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In addition to hygro-mechanical dependency, moisture is a major factor that influence fungal growth, hence the service life durability of wood-based structures. Degradations related to environment aggressions can lead to various damages. Thus, the management of wooden structures requires the development of maintenance strategies associated with appropriated inspection techniques. Non-Destructive Testing (NDT) tools has received more attention from academic researches and manufactures in the last decades in order to establish an optimal and reliable diagnostic of the hydric state of these structures. One of the most common and most easily applicable methods is electrical resistivity measurement. The approach-based tool is essentially a megohmmeter measuring the electrical resistance of wood. It is measured using electrodes which are composed of one or more pairs of needle-shaped probes embedded in the wood. Our study deals with the evaluation of moisture content distribution in timber structures using an electrical resistivity approach, usually developed in geophysics and mainly based on the adaptation of multiplexed methods used for electrical prospecting measurements. This study aims to present an experimental and numerical approaches to evaluate resistivity measurements efficiency. Therefore, a parametric study was set up to analyze the effect of some of the most important experimental variables (species, type of electrode, electrode configurations) on resistance measurements. The results of this research are argued and analyzed to define the operational limits related to measuring tool capacities and wood properties. An experimental data sorting algorithm was implemented to exploit an extensive database and to optimize the numerical inversion procedure accordingly. First measurements on a timber construction are also presented to highlight the experimental strategy concerning in-situ monitoring.

In situ monitoring of timber structures: electrical resistivity approach for moisture content evaluation

INTRODUCTION

Wood is a great building material and it plays an important role in civil engineering. This material has considerable advantages with regard to ecological challenges and thanks to its lightness and the ease of its exploitation. Even though the development of wood structures is limited by durability issues, the world has seen important designs using wood as the main structural material in recent years [START_REF] Green | The case for tall wood buildings[END_REF][START_REF] Cruz | Guidelines for on-site assessment of historic timber structures[END_REF]. These structures can present today several signs of degradations related to environment aggressions. The excessive moisture content (MC) or wetting/drying cycles influence such factors as strength and dimensions, and can be considered as a major cause of damage [START_REF] Dubois | Modeling of the viscoelastic mechano-sorptive behavior in wood[END_REF]. As a result, the development of maintenance strategies related to inspection techniques becomes essential. Establishing a dependence relation between the insitu service conditions of wood structures and their moisture content is an important step in performance-based durability design. However, monitoring, controlling and diagnosing a heterogeneous and a complex material such wood isn't an easy task. Many methodologies for managing Structural Health Monitoring (SHM) of timber structures are investigated nowadays. Non-Destructive Testing (NDT) tools has received more attention from academic researches and manufactures in the last decades thanks to its ease of use and its cost effectiveness. One of the most common and easily applicable methods is the electrical resistance method. In fact, a variety of electrical resistance methods has been used to establish an optimal and reliable diagnostic of the MC of timber elements non-destructively. Resistance can be used to calculate the MC through a logarithmic relationship. Below the fiber saturation point FSP (25 to 30% for most species), the electrical resistance of wood falls as its MC increases according to an approximately linear relationship between the logarithm of the moisture content and the logarithm of the resistance [START_REF] Forsén | Accuracy and functionality of hand held wood moisture content meters[END_REF][START_REF] Hafsa | Vers la qualification in-situ de la teneur en eau des structures bois via une approche électrique résistive, 7èmes journées du GDR 3544[END_REF]. Nowadays, MC of wood is often estimated via the resistancetype hygrometer which give a direct measurement of MC level between two electrodes inserted into the material. Björngrim et al. [START_REF] Björngrim | Moisture content monitoring of a timber footbridge[END_REF] evaluated the suitability of such a technology to monitor the MC of a timber footbridge. However, the readings taken by these devices are particularly limited to the surface of the elements. A similar equipment was chosen by Dietsch et al [START_REF] Dietsch | Monitoring building climate and timber moisture gradient in large-span timber structures[END_REF] to evaluate the moisture gradients across the cross-section at one specific location by varying electrodes length. The existing solutions are suitable for critical points monitoring but they remain not practical to measure moisture content distribution in timber structures. The scope of our study is mainly based on the evaluation of moisture content distribution in timber structures using the electric resistivity tomography (ERT) derived from the adaptation of multiplexed methods used for depth imaging in geophysics [START_REF] Loke | Practical techniques for 3D resistivity surveys and data inversion 1[END_REF][START_REF] Nguyen | Approches expérimentales et numériques pour l'étude des transferts hygroscopiques dans le bois[END_REF]. This tool is essentially a megohmmeter measuring the electrical resistance of wood using electrodes which are composed of one or more pairs of probes embedded in the material. This system features an internal switching board for 48 electrodes. The measurements allow us to identify the resistivity field related to the MC using the current lines injected by the connected electrodes. This method combines also electrical measurements with numerical inversion. An inversion algorithm is developed in a finite element code (Cast3m) [START_REF]CAST3M is a research FEM environment; its development is sponsored by the French Atomic Energy Commission[END_REF] in order to minimize the error between numerical simulation and experimental measurements. By mixing experimental electrical measurements and numerical inversion, this method has shown good results to obtain a moisture profile along the longitudinal direction of a wooden element [START_REF] Nguyen | Approches expérimentales et numériques pour l'étude des transferts hygroscopiques dans le bois[END_REF]. Nevertheless, preliminary tests have also shown some difficulties related to high resistivity range, large current lines and contact problems between electrodes and wood. In this paper, an experimental and numerical approach will aim at optimizing resistivity measurements and evaluating their reliability.

