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Abstract; The mixture ratio of the multi-fiber synergy modified ECC was optimized based on
orthogonal design and the combined weighted-grey relational theory, and then the hybrid fiber
reinforced engineered cementitious composites ( HFRECC ) with superior comprehensive
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performance was obtained. The orthogonal test method was used to study the effects of water-to-
binder ratio, content of PVA, calcium carbonate whisker ( CW ) and modified PP ( MPP ) on
HFRECC performance, including the fluidity, cube compressive strength, flexural strength and
splitting tensile strength. Based on weight of each performance determined by the combined
weighted assignment, the optimum mixing proportion of HFRECC with the best comprehensive
performance was obtained. The optimum mixing proportion with the superior comprehensive
performance of HFRECC is that, the water-binder ratio of 0.31,1.0% PVA fiber ( volume
fraction) ,0. 8% CW and 0. 6% MPP. Compared with the control group, the cube compressive
strength increased by 23% , the flexural strength increased by 42.4% , the split tensile strength
increased by 34.4% , the compression ratio increased by 17.8% , and the fluidity increased by
28.6% . The combined weighted-grey relational can successfully optimize mix proportion of
HFRECC to satisfy multi-purpose performance requirement. The mixing of PVA, CW and MPP
can improve the propertie of HFRECC to some extent.

Key words : engineering cementitious composites ; hybrid fibers ; combined weighted ; grey relational
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Table 1 Physical and mechanical properties of each fiber

£ 4 FE/(g-em ™) KEE/mm HAR/ pm K& PR B/ MPa FAR / GPa
PVA 1.30 12 39 308 1 250 36

MPP 0.95 20 250 80 750 10

CW 2.80 0.03 ~0.04 0.5~1.2 25 ~80 3 000 ~6 000 410 ~680

1.2 REWHE

EH R 0.36,m(KIE) : m(#
PR m(FEHK) =0.3:0.6:0. 1, BEHUK AL L
A PVA (KBUM L B .CW (KB € Al MPP
R e D 2 e I 3R BT IE A2 i 5
L,(3%) (W#2).

R2 EZKKTRE
Table 2 Orthogonal test scheme

ErRes A B/% C% D%
1 0.31 0.8 0.8 0.4
2 0.31 0.9 0.9 0.5
3 0.31 1.0 1.0 0.6
4 0.33 0.8 0.9 0.6
5 0.33 0.9 1.0 0.4
6 0.33 1.0 0.8 0.5
7 0.35 0.8 1.0 0.5
8 0.35 0.9 0.8 0.6
9 0.35 1.0 0.9 0.4
Z:HEE N AMA) BCC MRk B 5 28 % H

2T TR BE 1 RS b e

EVA .CW JJififit PVA £F4EE47 14K 5 min,
FINK  SP WK ATE I AIBERE S min, )5
JIA MPP £F 4 FI ) 4y PVA £F 4k k17 4 4%
6 min, AR (K I8 IS I B B K =0
(GB/T 2419—2005 ) M 3+ 18 & ¥ v 8h &
Dy, i) it R 47 3 3l B 0 2 st 451 S 3K 56, 49 )
i 10,30 .60 min Ji5 XF W B s D, , it
BRI R S, B 4 I A e il &
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Table 3 Results of orthogonal test

