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Abstract The fatigue behavior of a reinforced

UHPFRC (Ultra High Performance Fiber Reinforced

Cementitious composite) T-shaped beam under four-

point bending is investigated. The beam was subjected

to a fatigue loading range equal to 49% of the static

resistance and failed after 0.88 million cycles. It was

instrumented with extensometers, strain gauges and

distributed fiber optic sensors for strain monitoring.

The fatigue process consists of three stages: with

rapid, stable and again rapid growth of strains during

10%, 80% and 10% of total number of fatigue cycles,

respectively. Except of the first 10%, this process takes

place locally; therefore, it cannot be followed with the

deflection measurement. During the stable stage,

growth of strain occurs at minimum loading level in

the fatigue cycle, indicating a fatigue damage process

under tensile-compressive response of UHPFRC.

Advanced fatigue crack propagation in the reinforce-

ment bar determines the location of rupture of the

beam. When the remaining cross-section of the rebar

does not suffice to carry the tensile load, stress is

transmitted to the encompassing UHPFRC causing its

fast deterioration. Complete rupture of the rebar

occurs only at the end of the test, when the beam

collapses.

Keywords UHPFRC � Fatigue � Testing �
Cementitious composite � Distributed Fiber Optics

Sensing

1 Introduction

Novel building materials with high strength allow for

design of more slender structures. Consequently, the

ratio of external load, e.g. due to traffic, to dead loads,

e.g. self-weight, is much higher than in the case of

massive structures. Because of that, the fatigue

resistance becomes of importance. One of such novel

materials is the Ultra High Performance Fiber Rein-

forced Cementitious composite (UHPFRC) compris-

ing cementitious matrix with small constituents

(\ 1 mm) and high amount of short fibers ([ 3%

vol.), usually made of steel [1]. It is often used with

longitudinal reinforcement bars in the direction of

highest internal forces, forming reinforced UHPFRC

(R-UHPFRC).
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Laboratory of Maintenance and Safety of Structures,

Structural Engineering Institute, Swiss Federal Institute of

Technology (EPFL), Lausanne, Switzerland

e-mail: bartek.sawicki@epfl.ch

A. Bassil

COSYS-SII, I4S Team (Inria), Univ Gustave Eiffel,

IFSTTAR, 44344 Bouguenais, France

A. Bassil

Quadric, Artelia Group, 14 Porte de Grand Lyon,

01700 Neyron, France

Materials and Structures (2021) 54:158

https://doi.org/10.1617/s11527-021-01745-3(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0002-5632-3461
http://orcid.org/0000-0003-2321-010X
http://orcid.org/0000-0002-2702-0103
http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-021-01745-3&amp;domain=pdf
https://doi.org/10.1617/s11527-021-01745-3


So far, few fatigue tests on R-UHPFRC elements

have been reported. A test on a one-meter-long section

of pedestrian bridge with GFRP rebars was executed

by Parsekian et al. [2], with deflection measurement.

Under load cycle ranges reaching up to 55% of static

resistance, the structural stiffness degraded rapidly in

the beginning and slower towards the end of the test,

with stabilization at around 2/3 of the original value.

After three million cycles no failure occurred. Makita

and Brühwiler [3] performed direct tensile tests on

R-UHPFRC plates with three longitudinal rebars. The

specimens were instrumented with extensometers.

Under a stress range similar to the present study, the

deformation was growing only in the beginning of the

test, up to 500,000 cycles, remaining later almost

constant until rebar failure. This finding was explained

by stress transfer from UHPFRC to the reinforcement

bar as the former loses stiffness due to the fatigue

process. The decrease of local deformation range was

observed for critical cross-section until failure of the

rebar; however, it was not discussed in detail. The

variation of deformation range along the specimen

was attributed to scatter of bulk properties of

UHPFRC in the specimen. Moreover, they reported

about spalling of the cementitious matrix during the

fatigue process. The same authors [4] tested also

reinforced concrete slab-like elements strengthened

with R-UHPFRC layer. Similarly, variation of defor-

mation was observed, with highest deformation range

in the section where the critical crack occurred. They

inferred that strain and stress in rebars grew gradually

leading to failure and determining the fatigue resis-

tance of the structural element. However, the strain

range in reinforcement bars was not directly measured.

