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Tension-Stiffening Effect
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Abstract: Textile reinforced ultra-high performance concrete (TR-UHPC) utilizes the synergistic reinforcing mechanism of short
steel fibers and textile to further improve the mechanical properties and strain hardening effect of ultra-high performance concrete
(UHPC). To investigate the flexural properties of TR-UHPC and synergistic effects of textile and steel fibers, four-point bending tests
were conducted. A design method for TR-UHPC flexural members based on a tension-stiffening model and a bending model was
proposed. The effect of tension-stiffening on the flexural responses of TR-UHPC was analyzed. The results show that the flexural
capacity of TR-UHPC specimens increases with the increase of steel fiber dosage. The maximum flexural strength can be obtained at
a steel fiber volume fraction of 1.0% or 1.5%, indicating that the content of steel fiber can be effectively reduced. The prediction data
by the proposed model are in reasonable agreement with the experimental results. The proposed model can be used to predict the load
capacity of TR-UHPC flexural member with given materials, or guide the material design according to the demands of structural
performance.
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Table 1 Properties and geometry of textiles

Type of Grid size/ B
. E/GPa o,/MPa /% A/mm
textile mmxmm
Carbon 5%5 286 3431 2.80 0.06
Glass 8x8 83 1641 1.98 0.12
Basalt 10x10 61 1694 2.77 0.17

E: Modulus of elasticity; o,: Tensile strength; J: Elongation at break; A:

Cross sectional area of single yarn.
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Table 2 Bending test specimens

Type of textile Steel fiber volume fraction, ¢#/% Number of textile layer

Carbon (C) 0.5,1.0,1.5,2.0 2,3
Glass (G) 0.5,1.0,1.5,2.0 3
Basalt (B) 0.5, 1.0, 1.5,2.0 3
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KA BT HRREHL, HEKEREN 50 kN,
K FVY s oy 2, S A 270 mm. N
BOR A R EH], IEGEZRN | mm/min. #5HHE
i1 LVDT & .

2 ZER54%

2.1 TIE-IREML%

FHRAE Y RO B E S IR, K
HECRM S A MAE 1. B 2 5 UHPC H
TR-UHPC X1 1) 25 i i 280 (P) - B2 (A) I 2R (DL 2%
LT Y AR AN 5 b T 4 RS ) . Tl DL I AE
UHPC R IMA L4 4% 5, TR-UHPC i AF )
FRAR R 1 B e A5 2 7 B2 i, B E-he s
LR RO BRI 3 AN B, BB T A i kbt e
JERIIE KR IR, BB TR-UHPC 4 R T
Z4, UHPC FEARFIANET Y S 21 4E WS 18] TCAH XTI 75
T 3 AR R A L R R, ks 3 X I
1 SR5L4E0T, AU NIEERRE, MBI 4WR. B
BRI0: 25 MifBAbp B, 0 2 S A0 2 4 o s e ot i
VE AR AR AL b hr /), (a3 A Y/ R 5 T ) oK
FRRER L3, 24078 B3 R 45 1 S5 R B 7 31 T B4
W e, I EMEZ ST AR, EEH
BERUR AN S — 5T, 3@ kX b
LRI, AN Y 5 2 o Xk 1 D Rk 25 o e 3
M4 7+, M UHPC 1A 2| R &% /) J§ TR-UHPC
ALk SN, RPFLF LMK TR AR E E



5155 8

W15 S5 2 R A O A £ 2 X i v P R VR RE 7S i 1R A .+ 1941 -

FUEAE, {HURRY B i 28 1R W AN T B AIK

BYBRINL: BHIRPA B, F- 24840 4T 4k A% L 2
W BR A AR TR A W5, S48 Ab N %5 1 = 2 HH 4
YRz, WAgETTERE ARG R T, BB T
AR, BERMELS R, H B TR-UHPC
PUE AT BAM %, HE{5% T UHPC.

Lextile
fracture

900

PIN

600 —

Contribution by =<
300 - steel fibers

. —/— TR-UHPC
Elastic

—{—UHPC
P I R

0 3 6 9 12 15
A/mm

B 2 AR e L (UHPC) S 2 4 D00 A% 14 o v 1 VR
5t L (TR-UHPC) fuf #(P)—HaFE () i 2%

Fig. 2 Representative load (P)-deflection(4) curves of ultra-
high performance concrete (UHPC) and textile
reinforced ultra-high performance concrete (TR-UHPC)
(p=2%)

