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Abstract. Distributed Optical Fiber Sensors (DOFS) are gaining interest for
structural health monitoring applications. Recerttigy have been successfully
used to monitor the strain profiles at the interface betweenreterand steel or
composite rebars during pullout tests. In the framework of durasilijies on
Glass Fiber-Reinforced Polymer reinforcing bars (rebars), this method offers i
teresting perspectives for monitoring the evolution of the concrete/rebdr b
behavior under accelerated ageing conditions. However, the dyraifilihe
bonded DOFS instrumentation itself should be investigated in a preliminary
stage,to assess possible alteration of its performance over aging, whidd wo
raise questions about the validity of strain measurements in théelong

This article presents the first results of an experimental program aimirty to a
dress this specific issue. In this work, steel rebars were equipped witledo
optical fibers. Half-length of the instrumented rebars was subjecteydto-h
thermalageing by immersion in an alkaline solution, while the remaining length
was exposed to standard laboratory conditions. After exposureelitbhes were
tested in tension and the DOFS strain profiles were simultaneously nteasure
These strain profiles were then compared to reference measureeotsed
before ageing, providing insights on the influence of the ageamglitions on

the response of the DOFS.

Keywords: Distributed optical fiber sensor, strain measurements, FRP rebars,
concrete, bond behavior, alkaline environment, durability.
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1 I ntroduction

Distributed Optical Fiber Sensor (DOFS) embedded in a host material or bonded at
the surface of a host structure are suitable for monitoring strain digirib. Paired to
an optoelectronic interrogator based on Rayleigh scattahigysensing technology
enables obtaining distributed stain profiles with high spatial resolution.altvisry
promising method for monitoring strain transfer processes at the intdréaceen
concrete and (steel or composite) reinforcing bars (reb8cs¥ar, several authors
have already investigated the mechanical behavior of reinforced concretetriRE) s
tures using optical fibers (OF) bonded at the surface of steel f@bafsThis tech-
nique was also successfully applied to analyze strain distributiBitbé@n-Reinforced
Polymer (FRP) rebars embedded in concrete and subjected to pull-out4tgts [
Besides, this instrumentation opens interesting perspective for assessing tigertong
durability of the bond between Glass FRP (GFRP) rebars and concreeeGStRPs
are prone to chemical degradations in alkaline environments. Howeveur#ielity
of the DOFS instrumentation itself should be investigated in a prelimitagg,sin
order to evaluate the reliability of strain measurements in the lomg ter

If the durability of DOFS bonded at the surface of concrete or embeditiad
concrete has been investigated in a recent work [6], tauiher’s knowledge, the
ageing behavior of DOFBondedto the rebars of RC structures is still an open issue.
In the present studyan experimental program was proposed to investigate sich b
havior. Steel rebars were equipped with bonded DOFS, and then immeasedlka-
line solution at various temperaturd®ensile tests were performed on these uastr
mented rebars both in the unaged reference state and after exposureefspecne
loaded in the elastic domain of the steel material, and DOFS strain profiles \Wwere co
lected at selected load level). As it is expected that the mechanical behavior of steel
doesn’t change over ageing, any evolution of the strain profiles of exposed specimens
would be discussed in terms of alteration/degradation of the DOFS instrumentation
itself. This paper details the experimental program, reports therdsstts of this
research and draws some preliminary conclusions.

2 Materials and experimental methods

21 Materials

The tests were conducted on two steel rebars of diameter 10 and leXpettively
Each rebar was equipped wih OF sensor. Based on previous works of Quiertant et
al. [3] and Chapeleau and Bassil [7], a #agode commercially available OF with a
polyimide primary coating was used. For the installation of@#sa U-groove with

a depth ofl mm, and a lengtlof 220 mm for the first rebar and 300 mm for Hee-
ond, was previously drilled along each rebar. ThenCRevas placed inside the U-
groove and sealed with a two-component epoxy adhesive. The X&9 e@s used

for bonding the OF to the 12mm diametexedtebar, while the X120 epoxy adhesive
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was used for the other rebar. Both adhesives are bi-component gyst&ynscom-
mercialized by HBM Company (Darmstadt, Germany).