For the sake of simplicity in design and modelling,

the UHPFRC material is assumed to behave like a

continuum up to the tensile strength fUtu—when the

localized fictitious crack is formed. It is called

fictitious contrary to a real crack which cannot transfer

the stress [5]. However, after reaching the elastic limit

stress fUte, distributed matrix discontinuities, i.e.

microcracks, appear. Observation of their opening

may give important information on the fatigue

process. Parsekian et al. [2] observed the largest

microcrack opening amplitude. No change occurred

under fatigue load range of 36% of static resistance,

while rapid increase was observed under range equal

to 55% of resistance. For the sake of comparison with

the current research, a test on reinforced ECC

(Engineering Cementitious Composite) with PVA

fibers is analyzed [6]. The structure of the matrix

and microcracking behavior of this class of materials

is similar to UHPFRC [7]. The distributed microcracks

formed at early stage and their depth across the beam

stabilized after few thousand cycles. Slow and

constant growth of their opening continued throughout

the test. The tensile strain in reinforcement bars and

global deflection were almost constant, and the rupture

of rebars marked the failure of the beam.

Although Distributed Fiber Optic sensors (DFOs)

were used for in-situ monitoring [8], measurement of

strain in reinforcement [9, 10] and discontinuities

detection [9, 11] in R-UHPFRC elements, they were

never applied in fatigue experimental testing of

UHPFRC. However, DFOs proved their usefulness

for fatigue monitoring of strain [12] and crack opening

[13] in reinforced concrete. They allow for detection

and measurement of microcrack opening in UHPFRC

as well [14].

This paper discusses a fatigue test on a single

R-UHPFRC beam, with strain measurement using

extensometers (EXT), strain gauges (SG) and DFOs

installed on reinforcement bars and UHPFRC. Special

consideration is given to the cooperation of reinforce-

ment and UHPFRC under tensile stress due to

bending. Microcrack propagation and critical crack

location are discussed. Finally, possible fatigue mech-

anism of UHPFRC in the structural member is

presented.

As only one test is discussed, no conclusion on

constant amplitude fatigue strength can be drawn. The

paper does not discuss fatigue damage rate depen-

dence on loading levels because of the same reason. It

is assumed that the overall mechanism remains the

same under all fatigue loading levels that lead to

fatigue damage accumulation.

2 Materials and methods

The full-scale R-UHPFRC T-shaped beam was tested

under four-point bending (Fig. 1). The beam was

reinforced with one Ø34 mm steel reinforcement bar

of class B500B according to Swiss and European

standards [15, 16], anchored with 90� hooks over

supports and with UHPFRC cover cnom = 17 mm,

thus Ø/2, which is sufficiently thick from the mechan-

ical point of view [17]. Considerably large diameter of
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reinforcement bar was chosen to facilitate installation

of DFOs without a groove, which could lead to

accumulation of stress and influence the fatigue

performance of rebar. A steel I-beam of high rigidity

distributed the load applied with a single hydraulic

actuator. The load application points were placed at

100 mm from mid-span of the tested beam, symmet-

rically. A hinge and a force transducer were located

between the actuator and the distribution beam.

The beam was casted with commercially available

premix Holcim710� with 3.8% vol. 13 mm straight

steel fibers of aspect ratio 65. The following properties

were obtained from material testing according to

Swiss standard [18]: elastic limit stress fUte-

= 5.5 MPa, tensile strength fUtu = 11.8 MPa, modu-

lus of elasticity EUt = 40.6 GPa, hardening strain at

tensile strength eUtu = 3.5% and compressive strength

fUc = 140 MPa. The beam for fatigue testing was

casted together with an identical reference beam to

obtain the resistance under quasi-static loading.

