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Mechanical Properties and Predictions of Strength of Concrete Containing

Recycled Coarse Aggregates

In-Hwan Yang', Kyoung-Chul Kim>*

Abstract: According to KS and Standard Specifications for Concrete, the compressive strength of concrete containing recycled aggregate is limited
to 27 MPa and thereafter there are little research on concrete containing recycled aggregate of its compressive strength of greater than 27 MPa. Therefore,

to expand the applicability of concrete recycled coarse aggregate(RCA), this paper concerns the mechanical properties of concrete containing RCA with
compressive strength ranging from 30 to 60 MPa. The experimental parameters were water-cement ratio and replacement ratio of RCA. Water-cement
ratio(w/c) was 0.36, 0.46 and 0.53, and replacement ratio of RCA was 30, 50, 70 and 100%. The experimental results were discussed about compressive
strength, elastic modulus, split tensile strength and modulus of rupture. Test results of elastic modulus were compared to the design code predictions.

Experimental elastic modulus for concrete with w/c=0.53 decreased by greater than 10% compared with that for concrete with w/c=0.36. The design
code predictions for elastic modulus overestimated the experimental results. Whereas, the design code predictions for modulus of rupture

underestimated the measured values.
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Fig. 1 Aggregates used in concrete mixtures

Table 1 Properties of aggregate

Properties
Aggregate Density Water absorption
g/em® %
Natural coarse aggregate 2.62 0.58
Recycled coarse aggregate 242 3.87
Mixed fine aggregate 2.59 1.02
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Fig. 2 Grading curves for coarse aggregate
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Table 2 Mix proportions

Unit content(kg/m®)

Fine aggregate Coarse aggregate

Mixtures w/e sla Water Cement Replacement
(%) Crushed Sea-sand Natural Recycled p %)
A0 936 0 0
A30 655 259 30
AS0 0.53 48.3 176 332 612 262 468 432 50
A70 281 605 70
A100 0 865 100
BO 942 0 0
B30 659 261 30
B50 0.46 47.1 173 376 587 252 471 435 50
B70 283 609 70
B100 0 870 100
Co 920 0 0
C30 644 255 30
C50 0.36 46.0 175 486 549 235 460 425 50
C70 276 595 70
C100 0 850 100
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Table 3 Test results

Mixtures Slump Air content Compressive strength(MPa) Elastic modulus  Split tensile Modulus
(mm) (%) 7 days 28 days (MPa) strength(MPa)  of rupture(MPa)
A0 115 5.0 30.7 364 23,841 3.6 5.5
A30 124 54 30.3 354 23,694 3.5 53
A50 119 5.1 30.0 34.8 22,858 34 5.1
A70 131 4.9 29.6 342 21,458 33 5.0
A100 128 54 279 339 21,411 32 4.7
BO 115 44 39.3 493 26,833 4.0 6.6
B30 124 4.6 38.9 47.0 25,343 3.9 6.5
B50 120 4.8 38.6 45.5 24,202 3.7 6.4
B70 116 4.5 38.1 44.0 24,008 3.5 6.2
B100 125 4.9 36.8 422 23,508 33 5.9
CO 113 4.7 52.0 64.0 27,374 4.7 7.0
C30 105 4.8 51.0 60.4 25,929 4.6 6.9
C50 123 5.2 48.7 55.3 25,795 4.4 6.6
C70 118 4.9 473 54.1 25,745 4.2 6.4
C100 117 5.1 45.7 51.9 24,601 39 6.1
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Fig. 3 Comparison of 7-day compressive strength
80
= < 70 |
%‘ % 60 | i
gﬁ ------- . me ' gﬁ Nr Sy S
2 -- 2 40 | S
§ ...... A e de i —p - 2 50| -_--_-:-_--_gg:igoo/?%
7 —o—w/c =0.36 2 20 | RCA=50%
g - m - we =046 & | | ——Rrca=10%
= —a —w/e =053 g 10 [ ——RCA=100%
S . S o : : :
0 10 20 30 40 50 60 70 80 90 100 0.35 0.40 0.45 0.50 0.55
Recycled coarse aggregate content (%) w/c ratio
(a) Effect of RCA (b) Effect of w/c ratio

