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ABSTRACT 19 

Electrical resistivity is sensitive to various properties of concrete, such as water content. Usually used 20 

on the surface of old structures, devices for measuring such properties could also be adapted in order 21 

to be embedded inside the constitutive concrete of the linings of new tunnels or in new bridges, to 22 

contribute to structural health monitoring. This paper introduces a novel multi-electrode embedded 23 

sensor for monitoring the resistivity profile over depth in order to quantify concrete durability. The 24 

paper focuses on the design of the sensor as a printed circuit board (PCB), which brings several 25 

advantages, including geometric accuracy and mitigation of wiring issues, thus reducing invasiveness. 26 

The study also presents the numerical modeling of the sensor electrical response and its ability to 27 

assess an imposed resistivity profile, together with experimental validations using (i) saline solutions 28 

of known conductivity and (ii) concrete specimens subjected to drying. The results demonstrate the 29 

capability of the sensor to evaluate resistivity profiles in concrete with centimeter resolution. 30 
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1 INTRODUCTION 34 

Water content is one of the main parameters governing the long-term durability of concrete 35 

structures. It is necessary to check hydric transfers over their entire thickness and not only in their 36 

concrete cover. Various methods enable concrete water content to be measured and monitored. They 37 

include Time Domain Reflectometry TDR [1–4], capacitive techniques [5–7], Ground Penetrating 38 

Radar GPR [8–10], electrical resistivity techniques [6,7,11–15] and Gammadensimetry [16,17] 39 

which is indirectly sensitive to the water content of concrete via its density. These different 40 

techniques have their own resolutions and constraints (related to the physical measurement but also to 41 

the signal processing). In this work, we specifically address the need to monitor the water content 42 

profile of concrete over its entire thickness. This is of great importance for the thick concrete 43 

repository structures used for radioactive wastes; and for applications that require a centimeter 44 

resolution over the entire thickness. 45 

Surface measurement techniques are therefore excluded because their investigation depth typically 46 

does not exceed a few centimeters (e.g. attenuated signals, or effects of the reinforcement bed) and 47 

their resolution is intrinsically degraded with the depth. Moreover, for these same surface techniques, 48 

various problems (surface irregularities, material variability, segregation of aggregates, etc.) generate 49 

dispersion in measurements and penalize access to deeper information. Regarding the GPR 50 

technique, the surface measurements require a complex inversion procedure to assess hydric profiles 51 

[18–20] that may not yet be suitable for operational applications. As for the gammadensimetry 52 
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technique, it is restricted to test specimens and is not suitable for in situ structures. Thus, this study 53 

focuses on the development of an embedded sensor optimized as a multi-electrode system for 54 

monitoring resistivity profiles over depth. It takes advantage of the fact that resistivity is sensitive to 55 

defects [21] and to different concrete properties such as chloride penetration [22,23], corrosion [24] 56 

and concrete water content [6,7,13,25], which our study is centered on. Moreover, this new resistivity 57 

sensor is based on "point" electrodes, which give a suitable resolution for the targeted application. 58 

The main aim of the work is to design a prototype of a sensor embedded in concrete structures to 59 

evaluate the resistivity profile over depth. The final goal is the evaluation of the water content profile. 60 

The transition from one to the other requires a conversion model (or calibration in the sense of [26]), 61 

which is dependent on the concrete mix design. The experimental determination of such conversion 62 

models is treated in the literature [6,7], and is outside the scope of the work reported here.  63 

The paper starts with a general overview of the electrical resistivity principle, then the sensor and its 64 

originality (materials, geometry and measurement configurations) are presented, together with the 65 

associated methodology. Then the capabilities of the developed sensor are demonstrated and are 66 

validated by: 1) a numerical study, which shows that the approach (i.e. sensor with equi-distribution 67 

point electrodes) enables the resistivity profile to be estimated directly and 2) a twofold experimental 68 

campaign carried out on solutions of known conductivity and on concrete specimens. The latter 69 

results are then compared with independent reference measurements obtained by the 70 

gammadensimetry technique. Finally we discuss the results and conclude. 71 

2 ELECTRICAL RESISTIVITY PRINCIPLE 72 

A material’s resistivity, expressed in Ω·m, is its ability to oppose the flow of an electric current. In 73 

concrete, the resistivity is characterized by the mobility of the ions existing in the interstitial solution 74 
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and influenced by the aqueous phase of the concrete. It is highly sensitive to the water content [6,13] 75 

and can be used as a performance parameter for concrete design [27]. A method for measuring the 76 

resistivity of a medium is the four point electrode method (quadrupole configuration) where the 77 

current is injected via two ‘point’ electrodes (C1 and C2) and the potential is measured between two 78 

other point electrodes (P1 and P2). By ‘point’ electrodes, we mean electrodes having dimensions that 79 

are smaller than one fifth of the minimum spacing between them [28]. It has been reported in previous 80 

studies that a four point measuring configuration yields more reliable results than a two-electrode 81 

system [6,29]. Different versions of the 4 point electrode method have been used as Non-Destructive 82 