The fatigue test was preceded with quasi-static

displacement-controlled pre-loading. The load was

gradually increased with loading–unloading cycles

until the target constant fatigue force range was

obtained, with Fmin = 20 kN and Fmax = 250 kN.

They represent respectively 4% and 53% of the static

resistance (S) of the reference beam. Then, the system

was switched to the force-controlled mode and the

fatigue test started, with a frequency of 4.2 Hz. To

conduct measurements with fiber optics, the test was

stopped periodically and a slow fatigue cycle

(0.025 Hz) was executed. The DFOs measurements

were performed during the 1st and 2nd cycles, then

around every 103 cycles until 104 cycles (10 measure-

ments), every 104 cycles until 105 cycles (10 mea-

surements), every 5 9 104 cycles until 7 9 105 and

finally every 1 9 105 cycles until failure. The test

lasted for 8.76 9 105 cycles until failure of the beam.

The beam was instrumented with strain gauges,

extensometers and fiber optics (FO) for distributed

sensing (Fig. 1) Furthermore, the vertical displace-

ment was measured with LVDTs (Linear Variable

Differential Transformers) over supports and at mid-

span to obtain the absolute deflection of the beam.

The foil strain gauges were glued at the top of the

reinforcement bar before casting, at mid-span and

symmetrically 200 mm from mid-span. The exten-

someters with measurement base of 100 mm were

Fig. 1 Instrumentation of the beam with location of the critical crack; DFOs types: PS Polyimide coating fiber on surface, PR
Polyimide coating fiber on reinforcement bar, T Thorlabs fiber, SL SensoLux fiber
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glued to the surface of the beam according to Fig. 1c).

Three types of DFOs were used in this research. The

Luna� High-Definition Polyimide coating fiber of

diameter Ø155 lm was glued to the flat surface of

longitudinal rib from both sides of rebar before

casting. Same type of fiber, as well as the SMF-28

Thorlabs� Ø900 lm fiber with elastomer tubing, were

glued to the surface of UHPFRC in a previously

prepared groove, as described in detail in [14]. The

SensoLux cable Ø2000 lm was directly embedded in

UHPFRC during casting. This fiber was chosen for its

mechanical resistance and was placed next to the

reinforcement bar. Detailed information on all types of

fibers can be found in [19].

The DFOs can be used for detection and measure-

ment of discontinuities in the cementitious matrix, i.e.

microcracks. The detection is based on observation of

a strain peak signatures measured at the level of the

optical fiber. Part of the optical cable which spans the

discontinuity is stretched. However, due to a strain lag

between the optical fiber core and its surrounding

layers, measured strains form an exponential peak

over a certain fiber length. The width of the peak

depends on the structure of the fiber optics cable and

glue. It is quantified with the strain lag parameter k
[m-1] determining the capacity of the fiber to measure

microcracks at a certain range of crack openings [19].

The opening of discontinuity, traditionally called

Crack Opening Displacement (COD), is measured by

fitting the model to exponential peaks. The mechanical

strain transfer equation between the UHPFRC and the

core of fiber is used:

ef ðzÞ ¼
X21

i¼1

CODi

2
ke�k z�zij j þ emðzÞ

where CODi is the opening displacement of each

discontinuity i, parameter k is the fitted strain-lag

parameter, zi corresponds to the position of each

apparent strain peak, ef is the apparent strain measured

with DFOs, and em is the strain of host material. In this

work, em was obtained using strain gauge measure-

ments. The exponential equation is fitted to the most

important apparent strain peaks using least square

method. In this work, 21 microcracks were observed.

This measurement method was developed and

described in detail in [19] and demonstrated for

UHPFRC in [14]. For the sake of brevity, the

theoretical background is not presented here.

3 Deflection and strain evolution

Figure 2 presents the beam deflection (Dd) and strain

(De) ranges recorded with extensometers and strain

gauges during the entire fatigue test. The strain range

measured with strain gauges is smaller than the one

measured with extensometers. This comes from the

fact that strain gauges were installed at the top of the

rebar while extensometers were located at level of axis

of the rebar, thus 17 mm lower and is discussed later in

this paper. The drops of values measured by all sensors

indicate moments when the test was stopped to

perform slow cycles and FO measurements.

