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Flowability and Rheological Properties of Ultra-High Performance Concrete
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Abstract: The conventional extension degree cannot fully reflect the construction performance of ultra-high performance concrete
(UHPC), and it should be supplemented by the rheological properties. However, the proprietary equipment for the measurement of
rheological properties is expensive, which is inconvenient to be directly used on the construction site. Therefore, 18 kinds of mix
proportions of UHPC were prepared via changing the water-to-binder ratio and superplasticizer dosage. In this work, the flow and
rheological parameters of various mix proportions of UHPC were obtained via testing the extension degree, characteristic time of
extension degree (i.e., the time required for extension diameter of 0.7 and 0.8 times), rheological behavior, and mechanical properties
after curing of the corresponding mix proportions. Finally, a relationship between fluidity and rheology of fresh UHPC (without steel
fibers), which the mechanical properties belong to UHPC (with steel fibers), was established. The results show that the Bingham
model can be used to describe the rheological behavior of fresh UHPC. The proposed characteristic time of extension degree index
has a relatively high test accuracy. The rheological parameters of fresh UHPC can be obtained from the flowability-rheology
relationship established. It is indicated that the calculated data by the proposed method agree well with the experimental results.
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Table 1 UHPC mix proportion of CM6 superplasticizer

Mix proportion/(kg-m )

Sample No. Water/Binder ratio

Cement Silica fume Quartz sand Mineral powder Superplasticizer SF Water
PCE1SP0.8WB0.16 0.16 761.0 320.1 761.0 205.5 25.8 156.5 190.4
PCE1SP1WBO0.16 0.16 761.0 320.1 761.0 205.5 322 156.5 186.5
PCE1SP1.5WB0.16 0.16 761.0 320.1 761.0 205.5 483 156.5 176.9
PCE1SP1.7WB0.16 0.16 761.0 320.1 761.0 205.5 54.7 156.5 173.0
PCE1SP1.8WB0.16 0.16 761.0 320.1 761.0 205.5 58.0 156.5 171.1
PCE1SP2WBO0.16 0.16 761.0 320.1 761.0 205.5 64.4 156.5 167.2
PCE1SP0.8WB0.17 0.17 761.0 320.1 761.0 205.5 25.8 156.5 203.2
PCE1SP1WBO0.17 0.17 761.0 320.1 761.0 205.5 322 156.5 199.4
PCE1SP1.5WB0.17 0.17 761.0 320.1 761.0 205.5 483 156.5 189.7
PCE1SP1.7WB0.17 0.17 761.0 320.1 761.0 205.5 54.7 156.5 1859
PCE1SP1.8WB0.17 0.17 761.0 320.1 761.0 205.5 58.0 156.5 183.9
PCE1SP2WBO0.17 0.17 761.0 320.1 761.0 205.5 64.4 156.5 180.1
PCE1SP0.8WB0.18 0.18 761.0 320.1 761.0 205.5 25.8 156.5 216.1
PCE1SP1WBO0.18 0.18 761.0 320.1 761.0 205.5 322 156.5 2123
PCE1SP1.5WB0.18 0.18 761.0 320.1 761.0 205.5 483 156.5 202.6
PCE1SP1.7WB0.18 0.18 761.0 320.1 761.0 205.5 54.7 156.5 198.8
PCE1SP1.8WB0.18 0.18 761.0 320.1 761.0 205.5 58.0 156.5 196.8
PCE1SP2WBO0.18 0.18 761.0 320.1 761.0 205.5 64.4 156.5 192.9

Note: SF-Steel fiber; PCE-Type of superplasticizer; SP-Superplasticizer.
&2 TREIEIKFIFHAEH UHPC BL&tL
Table 2 UHPC mix proportion of different SP

Sample No. Water/Binder ratio — Mix prop(.)rtlon/(kg-m )

