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Abstract: 17 

 18 

Chloride penetration in concrete can lead to steel corrosion which is one of the major 19 

pathologies affecting reinforced concrete’s durability. The development of methods to 20 

investigate chloride penetration is essential to predict and update the service life of the 21 

structure. A non-destructive (ND) DC-electrical technique is used in this study: this 22 

Electrical Resistivity Tomography (ERT) device is arranged in a Wenner configuration 23 

and measures apparent resistivities. Apparent resistivities are then inverted in order to 24 

obtain a resistivity profile versus depth. In parallel, a calibration method relating the 25 

resistivity to the chloride content for each type of concrete is used to obtain the chloride 26 

profile versus depth. This methodology was applied to a chloride diffusion experimental 27 

program on two concrete formulations and one mortar. The profiles evaluated by NDT 28 

are then compared to those obtained by a destructive method (potentiometric titration). 29 

Both types of profile fit relatively well, thus, the presented methodology is validated for 30 

determining chloride content profiles by means of a non-destructive ERT device. The 31 

evaluation of the uncertainty range of successive processes (measurement, inversion and 32 

calibration) underlines the importance on including the uncertainties in the 33 

interpretation of the ND profiles in future research. 34 

 35 

Keywords: Resistivity, chloride, NDT, diffusion, concrete durability 36 

 37 

1. Introduction: 38 

The deterioration of reinforced concrete structures in marine environment is mainly due to the 39 

corrosion of steel induced by the penetration of chloride ions [1]. Chloride ions can penetrate 40 

into concrete through multiple mechanisms including diffusion, adsorption, permeation and 41 

surface deposit of airborne salts [2-7]. By penetrating into the cover concrete, the chloride 42 

ions destroy the passive layer that protects the reinforcing steel bars from corrosion. The 43 

corrosion mechanism induces a reduction of the steel surface area and rust production on the 44 

bars resulting in an increase of the total volume up to 600% [8, 9]. The consequences then 45 
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include the decrease of the mechanical resistance of the structure as well as the cracking and 46 

the spalling of the concrete.  47 

The duration preceding the destruction of the passive layer is defined according to Tuutti [10] 48 

as the initiation period which is followed by the propagation period during which the 49 

corrosion develops. The work presented in this paper is positioned in the framework of the 50 

inspection of concrete structures in marine environment during this initiation period.  51 

Determining the chloride concentration at the depth of the steel bars allows evaluating the 52 

corrosion risks (studies claim a free chloride threshold varying between 0,07 and 1,16% by 53 

weight of binder [11]). Before reaching the critical chloride threshold, the monitoring of the 54 

evolution of chloride profile permits the assessment of maintenance needs and repair action 55 

scheduling [1, 4, 8]. Moreover, the monitoring of the evolution of the chloride profiles allows 56 

the update of the service life prediction models of the structures.  57 

Therefore, it is important to determine the chloride concentration profiles and not only to 58 

detect the presence of chloride ions or to assess the chloride concentration at only a given 59 

depth. This study deals with determining the chloride concentration profiles in cover concrete 60 

versus depth using a non-destructive method applied to the concrete surface. 61 

Among the few testing techniques used to determine chloride concentration most are 62 

destructive, fastidious and time-consuming [12]. One of the main disadvantages of 63 

destructives techniques lies in the fact that by destroying the sample, it is not possible to 64 

monitor the evolution of the chloride concentration with time at the same position. Hence, the 65 

development of fast and reliable non-destructive methods becomes a necessity.  66 

With non-destructive methods, the rapidity of the measurement makes it possible to 67 

investigate a large surface area of the structure and therefore to detect weak points that need 68 

further investigation [13, 14]. In addition, being non-invasive, the methods allow surveying 69 

the same spot in the structure and assessing the concrete conditions at several test times. The 70 

monitoring parameters provided are valuable to predict the potential evolution of the concrete 71 

conditions with time. 72 

Amongst non-destructive methods, electromagnetic techniques are particularly sensitive to the 73 

moisture and ionic contents in concrete [15-22]. This sensitivity has been proven in lab 74 

controlled conditions as well as on in-situ structures [23-25]. More specifically, the DC-75 

electrical resistivity (Ω.m) of concrete is a bulk material property that quantifies the electrical 76 
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resistance (applied voltage divided by transmitted current intensity) of a unit volume of 77 

concrete.  78 

In concrete, electrical current is carried by the ions present in the pore solution [26]. The 79 

resistivity thus depends on the concrete composition (affecting the porosity and tortuosity), on 80 

the saturation degree and on the ionic content of the pore solution [20, 27-34]. Concerning the 81 

concrete composition, [32] have demonstrated that resistivity increases when the W/C ratio of 82 

the studied concrete decreases and therefore when porosity decreases. A similar trend is 83 

observed by [35] after measuring concrete specimens with different water to binder ratios. 84 

Developed resistivity instruments used on concrete include embedded sensors [36,37] as well 85 

as surface applied devices [18].Concerning the saturation degree and the ionic content, 86 

although the use of DC-electrical resistivity measurements to assess moisture and ionic 87 

contents is fairly common in the fields near-surface geophysics applied to soil science (e.g. 88 