In the first 1% of test duration, a rapid rise of strains

and deflection ranges occurs. The simultaneous rise of

values recorded by all sensors indicate that a phe-

nomenon takes place along the whole length of beam,

which can be associated with distributed microcrack-

ing. Before 10% of test duration is reached, strain and

deflection ranges stabilize marking the end of stage I.

It can be determined through observation of deriva-

tions of the recorded curves reaching zero. At 90% of

test duration, a gradual rise of strain range, as well as

of its derivation, in EXT2 and simultaneous fall in the

neighboring EXT1 are observed, indicating the begin-

ning of stage III. This is caused by the perturbation due

to fatigue damage in that region, and possibly

localized fictitious crack initiation within range of

EXT2.

Figure 3 shows magnification of the last 10% of the

fatigue test, and Fig. 4 derivatives of strain and

deflection measurements during this period. At 95%,

the fatigue process in the region of EXT1 and EXT2

accelerates. During the last percent of the test, strain

range in SG1 starts to increase indicating stress

transfer between UHPFRC and rebar, and possibly

an onset of crack propagation in the reinforcement bar.

In the last 2% of test duration, the strain range of SG1

starts to increase rapidly as well as strain range of

EXT1. This indicates the formation of a localized

fictitious crack in UHPFRC due to interaction with the

rebar. At this point, the global deflection range starts to

increase as well. SG2 and SG3 show a decrease of

strains while EXT1 to EXT3 reveal continuous rise of

strain values. This could indicate a change of the static

system due to fictitious crack propagation. However,

EXT4 remains within its range of strains, showing that

no global modification of stress-field occurred.
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Therefore, the rise of strain in UHPFRC and reduction

in the rebar most probably indicate unloading of the

rebar.

At this moment, the fatigue crack in the rebar has

well propagated, and part of the force previously

carried by the rebar is transmitted to the surrounding

UHPFRC. According to tests by Oesterlee [20], the

peak bond stress of B500B rebar and UHPFRC is

s = 44 MPa, for a mix containing 3% volume of

fibers, with fUc = 198.3 MPa and fUtu = 10.8 MPa.

Fig. 2 Strain and deflection ranges during the whole duration of the fatigue test

Fig. 3 Strain and deflection ranges during the last 10% of fatigue test
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The peak bond stress is slightly rising with increasing

fiber content. Tests were done with Ø8 mm rebars

using a specimen cross section of 50 mm 9 50 mm,

thus cnom = 2.6Ø. As shown by Yuan and Graybeal

[21], s decreases with decrease of cover and increase

of rebar diameter. For UHPFRC with 2% vol. of fibers

and compressive strength after 14 days fUc-

= 145 MPa, the average maximum bond strength

was 23 MPa and 20 MPa for rebars Ø16 mm and

Ø22 mm respectively, with cnom = 2.0Ø. However,

for the mix with 2% vol. of fibers, fUtu = 11.5 MPa and

fUc = 201.8 MPa, with cnom = 1Ø, s = 73.25 MPa

and 71.01 MPa for Ø13 mm and Ø16 mm rebars

respectively were obtained [22]. Lagier et al. [23]

obtained s = 10.5 MPa for rebar Ø = 25 mm, mix

with 4% vol. of fibers, fUc = 110 MPa and fUtu-

= 12 MPa for splice joints with cover cnom = Ø/2.

Importantly, they tested direct rebar contact splices

where the area of rebar surrounded by UHPFRC is

reduced; this was not taken into account in the

calculation of bond stress.

With SG1 emax = 1200 le at Fmax, the stress in

rebar is rmax = 246 MPa with Es = 205 GPa. As the

fatigue crack in the reinforcement bar is located in the

middle of EXT1, the length of the zone affected by the

discussed phenomenon is around 150 mm, barely

reaching EXT3. Assuming complete loss of bearing

capacity of reinforcement in the last stage, calculated

average bond stress to transfer the total force carried

by rebar to UHPFRC at this segment is s = 14.0 MPa.