Testing (NDT) methods, but, for applications concerning concrete, the Wenner configuration [30] is 83 

often used [6,7,31,32]. For this configuration, the electrodes are arranged in a line and are separated 84 

by a constant distance, the current is injected between the external electrodes and the potential drop is 85 

measured between the internal electrodes. A multi-electrode resistivity probe (multiple measurements 86 

usually based on a set of aligned and evenly spaced electrodes) can be used to perform electrical 87 

resistivity tomography (ERT) or to map property gradients over depth [6,23,24,33,34]. 88 

In the case of a homogeneous medium (including homogeneous water saturation conditions), the 89 

resistivity depends on the material and is connected to the resistance (ratio of measured voltage to 90 

injected current intensity) by a geometric factor G, which depends on the geometry of the quadrupole 91 

and the concrete structure under study. In the case of a heterogeneous medium, an "apparent" 92 

resistivity (ρ�) is inferred from the same relation: 93 

where R is the electric resistance measured in the heterogeneous medium. 94 

ρ� = GR, (1)
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The geometric factor G is calculated in a homogeneous medium having the same geometry and the 95 

same electrode positions and combinations as the “real” experiment [35,36]: 96 

G = 
����

∆��
, (2)

where ρ	, ∆V	 and I	 are respectively the resistivity of the homogeneous medium, the measured 97 

potential drop and the intensity of the electric current injected into the homogeneous medium. 98 

3 DESIGN OF THE ELECTRICAL RESISTIVITY SENSOR 99 

Our design was orientated by the many limitations described in previous studies regarding the 100 

determination of the electrical resistivity profiles. Firstly, the problem of concrete monitoring over a 101 

limited thickness (concrete cover) is counteracted by embedding a sensor in the concrete, thus 102 

allowing centimeter resolution over the entire structure thickness. Secondly, the issue of invasive 103 

cables in the concrete is resolved by the design of a Printed Circuit Board (PCB) sensor providing no 104 

preferential path for water infiltration from the surface and offering good geometric accuracy of the 105 

electrode shapes and positions. The third problem of the need to wet the surfaces of surface electrodes 106 

to avoid loss of contact with the concrete [21] (which is not optimal for monitoring) is eliminated by 107 

having our electrode embedded in the concrete. Moreover, to avoid the new risk of contact loss due to 108 

concrete shrinkage, the design uses a specific shape. 109 

We propose a printed circuit sensor as a possible solution that could meet all the needs and 110 

requirements. The following subsections describe the design of the sensor and present its material, 111 

geometry and measurement configurations.  112 

3.1 Material 113 

A PCB offers various advantages that make it a relevant choice for manufacturers of electronic 114 

components and instruments: its low cost, its precision of fabrication, which is an important 115 
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parameter limiting any error due to an uncertainty on the electrode position or geometry that could 116 

impact the measurement [37] and, finally its compact thickness thanks to the interconnection between 117 

the components being made with copper tracks instead of using a large number of invasive cables, 118 

which enables a connection (such as DB25 connector) to be easily adapted to the measuring devices. 119 

For all these reasons, the use of PCB technology as a support for a resistivity probe looks promising. 120 

Regarding the support material, the PCB is based on a Flame Retardant-4 (FR-4) material, a 121 

glass-reinforced epoxy laminate [38]. All the physical (thermal expansion, resistivity), chemical and 122 

mechanical properties [https://en.wikipedia.org/wiki/FR-4] of the material make it a relevant choice, 123 

as pointed out by [38]. The conformal coating provides a dielectric layer on the probe that ensures 124 

good durability of the support and tracks. 125 

Regarding the electrode material, the literature proposes a variety of materials that have been tested 126 

for geophysical applications [39], concrete [40,41] or metal applications [42]. The cost of the sensor 127 

is also an important parameter. It is kept down by, for instance, excluding platinum, which would not 128 

offer a significant improvement in signal stability compared to stainless steel [43]. Hence, the 129 

electrodes are made of copper plated with a nickel-gold layer, which has a low electrical resistivity 130 

