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Abstract: The dynamic compressive behavior of hooked-end steel (HES) and macro-polypropylene (MPP) hybrid
fibers reinforced recycled aggregate concrete (HyF/RAC) was studied. Three series (A, B and C) of HyF/RAC speci-
mens were designed, which include three different recycled coarse aggregates (RCA) replacement ratios and five
combinations of hybrid fibers at the total volume fraction of 1.5vol%, and four different strain rates were conducted.
The results show that with the increase of strain rate, the peak stress, elastic modulus and compressive toughness
increase, while the peak strain decreases. Compared with control groups in three series under the same strain rate,
the largest increases of peak stress for specimens with fibers are 23%, 16% and 16%, respectively. The

largest increases of peak strain are 19%, 12% and 13%, respectively. The largest increases of elastics modulus are
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15%, 14% and 35%, respectively. The largest increases of compressive toughness are 46%, 32% and 37%, respectively.

In the strain rate range, the strain rate sensitivity of peak stress, elastic modulus and compressive toughness

increase with the RCA, and the RCA replacement ratio does not affect the strain rate sensitivity of peak strain. The

strain rate sensitivity of peak strain and elastics modulus decrease with the addition of fiber. The addition of fibers

enhances the strain rate sensitivity of peak stress and compressive toughness for natural aggregate concrete (NAC).

While the strain rate sensitivity of peak stress and compressive toughness decrease for recycled aggregate concrete

(RAC). The dynamic constitutive damage model was proposed considering the reinforcing index of fibers, RCA

replacement ratio and strain rates. And all the models agree well with the experimental curves.

Keywords:

hybrid fibers reinforced recycled aggregate concrete; uniaxial compression; dynamic mechanical

properties; dynamic increase factor; strain rate sensitivity; dynamic damage constitutive model
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Table 1 Properties of hooked-end steel fiber (HES) and macro-polypropylene fiber (MPP)

Fiber type Equivalent diameter/mm

Length/mm Aspectratio Density/(kg-m™) Tensile strength/MPa  Young’s modulus/GPa

HES 0.75 35 47
MPP 0.94 28 30

7 800 1120 200.0
910 580 5.5

x2 W-BWERTHEBERELT (HyF/RAC) BEALLI&IT
Table 2 Designed mix proportions of hybrid fiber reinforced recycled aggregate concrete (HyF/RAC)

kg/m®
Mix Notation Water Cement Sand RCA NCA HES MPP AW
A0 NAC 251 467 639 0 1044 0 0.00 0
Al 1.5%HES/NAC 251 467 639 0 1044 117 0.00 0
A2 1.25%HES-0.25%MPP/NAC 251 467 639 0 1044 98 2.28 0
A3 1.0%HES-0.5%MPP/NAC 251 467 639 0 1044 78 4.55 0
A4 0.75%HES-0.75%MPP/NAC 251 467 639 0 1044 59 6.83 0
A5 0.5%HES-1.0%MPP/NAC 251 467 639 0 1044 39 9.10 0
BO RAC(50%) 251 467 639 522 522 0 0.00 20
Bl 1.5%HES/RAC(50%) 251 467 639 522 522 117 0.00 20
B2 1.25%HES-0.25%MPP/RAC(50%) 251 467 639 522 522 98 2.28 20
B3 1.0%HES-0.5%MPP/RAC(50%) 251 467 639 522 522 78 4.55 20
B4 0.75%HES-0.75%MPP/RAC(50%) 251 467 639 522 522 59 6.83 20
B5 0.5%HES-1.0%MPP/RAC(50%) 251 467 639 522 522 39 9.10 20
COo RAC(100%) 251 467 639 1044 0 0 0.00 40
C1 1.5%HES/RAC(100%) 251 467 639 1 044 0 117 0.00 40
C2 1.25%HES-0.25%MPP/RAC(100%) 251 467 639 1044 0 98 2.28 40
C3 1.0%HES-0.5%MPP/RAC(100%) 251 467 639 1044 0 78 4.55 40
C4 0.75%HES-0.75%MPP/RAC(100%) 251 467 639 1044 0 59 6.83 40
C5 0.5%HES-1.0%MPP/RAC(100%) 251 467 639 1044 0 39 9.10 40

Notes: NAC—Natural aggregate concrete; RAC—Recycled aggregate concrete; RCA—Recycled coarse aggregate; NCA—Natural coarse
aggregate; AW—Absorbed water; In {HES-/MPP/RAC(k), i—Volume fraction of HES, j—Volume fraction of MPP, k—Replacement ratio by

mass of RCA.
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Fig.2 Failure modes of C0 and C3 specimens for HyF/RAC at different strain rates
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Fig. 3 Stress-strain curve of CO and C3 specimens for HyF/RAC at different strain rates
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Table 3 Results of peak stress o” of HyF/RAC at different strain rates
107°s™ 10*s™ 10°s™ 5x107°s™
Mix
oP/MPa Cy/% oP/MPa Cy/% oP/MPa Cy/% oP/MPa Cy/%