Cement Silica fume Quartz sand Mineral powder SP Water Type
PCE2SP1.8WB0.16 0.16 761.0 320.1 761.0 205.5 58.0 171.1 CZ8
PCE3SP1.8WB0.16 0.16 761.0 320.1 761.0 205.5 58.0 171.1 CM13
PCE4SP1.8WB0.16 0.16 761.0 320.1 761.0 205.5 8.7+49.3 171.1 CZ8+CM6
PCE2SP1.8WB0.17 0.17 761.0 320.1 761.0 205.5 58.0 183.9 CZ8
PCE3SP1.8WB0.17 0.17 761.0 320.1 761.0 205.5 58.0 183.9 CM13
PCE4SP1.8WB0.17 0.17 761.0 320.1 761.0 205.5 8.7+49.3 183.9 CZ8+CM6
PCE2SP1.8WB0.18 0.18 761.0 320.1 761.0 205.5 58.0 196.8 CZ8
PCE3SP1.8WB0.18 0.18 761.0 320.1 761.0 205.5 58.0 196.8 CM13
PCE4SP1.8WB0.18 0.18 761.0 320.1 761.0 205.5 8.7+49.3 196.8 CZ8+CM6
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Fig. 1 Measuring protocol of rheological parameters
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Table 3 Rheological parameters of fresh UHPC mixtures

Sample No. 7o/Pa 1/(Pa-s) R? Sample No. 7o/Pa 1/(Pas) R?
PCE1SP0.8WBO0.16 3523 37.5 0.996 49 PCE1SP0.8WBO0.17 329.6 29.1 0.997 15
PCE1SP1WBO0.16 419.3 39.4 0.997 62 PCE1SP1WBO0.17 217.7 28.0 0.998 03
PCE1SP1.5WBO0.16 735.1 55.5 0.998 35 PCE1SP1.5WBO0.17 535.0 41.8 0.996 37
PCE1SP1.7WB0.16 611.3 47.6 0.997 95 PCE1SP1.7WB0.17 406.0 36.3 0.997 03
PCE1SP1.8WB0.16 510.5 455 0.997 95 PCE1SP1.8WBO0.17 392.9 35.0 0.99591
PCE1SP2WB0.16 442.7 414 0.980 01 PCE1SP2WBO0.17 294.5 31.0 0.997 63
PCE1SP0.8WB0.18 222.7 24.5 0.996 94 PCE1SP1.7WB0.18 290.2 30.0 0.996 87
PCE1SP1WBO0.18 120.8 20.2 0.997 88 PCE1SP1.8WB0.18 160.7 24.4 0.998 00
PCE1SP1.5WB0.18 382.2 32.2 0.995 77 PCE1SP2WB0.18 134.6 21.9 0.992 18
7o: Yield stress; u: Plastic viscosity; R%: Goodness of fit.
F4 UHPC hEFMERE
Table 4 Mechanical properties of UHPC

Sample No. Compressive strength /MPa C, Flexural strength /MPa C, Tensile strength /MPa C,
PCE1SP1WBO0.16 157.3 0.012 41.3 0.016 8.44 0.029
PCE1SP1.5WBO0.16 170.1 0.035 43.0 0.036 8.31 0.035
PCEISP1.7WB0.16 172.0 0.012 50.7 0.087 8.79 0.075
PCEISP1.8WBO0.16 168.5 0.022 51.9 0.091 12.91 0.237
PCEISP2WB0.16 170.0 0.027 47.0 0.012 8.06 0.033
PCEISPIWBO0.17 164.3 0.035 39.8 0.033 10.63 0.133
PCEISP1.5WB0.17 177.7 0.020 414 0.127 10.47 0.130
PCEISP1.7WBO0.17 180.3 0.020 43.1 0.108 11.07 0.104
PCEISP1.8WBO0.17 178.2 0.008 44.7 0.093 11.44 0.046
PCE1SP2WB0.17 149.0 0.051 423 0.095 10.98 0.148
PCEISP1IWBO0.18 155.5 0.009 38.7 0.018 11.10 0.032
PCEISP1.5WB0.18 163.3 0.065 40.6 0.037 11.01 0.027
PCEISP1.7WBO0.18 163.3 0.042 41.3 0.104 9.25 0.093
PCEISP1.8WBO0.18 166.0 0.016 31.1 0.174 9.35 0.055
PCE1SP2WB0.18 154.7 0.045 41.5 0.050 8.21 0.051

Note: C,- Coefficient of variation.
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Table 5 Fitting of rheological parameter calculation formulas

