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In order that non destructive testing methods become quantitative tools for structure owners, it is needed to assess their precision and sensitivity to the environment. The presented study deals with two electromagnetic methods classically used to survey road pavements and concrete structures: a radar technique and a capacitive technique. The presented investigations aim at assessing the influence of temperature and moisture on the two methods for measurements realized on concrete slabs. The temperature was ranging from 5°C to 45 °C and the surrounding relative humidity (RH) evolved between 60% and 90%. The study is part of a more ambitious topic aiming at defining quantitative non destructive methods to evaluate the water content of concrete structures on site and their state of degradation. The presented work allows assessing the sensitivity of both radar and capacitive techniques to the environmental conditions: temperature and relative humidity. Moreover, the measurement variability of the used capacitive probes with three different sets of electrodes is estimated.

INTRODUCTION

There is an important need in non destructive testing methods in the field of civil engineering to help in establishing precise diagnoses. These methods should be on the disposal of structure owners and would clearly contribute to an optimization of the structure management processes.

Among non destructive methods, it has been proved that the electromagnetic ones are sensitive to concrete durability indicators such as water content, chloride content, and porosity to a lesser extent [1][START_REF] Laurens | Influence of concrete moisture upon radar waveform[END_REF][START_REF] Klysz | Determination of volumetric water content of concrete using ground-penetrating radar[END_REF][START_REF] Laurens | Aptitude of the near-field direct wave of ground-coupled radar antennas for the characterisation of the coverconcrete[END_REF][START_REF] Hugenschmidt | Detection of chlorides and moisture in concrete structures with ground penetrating radar[END_REF][START_REF] Kalogeropoulos | Chlorides and moisture assessment in concrete by GPR full waveform inversion[END_REF][START_REF]Méthode d'essai LPC N°58.12 Détermination des profils de teneur en eau dans les bétons par sondes capacitives[END_REF][START_REF] Villain | Use of ultrasonic and electromagnetic NDT to evaluate durability monitoring parameters of concrete[END_REF]. Several studies on relative permittivity for different concrete have indeed shown that sensitivity levels were important on large frequency bands (larger that the radar ones) [START_REF] Laurens | Influence of concrete moisture upon radar waveform[END_REF][START_REF] Bois | Microwave nondestructive determination of sand to cement (s/c) ratio in mortar[END_REF][START_REF] Robert | Dielectric permittivity of concrete between 50 MHz and 1 GHz and GPR measurements for building materials evaluation[END_REF][START_REF] Lai | Characterization of concrete properties from dielectric properties using ground penetrating radar[END_REF][START_REF] Derobert | EM characterization of hydraulic concretes in the GPR frequencyband using a quadratic experimental design[END_REF][START_REF] Ihamouten | On variants of the frequency power law for the electromagnetic characterization of hydraulic concrete[END_REF]. These works have also demonstrated that other parameters could influence the permittivity measurements, such as the type of aggregate, the quantity and nature of finer particles (< 80 µm) and the nature of the used cement.

Consequently, several researchers decided to use other non destructive methods modifying the frequency spectra [START_REF] Sbartaï | Using radar direct wave for concrete condition assessment: Correlation with electrical resistivity[END_REF][START_REF] Villain | Use of frequency power law to link the results of two EM testing methods for the characterization of humid concretes[END_REF], using mechanical means and combining several non destructive testing [START_REF] Balayssac | Description of the general outlines of the French project SENSO -Quality assessment and limits of different NDT methods[END_REF][START_REF] Breysse | How to combine several non-destructive techniques for a better assessment of concrete structures[END_REF][START_REF] Villain | Durability diagnosis of a concrete structure in a tidal zone by combining NDT methods: laboratory tests and case study[END_REF], to decorrelate uncertainties in order to get quantitative data. However, many additional studies are still necessary before traditional destructive on site methods may be replaced by non destructive investigations [START_REF] Lamarre | Measurement methods description and used protocols[END_REF][START_REF] Lamarre | Assessment of the measurement variabilities : edge effect, variability of the material alone, variability of the measuring tools[END_REF][START_REF] Lamarre | OR11R075 : Non destructive measurements on concrete in different relative humidities and temperatures : capacitive probes, and radar[END_REF][START_REF] Saussol | Concrete characterization of the slabs used for non destructive investigations in OR 11R075[END_REF]. In particular, to assess accurately volumetric water content W and water content gradient by means of permittivity measurements on site, it is necessary to determine the influence of environmental conditions such as temperature and eventually to correct its effect.

One of the needed steps for this is presented in this article and consists in analyzing the permittivity measurement and the assessment of water content on concrete slabs with two electromagnetic methods: radar, and capacitive technique. The aim is to quantify the evolution of the permittivity with temperature T depending on three stabilized volumetric water content W.

