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Use of distributed optical fibre as a strain sensor in textile reinforced cementitious matrix composites
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This study focused on using optical fibres embedded into the core of textile reinforced cementitious matrix composites (TRCMCs) as strain sensors. These composites have been increasingly used for strengthening and rehabilitating existing constructions and civil engineering structures. Our aim was to assess the embedding capability, strength, and feasibility of strain measurements of a material which exhibited multiple early cracks when loaded in tension.

To this end, the Rayleigh backscattering technique was chosen, which allowed performing full field strain measurements with millimetric spatial resolution. Two standard mechanical tests were performed on the composite specimens with embedded optical fibres: the threepoint bending test on a cementitious matrix beam, compared to the theoretical results using the beam theory, and a direct tensile test on a textile reinforced specimen, compared to the results of surface strain gauges.

These results emphasised that implementing optical fibres using the Rayleigh backscattering technique would be a feasible approach to finely analyse the mechanical behaviour of cementitious matrix composites.

Introduction

Textile reinforced cementitious matrix composites (TRCMCs) consist of two main components: a cementitious matrix and one or several layers of technical textiles of different natures and architectures which serve as reinforcements. Due to their good mechanical performance under tensile loading [START_REF] Promis | Failure behavior of E-glass fiber-and fabric-reinforced IPC composites under tension and compression loading[END_REF], TRCMCs demonstrated their ability to strengthen and repair constructions and civil engineering structures [START_REF] Promis | Analytical modeling of the bending behavior of textile reinforced mineral matrix composite beams[END_REF][START_REF] Mechtcherine | Novel cement-based composites for the strengthening and repair of concrete structures[END_REF][START_REF] Ombres | Masonry columns strengthened with Steel Fabric Reinforced Cementitious Matrix (S-FRCM) jackets: Experimental and numerical analysis[END_REF]. Incorporating a high performance textile in a cementitious matrix would allow to compensate the tensile weakness of the matrix and limit the damage due to cracking [START_REF] Mobasher | Distributed cracking and stiffness degradation in fabric-cement composites[END_REF].

The tensile behaviour of TRCMCs could be described by three stages as shown in Fig. 1: -The "pre-cracking" stage characterised by a generally linear behaviour of the composite due to the elastic properties of the matrix and textile; -The "crack-propagation" stage, which starts after exceeding the strength of the matrix, when cracks are typically generated due to the applied load; -The quasi-linear "post-cracking" stage, which is governed by the mechanical performance of the textile reinforcement and is characterised by the increase in the opening of cracks as the load increases, until the failure of the specimen [START_REF] Mechtcherine | Novel cement-based composites for the strengthening and repair of concrete structures[END_REF][START_REF] Mobasher | Distributed cracking and stiffness degradation in fabric-cement composites[END_REF][START_REF] Hegger | Investigations on the bearing behaviour and application potential of textile reinforced concrete[END_REF][START_REF] Peled | Influences of textile characteristics on the tensile properties of warp knitted cement based composites[END_REF][START_REF] Contamine | Contribution à l'étude du comportement mécanique de composites textile-mortier: application à la réparation et/ou renforcement de poutres en béton armé vis-à-vis de l'effort tranchant[END_REF]. The three-stage behaviour of TRCMCs strongly depends on the state of the interface between the matrix and reinforcement, and on the interactions between the filaments in the yarn cores of the textile reinforcement [START_REF] Hegger | Load-bearing behaviour and simulation of textile reinforced concrete[END_REF][START_REF] Dilthey | Application of polymers in textile reinforced concrete -From the interface to construction elements[END_REF]. Several papers reported that the preimpregnation of textiles led to improving the mechanical properties of TRCMCs [START_REF] Contamine | Contribution à l'étude du comportement mécanique de composites textile-mortier: application à la réparation et/ou renforcement de poutres en béton armé vis-à-vis de l'effort tranchant[END_REF][START_REF] Dilthey | Application of polymers in textile reinforced concrete -From the interface to construction elements[END_REF].

