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This work investigates the fatigue resistance of reinforced Ultra High Performance Fiber Reinforced Cementitious
composite (R-UHPFRC) beams with special consideration of steel rebar — UHPFRC interaction under tensile
stresses due to bending. Experimental testing of full-scale beams reveals that the fatigue resistance depends on
both minimum and maximum loadings in the cycle. The increase of stress range in the rebar during the fatigue
process is discussed and quantified. Finally, recommendations for fatigue verification of R-UHPFRC beams are

1. Introduction

The reduction of CO, emissions, as well as energy and raw materials
consumption, in the construction sector leads towards high-performance
building materials, limiting their quantities necessary for erection of
structures. This, in turn, increases the live-load to dead-load ratio, rising
the importance of fatigue resistance. One of such materials is UHPFRC
(Ultra High Performance Fiber Reinforced Cementitious composite)
with rising use around the world.

The UHPFRC response in tension and compression is fundamentally
different. Under direct compression, it remains elastic almost until
failure. Under direct tension, due to the composite nature of this mate-
rial, a bi-linear response is observed. It remains elastic until the elastic
limit stress fy is reached. Then, the distributed microcracking takes
place and the quasi-linear strain hardening slope is followed until the
tensile strength fyy, is attained. Finally, the gradual softening occurs [1].

Most of research related to the fatigue behavior of UHPFRC was
concentrated on its compressive response, while it is the tensile response
that is more relevant from the structural point of view [2-7]. Further-
more, the majority of fatigue tests were conducted on small specimens,
whilst it can be expected that in reinforced UHPFRC (R-UHPFRQ), i.e.
steel reinforcement bars implemented in the UHPFRC, the capacity of
stress redistribution in the structural element may be significant.

This paper reports on fatigue tests on T-shaped R-UHPFRC beams
under four-point bending. The design of the specimen was inspired by
the use of UHPFRC in structural applications as beams or unidirectional
slabs [2,8]. Special attention is paid to the interaction of steel rein-
forcement bars and UHPFRC in the tensile stress region of the beam. The
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main goal was to explore the presence of a Constant Amplitude Fatigue
Limit (CAFL) of R-UHPFRC beams with two types of rebars and under
various fatigue load levels. With almost 3 m® of UHPFRC casted for
specimen fabrication, this research seems to be the most exhaustive
experimental campaign on fatigue of R-UHPFRC realized hitherto.

2. Fatigue of UHPFRC and R-UHPFRC
2.1. Overview

Although UHPFRC is a relatively new structural material, there have
been already several experimental campaigns on its fatigue resistance
reported. The majority of experimental investigations on the fatigue
behavior of UHPFRC and R-UHPFRC utilized relatively small specimens,
i.e. they were conducted on the material level rather than on the
structural level. As far as this kind of testing is crucial for understanding
the fatigue process, it does not allow for observation of stress redistri-
bution capacity and rebar-UHPFRC interaction. Therefore, some tests
were executed on full-scale structural elements as well. The run-out
limits at which the test was stopped and considered as no failure were
varying from 1 to 20 million. Taking into account that some of the re-
ported failures occurred after 1 or 2 million of cycles, it can be stated
that for many campaigns the runout limit was not enough to identify
CAFL of UHPFRC properly, as some of run-outs would have failed soon
after the test was stopped. The CAFL is a fatigue loading level that, if
fatigue stresses remain below this level, no continuous fatigue damage is
produced in the material. Thus, the fatigue duration of a structural
element subjected to fatigue loading below the CAFL is considered as
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infinite.

Furthermore, to obtain fatigue failures after a relatively low number
of cycles, considerably high fatigue stresses were applied. Such an
elevated fatigue loading, sometimes up to 90% of the static resistance of
tested elements, is not realistic, as the requirements of structural safety
at the Ultimate Limit State always need to be fulfilled. In addition, no
variable stress amplitude testing was performed so far.

To search literature relevant for the current research, the following
boundary conditions were set: 1) content of short steel fibers above 2%
by volume; 2) largest particle size in the cementitious matrix below 2
mm; 3) at least two fatigue tests conducted in an experimental
campaign. It is commonly agreed that the fatigue resistance of UHPFRC
depends on the maximum fatigue load level, denoted as S-ratio between
the maximum fatigue load and the ultimate static resistance of a given
element.