In the first part, the used experimental protocol is described: the samples and the means used to control temperature and moisture. The second part focuses on the radar technique for high frequency (>2 GHz), and the obtained experimental results. The last part presents the results obtained by the capacitive technique working at frequencies around 30-35 MHz. For this second method, repeatability measurements have also been carried out.

EXPERIMENTAL PROTOCOL

In order to study the influence of temperature on these non destructive measurements, samples were realized using a classical mix design in civil engineering. The relative humidity (RH) and the temperature (T) of the samples were imposed thanks to a hydro climatic chamber and controlled by weighing and embedding thermo-hygrometric probes in a witness slab (A)

Samples realization and description

In addition to the witness slab A, two concrete slabs were cast at the same time and used for the study (slabs B and C). The used cement is a Portland cement CEM I 52.5 N with 385 kg of cement per cubic meter. The used aggregates were silica, the concrete was vibrated using a needle vibrator and the cure of the slabs was carried out at 20°C in water tanks during 28 days. The obtained concrete can be classified as C35: this was checked by compressive tests at 28 days.

Slab A dimensions are the following: 200x140x120 mm3. Three thermo-hygrometric probes were embedded at three different heights (40, 60 and 80 mm) and the lateral slab faces were tight by adhesive aluminium foil to guaranty unidirectional drying [START_REF] Khelidj | Experimental study of the evolution of heat and moisture transfer parameters of a concrete slab[END_REF]. Slab B dimensions are the following: 450x300x120 mm3 (the water intake was followed weighing additional slabs cast at the same time with the same mix). Slab C dimensions are the following: 280x280x120 mm3 (in that case, water intake was followed weighing the slab).

Carbonation measurements, resistivity measurements and water porosity measurements were carried out on slab B to characterize the concrete according to the recommended protocols by French Civil Engineering Association [START_REF]Mode opératoire recommandé par l'AFPC-AFREM[END_REF][START_REF] Baroghel-Bouny | Concrete design for a given structure service life -Durability management with regard to reinforcement corrosion and alkali-silica reaction -State of the art and guide for the implementation of a predictive performance approach based upon durability indicators[END_REF]. A maximal carbonated depth of 3.4 mm was determined using phenolphthalein with 1% alcohol. The average water porosity proved to be 13.4 % and the average resistivity 79 Ώ.m [START_REF] Lamarre | OR11R075 : Non destructive measurements on concrete in different relative humidities and temperatures : capacitive probes, and radar[END_REF].

Humidity and temperature control

In a first preconditioning step, slabs were dried in a climatic chamber at 60 °C and RH = 60 % during several weeks until the mass stabilization (mass intake was less than 0.05 % of the sample mass between two successive weighing (delay equal to 24 h) [START_REF] Baroghel-Bouny | Concrete design for a given structure service life -Durability management with regard to reinforcement corrosion and alkali-silica reaction -State of the art and guide for the implementation of a predictive performance approach based upon durability indicators[END_REF]. The slabs were then considered as homogeneous, which is confirmed by RH sensors embedded at various depths in slab A.

At this stabilized relative humidity of 60%, a complete thermal cycle including electromagnetic investigations was performed. This is detailed in paragraph 2.3.

In the following steps, for each relative humidity condition (80 and 90%), the one-month preconditioning step and an identical complete thermal cycle were done.

The control is made by weighing the concrete slab. The water contents obtained at the end of each preconditioning step are given in table 1. Both massic and volumetric water contents were determined in order to address both communities specialized in electromagnetism and concrete durability.

During the thermal cycle designed to obtain homogeneous temperature inside the slab, the internal RH is kept constant. Each thermal increment is sufficiently short to consider that the slab water content remains constant. This hypothesis is even more consistent that the concrete porosity is low (13.5%).

Thermal cycle protocol and electromagnetic measurements

For each of the studied relative humidity situation, after reaching the stabilisation in mass, the measurements at different temperature steps were carried out as shown on figure 1. The realized thermal cycle allowed us to investigate five different temperatures (5°C, 15°C, 25°C, 35°C and 45°C). As an increase during one week and a decrease during the following week were performed, it enables studying the reversibility of the observed phenomena.

The measurements were carried out in a stabilized tempered local (20 °C) as soon as the slabs were removed from the chamber in order to avoid any bias from the NDT systems on the measurements.

INFLUENCE OF THE TEMPERATURE IN THE CASE OF THE RADAR

Measurement protocol for the radar

The studied radar is classically used for road survey or rebar detection within reinforced concrete. It has a characteristic central frequency of 2.6 GHz (Figure 2). Both transmission and reception antenna are disposed close to each other (40 mm) on a specific trolley equipped with a turn and push system. The received signals are recorded with a SIR 20 system (manufacturer GSSI) and processed with a commercial software (RADAN from GSSI).