Taking into account small cover, large rebar diameter,

and small slip of reinforcement, thus not full activation

of the bond strength, the obtained value seems

plausible [10]. Therefore, it can be deduced that 2%,

i.e. around 1700 cycles, before the end of test the

reinforcement bar carries almost no force since the

fatigue crack has largely propagated. The stress is

therefore transmitted to UHPFRC causing its fast

deterioration around the crack, localizing the failure

section and leading to the collapse of the beam.

Importantly, the reinforcement bar ruptures com-

pletely only at the very end of the test, which is

confirmed by a loud noise. This is in accordance with

observations of Makita and Brühwiler [3]. The middle

part of the beam after failure is presented in Fig. 5.

The critical crack is not linear as it follows the lowest

energy path governed by fiber’s content and orienta-

tion [17].

Figure 6 shows maximum and minimum strain in

each cycle measured by four extensometers during the

last 10% of the test. Slight rise of strains of EXT2 at

both Fmax and Fmin, as well as decrease of strain of

Fig. 4 Derivatives of strain and deflection ranges during the last 10% of fatigue test
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Fig. 5 Mid-span of the beam after failure with critical crack; visible metallic bases of extensometers and gray horizontal line where the

DFOs is glued

Fig. 6 Minimum and maximum strain in a cycle measured by extensometers during the last 10% of fatigue test
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EXT1 under Fmax, in the last 5% of the test confirm the

previous observations of fatigue damage accumulation

in UHPFRC and thus loss of stiffness. During the last

2% of test duration, both maximum and minimum

strains at EXT1 and EXT2 rise as the stress is

transmitted from the rebar to the UHPFRC. The quick

pace of this stress transfer indicates a high rate of

fatigue crack propagation in the rebar. This is in

agreement with observations of Rocha et al. [24].

Thus, the onset phase of fatigue damage of reinforce-

ment bar takes the majority of test duration. However,

once the fatigue crack is initiated, it propagates

quickly up to rupture.

Figure 7 shows the strain profiles at Fmax as

obtained by interpolation of extensometer measure-

ments along the height of the beam (see Fig. 1) until

90% of test. Slight increase, of almost 20%, of strain

values in the tensile zone can be noticed. Overall, the

strain distribution remains stable in test stages I and II.

The strain profile at Fmin, presented in Fig. 8, shows

much more variation. Cycle 0 indicates the moment

when 20kN force is reached for the first time. At the

end of cycle 1, when Fmin is attained again, the strains

are much higher. This is an effect of the part of

UHPFRC entering into strain-hardening under Fmax.

This loading–unloading behavior is discussed in detail

in [25]. After cycle 2, strains are further increasing

along the whole cross-section, keeping the slope

(curvature) constant. Towards the end of the test,

gradual gain of strain can be noticed, with rise of the

neutral axis position. Seemingly, the response of the

beam under Fmin is a much better indicator of the

fatigue process than Fmax, which is discussed later.

4 Strain distribution in the beam

The strain measured with distributed fiber optics

sensors, strain gauges and extensometers while reach-

ing Fmin = 20 kN for the first time is presented in

Fig. 9. No peaks of strain are present in DFOs results

as the cementitious matrix remains homogeneous and

UHPFRC is in the elastic regime. EXT1 and EXT4

show lower strain than EXT2 and EXT3, since they lie

outside of the constant bending moment zone. Strain

gauges show lower strain than DFOs on rebars as they

are positioned 17 mm higher, thus closer to the neutral

beam axis.

Fig. 7 Strain slopes in constant bending moment zone of the beam during fatigue test under Fmax
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Fig. 8 Strain slopes in constant bending moment zone of the beam during fatigue test under Fmin

Fig. 9 Spatial strain distribution in the beam, 1st time at force 20kN; constant bending moment zone marked with vertical dashed lines;

acronyms as in Fig. 1; 200 le line for comparison
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Still in the first loading cycle, and under force of 45

kN, UHPFRC enters into the strain-hardening domain

where distributed microcracks are formed (Fig. 10).