SETISIHQNT YUY =2

if

Fig. 4 Comparison of 28-day compressive strength

X202 M2Z(2016. 3)




50,70 2 100% ¥ = 79 === 247} 38.9, 38.6,38.1 2
36.8 MPa©|t}, 3 CAlE] Z(w/c=0.36)2] 73, 7]+ v gto]
7Y YEFHFEE 52.0 MPao] 1, =8HEA) X]3H&-] 30, 50, 70
2 100%Y W 79 AEAEE 717} 51.0, 48.7, 47.3 2 45.7

MPao|tt. o] 8§ AP A= =34 o x| 8o Tt
£ ZIAYETY %L%Z}Eﬂ ZHadt= AL e, X8k

°] 50%% WA 79 PFAE TFAEL vnlsith E-Aldl
E H]7}0.53, 0.46 2 0.36Y |, ZF 7]Eu)3te] 7Y A=
o thall <=8+ X)8H8-0] 100% Y We] 7Y F=A == 7+
7+9.1, 6.4 2 12.1% 7FA3F ok

E-AHE Bl(w/e)oll W 78 ASAE AFZEAE Fig.
3(b)oll YERNRATE. w/c=036Y wje] 7Y d=7ol B3|
w/c=0.46Y 2] 7Y AFHEE =F=A] X3HE0] 30, 50,
70 2 100%< v Z+2}23.7, 20.7, 19.5 L 19.6% 728k th
T3k w/e=0.36¥Y 2] 7Y A== HIE) w/e=0.53Y uj
9 79 dSAEE &F=A #gHEo] 30, 50, 70 E 100% A
uf] Z}Z2} 40.6, 38.4, 37.4 2 38.9% AT

AP A= E-ARIE vl STt i 7Y dSAE 1
288 3FA 2)3H8-0]30%Y Wl 23.7 2 40.6%=A 7

A FHAhs AS UERAT

FTHEAY XS ME28Y ASA = AFEAE
Fig. 4(a)°ll YERALE F28Z A2 X380 S84
= 28Y ASHAET}F Ashe AS YERITE AN B Z(w/c
=0.53)2] 7%, 71E vl A0)2] 28Y U=t =+ 36.4 MPa
o|a1, &3k X]8+-8-0] 30, 50, 70 L 100% Y wf 28 =
== 247 35.4, 34.8, 34.2 2 33.9 MPa°|th BAIE]&(w/c
=0.46)2] 73-¢, 7] & wigte] 28Y U= E = 49.3 MPaol 1,
=3-Z A 2)8H8-0] 30, 50, 70 E 100% Y w 28Y A&} ==
ZY7} 47.0, 45.5, 44.0 2 422 MPa°|th T3 CAlE]| Z(w/e
=0.36)2] 7%, 71& 13te] 28Y A=A EE 64.0 MPaol 1,
=3=A] X]3H8-0] 30, 50, 70 2 100% Y @ 28Y A=A ==
Z¥7} 60.4, 55.3, 54.1 2 51.9 MPa©|t}. E-A|HE H]7} .53,
0.46 2 036 o, 7} 7] agte] 28 A==l thsl =%+
A 2]8H8-0] 100%Y 2] 28Y A=A == 212 6.9, 14.4
2 18.9% A3t

3EA) 2 ES] dEATE SFIAV SETE
ks Rt AEE JeEpdth 238 El S EE
3 EA7 A o] Utk FA| 9} AHIE H| o] AE Afo] 9]
A T3] S8R oy g} ZA]9] gk o] AT E
A7 =0l Y-S v = Tk Table 19 YERH vl9} 2o]
TEEAY FFE2 AASAY & B €41 Tt o]
+ Ao e F2E o] Qle EEEE A wjiEo]
ok =3 8= AE A A gl A g ek A&