[38]), and hydrological or environmental studies (e.g. [39]), approaches are less advanced in 89 

the field of concrete durability evaluation. 90 

Recent studies [18, 40] have proven the potential of resistivity techniques to monitor water 91 

and chloride ingress in concrete by using electrical resistivity measurements. In [18] the 92 

authors compare the potential of three electromagnetic (EM) NDT techniques (electrical 93 

resistivity tomography (ERT), capacimetry, and ground-penetrating radar) to monitor water 94 

and chloride ingress into cover concrete and point out that separating the influences of both 95 

parameters (moisture and chloride contents) in non-saturated concrete would imply a more 96 

sophisticated and combined EM approach. In [31] the authors focused on evaluating the 97 

detection threshold of chlorides in cover concrete by means of an embedded DC-electrical 98 

resistivity probe (for monitoring purposes) and based on statistical analysis and quality 99 

assessment approaches. Nevertheless, none of these studies are able to quantify the degree of 100 

saturation or the chloride content because the calibration phase is missing. In particular, Du 101 

Plooy et al. [18] could not decorrelate the effect of the chloride content from the water 102 

saturation profile during a sea water imbibition process, on the apparent resistivities measured 103 

by the ERT device. 104 

For a given cement type, a given concrete mix design, and for a zero chloride concentration, a 105 

variation in resistivity most likely indicates a variation of the concrete saturation degree. In 106 

the same way, for a given cement type, a given concrete mix design, and for a constant 107 

saturation degree equal to 100%, a variation in resistivity most likely indicates a variation of 108 

the chloride concentration.  109 
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It is worth noting that this study deals with chloride diffusion in saturated concrete (S = 110 

100%) with the only variant being therefore the chloride content. Although the rate of 111 

chloride penetration in non-saturated conditions is more important and is found in various 112 

field situations, separating the two parameters is essential at first given that the resistivity is 113 

sensitive to both parameters. 114 

In this paper, we investigate the use of electrical resistivity tomography (ERT) to obtain a 115 

chloride profile concentration using the ERT device developed by [41], by means of one-116 

dimension (1D) inversion of raw resistivity data (as opposed to [41] who used a 2D inversion 117 

procedure that is somewhat unnecessary for yielding 1D profiles) in addition to material 118 

calibration. The article first gives a detailed description of the proposed methodology to 119 

obtain chloride content profiles using non-destructive surface measurements. The 120 

methodology is validated with an experimental program carried out on three different 121 

materials and the results are compared to those obtained by a destructive method. 122 

2. Proposed methodology and experimental measurement methods 123 

As previous studies [18, 40] did not succeed in determining the chloride profiles by ERT, the 124 

innovative methodology described in this section is necessary. 125 

2.1 Global methodology to obtain chloride profiles using NDT, including methodology 126 

steps 127 

Five main steps can be identified in the process of obtaining a chloride content profile using 128 

resistivity measurements (illustrated in Figure 1).  129 

The first step is the measurement of a set of apparent resistivities (ρa) on the studied structure 130 

using an ERT device (defined in section 2.2.2). Apparent resistivities are the electrical 131 

responses of a given material. Each apparent resistivity is obtained by multiplying a measured 132 

electrical resistance in Ohms (ratio between the generated potential drop and the 133 

corresponding applied current intensity) by a geometric factor (in meters) that accounts for the 134 

measurement geometry (see 2.2.2).  135 

For a homogeneous and isotropic material, the apparent resistivities theoretically equal the 136 

bulk resistivity of the material. In non-homogeneous materials, each apparent resistivity is an 137 

integrated value over a certain volume that depends on the respective measurement geometry. 138 

An inversion procedure has to be carried out in order to yield the ‘true’ resistivity distribution 139 

[41, 42]. Therefore, the second step is the inversion of the measured apparent resistivities to 140 
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obtain a resistivity profile versus depth. The inversion was carried out using the free Res1D 141 

software (released for academic use) as will be described in section 2.3.  142 

Parallel to this procedure, the third step entails the measurement of the resistivity of several 143 

cores of the same concrete saturated with different concentrations of sodium chloride using 144 

the calibration resistivity cell (section 2.2.1): this step is to establish the calibration curves 145 

corresponding to the resistivity versus the free chloride content. The free chloride content in 146 

concrete was determined by the destructive method described in section 2.4. The calibration 147 

is, for the time being at least, a necessary tool in order to convert the resistivity profile 148 

obtained in step 2 into chloride concentration profile (step 4). The last step deals with 149 

transforming the resistivity profile (step 2) to chloride content profile using the calibration 150 

curves obtained with step 3. The propagation of uncertainty throughout the different steps 151 

listed above has a considerable impact on the final results as will be detailed in section 4.3. 152 

To validate the chloride profiles obtained in step 4, these are compared with those obtained by 153 

the destructive method described in section 2.4. 154 

 155 

Figure 1 Schematic representation of the methodology used to obtain chloride content profiles in concrete 156 

 157 
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2.2 Resistivity measurement techniques 158 

In this section, we present the two techniques, first, the resistivity cell for determining the 159 

calibration curves on cores and, second, the ERT device for carrying out apparent resistivity 160 

measurements in situ or on slabs at the lab scale. The resistivity cell as well the as the ERT 161 

device (also called resistivity probe in [18, 41]) used in this study were developed by Du 162 

