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Abstract

In order to avoid heavy interventions for strengihg of bridge deck slabs, the potential
of Ultra High Performance Fibre Reinforced Conceith reinforcing bars (= R-UHPFRC),
shall be exploited. By adding a thin (30 to 50 nmayer of R-UHPFRC on top of the deck
slab, the fatigue resistance and load carryingagpmay be restored and increased to meet
safety and utilisation requirements.

This paper presents results of fatigue tests ®détermination of the fatigue behaviour of
slab-like beams in composite construction (madeRIHPFRC and reinforced concrete
(RC)). The experimental results show a high fatigesstance of composite R-UHPFRC —
RC member indicating a significant potential fotigae strengthening of RC bridge deck
slabs with R-UHPFRC. For the application, rules @educed for the structural design of the
R- UHPFRC layer and the corresponding fatigue gafetification.

Finally, an application of this novel technology hsefly described demonstrating that
strengthening of bridge deck slabs using R-UHPFR&relatively gentle intervention.

Résumeé

Afin d’éviter des interventions lourdes pour rewfar des dalles de roulement de ponts, le
potentiel des bétons fibrés ultra-performants camapb des barres d’armatures (appelé BFUP
armé) est exploré. Une couche mince de 30 a 50mBFIE armé est coulée sur la dalle
pour rétablir ou augmenter la résistance a ladatigt la résistance ultime afin de répondre
aux exigences de sécurité structurale et d’utibgsat

Cet article présente des résultats d'une sériesaiede fatigue pour investiguer le
comportement a la fatigue de poutres-dalles congsodé BFUP armé et béton armé. Les
résultats expérimentaux montrent une résistanca fatlgue élevée du systeme porteur
composeé indiquant un potentiel significatif pourrenforcement a la fatigue de dalles de
roulement au moyen du BFUP armé. Des regles dendimement et de vérification de la
sécurité a la fatigue sont proposées pour I'apitina Finalement, une application de cette
nouvelle technologie est brievement décrite afidémontrer que le renforcement au moyen
du BFUP armé est une intervention relativement douc
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1. INTRODUCTION

The development of economic activity has acceldrtte increase of traffic volume since
the late 20th century. In order to keep up witls fhcrease, transportation infrastructures are
required to improve their traffic and load beartoapacities. As for the improvement of load
bearing capacity, it is usually carried out by extafjing existing structural members or adding
new structural members. If one operation of sucintemance works is the only intervention
during the service life, it is desirable in ternfslite cycle maintenance strategy to follow
Strategy A according to Figure 1 implying enhandadability. In this context, the concept of
application of Ultra-High Performance Fibre Reimfed Concrete reinforced with steel rebars
(R-UHPFRC) to improve existing concrete members s@iceived. UHPFRC has eminent
properties such as relatively high compressive tendile strength, low permeability, strain-
hardening behaviour in tension.

The objectives of the present paper are to desthibeending fatigue behaviour of R-
UHPFRC reinforced concrete composite member (RUsR&nber) and demonstrate the
effectiveness of fatigue strengthening of existRG bridge deck slabs by adding a R-
UHPFRC layer. The experimental set-up represenstrip of RC bridge deck cantilever
strengthened with R-UHPFRC (circled part in Fig@ye The experimental tests are detailed
and the test results are analysed. Design rulesi@RU-RC member and the corresponding
fatigue safety verification are then proposed.hia final part of the present paper, an on-site
application of R-UHPFRC layer to RC bridge declbstadescribed.
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Figure 1: Life cycle maintenance strategies [1] Figure 2RC bridge slab improved with

-URHPFRC layer

2. EXPERIMENTAL TESTS

2.1  Specimens, test set-up and instrumentation

The specimen is a 1900 mm long slab-like beam avithoss section of 400 mm x 220 mm
(Fig. 3). Thickness of R-UHPFRC layer is 50 mm gsam in-house developed UHPFRC mix
called HIFCOM 13. This mix is characterised by 8d).- % content of steel fibres 13 mm
long with a diameter of 0.16 mm and by the use BMQII/B type cement which contains a
high percentage of blast furnace slag (66%~80%}jhofigh the static strength of UHPFRC
in tension depends on casting procedure and eleomfiguration [2], the average elastic
limit strength and ultimate strength were determifi®m quasi-static uniaxial tensile tests
using monolithic UHPFRC plates to be around 10 MR& 12 MPa each. Four steel rebars of
10 mm diameter were arranged in the UHPFRC lay#r avspacing of 200 mm.
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Concrete in the RC part was C30/37 grade with airmamx aggregate size of 16 mm. The
average tested concrete cylinder compressive strengs 64.5 MPa after 180 days. Four
steel rebars of 16 mm and 10 mm diameter were gechin the top and bottom of the RC
part with a spacing of 100 mm.

