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Abstract 8 

Steel corrosion is the main cause of deterioration of reinforced concrete (RC) structures. We provide 9 

an up-to-date review on corrosion mechanisms and recent advances in electrical methods for 10 

corrosion monitoring. When assessing corrosion mechanism, the inherent heterogeneity of RC 11 

structures and the significant effect of environmental factors remain major issues in data 12 

interpretations. The steel surface condition and local inhomogeneities at the steel-concrete interface 13 

appear to have an important effect on corrosion initiation. Considering uniform corrosion in 14 

atmospherically exposed reinforced concrete, the two main influencing factors of the corrosion 15 

process are the water content and the pore structure at the steel-concrete interface. However, 16 

irrespective of the depassivation mechanism, i.e. carbonation or chloride-induced corrosion, non-17 

uniform corrosion is expected to be the main process for RC structures due to local variations in 18 

environmental exposure or the presence of interconnected rebars with different properties. Future 19 

studies may then be focused on their effect on macrocell corrosion to gain further insights in the 20 

corrosion mechanisms of RC structures. Concerning corrosion monitoring using electrical methods, the 21 

half-cell potential technique with potential mapping is accurate for locating areas with a high corrosion 22 

risk. Recent developments in the measurement of concrete resistivity have shown that the use of 23 

electrical resistivity tomography allows to consider appropriately the inherent heterogeneity of 24 

concrete and provides more insights on transport phenomena (e.g. water and salts ingress) in the 25 

material. Nevertheless, during the corrosion propagation stage, the polarization resistance remains 26 

the most important parameter to be determined as it provides quantitative information of the 27 

corrosion rate. If conventional three-electrode configuration methods can supply an accurate 28 

determination in the case of uniform corrosion, they often fail in the case of macrocell corrosion in 29 

field experiments. Recent advances have shown that a four-electrode configuration without any 30 

connection to the rebar can rather be used for the non-destructive testing and evaluation of corrosion. 31 

If studies are still required to quantify the corrosion rate, this method appears sensitive to localized 32 

corrosion and thus more suitable to field investigations. Finally, the coupling of numerical simulations 33 

with complementary electrical and other non-destructive testing methods is essential for consolidating 34 

the results to provide a better diagnosis of the service life of RC structures. 35 

Keywords: steel-reinforced concrete; carbon steel; corrosion mechanism; corrosion rate; non-36 

destructive testing.  37 
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1. Introduction 38 

Concrete and cement-based materials are among the main man-made materials used world-wide in 39 

both civil and industrial structures, due to their high mechanical strength and low porosity. 40 

Reinforcement with steel rebars has improved the performance of structural elements without 41 

modifying the macroscopic cementitious matrix properties [1]. Properly designed and adapted to its 42 

environment, reinforced concrete (RC) is an extremely durable material as the concrete is a protective 43 

barrier for the rebars. This allowed the development of RC structures, such as bridges, dams or nuclear 44 

powerplants [2–4]. Nevertheless, such materials degrade over time, becoming more fragile. 45 

One of main fragilities is related to corrosion of the steel rebars, an electrochemical process that 46 

involves the anodic dissolution of iron and the cathodic reduction of oxygen, the pore solution of 47 

concrete acting as the electrolyte. This phenomenon develops under the influence of aggressive 48 

agents, e.g. CO2 and Cl-, that infiltrate the concrete up to the rebar [5–9]. The degradation of the 49 

protective layer formed on steel surface in sound concrete results in accelerated corrosion of the rebar, 50 

affecting progressively the performance of RC structures. The resulting corrosion products precipitate 51 

and generate tensile stress, promoting the appearance of cracks to an unacceptable level regarding 52 

their service life [5–9]. Such degradation can result in the collapse of structures such as bridges or 53 

buildings. When the first cracks are noticed on the concrete surface, corrosion has generally reached 54 

an advanced stage and maintenance action is required. The continuous aging of structures created 55 

several decades ago results in aggravated situations as many operate beyond their service life, 56 

drastically increasing the economic impact of corrosion [10,11]. The control of such infrastructures is 57 

thus of major importance, requiring reliable monitoring techniques that can be used without 58 

disturbing the integrity of the structures. 59 

Several techniques have been developed for understanding the mechanism and kinetics of the 60 

corrosion of steel in concrete. Some techniques focus on determining concrete properties for 61 

evaluating the ingress of aggressive agents, while others focus on the rebar properties [12–21]. Among 62 

such techniques, electrical/electrochemical methods have been widely developed as they allow the 63 

evaluation of the corrosion rate, which is essential when determining the need for future maintenance 64 

of RC structures once the steel rebar is depassivated. Three main parameters are generally determined 65 

for assessing this parameter: corrosion potential, concrete resistivity, and polarization resistance. 66 