Sample No. Experimental value Calculated value Experimental value/ Calculated value
to.70/s to.sn/s pl(g-em™) D/cm 7o/Pa 1/(Pa-s) Yield stress ratio Plastic viscosity ratio
PCE1SP0.8WB0.16 9.6 25.4 227 48.0 356.1 36.1 0.99 1.04
PCEISPIWBO.16 15.3 24.1 2.30 52.0 491.0 41.1 0.85 0.96
PCEISP1.5WB0.16 20.1 45.6 2.34 52.5 693.0 54.5 1.06 1.02
PCEISP1.7WB0.16 17.8 37.5 2.37 56.5 607.9 48.2 1.01 0.99
PCEISP1.8WB0.16 16.2 30.4 2.38 57.5 543.0 439 0.94 1.04
PCEISP2WB0.16 15.1 28.6 2.29 67.0 472.7 38.8 0.94 1.07
PCE1SP0.8WB0.17 8.9 18.8 225 65.0 285.3 30.2 1.16 0.96
PCEISPIWBO0.17 7.4 20.3 2.34 69.0 256.8 28.3 0.85 0.99
PCEISP1.5WB0.17 15.3 30.3 2.34 58.0 509.9 42.5 1.05 0.98
PCEISP1.7WB0.17 13.6 33.1 2.33 77.0 440.8 37.8 0.92 0.96
PCEISP1.8WBO0.17 11.3 17.3 2.33 67.5 346.2 33.7 1.13 1.04
PCEISP2WB0.17 7.9 19.6 2.33 71.5 261.4 28.3 1.13 1.10
PCEI1SP0.8WB0.18 6.0 14.9 2.26 66.0 201.2 25.4 1.11 0.96
PCEISPIWBO0.18 4.1 12.4 2.32 73.5 137.3 20.7 0.88 0.98
PCEISP1.5WB0.18 10.9 19.4 2.31 70.5 335.1 324 1.14 0.99
PCEISP1.7WB0.18 9.6 18.8 2.34 78.0 291.2 29.2 1.00 1.03
PCEISP1.8WB0.18 53 12.9 2.33 73.5 169.8 23.1 0.95 1.05
PCEISP2WB0.18 4.7 15.3 2.31 75.5 157.9 21.2 0.85 1.03
X 1.00 1.01
o 0.11 0.04
C, 0.11 0.04

to.70: Time required to expand the diameter by 0.7 times the expansion degree; tysp: Time required to expand the diameter by 0.8 times the expansion degree;

X : Average value; o: Standard deviation; C,: Coefficient of variation.

Fo6 RESHMHEARMKLE
Table 6 Test of rheological parameter calculation formulas

Experimental value Calculated value Experimental value/ Calculated value
Sample No. 7o/Pa w(Pas)  top/s  tosp/s /)/(g~cm’3) D/cm 70/Pa w/(Pars) Yield stress ratio Plastic viscosity ratio
PCE2SP1.8WB0.16 253.0 28.0 8.9 20.1 2.29 68.5 288.6 30.1 0.88 0.93
PCE2SP1.8WB0.17 216.9 20.3 6.5 17.6 2.29 73.5 212.2 249 1.02 0.82
PCE2SP1.8WB0.18 152.0 14.9 4.7 14.7 2.29 86.5 135.4 18.1 1.12 0.82
PCE3SP1.8WB0.16 218.3 254 7.8 20.1 2.30 70.5 259.0 28.1 0.84 0.90
PCE3SP1.8WBO0.17 151.3 18.4 5.5 15.2 2.31 77.0 174.9 22.3 0.87 0.82
PCE3SP1.8WB0.18 133.6 13.0 4.1 13.8 2.29 81.0 127.2 18.4 1.05 0.70
PCE4SP1.8WBO0.16 421.1 372 13.6 32.1 2.30 62.0 458.0 40.4 0.92 0.92
PCE4SP1.8WBO0.17 331.8 27.5 9.6 20.8 2.27 66.5 309.0 31.3 1.07 0.88
PCE4SP1.8WB0.18 265.7 21.6 7.2 18.8 232 74.0 235.7 26.3 1.13 0.82
X 0.99 0.85
o 0.11 0.07
C, 0.11 0.08
MR RS BRSOy
FMES 0.99, AR RHN 0.11, YIETHL R +=Y
WEVE B IRG (E 5 THE ELE T M 085, A 1) BFEEZ UHPC SH Uy Ui 5 0 1) F 9

FRHCN 0.08, FRAMEUN, HEEFHES 1 ARLGHELRASEALHMENE R WL T
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