They are detected by regular strain peaks of external

polyimide fiber measurements, with average spacing

of 17 mm. Few microcracks grow at higher rate and

are visible along the T2 fiber line as well. They start

propagating from the surface of the beam as the

polyimide fiber lines PR1and PR2, as well as

SensoLux (SL) cable keep measuring uniform strains.

It is important to mention that the SensoLux cable is

the least sensitive to microcracks among the chosen

FO cables, as it is characterized by low value of the

strain lag parameter k [19]. The variation of strain

measured with extensometers provoked by microc-

racking is clearly visible and in accordance with [14]

as well as with [11, 26, 27]. While EXT1, 2 and 4 show

good agreement with T2 fiber measurements, EXT3

shows higher strain. This extensive microcracking

occurs on the surface, as it is not visible with Thorlabs

fibers located on the other side of the beam.

When maximum force Fmax = 250 kN is reached

for the first time, multiple microcracks are clearly

visible (Fig. 11, left). The most advanced one is

located around position -50 mm, visible with T2, SL

and PR1 lines. It is however not visible with PR2 fiber

and EXT2 on the other side of the beam (Fig. 1). This

microcrack can be the reason behind fatigue damage

accumulation within the range of EXT2 later on, as

discussed previously. EXT3 keeps showing higher

strain than the others. Since this microcracking front is

not visible by any other sensor, it can be deduced that it

does not reach the reinforcement bar and thus remains

at the surface. Another large front is visible with

Thorlabs fiber at 300 mm, but only slight increase of

strain on one side of rebar can be noticed. As far as

SG1 fiber glued to reinforcement measure similar

strain, SG2 and SG3 are 20% lower. Strain distribution

in the reinforcement bar presents clear trapezoidal

shape due to four-point bending. The strain distribu-

tion at Fmax during the 2nd cycle is not different from

the one during the 1st cycle (Fig. 11).

The last DFO measurement was taken after 8 9 105

cycles, thus at 91% of the test. The overall rise in strain

at Fmax is around 20% compared to the first cycle

(Fig. 11). There is no distinct strain peak in the

Fig. 10 Spatial strain distribution in the beam at force 45 kN; constant bending moment zone marked with dashed line; 200 le line for

comparison
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reinforcement bar, which indicates no advanced

fracture process and continuity of reinforcement bars

can be assumed at this stage.

At the end of the first full cycle, with Fmin = 20 kN

(Fig. 12, left), the attained strains are much higher

than during the first loading to this force (Fig. 9). This

is due to the fact that UHPFRC which entered the

strain-hardening domain does not come back to its

original state after unloading, and residual strain

remains [25]. As the microcracks close, the apparent

strain peaks of Polyimide surface fiber remain in the

same positions as under Fmax (Fig. 11), but are much

narrower and isolated. The peaks shown by the

Thorlabs fiber keep similar width, with smaller

apparent strain value. All the sensors, except of

EXT3, show good agreement. The trapezoidal shape

of the reinforcement strain profile is not evident

anymore. This is due to the progressive modification

of cross-section towards the constant-bending moment

zone, as the zone of UHPFRC which entered previ-

ously into strain-hardening, grows. The closer to the

midspan, the more the effect of strain rise at unloading

is pronounced, producing the concave shape of strain

plot (Fig. 13).

At the end of the 2nd cycle, further rise of strain

values and convexity can be noticed. Strain in average

is now about 66% higher than after the first cycle and

275% higher than at the first loading to Fmin. The

reinforcement strain peaks are much more evident at

position - 300 mm, - 50 mm and 300 mm. The

strain peaks are much better visible than after the 1st

cycle, indicating that microcracks do not close com-

pletely after unloading.