A0 31.3 1.58 32.4 2.84 33.7 3.15 34.7 0.00
Al 32.4 2.53 34.0 2.72 38.8 4.01 39.3 1.03
A2 32.9 4.31 36.3 0.98 39.1 1.27 40.1 5.14
A3 34.9 0.17 39.0 2.90 41.3 0.34 41.9 0.84
A4 315 3.59 32.8 5.40 35.2 4.22 36.9 4.41
A5 32.7 5.19 34.4 3.29 36.6 2.61 37.3 5.13
BO 28.3 1.00 29.1 3.87 32.4 1.46 34.0 2.29
Bl 29.6 2.15 30.8 1.15 34.6 4.71 35.7 4.56
B2 31.9 1.30 33.6 5.27 34.2 3.93 36.1 3.73
B3 31.2 0.23 32.4 1.97 35.7 1.98 37.2 6.84
B4 30.4 1.51 32.3 1.99 35.3 3.13 36.1 0.78
B5 31.6 1.59 33.7 1.70 373 0.57 38.3 2.22
Co 24.6 8.57 26.9 2.74 30.6 4.48 32,5 0.22
C1 26.2 4.04 27.8 3.89 31.6 1.14 32.4 3.45
C2 26.8 2.24 28.8 0.72 32.2 2.64 32.8 1.72
C3 28.4 2.69 31.1 0.68 33.0 2.69 34.4 3.63
C4 27.8 0.95 30.0 6.21 32.7 2.60 33.1 5.32
C5 26.3 0.79 273 2.23 30.6 5.46 32.7 0.43

Note: Cy—Coefficients of variation.

F4 TEMZTERT HyF/RAC IE{E RN TP
Table 4 Results of peak strain s of HyF/RAC at different strain rates

10°s™! 107*s™ 107°s™! 5x107%s™
Mix

£P/1073 Cy/% &P/107 Cy/% &P/107 Cy/% &P/1073 Cy/%
A0 2.376 4.73 2.330 8.37 2.224 1.67 2.101 9.02
Al 2.410 2.87 2.340 7.71 2.256 10.77 2.199 11.43
A2 2.413 1.55 2.390 0.74 2.378 11.52 2.321 6.02
A3 2.599 8.68 2.555 3.18 2.528 3.98 2.500 3.42
A4 2.419 2.70 2.425 6.95 2.413 10.11 2.312 11.72
A5 2.443 6.27 2.432 8.62 2.330 6.22 2.254 1.68
BO 2.593 3.67 2.469 0.79 2.370 3.18 2.325 6.08
Bl 2.651 9.27 2.631 6.65 2.620 6.75 2.510 6.20
B2 2.673 3.61 2.645 9.62 2.592 5.28 2.481 9.76
B3 2.760 5.68 2.708 7.48 2.631 7.32 2.610 5.55
B4 2.583 0.39 2.544 2.43 2.544 7.28 2.533 8.45
B5 2.666 2.41 2.658 6.79 2.630 4.84 2.591 2.11
Co 2.814 4.46 2.726 3.44 2.621 2,51 2.524 2.73
Cl 2.933 1.81 2.815 11.43 2.708 5.28 2.694 0.33
Cc2 2.950 1.47 2.813 1.33 2.769 2.75 2.733 2.20
C3 2.941 1.62 2.853 0.99 2.845 6.83 2.648 3.47
C4 3.041 3.67 2.996 4.01 2.891 0.79 2.861 9.33
c5 2.981 3.50 2.859 1.67 2.754 7.66 2.701 0.46
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Table 5 Results of elastic modulus E of HyF/RAC at different strain rates
10°s™! 107s™ 107%s™ 5x107°s™"
Mix
E/GPa Cy/% E/GPa Cy/% E/GPa Cy/% E/GPa Cy/%
A0 29.5 3.86 33.2 9.20 37.6 9.87 41.2 2.37
Al 31.8 8.13 35.3 1.34 38.6 3.95 42.0 9.60
A2 32.1 7.05 34.3 1.09 38.3 4.35 41.4 4.92
A3 34.1 7.30 34.1 2.88 34.7 0.61 38.1 10.65
A4 32.5 7.19 33.7 5.58 35.7 4.14 37.4 11.49
A5 33.9 4.75 34.0 5.06 35.0 3.23 38.2 2.85
BO 24.8 7.61 26.2 8.55 28.6 3.24 30.8 2.69
Bl 25.6 9.08 26.2 0.91 28.6 5.58 30.8 9.23
B2 27.1 0.22 28.1 11.70 29.4 8.73 33.9 8.52
B3 27.3 0.70 28.7 9.85 31.0 6.90 31.7 1.92
B4 28.2 1.65 29.9 3.60 33.2 0.66 33.6 6.38
B5 27.2 4.70 27.8 11.33 28.9 9.67 32.9 11.19
Cco 18.7 3.06 21.9 11.63 249 6.18 26.7 9.24
C1 20.7 8.05 22.8 11.44 26.3 11.54 27.8 7.55
C2 23.2 7.56 24.3 2.31 26.1 1.54 29.5 10.99
C3 25.1 6.06 26.3 4.08 28.0 11.09 28.1 2.47
C4 22.9 0.56 23.3 2.43 25.2 4.69 28.3 9.75
C5 22.7 0.56 24.4 9.26 27.9 3.17 29.2 9.11
%6 TRIMIEZET HyF/RAC EHEHFME T
Table 6 Results of compressive toughness T of HyF/RAC at different strain rates
107°s™ 107*s™ 107s™ 5x107°s™
Mix
T/MPa T/MPa T/MPa T/MPa
A0 0.042 0.044 0.046 0.043
Al 0.047 0.049 0.051 0.050
A2 0.047 0.051 0.053 0.047
A3 0.055 0.058 0.060 0.062
A4 0.047 0.048 0.052 0.053
A5 0.047 0.049 0.047 0.051
BO 0.041 0.043 0.043 0.045
Bl 0.046 0.048 0.050 0.052
B2 0.049 0.051 0.053 0.056
B3 0.051 0.051 0.055 0.057
B4 0.048 0.050 0.054 0.057
B5 0.050 0.051 0.057 0.058
Co 0.038 0.040 0.043 0.045
C1 0.043 0.046 0.050 0.053
C2 0.048 0.049 0.051 0.057
C3 0.052 0.053 0.055 0.052
C4 0.051 0.054 0.054 0.057
C5 0.047 0.047 0.047 0.052
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Fig. 8 Elastic modulus E of HyF/RAC at different strain rates
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Table 7 Review of dynamic constitutive models under compression
Reference Model Parameter Application range
Ax+(B—1)4*

