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2 Recycled concrete aggregate
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Fig. 1. Grading distribution of aggregates
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Components  Cement  Silicafume  Zeolite

SiO, (%) 27.30 86.18 64.90
Al,O; (%) 4.60 1.44 12.30
Fe,05 (%) 2.70 0.20 0.36
CaO (%) 46.70 3.06 2.10
MgO (%) 3.50 1.32 0.90
SO; (%) 2.04 0.337 0.19
Na,O (%) 0.34 - -
K,0 (%) 0.52 - -
Equivalent 0.68 - -
alkali (%)

LOI (%) 4.84 1.15 4,18

Table 2. Characteristics of Portland cement, zeolite and silica
fume
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Property NFA FRCA NCA CRCA-1 CRCA-2
Water
absorption (%) 341 10.3 2.7 8.7 7.45
Specific weight
(kg/m®) 2.51 2.27 2.62 2.3 2.35
Los Angeles
value (%) - 15.9 29.3 27.7

Table 1. Physical and mechanical properties of aggregates
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Mixture no. Cement Silica  Zeolite Water WIC NFA NCA FRCA  CRCA  Superplasticizer ~ Slump
(kg/m®) fume  (kg/m®)  (kg/m®) (kg/m®)  (kg/m®)  (kg/m®)  (kg/m®) (gr/m®) (cm)
(kg/m?)
NC 350 - 175 0.5 980 800 950 8
First Group
RCAC1-30 350 175 0.5 980 560 240 1250 75
RCAC1-50 350 175 0.5 980 400 400 1180 8
RC1&FAC-30&20 350 175 0.5 784 196 560 240 1240 75
RC1&FAC-50&20 350 175 0.5 784 196 400 400 1210
RC1&FAC-30&40 350 175 0.5 588 392 560 240 1260
RC1&FAC-50&40 350 175 0.5 588 392 400 400 1275 8.5
Second Group
RCAC2-30 350 175 0.5 980 560 240 1240 85
RCAC2-50 350 175 0.5 980 - 400 400 1200 75
RCAC2-100 350 - 175 0.5 980 - - 800 1230 8
SFENC2 322 28 175 0.5 980 800 - 1444 75
SFRCAC2-30 322 28 175 0.5 980 560 240 1451 8
SFRCAC2-50 322 28 175 0.5 980 400 400 1492 9
SFRCAC2-100 322 28 - 175 0.5 980 - - 800 1474 8
ZNC2 297.5 52.5 175 0.5 980 800 - 1526 7
ZRCAC2-30 297.5 52.5 175 0.5 980 560 240 1498 75
ZRCAC2-50 297.5 525 175 0.5 980 400 400 1571 75
ZRCAC2-100 297.5 525 175 0.5 980 - - 800 1556 8

Table 3. Details of mixture proportions
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2 Interfacial transition zone

156

Sl s 100 S UY Ghls laz b 55 e
b L5k anle U 55 b anle 51780 7Y
L o = Bk asle 1Y hls slam b)) us
RC1&FAC-50&20 s RC1&FAC-30&20 glao <
UL el 18 hls lag b eman Lledd jasiia
5 RCI&FAC-30840 slad S Ly 35 s 5
s £33 05,5 5> (ADledt s to RCI&FAC-50840
R3S s 03 2l OV e e
TN 5 oo s o TA oz L0 1K b el anle
o Rl e DO b s o 53 53 S 55
Wl 03,5 ol 3y aS el Siw oY LA Ak,
W Lo gos 5 w3 S 1,5 eslizal 5, 50 CRCA-2 L0
A b [dals b 5 S s O] DO b
o=l e ddale LSL"CJI’ Slaseie (V) Jod 5o
sl 0 &5l 05 S 5
MPa £+ s (5L slin 550 sbag b 8l
L ook e oske opl 6l s 25 055, YA s 5
Slaske L2700 54700 /80 Slop 4y o slacons

