy fu E,

(Water absolution) (MPa) (MPa) (GPa) (MPa) (MPa) (GPa)
NA Natural (0.8%) 22.3 22.6

RA3 Natural Recycled (3%) 15.6 20.0 488.0 605.5 190 465.7 607.9 155
RA6 Recycled (6%) 20.9 22.1
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) Experimental results (kN - m) Analytical results (kN *m) Experimental/Analytical
Specimens

M., M, M, M, M, M, M, M, M,

NA 21.9 208.3 224.9 18.9 176.8 182.7 1.16 1.18 1.23
RA3 16.4 186.4 204.2 16.8 174.0 181.7 0.98 1.07 1.12
RA6 21.6 191.7 220.6 18.5 176.3 182.5 1.17 1.09 1.21
Mean 1.10 1.11 1.19

Ccov 9.8% 5.2% 4.8%

54 s=rzsrogxpeZREs =28 A16A HM55(2012. 9)



Fig. 9=5H, WA
A& o] 43 HHE-3L
25 o) 8 = Q
Fig. 904 & digt APdv= Al F-abst
2El AoJAR Ak A¥jelct. Fig. 9ell4] n]A3
A= ] AP E HEATe] WMEES 0.004
2 7Pgste] Akst Zlolth AA| A3 ASs At
Alo)A7F Hjaks ool E2tel RA6 AFAE A9
h 25 s dvne avh= AS Fig. 92%E & 4
Ut o|ZHE FFAL] FES AT o Sk Al 24
g EQ ko] HEES 0.0030% 7T 43¢ A
FA7E A FG71E F USS & 7 A

0= =7 @

o714 Er= 1o 7oty AZEAHE Kol B¢
Fe E.2 g4 & 9lon 1= 39 e met W
3kl ek ACI 318-08 7++(ACI Committee 318,
2008) 2} KCI 07 (828 E8t3], 2008) oAM=
ADIPE RO EAS udaly] 9ste] Savhd 2

ARHE [5 AR Zle Austa glon, 1 42 o

M, = = ©6)

7NN £, ZANE WA 0.63 \/f,(MPa), y, =

B o] EAleA 1S oA e] A (mm) otk
2 ()~O)L olg3t0] AFA ZHE-2E WA
o5 A= Fig. 99 YeRIItE Fig. 9 vyebd n}
o} 7o) ACIS} KCI f<=ellA Albet ik 22159
EEZ ALgsto] ZEE Ak A QR so) ket
w72 o] RRlE—-3tE Aol digt Addns 2 o5

& 5 99k

4.3 Tl I

o

&l

7t

o] Holr= AR Mol 1] Avke] A H7}

= =29

o S18300] AR A9 S
AR AE et gol AR S ik

()

© APA Tl AT LVDTolM =74

g AH3} Aol ol8sto] vt ol ARkttt

Loy = %Amm? 4a®) ()
A7|1A LE AZE Aol(mm), av A mm), A,
= AgAe T A3 (mm) ol ek
A (NEFE AAA ] ZrE-=F WL 53 4
Ih= Fig. 9ol UERIE. 3ol & 5= 31l 4 ()
& olgdto] A Ak *’?ﬂzﬂJ T ARl FA
ZERL AN ZRE T Enet Ao of 28 J&
Ak o= AEdH<RL Aol ETH T HEo| At
el = = PRHE Il A AdEHl A
W, A (DR 79 S5 4 (9)9] A, el 28t
AgA WAL WY 54o] wigE3l] whtolt. 5, 4
(7 ZHE 5 278 Fhe ¢~*r 7o) WFER opy
2k 7he A} AR Afo] o] A A RiE 2o
ek 4= 9ok
o] -5 AT fIsto] AT Kim er al, 2011)
olX FRE APAe] HAE-=E #AE Fig. 10°]
LERAGIEE el Al AdAlE AdEAE
AHgaRon 2 ARl FUsAl B FHR 4

¢

R SFCIRX | Tk =27 M16H M52(2012. 9) 55



160

120 Experimental
L
< 80 |
g /Analytical (Eq.(7) & Eq.(8))
; /
= 40

0
0 10 20 30 40 50

Curvature (x10°rad/mm)