AABR 34 5 IF A= A EdE TS 7FsA

=2 &=

~

%

oL

a

< WA = Ut webA, REERE AR 8] 2
g E9] ﬂlE'iJM oﬂ gk E8id Y& =AY Mg
&4 7ol dSAEE AN F vkal AakEnh
E-AWE Hl(w/c)fﬂl 2 28 AEAE AREHE Fig.
4(b)oll FERAATE w/c=0.36% w2 28 =70l 13
w/c=0.46% 2] 28Y ¢t E = 3= A X|3Hg-0] 30, 50,
70 2 100% wf Z+2+22.2, 17.7, 18.7 2 18.8% A~ th
T3 w/e=036%Y w2l 74 =73 =0l BIE) w/c=0.53Y
9] 28 AFAEE == A X 2HE0] 30, 50, 70 2 100% L
uj Z+7} 41.4,37.1, 36.8 2 38.9% FrA5kAth
ARA = E-AIWE v 9] F7bol ih&28Y =S4 = 7
288 TEEA XFHE0]30%Y W) 22.2 2 41 .4%2A 7P
A sk A& YERAT o= E-AlRIE Bl 9] F7te| u}
ZA) X 8H8-0] 30%Y ul 7

= o
El:l‘-‘7"1“7oL ]' E‘o‘\/‘f

g Al HATE S78317] Hste] F e
VY ATE FAA 59100 mm 7ol A=]5FG T L& 2]
T Atolol] AT FAA AFRFo = 120° 1A 2= 37 <]
LVDTE AAst3oH, stgAlst Al MeE SHsAt
(Fig. 5). 3+ A13F= 2000 kN &2 THsAIE7|(UTM)E At
B3t HeAo] WA o = Sh-g Al sksl A 2™, 0.025 mm/s
o] A )& =E AFESIATH

ASAE Aol AT sk A E o] 83t =7
E-HYPE S SHSIA O, EH o2 =3=A] x|

£-°] 50%21 A50, B5SO 2 C50 Mo 4=S8-HYE I
4-& Fig. 60l HERJSItE 45-58-HP & oA 1Y
£°] 0.00005¢] A=} H oy ohr«l 40%°) lF3h= o AR
9] 71&71& o] &3t B AIFE AT
_ fo—f
E.= P— (1)

Fig. 5 Instrumentation for measurement of elastic modulus

J. Korea Inst. Struct. Maint. Insp. 53



Compressive Strength (MPa)

Compressive Strength (MPa)

70
- --RCA=100%
60 | - = RCA=70%
——RCA=50%
o+ | == RCA=30%
— - RCA=0%
40
_ PR -
P e
30 e e
/:/
20 LA
7,
/%
10 4
0 Il 1 Il 1
0 0.001 0.002 0.003 0.004 0.005
Strain (m/m)
(a) A series mixtures
70
60
50 | PR E-XN
/’ T -~4\ \\
40 f _/(i’f/;“\ ~~~~~~~~
e
e
30 + A — -~ RCA=100%
/2 B RCA=70%
20 F 2 ——RCA=50%
ol A — - =RCA=30%
- - =RCA=0%
O L L L 1
0 0.001 0.002 0.003 0.004 0.005
Strain (m/m)
(b) B series mixtures
70
£ 60 | LN
2 o
- 93 AN AR
% 50 % Z - ~
5 Y s -
£ 40 r Pz %
“ P/ - = —RCA=100%
z 30 r Y - = RCA=70%
[72] o
g o5 | —— RCA=50%
= N A RCA=30%
=}
o 10 r — -+ RCA=0%
O 1 1 1 1
0 0.001 0.002 0.003 0.004 0.005
Strain (m/m)
(c) C series mixtures
Fig. 6 Compressive stress-strain curves
o171 A,
fo: T E FFFE] 40%0l s Fsh= 458
fr: §8E=0.0000501 3] Fh= A E 4584
6, TABE AEF7FE2] 40%0) s dE5HFE
€,: ¥8E=0.00005
SIRPESIHI XA T UL =2 & H20H M2Z(2016. 3)

40000

‘< 35000 F
[a
S 30000 |
g 00 T E g e
—§ 20000 F A -
g 15000 |
2 10000 | ——w/c=036
& - m-wle=046
5000 —a -w/c=0.53
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Recycled coarse aggregate content (%)
(a) Effect of RCA
40000
‘< 35000 |
[aT
= 30000
2 25000 |
=
2 20000 |
= —m- RCA=0%
g 15000 ¢ --e--RCA=30%
% 10000 RCA=50%
m —e—RCA=70%
5000 ——RCA=100%
0 1 1 1
0.35 0.40 0.45 0.50 0.55
w/c ratio
(b) Effect of w/c ratio
Fig. 7 Comparison of elastic modulus
e e A SHAFE Fig. 79 YERIAY. o<