During unloading of the beam in the last DFO

measured cycle, further increase of strain values

(Fig. 12) and concavity of strain profile (Fig. 13) are

noticed. However, the difference between 8 9 105

cycle and 2nd cycle is not as pronounced as between

2nd and 1st cycle. The strains in the constant bending

moment zone measured with Polyimide fiber on the

rebar, SensoLux fiber and strain gauges are around

50% higher compared to the 2nd cycle, 150% higher

than after the 1st cycle and 460% compared to the 1st

loading. Interestingly, the rise of strain is much less

pronounced on the surface, where this rise is only

about 20% compared to the 2nd cycle. Importantly,

although the relative increase of strain at Fmin is much

more important than at Fmax, the absolute values

remain similar for the two loads. Therefore, the strain

Fig. 11 Spatial strain distribution in the beam at force 250 kN (Fmax) for 1st, 2nd and 800,000th cycle; constant bending moment zone

marked with dashed lines
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range during the fatigue stage II remains almost

constant (Fig. 2).

The last DFO measurement was taken after 91% of

test duration, thus before rapid strain range evolution

and fatigue stage III started. Therefore, it cannot be of

help in analyzing this last, dynamic part of the process.

5 Matrix discontinuities opening displacement

The Thorlabs fiber was used for measurement of

microcrack opening (COD), similarly to [14]. Fig-

ure 14 presents the COD evolution during the fatigue

test under both Fmax and Fmin. The microcracks are

formed in the very beginning, and their number remain

constant during the whole test. The COD under Fmax

reaches its maximum at around 500,000 cycles and is

slightly reduced later, which supports observations of

Makita and Brühwiler [3] regarding strain stabiliza-

tion. The COD under Fmin grows continuously

throughout the test. Until the last measurement (91%

of test duration) all the discontinuities remain in the

microcracking domain (\ 50 lm). This small evolu-

tion is the reason why the fatigue progress cannot be

discerned through observation of microcrack propa-

gation. At the same time, and considering that the

maximum strain under Fmax remains below 1500 le
with uniformly distributed microcracking as observed

using DFOs, it can be deduced [28, 29] that UHPFRC

under fatigue keeps its watertight performance at least

for 90% of mechanical fatigue duration, i.e. strain

remains smaller than 1.5%. Importantly, even though

Fig. 12 Spatial strain distribution in the beam at force 20 kN (Fmin) for 1st, 2nd and 800,000th cycle, constant bending moment zone

marked with dashed line

Fig. 13 Outline of strain distribution in the reinforcement bar

during fatigue test
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the openings of these matrix discontinuities vary, their

distribution along the beam is uniform.

6 Description of a likely fatigue damage

mechanism

Due to loading–unloading cycles, part of the cross-

section of the R-UHPFRC beam enters the strain-

hardening phase at Fmax, which leads to some plastic

deformation. While unloaded to Fmin the residual

deformation is maintained, and compressive stress is

activated in this zone [25]. Figure 8 reveals slight

decrease of negative strain in the top flange of the

beam during the test, with continuous growth of tensile

strain in the bottom portion of web and rebar under

Fmin. Consequently, assuming linear elastic steel

behavior and no reduction of reinforcement area,

higher compressive stress has to be activated in the

bottom part of the beam to fulfill the balance of forces

in the cross section. One may suspect that this strain

increase in the rebar could also be produced by a

decrease of tensile bearing capacity in the UHPFRC.

However, this would also affect stress distribution at

Fmax, when the tensile contribution of UHPFRC is

even more important. As presented in Fig. 7, this is not

the case and the strain profile at maximum force

remains approximately constant.

The increase of compressive stress in the bottom-

most part of the beam may be due to spalled particles

of the matrix. These specks interlock inside microc-

racks when they open up atFmax and do not allow them

to close completely at Fmin. Spalling and pulverization

of matrix due to pull-out of non-axially aligned fibers

during tensile fatigue tests were observed by Makita

and Brühwiler [26], similarly as shown in Fig. 15. The

gradual increase in microcrack opening after unload-

ing is observed in Fig. 14, supporting this hypothesis

regarding the effect of spalled particles on the

deformational beam behavior at Fmin.