The remainder of the paper is organized as follows: in section 2, a parametric study that enables to evaluate the effect of some variables on resistance measurements is presented. This study defines in details the operational limits related to the material properties and the measuring tool performance. Under this study, the error in resistance measurement was appraised by using a data sorting algorithm for experimental measurements. Sequentially in section 4, first measurements of electrical resistance are evaluated for an example of in-situ inspection. The experimental strategy to optimize resistivity measurements for in-situ monitoring is also described. Conclusions and perspectives are presented in section 5.

LABORATORY SCALE: PARAMETRIC STUDY USING ONE QUADRUPOLE OF ELECTRODES

In general, the electrical resistance readings are affected by several internal and external factors. Many research works have been developed on different parameters affecting the resistance measurements [START_REF] Forsén | Accuracy and functionality of hand held wood moisture content meters[END_REF][START_REF] Vermaas | Experimental variables affecting the measurement of the DC resistance of wood[END_REF][START_REF] Skaar | Electrical Properties of Wood[END_REF]. [START_REF] Vermaas | Experimental variables affecting the measurement of the DC resistance of wood[END_REF] gave a thorough evaluation of the effect of some experimental parameters on DC (Direct Current) resistance measurements on wood [START_REF] Vermaas | Experimental variables affecting the measurement of the DC resistance of wood[END_REF]. Table 1 summarizes these explanatory variables which are divided into two categories: the inherent variables which represent wood properties, and the experimental variables which include the experimental parameters affecting electrical resistance. In practice, some of these factors are seldom taken into consideration. This study illustrates two important factors embroiled in the determination of moisture distribution: electrode configuration and species.

Specimens and experimental protocol

Two identical test specimens D1 and B1 of Douglas (pseudotsuga menziesii) and Common Beech (fagus sylvatica) respectively, were used in the experiment. The final size of each specimen were 50 x 50 x 50 mm 3 . These specimens were prepared from two samples D0 and B0 stored for several months in a desiccator at 72 ± 2% of relative humidity (RH). For conditioning, samples were stored in ventilated miniature climate chamber over saturated salt solutions until equilibrium was reached (Figure 1). Four holes of 2.5 mm diameter and 10 mm depth were drilled with a drill press into each specimen for installation of measuring electrodes. To avoid crack formation, the distance between both holes was 10 mm. The measurements were performed in the longitudinal direction by transmitting a current of intensity IAB between two injection electrodes (A and B) and measuring the resulting voltage difference VMN by the other dipoles (M and N). Figure 2 gives an overview of experimental protocol with a scheme of the position of the boreholes. Practically, the resistivity-meter, originally developed for geophysical applications, has been adapted to wood material by adding specific cables, miniaturized electrodes and a current divider module to increase the current injection range.
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Effect of electrode configuration

Depending on the positions of electrodes A, B, M and N, three configurations have been tested: Wenner alpha, Wenner beta and Wenner gamma. The first two configurations (α and β) represent two special cases of the devices Wenner-Schlumberger and Dipole-Dipole, respectively (Figure 3). In geophysics, the resistive method defines the apparent electrical resistivity 𝜌 as a function of two inversely proportional parameters 𝑅 and 𝑘, which represent the medium's nature and the type of the device used, respectively.

𝜌 (Ω. 𝑚) = 𝑘 . 𝑅 = 𝑘 ∆ (1)
where: 𝑅 = electrical resistance in ohms, 𝑘 = geometric coefficient corresponding to each configuration expressed in meters.