In the proposed configuration, the adhesive layer acts as a coatingoteatpthe OF
from the surrounding environmergspecially against chemical attadledkali attack

in a concrete environment for instaphce against mechanical damage. However, any
ageing induced evolution of this adhesive material may affect thedbamelcteristics

of the OF/epoxy interface and/or the steel/epoxy interface, and alter the properties of
the bulk epoxy material as weltach of these phenomena, and of course the damage
of the OF itself, would have detrimental effects on the strain response BIQRS
instrumentation. The durability test proposed in the following intetadserify
whether the ses remains reliable after ageing, or whether one/several of thé prev
ous degradation mechanisms may affect the accuracy of strain ereasts.

Fig. 1. Picture of the steel rebar @f 12 mm, showing the OF sealed in the engraved groove

2.2 Mechanical testsand DOFS measur ements

To verify if the DOFS instrumentation is resistant to alkaline environnamnésnpe-
atures up to 60 °C (these ageing conditions are commonly used &mildiyistudies

on FRPrebars [6 8]), half-length of each instrumented sampkssubmittel to these
harsh conditions. Before being partially immersed in the ageing sqletah speae

men vas first submitted to an initial tensile test usiag Instron universal testing
machine of capacity 25¢N. This preliminary test enablés record reference strain
profiles at different loadevels. The different loading steps correspond to stress levels
of 50, 100 and 150 MPa in steel rebars, and represent theoretical str@igs %,
0.5%0 and 0.7%%o (assuming a Young’s modulus of 200 GPa of steel rebars) (see
Table 1). Each load level was hold for 30 seconds before moviting toext plateau
(see Fig. 2). The strain profiles were measured at a frequency &f28Bing the
entire test using a high spatial resolution optical interrogator (ODISI-B, Leda T
nologies). These measurements were performed before and after ageoogmaared

in an attempt to detect possible changes in the response of the DOFS intsttiome

As it can be assumed that the mechanical properties of the steel rebar are not affected
by the adopted ageing conditiary alteration of the strain profiles would be directly
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attributed to an ageing-induced deterioration of the DOFS instrumentatiothé.e.
adhesive interfaces, the bulk adhesive or the optical fiber itself). A load-urddad p
was conducted to verify theversibility of the measured strain profiles.

Table 1. Load levels applied during the direct tensile teSteps 1 to 3 correspond o i
creasing load increments while steps 4 and 5 are decreasing increments.

) Applied tensile force (kN) Corresponding
Loading step - :
Steel rebar of diameter 12 m| Steel rebar of diameter 10 m stress (MPa)
1 (and 5) 5.65 393 50
2 (and 4) 1131 785 100
3 16.96 11.78 150

-100 I I I I i 1 I I I
0 20 40 60 80 100 120 140 160 180 200

Time [s]

Fig. 2. Applied strain history recorded by the DOFS during the tetest on steel rebars

2.3. Ageing of the specimens

The exposure condition consisted in immersing the DOFS the instrumentati@m into
alkaline solution at a given temperature (either 20 °C or 60IAGis line each e-

bar (equipped with the bonded DOFS)swanditioned in an ageing cels shown in
Fig. 3. A specific cap made it possible to install the cell without dargaboptical
fiber. The two parts clamping mechanism was designed to fit the rebahex@f,
hence limiting the risk of damage durimgstallation (See Fig. 4). A polyurethane
sealantwas used to seal the ageing cell (see Fig. 5).

The cell was filled with an alkaline solution composed of sodium hydeofihOH)
and potassium hydroxide (KOH), at concentrations of 0.1 mol/L (4 g/td) B
mol/L (28.05 g/L) respectively. This solution is commonly used in durability and
corrosion studies [@8], as it is suitable for simulating the pore solution of concrete at
early age.
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Only the half bonded length of tl@F is immersed in the alkaline solution, as shown
in Fig. 3 When performing tensile tests afterwards on the exposed rebainfigs
uration allows comparing the strain responses of the immersed andnmansed
sections of the OF, and hence to evidence possible alteration of the Qfmargir
tion induced by the alkaline environment (that may be related either to ade#dgn

of the adhesive bond, an evolution of the bulk properties of thesadh or the alkali
attack of the OF itself). It is to note that the overall setup was stored in thattady
environment for the ageing condition at 40, while it was placed in an oven for the
condition at 60 °C.