[39] and protects against corrosion [44]. Alloyed with gold, nickel participates in the physical 131 

stability of the deposition layer and increases its hardness and mechanical resistance. 132 

3.2 Geometry 133 

The PCB sensor designed was given a ladder-like shape in order to ensure its anchoring in the 134 

concrete. One issue of concern was to prevent the PCB sensor itself from creating a preferential 135 

moisture flow path from the external DB25 connector (outlet of the copper tracks). It was therefore 136 

decided not to align the connector with the ladder axis but rather to shift it perpendicularly to the side 137 
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(Figure 1). Based on the hypothesis of unidirectional hydric transfer in semi-infinite structures (slabs, 138 

walls, etc.), only one-dimensional 1D resistivity profiles were assumed to be generated. This shape 139 

allows information to be obtained on the profile along the z axis, which is the direction of the gradient 140 

to be established. The PCB sensor consists of 19 electrodes, each having dimensions of 5x1.5 mm2 141 

staggered on either side of the circuit. The number of electrodes can evolve according to the thickness 142 

of the structure to be studied. The spacing between the electrodes is 2 cm on each side. The left and 143 

right hand side electrode lines in Figure 1 are shifted by 1 cm in the z-direction so that there is one 144 

electrode every centimeter in this direction, in order to increase the resolution through the depth. 145 

 146 

Figure 1. Schematic diagram of the ladder-shaped PCB sensor. 147 

The PCB is placed between two stainless steel grids (Figures 2 and 3), each having a diameter of 148 

100 mm and a thickness of 2 mm. The grids are used to focus the current lines in the zone determining 149 

the profile. For some measurement configurations (see section 3.3) this gives a finer resolution, as 150 

will be shown in the Numerical study section (section 4.1). The grids with 12 mm holes are designed 151 
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to facilitate the pouring of fresh concrete (assuming a maximum aggregate diameter D=12.5 mm) and 152 

to enable water exchanges during drying and wetting processes.  153 

 154 

Figure 2. Schematic diagram of the stainless steel grid (dimensions in mm). 155 

3.3 Measurement Configurations 156 

The ladder sensor presents two measurement configuration modes: the Transmission configuration, 157 

in which the current is transmitted through the grids and the potential drops are measured between 158 

electrode pairs, and the Wenner configuration, in which current injections and potential drop 159 

measurements are made on the electrodes without using the grids.  160 

For the Transmission configuration (Figure 3.a), the current, I, is injected by the two metal grids and 161 

the potential difference (ΔV) is measured between two consecutive electrodes on the same side of the 162 

sensor (P1 and P2 on Figure 3.a for instance, then P2 and P3, etc.). Thus we obtain nine apparent 163 

resistivity measurements through the depth for the left side, and eight measurements for the right side. 164 

For the Wenner configuration (Figure 3.b), four consecutive electrodes on the same side of the ladder 165 

sensor are used: the current is injected on the external electrodes (C1 and C2) and the potential drop is 166 
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measured between the internal electrodes (P1 and P2). Thus we obtain seven apparent resistivity 167 

measurements along the left side, and six measurements on the right side. 168 

Figure 3. Schematic diagram of the printed circuit configurations: (a) Transmission configuration; (b) 169 

Wenner configuration. 170 

For both configurations, the depth of the resistance measurement is estimated at the middle of the 171 

electrodes where the potential is measured, as recommended by [45]. This assumption can be partly 172 

validated by the numerical modeling (section 4.1) and by a sensitivity calculation [46] which gives 173 

the sensitivity of a quadrupole to a small resistivity variation of its surrounding. This calculation is 174 

performed for both electrode measurement configurations, Wenner and Transmission. The approach 175 

of the “adjoint state method” [47] is used to compute the sensitivities here in a homogeneous medium 176 

(Figure 4). This kind of method, crucial during the inversion process, is often used to better 177 

understand and optimize a quadrupole measurement. 178 

 

(a) 

 

(b) 
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(a) 

 
 (b) 

Figure 4. Sensitivity calculation in a homogeneous medium: (a) Wenner configuration; (b) Transmission 179 

configuration. 180 

As observed in Figure 4, all quadrupole measurements have zones of negative (blue) and positive 181 