The injection dipoles and the potential dipoles were inverted to define two different multiplexing directions: N for Normal direction and R for Reverse direction (Table 2). The experimental results for Douglas specimen (Figure 4) show similar values of resistances in both multiplexing directions N and R. There are also three levels of resistance that are consistent with the different levels of geometric factors. Indeed, geometric coefficient values mentioned in Figure 3 are effectual for a semi-infinite medium and they cannot be measured directly in our case. It would be possible to calculate their true values (for a finite medium) using a direct numerical model, but this work is not the subject of this study. However, it does not change their classification order. 

Effect of species

The standard deviation coefficient 𝑄 allows us to estimate the resistance measurement error, so the measurement's quality. In fact, it represents the dispersion around the mean value of resistance 𝑅 during 𝑆 measures. The number of measures 𝑆 is fixed by the operator and depends on the updated value of 𝑄. in our case, 3 measurements are made at least. If 𝑄 is greater than 5%, 6 measurements will be made.

𝑄 [%] = 100 × ∑ (𝑅 -𝑅 ) (2) 
where: 𝑅 = ∑ 𝑅 and 𝑆 = 3 𝑖𝑓 𝑄 ≤ 5% 6 𝑖𝑓 𝑄 > 5%

Two different species were used in the experiment: (1) Douglas was chosen because this species is widely used in construction, (2) beech was used on the other hand to provide a comparison between a hardwood and a softwood. Comparing the results of the standard deviation as a function of different devices (Table 3), the configuration β has no problem of measurement repeatability for both species. The error of measurements deviation is dramatically high for α and ϒ devices for beech specimen. In fact, the configuration β is composed of a paired current electrode set with the electrodes located relatively close to one another, comparing to other two configurations. If the distances between the current dipoles used are large, the measurement of the electrical resistance can quickly become difficult. Moreover, for this case of hydric condition, the current injected into Douglas is 3.7 times greater than the current injected into beech (Figure 5). It is believed that the high values of 𝑄 can be attributed also to the low current value injected into the beech sample, possibly reaching an injection current threshold of the measuring tool ITh = 0.002mA. The choice of the device depends therefore, on the wood moisture content as well as the essence used.

INTERMEDIATE LABORATORY SCALE: DATA SORTING ALGORITHM USING MULTI-QUADRUPOLE OF ELECTRODES

Experimental protocol and numerical inversion

Measurements were performed on a Douglas sample of dimensions 320 x 95 x 95 mm 3 conditioned at RH = 86% and T = 20°C. Electrodes based on needle-shaped probes and numbered from 1 to 21, were lined up along the longitudinal direction, with 15 mm spacing between holes and 10 mm depth. The experimental device developed was composed of the modified resistivity-meter connected to the computing station. Data is stored in the built-in memory and is then transferred via a serial link to an external computer for further processing. Geoelectrical resistance data were obtained using a 21-chanel cable with a multiplexing ability between the different electrodes (Figure 6). Multiplexing was applied in two steps as following:

(1) a horizontal scan by keeping constant the distance a = 15 mm between A, B, M, and N, (2) a vertical scan with three levels of investigation depths n = {1, 2, 3} (Figure 7). Measurements were made in both multiplexing directions N and R (the set of electrodes connections was manually reversed). The Dipole-Dipole configuration was chosen because it allows us to have a high density of measurement points. As also shown in section 2.3, a primary advantage of this device is the ease of current injection compared to other devices. Data have been collected for more than 3 years for a diffusion experience in order to evaluate a unidirectional moisture gradient [START_REF] Nguyen | Numerical and experimental approaches to characterize the mass transfer process in wood elements[END_REF]. In this study, data collected after 1033 days of conditioning will be processed. It is believed that this period is sufficient to guarantee a homogeneous moisture content wherever the position of the quadrupole. In order to determine the resistivity values associated with the resistance measurements, a numerical inversion approach [START_REF] Nguyen | Approches expérimentales et numériques pour l'étude des transferts hygroscopiques dans le bois[END_REF][START_REF] Pham | Experimental-numerical resistivity measurements approach for characterization in structural timber[END_REF] is used. It is based on the minimization of the error between experimental measurements and resistivity values computed by numerical method. The finite element software Castem has been employed to develop the direct model by considering the actual geometry of the studied volume. The simulation of the multiplexed measurements combines current injection and potential calculus for the ohm's law resolution. The sample has been discretized into 10 cells. The additional lack of data at the dry edge necessitated the increasing of its thickness from 4 to 10 cm, which then decreases the thickness of the 8 cells in the central zone to 2.25 cm. The thickness of the cell near the wet edge remains at 4 cm. This type of discretization of variable thickness presented the smallest difference between the measured and calculated resistances (Figure 8). Figure 9 gives a thorough overview of our proposed approach considering numerical and experimental strategies. Our work differs from the papers mentioned above by supplying a data sorting algorithm which enables to maximize the number of reliable data that will be introduced into the inversion algorithm. Sequentially, this part will be presented in details with necessary criteria. 