All of steel rebars used in the experimental testse of B500B grade and had a nominal
yielding strength of 500 MPa.

The RC part was first cast, and 28 days later tH®ERC layer was cast on the top surface
of the RC part which was first roughened with hygatting to obtain monolithic bond
between UHPFRC and concrete. (Neither any adhgsmatucts nor any shear connector was
used for the bonding.)

Linear Variable Differential Transducer (LVDT) waset to measure the specimen
deflection at the position of the jack (Fig. 3).v8e displacement transducers with a base
length of 200 mm were set at the transversal carittke top surface of R-UHPFRC layer to
measure the R-UHPFRC deformation (Fig. 3). Theldegment transducers were intended to
cover the area where the largest negative bendorgent acted.
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Figure 3: Specimen geometry, measuring devicesestcgetup

2.2  Testing program

Maximum fatigue force fax was varied between 40 % and 60 % of the ultimtd#cs
strength k of the specimen. fwas determined to be 90 kN from one static telt thie same
specimen type as used in the fatigue tests. Apphigdimum fatigue force was always 10 %
of maximum force. When a specimen sustained mare 1® million fatigue cycles, the test
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was regarded as “run-out” and the new fatigue west continued at a higher fatigue force
level. In the present paper the fatigue limit idirted as a normalised force (i.e. the ratio
S = Fmax/ ) below which no fatigue failure occurs after 10lion fatigue cycles. In fact,
10 million is not a large number of cycles when sidaring actual numbers of axle load
cycles occurring on bridge deck slabs. However,liasted time is available for the
experimental campaign, 10 million is consideredregresentative for estimation of the
fatigue limit in the high cycle fatigue domain.

Fatigue force was applied manually during the fli@tcycles; then sinusoidal fatigue force
cycles were imposed at 8 Hz using hydraulic actu&torce was measured by the load cell
installed just below the force applying jack. Deflen, deformation and force data were
recorded with a frequency of 160 Hz. The initialdmal phases of the tests were recorded
permanently, while between these phases data wasiezl for 1 second every 480 cycles.

3. RESULTS AND DISCUSSION OF EXPERIMENTAL TESTS

3.1 Fatigue limit

Table 1 summarises the results of bending fatigats tof RU-RC beams. When the whole
testing system became unstable due to reductistifbfess of the specimen and force could
no longer be applied, the fatigue test was stogmeldspecimen was regarded as failed.

Figure 4 shows the S-N diagram as obtained in teeemt study from the RU-RC beam
specimens. In order to eliminate variations in mak&€omposition, specimen size and testing
set-up, normalised force S is used for verticat.aScatter in the results may be explained by
differences in static strength and age of speciméssmaterial properties of UHPFRC
depend on fibre distribution and orientation [Rjstmight have influenced the variety of the
static strength of the RU-RC beam in the presesg.c@he fatigue limit may be estimated to
be at a level of S=0.5 or 50 % aof. F

Table 1: Results of bending fatigue tests of

RU-RC composite beam 1.0-
Test | fmax | S | Cycles| Remarks

KN | % | x16 081
1 i [ 36.0] 40| 10.13 run-out ]

i |45.0] 50| 1.04 £ 067 m " mo
, | i]40.5] 45] 20.00] run-out 1T i~
i 450 50| 1.97 0.41 o

i | 45.0| 50| 23.94 run-out ]
3|ii |495| 55| 10.00| run-outl 927 @:runouttest

il | 54.0| 60| 2.10 '
4 [ 495] 55 6.99 B S S
5 49.5| 55 0.99 Log N

Figure 4: S-N diagram

3.2  Characteristic behaviour
All the RU-RC beams showed similar behaviour ufatilure under bending fatigue. The
characteristic behaviour is discussed by lookinghatbehaviour of Test 2 specimen. First,
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deformation of R-UHPFRC layer is explained; thére behaviour of the RU-RC beam is
mentioned chronologically focusing on failure maaken.

1) Deformation of R-UHPFRC layer

Distribution and evolution of deformation of R-UHRE layer during Test 2-i is shown in
Figure 5. G1 to G7 on the horizontal axis indictite displacement transducers on the top
surface of R-UHPFRC layer (Fig. 3). Dashed lind=igure 5 shows calculated deformation
and its distribution almost follows acting momenstdbution. When compared with the
calculated deformation, measured deformation wgsifssantly different from the beginning
of the test and that difference became larger asntimber of cycles increased. This is
explained from the two viewpoints as follows.