(red) sensitivity. Concerning the Transmission configuration, results show that the measurement is 182 

not sensitive to the current electrodes C1 and C2. 183 

4 VALIDATION OF THE MULTI-ELECTRODE RESISTIVITY SENSOR AND ASSOCIATED 184 

METHODOLOGY 185 

In order to validate the PCB sensor, numerical modeling was carried out to test the sensor’s response 186 

in a medium with an imposed resistivity profile defined to be representative of real situations in a 187 

concrete structure. In addition, the twofold experimental campaign comprised: i) tests in 188 

homogeneous brine solutions of known conductivity and ii) tests in concrete specimens to check the 189 

sensitivity of the resistivity measurements. 190 
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4.1 Numerical study 191 

 

(a) 

  

(b) 
Figure 5. Numerical modeling of the response of the sensor to a known resistivity profile: (a) 3D view of 192 

the geometric model used for the sensor in a concrete specimen; (b) 3D view of some current lines in the 193 

Transmission configuration. 194 

The goal of the numerical study was to demonstrate the relevance of the sensor geometry for 195 

‘capturing’ resistivity profiles over the whole depth of a concrete element in a straightforward 196 

manner. The numerical simulation was conducted using a 3D electrostatic model and the AC/DC 197 

module integrated in COMSOL Multiphysics® (5.3 a), a commercial software based on the finite 198 

element method. We modeled the diffusion of the injected current using Poisson’s equation (3) to find 199 

the electric potential scalar field, V, for a given resistivity distribution �. A very refined mesh was 200 

used, where the maximum dimension of the tetrahedral element was 0.5 mm. The boundary 201 

conditions were zero current flows on all boundaries to simulate perfect insulation. 202 

where � is the current intensity in a point source S in ��, � a three-dimensional Dirac distribution 203 

and � the position of any point in space. 204 

We modeled a cylindrical concrete specimen having a diameter of 11 cm and a length of 22 cm 205 

(standard specimen geometry). Two metallic grids (Figure 2) were embedded 5 mm from the plane 206 

∇·(
�

�
∇V) = -��(� − ��), (3)
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surfaces of the specimen. The PCB sensor was modeled and placed at the center of the cylinder, 207 

perpendicular to its end faces (representing the surfaces of a concrete structure) and therefore parallel 208 

to the direction of the resistivity profile to be retrieved (Figure 5.a). The shape and dimensions of the 209 

electrodes and grids were modeled with high precision identical to that of Figures 1 and 2. However, 210 

the electro-chemical and polarization phenomena at the interfaces between the concrete and the 211 

metallic parts of our sensor (electrodes and grids) were not taken into account [48]. The purpose was 212 

to test the sensor’s response to a medium with an imposed resistivity profile.  213 

The resistivity distribution was first considered constant (homogeneous concrete) in order to calculate 214 

the geometric factors G numerically and was then taken to be variable to study the profiles in depth. 215 

Thus, for each configuration and each quadrupole, a corresponding geometric factor, G, was obtained 216 

and an apparent resistivity, ρ�, was calculated using equation (1).  217 

The imposed resistivity profile was determined based on the range of electrical resistivity for different 218 

types of concrete [31]. For a CEM I Ordinary Portland Cement, depending on porosity, the resistivity 219 

varies between 30 and 200 Ω·m in humid conditions and between 100 and 400 Ω·m under natural 220 

conditions, without carbonation. It was estimated that this range of resistivity values would not be 221 

exceeded in the target application, the monitoring of concrete repository cells for radioactive wastes 222 

being similar, to that of concrete tunnels. Thus, in the numerical simulation, we propose an 223 

exponential resistivity variation between 400 Ω·m at the surface (z=0.22 m) and 50 Ω·m at depth 224 

(z=0), to obtain a higher decrease in the resistivity on the first half of the specimen than that at the 225 

heart. The imposed resistivity variation is given in equation (4): 226 

ρ(z) = 350 exp ((−13(0.22 − z))") + 50, (4)

where ρ (Ω·m) and z (m) are the resistivity in the medium and the depth, respectively. 227 
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In the case of a Transmission configuration, current was injected between the two disk-shaped grids. 228 

This injection configuration generated current lines that were nearly parallel (i.e. approximately 229 

uniform electrical field (Figure 5.b)) between the grids, similarly to a cylindrical resistivity cell (e.g. 230 

[6]). This allowed a smaller volume to be investigated than for the Wenner configuration because this 231 

volume was more concentrated between the pair of electrodes used for the voltage drop measurement 232 

on the PCB sensor. Therefore we believe the Transmission configuration can achieve better accuracy 233 

and resolution, as is shown below.  234 

 235 
Figure 6. Simulated apparent resistivity profiles for the Transmission and Wenner configurations, 236 

compared to the imposed resistivity profile. 237 

In order to compare the sensor’s ability to match the resistivity profile imposed in the model 238 