2.2. Axial compressive fatigue tests

The traditional type of fatigue tests on cement-based materials is in
uniaxial compression. An extensive testing campaign on different types
of high-strength and ultra-high-strength cementitious materials with
and without fibers was performed [9] to update the model used in the fib
Model Code [10]. One of the tested materials was a UHPFRC with
maximum grain size of 0.5 mm and 2.5% in volume of straight 9.0 mm
long steel fibers of an aspect ratio of 60. It was shown that the CAFL is at
0.6S with respect to a 7 million cycles runout limit.

Another experimental campaign on a UHPFRC (3.8% vol. steel fi-
bers) similar to the one used in the present research was performed by
[11]. Plate specimens (30 mm x 100 mm x 450 mm) loaded on the
smaller face were tested up to 20 million cycles, and CAFL at 0.6S was
confirmed. The shape of specimens was mocking-up the use of UHPFRC
in thin-walled elements such as wind turbine towers.

In real structures subjected to fatigue loading, the maximum
compressive stress in structural elements rarely reaches half of the
compressive strength of UHPFRC [5,7,12]. Additionally, design stan-
dards claim for ‘ductile’ failure modes of structural elements with ma-
terials (such as steel) failing in tension.

Consequently, it is considered that the fatigue resistance of R-
UHPFRC elements is controlled by the material subjected to tensile
stress, similarly to reinforced concrete structures [13-16]. Therefore,
the fatigue resistance under compressive fatigue stress is not relevant for
structural elements.

2.3. Axial tensile fatigue tests

UHPFRC with 2.5% vol. of steel fibers was tested in direct tension
[17] up to 5 million cycles. It was found that the material can withstand
fatigue cycles higher than 0.5S. However, for specimens where the
maximum stress was above the elastic limit stress f,, gradual reduction of
stiffness occurred even for runouts indicating damaging process and the
likelihood of fatigue failure if the tests were continued.

An extensive campaign was conducted by [18], on material with
3.3% vol. steel fibers and runout limits varying between 5 and 20
million. They linked CAFL with the maximum stress applied in the cycle
and equal 0.7fyg (0.6S) for material in elastic domain, 0.6fy (0.5S)
when the specimen was pre-loaded to strain-hardening domain and
0.45fyr. (0.4S) for specimens pre-loaded to the post-peak softening
domain.

The same UHPFRC with incorporated steel reinforcement bars was
also tested by [19]. The authors reported that the response of R-UHPFRC
subjected to direct tensile fatigue stress comprised three regimes
depending on maximum fatigue force Fqy applied: 1) Fyqy < 0.23S: both
UHPFRC and rebars below the CAFL, 2) 0.23S < Fpax < 0.54S: UHPFRC
above the CAFL, but the stress amplitude in the rebar remains below the
CAFL, thus the R-UHPFRC remains below the CAFL, 3) Fpq > 0.54S:
both UHPFRC and rebar are above the CAFL, and thus fatigue failure
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occurs. In the third regime, UHPFRC acts as a stress reducing and
distributing agent, increasing the element’s fatigue resistance. In the
first part of the test, the global deformation was growing when UHPFRC
is damaged, then remains almost constant until rebar failure. Only one
type of element was tested.

2.4. Bending tests

Numerous fatigue tests on UHPFRC executed under flexure are pre-
sented in Table 1. Although for some experimental series a surprisingly
high CAFL is found, it can be taken that the CAFL lies at a fatigue loading
level of about half of the ultimate static specimen resistance. All re-
ported tests were run under low minimum force level, i.e. Fp; < 0.1S.

Bi-axial bending fatigue resistance was investigated by [27] with
ring-on-ring fatigue tests using 50 mm thick circular UHPFRC slabs with
a diameter of 1’200 mm. The utilized UHPFRC was the same mix as in
[11], with 3.8% vol. steel fibers, and similar to the one used in the
present research. The authors have shown that under bi-axial fatigue
stress the CAFL is similar as under uniaxial bending, thus 0.54S. Inter-
estingly, this is the load level at which the UHPFRC reaches fyy, on the
bottom face of the specimen. This shows that the relative material fa-
tigue resistance is higher in bending than under direct tensile stress
which may be due to significant stress redistribution capacity of
UHPFRC. The size of the specimen was sufficiently large such that it can
be considered as a full-scale test mocking up the real performance of a
UHPFRC slab.