Plooy et al. [41]. 163 

2.2.1 Electrical resistivity cell used for calibration 164 

The main use of the resistivity cell is the measurement of the apparent resistivity of small 165 

concrete cores (75 mm diameter and 70 mm height) saturated with different chloride contents 166 

in order to establish the calibration curve specific to each material. The cell is made of a 167 

cylindrical PVC support in which five “ring” electrodes were placed (Figure 2 (a)). The 168 

electrodes are made of conductive metallic sponges that are carefully humidified before the 169 

test to insure a better contact with the concrete. An electrical current, of intensity I, is injected 170 

through two metallic plate electrodes placed on the top and bottom ends of the core 171 

respectively as shown in Figure 2 (a). Potential differences ∆Vi are then measured between the 172 

various ring pairs in order to assess the homogeneity of the core. The apparent resistivity 𝜌𝑎𝑖   173 

for each ring pair is then obtained using (equation 1):  174 

 𝜌𝑎𝑖 = 𝐺𝑖
∆𝑉𝑖

𝐼
 (1) 175 

where 𝐺𝑖 is a geometric factor equal to 𝐴/𝐿𝑖 (Figure 2) (where A is the area of each electrode 176 

plate and Li the distance between the ring electrodes used). Four measurements are performed 177 

between two consecutive rings and two measurements are performed between the two 178 

extreme rings totalizing therefore six measurements.  179 

In this study, having saturated the whole core in the same NaCl solution, we assume each core 180 

to be homogeneous. Therefore, regardless of the electrode configuration, all the 𝜌𝑎𝑖 181 

theoretically equal the concrete resistivity. The measured apparent resistivities are averaged 182 

over all ring electrode pairs and the standard deviation is calculated and is considered as the 183 

uncertainty value of the measurements. 184 
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 185 

Figure 2 Electrical resistivity cell: the cell used (a) and schematic view of the general principle (b) [43] 186 

 187 

2.2.2 Electrical Resistivity Tomography device 188 

The ERT device (Figure 3) can be used in situ on concrete structures. In this study it was 189 

implemented on rectangular concrete slabs and used in Wenner configuration (Figure 3 (c)). 190 

This device was successfully used to image the penetration of water and different sodium 191 

chloride solutions in concrete slabs [40, 41, 43, 44] and was compared to other 192 

electromagnetic techniques and destructive methods. It is composed of 14 hollow metallic 193 

electrodes filled with wetted sponges. The distance between the centers of the electrodes is 194 

equal to 2 cm. The Wenner configuration was chosen due to its high signal-to-noise ratio and 195 

high sensitivity to resistivity variation with depth [42]. This electrode configuration implies 196 

that the electrodes are aligned and equally spaced and that the current is injected through two 197 

outer electrodes and the potential difference is measured between the two inner electrodes. By 198 

increasing the spacing between the electrodes, the investigation depth increases [43]. Having 199 

14 electrodes, one has access to 4 different electrode spacings and therefore 4 different 200 

investigation depths referred to as “levels” as shown by Figure 3 (a).  201 
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a)  b)  202 

(c)  203 

Figure 3 Schematic representation of the ERT device: (a) penetration depths, (b) device position on the slab, (c) 204 
Wenner configuration 205 

 206 

Equation (1) is then applied to obtain the apparent resistivities with the geometric factors 𝐺. 207 

For an infinite homogeneous half-space medium, the geometric factor is equal to 𝐺𝑅 = 2𝜋𝑎  208 

where 𝑎 is the spacing between the electrodes. However, for a finite medium, boundary 209 

conditions need to be taken into account. As explained in [41], the geometric factors in this 210 

study are calculated using the COMSOL Multiphysics finite element software and account for 211 

both the electrode spacing and the slab geometry. 212 

It is worth noting that according to du Plooy [43] the modelled geometric factors are not 213 

influenced by the electrode sizes, whether they were modelled using point-electrodes or 4 mm 214 

diameter sponge electrodes. 215 

As an example, the geometric factors obtained for the slab studied in the experimental 216 

program (section 3.3) are showed in Table 1.  217 

As expected, the lowest geometric factors are found for the smallest electrode spacing and for 218 

the electrodes positioned near the edges. For more information on the analysis and 219 

determination of the geometric factors, the reader can refer to [41,43]. 220 

  221 
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 222 

 
Electrode spacing 

a = 2 cm a = 4 cm a = 6 cm a = 8 cm 

G-Factors 0.1176       

  0.1216 0.202     

  0.1225 0.2106     

  0.1227 0.2129 0.2342   

  0.1228 
0.2135 

0.2408 
0.2243 

 

0.1228 0.2421 

0.2135 0.2243 
  0.1228 0.2408 

  0.1227 0.2129 0.2342   

  0.1225 0.2106     

  0.1216 0.202     

  0.1176       
Table 1: Geometric factors computed by FEM for the ERT deviced placed in the central upper face of a 30x20x10cm 223 

slab 224 

As previously mentioned, for a non-homogeneous material, the obtained apparent resistivities 225 

do not directly yield the ‘true’ resistivity distribution of the medium. To obtain the resistivity 226 

distribution versus depth in the non-homogeneous, an inversion process is needed (step 2 in 227 

our methodology). The inversion process is explained in section 2.3. 228 

Three sets of measurements are performed: one in the middle of the slab (Position 1 in Figure 229 

3 (b)) and two 5 mm apart from either side of the middle (Position 2 and 3 in Figure 3 (b)). 230 

For each set of measurement: the number of electrode combinations and therefore the number 231 

of apparent resistivity measured are 11 for Level 1 followed by 8 for Level 2, 5 for Level 3 232 

and 2 for Level 4. The different values obtained for the three sets of measurement are 233 

averaged per level and four apparent resistivity values are determined, one per investigation 234 

level (ρa1, ρa2, ρa3, ρa4). The different values of apparent resistivity obtained per level can be 235 

an indicator of the lateral heterogeneity of the slab. This factor is taken into account in this 236 

study by the standard deviation of the different apparent resistivity values per level (σ1, σ2, σ3, 237 