The mechanical behaviour of these composites is generally analysed using extensometer devices, such as gauges, light voltage displacement transducers, etc. placed on their surfaces or using non-contact measurement techniques of the strain on the surface of the specimen, such as digital image correlation, laser extensometry, etc. [START_REF] Caggegi | Tensile behaviour of a basalt TRM strengthening system: Influence of mortar and reinforcing textile ratios[END_REF][START_REF] Caggegi | Experimental study on effective bond length of basalt textile reinforced mortar strengthening system: Contributions of digital image correlation[END_REF]. Continuum mechanics theory and hypotheses were applied to transpose the results observed on the surface to the core of the composite, and allowed researchers to generate models based on mechanical hypotheses, which took into account the properties of the matrix and textile and their interactions [START_REF] Ahn | Strain and hysteresis by stochastic matrix cracking in ceramic matrix composites[END_REF][START_REF] Cuypers | Stochastic matrix-cracking model for textile reinforced cementitious composites under tensile loading[END_REF][START_REF] Hawkins | An Analytical Failure Envelope for the Design of Textile Reinforced Concrete Shells[END_REF]. These models allowed to describe several micro-mechanical parameters that play roles in the behaviour of TRCMCs: the Young's moduli and ultimate stresses of the three zones, effect of reinforcement ratio, spacing between cracks, load transfer parameters, internal strain of textile reinforcements, etc. Nevertheless, these parameters are often obtained using simplified hypotheses and calibrated using empirical corrective factors. The aim of using optical fibres as strain sensors was to quantify these micro-mechanical quantities more precisely, provide a more accurate description of the existing models, and better approximate the actual behaviour of the TRCMC components and their interactions.

Several measurement techniques has been used in civil engineering as a tool for auscultation and diagnosing structures, such as cementitious sensors [START_REF] Ding | Self-monitoring of smart concrete column incorporating CNT/NCB composite fillers modified cementitious sensors[END_REF], wireless sensor networks [START_REF] Liu | Vibration energy harvesting and management for wireless sensor networks in bridge structural monitoring[END_REF], and optical fibre [START_REF] Ansari | State-of-the-art in the applications of fiber-optic sensors to cementitious composites[END_REF][START_REF] Li | Calibration of embedded fiber optic sensor in concrete under biaxial compression[END_REF][START_REF] Henault | Approche méthodologique pour l'évluation des performances et de la durabilité des systèmes de mesure réparties de déformation : application à un câble à fibre optique noyé dans le béton[END_REF]. The latter is used both because of its extensometric (high recording frequency, low spatial resolution, precision, etc.) and geometric (small size, sensor length, flexibility, light weight, etc.) properties.

Studies have been conducted on the behaviour of optical fibre sensors in their measuring environments, such as Bragg gratings embedded in concrete beams [START_REF] Dupont | Comportements de Capteurs à Fibres Optiques, noyés ou fixés en surface d'ouvrages en béton[END_REF][START_REF] Kesavan | Experimental studies on fiber optic sensors embedded in concrete[END_REF], and on the ability of these optical fibres to detect internal cracks in concrete [START_REF] Li | CTOD measurement for cracks in concrete by fiber optic sensors[END_REF], by considering supplementary hypotheses on the behaviour of the protective coating of optical fibres. Given the heterogeneous nature of the concrete components as well as the risks that could occur during the pouring and hardening of the concrete when embedding an optical fibre into a concrete element, it is necessary to ensure that the fibre is protected against chemical and mechanical attacks that may occur by using an additional coating [START_REF] Chean | Experimental characterization of interfacial adhesion of an optical fiber embedded in a composite material[END_REF]. Furthermore, the protective coating would increase the thickness of the optical fibre and become an intermediate transition layer between the measuring core of the fibre and the material itself. The measured information is transmitted first from the material to the coating, and then to the optical fibre, which could allow to assess the loss or changes due to this transmission effect. These problems were studied by several authors [START_REF] Henault | Approche méthodologique pour l'évluation des performances et de la durabilité des systèmes de mesure réparties de déformation : application à un câble à fibre optique noyé dans le béton[END_REF][START_REF] Peters | Experimental verification of response of embedded optical fiber Bragg grating sensors in non-homogeneous strain fields[END_REF][START_REF] Yuan | Investigation of a coated optical fiber strain sensor embedded in a linear strain matrix material[END_REF][START_REF] Kim | Characteristics of strain transfer and the reflected spectrum of a metalcoated fiber Bragg grating sensor[END_REF] who demonstrated that it would be possible to establish a load transfer function to obtain reliable information on the behaviour of the material. An additional difficulty to overcome for Bragg gratings is the consequence of the residual strain caused by the chemical and thermal effects that occur during the pouring and hardening of the concrete [START_REF] Dupont | Comportements de Capteurs à Fibres Optiques, noyés ou fixés en surface d'ouvrages en béton[END_REF][START_REF] Li | The internal strain of three-dimensional braided composites with co-braided FBG sensors[END_REF].