e WIES fu/ fa/ I/

Pt
G mm MPa  MPa  MPa

1 241 40.2  10.98  4.32  0.273 1
2 226 43.6 1116  4.62 0.2560
3 238 47.8  13.23 503 0.2768
4 231 45.5 1113 4.41 0.2446
5 221 42.8  11.28 4.78 0.2636
6 225 41.9  13.46  4.87 0.3284
7 232 43.2  10.88  4.62 0.2519
8 233 45.3  11.06  4.53 0.244 1
9 227 42.8  12.99  4.76 0.3035
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Table 4 Range analysis of the test results
EiELan L ZISE K1 K2 K3 R
A 235.0 225.7 230.7 9.3
B 234.7 226.7 230.0 8.0
»‘L{i [+
A C 233.0 228.0 230.3 5.0
D 229.7 227.7 234.0 6.3
A 43.87 43.40 43.78 0. 467
B 42.97 43.90 44.17 1.200
T
B C 42.47 43.97 44. 60 2.133
D 41.93 42.90 46.20 4.267
A 11.79 12. 06 11. 64 0.413
B 11. 00 12.17 13.33 2.330
T Fi i
BRI C 11.93 11.76 11. 80 0.173
D 11.75 11.93 11. 81 0. 183
A 4. 657 4.687 4.637 0. 050
B 4. 450 4. 643 4. 887 0.437
BESL; by e
IR c 4.573 4.697 4.810 0.237
D 4.620 4.703 4.657 0. 083
A 0.269 0.279 0. 266 0.012
B 0. 256 0. 255 0. 303 0. 048
PR
C 0.282 0.268 0.264 0.018
D 0.280 0.279 0. 255 0. 025
x5 XA ED
Table 5 Variance analysis of the test results
Ei= 7 AN D75 250 i ¥ygr M FAiH BEHAKT «
A 261.778 2 130. 889 6. 606 0.011
e B 210. 111 2 105. 056 4.026 0. 026
B
C 85. 444 2 42.722 1.326 0.313
D 119. 111 2 59.556 1. 848 0.213
A 8. 058 2 4.029 2.014 0.189
N B 12. 818 2 6. 409 3.204 0. 089
Pt 5
C 24.391 2 12. 196 6. 098 0. 021
D 38.218 2 14. 109 7.054 0.014
A 0. 390 2 0. 195 1. 882 0.031
e B 5.879 2 2.939 27.235 0. 001
Bidrs
C 0.230 2 0.115 1.039 0.793
D 0.231 2 0.117 1. 005 0. 806
A 0. 103 2 0. 052 2.002 0. 547
B 0.703 2 0.352 14. 155 0.012
BB R
BRHRR C 0.723 2 0.362 11.328 0.032
D 0.070 2 0.35 2.770 0. 659
A 0.000 1 2 0.000 1 2. 825 0.112
. B 0.002 2 2 0.001 1 18.975 0. 001
R
C 0.001 4 2 0.000 7 12.478 0.011
D 0.001 8 2 0. 000 9 15. 442 0. 008
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MFE 3 A, AR EC L) HFRECC i 3
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[R5 7E 30 min NEL, AEELE 1 h,

S N B~ O
T T
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4 5 6 7 8 9
ESRRGE
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Fig.1 Rate of fluidity loss over time
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H % 4 A%, HFRECC a4 57 J5 R $i &
558 B 5 R 2R ) Rk D, C LB LA,
BB A D,C,BA, . A M 0.31 B =
0.33 £, FA 1. 1% ; L 0. 31 H4 A% 0.35, £,
FEAK 0. 2% , 1t B ZK 8 BE X e 1 588 8 114 52 )
AR, BO0.8% WINZE0.9% ,f, 25
2.2% ; N 0.8% M INZE 1.0% , £, L4 =
2.8% ., C N 0.8% ¥4I %E 0.9% , f., & &
3.5% ; N0. 8% B IME 1. 0% ,f, 25 5.0%
DM O0.4% BN ZE 0.5% ,f, ¥ 2.3% ; A
0.4% ¥ M ZE 0.6% ,f., 5 10.2% , b &
MPP .CW } PVA $#& 3, HFRECC ¥
YU A T, HINE ¢ D 2 H k%
JEM FEZSm R R, & s v &R C M
D R S EMEAKE/NT 0,05, R CW AR FR >
$OR MPP 27 4 (A 53 %502 HFRECC $it £ 5