OF /

Rebar Unexposed (hot immersed)
part of the OF

Upper cap of the cell

Cell containing the Exposed (immersed) part of
alkaline solution the OF

Lower cap of the cell

Fig. 3. Experimental setip used for conditioning the instrumented steel rebars

B2

B1

Fig. 4. Two parts clamping mechanisofithe lower cap of the aging cell
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Polyurethane seal |
(lower can)

o

.....

Fig. 5. Steel rebar of diameter 10 mm installed in the aging cell

3 Results

Figure 6 shows the strain profiles recorded at different load levels dhenignsile
test on the unaged instrumented steel rebar of diameter 12 mm. The x asis cor
sponds to the relative position along the rebar, and the bonded sedthenagitical
fiber is locatedat abscissas betwedhl75 and 0.37 mStrain profiles collected at
stress levels of 50 MPa, 100 MPa and 150 MPa are displayed togethe graph.
They provide average strain values of ab®@® um/m, 500 um/m and 800 pm/m,
respectively, which can be considered as reference data for the unaged D@FS ins
mentation. Furthermore, it is interesting to note that profiles collected at increasing
increments (levels 1 to 3) are consistent with those obtained at degre@sements
(levels 3 to 5), showing the repeatability of strain measurements.

Figure 7 gathers the strain profiles collected during tensile tests at destedsxf 150
MPa both for the unaged rebar (reference state) and for the same rebasnafter
month exposure in the aging cell at 20 °C. An additional measuremasntarried out

on the aged rebar after changing its direction upside down in the grips ténsi
machine, in order to verify the symmetry of the test setup (the coreisy profile is
denoted “measurement after ageing 2” in the graph).

Figures 6 and 7 represent acquisitions made on the same frame. Howeueam th
graphsdisplay different ranges of relative positions because the acquisitioihe i
reference and aged states were made at different times and requested disconnec
ing/reconnecting the acquisition line to the ODISI interrogatberefore, the length

of OF connecting the rebar to the interrogator was different from one tesbtioes.
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Fig. 6. Reference strain profiles recorded during the tensile test on the uinagemnented
steel rebar of diameter 12 mm, at the different load levels 1 te T é&#e 1 and Fig. 2)
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Fig. 7. Comparison of the strain profiles recorded during tensile tests on thenl2eml rebar
at a stress level of 150 MPa, in the reference state andaéienonth exposure in the ageing
cdl at 20 °C(“ageing 2” refers to the aged specimen that was turn upside down in the press)
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From Fig. 7, it is found that i) the strain profiles of the aged rebaumerimposed to
the reference profile and ii) that the average strain level is roughly constamtlaon
immersed and non-immersed sections of the aged rebar. This resestsutigt x-
posure for one month in the alkaline solution at 20°C did not alteD@ES meas-
urements, and consequently did not induce any significant degradétibe bonded
DOFS instrumentation. However, it is important to note that during agomge lek-
age of the alkaline solution occurred in the ageing cell and the léte¢ solution
was lowered by one third. Therefore, it was necessary to perform an maldigist to
confirm the result.

To confirm the previous trend, a second steel rebar of diariétenm was also
equipped with the same bonded DOFS instrumentation. In this case, a&ewere
ageing condition was chosen, as the section of the rebar locsiel the ageing cell
was immersed in the alkaline solution at 60 °C. This corresponds tmdbkt severe
accelerated condition used in the framework of durability studies oncBRPBosite
rebars (an objective is to instrument such FRP rebars with bdd@&® in future
work).