The experimental investigation of composites mechanical behaviour is carried out using several measurement techniques. In addition to traditional extensometric technology (strain gauges, light voltage displacement transducers,…), other techniques have been used such as self-powered triboelectric sensor for composite impact assessment [START_REF] Garcia | Detection and measurement of impacts in composite structures using a self-powered triboelectric sensor[END_REF], electromechanical impedance conductance signatures for detection of weak adhesive bonds of CFRP composites [START_REF] Malinowski | The use of electromechanical impedance conductance signatures for detection of weak adhesive bonds of carbon fibre-reinforced polymer[END_REF], measurement of strain and temperature of composites using Kalman filter [START_REF] Soman | Kalman filter based neutral axis tracking in composites under varying temperature conditions[END_REF], measurement of initiation and propagation of damage and the failure of composites using acoustic emission and vibrations analysis [START_REF] Sikdar | Damage-induced acoustic emission source identification in an advanced sandwich composite structure[END_REF][START_REF] Michalcová | Composite panel structural health monitoring and failure analysis under compression using acoustic emission[END_REF][START_REF] Koziol | Evaluation of the failure progress in the static bending of GFRP laminates reinforced with a classic plain-woven fabric and a 3D fabric, by means of the vibrations analysis[END_REF][START_REF] Figlus | Evaluation of failure progress in glass-and jute-fibre reinforced polymer laminates by analysis of vibration and noise, Public Institution[END_REF], and optical fibres sensors, in particular Bragg gratings [START_REF] Du | Fundamentals and applications of optical fiber Bragg grating sensors to textile structural composites[END_REF][START_REF] Bruno | Mechanical characterization of composite materials by optical techniques: A review[END_REF][START_REF] Wang | Review of optical fiber bending/curvature sensor[END_REF][START_REF] Das | A review of some advanced sensors used for health diagnosis of civil engineering structures[END_REF]. The feasibility of embedding optical fibre into thermoplastic matrix composites has been studied by researchers [START_REF] De Baere | On the feasibility of optical fibre sensors for strain monitoring in thermoplastic composites under fatigue loading conditions[END_REF], and the resistance of optical fibres has been proven using fatigue tests. Also, fibre-reinforced plastic composites have been the subject of experimental investigations using optical fibres [START_REF] Li | The internal strain of three-dimensional braided composites with co-braided FBG sensors[END_REF][START_REF] Grave | Measuring changing strain fields in composites with Distributed Fiber-Optic Sensing using the optical backscatter reflectometer[END_REF][START_REF] Woods | Measuring strain fields in FRP strengthened RC shear walls using a distributed fiber optic sensor[END_REF], which allowed scientists to analyse their mechanical behaviour more thoroughly. The influence of optical fibre on the behaviour of composites was investigated by Skontorp [START_REF] Skontorp | Effect of Embedded Optical Fibers on the Structural Integrity of Composites[END_REF], who demonstrated that optical fibres do not affect the behaviour of the material or propagation of the damage during quasistatic tests.

To date, there have been no experimental studies devoted to the behaviour of cementitious matrices and textile reinforcement composites using optical fibres, and the objective of this work was to study the feasibility of embedding optical fibres into the cores of these composite materials, examine the reliability and resistance of these sensors in a cracking environment, and subsequently understand the behaviour of the textile reinforcement and matrix and analyse their interactions. Rayleigh's backscatter technique was chosen for this work because of its advantages.

For our study, we chose to embed optical fibre without additional coating to avoid affecting the behaviour of the composite and to ensure direct contact between the optical fibre and cementitious matrix.