Ol o Tlg i ale KgIm® You 5 e e Ve Olopw



\Yavdl /Y e_)l.«.i/r.h.k?;ha_)jé

e Olpes (pdige (205 — oole b

/0¥ ol Cds Ao 5 RCI&FAC-50840 ~ L 3
RCACL-50 7, b ay oo I¥ 5 NC b 4y o
2Ol ) mbse ol (ool ol andls )3l
o e (V) 8L50 sl VL OT Lol s
o IS @l ot 53 35 e WV S
O A S (BLL slapiy JBor 45 A S L
=5 Bk slagis o5 e 2 el il S el
RCI&FAC- b (s il 53 555 i sdalin oaiiis
4S usbas oyl Jsles, S 551y J&s o 2eS 50840
SRCACLB0 » b ay i 8 st 2 bl JE
JEICH U ARG SCY ol PP VRGN /L PPN P
Jlss I peme 4 Sl BL5L sla o JS 03
e 48 Cal 33k gladli&s 5 Sl <
oalS a5 Bk laali&en S rals
sy Bk on S
SIS Dose 448 das e O 58 e 05 S S
TN 5 oo 5 Seo TA) Olas o oL 3150 5 5L
b e Sl (BLSL slacn Ol wdr s (85
oy JUSr o sa 53 Ll (RCAC2-30 b 5l S8 )
ks Son 3 58 Kos Slear 5 el edalie ol
e Aoy Gl e e (BLSL lagn o S5 s
Sl B3 b 0> Sl el 5 ol sat
b Ssosban ol u,u,_.w@ulj RN EVAT
S5S o5 ol Cd doys il VFA Ts5u- ZRCAC2-100

.J)lb dall leamw

ol Canglin 2le3T eyl —Y-¥
Vo 3 ol aslie Jilesl Sl ol s oSSk
6L_ACJ_19 s Ll s 65,31 (1) IS 53655, YA
el o (S Gl L aS sl 0LS ol ey 8
e slis U5k @i b (anler 18) anb 6l0Ke
Sl dos il Wile ke alS 05, YA 5V (g L
S it st U Bk anle o 550 00 edalin (O
O d S 0355 YA 5V (5LlS Caslie LS (655

3 Sl slacaid 5 aS b gl 8L

1o/

Vs wlol bl gl 4o edile b ol (bolest
Ll 5 s bl plonil o U Sal-Of laems
G5l o (o g 4o 55 YOIY Lmes (slas) 3,1k

TR

b iobeT ol b Y=Y

il laibosl oo lad s s Shes b3l &l 5

J-J)DM&V}T.Mf[;&‘aM;Lﬁw}a)U&&))
[13] ASTM C 642 5 bkl b plae J&s 5 OF ol
(aL?L}\e)'))O-\L'rﬂ)Jcm\OX\OX\Owx_{»«j}».}uéj)
ENBS slulul b llas g5Lis coaslio jilosl.as
53CMNOXVOxV0 e o sas ¥ (55, [14] 12390-3
H@s@}m&uj.mCt,,;uwm,véu&w
3kl Sheslial b 5 (L5 0) Oldiad 53 iy b Gollas
310 18 U glail il 4 5ai ¥ (55, [15] ASTM C 496
e e e glie S fl?u.‘ 555 YA S ;3CM Y Cw)‘
$lakai ¥ & s woa [16] ASTM C 293 5wt b ilas

.J.ic::xje)'j)*/\yjhjcm-\'x\ox\o M}A.:Y S

IR e
ST il 5 S sl i lejT s -1

5 S sl nleT plnil I ol s Sk
b s el st 5T (F 5 ) sla JSs s
il L Lo s 45 das o 0L gl 058 slabs ylsee
o Sl S b b Gl 2 Kl
STl b e Ll Of Gl s (anle + y2)
AP g 55 4 RCAC-T oo ALk s o
o b Ll ol sais OF Gl Aoy 3 /A 5 )
S5 Bk ale SU 4S5y b e stalin mls 533
e el 4 (LG n O Ol Ao Gl L,
L 03 eS Susban .l Bk Sl iy
oL o o it Ol Ll laie RCL&FAC-30840
(ol 4l 2l 3 RCACL-30 & b 4 oo 1Y 5 NC



5t OB, dame ol il s 35

Olops (2 L 48 s oo OLES 35 033 03 S
J=b oy i i 5 L by S L il
ol sl 635, YA 5V (g Lid Caslin o gl
o Lk 3 I s G 3 &S (b
o S 0355 YA (L5 sl Sas i 5L
£ VNG =, b ojs) TA Conslie) A3 S Aald = b &,
ZRCAC2-30 -, L ;MPa £)/Y SFRCAC2-30 MPa
TA 35l Ly aS dias e 0L ¢ 3850 ol (MPA Y4/
I L el 53 Sl 55 V0 L s ks SCn
o Bl = heslanal e S Olp5 e (BLSL
S 3 ges 0l Ol o (izman 38 Ol ()L Cueslas
Ceslia NC b s Cd 55 5 el s S Sl ool
o35 Gl A 5 TAY Olsee & 5 a0 ) 03, YA (5 L3
RCAC2- b (slp G ol o ol o3 oyl s