(equation 3), we plotted the resistivity profile in Figure 6 as a function of depth for both the 239 

Transmission and the Wenner configurations. It is obvious from this figure that the relative difference 240 

between the actual resistivity distribution (imposed profile) and the simulated apparent resistivities is 241 

very small. The normalized mean root squared error (NRMSE) was calculated between the imposed 242 

profile and the calculated profiles of the PCB sensor. We found an NRMSE of 0.36% for the 243 

Transmission configuration, and 3.98% for the Wenner configuration. The greater difference 244 

observed for the Wenner configuration may be explained by the difference in the volume investigated 245 
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in the Wenner and the Transmission configurations. Therefore, with the Wenner configuration, a 246 

numerical inversion procedure may be required to obtain the true resistivity profile [31]. However, 247 

this promising result proves the ability of the designed sensor to determine the electrical resistivity 248 

profile with good resolution for both configurations. 249 

4.2 Experimental validation in brine solutions 250 

The objective here was to assess the repeatability of the measurements, through laboratory 251 

measurements acquired in homogeneous solutions (i.e. with negligible resistivity variation) in a range 252 

of known conductivities. A measurement sequence for the Wenner and Transmission configurations 253 

was programmed on a commercial resistivity meter (Syscal Pro, Iris Instruments) and all the 254 

measurements were made automatically. 255 

4.2.1 Experimental set up 256 

The PCB sensor was placed at the center of a water-filled cubic tank of dimensions 30x30x30 cm3 257 

(Figure 7) between two stainless steel grids, each at a distance of 5 mm from the side surface. New 258 

geometric factors were then calculated by a numerical simulation taking the new geometry of the 259 

medium into account. The sensor was validated by testing various brine solutions of known resistivity 260 

(the inverse of conductivity). To obtain the five solutions presented in Table 1, we gradually added 261 

NaCl salt to demineralized water. The corresponding expected resistivity for each solution was 262 

determined using Abacus software [49]. The values were then compared to those obtained by a 263 

commercial conductivity probe (WTW Multi 348i), calibrated just before the measurements were 264 

carried out. In addition, reproducibility tests performed with an internal quality control solution as 265 

specified in standard XPT 90-220, based on inter-laboratory tests in which the French institute 266 
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IFSTTAR participated, evaluated the measurement uncertainty of the conductivity probe at 3%. The 267 

experimental study was performed at a constant temperature of 20 ± 1 °C.  268 

Table 1. Characteristics of the five electrolytes used. 269 

  Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 

Concentration 

NaCl (mg/l) 

10 50 90 200 1000 

ρ expected 

(Ω·m) 

(no value on 

the abacus) 

100 63 25 5.5 

 270 

Figure 7. The PCB sensor and stainless steel grids tested in a brine solution. 271 

4.2.2 Results and discussion 272 

The repeatability was assessed by taking three measurements per quadrupole. Table 2 presents the 273 

average and standard deviation of the resistivity measured with the PCB sensor in the Transmission 274 

and Wenner configurations for all solutions. Solution 1, with low NaCl concentration, was excluded 275 

since it had higher repeatability variation (1.7% for the Wenner configuration). The coefficient of 276 

variation, CV, for the repeatability with solutions 2 to 5 varied from 0.2% to 0.6% and the CV for the 277 

variability along the sensor line varied from 0.7% to 1.2%. All the results are detailed in Table 2. 278 

Grid 1 Grid 2 
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Figure 8 presents the variation of the resistivity profiles over depth for the PCB sensor (Transmission 279 

and Wenner configurations) and conductivity probe for solutions 2, 3, 4 and 5. 280 

An average relative difference of 2.6% can be observed between the expected resistivity and that 281 

measured with the conductivity probe. What is more, no significant degradation of the results over 282 

time was observed that might have been associated with the change in the composition of the solution 283 

by carbonation of the exchange surface. 284 

  285 
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(a) 

 

(c) 

 
(b) 

 

(d) 

Figure 8. Variation of the resistivity profiles over depth for the PCB sensor (Transmission and Wenner 286 

configurations) and the conductivity probe (uncertainty of the probe is highlighted): (a) solution 2; (b) solution 287 

3; (c) solution 4; (d) solution 5. 288 

Table 2. Electrical resistivity measured with the conductivity probe and the PCB sensor in the 289 