Experimental data sorting

Interest and principle

By considering 3 investigation depths, 51 experimental measurement points are possible in each multiplexing direction. A first diagnosis reveals an experimental defect at electrode 15 when it is involved in injection during the first manipulation in the normal direction (Table 4).

In situ monitoring of timber structures: electrical resistivity approach for moisture content evaluation SHATiS'19 -Structural Health Assessment of Timber Structures 665 This is possibly due to a contact problem and/or a missed set up of the electrode (insufficient contact pressure). However, measurements in the reverse direction R present a low standard deviation for the different quadrupoles (Q < 5%). This is probably due to a better materialelectrodes contact. As a first step, only experimental data of direction N have been inputted into the inversion algorithm and, furthermore, sorting was performed on these data to eliminate the measurements having a high value of Q and/or a low value of IAB reaching the current injection threshold (ITh = 0.002 mA). The results of the numerical inversion show a significant difference in some resistivities values after sorting, in particular at the last 5 mesh cells where the electrode 15 is associated to their results (Figure 10). Indeed, the affected results depends on the position of the eliminated quadrupoles. Hence, a data sorting has to be included in our approach before the numerical inversion action to make data more accurate and to improve the quality of the numerical inversion results.

Table 4: Quadrupoles with a high standard deviation in the direction N. The main idea of the next section consists in taking advantage of the good measurements of the reverse direction to demonstrate the relevance of the sorting method and its robustness. For the aim of this study, data sorting is mainly based on the results of section 2, i.e., the similarity between the two multiplexing directions N and R, the injection threshold of the measuring tool and the measurements quality by considering the standard deviation coefficient (Figure 11) where:

-IAB: the current between two injection electrodes A and B; -VMN: the resulting voltage difference between dipoles M and N -R(i): the resistance measurement for the quadrupole i, precisely R = |∆VMN/IAB|; -Is: the current injection threshold (Is = 0.002 mA); -Qs: the standard deviation coefficient fixed by the operator (Qs = 5%); -N, R: normal and reverse multiplexing directions, respectively; -NbQuad: the total number of quadrupoles (NbQuad = 51).

Results

The moisture content is calculated using the transition relationship (Eq. 3). The material constants E and F, have been identified by coupling a simple weighing of samples, corresponding to an average moisture variation identification, with a gammadensimetry technique [START_REF] Nguyen | Numerical and experimental approaches to characterize the mass transfer process in wood elements[END_REF]. Figure 12 shows the results of moisture content as a function of the position all over the wood sample. The results in both directions S and R are also presented. Our application is interested in all the experimental data (51 x 2) to illustrate the data sorting importance. In the reverse direction, the moisture content level is quite constant, with regards to normal direction. From the sorted data results, it is concluded that their behavior is closely linked to those of the reverse direction, where a coherence with regards to the homogeneity of the moisture content gradient among the various positions was noticed. In situ monitoring of timber structures: electrical resistivity approach for moisture content evaluation SHATiS'19 -Structural Health Assessment of Timber Structures 667

