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Flexural impact behavior of hybrid fiber-reinforced strain

hardening cementitious composites

HUO Yanlin , SUN Huayang , LIU Tian’an, HE Yixin , CHEN Zhitao", LV Chengbo , YANG Yingzi’
(Civil Engineering College, Harbin Institute of Technology, Harbin 150090, China)

Abstract: The compressive and flexural properties of hybrid fiber-reinforced strain hardening cementitious
composites (SHCC) with different fiber volume fractions and matrix strengths under quasi-static effects were firstly
studied. The experimental results show that the hybrid steel fibers can significantly improve the strength of SHCC
materials, in which the compressive strength and flexural strength are increased by 10.1% and 13.9%, respectively.
Subsequently, dynamic flexural performance tests of hybrid fiber-reinforced SHCC at different impact heights were
carried out using a drop hammer impact system. It is found that the dynamic flexural strength of hybrid steel fibers
increases by 10%-36% compared with single-fiber SHCC, with a significant strain rate effect. A linear relationship
exists between energy dissipation and bending deformation of hybrid fiber-reinforced SHCC. Finally, this paper
proposes a comprehensive evaluation of the cost and mechanical properties of hybrid fiber-reinforced SHCC using
a five-dimensional characterization radar plots, and suggests the optimal mix ratio.
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Table1 Basic parameters of cement, fly ash and silica fume in cement mortar matrix

Ingredient  SiO,/wt% Al,O3/wt% CaO/wt% Fe,O3/wt% MgO/wt% SO3/wt% Alkali metal oxides/wt% Loss on ignition/wt%
Cement 21.01 5.48 62.32 3.98 1.73 2.63 0.50 1.60
Fly ash 66.57 18.95 3.09 4.40 1.22 0.31 1.99 2.58
Silica fume 90.57 0.77 0.33 1.74 1.68 0.40 - 1.70
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(a) PVA fiber (b) PE fiber

E1 ROIGELYE (PVA) (a). RZMEFYE (PE) (b) FIFAZF4E (SF) (c) MTESAT 1L
Fig.1 Comparison of morphology for polyvinyl alcohol fiber (PVA) (a), polyethylene fiber (PE) (b) and steel fiber (SF) (c)

%2 PVA. PE 70 SF Hy¥IE HBE S ]
Table 2 Physical properties of PVA, PE and SF

Fiber Diameter/um  Length/mm  Tensile strength/MPa Young's modulus/GPa Elongation/%  Density/(kg-m™)
PVA 39 12 1600 42 6.00 1.30
PE 24 18 3000 110 2.42 0.97
SF 150 13 2850 220 4.00 7.80

1.2 RBEA L RiREHI1E

i AR TR FE oK, &t T C50 i C100
Wl 5 3 45 2% () SHCC. C Rk BF 5% 48 ) 27291,
SHCC = B A% B £k P BE 1Y 21 4k i LR B 3B 1o
2vol%., NI, A6 4T 4 ) KL 1B 52 2vol%,

TN T Y (TR 22800 R AT 3 — 2B 9 . AR A I
KA g5 3 s, ([Ef8—4RmiE, it
4 v JC 2%HPE-0.25%SF/SHCC, & 1 T 76 fhl %
AR B, KR B B 2R 4E 1B R
SHCC LikIEw s, R B WA HME .

®3 REFEEDENTENKREESIE (SHCC) KRS RES LRI

Table 3 Specimen codes and mix design of hybrid fiber reinforced strain-hardening cementitious composites (SHCC)

Number Cement/ Fly ash/ Silica fume/ Sand/ Water/ Fiber content/vol% gyperplasticizer/
wt% wt% wt% wt% wt% PVA PE SF wt%
1.5%PVA-0.5%SF/SHCC 0.3 0.6 0.1 0.2 0.25 15 - 050 0.010
2%PVA/SHCC 0.3 0.6 0.1 0.2 0.25 2.0 - - 0.010
2%PVA-0.25%SF/SHCC 0.3 0.6 0.1 0.2 0.25 2.0 - 0.25 0.010
1.5%PE-0.5%SF/SHCC 0.3 0.6 0.1 0.2 0.25 - 1.5 0.50 0.010
2%PE/SHCC 0.3 0.6 0.1 0.2 0.25 - 2.0 - 0.010
2%PE-0.25%SF/SHCC 0.3 0.6 0.1 0.2 0.25 - 2.0 0.25 0.010
1.5%HPE-0.5%SF/SHCC 0.4 0.5 0.1 0.2 0.20 - 1.5 0.50 0.012
2%HPE/SHCC 0.4 0.5 0.1 0.2 0.20 - 2.0 - 0.012

Note: H in the number (HPE) indicates high strength (C100).
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Fig.2 Quasi-static three-point bending test diagram of hybrid fiber
reinforced SHCC
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Fig.4 Compressive strength of hybrid fiber reinforced SHCC
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Fig.6 Bendingload-deflection curve of hybrid fiber-reinforced SHCC under quasi-static condition
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Table4 Summary of quasi-static bending test results of hybrid fiber reinforced SHCC