Fig. 10 Moment versus curvature relationship of a slender beam

a2 200 350mm, gt
7371 4.0, %ﬂaé 157 Eﬂ 31.7MPa, Q1A
7} 0.01290]t}. Fig. 10914 Hi= wpe} 2], o I8
“ﬂE TN SE AEHR] Ao X2 H-E] et el
E—=E A9} A (1) 25 38 ZrE-=E dA7}
UH% WA].@;& o) 2= oh;]. o= /ﬂsﬂoq:[Loﬂ/q /‘zsﬂs]— Al
AA7}4.08] AFEIHE 7P 2H ST H7lel 2
o] ko] AujAle)gl7] o]tk
4.4 SIE—XE A o=
A 7]%?1 vke}l o], &2 AFA 9 sks—Ad HAE
04]——.%3} | S8iAdeE ko] Faks RiEA] 1y
o] A= Bl Hwel thgh Axte] <
By HPOS}—E I 9= VecTor2 f3tQAad] >z 730
(Vecchio, 2006)< o]-&sto] A< stg—A7 A
£ 53tk
VecTor2 X213 ARE3E 4= Qle Hds|i e
o= Myt EE2E S w e Collinsg} Vecchio?} 712
3 MCFT (modified compression field theory) (Vecc
hio and Collins, 1986) £} Vecchio”} 7l%st DSFM(dis
turbed stress field model) (Vecchio, 2000)°] Sltk
o] A7rollA= MCFTE &7¢¢t 2519l DSFM2 AHs
p=g
Fig. 11& A9AS] fretessy 2dds e,
AAAe] FAES} Ats By flste] 44 F
748709 AAYE Q49 12719 EEA Q47 AMEE
At} o7|A AL I E Qa9 AAL ) AL
sles BEE apglvk 5] AREE VecTor20l4

56 s=rzsrcexpzZsts =28 X163 A55(2012. 9)

Reinforcement rafio 2% Reinforcement truss element %

H
sl
C
21E
HE Symmetry
E ® Restrainst
£
gT . 5 Reinforcement truss element ) ,
o~ :4:@25mm' 34 @ 25mm " 6@ 25mm J
i 44 Elements.
Fig. 11 FE representation of a typical beam
800
600
first yield
E = 7777 = 7———‘—/]
=< 400 — :
8 { first yield
S /) —=— NA (exp)
/) —a— RA3 (exp)
/
200 / —*— RAB (exp) ||
—o— NA (FEM)
——RA3 (FEM)
ol —%— RA6 (FEM)
0 10 20 30 40 50

Displacement (mm)

Fig. 12 Comparison of experimental and analytical results
considering shear deformation

et AslA Aul= Fig. 120 A84
9 1 Uehigle e 3% o7 e)
7% tgk A AIE Fig. 12614 thepdl vl ol
APATE A 2 NS USS L F ek WIS

sl At Arfstgel tie ARAE oF 20% T2
ASISIA B2 ol 2ol Adish $A 19 A%

& ekl A% B4 Aaddel 2 Qs

Ol Ao EBFSEAS AT BREadE

2RA9 A4S ] sl 2RI

v%ﬂ G A ShE Baslen, st gl
RS 92 5 Ak

T= ve T

() §5& 6% wFFSIAS AHEF Jomag]



AFAS A3 AEA 9l GARRS 34y & 8. ACI Committee 318, “Building Code Requirements for
o8k > o]o—h;], Structural Concrete (ACI 318M—-08) and Commentary”,
USE T A American Concrete Institute, Farmington Hill, MI, 2008.

(2) =A %ﬁgr ‘3‘1 %—’F‘%Oﬂ ?1'74]%}01, O] Oﬂ?‘ oﬂj\i —/F 9. Carreira, Domingo J. and Chu, Kuang—Han, “The Moment—
== = =) T 5 = = Curvature Relationship of Reinforced Concrete Members’,
E?SJ: HVL% SHj' 7_1 Ud 2 ]_Eqﬂﬂa O]%?SJ: = ACI Journal, vol. 83, March—April, 1986, pp.191—-198.
HE-I& 7_74]9}' }\E]t;ﬂ X‘“-o/l T 2 Zl'oﬂ 1?_2]— 10. Collins, M. P., Mitchell, D. and Macgregor, J. G., “Structural
51 v/_\__E_—_‘_EﬂO ﬂ]o];(]i_’_a 7;"}1\1_‘_ Ex_uﬂ_E__j{E Design Considerations for High—Strength Concrete”,

Concrete International, ACI, vol. 15, No. 5, May 1993,
A9k SAHEE AR Vel o275, '