2.5. Findings from the literature review

Literature review reveals that most tests have been conducted using
small specimens. There were few fatigue tests on structural elements
involving UHPFRC [17,28] or R-UHPFRC [29-35]. However, in most
experimental campaigns only one or two specimens were tested, not
allowing for closer investigation of fatigue damage mechanism and
resistance of the element. All of them were run under low minimum
force (Fpyin < 0.1S) and have shown that CAFL > 0.5S.

3. Materials and methods
3.1. Experiment set-up

Three types of beams were tested: Type I with a single #20 mm rebar;
Type I with a single ¥34 mm rebar and Type III with #20 mm rebar and
@6 mm Q shaped stirrups (Fig. 1). The beams were casted in horizontal
position (as tested), pouring the fresh UHPFRC from top at one end. Six
external vibrators were used to assure good flow of the fresh UHPFRC.
Each casting comprised three identical beams, two to be tested under
fatigue loading and one to be tested under quasi-static loading to
determine the ultimate resistance as reference value. In total three
castings of Type I, three of Type II and two of Type IIl were performed.

Table 1

Summary of flexural fatigue tests on UHPFRC.
Reference  Specimen dimensions  Fiber content Runout CAFL

[mm] [% vol.] (x10%) (S)

Four-point bending
[20] 40 x 200 x 600 11.0 2 0.5
[21] 125 x 125 x 1000 2.5 10 0.55
Three-point bending
[22] 100 x 100 x 400 2.0 1 >0.5
[23] 35 x 90 x 360 8.0 20 0.85
[23] 100 x 100 x 500 8.0 1 <0.7
[24] 100 x 100 x 400 2.0 5 0.65
Three-point bending notched
[25] 100 x 100 x 440 2.5 2 0.49
[26] 75 x 75 x 275 2.0 2 0.65
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Fig. 1. Scheme of beams under testing.

All beams were tested under four-point bending. Loading was
applied using one servo-hydraulic actuator and a steel redistribution
beam of high stiffness. The application points were positioned sym-
metrically at £250 mm from mid-span for beams Type I and III, and at
+100 mm for Type II. Smaller spacing was adopted for Type II beams to
avoid shear failure. For the same reason Type II beams were strength-
ened using externally mounted posttensioned stirrups (Fig. 1) outside
constant bending moment zone. This solution was chosen to limit the
size of tested element, instead of increasing the beam span. Furthermore,
longer span would increase the beam deflection and thus the actuator’s
stroke, limiting the frequency of loading cycles and thus increasing the
time necessary for testing. Since the beams were tested under four-point
bending, the shear strengthening did not affect the bending strength.

All beams were instrumented with extensometers glued on the
UHPFRC surface at the level of the axis of reinforcement bar, along the
constant bending moment zone. The measurement base was equal to
100 mm, therefore the number of extensometers varied depending on
the type of beam: seven for beams Type I and III, four for Type II. The
force was measured with the force cell of the actuator. Some of the
beams (1-5, 6, 9, 10-11) were equipped with foil strain gauges glued on
the rebar before casting. The gauges were glued on top of the rebar after
cleaning the surface, in the constant bending moment zone. Thanks to
the use of small-sized gauges (6 mm x 2.2 mm) and a protection cover of
limited extent, the distortion of stress field in the vicinity of the gauges

was minimized.

The testing rig was able to accommodate two beams at the time,
reducing the duration of the experimental campaign. Each beam was
loaded with a separate actuator, and thus the two tests were conducted
independently.

3.2. Materials

Commercially available UHPFRC mix Holcim710® was used, with
3.8% in volume of 13 mm long straight steel fibres with an aspect ratio of
65. The minimum age at the moment of testing was three months. The
cement hydration in UHPFRC is largely advanced after 28 days and
nearly complete after 90 days. Therefore, the age of testing of the R-
UHPFRC beams has no notable influence on the material properties
[36]. To confirm this, UHPFRC was tested in four-point bending ac-
cording to Swiss standard SIA 2052 [12] at the age of 28 and 90 days.
The testing was conducted for four castings, leading to eight testing
series, with six 30 mm x 100 mm x 500 mm plates for each series. The
following properties were determined: 1) elastic limit stress fyg; 2)
tensile strength fyy,; 3) hardening strain at tensile strength eyy; and 4)
modulus of elasticity Ey;. The average values presented in Table 2 show
that after 28 days no significant increase in strength properties is
noticed. The average compressive strength was fy. = 140 MPa, tested on
cylindrical specimens, 70 mm x 140 mm, at 28 days in accordance to
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Table 2
Mean tensile material properties of UHPFRC based on four-point bending tests of
plates.