Transmission and Wenner configurations for the five solutions. 290 

 Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 

Conductivity probe 

ρ (Ω·m) 450 ± 13 98 ± 3 60 ± 2 25 ± 1 5.3 ± 0.2 

PCB Trans  

ρ (Ω·m) 

CV repeatability (%) 

CV variability (%) 

484.6 ± 1.4 

0.3 

2.9 

105.9 ± 0.2 

0.2 

1.2 

61.8 ± 0.2 

0.3 

1.0 

26.7 ± 0.1 

0.4 

1.2 

5.8 ± 0.03 

0.5 

1.5 

PCB Wen  

ρ (Ω·m) 

CV repeatability (%) 

CV variability (%) 

448.3 ± 7.4 

1.7 

1.0 

103.4 ± 0.4 

0.4 

0.8 

60.6 ± 0.2 

0.3 

0.8 

26.3 ± 0.1 

0.4 

0.7 

5.7 ± 0.03 

0.6 

0.8 

The results in Table 2 and Figure 8 show that values for the resistivity measured with the PCB sensor 291 

are in good agreement with the conductivity probe measurements; on average for all solutions, a 292 
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relative difference of 6.8% is calculated for the Transmission configuration and 4.8% for the Wenner 293 

configuration. Good correlation was found between measurements of the PCB sensor and the 294 

conductivity probe, as can be seen in Figure 9. These performances are equivalent to the state of the 295 

art [6] with surface measurements.  296 

 297 

Figure 9. Correlation between the resistivity measured with the PCB sensor for the Wenner and 298 

Transmission configurations and the resistivity measured with the commercial probe.  299 

4.3 Experimental validation in concrete specimen 300 

This part of the study deals with the experimental validation of the sensor in a concrete specimen, the 301 

target material. We first demonstrate the ability to measure the concrete resistivity, then check the 302 

variability and repeatability of the measurements. In addition, the response of the sensor to concrete 303 

drying is studied. At the end of the experiments, a splitting tensile strength test was carried out on a 304 

specimen to visually check the contact between the electrodes and the concrete. 305 

4.3.1 Experimental set up 306 

The concrete used in this study was based on cement type 1 (CEM I) with a water-cement ratio of 0.59 307 

and a porosity of 15.0% ± 0.9%. Five cylindrical specimens of diameter 11 cm and length 22 cm were 308 

used to quantify the variability of the measurement with the same sensor in all specimens. The PCB 309 

sensor was placed at the center of the cylinder and the grids (Figure 2) were placed on the external 310 
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surfaces of the mold, embedded in the concrete at a depth of 5 mm as in the numerical model (section 311 

4.1). Tests were conducted after 28 days of curing, two concrete specimens were then dried at 20 °C 312 

for 28 days, followed by drying at 45 °C to accelerate the establishment of a resistivity profile. The 313 

cylinders were sealed with aluminum foil on the lateral and the underside faces; only the upper face 314 

was kept in contact with the air to ensure a unidirectional drying. Conditions were thus close to the 315 

drying conditions of a full-scale structure. 316 

4.3.2 Characterization of the sensor in concrete  317 

The repeatability assessment for the resistance measured over time showed a stable resistance value 318 

for three measurements made 5 minutes apart in saturated conditions. The coefficient of variation 319 

ranged between 0.07% and 1.86% for the Transmission configuration, and between 0.06% and 0.75% 320 

for the Wenner configuration. In addition, the coefficient of variation CV for the variability along the 321 

sensor line varied from 4.3% to 6.7% for the Transmission configuration, and from 2.5% to 5.7% for 322 

the Wenner configuration.  323 

To compare the Transmission and Wenner configurations, the apparent resistivity profiles for 324 

cylinder 1 in saturated conditions are plotted in Figure 10. It can be observed that both configurations 325 

have the same profile and follow similar trends (minima, maxima, changes of slope), which shows 326 

that they are sensitive to the same parameters at each depth (state and variability of the concrete, state 327 

of the contacts, etc.) although different apparent resistivity values ρa were measured. An NRMSE of 328 