G| eb‘y/\\ j/\i g.M:).':'M].OO

sl &&,éﬁ@wduﬁbgwww)ﬂ
3 RCAC1-30 LSl—"‘CJ—l’) Bl S b ek ST
N0 5N S a e, YA golid cwslis (RCACL-50
RCAC1-30 Cjb 4 Cand a8 ol RCI&FAC-30&40
B U:_q'-.o.h el /Yqj_:b.: NC Cj_lé “ w E) /AR Al
Cms 0355 YA (g5LES e slis RC1I&FAC-50&40 CJJ;
« NC CJ_L A Cond 5 1YY Olsee 4 RCAC1-50 ija 4@
L oS 35 0 odalie fiomen .ol atils a8 70 i
Lo (Bl anbe b b 4l 1Y (55Kl oo
100 U5 B3k ot U b (8 a5l e Sl
=l s edaline (g L3 e glie 3 (g lslae Ol aS
C,.?_mj RC1&FAC-50&20 leo BE PLY J\AJL;G 'C) LFSL}JJ
bk PR T.C«jw RC1&FAC-30&20 Cjb @

el oS G me (g iy (Al + 5)

Wﬂﬂdﬂ%ﬁgl{au@uﬂ(bg\j!yu@u_yJgoz

2.45

INg
»~

N
w
a1

N
w

2.25

Specific weight (Ton/m?3)

N
[N

2.15

2.1

f & N $ S S S
Cﬂ' C:\l C\r\ d\" C\ C\ g}Q? ;&9 5}%9 ;&9
RS o LN R < AN < AN AN v
& & < < P\ '\ A P\
5) Y ¥ ¥ ¥ ¥
9 9 9 9
< < < <

Fig. 2. The results of Specific weight (Ton/m?)

158



WAV /¥ o bt T oades o35 oote Olyas ke hass— ele s

(1) T der doys i Sialal ploil 51 Jol s ¥ S

SN

Water absorption (%)
N w

1
0 o
2 Vv \} \} \} \} N} O N \J \} N} S N \ \
N %@0 & Co”' dp’” Gg"' Vo”b cV'C? dp’*’% A AR AN & ¥ & h&“
& & & & & & & ol Q-(‘ Q-c’ vs’ vo V’C Y’C
S S CICIC e
& O & L
LA AR R
Fig. 3. The results of Water absorption coefficient (%)
(MP) 655, YA 5V (sl e 55 (L3 Canglie pns (3T plndl 1 Jol il £ 805
50
45 m 7-day Compressive strengh
m 28-day Compressive strengh
9 -
<
o
S 35
S
2 30
o
@ 25
[<5]
=
820
e
g 15
S
10
5
0 <
v Vv \ S S \J 3\ S \J AN} S N \ S
< g?o ol 00 00 cﬁ'o;’ c}Q oV'o; (}Q’% & O‘“ & ?O”’ & 9,@“' bn*’” @9’ o g
(Sl [l o < () (¥ (¥ (9] (¢
QQ' (‘)Q' < § <\)Q' §$ (\g. < < {J’ Q?' QV' QV'
S T A
DR R
Fig. 4. Results of compressive strength at 7 and 28 day ages (MPa)
L (el + O.;)ﬁat,@w dgj-iilzwui.ll}jl u.:..:fg;,ju,,dz,“uﬂ@\;;_v_r
J‘“L!.v—‘ LI'L.A[SA}_&.LSQ_AJLSJ ] L;.al_’vl.a FHELC L}.idj:): 059 YAM&L_AJLEA )‘ J“’L" Gl;'.: Jaiat:w
L}_’Lﬂ?lg ‘;,,..f:./.O' )./.T" g;".’.jfil" LSL“C""‘““" BE) aS Lg)jl:m l_: aS J_Abwﬂ ol d}‘ o;ﬁ @L“u RGO P ob)jT (0)