Variation of material properties

Variation of material properties of UHPFRC in thardening domain may have a
significant effect on observed deformation. Forieeq fatigue stress level, large range of
local UHPFRC deformations may be obtained as shimwhigure 6 leading to the large
variation in local deformation values as measune&b to G7 transducers.

Reduction of UHPFRC stiffness

Stiffness of UHPFRC was reduced due to micro- amatrotracking caused by fatigue
stress as the number of cycles increased. Theredefermation of R-UHPFRC developed
gradually under the same acting moment. In the oh3est 2-i, it was observed that several
macrocracks intensively developed at G3 zone, wladhto reduction of UHPFRC stiffness
locally and the deformation of G3 zone thus inceeasignificantly (Fig. 5). Approaching the
end of the test, these macrocracks coalesced m&alistinct macrocrack (Fig. 7).

0.30- 9308 ¢
] X [N=20004400 1 = Variation of material
0.251 A N=10000 125 § prope_rtles in the bulk
= 1 41 :N=1 o material
E o204 X - : Calculation 12,08 Otatmax
5 £ =
o | i [&)]
T 0.15 15 £
S (]
% 0.10- 11.0 2
o 1 { =2
0.05- 105§
0.00 . . . . . . 0.0 i . £
Gl G2 G3 G4 G5 G6 G7 Variation of local deformations
Displacement transducers
Figure 5: Distribution and evolution of Figure 6: Variation of local deformation of
deformation of R-UHPFRC layer UHPFRC under constant tensile
during Test 2-i fatigue stress

2) Chronological behaviour of RU-RC beam
1. During the first 10 fatigue cycles a few verticahenocracks visible to the naked eyes
developed crossing the interface between R-UHPFRB€rland RC part on the side
surface of the specimen (G3 zone, Fig. 7). Terssikss in top steel rebars of RC part
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was about 30 MPa corresponding to 0.15 %o strain¢chwhaused macrocracking of
the concrete. The presence of R-UHPFRC layer capmetent but reduce this
macrocracking in concrete.

2. As for the run-out test (Test 2-i), growth rate deflection and deformation of R-
UHPFRC layer became moderate after about 1millignles (Fig. 8). Further
macrocrack development on the top surface of R-URPFayer and the side surface
of the specimen didn’t occur.

3. As for the test showing fatigue failure (Test 2-@he of the four rebars in R-UHPFRC
layer fractured at around 828,000 cycles (I in Big). As a consequence, deformation
of R-UHPFRC layer and its growth rate increased dafbrmation localised in a
macrocrack on R-UHPFRC layer. Deflection also iase&l slightly, but its growth
rate was only slightly higher than before (I in Fg).

4. One of the remaining three rebars then fracturedbaut 1,764,000 cycles. Growth
rate of deflection and localised deformation on RRFRC layer became significantly
large (Il in Fig. 7).

5. After sustaining additional about 168,000 cycle® ai the remaining two rebars
fractured at about 1,932,000 cycles (lll in Fig;, ®jen the final rebar in UHPFRC
fractured at about 1,952,000 cycles (IV in Fig.Racture of the fourth rebar was due
to exhausting of resistance rather than due tguati

6. Since applied maximum fatigue bending moment wamsl at the same level as the
moment resistance of RC part, the RU-RC beam fadled lost its load bearing
capacity soon after the fracture of R-UHPFRC layer.

All the four rebars in R-UHPFRC layer fractured abhat the same cross section causing
one fracture plane in the R-UHPFRC layer perpenaido the longitudinal axis of the RU-
RC beam (Fig. 7).

The R-UHPFRC layer, in particular the steel relarthe layer determine the behaviour of
the RU-RC beam under bending fatigue. Stress amaglitn the steel rebars in R-UHPFRC
layer is thus the most relevant factor for thegfa¢l behaviour of the RU-RC beam. UHPFRC
carries stress and contributes to reduction of diness in the rebars; however, stress in
UHPFRC transfers to the rebars gradually as defioomgcrack opening) of UHPFRC
increases due to fatigue.

G1 G2 G3 G4 Gp G6 G7 ‘ ‘
\_ L7 ]

’A‘

Figure 7: Final crack pattern of Test 2 specimen
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Figure 8: (a) Deflection and (b) deformation growthive of Test 2-i
showing no fatigue failure after 20 million cycl@an-out)
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Figure 9: (a) Deflection and (b) deformation growthive of Test 2-ii

4. FATIGUE DESIGN RULES FOR RU-RC COMPOSITE MEMBERS UNDER
BENDING FATIGUE

The fatigue safety of a structural member is ingastd by checking if the following
condition is satisfied:

>1.0 (1)
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where my is fatigue safety index; &£t examination value for the fatigue resistancejaE
examination value for the fatigue action effect.the present case of RU-RC members,
bending moment is used as examination value. Asatetl in section 3.1, the fatigue limit of
the RU-RC beam is 50 % of the ultimate static gfienConsequently, RU-RC member needs
to be designed to satisfy the following condition:

_0.5xMg, >

fat —

1.0 (2)
d,fat

where Mkq is examination value of moment resistance of tH8-HRC member; Mrat

examination value of maximum acting moment dueatmfie loading.