4.76% was calculated between the two configurations. This calls into question the initial idea of 329 

estimating the depth of the resistance measurement at the middle of the electrodes, where the potential 330 

is measured, especially for the Wenner configuration (see the numerical modeling in section 4.1). 331 
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 332 
Figure 10. Apparent resistivity profile according to depth using the Transmission and Wenner 333 

configurations in saturated conditions for cylinder 1.  334 

The reproducibility was assessed by testing the sensor’s response variability in all cylindrical 335 

specimens subjected to the same laboratory conditions. The reproducibility here is associated with 336 

variation due to the sensor and concrete material variability. Figure 11 shows the variation of the 337 

apparent resistivity profile with depth for all specimens, using the Transmission configuration in 338 

saturated conditions. The apparent relative variation of resistivity is 4.6% on average between 339 

cylinders 1, 3, 4 and 5, and 11.1% for all cylinders including cylinder 2, which has higher resistivity 340 

values. These ranges of CV for the reproducibility measurements in concrete are similar to those 341 

reported by Morris [50] (4% to 11%) with a surface Wenner probe in saturated conditions. According 342 

to Andrade et al. [32], a CV of 10% is good and 20% is acceptable for controlled conditions, while up 343 

to 30% is normal for on-site conditions.  344 

Therefore, for this case study, it can be concluded that the PCB sensor developed yields results within 345 

an acceptable range of variability. 346 
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(a) 

 
(b) 

Figure 11. Apparent resistivity profile over depth using the Transmission configuration in saturated 347 

conditions: (a) all cylinders; (b) average profile with the minimum and maximum profiles. 348 

In order to test the sensitivity of the sensor to drying, the variation of the apparent resistivity profile 349 

with time is illustrated in Figure 12 for the Transmission configuration, where t0 marks the beginning 350 

of concrete drying at 20 °C and t’0 marks the beginning of concrete drying at 45 °C. In Figure 12, the 351 

relative apparent resistivity variation ∆ρ� for each depth was calculated relative to a reference time 352 

using equation 5: 353 

∆ρ� =
ρ$ − ρ	%&'

ρ	%&'

 (5)

where ρ$ is the apparent resisitivity value at a time t and ρ	%&' is the apparent resisitivity value 354 

measured at the beginning of each drying process (t0 in Figure 12.a and t’0 in Figure 12.b 355 

respectively). 356 

The measured apparent resistivity shows a general increase over time, which implies a decrease of the 357 

water content due to the drying process. The water content profile created between the two faces of 358 

the cylinder is caused by the evaporation of the water from the face that is in contact with the air. We 359 

observe in Figure 12 that the relative apparent resistivity variation near the surface is higher than that 360 

at the heart. This is due to the unidirectional drying of the concrete. Similar tendencies have been 361 

observed in previous studies concerning the determination of water content gradients, such as 362 
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[7,13,14]. In addition, when the drying was accelerated at 45 °C (Figure 12.b), the relative apparent 363 

resistivity variation increased more rapidly near the surface. This demonstrates the ability of the 364 

designed sensor to monitor the resistivity profile due to concrete drying with a spatial resolution of 365 

about 1cm.  366 

For very low degrees of saturation (less than 30–40% according to Lataste et al. in [12], even 20-30% 367 

for certain concrete mixes), the hydric continuity is not sufficient in the porosity and the resistivity 368 

becomes too high (between 2000 and 4000 Ω·m) to be measured by available commercial resistivity 369 

meters. However, in the study presented herein, such very low degrees of saturation have not yet been 370 

reached after 2 years of drying in conditions corresponding to thick concrete structures. 371 

 
(a) 

 
(b) 

Figure 12. Relative apparent resistivity variation profile over depth using the Transmission configuration 372 

during the drying of the concrete specimen: (a) at 20 °C; (b) at 45 °C. 373 

4.3.3 Visual check of the contact between electrodes and concrete 374 

A splitting tensile strength test was carried out on one concrete specimen to visually verify the contact 375 

between the PCB sensor electrodes and the concrete. Figure 13 shows a photograph of the splitting of 376 

the concrete specimen with a close-up on the electrodes and their footprints left in the concrete.  377 

Good contact is observed between all electrodes (PCB electrodes and grids) and the concrete, 378 

verifying the adhesion between the concrete and the PCB sensor, which does not present any sign of 379 
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alteration. The aggregates were able to penetrate between two consecutive electrodes and to pass 380 

through the grids well (previous assumption). The contact resistances measured between pairs of 381 

electrodes varied from 7 kΩ (beginning of drying) to 35 kΩ (end of drying), and from 2 kΩ 382 

(beginning of drying) to 10 kΩ (end of drying) on the grids. The influence of the PCB sensor on the 383 

concrete strength can be considered as minimal in the application of the thick concrete repository 384 

structures used for radioactive wastes since the volume of the sensor is small compared to the global 385 

volume of the structure. 386 

 

(a) 

 

 