Rayleigh backscattering

Rayleigh backscattering employs optical fibres featuring random density heterogeneities and silica indices. Its working principle has been detailed in the literature [START_REF] Soller | High resolution optical frequency domain reflectometry for characterization of components and assemblies[END_REF], is illustrated in Fig. 2, and can be explained as follows: before starting the test, a first measurement is performed and stored in the memory of the interrogator, while the fibre is in a "reference" state. During the test, as the environment of the fibre undergoes a physical change (mechanical or thermal), a second measurement is performed, and the fibre is in a new state, different from the initial one. The acquired measurements correspond to the reflected intensity profiles as a function of the distance to the optical fibre connector. Measurement areas are selected on both profiles, the data undergo a fast Fourier transformation (FFT), and the obtained spectra are compared by intercorrelation.

A spectral shift was observed if the fibre was subjected to a strain or temperature variation over the measurement area, and can be expressed according to the following equation:

(Eq.1)
Where is the Rayleigh spectral shift, is the strain in the optical fibre, is the temperature variation of the fibre, and and are calibration coefficients.

From this equation, we concluded that the optical fibre must be chosen based on the variable to be measured. If the optical fibre is intended to measure strain, then the coefficient must be low compared to and the test has to be performed at constant temperature. 

Materials and methods

Composite material

The TRCMC used in this study was obtained using a self-placing liquid cement matrix and glass textile reinforcement. The properties of these two components are described in the following sections.

Self-placing liquid cement matrix

To avoid damaging optical fibres, minimise the geometric imperfections of the TRCMC specimens, and generate a homogeneous material, a self-placing liquid cementitious matrix was chosen. The mechanical properties of the ettringitic cementitious matrix [START_REF] Ambroise | Mineral matrix for the production of thin composites by impregnating woven or non woven reinforcements[END_REF] we used were evaluated in the laboratory using standard tests [START_REF]Methods of testing cement-Part 1: Determination of strength, European Committee for standardization[END_REF], and are summarised in Table 1.

Also, the matrix allowed good workability and ensured a good coating of the textile reinforcement. 

Textile reinforcement

The reinforcement used in this study was a grid-type alkali resistant (AR) glass textile, and its surface weight was 525 g/m². The weights of the yarns in the weft and warp directions were 2400 and 272 Tex, respectively, and the inter-axis mesh opening was 5 × 5 mm. Table 2 lists the main geometrical and mechanical characteristics of the AR glass textile obtained using laboratory tests. 

Description of specimens

This study used two types of specimens: parallelepipedal and TRCMC specimens, for the three-point bending and direct tensile tests, respectively. First, to ensure the accuracy of the results provided by the optical fibre embedded in the core of the matrix, we used strain gauges bonded on the surface of the specimen to collect data during the three-point bending tests. The beam theory allowed us to compare the results obtained using the optical fibre and strain gauges based on the mechanical properties of the cementitious matrix and geometrical characteristics of the specimen.

To be eligible for the classical beam theory, a specimen has to satisfy the following hypotheses:

• Geometry: the cross-section of the specimen should be invariant, and its longitudinal axis should be straight and normal to the cross-section. Moreover, its length should be larger than the dimensions of the cross-section (L/h ≥ 10).

• The Navier-Bernoulli hypothesis: straight sections of the specimen (i.e. along and normal to the longitudinal axis) should remain straight after loading.

• The behaviour of the material must be represented by a linear, homogeneous, and isotropic elastic model.

Given these assumptions, we used a 500 × 40 × 40 mm 3 beam specimen featuring a bearing distance, L, of 400 mm. Using a 2 m long optical fibre, we installed four complete measurement zones 400 mm in length into the core of the specimen, as illustrated in Fig. 3, where loops were formed outside the specimen to avoid rupture at these locations due to stress concentration. Therefore, it was also possible to distinguish between the measurement areas and curved zones of the fibre when post-processing the results. The outer loops were protected by plastic sleeves.

It should be noted that the termination of the optical fibre were protected using plastic sleeves even if they were inside the core of the specimen, this protection was added to avoid loading the termination, since this could influence the response of the entire optical fibre.

The optical fibre was placed using 0.07 mm thick sewing thread. The yarn was carefully placed at the desired location of the optical fibre, stretched, and attached to the mould, then the optical fibre was placed on the yarn and tied punctually to it using knots every 50 mm as shown in Fig. 4-a. This allowed the proper positioning and alignment of the optical fibre.