This review describes first the constituents of RC structures, i.e. cement-based materials, carbon steel 67 

rebar and steel-concrete interface. We then present didactically an up-to-date knowledge of corrosion 68 

mechanisms of steel in concrete as a prerequisite to appropriate the different phenomena and 69 

evaluate the main factors influencing the corrosion rate. The review is then focused on the use of 70 

electrical methods for the non-destructive testing and evaluation (NDT) of corrosion, with the current 71 

state-of-the-art monitoring techniques, their advantages and drawbacks, and recent advances in 72 

indirect electrical methods which do not required any connection to the reinforcement for the 73 

assessment of corrosion, which have been largely ignored in recent reviews. The interest of combining 74 

several NDT for field inspection is also developed to overcome the limitation of measuring 75 

instantaneous corrosion rates and to improve the estimation of the service life of RC structures. Finally, 76 

we present conclusions and perspectives for future researches in corrosion science and engineering. 77 
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2. Composition of reinforced concrete structures 78 

2.1. Cement-based materials 79 

Cement-based materials are composed of binder (hydrated cement) and aggregates of different sizes 80 

and compositions. Cement is produced by heating a mixture of limestone and raw clay minerals (or 81 

other materials of similar bulk composition) [22]. Though OPC was the most common cement-based 82 

material used world-wide over the past decades, other cement formulations have been designed to 83 

adapt the materials to their environmental setting. Organic and inorganic admixtures act on the 84 

workability of cement-based materials or improve their performance. Supplementary cementitious 85 

materials (SCMs), such as fly ash or blast furnace slag (BFS) [23,24], are also used as partial replacement 86 

of clinker for reducing waste and greenhouse-gas emissions, as the cement industry is one of the 87 

largest CO2 emitters in the world [25]. Such materials differ in their microstructure and macroscopic 88 

behaviour, but their description fall outside the scope of this review. 89 

The reaction of cement with water, called hydration, results in the formation of a hydrated cement 90 

paste (HCP). The latter is composed of many hydration products, e.g. calcium silicate hydrates (C-S-H) 91 

and portlandite Ca(OH)2, but also unhydrated cement particles [26–28]. Over a variable curing period, 92 

the cement develops its physical and chemical properties. In laboratory experiments, curing can take 93 

place under optimal conditions in terms of relative humidity (RH) and temperature, which allows the 94 

definition of standard specimens for research purposes [29]. However, curing conditions are often 95 

difficult to control in the field, for which reason a different standard practice has been proposed [30]. 96 

Hence, the results obtained from laboratory samples must be used with special care if the objective is 97 

to extrapolate them to real structures as their intrinsic properties may significantly differ. 98 

After curing, C-S-H represents ~50-60% of the weight of HCP and is responsible for its cohesion [31]; it 99 

consists of lamellar nanoparticles with negatively charged silicate layers compensated by interlayer 100 

calcium ions, the charge depending on the calcium-to-silica ratio [32]. Their surface chemistry and 101 

inter-particles interaction are the driving force of the cohesive properties of hydrated cement, 102 

controlling the interactions with charged molecules [31,33]. The role of confined water in C-S-H 103 

micropores was demonstrated through molecular dynamic simulation [34,35]. Because of these 104 

points, understanding the distribution of water in C-S-H and their thermodynamic and hydration 105 

properties is of prime importance when considering the strength and transfer properties of cement 106 

materials [36–41]. Nonetheless, all the hydrates must be considered as they play a role in the cement-107 

paste properties. 108 

Over the service life of a structure, different thermodynamic equilibria between the solid and liquid 109 

phases will develop in the cement-based material, governed by both its environmental setting and its 110 

degradation level [42]. The solubility of each phase will dictate the composition of the pore water [43]. 111 

At an early stage, the pore solution pH is highly alkaline, between 12.5 and 13.5. With the leaching and 112 

dissolution of the materials by chemical attacks, portlandite maintains a pH of about 12.5. During the 113 

third stage, the pore solution pH is essentially controlled by C-S-H and is buffered in the range 12.5 to 114 

10 [44]. Finally, at later stage, the pH is controlled by all stages of concrete degradation. 115 