IN-SITU SCALE: EXPERIMENTAL STRATEGY

The project aims to develop a sensor dedicated to long-term in-situ monitoring. In this case, two essential problems need to be solved: (1) the entry of water into the capillary interstices along the electrode and, (2) the contact pressure between wood and electrode, which is very important to prevent screw loosening. In fact, electrodes are unable to maintain an enduring electrical contact due to the swelling and shrinkage of wood as a function of the operational hydric loading [START_REF] Brischke | Measurement system for long-term recording of wood moisture content with internal conductively glued electrodes[END_REF]. To remedy these problems, an experimental strategy has been identified by coupling two solutions investigated by Brischke et al. [START_REF] Brischke | Measurement system for long-term recording of wood moisture content with internal conductively glued electrodes[END_REF] and Kosch et al. [START_REF] Koch | Monitoring of moisture content of protected timber bridges[END_REF]. Self-made electrodes based on stainless steel screws are used for measuring moisture content in various depths of the timber members (Figure 13). This type of electrodes is advantageous, because various lengths are available and the handling is relatively simple. It can be seen that the screws are isolated with a shrinking tube to create the required measuring depth. The interest is to gain more information about moisture distribution within the cross section. The water uptake can be avoided by using a flat sealing washer and isolating the upper part. A flexible and conductive connection can be producing by adding a conductive glue characterized by a low resistivity (0.01 Ω.m) in the bottom part of the electrode. The results of this approach are quite encouraging, showing a good applicability after some tests carried out on Douglas and Beech specimens (presented in section 2), and comparing to needle-shaped probes used in section 3. The results of an imbibition test, used for investigation depth prediction, confirmed the performance of this experimental electrode strategy and validated the assumptions of the current and the standard deviation limits (Figure 14). Furthermore, another solution based on the use of assembly elements as electrodes is proposed for the in-situ applications. Several configurations have been tested. An example of the "equatorial dipole-dipole" configuration is showed in Figure 15. This type of device presented stable measurements as for standard deviation and current injection threshold. Temperature and climate sensors are used close to the moisture measurement points. The results of a first feasibility study showed their dependence on temperature. Indeed, temperature is probably the most important explanatory factor for an in-situ application. A study of the impact of temperature on electrical resistivity will therefore be necessary. The electrical resistance decreases with increasing temperature. In our case, the resistivity readings are calibrated for temperatures of about 20 to 21°C. Errors caused by temperature effect are generally only minor if the temperature is within about 5°C of this (as the Figure 16 shows in the last two measures). If the temperature is more than about 5°C away from the calibration temperature, the meter reading should be corrected for temperature. Figure 16: Effect of temperature on electrical resistance.

CONCLUSION AND PERSPECTIVES

This paper presents an approach based on electrical tomography, usually used for electrical prospecting measurements in geophysics. This approach aims to evaluate moisture content by using multiplexed resistivity method. The following conclusions can be drawn:

-The approach presented allows us in the first place to take into consideration some important factors affecting electrical resistance measurements. Several configurations of electrodes are tested. Among the 3 configurations tested, Dipole-Dipole presents the best potential according to measurement repeatability and easiness of current injection.

Secondly, measurements are performed on Douglas and Beech to provide a comparison between a hardwood and a softwood. It is concluded that the choice of the device depends therefore, on the wood moisture content as well as wood species used. -Through the coupling of experimental and numerical approaches, we demonstrate that experimental data sorting impacts numerical inversion results. Hence, a data sorting algorithm is integrated before numerical inversion by considering the operational limits related to the material properties and the measuring tool performance. -An experimental strategy for in-situ electrodes-wood connection is proposed and dedicated to long-term in-situ monitoring. Self-made electrodes are proposed for measuring moisture content in various depths which can provide complementary information, especially in the inner passive zone characterized by a small variation of moisture content.

-Besides, the efficiency of several measuring points on timber structure and the influence of local climates on timber moisture content are investigated experimentally.

For future work, a more robust sensor is suggested. A sensor that can monitor the moisture distribution in wooden structures and preferably during the whole life service of the timber construction. To do this, it is considered important to take into account the various limitations of this technique to the in situ application for long term monitoring. In fact, it is often affected by the influence of service classes assigned to wood structures, especially in dry climatic conditions which create problems of current injection in measuring high resistivities, i. e. low moisture content (<12%) [START_REF] Nguyen | Approches expérimentales et numériques pour l'étude des transferts hygroscopiques dans le bois[END_REF]. In addition, experimental results of resistivity measurements depend on experience. The results can be distorted by severe climatic conditions as temperature (direct radiation), wind and rain. In fact, first in-situ experimental results showed a high standard deviation coefficient in the case of a freely exposed beam compared to a low deviation in the case of a protected beam (low wind speed and no direct radiation). Besides, accessibility is a common problem that includes difficulties such as limited space to achieve the required electrodes alignment or a complete obstruction from other structural elements. Accessibility includes also issues of location such as height or orientation that makes the option of drilling unavailable.
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 9 Figure 9: Overview of the mixed experimental-numerical approach.
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 10 Figure 10: Numerical inversion in the normal multiplexing direction (N).
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Table 1 :

 1 Factors affecting electrical resistance of wood.

	Inherent variables	Experimental variables
	Moisture content	Electrode type and configuration
	Species	Contact pressure
	Temperature	Sample shape and dimensions
	Anisotropy	Electrolytic effects
	Chemical constituents Voltage magnitude
	Density	Duration of voltage application

Table 2 :

 2 The multiplexing directions N and R

Table 3 :

 3 The standard deviation of Douglas and beech.