T1rA-2)x+ B2
AA-2)-B+1>0

A+B>1
oc=on(1-D)=Ee(l1-D)

peren {3

oc=0on(1-CyD)=Ee(1-CyD)

e {3

Ibrahim et al®®"!

Zhou et al®?

Hou et al®

oc=0n(1-D)=Ee(l1-D)

Sun et al®! .
D=AD(1-D)

oc=(0-D)on,

t
Om=0c(e)+E gex (——)dﬂ—
m e lj p o1

1 -1
EZJOEGXP(_W)dT

o.(e)=Ee+ e+ 333

0 (e<eM

D= g—gth m
1- _
exp{ ( Fo ) }

oc=(1-D)o

Zhang et al®®

Om = o-e(s)+Elj aexp(—t—)d‘ﬁ

P1

Wang et al®®”!

I_
E gexp|——|dr
el -]
(e <&

0
D=
KDé/l—l (S_Eth)’(

(e>¢

(e > M)

th)

A= 3.66xp(9.0>< 10*8(_5)(1 +O.01R(‘)/'82))
Es
_ —7( £ 0.82
B= 0.22exp(3.8 x10 (;)(1 +0.002RY ))

Fp=3.35781n&-10.6562
m=12804In&-1.8711

Fo=0.0062+0.31V"7=0.00167 (0.1 + V)In&
m=-0.56+3V+(0.35-2V)In&
Cn=0.977— 1.4V +(0.004 +0.25V)In&

D:o.35—8.2x10—9(_i)—

Es
44V +13%x10" ( )V

A:234+1.3><10‘( )

1718V -8.6x 10~ ( )

No fitting equation

No fitting equation

255 <e<12557!
12% <V <14%

19851 <&<281s7!

£<29457
V<5%

5357l <e< 15287
V<6.0%

2757 ' <e<9457!
V<02%

1074 s <e<103 57!

Notes: y=o0/0P,x=¢/&P, o —Stress, oP —Peak stress, e—Strain, eP—Peak strain; Ry—Reinforcing index of hybrid fibers; D—Damage

parameter; t—Loading time; 7—Delay time of stress; E,, ¢;—Elastic modulus and relaxation time at a low strain rate and frequency; E,,

¢»—Elastic modulus and relaxation time at a high strain rate and frequency; @, fB—Elastic constant; Kp, 1, k—Material parameter;

—Strain threshold.
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Fig. 13 Comparison of experimental and theoretical stress-strain curves of C0O for HyF/RAC at different strain rates
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Fig. 14 Comparison of experimental and theoretical stress-strain curves of C3 for HyF/RAC at different strain rates
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