JE Y S R R S R S s — 3k
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MF 4 AT HFRECC i 41 38 B 5% 0 4]
FIEWRIFKH B,A,D,C A%
% &, A4l &N B,A,C,D,, A M 0.31
WINZE 0. 33 £, 401 2. 3% ;A ]L0. 31 =
0.35,f %A% 1. 2% , UL A AR BELUN B AR K i
Fook & THot i s &, B AN 0.8% 3 m =
0.9% , f., $& 75 10.6% ; M 0.8% 3 fin =
1.0% ,f, 3258 21.2% , C M 0.8% 34/ %=
0.9% ,f. B 1. 4% ; N 0. 8% HEHNZE 1. 0% ,
fBER 1. 1%, U CW 4B A S P
SR, CW ANHE &, D M 0.4% 3=
0.5% ,f. 42 1.5% ; N 0. 4% BN ZE 0. 6% ,
L85 0.5% . MWHTATIREE il 1 PVA £ 2 x)
AT S B, A 27 2 4 i Ak )
P[] 34 5 46 . PVA £F 4k 1k B 423 B0t
HFRECC Hdfr 5 B 19 52 g £ B 38 K T 7K B
kb \MPP £F 4 (R B 8 K CW IR B 4348,
WG BT B R AR R AL, RS
ALAL A B K/ N T 0..05, B Y I 3 1
KF/NT0.01, 45 R K] PVA - 4EAR T3
$0% HFRECC Hdira B it i 3 R K i
k& HFRECC Hiifram i 19 5 K %
2.4 BRAEE

HH 3 4 m] 1, 451 ZE X HFRECC ¥ 44471
L5 B A 2 e R B AR B/IMIR R B, C, D,
A BAA AN B,C,D,A,, B I\ 0.8% 14
% 0.9%,f 35 4.3% ; )\ 0.8% 1 =
1.0% ,f 42 % 9.8% ., C M 0.8% 4 fm %=
0.9% ,f &5 2. 7% ; L 0. 8% B IMZE 1. 0% ,
fAEE5.2% ., D M0.4% HEIMZE 0.5% ,f,
PR 1.8% 5 A 0.4% N ZE 0. 6% , f, 325
0.8% ., A M\ 0.31 3= 0.33%, f, & =
0.9% ; A 0.31 ¥ = 0.35,f %% 0.4% .,
PVA 2R B 43404 HFRECC & 244 7 58
JEM RS ShTiriR AT, RS rhBE
SLPTRLSRE T 223 B il A1, PVA 24K
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TAEMRES S+t re IRl S5 2, T/
REH M Edn AR, J1#rERE R 3 MR
%X 5 MEARAY R B B AR R

W, =[0.250 0 0.250 0 0.166 7
0.1667 0.166 6]
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Fig.2 Optimization of mix proportion parameters based
on grey relational analysis
HTZH A AR - K A0 SR 7 M i B B AL
FEANTE IEAZ 150 4 Wl e 0 T LG B 11
VERE R, I TAEVERE K 4 PERe . (W]
N T U Y PT AT PEE IR H A AT RN A
47 BCC B U7 Bt 7 L, Rt
0.36,KIELE 0. 31, m(IKJ8) : m(CBHEIK) =
0.5:0.5, H/A PVA 5 5° 2% , R 4 I
H L g RNk 6 s, AT, i
BhEE N 238 mm, UK T 5 K4 (241 mm) ,
LR S50 3% ARECTHEMELL L, e fLic
R WA EREA AR KR &, HU R iR f
T 23% GUITiRBESR W T 42. 4% B RBTHT
SREEHREE T 34.4% TR HLIER T 17.8% ,
BN BEERTE T 28. 6% fLT iR e K BF AT
SHRJBE R KR 32 8 I U B kM JS /Y ECC 78 B
REA T B

F6 IfdlE R A LXHRA L i TAETERE M )% PEde

Table 6 Work performance and mechanical properties of optimal mixtures of R and control group L

i it ) &/ mm S/ % S30/ % Seo/ % feu/MPa Jee/MPa fi«/MPa P
R 238 1 3 7 48.2 13.76 5.23 0.281
L 185 5 8 12 39.8 9.52 3.89 0.239
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5ER P 5 ) R B L VR 800
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