Since R-UHPFRC layer determines the fatigue behlmwad RU-RC member, the fatigue
safety of the R-UHPFRC needs to be verified, whichlone separately for both the steel
rebars and the UHPFRC.

For the steel rebars, a fatigue safety check veiipect to the fatigue limit is performed in
a first approximation:

AGsd (Qfat) < AG sd,C (3)

where Acsd is examination value for stress range due to datigat characteristic value of
fatigue loadingAcsd,p examination value for fatigue limit of straighest rebars. According
to the current design codesysa,p = 115 MPa for straight steel rebars of diametealnthan
20 mm.

For UHPFRC under tensile fatigue, the followingtenia are proposed based on
experimental tests [3] for maximum tensile fatigieess and strain with respect to a fatigue
limit check:

Oy fat,max <0.3x (f ve T f Uu) (4)

gy, £0.7xg, )

where ou fatmax maximum fatigue stress in UHPFRQ lastic limit strength of UHPFRC,;
fuu tensile strength of UHPFRGy strain in the UHPFRC due to fatigue and eventual
restrained conditions in the RU-RC composite systemstrain of UHPFRC corresponding
to tensile strength of UHPFRC.

5. APPLICATION

UHPFRC and R-UHPFRC have been applied to conctaietsres such as road bridges
and buildings for improvement of load bearing cagyaand durability [1][4][5]. A case of
practical application of UHPFRC is described irsthection.

Massive RC slab bridge built in 1963 with six sugip columns was improved by
applying UHPFRC and R-UHPFRC to its whole deck aefincluding the sidewalks in
autumn 2011. The bridge located near Lausannez&uand, is part of a road with heavy
traffic (Fig. 10a). Load bearing capacity of thedge was found to be insufficient for today’s
and future vehicles. Besides, its deck slab wasrideated due to chloride induced corrosion
of steel rebars. UHPFRC layer of 25 mm thickness wasigned for strengthening and
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waterproofing the deck except the area above cduwimere 65 mm-thick UHPFRC layer
with steel rebars of 18 and 22 mm diameter wasgdesi for improving bending and
punching shear resistance (Fig. 11).

The UHPFRC mix contained cement, limestone filkdica fume, quartz sand, 4.5 % steel
fibres by volume and superplasticiser. Limestotlerfwas used because it leads to a more
economic, workable and environmentally friendly UHRC [6]. The UHPFRC material was
prepared on site and about 300 litres were mixedateh.

RC top surface of 20 to 40 mm depth was first g@atvith high pressure water jet.
UHPFRC was then cast with standard and simple {¢a¢s 10b). Bituminous pavement was
finally applied on a bituminous emulsion on the UHREZ surface after more than three days
of curing. Traffic in both directions was kept irgice on one traffic lane during the works.

(b)
Figure 10: (a) RC slab bridge improved with UHPFRC
(b) handling of UHPFRC with simple tool
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R-UHPFRC: 65 mm
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(a) (b)
Figure 11: (a) Plan and (b) cross section at A-#hefRC slab bridge

6. CONCLUSION

The following conclusions are obtained from thedieg fatigue tests of RU-RC beams.

S-N diagram was obtained from bending fatigue testfRU-RC beams. Although some
scatter was observed in the test results, fatigoie &t 10 million cycles was determined to be
at a solicitation level of about 50 % of the ultimatatic strength of the RU-RC beam.
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All the RU-RC beams showed similar behaviour ufaiigue failure. Differences in
deformation of R-UHPFRC layer between calculatiod aneasurement is explained by
variation of UHPFRC material properties. Growthtbé deformation of R-UHPFRC was
attributed to stiffness degradation of UHPFRC cdulsg microcracking in the hardening
domain.

Fatigue fracture process of RU-RC beams was datednby fatigue fracture of steel
rebars in the R-UHPFRC layer. Fatigue stress aogditin steel rebars in the R-UHPFRC
layer is thus the most relevant parameter for dtigide resistance of the RU-RC beam.

Fatigue design rules for RU-RC members under begniditigue were proposed for fatigue
safety check with respect to the fatigue limit.ifia¢ safety needs to be checked for RU-RC
member as well as for steel rebars and UHPFRCukatigsistances.
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