Afterwards, the cementitious matrix was prepared and poured into the mould (Fig. 4-b). To maintain the linearity and intended location of the optical fibre, we ensured that the matrix was not poured directly onto it. Subsequently, the mould was slightly shaken to obtain a uniform spread of the matrix. The workability of the matrix allowed it to easily take the shape of the mould. After pouring the matrix, the upper surface of the mould was protected using a plastic foil, which enhanced the hydration of the cement and prevented the effects of shrinkage. After demoulding the specimens (Fig. 4-c), five strain gauges were bonded onto the specimen: two on its upper and three on its lower surface, as shown in Fig. 3. The specimens were prepared and stored in an air-conditioned room (20 °C). For the TRCMC specimen, which was tested under direct tensile load, the shape of the specimen used was chosen based on the information reported in the literature and practical case reports on reinforcing civil engineering structures [START_REF] Contamine | Contribution to direct tensile testing of textile reinforced concrete (TRC) composites[END_REF]. We selected a relatively thin parallelepipedal shape, approximately 600 ± 2 mm long, 50 ± 1 mm wide and 10 ± 1 mm thick for our specimen, as illustrated in Fig. 5 and Fig. 6. This technique allowed us to properly centre and control the location of the textile reinforcement and optical fibre. It should be noted that a 2 m optical fibre allowed us to implement six 25 cm long measuring zones, with five 10 cm long outer loops. The same sewing thread technique mentioned above was used to properly place the optical fibre, and the optical fibre was punctually attached to the yarn of the textile reinforcement using knots that were 50 mm apart (Fig. 7-a).

To form each loop, the optical fibre was removed from the mould, and protected with a plastic sleeve, and the outer part of the fibre was also protected using a connector. On the other hand, inside the matrix, only the termination of the fibre was protected using plastic sleeve. The specimen was poured and stored using the same conditions as those used for the beam prepared for the three-point bending test (Fig. 7-b). After demoulding, two aluminium plates were bonded to each of the two ends of the specimen using epoxy resin adhesive.

Finally, the last 25 cm of the optical fibre was bonded to the surface of the specimen using adhesive glue as shown in (Fig. 7-c). Also, four 32 mm long strain gauges were bonded onto the surface of the specimen in the proximity of the optical fibre 

Optical data acquisition

In this study, the strain data from the optical fibre was collected using a Luna -ODiSI-B Optical Distributed Sensor Interrogator device based on the optical frequency domain reflectometry-Rayleigh principle. This allowed us to obtain the strain distribution along the optical fibre by configuring the resolution (measuring step), sensor length, and acquisition rate using a specific software (LUNA ODiSI-B software). The acquisition system allowed the optical fibre to be calibrated at the beginning of the test, and the results to be displayed instantly. For our study, we chose a resolution of 2.6 mm over the entire range of the optical fibre (2 m) and a 2 Hz acquisition rate. The random error of this data-acquisition system was smaller than 0.1 GHz, or approximately 1 μm/m.

The characteristics of the optical fibre used in this study are presented in Table 3. The fibre was flexible enough to be easily integrated into the specimen, and consisted of a connector, 200 mm strain relief region, sensor region (2 m long in our case), and 10 mm termination as shown in Fig. 8. 

Testing equipment

Both types of tests were performed on a Zwick universal testing machine (Fig. 9), exhibiting a maximum load capacity of 65 kN. For the three-point bending test, the specimen was simply supported on cylindrical rolls. Also a cylinder of the same size was placed at the point where the force was applied (Fig. 3 and Fig. 9-a). For the direct tensile test, the TRCMC composite specimen was clamped using two ball-joint loading heads to reduce the effects of parasite bending due to the geometrical imperfections of the specimen and alignment errors of the applied force (Fig. 9-b). Both tests were displacement controlled, and used a load speed of 0.1 mm/min. The load was measured using the load cell of the testing machine (65 kN and 0.01 N precision). A Vishay strain bridge was used to record the strain gauge data. 

