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%1 UHPCEALL
Table 1 Mixture proportion of UHPC W/%

Cement Silica fume Quartz sand Quartz powder Superplasticizer Water

1.00 0.32 1.10 0.30 0.05 0.18

W is mass fraction.
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(a) Specimen size
Kl1 UHPC 02 hid3e (B fr: mm)
Fig. 1 UHPC axial tension test(Unit:mm)
MYE RS AR F IR IR . Ll
UHPC [JFEAF A PERE ISR 2 iR

%2 UHPC Hi15 144
Table 2 Mechanical properties of the UHPC  MPa

Statistic fou f, E. e fiop fo  fp

(b) Experimental setup

Mean 160.5 1369 46580 15.0 28.5 102 127
Std 2.4 2.8 590 0.1 0.6 0.4 0.7

feus fc and E; refer to the cubic compressive strength, prismatic compressive
strength and compressive elastic modulus of UHPC, respectively, fi and fy,
refer to initial cracking strength and ultimate strength of UHPC under
bending, respectively, and f, and f;, refer to initial cracking strength and
ultimate strength of UHPC under axial tension, respectively. Mean and Std

are average value and standard deviation of the test results, respectively.
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Fig. 2 Distribution of elastic stress in cross-section under
combined tension and bending action
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(a) Eccentric tension specimen

LVDT is linear variable differential transformer.

(b) Four-point bending specimen

K3 UHPC ikfffig (%fz: mm)
Fig. 3 UHPC specimen construction (Unit: mm)
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Table 3 Test parameters and the measured fatigue life
Bccentricity Static cracking strength Static ultimate strength Stess level Upper limit  Lower limit
Specimen code ratio e/h f/MPa fyMPpa stress/MPa stress/MPa Fatigue life
Mean Std Mean Std Se Sp

F2-ET0-S0.8 0 9.97 0.13 12.21 0.13 0.8 0.65 7.98 1.60 2000000
F2-ET0-S0.9 0 0.9 0.73 8.97 1.79 1365980
F2-ET0-S1.0 0 1.0 0.82 9.97 1.99 159219
F2-ETO0-S1.1 0 1.1 0.90 10.97 2.19 11761
F2-ET0.1-S0.9 0.1 10.92 0.23 13.96 0.24 0.9 0.70 9.83 1.97 2000000
F2-ET0.1-S1.0 0.1 1.0 0.78 10.92 2.18 174 626
F2-ET0.1-S1.1 0.1 1.1 0.86 12.01 2.40 23358
F2-ET0.1-S1.2 0.1 1.2 0.94 13.10 2.62 2483
F2-ET0.4-S0.9 0.4 13.80 0.47 19.12 1.27 0.9 0.65 12.42 2.48 2000000
F2-ET0.4-S1.0 0.4 1.0 0.72 13.80 2.76 440502
F2-ET0.4-S1.1 0.4 1.1 0.79 15.18 3.04 91376
F2-ET0.4-S1.2 0.4 1.2 0.87 16.56 331 8261
F2-ETB-S1.1 ® 15.01 0.13 28.53 0.64 1.1 0.58 16.51 3.30 2 000 000
F2-ETB-S1.2 o0 1.2 0.63 18.01 3.60 2 000 000
F2-ETB-S1.3 0 1.3 0.68 19.51 3.90 523 875
F2-ETB-S1.5 0 1.5 0.79 22.52 4.50 34 191

F2 represents the steel fiber content in volume of 2%, ET and the following number means eccentricity ratio. ETB means pure bending. S and the following

number refers to the stress level. Mean and Std are average value and standard deviation of the test results, respectively.