199



8 Olilas, Jwﬂ.a\;ﬁajdltﬁ.c;w
I, ZRCAC2-30 L. SFRCAC2-30 Cj_b Q‘)—N’d‘ (Olgads!

50 (NC) dals b o 55l

(e a9l &L»J'T@L:S—V—Y‘
0L (V) UK 53 03 TA et Cnslia 3l ol il
Al Ao a8 das o 0L Ul 058 el el o ol
S SRl L 5 ilesT ol 3 (SIS e slie s
Bl S b (e ) prb S 0551
=L Golal o il e EalS et Coaslis (o
ot Coglie o (golslae o gLE 4 S Aas e 0L
3575 RCI&FAC-30840 5 RCI&FAC-30820 slar b
b AT Kl e s s Sl
L Blsb anle by b acle 30l o 8L5L 5 L
Lalis i Caglie 54, lakmde LB 3G Ve
i L b 52700 sl Gl 3 pien (il
o il L 8 o gt et anslie ¢ oy 8L 5L
The s Y Sl BU5L Ak b ek asle o3
Slas LS 53 oS das o 0L lS cpl ol 4l 2alS
FEr Sheslanul (J g3 BB Oleabl b dlesl L 5 lae
53 o U Slsk b 1T low 8L el
DL 55 p33 03,8 gl 3,5 dalpi sl st Coaslis
Crel S5 00 L s ks S0 TA 38 oS as e
Gosbar a0l e Cusslis 3 glala=dle LB 5 s
4 1Y0 587 550> NC sl -, b des Caglie &S
5 b S0 L als  Olerr 0l sl 0 5
L oddastlo o sl polie pl ol 4l Jiulssl ood 53
STV 5 o NC b 4 8L 5L Gl 0
Ll Ol SITA 050 s sl 4ol 108
S 5 bl Ol 517V 3Kl by e S
i ST S Lo (oL 3L wlu&s T0 gl b
S Sl 03 503 b 1 3 (BL5L Al s 1S
FLL ol 53 s ladadle LB sy g dals - b o

] o.}js Jl?r_:\ L;”.Aqu

160

e Y 5 TNO S e glie g BLSL o b
AS 3pad A L Ll ol wly 28l (NC) dals b
Conslde o (BLSL b Cd 2 (BL3L asls
Trb 03 4S Gosban das e alS il S
G IV D sd 23S e slie RCI&FAC-50&40
£ b Cei U0 1550~ RCI&FAC-50820 ~, L
ails 2alSNC b 4y oos 35 /0 5 RCACL-50
s RCACL-30 slap b las Ly s G )
/A Ol3s 4 RCACL-30 ~ b &5 5 S 0l 4l RCACL-50
5,13 RCACL-50 £ b 4 ool (6 iy 555 a5l

S o3 Sl oS 2l UL s 05 S gl
o glie (63500 Ologwr 3G slsme b sy Oles
Cnslin (INC2 £, b 5l o ) Aisu o 35g |y 258
ek Ve g o I e Ly, YA S
180 5 /Y VY 5 5 4 (CRCA-2) o L3k o3
S S o sart 53 il GialS el b 4 e
sl slacans 53 S5 48 55e8 Ul L 5
3,08 e iES Caslie sy 3 g it 5L VL
Caslie Y Tssim o a5l o 3 4S5 5 b
Lol el a8l 28l dals = by Sl 055 TA 228
YA S Caglia V8 Topim 1) 0 s 5l s s
23 3 Ot e ooy el a8l 21580 o5,
el CndS A e 0l Gl S5 58 L Wl e U
A Bl o S Salie o pd i JU
Lo jsban el o VA 5 0LS b Sl sd
STV e ag s Fan 15 055 YA 5V 048 e glie
RCW NS NSCH P RCE SR IS A Y- N COPVCINYA V1

5 SFRCAC2-30 NC slap, b aslia L
2595 YA e 3 &S 3 ,S sdaliis Ol 45 e ZRCAC2-30
57\ =35 4ZRCAC2-30 ; SFRCAC2-30 slay b
L s NC m b iy o (6,508 2235 aaslia 74
S Caglie 5 (55Lad Cslis (gl sl @L... dns Lo
5 SOl 5, Ses o 38 oS 5505 4S5 3,5 Ol Ol e
o) SOl S s L kil e o5l



\VQVJL‘.&/Y’ o)w/rﬁv\?b&b)}.)