(3) Agke] ks Wo| vk= A3 A2 24 HE LS o 11. Comite Euro—International du Beton, “Verification of
=5 } ] 74 H 1_ xﬂ:]—/] Oﬂb‘l:o] J_EZ] 2] Sﬁ}ﬁi HO]_@ ‘;};egij‘ltll)r;dg(; L;;lt States”, CEB—FIP MODEL CODE 1990,
—% 01%5}04% E]‘%?l’ @ﬂ% oé_% ‘/l: 9»113 g ;1?_]_ 12. Kim, Sang—Woo, Lee, Yong—Jun and Kim, Kil—Hee,
{SE]_ _/_F 9‘)]\9%.1]:1_ O] ?irrLoﬂjﬂ’E“ ]/Lfsé %ﬂﬁiﬁtéﬁ& “Flexu.ral Behavior of R.ei.nf.orced Concrete Be?ms with

Electric Arc Furnace Oxidizing Slag Aggregates”, Journal
Eﬁ%’% Ol%ﬂoi ?ﬂlg]_—g] 05163—‘% ﬂEﬂ‘é‘]—?j& of Asian Architecture and Building Engineering, vol. 11,
W, £HALEAE A DA NEE oS No. 1 May 2012, pp.133-138.
_ _ - 13. Lazaro, III, Angel L. and Richards Rowland, Jr., Members,
g Ayt Ao} vz A daks de ASCE, “Full-range Analysis of Concrete Frames”, Journal
etk of the Structural Division, ASCE, vol. 99, August 1973,
pp.1761—1783.
14. Park, R. and Paulay, T., “Reinforced Concrete Structures’,
ZEALe = John Wiley & Sons Inc., 1975.
15. Pfrang, E. O., Siess, C. P. and Sozen, M. A., “Load—
o] w=Re 9012dE AR (& uEls]EE) o] Ao Moment—Curvature Characteristic of Reinforced Concrete

Cross Sections”, Journal of ACI, vol. 61, No. 7, July

2 SadrAde] Ads ol e A5y tHNo. 1964, pp.763-778.
2012—0001764). @&t wSaslr|sms)l 24197 16. Vecchio, F. J. and Collins, M. P., “The Modified Compression

s Field Theory for Reinforced Concrete Elements Subjected
EZHE]'Q ]Oﬂsﬂ)‘ O]%ioo é*}‘(ﬁﬁ T i8] od:ﬂ.gjﬂro] to shear”, ACI Journal, Proceedings vol. 83, No. 2, 1986,
o, ojol] ZA=FH ok

pp.219-231.

17. Vecchio, F. J., “Disturbed Stress Field Model for Reinforced
Concrete: Formulation”, Journal of Structural Engineering,
ASCE, vol. 126, No. 9, 2000, pp.1070—-1077.

18. Vecchio, F. J., “http://www.civ.utoronto.ca/vector/”, Web
Address of program VecTor2, Ver.5.1, 2006.

19. Wong, P. S. and Vecchio, F. J., “VecTor2 and FormWorks

Technical Report, Department of Civil

: =) o ES|EE 2009, pp.19-21.
2. %ﬁﬂ 714, 7°T°§ 138, SE, TEIAE AR

Sz Eoty wi], User’'s Manual’,

Engineering, University of Toronto, Toronto, Canada,

al _
H]Zl?, 4.1, 2009, pp.431—-439. 2009.

3. o]9e, SUE, RS, doay, 95, TEEAE S
ATIZIZE KO 3 9 o]$Ad% Bl #et A4 AqY,
gietaEes] =g 72, #2348 5%, 2007, pp.29-36.

4, SmzIE|ESE) ‘LI ETLRAATE A 71D 2008.

(HAYR : 201149 128 279)

sonz « F7ES 2824), s 3 s
R RS RS FasTmaset s (1% £FAXF : 20128 28 179)
6. 27, A1) eI T HE, B, 2010. (ext THARL : 20124 42 258)
A4 dmaA LY, A Hr)E A 2 AYd DA EE A =L =
7. 8T, ‘2009 A= #HrlE 28 9 AHEd (AR LR 2 20128 63 22¢)

=27 AN16H M52(2012. 9) 57



2 N

o ATNIE FRACTAT MG ADRAAE 10 BATS W o|F Slalo] FA FFe Frhol Az vE
Yol APAZ AST BE AZAE 47 e Bus Agsiglon], dde] 93] AL AWHIIS 25 AL
Sk, A9 BHE-2E WAS diZeb] dok] AAEAEANS Tee WY B Fassion, A9A) 44 As
& W) giste] Ake] Qe TeF & A WA fResINe Saesith A9ET, 348 6% wRReTAS
g ARA) BAES AR AATAZ 8T LA AZ SRS B2 5 9ol eln ARAe A
A2 ulwat Ak ) PP olgdlol £RALTAZ AR BTEALE B ASL B 15T F Y5E H