Specimen
Loading plate _~._
-

Diagonal rods

Junction plate

(a) Device connection

Actuator
e T T

Force sens

(b) Arrangement of loading

K4 n#Am EE
Fig. 4 Loading setup
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Fig. 6 1g(AS/f.)-IgN curves

%*4 UHPCEZHE
Table 4 Fatigue strength equation of UHPC

Determination

Specimen group coefficient R2

Fatigue equation

ETO 1g(AS/f) = —0.04201gN 4 0.1174 0.997
ET0.1  Ig(AS/f) =-0.04281gN 4 0.1288 0.999
ET0.4  Ig(AS/f) =-0.04511gN+0.1614 0.991

ETB  Ig(AS/t) =-0.05241gN + 0.3169 0.999

N is cycle number.

HHER 4 v A1, RO AL bR 2R HAS AR O 23R
()95 57 J7 FE ¥ T e i s Rk = (5):
1g(AS/f,)=AlgN +B (5)
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£ is axial tension coefficient.
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Fig. 7 Coefficients A and B of the fatigue equation with
different eccentricity ratios

A=-0.042-0.011e™* (R* =0.997) (6)

B=0.118+0.2¢" (R* =0.999) 7)

I 2(5) AT LA A 6] i 02 28 FUAS [8] B A7 7K1
'~ UHPC B398 55 75ty B4 T Tl o
223 JEGE BT RO RIS e, 1l
3213 5 AE 8 Fras A Fl a3 T UHPC %% 57 55 B
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Z L) ST R o AR AR, DL 9 BT 7R AN
0o~ UHPC & 4012 558 5 AR PR 568 B 5 4H 298
57 5 E L

*#5 UHPCEZRELL
Table 5 Fatigue strength ratio of UHPC

Specimen group AS/f, or/MPa o¢/fe o¢/f,
ETO 0.71 8.88 0.891 0.727
ETO0.1 0.72 9.87 0.904 0.707
ET0.4 0.75 13.00 0.942 0.680
ETB 0.97 18.20 1.212 0.638

o is fatigue strength.
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Table 6 Strain growth rate

Specimen code e1/ue N1/104 &/pe Nz/IO4 &
F2-ET0-S1.1 2061 0.2 3284 0.7 2446.0
F2-ET0.1-S1.1 1014 0.3 2108 1.7 781.0
F2-ET0.4-S1.1 1309 0.3 1993 6.7 107.0
F2-ETB-S1.3 1911 3.2 3139 39.5 34.0
F2-ET0.1-S0.9 306 10.0 490 200.0 1.0
F2-ET0.4-S0.9 437 10.0 481 200.0 0.2

¢ and &, is the minimum and maximum tensile strains measured during the
second stage, respectively. N; and N, is ¢ and ¢, corresponds to the number

of fatigue cycles, respectively. £, is strain growth rate.
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Table 7 Residual strength after fatigue

Residual strength ~ Static

Specimen code after fatigue/MPa  strength/MPa Fatigue/static
F2-ET0-S0.8 11.67 12.21 0.96
F2-ET0.1-S0.9 11.08 13.96 0.79
F2-ET0.4-S0.9 18.71 19.12 0.98
F2-ETB-S1.1 27.04 28.53 0.95
F2-ETB-S1.2 20.70 28.53 0.73
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Extended Abstract

Introduction Ultra-High-Performance Concrete (UHPC), with ultra-high compressive strength and remarkable durability, holds
great promise for constructing lightweight and high-performance structures. The ratio of live load effect to total load effect in the
lightweight UHPC structure will be significantly increased, and higher cyclic stress amplitudes resulting in fatigue failure of the
structure would occur accordingly. The combined tensile and bending stresses exist in certain components of practical engineering
structures, such as UHPC bridge decks in the hogging moment region of the girder. Under overall load, the decks are subjected to a
state akin to axial tension due to their limited thickness and considerable distance from the neutral axis of the girder. Yet, under the
alternating localized wheel loads, the decks are subjected to cyclic bending stresses. Under the simultaneous application of the overall
and local loads, UHPC bridge decks in the hogging moment region of the girder are actually subjected to combined tensile and
bending stresses with variable amplitude. Many researchers have investigated the effects of steel fiber types, steel fiber content, and
temperature on the bending fatigue properties of UHPC. However, there are limited studies on the axial tensile fatigue properties of
UHPC, and investigations on the fatigue properties of UHPC under combined tensile and bending action are not found in the available
literature. To determine the fatigue-resistant performance of UHPC with different tensile-bending stress ratios or the eccentricity ratio
e/h of applied eccentric tension, an experimental study on the fatigue resistance performance of UHPC under combined tensile and
bending action was conducted, and the corresponding fatigue strength was determined.