As mentioned previously, at 90% of test duration,

lower strain increase (of 20%) is recorded with

external extensometers, compared to the 2nd fatigue

cycle, than with internal DFOs (50%), thus SensoLux

and Polyimide on the rebar. This indicates increasing

transversal strain gradient in the beam, which again

can be attributed to the accumulation of pulverized

matrix particles in the microcracks. On the surface, the

Fig. 14 COD of microcracks along the beam length during the fatigue test
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particles can be evacuated under Fmax when the

microcracks are opened. Indeed, during the whole test,

there were flecks of cementitious matrix accumulating

under the beam as visible in Fig. 5. However, powder

particles entrapped inside the element cannot evacuate

and the transversal strain gradient occurs. This is also

confirmed by the smooth fatigue fracture surface of

UHPFRC, as shown in Fig. 15, mostly occurring in the

middle of the web. There, the fibers are bent due to

fretting as already described by Makita and Brühwiler

[26].

Typical smooth surface of steel reinforcement bar

due to the propagating fatigue crack is visible in

Fig. 15 as well. Small rough fracture area (around

15% of original rebar surface) indicates that rein-

forcement carries only little force at the moment of

rupture. Assuming a rebar tensile strength fu-

= 624 MPa as obtained from material testing, only

30% of the force carried in the first cycles (with

rmax = 246 MPa) can be transmitted by this reduced

cross-section. This confirms the previously discussed

stress transfer to UHPFRC during the last 2% of test

duration.

7 Conclusions

This paper discusses in detail the fatigue test on a

reinforced UHPFRC beam. The T-shaped member

was loaded in four-point bending, with a fatigue force

range equal to 49% of static flexural beam resistance

and resisting 0.88 million cycles before fracture. The

beam was instrumented with external extensometers,

strain gauges on rebar and distributed fiber optic

sensors glued to rebars, embedded inside and mounted

on the surface of UHPFRC. Analysis of test results

allow to draw the following conclusions:

• The fatigue deformation behavior of R-UHPFRC

beam shows three stages: Stage I (0–10% of total

number of fatigue cycles) with rapid increase of

strains; Stage II (10–90%) with stable behavior

showing only little increase in strain, and Stage III

(90–100%) with rapid increase of strain leading to

fatigue failure.

• Fatigue failure of R-UHPFRC member is deter-

mined by the fatigue fracture of the steel rein-

forcement bar.

• Strain increase during Stages I and II is more

important at minimum (Fmin) rather than maxi-

mum (Fmax) force in the fatigue cycle. This

indicates that the fatigue damage of UHPFRC

occurs under tensile-compressive stress reversal,

possibly due to accumulation of pulverized,

spalled particles of the cementitious matrix in

microcracks.

• Fatigue damage occurs locally. During Stage III,

local fatigue damage is visible in the strain range

increase in the given section, but the reduction of

stiffness is too small to influence the global

member behavior, i.e. deflection.

• The fatigue damage process in UHPFRC and rebar

does not necessarily take place in the same cross-

section, but nearby i.e. in the range of around

100 mm. However, the advanced fatigue crack

propagation causes loss of bearing capacity of the

rebar just prior to failure, overloading locally

UHPFRC, which leads to localizing the final

rupture in the same cross-section. This process

Fig. 15 Fatigue fracture surface of the bottom part of the beam
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takes place during sub-stage IIIa in the last 2% of

test duration.

• The deflection range increases only in the last

Stage IIIa, when the reinforcement bar can no

longer transmit the tensile force.

• Beyond Stage I, no new matrix discontinuities

appear. During Stage II, the maximum opening of

matrix discontinuities remains stable, while the

minimum opening constantly increases. These

openings remain below 50 lm, therefore continu-

ity of UHPFRC can be assumed.
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1. Brühwiler E (2016) ‘‘Structural UHPFRC’’: welcome to the

post-concrete era. In: International interactive symposium

on ultra-high performance concrete, Iowa State University

Digital Press, Des Moines, Iowa, USA

2. Parsekian GA, Shrive NG, Brown TG et al (2008) Static and

fatigue tests on Ductal� UHPFRC footbridge sections. SP

253:273–290
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