Results and discussion

Three-point bending test

To ensure the reliability of the data collected using the optical fibre embedded in the matrix, a comparison was made between the values obtained using strain gauges and optical fibre, and theoretical values calculated using the beam theory. Using a spatial resolution of 2.6 mm on the 2 m long optical fibre, we were able to obtain 770 strain measuring points along the fibre (154 per effective measuring zone). The measurements were performed using a recording frequency of 2 Hz, and the results are illustrated in Fig. 10. 

. Beam theory calculation

To apply the beam theory, we considered a simple supported beam, ("h" and "b" were its height and width), and a reference system defined by the neutral axis and vertical line originating from the support point of the beam, as shown in Fig. 11. (Eq.2)

The strain at a point with (x, y) coordinates in (Eq.2) is given by the following relationship:

(Eq.3)
where is the bending moment, is the strain at any (x, y) point of the beam, ET is the tensile elastic modulus, EC is the compressive elastic modulus, F is the applied load, L is the length between supports, and is the distance between the neutral axis and the middle line of the beam, obtained using internal force equilibrium. The values of ET and EC can be obtained by performing standard laboratory tests [START_REF] Figlus | Evaluation of failure progress in glass-and jute-fibre reinforced polymer laminates by analysis of vibration and noise, Public Institution[END_REF] on the cementitious matrix (see Table 1).

To properly visualise and compare the results, an adjustment was necessary, which involved placing the measurement results on the correct abscissa of the beam. Fig. 12 combines the results measured using the optical fibre and external strain gauges with the theoretical values of the upper and lower surface strains. Since a strain gauge could not be placed at the point where the force was applied, the value of the strain for that point was deduced using the sum of the two values from the partially compressed strain gauges. Indeed, based on Eq.3, the theoretical value of the strain at the point of application of the force (of abscissa L/2 and ordinate ) is twice the strain at the quarter of the beam for the same ordinate (point of abscissa L/4 and ordinate , and symmetrically for point of abscissa 3L/4 and ordinate ). So, instead of taking either twice the compressed gauge at the top of the beam at the abscissa L/4, or twice the one at the abscissa 3L/4, since theoretically they are equal, the sum of the values of the two gauges (at L/4 and 3L/4) was taken to present the strain value at the point of application of the force, in order to take into consideration the whole beam and not only the half. These results indicated a good agreement between the theoretical calculations and values measured using the external strain gauges, whether in compression or tension areas.

The strain profile obtained using the results from the optical fibre was triangular and featured peaks at the middle of the beam. This was consistent with the theoretical strain profile of a beam during the three-point bending test. These results were distinct except for those in the vicinity of the supports, where the values obtained using the optical fibre in the compressed and tensile zones overlapped. This could be explained by the low strain values as well as the effects of the shear force which were predominant in those regions. To compare point-by-point the values obtained using the optical fibre with those recorded by the strain gauges and the theoretically calculated ones, the strain profiles for the L/4 and L/2 sections were visualised for two applied forces, Fmax = 231 N and Fmax/2 = 115 N. Fig. 13 and Fig. 14 illustrate the comparison between the theoretical and experimental values. The strain values at the height of ± 2 cm were obtained using the external strain gauges, while those at the heights of ± 0.5 and ± 1.5 cm were obtained using the optical fibre. The results indicated that the experimental strain profile was quasi-linear for both beam sections and both applied forces, and a good similarity between the experimental and theoretical values was observed. The discrepancy between the theoretical and experimental results varied between -10 % and +10 % (Table 4). This percentage was noticed for both the strain gauges and optical fibre, and could be explained by the imperfections in the preparation of the beam as well as the test hypotheses (theoretically perfect point-like loading). It should also be noted that if the applied force was doubled, the strain value doubled. Thus, for a given force, a ratio of 2 was observed between the strain value at cross-sections L/2 and L/4. In addition, for all applied forces and cross-sectional positions, the theoretical and practical position of the neutral fibre with respect to the centre of the beam was v = +0.1 cm, which also indicated the congruence of the experimental and theoretical results. 

TRCMC tensile test

We aimed to verify the strength of the optical fibre and reliability of measurements for a cracking material. Therefore, as mentioned above, the optical fibre was integrated into the core of the TRCMC composite, while parts of it were bonded to the surface of the specimen.