(b) 
Figure 13. Photos of the split concrete specimen: (a) general view of the PCB sensor and the grids; (b) 387 

close-up on the electrodes (top) and their footprints in the concrete (bottom). 388 

5 VALIDATION WITH GAMMADENSIMETRY DATA AND DISCUSSION  389 

Gammadensimetry is a method commonly used to check concrete density [16,17]. It is also used to 390 

determine water content profiles. By taking the water loss into account in the calculation of the mass 391 

absorption coefficient, the accuracy of the parameter characterizing the concrete internal water 392 

content is improved [16]. It is based on the material’s absorption of gamma rays emitted by a Cesium 393 
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137 radioactive source. The diameter of the test specimen used here was 11cm and its height was 30 394 

cm. It was sealed with aluminium foil and exposed to drying conditions similar to those of the 395 

cylindrical specimens where the PCB resistivity sensor was embedded. It was placed with a rotational 396 

movement about its axis: the measurement corresponded to the average over a slice of concrete 397 

having an estimated thickness of 10 mm. One measurement was made every 6 mm. The uncertainty of 398 

gammadensimetry values is estimated at 0.5%. We calculated the relative density variations for each 399 

depth and each time in both drying processes (at 20 °C and 45 °C) relative to an initial state (reference 400 

time) using a simple expression (similar to Eq. (5)). The results are plotted in Figure 14, where T0 401 

marks the initial saturated state and the beginning of concrete drying at 20 °C and T’0=T0+146 days 402 

marks the beginning of concrete drying at 45 °C.  403 

 
(a) 

 
(b) 

Figure 14. Relative density variation over depth during the drying of the concrete specimens: (a) at 404 

20 °C; (b) at 45 °C.  405 

An increase in the relative density variation is observed over time, revealing the drying of the 406 

concrete. The relative density variation on the surface at 20 °C is equal to 0.6% for t0+2 days and 407 

2.3% for t0+146 days. At 45 °C, the relative density on the surface varies between 2.3% and 3.8% 408 

over 42 days. The concrete took a very long time to dry even after the temperature increase. To make 409 

a comparison between the relative density and apparent resistivity variations (using the Transmission 410 
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configuration) with depth, Figure 15 shows both variations plotted on the same graph for certain 411 

common times within the drying process. 412 

 413 

 414 

Figure 15. Relative density (left axis) and apparent resistivity (right axis) variations over the concrete 415 

specimen depth. 416 

Gammadensimetry makes it possible to monitor the drying of the concrete [16] and correlates well 417 

with the relative apparent resistivity variation profiles over time. Similar variations can also be 418 

observed in Figure 15 for the density and apparent resistivity measured in the concrete. According to 419 

our results, the PCB sensor sensitivity varies from 10 to 40 ± 10 Ω·m for a saturation degree variation 420 

from 100 to 73 ± 5% (calculated by gammadensimetry). Considering results given in the literature 421 

[6,7] and Archie’s law [51], the sensitivity range should be higher for lower saturation degrees, when 422 

the drying is at an advanced stage. Therefore, further research should include long-term drying to 423 

achieve lower saturation degrees and extend our results. 424 

6 CONCLUSIONS                    425 

In this paper, a PCB sensor based on an electrical resistivity technique has been developed to evaluate 426 

the resistivity profile in concrete in order to monitor moisture gradients in real structures. The 427 

embedded sensor presents various advantages, such as measuring profiles at the centimeter scale over 428 
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the thickness of a concrete structure; ensuring good electrical contacts between the electrodes and the 429 

concrete, which is optimal for monitoring purposes; having good precision and low fabrication cost 430 

and reducing the handling of wiring. A numerical study was conducted to validate the sensor’s 431 

response. Results show that apparent resistivity profiles simulated for the Transmission and Wenner 432 

configurations are quite close to the actual resistivity profile. Experimental measurements were 433 

carried out on electrolytes of known conductivities and the sensor proved its ability to determine 434 

resistivity values accurately. Moreover, a validation of the PCB sensor was carried out on concrete 435 

cylindrical specimens and the apparent resistivity profile was monitored at different times of drying. 436 

The apparent resistivity data were shown to be sensitive to the evolution of concrete while it was 437 

drying over time. The results are validated by comparison with independently measured 438 

gammadensimetry data. In the future, we plan to optimize the measurement configurations using the 439 

sensitivity study. The PCB sensor may be used in many structures to monitor resistivity profiles and, 440 

more importantly, moisture content profiles by means of material-dependent calibration.  441 
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