fuee [MPa] fuw [MPa] vt [%o] Ey. [GPa]
28 days 5.50 11.48 3.38 40.01
90 days 5.55 12.00 3.52 41.09
Average 5.52 11.75 3.46 40.59

SIA 2052 [12].

Both longitudinal rebars and stirrups were of type B500B according
to [37] and [38], with nominal yielding stress fg = 500 MPa, quenched
and self-tempered. The properties of the longitudinal reinforcement bars
were obtained using direct tension test and are presented in Table 3. The
rebars used in Type I beams have higher strength. However, they still
conform to the requirements of B5S00B reinforcement bar class. Due to
large differences in strength values of reinforcement bars, Type I and III
beams are treated separately.

3.3. Test description

In the beginning of each fatigue test, pseudo-static cycles were
imposed under displacement control of the actuator. Before reaching the
maximum force foreseen for fatigue testing Fnqy, gradual loading was
applied. Several unloadings to the minimum testing force F,;;; were
executed from increasing force levels to determine the residual strain
when UHPFRC enters the strain-hardening domain. This procedure also
allows comparing with the reference beam and confirming the same
structural behavior and resistance.

After this initial quasi-static part, the actuator was switched to force-
control mode, and the fatigue test started. Sinusoidal constant amplitude
force was applied with a frequency varying between 3.3 Hz and 4.5 Hz,
depending on the response of the testing rig under the applied loading. It
may be assumed that frequencies below 10 Hz have no influence on the
fatigue resistance of UHPFRC [11,21,39,40]. Testing frequencies higher
than 10 Hz can be detrimental for fatigue resistance [41] due to
increased temperature of the specimen modifying the viscoelastic
behavior and thermal expansion of the cementitious matrix [42]. To
guarantee that no such effect takes place, some of the beams were
instrumented with thermocouples embedded in UHPFRC before casting,
as well as glued on the surface. As no thermal gradient was recorded, it
may be assumed that the testing frequency had no influence on the
results.

Despite the relatively high frequency of fatigue cycles imposed to the
beams, a test could take more than one month. For one of the beams
almost 27 million fatigue cycles were reached, which may be the
longest-lasting fatigue test on an UHPFRC structural element ever re-
ported, with three months of testing duration.

All three types of beams were subjected to two groups of fatigue
loading, with low minimum force (Fp,i; < 0.1S) and high minimum force
(Fmin =~ 0.358S). This range is representative for typical bridge structures.

4. Results

Table 4 presents the results of all fatigue test executed in this study,
fourteen beams in total. The runouts, thus beams which did not fail
under the imposed fatigue loading until end of the test, are marked with

Table 3
Mean tensile material properties of reinforcement bars based on axial tensile
tests.

Beam type fs [MPa] f: [MPa] &y [%]
Type I (¥20 mm) 600 687 9.2
Type II (¢34 mm) 525 624 9.4
Type III (#20 mm) 512 617 9.2
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(R) next to the number of cycles. The stress in the reinforcement bar was
calculated using UHPFRC properties obtained by means of an inverse
analysis of the reference beam, taking into account the loading-
unloading behavior due to strain-hardening as described in [43].

4.1. Global fatigue resistance

Studies by [9,11] have shown that the CAFL of UHPFRC in
compression is equal to 60% of ultimate static resistance. In the present
beams, this magnitude of stress is reached only at the ultimate bending
resistance. Therefore, as expected, all beams failed due to fatigue
damage of UHPFRC in the bottom tensile part of the web and fatigue
rupture of the reinforcement bar. No UHPFRC cracking or matrix spal-
ling was observed in compressed portion of the member.