To be able to compare and confirm the results, four 32 mm long strain gauges were bonded along the specimen, adjacent to the optical fibre.

As explained above, the optical fibre was integrated into the TRCMC and featured six 25 cm measuring areas (see Fig. 6): one on the surface, two on the textile reinforcement, and three integrated into the matrix, as shown in Fig. 15. Post-processing required the geometric realignment of the measured values at the correct locations of the specimen to compare and locate the strains at their corresponding abscissae. gauges and optical fibre on the surface of the specimen is illustrated in Fig. 16. This comparison is represented as the evolution of the strain in time during the test.

The results indicated good coherence between the optical fibre and strain gauges before and after cracking, and the decrease in strain recorded by the strain gauges and optical fibre corresponded to decreases in force due to the occurrence of cracks (Fig. 17). This demonstrated that the optical fibre continued to measure the strain even if cracks started to develop. The results were reliable compared to those provided by the strain gauges, moreover, the optical fibre continued to record the strain after cracks appeared. However, once a crack would pass through a strain gauge, the gauge would break and would no longer records any values.

On the other hand, in addition to the high spatial resolution, these results demonstrated the superior performance of Rayleigh backscattering method compared to the classical Bragg fibre method. In fact, the Bragg fibre technique required the residual strain to be quantified due to the fibres being inserted into the core of the material and temperature changes related To visualise the distribution of the strain along the specimen before and after cracking more precisely, we represented the strains measured using the optical fibre and strain gauges in the textile reinforcement, at the core of the matrix, and on the surface of the specimen in the same figure. The strains on the surface of the specimen were considered to be constant along the strain gauges (Fig. 18 and Fig. 19).

These figures illustrated that, due to the millimetric spatial resolution of the optical fibre, it was possible to obtain the distribution of the strain along the specimen and at different locations of the studied material. By contrast, the external strain gauges were only able to collect data at the surface of the specimens, provided average strain values, and were sensitive to cracking. It should also be noted that the strains on the surface of the specimen, inside the matrix, and on the textile reinforcement were not the same, which demonstrated the advantage of using optical fibres to understand the internal behaviour of TRCMCs and matrix/textile reinforcement interface, as well as the load transmission between the matrix and textile reinforcement before, during, and after cracking.

The displacement field of the composite during testing could be estimated by multiplying the strain measured using the optical fibre by the spatial resolution, and cumulating the displacements of the points (Fig. 20). During crack propagation, the cracks were identified by the strain peaks, which allowed us to accurately locate them and track the evolution of crack openings by multiplying the strain peaks values with the spatial resolution ones; cracks can be identified using the slips on the displacement curve, as shown in Fig. 20. Compared to optical fibres, external strain gauges did not offer any information on cracks as they would break and stop recording once a crack would pass through them. 

Conclusions

The objective of this experimental study was to analyse the possibility of using optical fibres as strain sensors to study the mechanical behaviour of cementitious matrix composites, such as TRCMCs, which are used for reinforcing civil engineering structures. The study was conducted in two parts:

• During the first part, we analysed the reliability of the results obtained using an uncoated optical fibre embedded in the core of a cementitious matrix. Thus, a cementitious matrix beam featuring optical fibres in its core and strain gauges on its surface was prepared. A three-point bending test was performed, then theoretical calculations were performed based on the mechanical properties of the used matrix.

Subsequently, the experimental and theoretical results were compared.

• During the second part of the study, we analysed the strength of the uncoated optical fibre integrated into a material that underwent cracking and examined the reliability of the obtained results. Thus, the optical fibre was placed on the surface and inside a TRCMC composite featuring strain gauges on the surface, and a direct tensile test was carried out. Then, the results obtained using the strain gauges and optical fibre were compared.

The results of the two parts of this study could be summarised as follows:

• The results obtained using the optical fibre, strain gauges, and beam theory for the three-point bending test were in good agreement, which demonstrated the reliability of the values measured using the optical fibre placed inside the cement-based matrix beam.

• The direct tensile test results provided by the optical fibre and strain gauges for the TRCMC were in good agreement. However, the strain gauges were not resistant to cracking and broke once cracks propagated through their locations, whereas the optical fibre was not affected and continued to record the strain of the tested material.