Figure 8 displays the reference strain profiles recorded during thke tesst on the
unaged specimen, at the same stress levels as for the previetismerp, namely 50
MPa, 100 MPa and 150 MPa (and again for increasing / decreasingdoashents as
reported in Table 1)At these stress levels, the average strain values are 200ut
pm/m, 400 um/m and 700 pm/m respectively. One can note that thepstfiies are
not flat, contrary to what was observed on the first rebar. This stsggereexisting
curvatureon the present 10 mm steel rebahis specific shape of the strain profiles
will be taken into account when analyzing the experimental data after ageing.
Figure 9 gathers the strain profiles collected during tensile tests assalstrel of 150
MPa, both for the unaged 10 mm rebar (reference state) and for theredaan after
one month exposure in the aging cell at 60 °C. Here again, the drapb that the
strain profiles are similar in the reference and aged statelsthat the profile of the
aged rebar is not modified along the section immersed in the soltitiese results
confirm the previous observations made on the first rebarjandt show any sigifi
icant degradation of the DOFS instrumentation after one month exposur&Cain60
the alkaline solution. However, in future work, ageing tests shmeilconducted over
longer periods in order to confirm the reliability of the DOFS instmtation in the
long term. In addition, a complementary durability study should bréedawut spedi
ically on the epoxy adhesive used to bond the OF.

Besides, a next experimental campaign will be carried out on FRP composite rebars.
In this case, the alkaline solution is abediffuse into the rebar (unlike for steel-r
bars), which may affect the properties of the FRP itself [8], butthis@esponse of
the DOFS instrumentation.
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Fig. 8. Reference strain profiles recorded during the tensile test on the umsgeonented
steel rebar of diameter 10 mm, at the different load levels 1 to F¢bée= 1)
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Fig. 9. Comparison of the strain profiles recorded during tensile tests on thenl€eml rebar

at a stress level of 150 MPa, in the reference state and aftenaotile exposure in the ageing
cell at 60 °C
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4 Conclusion

In this research, it was demonstrated that a DOFS instrumentation bonded &t the su
face of steel rebars is not affected dpne-month immersion period in an alkaline
solution at temperatures up to 60 °C. This is a first important stegeefoonstrating

the reliability and the durability of this instrumentation. However, similpegrments
should be conducted over longer periods to evaluate the long-term hghmgor.

In future work, additional tests will be performed on instrumer&BP composite
rebarsto determine if bonded DOFS are suitable for durability studies on FRP rei
forced concrete specimens in the laboratory or for the long-term mangitofireal
FRPRC structures in the field.

References

1. Davis M.A., Bellemore D.G., Kersey, A.D.: Distributed fiber Bragg grating strain sensing
in reinforce concrete structural compone@ement & Concrete Composites 195,57
(19979).

2. Guo, T, Li A.Q., Song, Y.S., Zhang, B., Liu, Y., Yu, N.S.: Experinarstudy on strain
and deformation monitoring of reinforced concrete structures usiRgBZPTDA Science
In China - Series ETechnological Sciences 52(10), 2859-2868 (2009).

3. Quiertant, M., Baby, FKhadour, A, Marchand, B.Rivillon, P, ToutlemondeF., Simon,

A., Cordier, J, Billon, J, LapeyrereR., et al: Deformation monitoring of reinforcement
bars with a distributed fiber optic sensor for the SHM of reinforcedreta structure. In:
Proceedings of the 9th International Conference on NDE in Relat®truotural Integrity
for Nuclear and Pressurized Components, Seattle, WA, 2822.

4. Rolland, A., Quiertant, M., KhadouA., Chataigner, S., Benzarti, K., Argoul, P.: Exper
mental investigations on the bond behavior between concrete andekfRtcing bars.
Construction and Building Materials 173, 136-12818).

5. Rolland, A., Argoul, P., Benzarti, K., Quiertant, M., Chataigner, Sadéhr A., Analyit
cal and numerical modeling of the bond behavior between FRfrang bars and ao
crete Construction and Building Materia®31, 117160(2020.

6. Alj, I., Quiertant, M., Khadour., Grando, Q.,.Benzarti, K.: Environmental Durability of
an Optical Fiber Cable Intended for Distributed Strain Measurements in Concrete Stru
tures Sensors 22(1), 142022.

7. Chapeleau, X., Bassif.: A General Solution to Determine Strain Profile in the Core of
Distributed Fiber Optic Sensors under Any Arbitrary Strain Fields. Sen&(t§)2 5423
(2021).

8. Rolland, A., Benzarti, K Quiertant, M., Chataigner, S.: Accelerated Aging Behavior in
Alkaline Environments of GFRP Reinforcing Bars and Their Bond withc@de Mateii-
als 14, 5700 (2021).