32A| o] 2| 8Hgo] S7MEGE B A= AT AAE
Z(w/e=0.53)9] -7, 71 vigA0)S] A= 23841
MPa©|al, =3-=A] 2|38 F7lol| whe} A30, AS0, A70 2
A100 BiEe] B A= 24210.6, 4.1, 10.0 2 10.2% 743}t
Atk BA B 2(w/c=0.46)2] 7%, 712 vl & (B0)°] B34+
£ 26833 MPa©] 1, <=3k=A] X]3-& SVl w2} B30, B50,
B70 2 B100 #igte] BHdAI= 247 5.6, 9.8, 10.5 % 12.4%
A3k T3 CAlB Z(w/e=0.36)2] 739, 718 vl gH(C0)
o] B AI19=27374 MPa©| 31, = 3HE A X 38 SVt ufe}
€30, C50, C70 ¥ C100 Bi3+e] WA= 247+5.3,5.8, 6.0
2 10.1% Z43sHAch

3 ZAZEFZALA(KCL 2009)904E Foed
A A ZE-S 30% = AFHstal Jom, g Alg|= HE
A 8H&0] 30% Y W] AT THAae-2 ZH2F 0.6%(A30 bl
3h), 5.6%(B30 HIgH 2 5.3%(C30 ¥igh stk

=3 8EA X8-80] 70%Y wjo] A PAase
Z¥7} 10.0%(A70 HRE), 10.5%(B70 Bl EH 2 6.0%(C70 ¥l
st on, H3EA] 2)380] 100% Y o] e AT 7



8-S Z17F10.2%(A100 ¥ Eh), 12.4%(B100 81 2 10.1%
(C100 vi3hH #rAstct. Addde SH=AE 70% ©1%d
o7 Mgst o, GAATE10% ol AT = Y-S Y
ERAiTh
E-AHE Hl(w/c)ol W2 SEAIG APAFE Fig. 7(b)
off JERAATE w/c=0.36% wje] B A=l HIs| w/c=0.46
< wj o] eATE =8=A X$HE HE 742} 2.3%(B30 Hi
gh), 6.2%(B50 HIEh), 6.7%(B70 HIEH) 2 4.4%(B100 ¥l &) 7+
A8FAT 3, w/c=0.36Y Wl e] &3 A ¥l3l w/c=0.53
Y wjo] BA = =BEA] X3 HZ ZH7}8.6%(C30 vl
3h), 11.4%(C50 ¥iEh), 16.7%(C70 ¥iEH 2 13.0%(C100 HiEH
Haskdth E-AMIE 871 0.53Y W] eHAAI e
Zukz 0 2 10%S Z3}3}
AT 2B E A 7387 7343 Foll I
u| x|, o]of| whel B o] A =l o G v
A2

o] SHolA frelsita ddEnh
A AAFEA A ZATNE YFHEE ©
A e et 22 FEE vehith

o
e
o
ox
X

E, = A(f4)"” (MPa) ()

A7NA, fe ZAYE UFAE, A= AT, B AFolth
FZAYETZIIFHKCI, 2012)2] 2T ES] d=HTEE
o]-&-gF e AI AP A2 Tt 2tk

E, = 8,500 {/f., (MPa) 3)

ACI 318-11(ACI, 2011)3} AASHTO LRFD 437|715 AASHTO,

2014)0llA= ZIYEL] YSHAEE o] &3 SHAT d=

A& T3 2ol AlAISkaL QT
E =4,700+/f] (MPa) 4)

=3}, fib Model Code 2010(fib, 2010) )l 4] &] E-Ad A<= A4
212 o537 2t

E=E, (’;—5)% (MPa) (3)

714, E,=21500(MPa)°]T}.
Fig. 80 o] Aol o] A4 447} ZagET

%712, ACI1318-11 2 fib Model Code 20102] -3 A< o =

50000
®m  This study
e Others
= 40000 - KCI2012 --
o I ACI 318-11 =TT
2 - = = fib MC 2010 - il
< 30000 | 1
el
S ]
=
9
2 20000
K
[sa]
10000

0 10 20 30 40 50 60 70
Compressive Strength (MPa)
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