According to other authors [19,27,44], the fatigue resistance of
UHPFRC depends on the imposed maximum fatigue stress. However, all
their tests were executed in the low minimum force domain. To visualize
the influence of both maximum and minimum load, the modified
Goodman diagram is suitable to present results (Fig. 2). For each fatigue
test the normalized mean cyclic load is marked on the abscissa, and both
maximum and minimum loads are on the ordinate axes. Failures are
marked with an X, runouts with a circle. The fatigue safe region is
delimited with two straight dashed lines enclosing the runout tests and
crossing in point (1,1) standing for the quasi-static ultimate resistance.
Similar approach was used in [45] for reinforcement bars.

The results presented in Fig. 2 show a clear delimitation between
fatigue-failure and fatigue-safe domains. All fatigue tests with failure lie
within the fatigue failure domain. Only Test 10 is a runout which
theoretically should have failed. However, after a slight increase of Fpqy,
the beam (Test 10A) failed after relatively few fatigue cycles. The scatter
of results is rather limited for fatigue tests. This shows that the
assumption of the fatigue safe domain is realistic. Interestingly, Test 14
was subjected to over 26 million fatigue cycles and showed no failure.
After load increase into the fatigue failure domain, Test 14 specimen
failed after 1 million cycles (Test 14A). Importantly, no dependence of
the failure location or fatigue resistance of the beam on the presence of
strain gauge on rebar was identified. Most probably, it is because of the
very good bond between UHPFRC and reinforcement bar [46] and small
size of the gauge.

For the sake of comparison, the validity zone of fatigue design pro-
visions for R-UHPFRC members in [12] is presented as shaded area. The
standard suggests global fatigue verification on the member level with
the CAFL in bending being equal to half of the ultimate static resistance.
This relation is valid up to Fpqx = 0.5S if minimum force is close to zero.

All test results follow the same trend, irrespective of type of rein-
forcement bar, and are consistent thanks to the normalization of the
fatigue stress level with respect to the ultimate static resistance.
Consequently, the presented modified Goodman diagram is applicable
to any kind of R-UHPFRC member.

4.2. Fatigue stress range in the reinforcement bar

According to [19,44] the strain, and therefore stress, in rebars is
growing during the first 0.5 million of cycles. The degree of growth is
dependent on the reinforcement ratio [44]. Therefore, the strain growth
is presented separately for beams with 20 mm and ¢34 mm rebars.
Under the assumptions of a) perfect bond between UHPFRC and rein-
forcement bar [46] and b) UHPFRC bulk material being a continuum
before reaching eyy, the strain increase measured on the surface of
UHPFRC is identical with strain increase in the reinforcement bar.

These assumptions are confirmed by direct strain measurements on
the reinforcement bar using strain gauges. In Fig. 3, the strain ranges
measured for the whole duration of the tests are presented for both
failure and runout tests as well as for high and low minimum force
levels. The strain range is normalized with respect to the values
measured during the 1st cycle (d¢7) to quantify its increase during the
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Table 4
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Summary of fatigue tests; runouts are marked with (R); stress levels (¢) and stress ranges (Ac) refer to the reinforcement bar.

N2 Type N2 of cycles (M) Mupin (S) Mpax (S) o [MPa] Ac [MPa] Stress transfer increase Increased Ac [MPa]
1 I 7.8 (R) 0.06 0.53 140-292 152 1.6 243
2 I 15.1 (R) 0.06 0.53 140-292 152 1.6 243
3 I 0.3 0.33 0.81 298-497 199 1.35 269
4 I 1.1 0.33 0.68 262-390 128 1.35 173
5 I 0.4 0.03 0.53 150-313 163 1.6 261
6 I 8.6 (R) 0.04 0.47 65-223 158 1.3 205
7 I 0.3 0.36 0.79 230-460 230 1.1 253
8 I 6.3 0.04 0.53 62-225 163 1.3 212
9 I 0.9 0.04 0.53 62-225 163 1.3 212
10 I 10.0 (R) 0.36 0.71 233-365 132 1.1 145
10A 1.0 0.36 0.77 245-416 171 1.1 188
11 I 1.8 0.37 0.77 261-416 155 1.1 171
12 111 2.4 0.05 0.56 131-283 152 1.6 243
13 11 0.8 0.33 0.79 285-436 151 1.35 204
14 111 26.0 (R) 0.09 0.53 131-262 131 1.6 210
14A 0.8 0.09 0.59 161-319 158 1.6 253

whole test duration. The number of cycles is normalized with respect to
the total number of cycles. Also, the Young’s modulus of steel rebars is
assumed to remain constant during the fatigue test. The strain range
increases quickly during the first part of the test and remain stable for
most of the time i.e., in the range from 0.1 to 0.9 of normalized cycles’
number. The strain range is fatigue-relevant during this stable part,
therefore should be taken into account during fatigue resistance verifi-
cation of rebars.

