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Uniaxial Tensile and Compressive Stress-Strain Behavior of Multi-scale Fiber-reinforced
Ultra-high Performance Concrete
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Abstract: A nano-, micron-, and millimeter-sized multi-scale fiber composite reinforced ultra-high performance concrete (UHPC)
was proposed. The mechanical properties of UHPC can be improved by suppressing the defects of different sizes with different fibers.
Carbon nanotubes, micron-sized calcium carbonate whiskers, and millimeter-sized steel fibers were used to design 7 groups of UHPC
specimens. The axial tensile and compressive stress-strain curves of UHPC were measured. The results show that the initial crack
strength and strain of UHPC are determined by the millimeter-sized steel fiber in a macro-scale. However, micron- and nano-sized
fibers have little effect on the initial crack strength and strain. The addition of calcium carbonate whiskers and carbon nanotubes
changes the tensile behavior of UHPC specimens after cracking, thus enhancing the strain hardening capability. The tensile and
compressive properties of UHPC with different sizes of fibers are similar. The addition of calcium carbonate whisker has a positive
effect rather than that of carbon nanotube when mixing with steel fiber. The effect becomes optimum when adding calcium carbonate
whiskers and carbon nanotubes.
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Table 1 Chemical composition and physical properties of binder

Material Mass fraction% SpeziﬁCjurface area/ Density/(kgcm’})
SiO, Fe;0;3 MgO ALO; CaO SO3 LOI (m™kg™)
Cement 20.6 4.4 2.5 5.0 65.1 1.3 1.0 417 3.08
Silica fume 94.5 0.8 0.3 0.3 0.8 0.8 1.0 2200 2.01
Fly ash 55.0 5.9 1.3 313 3.9 1.5 1.0 686 2.61
R2 TRREAHEYIBERESE
Table 2 Physical properties parameters of different scales fibers
Fiber Diameter/nm Length/um Aspect ratio Tensile strength/GPa Elastic modulus/GPa Density/(g-cm™)
CNTs 20-50 3-12 200-400 800.0 1000 1.8
CcCwW 100-200 50-80 20-30 52 700 2.8
SF 180 000 13 000 50 3.0 210 7.8
CNTs are carbon nanotubes; CCW is calcium carbonate whiske; SF is steel fiber.
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Table 3 Mixture proportion of UHPC kg/m®
Silica Quartz sand/pm
Sample No. Cement Water FA SF CcCwW CNTs
fume 270 212 106 48
SFO 800 180 150 96 409 352 312 39 0
SF1 800 180 150 96 409 352 312 39 78
SF2 800 180 150 96 409 352 312 39 156
SF3 800 180 150 96 409 352 312 39 234
SF3CCWO0.5 800 180 150 96 409 352 312 39 234 14
SF3CNTO0.01 800 180 150 96 409 352 312 39 234 0.08

SF3CCWO0.5CNT0.01 800 180 150 96 409 352 312 39 234 14 0.08
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Table 4 Tensile property of UHPC

Mix No. Crack strength/MPa Crack strainx10° Tensile strength/  Toughness index/
Initial cracking stage Post cracking stage  Initial cracking stage Post cracking stage ~ MPa (N-pm-mm )

SFO 3.7 190 3.7 0.4

SF1 5.0 230 5.0 30.1

SF2 4.8 6.0 360 2400 6.0 48.9

SF3 6.4 6.9 440 4000 6.9 54.2
SF3CNTO0.01 6.5 7.5 440 7 500 7.5 96.2
SF3CCW0.5 6.5 9.0 450 16 100 9.0 185.3
SF3CCWO0.5CNTO0.01 7.1 10.5 460 17 400 10.54 2183
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Fig. 3 Tensile failure mode of UHPC
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Table 5 Parameter of UHPC tensile model

Mix No. &/ o/MPa &y o &p Ew
GPa MPa

SFO 384 3.7 0.00019

SF1 393 5.0 0.00023

SF2 41.6 48 0.00036 6.0 0.0024 0.008 74
SF3 431 6.4 0.00044 6.9 0.0040 0.010 09
SF3CNTO0.001 442 6.5 0.00044 7.5 0.0075 0.01570
SF3CWO0.5 471 6.5 0.00045 9.0 0.0161 0.02538

SF3CWO0.5CNT0.001 474 7.1 0.00046 10.5 0.0174 0.025 62

E, is elastic modulus; o, is cracking stress; & is cracking strain; oy, is peak

stress; &, is peak strain; g, is ultimate strain.
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Fig. 5 Uniaxial compressive stress-strain curves of UHPC

%6 UHPC B#in[E h¥F RS H
Table 6 Uniaxial compression performance parameters of

UHPCs
Mix No. Compressive Criti(?al . Elastic T‘oughnes
strength/MPa strainx10° modulus/GPa index
SFO 114.0 339 35.8 0.205 6
SF1 123.2 349 36.9 0.591 6
SF2 126.3 346 38.1 0.693 9
SF3 1335 338 395 0.794 2
SF3CNTO0.01 137.3 311 453 0.8955
SF3CCWO0.5 144.1 309 49.0 0.9558
SF3CCWO0.5CNT0.01 1553 311 49.9 0.985 4
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Fig. 6 Compressive failure mode of UHPC
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Table 7 Stress-strain curves fitting parameters of UHPCs

Descending part

Sample No. Ascending part 4 - R

SFO 1.083 95 1.000 00 1.000 00 0.998 80
SF1 1.021 61 0.00020 0.00165 0.971 58
SF2 1.022 86 0.28817 1.09368 0.979 83
SF3 0.975 07 047759 123250 0.97707
SF3CNTO0.01 1.001 84 0.56113  1.266 76 0.987 52
SF3CCW0.5 1.03515 037518 0.99304 0.989 45
SF3CCWO0.5CNT0.01 0.991 74 0.34149 096165 0.982 84
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Fig. 7 Fitting of stress-strain constitutive equation of UHPC
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Fig. 8 SEM images of ITZ between UHPC matrix and fiber
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Fig. 9 Enhancement of micro nano fiber on UHPC matrix
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Fig. 10 Schematic diagram of the enhancement mechanism of
multi-scale fiber on UHPC
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