Before each measurement campaign, a measurement in the air is performed in order to get a reference of "time zero". For each measurement, four types of profiles have been realized: two dynamic ones in two principal directions, and two static ones in the middle of the slab (one profile with no average, and one with an average on 32 measurements). The slab is situated on top of a steel plate.

For each profile, three results are determined:

-the ratio of the amplitude of the direct wave propagating on the slab surface to the amplitude of the direct wave propagating in the air ; -the ratio of the amplitude of the reflected wave on the bottom of the slab to the amplitude of the direct wave propagating in the air; -the travel time of the reflected wave during its propagation within concrete.

An example of obtained radar profile is given in figure 3. The analysis of these profiles consists in picking the different arrival times (green or red in the figure) in the reflexion zones. It can be checked that, in the medium zone, the signal is not affected by edge effects that are clearly visible elsewhere. The use of a turn and push system allows validating the work zone for the amplitudes.

Investigation results

The results for the longitudinal profile and for the three humidity conditions are given in figures 4 and 5 (a good reversibility was observed and is included in the error bars). Figure 6 consists in another representation of the figure 4.

For the other profiles, similar observations were done:

-7 --The amplitude value of the received signal decreases a little with the temperature in the case of the direct wave as well as in the case of the reflected wave, -The propagation time increases a little with temperature, -The influence of humidity seems to remain low for the three studied results, -Thanks to travel time, the concrete relative permittivity can be simply calculated by assuming that the concrete slab is homogenous so that its permittivity is constant. The concrete relative permittivity of concrete increases of about 10% for a temperature increase of 40°C. This corresponds to an order of magnitude of 2.5% increase per 10°C for a classical concrete mix design.

-More practically, the permittivity evolution may also be related to an error in the assessment of the concrete thickness of 5% for a temperature increase of 40°C. It can be noted that the range of 40°C is classically encountered on site between winter and summer periods.

-It can be noted that the measurements of the direct wave propagating on the slab surface seem to be the most consistent regarding the relative humidity variations. This may be attributed to small differences between the two used slabs that may have slightly different thicknesses or different carbonation state. Results in terms of reflected wave and travel time may be affected by such parameters.

The results concerning the obtained slopes for the three measurements are given in table 2.

INFLUENCE OF TEMPERATURE ON THE MEASUREMENTS PERFORMED WITH THE CAPACITIVE TECHNIQUE

Measurement protocol for the capacitive technique

The capacitive technique consists in the measurement of the resonance frequency of an oscillating system between 30-35 MHz and between two metallic electrodes disposed on the surface of the studied concrete [START_REF] Taillade | Capacitive probe for non destructive inspection of external post-tensioned ducts[END_REF][START_REF] Derobert | Use of capacitive and GPR techniques for the non destructive evaluation of concrete cover[END_REF][START_REF] Derobert | Capacimetry. In: Non-destructive evaluation of reinforced concrete structures[END_REF][START_REF] Du Plooy | Electromagnetic non-destructive evaluation techniques for the monitoring of water and chloride ingress into concrete: a comparative study[END_REF]. It can be considered that these electrodes form with the studied material a dielectric capacitor. Its capacity (in Farad) depends on the electrode geometry and the relative permittivity Ɛ r of the studied material. Practically, the resonance frequency may vary depending on concrete mix mainly linked with water intake, aggregate nature, and cement content. The used capacity probes have three different types of electrodes: large electrodes LE (2 metallic plates of 70 x 40 mm² spaced from 40 mm), middle or average size electrodes AE (4 metallic plates of 70 x 10 mm² spaced from 10 mm), and small electrodes SE (5 metallic plates of 70 x 5 mm² space from 5 mm) (figure 7). The used electrode size influences the depth of investigation that may vary from several millimetres in the case of the small electrodes to 6-7 centimetres in the case of the large electrodes. This particularity enables us assessing water content gradients versus the slab depth.

As for the radar procedure, a measurement in the air is realized before each measurement campaign and the difference between the resonance frequencies is studied.

A calibration has been carried out on reference materials -teflon, PVC, granite, marble and limestone (whose permittivity have been determined using electromagnetic cell [START_REF] Derobert | EM characterization of hydraulic concretes in the GPR frequencyband using a quadratic experimental design[END_REF]) -for the three different type of electrodes. The results show linear relationship between resonance frequency and relative permittivity (figure 8). The investigations have been performed in two cases: with or without steel plate under the samples. Similar results have been obtained.

The obtained results will allow us to determine the average relative permittivity of the studied concrete for a zone depending on the depth of investigation (type of electrode). This should thus also give an insight on possible gradient due for instance to moisture or to skin effect.