The strain range increase measured for beams of Type I (320 mm
rebars) and Type II (¥34 mm) are presented in Fig. 3. For all tests, the
growth measured with extensometers is similar to, or larger than, the
one measured with strain gauges. This may be explained either by a
transverse strain gradient in the beam or by the fact that extensometers
cover a much larger area of the beam while strain gauges are installed
locally. Therefore, not all the regions with increased strain can be
identified using strain gauges. Consequently, the values obtained with
extensometers should be taken as representative for the constant
bending moment zone. The increase of strain range for both failure and
runout tests is similar. For beams with Fp;, < 0.18S, the rise is higher than
for beams on high minimum force levels. This may be due to stress
redistribution and additional microcracking of UHPFRC. For highly

1
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Fig. 2. Modified Goodman diagram showing all fatigue tests results.

stressed beams, this microcracking is already well developed after the
1st loading cycle, and consequently, there is a rather low energy dissi-
pation capacity.

The decrease of strain range measured with one of the extensometers
in Test 4 (Fig. 3b)) is probably due to rapid deterioration of UHPFRC
nearby. This led to local unloading of the material and thus decrease of
strain measured by the neighboring extensometer. Importantly, despite
this weakening observed, this beam survived more than 1 million fatigue
cycles confirming significant redistribution capacity of UHPFRC.

From the above, it can be deduced that the maximum rise of stress
range in the rebar due to fatigue of UHPFRC is equal to:

— 60% (1.6 of strain range in 1st cycle A¢q) for 320 mm bar and 30%
(1.3 Agj) for @334 mm bar for the tests with low minimum fatigue
force level (Fpin < 0.1S), and

— 35% (1.35 Aé¢q) for @20 mm bar and 10% (1.1 Aeqp) for @34 mm bar
for the tests with high minimum fatigue force level (Fyi, ~ 0.35S).

For both rebar diameters, the ratio of strain range increase between
low and high minimum force level tests is the same. This ratio is equal to
1.18 (1.6/1.35=1.3/1.1 = 1.18), thus proportional to F,, irrespective
of beam type.

[44] stated that the increase of stress range in rebars is inversely
proportional to reinforcement ratio of element. In the present study, this
simple rule was not confirmed. The ratio of stress range increase for (20
mm and @34 mm rebar is 23% (1.6/1.3 = 1.35/1.1 = 1.23) while the
proportion of the two reinforcement ratios is 43% (1.0%/2.3%=0.43),
and 1/0.43 = 2.33. Therefore, the present test results do not allow to
define a relationship between reinforcement ratio and increase in stress
range in rebar.

The obtained factors were used to calculate the acting stress range in
the rebar, based on the stress range in the first cycle obtained with the
inverse analysis method, as given in Table 1. The stress ranges in rebars
calculated in this way are presented in Fig. 4 on the S-N curves for
Quenched and Self-Tempered (QST) rebars provided by [47]. Tests that
do not follow closely the results from the previous study are presented
with their respective test numbers.

Fig. 4 reveals that all tests which do not comply with results pre-
sented by [47] ended with premature failure. If the fatigue verification
of these beams had been performed only regarding stress range in re-
bars, unexpected structural failures would occur. This demonstrates
importance of two-level fatigue verification including the global fatigue
resistance check with the modified Goodman diagram.

Test 8 with fatigue failure, should have been a run-out test according
to the S-N curves for rebars. This beam failed after more than 6 million
cycles, while the runout limit adopted for rebar diameter larger than 20
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Fig. 3. Normalized strain range variation during the fatigue test: a) Type I
beams, F;;; < 0.1S (Tests 1, 2 and 5); b) Type I, Fpin =~ 0.35S (3,4); ¢) Type II,
Fpin < 0.1S (6,9); d) Type II, Fpin =~ 0.35S (10,11).

mm was 5 million cycles. Thus, this test would have been classified as a
runout.