Number Ppop/N Pyior/N Jvor/MPa Opor/mm T Erop/(107°])  Eyor/(10°])
1.5%PVA-0.5%SE/SHCC 208.4 274.7 18.3 8.7 428 485 2075.7
2%PVA/SHCC 123.3 223.2 14.9 12.1 61.7 37.7 2 325.1
2%PVA-0.25%SF/SHCC 205.1 262.3 17.5 12.3 47.7 58.3 2781.9
1.5%PE-0.5%SF/SHCC 189.0 260.2 17.3 21.5 76.1 61.1 4 649.1
2%PE/SHCC 99.7 228.4 15.2 33.2 92.5 58.3 5392.8
2%PE-0.25%SF/SHCC 138.6 238.5 15.9 33.0 81.6 79.7 6 503.4
1.5%HPE-0.5%SF/SHCC 252.9 462.2 30.8 23.9 155.6 97.9 15 233.2
2%HPE/SHCC 166.4 422.8 28.1 30.5 193.3 78.7 15 212.7

Notes: P—Applied load; f—Flexural stress; s—Deflection; T—Toughness; E—Energy; LOP—Limit of proportionality (first-cracking

point); MOR—Modulus of rupture (peak point).
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Table5 Summary of dynamic bending test results of hybrid fiber-reinforced SHCC

Number Drop height/mm Pyior,n/N DIF

50 592.4 2.16

1.5%PVA-0.5%SF/SHCC 100 783.4 3.51

200 1252.5 4.56

50 543.6 2.44

2%PVA/SHCC 100 678.4 3.04

200 1116.0 5.00

50 812.0 3.10

2%PVA-0.25%SF/SHCC 100 982.9 3.75

200 1307.3 4.98

50 519.5 2.00

1.5%PE-0.5%SF/SHCC 100 645.0 2.48

200 1057.9 4.07

50 382.5 1.67

2%PE/SHCC 100 539.1 2.36

200 989.2 4.33

50 688.5 2.89

2%PE-0.25%SF/SHCC 100 791.1 3.32

200 1054.5 4.42

100 809.2 1.75

1.5%HPE-0.5%SF/SHCC 200 1418.9 3.07
300 - -

100 775.8 1.83

2%HPE/SHCC 200 1252.7 2.96

300 1621.5 3.84

"

Notes: DIF= Pyor p/Pumor; Pyvor, p—Dynamic post-cracking load; "-"—Data is not available because accelerometer overrange.
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Fig. 11 Radar map for five-dimensional evaluation of hybrid fiber-reinforced SHCC considering mechanical properties and cost
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Table 6 Cost of each raw material of hybrid fiber-reinforced SHCC

Ingredients Cement Fly ash Silica fume

Quartz sand

PVA PE SF Superplasticizer

Cost/ (¥kg™) 0.5 0.2 1.2

200 200 8 40

PVA/SHCC #H . PE/SHCC #{ # HPE/SHCC %1
A3 11(a)~11(c) ff /8 o 7€ PVA/SHCC 44 ',
BARNE P HIERTT, R4 41 3% SHCC ik
REVERERSA T 2%PVA/SHCC, JB/IMEREZ) N 10.87%.
H 58 BE 15 A5 2 K T %38 SHCC., Ji H2 A Jr i,
1.5%PVA-0.5%SF/SHCC % 2%PVA/SHCC 1K 15.43%,
AT I KRANAR A 1072 0, X & — A 2 AT WL
By, RFE, 7E PE/SHCC 40 oA A R 9 B
TR 4 4F 2 19 5 SHCC 1 B A RT3 32 48 b 1) i 2 5
T 38 SHCC, i mprii IR AEPERE A AT RER.
T PE £ 4 1Y % & 0.97 kg-m ™ it {& T PVA 2] 4 iy
%% 1.3kgm™, HIFEARFIB & T PEL 40 H &=
/NF PVAZ 4k, A It PE/SHCC B AL A& X T
PVA/SHCC. Zi& % IEMAR 2168, X 5448
PR AT VA — A Ab B I 1153 T 4k RAE 1B 42 45 1
L, WA 1278 . C50 58 & S g, 1.5%PE-
0.5%SF/SHCC [ 0 2% T Fl i K, 2 PERE Je i,
PR I 7E A SC €50 5 B 45 9% SHCC Hf 2 13 i
1.5%PE-0.5%SF/SHCC.

M 11(c) 1 B F 1, 1.5%HPE-0.5%SF/SHCC
& Tk BE 45 AR 24 5 T 2%HPE/SHCC, A I 75 AR 3¢

H C100 58 FF % 4% SHCC + % ¥ fif 1] 1.5%HPE-
0.5%SF/SHCC.
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Fig. 12 Normalized envelope area of hybrid fiber-reinforced SHCC five-

dimensional characterization radar map
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