σ4). Since the volume investigated increases from Level 1 to Level 4, the effect of the vertical 238 

heterogeneity on the measurement decreases when the electrode spacing increases.  239 

2.3 Inversion process of the measured apparent resistivities 240 

The inversion process consists in finding a resistivity profile (in 1D, or resistivity distribution 241 

in 2D or 3D) that would yield the same measurements as the actual measurements on the 242 

investigated medium [41, 45]. The inversion of the apparent resistivity values of the 4 243 
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different levels was carried out as stated before using Res1D which is a program based on 244 

Levenberg-Marquardt’s algorithm (also known as damped least-squares [46]). Three sets of 245 

apparent resistivities were then chosen for the inversion: the mean values (ρa1, ρa2, ρa3, ρa4), 246 

the mean values plus the standard deviations (ρa1 +σ1, ρa2 + σ2, ρa3+ σ3, ρa4 + σ4,) and the 247 

mean values minus the standard deviations (ρa1 - σ1, ρa2 - σ2, ρa3 - σ3, ρa4 - σ4). The reason for 248 

the three sets of inversion is to study the effect of the variability of the apparent measurements 249 

(data input) on the inverted resistivity profiles (data output).  250 

The material was considered to be composed of 4 ‘homogeneous’ layers (discrete 251 

parametrization) with predefined thicknesses estimated with Res1D using the electrodes 252 

configuration. The inverse problem consists in obtaining the resistivity values for each layer.  253 

The resistivity profile was then estimated by displaying the resistivity at the center of each of 254 

the four layers (at 5.1, 16.57, 30.92 and 44.44 mm depth respectively) with horizontal lines 255 

corresponding to the thicknesses of the respective layers (equal to 10.2, 12.75, 15.94 and 20 256 

mm). 257 

It is worth noting that the thicknesses of the layers were determined by estimating the depth of 258 

investigation for each electrode separation [47]. This choice for the layer thicknesses may 259 

have an effect on the inverted results, i.e. the fitted resistivity of each layer and therefore the 260 

obtained resistivity profile. Indeed, it is a long established fact among the geophysics 261 

community that “electrical equivalences” may occur between layer models that yield the same 262 

apparent resistivities within the data uncertainty level (e.g. [48]). However, other inversion 263 

strategies not presented here (including not fixing the layer thicknesses and therefore 264 

inverting for both thicknesses and resistivities of layers) did not lead to better fits. 265 

In future work, attention should be paid to the development of algorithms using optimized 266 

model parameterizations, e.g. a discrete parameterization based on a larger number of layers 267 

or a continuous parameterization based realistic resistivity profile shapes. 268 

2.4 Destructive method to determine free chloride profiles 269 

The adopted reference method is the well-known procedure recommended by the RILEM 270 

178-TMC Technical Committee [12, 49]. In order to obtain a profile, the concrete specimens 271 

are ground in several steps of an average of 5-mm each, perpendicular to the top face of the 272 

specimen using a grinding instrument as recommended by Vennesland et al. [50]. This top 273 

face was in contact with the salted solution. 274 
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The procedure described below is used to determine the free chloride content from concrete 275 

powder [49, 51]. Approximately 5g of concrete powder is taken from each layer and placed in 276 

a beaker. To get free chloride, deionised water is added and the mixture is stirred for 3 min. 277 

The obtained solution is then filtered into a 250 cm
3
 volumetric flask. The chloride 278 

concentration of the filtered solutions is determined by potentiometric titration with silver 279 

nitrate (AgNO3).  280 

It is worth noting that the total chloride content in concrete is the sum of the free chlorides in 281 

the pore solution and the chlorides that are bound to the cement paste (physically or 282 

chemically) [52]. In this research, we study mainly the free chlorides for two reasons: the first 283 

is that the corrosion risk of the steel mainly depends on the free chlorides and the second 284 

reason is that the electric current in concrete is carried by the ions present in the concrete 285 

pores solution [26]. 286 

 287 

3. Experimental program: materials, specimens and measurements 288 

procedures 289 

The global methodology developed in section 2 was applied on an experimental program on 3 290 

types of material. The descriptions of the experimental program as well as the measurement 291 

procedures are detailed in the following. 292 

3.1 Concrete mix designs and specimens 293 

The experimental program was carried out using 2 types of concrete: C1 and C2, and one type 294 

of mortar M2. The different components of the materials are represented in Table 2. Concrete 295 

C1 is an industrial concrete whereas the other materials were fabricated in the lab under 296 

controlled conditions. Concrete C1 was one year old at the time of the test and was kept under 297 

ambient temperature conditions in laboratory (T = 20±2°C and RH = 50±7%). C2 and M2 298 

were around 8 years old at the time of the test and were conserved alternatively in water or 299 

ambient temperature. The three materials were chosen to have a water to cement ratio (W/C) 300 

superior to 0.6 to accelerate the penetration of aggressive agents.  301 

  302 
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 C1 C2 and M2 

Components 

(kg/m3) 
Origin 

C1 

(kg/m3) 
Origin 

C2 

(kg/m3) 

M2 

(kg/m3) 