Methods With the test parameter of eccentricity ratio e/h (0, 0.1, 0.4, and o, e/h=0 refers to axial tension and e/h=co to pure
bending), 25 specimens with a commonly used steel fiber content of 2% were designed, manufactured, and tested. Among these, 9
specimens were tested for monotonic properties, and 16 specimens were tested for fatigue properties. The axially tensile and
eccentrically tensile properties of UHPC were tested by C-shape specimens with corbel at both ends, and pure bending behaviors of
UHPC were tested by four-point bending beams with identical cross-sections. The fatigue test was carried out under different
eccentricity ratios and stress levels using a specially designed three-hinge truss device converting the tension loads to compression
loads. Electrical resistance strain gauges were arranged at the extreme tensile edge of the specimens to measure the tensile strain
before cracking. Two linear variable differential transformers (LVDTs) were continuously arranged in the extreme tensile edge of the
specimen with a gauge length of 100 mm to measure the average tensile strain after cracking. The progression of crack width on the
surface of specimen during fatigue testing was tracked using a hand-held crack detector with an accuracy of 0.01lmm. The number of
load cycles until fatigue failure under different stress levels was recorded, and further, the effects of eccentricity ratios and stress
levels on fatigue life of UHPC were analyzed.

Results and discussion It was found that the development of fatigue tensile strain and crack width on the tensile surface of the
specimens with fatigue failure reveals three stages of increasing rapidly with a decrease of strain rate, a steady growth trend with an
almost constant rate, and increasing suddenly following a fatigue fracture. The tensile strain of the specimen without fatigue failure
converges to a stable value after the rapid development in the first stage and remains unchanged in the second stage. The fatigue
strength of UHPC increases with the eccentricity ratio rising, which can be attributed to the effect of stress redistribution between
adjacent stripes in the tensile region caused by the increasing strain gradient on the cross-section. Compared with the corresponding
strength of axial tensile specimens, for specimens with eccentricity ratios of 0.1, 0.4 and oo, the initial cracking strength is increased
by 10%, 38%, and 51%; the ultimate strength is increased by 14%, 57%, and 134%; while the fatigue strength is increased by 11%,
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46%, and 105%, which demonstrate that the increased magnitude of fatigue strength lies between that of initial crack strength and
ultimate strength. When the stress level of the specimen is close to its fatigue strength, the cumulative damage of the specimen is
obvious, and the residual strength after fatigue is significantly lower than the corresponding static strength. When the stress level of
the specimen is significantly lower than its fatigue strength, the cumulative damage of the specimen is slight, and the residual strength
after fatigue is only slightly lower than its corresponding static strength.

Conclusions As eccentricity ratios rises, the fatigue strength oy and the fatigue strength ratio o¢/f, increase, while the fatigue strength
ratio o¢/f, decreases, which means the stress level index S;=0yqx/f; relative to the initial crack strength can more reasonably reflect the
variation of fatigue strength of UHPC with eccentricity ratios under combined tension and bending action. For the UHPC with steel
fiber content of 2% under combined tension and bending action, a fatigue equation for predicting the fatigue life of UHPC under
different eccentricity ratios and various stress levels is proposed.

Keywords ultra-high-performance concrete; eccentricity ratio; combined tensile and bending action; fatigue strength; fatigue

equation