Test 9 failed much earlier (0.9 M) under same loading indicating that
the scatter in R-UHPFRC beams could be higher than for rebars tested
alone. This may be explained by stress localization resulting from non-
uniform microcracking or localized fatigue damage of the UHPFRC.
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Test 5 is the only test with low minimum fatigue stress level that
failed earlier than expected when considering the stress range in the
rebar. The applied loading range was AM = 0.5S, therefore it would
comply with the fatigue provision in [12], while it is just outside the no
failure criterion using the proposed modified Goodman diagram (Fig. 2).
This shows again that both maximum and minimum fatigue load levels
need to be considered in fatigue design provisions.

All tests with high minimum fatigue load level failed earlier than
expected when considering the stress range in the rebar. The stress
transfer from the UHPFRC to the rebar is taken into account using the
previously determined increment factors. Therefore, the obtained re-
sults suggest that the fatigue resistance of contemporary quenched and
self-tempered reinforcement bars is dependent not only on the stress
range, but also on the minimum stress, similarly to hot-rolled bars
[45,48,49].

4.3. Discussion of Test 10

As mentioned previously, Test 10 should have failed according to the
modified Goodman diagram given in Fig. 2. That is why it needs to be
discussed together with Test 10A and 11 for comparison. Test 11 was
subjected to a similar fatigue stress level comparing to Test 10. The
beams were casted together and can thus be considered as identical.

The calculated stress profiles in the UHPFRC under maximum and
minimum fatigue load in the first cycle are presented in Fig. 5. The stress
values were calculated using the material properties obtained from in-
verse analysis of the reference beam as described in [43]. However, the
increase of stress range in the reinforcement bar discussed previously is
not taken into account.

At first sight, the stress profiles of all three beams seem to be similar.
Importantly, the level below which UHPFRC enters strain softening, i.e.
the height at which tensile stress equal to fyy, is reached, is different. In
Tests 10A and 11, it lies above the rebar axis, while in Test 10 it is below.
As the UHPFRC cover is thin (@/2), it can be assumed that the UHPFRC
of the very bottom part of the beam is not fully contributing to the global
response. Furthermore, the alignment of fibers in this region, due to the
small spacing between rebar and formwork, probably leads to locally
increased fyy, [50]. Hence, UHPFRC stress in this region is below the
tensile strength, contrary to results obtained for the whole beam by in-
verse analysis. This local variation of stress transfer capacity and tensile
strength of UHPFRC may be the reason why no fatigue damage initiated
and propagated. This is why Test 10 lies just in the failure domain of the
modified Goodman diagram, but did not fail. To grasp local variation of
tensile resistance, an inverse analysis with stratification or randomiza-
tion of material properties could be performed [51]

5. Conclusions

This paper presents the results of an experimental campaign on the
fatigue resistance of fourteen full-size R-UHPFRC beams tested in four-
point bending under both low and high minimum fatigue load levels.
The following conclusions are drawn:

— The fatigue resistance of R-UHPFRC beams depends on both the
minimum and maximum fatigue load level. The proposed modified
Goodman diagram accordingly describes the fatigue resistance.

— Significant stress redistribution capacity takes place in the UHPFRC
during fatigue loading influencing the stress range and thus the fa-
tigue strength of steel reinforcement bars. The fatigue stress range in
the rebar increases by 30% for ¥#34 mm rebars and by 60% for #20
mm rebars, in the case of low minimum fatigue load (Fii, < 0.1S). In
the case of high minimum fatigue load (F;,; ~ 0.35S), the corre-
sponding stress increase is 10% for ¥#34 mm rebars and 35% for (20
mm rebars. Thus, stress redistribution in the UHPFRC is less pro-
nounced at higher stress level.
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Fig. 5. Stress profile over the beam height in the UHPFRC for Tests 10, 10A and
11. The dashed line marks the position of the rebar.

— The fatigue resistance of R-UHPFRC beams shall be verified both 1)
globally with respect to beam fatigue resistance using the modified
Goodman diagram, and 2) locally with respect to the fatigue stress in
the reinforcement bar considering stress increase due to UHPFRC —
rebar interrelation.

No fatigue failure occurs if 1) the normalized maximum and mini-
mum loads lie within the safe region of the modified Goodman dia-
gram; and 2) the stress range in the steel reinforcement bar, with
increase due to stress redistribution taken into account, is below the
Constant Amplitude Fatigue Limit of the given rebar.
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