Aggregate (11/22) 
Pont de Pierre, 

corneen 
760   0 0 

Aggregate (6/10) Trégueux, amphibolite 320 Pontreaux, gneiss 785 0 

Sand (0/4) Moulin, alluvial 300 Pilier, alluvial 445 649 

Sand (0/2) Gouviard, gneiss 560 Pontreaux, gneiss 449 652 

Cement C CEM I 

52.5 N 

Saint-Pierre la Cour, 

Lafarge 
305 

Saint-Pierre la Cour, 

Lafarge 
341 492 

Admixture, AD Sika prise SC2 0.7  0 0 

Added water   
 

  235 331.9 

Effective water W   190   222.9 319.5 

W/C 0.623   0.654 0.649 

Percentage of 

cement paste (%) 
0,3  0,36 0,51 

Dmax [mm] 22   10 5 

Table 2 Concrete mix design of concretes C1 and C2 and mortar M2 303 

 304 

The concrete properties are given in Table 3: the values provided are the average values 305 

obtained from three experimental results. The open porosity was determined by water 306 

saturation under vacuum condition and the apparent diffusion coefficient was determined by 307 

chloride migration test in non-steady- state [53]. 308 

Material 

Open porosity measured 

by water saturation at 90 

days (%) 

Apparent diffusion 

coefficient (x10-12 m2/s) 

[53] 

Compressive strength at 

28 days (MPa) 

C1 15.9 ± 0.7 21.9 ± 7.6 36.3 ± 0.9 

C2 17.5 ± 0.6 55.4 37.1 ± 0.8 

M2 26.4 ± 0.5 62.1 34.0 ± 1.0 

Table 3 Properties of concretes C1 and C2 and mortar M2 309 

 310 

The experimental program included two main types of experiments: the calibration of the 311 

resistivity with respect to chloride content using concrete cores which will be presented in 312 

section 3.2, and the diffusion of chloride in saturated conditions using concrete slabs which 313 

will be presented in section 3.3.  314 
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Concerning the specimens, for each material, we dispose of 8 cores used for calibration (with 315 

a 75 mm diameter and a 70 mm height). Moreover, we dispose of four slabs 316 

(300x220x100 mm): two slabs for C1 (C1-1 and C1-2), one slab for C2 (C2-1) and one slab 317 

for M2 (M2-1) used for chloride diffusion. 318 

3.2 Calibration: Core conditioning and measurement procedure with EM cell (Step 3 in 319 

Section 2.1) 320 

For calibration purpose, the resistivity has to be measured at different chloride contents. For 321 

each 3 concretes, the 8 cores (75x70 mm) were initially dried in an oven at 65°C until mass 322 

stability according to the criteria defined by [54] (i.e. the relative difference of 2 weighing 323 

results with a 24h gap must be under 0.05%). We assume actually that the studied concrete 324 

materials are fully hydrated and hydrates like ettringite remain stable below 70°C [55]. The 8 325 

cores were afterwards saturated using a vacuum-chamber with solutions having 4 different 326 

sodium chloride concentrations (0, 15, 35 and 90 g/L) in addition to 4 g/L NaOH to avoid 327 

leaching as recommended by the French standards [56-57] (2 cores per concentration). The 328 

cores were then stored for 5 months in a solution (regularly renewed) with the same sodium 329 

chloride concentration as the one they were saturated with.  330 

For each concentration, two cores of each concrete were conditioned and tested with the 331 

resistivity cell in order to obtain the calibration curves. After the first set of 6 measurements is 332 

performed, the core is rotated and a second set of 6 measurements is performed. Having 12 333 

resistivity measurements per core (at different heights of the core), the total number of 334 

resistivity measurements is 24 per material per concentration. The average of the 24 335 

measurements as well as the standard-deviation are computed. 336 

At the end of the non-destructive testing, the “real” free chloride concentrations were 337 

determined for one of the two cores at 4 different heights (approximately 5, 20, 40 and 60 338 

mm), using the destructive protocol detailed in section 2.4. To get the concentration at 5 mm, 339 

the core was ground in several steps from 0 to 10 mm, perpendicular to the top face of the 340 

specimen using the grinding instrument. To get the value at 20 mm, 40 mm and 60 mm, the 341 

core was ground respectively from 10 to 30 mm, from 30 to 50 mm, and from 50 to 70 mm. 342 

The average of the concentrations obtained at the four different heights as well as the standard 343 

deviation were then calculated and are presented in the calibration curves (Figure 5) in section 344 

4.1.  345 
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3.3 Chloride diffusion monitoring: Slab conditioning and non-destructive testing 346 

procedure with ERT device 347 

The chloride diffusion experimental program was carried out under saturated conditions 348 

which entails that the main mode of transport of chloride ions is due to the concentration 349 

difference between the external solution and the interstitial water. In preparation for the 350 

diffusion experimental program, the 4 slabs (C1-1 and C1-2, C2-1, M2-1) were saturated in a 351 

vacuum chamber with chloride free tap water. An epoxy resin was then applied on the lateral 352 

faces of the slab to ensure a unidirectional transfer. 353 

The slabs were then placed in individual closed boxes. The bottom face was placed in 354 

regularly renewed solutions containing 165 g/l NaCl and 4 g/l NaOH up to 1 cm, at initial test 355 

time. The upper face was covered with a wet cloth to prevent evaporation (see Figure 4).  356 

At each test time, each slab was removed from solution and carefully wiped with a wet cloth 357 

before apparent resistivity measurement with the ERT device. The measurements were carried 358 

out at the 3 positions indicated at section 2.2.2 and on both sides. Right after the 359 

measurements, the slab was placed again in the solution again in the same way as for the 360 

initial test time.  361 

Using this same protocol, the apparent resistivity measurements were regularly performed for 362 

a period of 18 weeks for C1-1, 40 weeks for C1-2 and 12 weeks for each of C2-1 and M2-1. 363 