2.2 TR-UHPC T EF e

TR-UHPC 1725 il 7122 e WAk 3. BEHSLT 4R
KA B, RN L5 BRI (0.5%), T-G3-S0.5
ARG A B AT FEA B, e B R 3 n,
MR A B BN 2%, X i 21 4 IRt A
FEPE KR s (B 3 A 4) o 1T TR AT 4E A% H B
B R S4E T, XA TR-UHPC (505, 4E
PERIHE REAE 0 2 E T

FHER 3 AT %0: 3 JZRk4T 43 % TR-UHPC R 11
WRA 1T 2 )2 £ 1.5%NT 4B E N, fif
2 )2\ 3 JZRRAF4EM K ) TR-UHPC 25 5 FEAH LL T
UHPC 43 $2 1 1 60.7%F1 112.7%. {EANLF4ES &
BUINM<1.5%)0F, P& 5034 nge {43 TR-UHPC
AR ZE PR BB Rk, W T-C3-S1.0 (A
T N HE EL T-C2-S1.0 7 46.8%. IHt4h, TR-UHPC
(1 fFERE RIS 2] 7 B B AT, T-C3 bk T-C2 &
B S B AERE T 8.5%~42.9%. 25 HiI I AE KL
3 — J7 T A2 T30/ 0N 0 X R T A2 75 53 J2 0 30
UHPC %5 2 4 57 ) 58 8 ) T R A9~ T N 52 70 07
[, AR R BRI B—Trm, Mk
HH B P (BT Xt ) 38 A A A 1 Y ) 0 AT B
AP,

T VIR 2T (¥ B R FH e 2 2% 72 W 4 4% (17
A, WS R T RN ) S E N B R 2
MmieE, W Sa fion. (EIENLAT4EBEM 1.5%5
FH2 2.0%FF, AR BRI SR . )5
SCHR[30-31]H ATk, 214 BUSURE B R i AR
72, IRELYIIRERIAIE 2, X ERRE O AR
Wi 7E — e FERE F AR T BH AR AN SR

#3 TR-UHPC T 14E
Table 3 Flexural properties of TR-UHPC

Samples oo/MPa Omax/MPa Opeak/MM Eo/(N-m)
U-S0.5 15.86 (0.45)  15.86 (0.46) 0.56(0.15)  0.15(0.02)
U-S1.0 17.64 (1.18)  18.30(2.22) 3.59(4.07)  2.16(2.67)
U-S1.5 14.62 (0.66)  17.50 (3.49) 5.55(3.54)  2.65(1.82)
U-S2.0 13.57 (1.69)  18.89(4.39)  4.76(0.39)  2.61(0.61)
T-C2-S0.5 8.14 (1.11) 22.01(2.72)  10.92(1.65)  5.38(0.77)
T-C2-S1.0 12.49 (0.42)  26.01 (0.96) 9.28(0.60)  6.19(0.32)
T-C2-S1.5 13.46 (0.93) 28.13(3.51) 10.27(2.02)  6.22(2.48)
T-C2-S2.0 13.82(0.71)  30.28 (3.22)  11.08(0.07)  7.51(1.24)
T-C3-S0.5 7.24 (0.15) 28.92(2.97) 13.99(1.39)  7.69(1.35)
T-C3-S1.0 10.29 (0.4) 32.63(1.47) 13.62(1.49) 8.41(0.31)
T-C3-S1.5 14 (0.87) 37.22(1.90)  10.72(0.82)  8.84(1.74)
T-C3-S2.0 14.53 (0.55)  34.18 (2.11) 8.06(1.27)  8.15(1.32)
T-G3-S0.5 7.52 (2.05) 12.57 (0.97) 6.99(1.35)  2.53(0.38)
T-G3-S1.0 8.68 (1.37) 16.27 (2.36) 7.20(0.56)  2.78(0.50)
T-G3-S1.5 10.92 (1.71)  25.04 (0.81) 7.62(0.85)  4.28(0.24)
T-G3-S2.0 11.57 (1.53)  28.31(1.17) 7.05(1.37)  4.96(0.80)
T-B3-S0.5 6.9 (2.01) 17.56 (1.21) 8.84(1.35)  3.58(0.10)
T-B3-S1.0 8.92 (1.05) 2418 (1.71)  11.31(1.41)  5.93(1.46)
T-B3-S1.5 10.37(0.08)  24.19 (0.67) 8.97(2.15)  4.94(1.07)
T-B3-S2.0 12.01 (0.49)  30.52(1.34) 9.37(0.58)  6.06(0.27)

oo: First cracking stress; omax: Flexural strength; Jpea: Deflection at peak;
Ew: Total energy absorption; Values in parenthesis indicate the standard

deviation.
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Fig. 3 Load—deflection curves of UHPC specimens
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(d) TR-UHPC with 3 layers of basalt textiles
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Fig. 5 Flexural properties of TR-UHPC specimens
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Flexural Design
* Ultimate limit state (ULS)
* Serviceability Limit State (SLS)

Performance Performance
demands prediction
Flexural Model
(macroscale)
Inverse Forward
analysis calculation
Tension model ’
(mesoscale)

Material selection
based on performance

----------------------------------------

______________________________

i : : » o
L g strength b
L - B i
i F rE i o
P No. of : : Fiber D
V! layers : : content b
e | | ! '

v __ Textile _ ' ___ Matrix ___!"