Before the realization of the experimental investigations, the measurement variability and the edge effects have been assessed [START_REF] Lamarre | Assessment of the measurement variabilities : edge effect, variability of the material alone, variability of the measuring tools[END_REF]. Two examples of the obtained results are given in figure 9. The first one is a histogram representing the repeatability of the measurements for one of the slab from 120 measurements (9 a). The second one represents the influence of the edge effect depending on the type of electrode that is used and their orientation (9 b).

These investigations show that:

• the border effect is more important when using large electrodes and measurements should be performed at 7 cm from the slab edge so that results are not disturbed by this phenomena (evolution of the permittivity inferior to 0.1);

• in the case of the capacitive technique, the repeatibility decreases when the size of the electrodes decrease. This is certainly due to the quality of the contact zone between the electrode and the concrete slab which is momentous when the size of the investigated zone is small (as it is the case for the small electrodes);

• the repeatibility of the method itself (30 measurements on a same point) proved to be really good; standard deviation is equal to 0.04 for the large electrodes, 0.07 for the average ones and 0.14 for the small ones for permittivity [START_REF] Lamarre | Assessment of the measurement variabilities : edge effect, variability of the material alone, variability of the measuring tools[END_REF];

• the repeatability of the method associated to the material dispersion (120 measurements realized in different points of the slab at at least 7 cm from the slab edge) proved to be much more important: standard deviation is 0.61 for large electrodes, 1.48 for the average ones, and 0.9 for the small ones for permittivity [START_REF] Lamarre | Assessment of the measurement variabilities : edge effect, variability of the material alone, variability of the measuring tools[END_REF].

For the rest of the investigations, for each studied value, three measurements were carried out in three different points in the middle of the slab so that the results are not affected by edge effects. The measurement points have been identified in order to reduce and neglect the dispersion associated with the material.

Investigation results

The results are given in figures 10, 11 and 12. For each figure, the represented data corresponds to an average of the realized measurements (a good reversibility was observed and is taken into account in the error bar). The straight lines are the regression curves linking permittivity to temperature for the different studied relative humidities. For the realized investigations, the obtained slopes have been determined and are given in table 3.

It can be noted that the dependence of the permittivity with temperature seems to be linear and highly dependent on humidity (correlation coefficients R² are close to 1) in accordance with literature [START_REF] Derobert | Use of capacitive and GPR techniques for the non destructive evaluation of concrete cover[END_REF][START_REF] Derobert | EM characterization of hydraulic concretes in the GPR frequencyband using a quadratic experimental design[END_REF][START_REF] Breysse | How to combine several non-destructive techniques for a better assessment of concrete structures[END_REF].

Between the two extremes, the permittivity evolves from 0.43 per 10°C to 0.8 per 10°C. This corresponds to errors of respectively 6% per 10°C and 9% per 10°C that could be made in the assessment of concrete permittivity on site. This is superior to what was observed in the case of the radar method. This means that practically, the dependence of the measurements to temperature and humidity can not be ignored in case of monitoring a structure on site.

In this perspective, a complementary experiment has been performed studying the effect of the temperature on the NDT systems themselves through measurements on a stable tempered concrete slab. Testing 20°C of variation of temperature on the radar and capacitive systems did not reveal any shift in the measurements due to the temperature of the systems themselves.

It is also interesting to note that permittivity results depend on the size of the used electrodes. This may be due to the heterogeneity of the concrete material and to its characteristic dimension (which is the size of the maximum aggregate diameter), to skin effects, or to imperfections of the calibration process. It seems thus difficult to adopt the absolute permittivity without correction as a quantitative parameter.

CONCLUSION

This article aimed at assessing the influence of temperature on concrete water content assessment using electromagnetic measurement techniques. Two methods were investigated: the radar and the capacitive technique, using three different sizes of electrodes, working in two different frequency bands: around 2 GHz and 33 MHz respectively. The studied concrete is classically used in civil engineering structures. It is important to note that the observed results are available for the studied concrete that has a rather low porosity.

The realized investigations allow showing the sensitivity of the concrete permittivity to the two parameters (T and W). The dependence of the permittivity on the temperature is linear for the two methods: radar (around 2GHz) and capacitive method (at 33 MHz). This one can thus be assessed through experimental calibration. The dependence of the permittivity on moisture does not seem to be very important in the case of the radar measurements. On the contrary, this influence seems to be important in the case of the capacitive technique and highly coupled with the effect of temperature. Table 4 summarizes the observations for both methods.

For both non destructive methods, temperature and humidity increase tend to increase the measured permittivity. The effect of these two parameters should be taken into account when carrying on site measurements. This can be done using a similar experimental calibration process than the one proposed here with concrete samples from the studied structure. For a close concrete mix design (low porosity), a calibration of the temperature effect alone should be sufficient in the case of radar investigations. A coupled calibration of both temperature and moisture effect will have to be undergone in the case of the capacitive technique. 
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