 364 

Figure 4 Scheme of the chloride diffusion protocol 365 

 366 

4. Results and discussions 367 

In this section, the calibration curves and the monitoring (in terms of apparent resistivity and 368 

true resistivity profiles) of the chloride diffusion in saturated slabs are presented. Then an 369 
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analysis of uncertainty sources is led. Finally, the chloride content profiles extracted from 370 

ERT measurements are compared to reference destructive profiles at final test times.  371 

 372 

4.1 Calibration results: Chloride concentration as a function of resistivity (Step 3) 373 

As explained before, the calibration curves are needed to convert the resistivity profile 374 

obtained in step 2 into chloride concentration profile (step 4). It is shown in this paragraph 375 

how the calibration curves are obtained for each concrete.  376 

The resistivity versus chloride concentration calibration curves for the three materials are 377 

presented in Figure 5. The average resistivity (standard-deviation given by vertical error bars) 378 

measured in homogeneous cores is function of the average of the concentrations (standard 379 

deviation as horizontal error bars) obtained by the reference chloride titration. For all the 380 

cases, the chloride content was found to be homogeneous throughout the core with the 381 

maximal variation coefficient attaining 6%. 382 

In order to compare the materials, in Figure 5 (a) we represent the concretes C1 and C2, and 383 

in Figure 5 (b) we represent the concrete C2 and mortar M2. The experimental results show a 384 

fast decrease of the resistivity at low concentrations and a slow decrease at higher 385 

concentrations, similarly to the results of [31], [32] and [58]. Therefore, the results were 386 

modeled using an exponential curve with regression coefficients superior to 0.9. Three curves 387 

were obtained by fitting the average experimental points (blue solid line) and the average plus 388 

and minus the vertical and horizontal standard-deviation (pink and green dashed lines).  389 

As mentioned before, the resistivity and the diffusivity of concrete are strongly related since 390 

they are both dependent on the tortuosity and porosity of the material. When the diffusivity is 391 

higher, the current is lead more easily through the concrete and the resistivity is therefore 392 

lower. Comparing the two concretes, the resistivity of the saturated concrete C1 (initially 393 

around 50 Ω.m) is superior to that of the saturated C2 (initially around 30 Ω.m), the latter 394 

being superior to that of M2 (initially around 20 Ω.m). The results are in agreement with the 395 

values obtained for the apparent coefficient of diffusion (Table 3) where that of C1 (21.7x10
-

396 

12
 m

2
/s) is inferior to that of C2 (55.4x10

-12
 m

2
/s), the latter being inferior to that of M2 397 

(62.1x10
-12

 m
2
/s). This general trend also applies for the samples with chloride. 398 
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 399 

Figure 5 Calibration curves relating resistivity versus free chloride concentrations  400 

- (a) concretes C1 and C2 - (b) concrete C2 and mortar M2 401 

 402 

4.2 Monitoring resistivity versus time during chloride diffusion process (Step 1) 403 

We present herein the chloride diffusion monitoring results. The apparent resistivities of the 404 

concretes measured during the experimental program are inverted. Then the true resistivity 405 

profiles are translated into chloride concentrations using the calibration curves. 406 

4.2.2 Variation of resistivity with time during chloride diffusion 407 

4.2.2.1 Initial state 408 

The apparent resistivity measured for each Level (Level 1 to 4) versus time of diffusion is 409 

presented in Figure . 410 

As indicated before, the slabs were saturated in vacuum in order to obtain a homogeneous 411 

saturated slab (saturation = 100%, chloride concentration = 0 g/l). Therefore, at the initial 412 

state, the resistivity results at the different levels (or different investigated depths) were 413 

expected to be equal. However, the apparent resistivity at Level 1 is superior to the resistivity 414 

of the other Levels indicating an initial property gradient in the concrete (Table 4). This initial 415 

gradient can either be due to a porosity difference (due to carbonation, framework effects, 416 

shrinkage, …) or to an ionic difference in the material (leaching). 417 

The carbonation hypothesis was dismissed considering that prior to the experiment, the slabs 418 

were cut (about 1 cm) from all sides in order to remove any carbonated portion of the 419 

concrete. Considering that the specimens were stored in tap water, the resistivity gradient was 420 
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valued to be more likely due to a possible leaching whose influence on resistivity 421 

measurement is underlined by [20] and not to carbonation or water saturation degree 422 

difference. In the future, we plan to control the basicity of the solution in which the concrete 423 

is stored in order to avoid any risk of lixiviation problem. In addition, compared to the initial 424 

state of the cores used for calibration (Table 4), the resistivity values of the slabs of C1 were 425 

expected to be higher, and those of the slabs of C2 and M2 were expected to be lower. The 426 

difference between the resistivity values almost certainly lies in the material heterogeneity. 427 

This difficulty will be a challenge for in-situ measurements given that the contrast between 428 

the samples will be even higher than in the case of laboratory conditions. 429 

 430 

 
Apparent resistivity at the initial state (Ωm) 

Saturation degree = 100 %, Chloride concentration = 0 

 
Slab 

Material (Average values of 2 
cores) 