ot Ol jos wdige Sa s — oode e

(MPa) U-,)mwﬁuc;,zs@,uﬂmﬁ;uz_ujrw;l Jol> s 0 s

45
4 _
S 35
2
- 3
o
c
25
2
2 9
(7]
c
215
g
b 1
N
05
0

SRV SN S R S
N %@ @ »0 v'(} 19 9 193

S & > L& 9 N »
A A AR P A N
R S N~ N~ N v
(9 §$C Q.c“ < < QV' < < <
S v T e

Fig. 5. Results of tensile strength at 28 day age (MPa)
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Fig. 6. Results of flexural strength at 28 day age (MPa)
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Correlation between

Water absorption

. . Specific weight & 28- o y 28-day compressive 28-day compressive
References Specific We'.ght & day compressive (%) & 28 _day strength & 28-day strength & 28-day
Water absorption (%) compressive g
strength strength tensile strength flexural strength
WA =-8.3115 (SW) + Fc =0.0003 (SW)? - Fc=-5.1023 (WA) Fst = 0.52 (Fc)°5 Fi= 1.177 (Fc)°®
This Study 24.03 1.1146x + 1241.7 + 57.456 * I?Z - 0.69
R? = 0.56 R?=0.70 R? = 0.55 e R?=0.51
Fst = 0.49 (Fc)®® Fi=0.54 (Fc)®®
ACI 318-2 [9] - - - * Fo Fo
, R?*=1.00 R?*=1.00
_ Fc =0.069 (SW) - Fst=0.24 (Fc)°® Fr=0.75 (Fo)*®
Xiao et al [7] - 116.1 -
R=0.92 R=0.87 R=0.91
Fst = 0.0931 (Fc)°*
Kou and Poon [8] - - o =0 8; 6) -
R? = 0.865

Table 4. The correlations between different physical and mechanical properties
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Abstract
In the last few years, increase in construction rate has caused several new challenges, including waste storage

problems, environmental pollution problems, excessive mining of natural resources, and shortage in sand and
gravels sources. One way to address these problems and reduce the negative environmental impacts is
reusing concrete waste as a new material in construction. Concrete waste could be crushed, graded, and used
as aggregate, referred to as recycled concrete aggregate (RCA), in producing new concrete. There is a
common agreement that recycled aggregate concrete (RAC) has inferior properties compared to natural
aggregate. Nevertheless, structural usage of RAC has been growing in the last decade. However, due to
different engineering properties of RCAs compared to natural aggregates (NA), it seems that the existing
correlations between different mechanical properties for normal concrete cannot be used for RACs. This
research focused on this topic with the aim of finding suitable correlations between different parameters such
as water absorption coefficient, compressive strength, tensile strength, and flexural strength for RACs. In this
research, two different types of coarse recycled concrete aggregates [CRCA-1 and CRCA-2] and one type of
fine recycled concrete aggregate [FRCA] were considered. Also, for improving the mechanical properties of
RACs, two types of supplementary cementitious materials (SCMs), namely 8% silica fume and 15% zeolite
were used. A total of 18 concrete mixes were considered and various physical and mechanical tests were
conducted on concrete samples made according to the designated mix designs. Concrete mixes were
categorized in two different groups. In the first group, both FRCA and CRCA-1 were used. As for the second
group, 11 mixes were considered in order to investigate the effect of SCMs on the mechanical properties of
RACs. Correlations between results of water absorption coefficient, compressive strength, tensile strength,
and flexural strength were investigated and compared to those for normal concretes. The results showed that
substitution of NA with CRCA resulted in inferior mechanical properties of concrete. It is worth to note that
FRCA had a more significant impact on the mechanical properties of concrete compared with CRCA-1.
Also, utilization of 8% silica fume or 15% zeolite as a SCM had a positive effect on the mechanical
properties of RACs, such that mixes containing 30% CRCA-2 and 8% silica fume or 15% zeolite had similar
28-day compressive strength to the reference mix. On the other hand, the results showed that existing
correlations for normal concrete cannot be used for RACs due to different behavior of RACs compared to
normal concrete. The correlation between 28-day tensile strength and 28-day compressive strength for RACs
had a bigger coefficient (0.52) compared to normal concrete (0.49). As well correlation between 28-day
flexural strength and 28-day compressive strength for RACs in the chosen range of compressive strength
(22-43 MPa) overestimated the flexural strength compared to ACI 318's. On the basis of this research, using
the equations proposed by ACI 318 for estimating the mechanical properties of RACs is not recommended,
and leads to misleading results.

Keywords: Recycled concrete aggregate; SCMs; Correlation; Mechanical properties.
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