• Strain gauges provided average strain values at their respective points of installation, while the optical fibre, due to its millimetric spatial resolution, allowed us to obtain continuous strain profiles.

• We were able to deduce the displacement field of the specimen investigated using optical fibre, and to obtain the opening, location, and spacing between cracks.

• Rayleigh backscattering offered the possibility of calibrating the optical fibre beforehand, thus avoiding the residual strain during handling and installing the optical fibre in the specimen, as well as the hardening and hydration effects of the cementitious matrix.

• The optical fibre measurement technique using Rayleigh backscattering is promising and could be applied to study composites presenting cracking behaviour. This technique could allow researchers to better understand the internal behaviour of TRCMCs and analyse their micromechanical mechanisms and the load transfer between the matrix and textile reinforcements.
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 1 Fig. 1: Typical mechanical tensile behaviour of TRCMCs
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 2 Fig. 2: Illustration of Rayleigh's backscattering principle
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 3 Fig. 3: Overview of beam specimen used for three-point bending test including positions of optical fibre and strain gauges
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 5 Fig. 5: TRCMC specimen featuring embedded optical fibre and bonded strain gauges on its surface. With : 1) Protected connector; 2) External strain gauges; 3) Optical fibre on the surface; 4) External loops; 5) Aluminium plates
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 67 Fig. 6: Schematic diagram of position of optical fibre and strain gauges of TRCMC tensile specimen.
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 8 Fig.8: Schematic diagram of components of used optical fibre[START_REF]High-Definition Fiber Optic Strain Sensors[END_REF] 
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 9 Fig. 9: Overview of tests using the optical fibres: a) tensile tests and b) three-point bending test. With : 1) Data acquisition of external strain gauges; 2) TRCMC specimen; 3) Zwick machine; 4) Beam bending test; 5) LUNA Instrument
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 10 Fig. 10: Strain values along the 2 m long optical fibre during the three-point bending test
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 11 Fig. 11: Overview of theoretical strain distribution of a beam subjected to three-point bending
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 12 Fig. 12 : Strain at different positions of the beam subjected to three-point bending
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 13 Fig. 13: Strain distribution at the mid-point of the beam (L/2) for the Fmax and Fmax/2 loads

Fig. 15 :

 15 Fig. 15 : Strain distribution along the 2 m long optical fibre (O.F) during the direct tensile test
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 211617 Fig. 16: Strain profiles for direct tensile tests at the location of the third strain gauge, obtained using both presented methods
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 181920 Fig. 18: Strain distribution along tensile test specimen obtained using optical fibre and strain gauges. The applied load, F = 1900 N, was smaller than the cracking load of 1980 N

Table 1 :

 1 Mechanical properties of cementitious matrix, obtained using laboratory tests[START_REF]Methods of testing cement-Part 1: Determination of strength, European Committee for standardization[END_REF] 

		Maximum compressive strength (MPa)	Maximum tensile strength (MPa)	Maximum compressive strain (µm/m)	Maximum tensile strain (µm/m)	Young's modulus in compression area (MPa)	Young's modulus in tension area (MPa)
	Average	31.2	4.8	2350	500	13 000	10 700
	Standard deviation	1.1	0.26	160	37	454	316
	Coefficient of variation	3.52	5.4	6.8	7.4	3.5	2.95

Table 2 :

 2 Geometrical and mechanical properties of AR glass textile

		Yarn diameter (mm)	Tensile strength of yarn (MPa)	Young's modulus of AR (MPa) glass fibre	Maximum strain (%)	Textile weight (g/m²)
	Average	1.1	520	35 000	1.5	525
	Standard deviation	-	48	3180	0.12	-
	Coefficient					
	of variation	-	9.2	9	8	-
	(%)					

Table 4 :

 4 Comparison of experimental and theoretical strains at two cross sections along the beam (L/2 and L/4), for the Fmax and Fmax/2 loads

	Force	Fmax = 231 N
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Highlights

• Strain reliability verification of optical fibre embedded in cementitious matrix composite.

• Verification of strength and ability of optical fibre to operate during crack propagation.

• Visualisation of distribution of strain state of cementitious matrix composite.

• Possibility to assess the displacement field of tension-tested specimen.

• Advantage of Rayleigh backscattering technique to eliminate residual strains.