Levels C1-1 C1-2 C2-1 M2-1 C1 C2 M2 

Level 1 43.61 46.92 37.95 27.03 

52.7 31.26 19.19 
Level 2 38.22 38.73 34.79 24.37 

Level 3 36.63 37.50 33.93 24.28 

Level 4 37.54 37.65 33.66 24.51 
Table 4 Initial state of the slabs : apparent resisitivty values for Levels 1 to 4 431 

 432 

4.2.2.2 Evolution of apparent resistivity with time 433 

For the 4 slabs, the trend of the curves are similar: a decrease of the apparent resistivity values 434 

for the 4 levels is noticed due to the penetration of chloride in the concrete. For concrete C1, 435 

we chose to prolong the diffusion test for the slab C1-2 up to 40 weeks compared to 18 weeks 436 

of test time in the case of slab C1-1. The apparent resistivity values of the four levels continue 437 

to mildly decrease after 18 weeks. The standard-deviation (of the three series of 438 

measurements) is the highest for Level 1 and decreases from Level 1 to Level 4. Given that 439 

the measurement for each Level integrates a certain volume of the slab which increases from 440 

Level 1 to Level 4, the resistivity values at Level 4 are less influenced by the local variation in 441 

the material. 442 
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443 

 444 

Figure 6 Evolution of apparent resistivity versus time during a chloride diffusion test for Level 1 to 4 for: slab C1-1 445 
(a), C1-2 (b), C2-1 (c) and mortar M2-1 (d) 446 

 447 

Within few days of exposure to chloride , the apparent resistivity values for a given date is 448 

increasing from Level 1 to Level 4 which implies a lower resistivity on the surface and a 449 

higher resistivity in the core. This is in agreement with the expected direction of chloride ions: 450 

from the surface to the core. Therefore, the results indicate a high chloride concentration on 451 

the surface and a lower concentration in the core which is in agreement with the physical law 452 

of chloride diffusion. 453 

The raw results displayed offer a good indicator of the chlorides penetration in the concrete 454 

without destroying the samples and can be used as such on-site to monitor the evolution of the 455 

state of the material. Therefore, by simply performing surface resistivity measurements on the 456 

https://doi.org/10.1016/j.cemconcomp.2018.08.001


Please cite the published version in CCC, 2018, https://doi.org/10.1016/j.cemconcomp.2018.08.001  

19 

structure, the apparent resistivity can indicate an increase or a decrease of the chloride 457 

concentration for a stable saturation degree.  458 

However, for a higher accuracy, it would be very useful to obtain not merely the trend of the 459 

concentration, but the exact distribution of the chloride concentration in concrete. The next 460 

section deals with the sources of uncertainty encountered in the process of obtaining the 461 

chloride concentration profile. 462 

4.3 Apparent resistivity inversion and sources of uncertainty on the chloride profiles 463 

(Step 2 and 4) 464 

As detailed in section 2.1, different steps are required to obtain chloride profile from surface 465 

resistivity measurements. The steps include mainly an inversion and a calibration process. 466 

The variability of the raw data, the material difference between the calibration cores and the 467 

diffusion slabs are all sources of uncertainty that will affect the final results. Taking them into 468 

account is crucially important and in the next section, a first attempt is presented. 469 

The study of the propagation of the uncertainty throughout the different steps of the method is 470 

presented solely for concrete C2 as an example. The same analysis was applied to C1 and M2, 471 

and the final result will be presented for the 3 materials. 472 

4.3.1 Consequences of raw data variability on the inversion results 473 

As was elaborated in section 3.3, three sets of raw data were chosen for inversion taking into 474 

account the standard deviation. So, the resistivity ρ correspond to the inversion result of the 475 

average apparent resistivity ρa and the resistivities, noted ρ- and ρ+ , correspond respectively 476 

to the inversion results of ρa – σ and ρa + σ. As an example, the three sets of inversion after 477 

0.9 week, 3 weeks, and 11 weeks of concrete C2 are displayed in Figure 7 (a). Three 478 

resistivity profiles for each date are obtained: a mean profile ρ (solid line), a maximal profile 479 

ρ+ (dotted lines) and a minimal profile ρ- (dashed lines). We remind the reader that the 480 

inversion was carried out using a discrete parameterization and horizontal error bars represent 481 

the layers thickness. The horizontal bars are represented solely for the inversion of the mean 482 

resistivity after 3 weeks of chloride diffusion for visual purposes. 483 

To visualize the effect of the resistivity profiles variability on chloride profiles, in Figure 7 (b) 484 

we display the three sets of chloride profiles at 11 weeks of diffusion obtained using the three 485 

sets of resistivity profiles and the mean curve of calibration (Figure 5 (b)). However, the 486 
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calibration curves present as well a maximal and minimal variation range that needs to be 487 

taken into account.  488 

 489 

Figure 7 Consequences of raw data variability for concrete C2 on the profiles: (a) resistivity profile after 0.9 week, 3 490 
and 11 weeks (b) chloride profile after 11 weeks 491 

 492 

4.3.2 Consequences of calibration curve variability on the inversion results 493 

The mean resistivity profile obtained after 11 weeks of diffusion (purple solid line in Figure 7 494 

(a)) is converted to three chloride profiles (Figure 8 (a) maximal in pink, mean in blue and 495 

minimal in green) using the three calibration curves (Figure 5 (b)). The same procedure was 496 

applied for the minimal resistivity profile « ρ- » (Figure 8 (b)) and maximal resistivity profile 497 

« ρ+ » (Figure 8(c)). Finally, 9 profiles are obtained. In order to assess and show the range of 498 

uncertainty, three of the 9 chloride profiles were selected (Figure 9 (c)): the mean profile 499 