Kl 6 TR-UHPC #tilJ5i%
Fig. 6 Design methodology of TR-UHPC
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Fig. 7 Mechanical behavior of cracked TR-UHPC!®
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with 6 layers of carbon textiles
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(a) TR-UHPC with 2 layers of carbon textiles

(c) TR-UHPC with 3 layers of glass textiles
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(b) TR-UHPC with 3 layers of carbon textiles

(d) TR-UHPC with 3 layers of basalt textiles

TR-UHPC F#ACE Ay 22 1 B AU 25 2R 5 5 X E
Comparison between experimental and simulated load-deflection responses of thin TR-UHPC plate specimens

# 5 TR-UHPC THERIERIZER
Table 5 Flexural Model stimulation results of TR-UHPC

Model Input
Sample No. 0% o
E/GPa £y107° mm/mm a ¥ i M P
F-C2 0.5 45 75-90 190-210 1 0.0075-0.0085 2.35-2.70 190-215
1.0 48 117-147 60-120 1 0.0080-0.0100 1.56-1.95 130-160
1.5 49 111-155 30-105 1 0.0080-0.0120 1.18-1.80 100-190
2.0 50 107-165 35-75 1 0.0140-0.0190 1.50-1.94 50-190
F-C3 0.5 45 70-95 180-200 1 0.0094-0.0120 2.50-2.80 190-320
1.0 48 120-130 140-160 1 0.0090-0.0115 2.20-2.60 150-180
1.5 48 140-170 75-100 1 0.0140-0.0150 1.93-2.23 100-125
2.0 50 139-157 55-60 1 0.0150-0.0160 1.80-1.88 80-120
F-G3 0.5 47 68-84 100-160 1 0.0023-0.0025 1.17-1.35 130-220
1.0 49 60-80 70-80 1 0.0010-0.0110 1.68-1.72 170-245
1.5 50 105-106 50-60 1 0.0130-0.0180 1.75-1.90 118-155
2.0 50 125-130 50-60 1 0.0135-0.0170 1.75-1.80 80-125
F-B3 0.5 45 70-89 80-190 1 0.0063-0.0114 1.60-2.05 160-260
1.0 47 70-95 90-190 1 0.0062-0.0115 1.95-2.42 180-300
1.5 47 90-120 45-90 1 0.0130-0.0185 1.60-2.14 100240
2.0 50 130-150 45-65 1 0.0120-0.0150 1.57-1.73 90-115
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(a) TR-UHPC with 2 layers of carbon textiles

(c) TR-UHPC with 3 layers of glass textiles
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(b) TR-UHPC with 3 layers of carbon textiles

(d) TR-UHPC with 2 layers of basalt textiles
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Fig. 12 Comparison between back-calculated and predicted tensile responses of thin TR-UHPC plate specimens

#& 6 TR-UHPC iREISH LRI R
Table 6 Model parameters and results of TR-UHPC

Model input Model output
Sample Groups o - -
E/GPa e/(107°) a y n u P Maxium flexural load/N Deflection at peak/mm
3 layers 49.4 162 66.85 1 0.015 2.00 99.76 1118.22 10.39
4 layers 49.7 161 67.27 1 0.020 2.33 97.94 1265.54 10.47
5 layers 50.3 159 68.05 1 0.025 2.67 96.68 1411.47 10.48
6 layers 50.6 158 68.48 1 0.030 3.00 94.80 1545.80 10.44
o4 50.4 79 117.00 1 0.015 2.74 154.00 731.66 8.05
06 49.6 121 77.00 1 0.015 2.16 98.00 864.23 7.79
O =8 49.4 162 66.85 1 0.015 2.00 99.76 1118.22 10.39
o.—=10 49.0 204 52.45 1 0.015 1.79 78.26 1250.85 10.27
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Fig. 13 Tensile and flexural responses of TR-UHPC with different number of carbon textile layers
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(a) Tensile stress—strain curves

(b) Flexural load—deflection curves
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Fig. 14 Tensile and flexural responses of TR-UHPC with varying matrix cracking strength
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