(solid blue line), the maximal profile (pink dashed line, noted Cl max ρ-) and the minimal 500 

profile (dotted green line, noted Cl min ρ+). The drawback is that this choice maximizes the 501 

possible variation range of the uncertainty. 502 

For the two other materials, the same procedure was applied thus the mean resistivity profile ρ 503 

is shown and the variation range between “Cl max ρ-” and “Cl min ρ+”. 504 
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505 

 506 

Figure 8 Concrete C2 after 11 weeks of diffusion: Minimal, mean, maximal profiles for the inversions of  ρ (a), ρ- (b) 507 
et ρ+ (c) 508 

 509 

4.4 Comparing chloride profiles obtained by resistivity to those obtained by destructive 510 

method 511 

The procedure explained in the previous sections has been applied to the three materials: C1, 512 

C2 and M2. In addition, for each slab, a destructive chloride profile was obtained using a core 513 

(70 cm diameter) from the slab. In Figure 9, the chloride profiles obtained by resistivity are 514 

illustrated in three colors (green, blue and pink) and the one obtained by potentiometric 515 

titration in black. The vertical error bars for the destructive methods are based on a recent 516 

study by Bonnet et. al [59] where the vertical standard deviation for total chloride content is 517 

approximately equal to 6% (calculated from 42 measurements). Unfortunately, no studies are 518 

found about the sources of uncertainties for the free chloride profile measurements in concrete 519 
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by destructive method. However, as explained in [59], the protocol for obtaining the total and 520 

free chloride profiles are similar. 521 

  522 

 523 

Figure 9 Comparing chloride profiles obtained by resistivity and those obtained by destructive method for : Slabs C1-524 
1 (a), C1-2 (b), C2 -1 (c) and M2-1 (d) 525 

 526 

In general, and considering the horizontal error bars, the destructive profiles lie in the range of 527 

the non-destructive profiles. The few differences that can be found between the profiles are 528 

attributed to the several sources of uncertainty stated before. More specifically, two main 529 

sources can be underlined:  530 

1) The inversion process yields four resistivity values at four layers represented by the 531 

horizontal error bars. The thickness of the layers is quite important and makes it 532 

difficult to deduce a profile. 533 
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2) At the initial state (concrete fully saturated and without chloride), a significant 534 

difference was found between the resistivity of the slabs used for the diffusion test and 535 

the cores used for the calibration (Table 4). Since the curves displayed in Figure 9 536 

were obtained using those calibration curves, a significant difference between the ND 537 

results and the D results is expected. 538 

 539 

The diffusion of chloride for concrete C1 lasted for 18 weeks for slab C1-1 (solid line in 540 

Figure 10) and for 40 weeks for slab C1-2 (dashed lines in Figure 10). The comparison of the 541 

chloride profiles obtained by means of both resistivity and destructive method at the end of 542 

the experimental program is presented in Figure 10. 543 

The increase of the chloride concentration from 18 weeks (C1-1) to 40 weeks (C1-2) is 544 

observed for both the ND and the D profiles. In addition, between the depths of 20 and 36 545 

mm, the ND and the D profiles are almost merged.  546 

The D profile of C1-1 is superior to that of C1-2 between the depths of 0 and 10.6 mm. This is 547 

certainly due to the material difference between both slabs. As stated earlier, the material 548 

heterogeneity effect is more pronounced on the surface of the slabs. 549 

 550 

Figure 10 Evolution of chloride profiles for concrete C1 after 18 weeks (slab C1-1) and 40 weeks of chloride diffusion 551 
(slab C1-2) 552 

 553 

5 Conclusion 554 

In this article, we have presented a methodology that allows obtaining chloride concentration 555 

profiles from surface resistivity measurements. The process implies the use of an inversion 556 

process to obtain resistivity profiles and a calibration curve to obtain chloride concentration 557 
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profiles. The methodology was successfully applied to three types of material (two concretes 558 

and one mortar). The profiles obtained were compared to those obtained by a destructive 559 

method. The non-destructive results were represented by three profiles for each measurement: 560 

a mean/intermediate, a maximal and a minimal profile. The three profiles took into 561 

consideration the propagation of uncertainty throughout the proposed methodology. In 562 

general, the destructive profile was located between the gaps of the three profiles. The highest 563 

sources of uncertainty underlined were first the material difference between the samples used 564 

for calibration (cores) and those used for the diffusion tests (slabs), and second the automatic 565 

inversion process that only allows a discrete parametrization of the modelled medium.  566 

To overcome the uncertainty from the inversion process, several solutions can be studied such 567 

as the implementation of a continuous parametrization inversion and/or the increase of the 568 

number of available data. However, overcoming the uncertainty coming from the material 569 

differences is trickier because as stated before, the material difference at on-site 570 

measurements is more important than that of laboratory samples. In this case, increasing 571 

information about the material (by increasing and varying non-destructive techniques) can 572 

aim to assess the difference between the measured samples and those used for calibration. 573 

Therefore, the difference can be implemented in the calibration curves and taken in 574 

consideration when transforming resistivity values to chloride concentrations. 575 

The comparison of two chloride concentration profiles for the same concrete after two 576 

different diffusion times highlights the ability of the methodology to monitor the evolution of 577 

chloride penetration. In the near future, the study of the evolution of the chloride 578 

concentration profiles by means of resistivity can aim to determine durability indicators using 579 

chloride penetration models.  580 
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