At a macroscopic scale, both microstructure and reactivity of hydrates control the physical and 116 

chemical reactions affecting the durability of cement-based materials. The microstructure of the 117 

cement paste is highly heterogeneous through the coagulation of nanometric hydrates whose 118 

heterogeneities range from macroscopic to nanoscopic scales. In addition to the intra-particles (micro) 119 
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and inter-particles (meso) porosity of hydrates, the microstructure consists of capillary pores which 120 

can range from nanometres up to millimetres. The volume and size of these macropores depend upon 121 

the water-to-cement (w/c) ratio, the size of the aggregates and the degree of hydration [45–50]; they 122 

are mainly interconnected through a mesoscopic pore network. The presence of aggregates in cement-123 

based materials also introduces important changes with the formation of additional porous regions, 124 

known as interfacial transition zones (ITZs). As ITZ may in part be caused by artefacts from sample 125 

preparation for microscope analysis, e.g. edge rounding, scratches or imperfect cuts, the experimental 126 

protocol for specimen preparation must be reported to avoid any misleading [51]. 127 

Cracks also are important features in the microstructure of concrete, introducing additional porosity 128 

in HCP. Cracks and microcracks are caused by a multitude of different physical and chemical processes, 129 

such as mechanical loading, shrinkage, creep, thermal variations, and expansive chemical reactions 130 

[22]. To some extent, almost all cementitious materials are affected by one or more of these processes 131 

at different times and, consequently, cracks are endemic to the material. A good knowledge of the 132 

structure and microstructure of the concrete is thus essential for assessing concrete durability. 133 

Notably, the determination of pore throat and pore size distribution is required for assessing the 134 

constrictivity and tortuosity of concrete. Both parameters are mainly determined by mercury intrusion 135 

porosimetry (MIP) [52], kerosene porosity, or by imaging methods, e.g. backscattered electron (BSE) 136 

imaging [28,53–55] and X-ray micro-computed tomography (X-ray μCT) [56,57]. The last technique is 137 

also used for estimating the size and distribution of aggregates in the structure. Spectral induced 138 

polarization can also provide relevant information on the mean pore size, pore size distribution and 139 

connected porosity of low pH concrete [58]. 140 

2.2. Carbon steel reinforcement bars 141 

The role of steel reinforcement bars (rebars) is to improve the mechanical properties of the structure, 142 

as they provide tensile strength, ductility and crack-growth resistance [1]. Several types of rebar can 143 

be used, e.g. carbon steel, epoxy-coated steel, galvanized steel, stainless steel and different alloy 144 

steels, but only carbon steel is considered in this review. Generally, ribbed rebars are used in RC 145 

structures to provide a strong and interlocking connection between steel and concrete. 146 

The chemical composition—metallic and non-metallic elements—of the rebar may vary considerably 147 

as several steel grades exist in the world. The distribution of the microstructural phases of steel, e.g. 148 

ferrite, cementite, pearlite, martensite, austenite and/or bainite,  and the presence of lattice defects 149 

or inclusions (e.g. manganese sulphide MnS) can influence corrosion susceptibility, but only few 150 

studies are available on this purpose for the corrosion in cement-based materials. If the influence of 151 

steel microstructure on corrosion susceptibility has been demonstrated under immersed conditions in 152 

simulated concrete pore solution [59–62], the ferritic-martensitic microstructure having generally a 153 

better corrosion resistance, the effect of non-uniform water distribution in porous material exposed 154 

to atmospheric conditions must be investigated to determine the corrosion susceptibility in concrete. 155 

After hot rolling and forging, a thin and brittle oxide coating called mill scale spontaneously forms on 156 

steel surface. It is mainly composed of wüstite (FeO), magnetite (Fe3O4), hematite (α-Fe2O3) and 157 

maghemite (γ-Fe2O3) [63]. A native rust layer later forms during transport, handling and storage of the 158 

rebar. Some defects such as cracks, voids and crevices are common between the steel and these initial 159 

oxide layers [64]. The composition, thickness and electrochemical properties of both mill scale and 160 

native rust are thus very different from one steel to another due to the different manufacturing 161 

processes [63–65]. Consequently, even the as-received grade is not well defined, which creates 162 
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difficulties for ensuring reproducibility of the measurements [65]. If mill scale and native rust can be 163 

removed by different processes, e.g. sandblasting, chemical cleaning or mechanical polishing [66], the 164 

results from such processes must be used with special care as they are generally not performed for 165 

engineered structures. 166 

The role of mill scale and native rust layer on the corrosion resistance of steel in still unclear [67–69]. 167 

Some studies indicate that it does not affect the corrosion rate or may have a beneficial effect due to 168 

the protective behaviour of the layer in the case of a dense and uniform mill scale [70,71], but most 169 

studies affirm that it has a negative effect on the corrosion rate as it inhibits the development of an 170 

effective passive layer on the rebar or decreases its electrical resistance [72–77]. It was also shown 171 

that the corrosion rate is greater for rebars exposed to natural weathering (pre-rusted rebars) than for 172 

the as-received rebars [78]. The initial surface state of the rebar and the distribution of native rust are 173 

thus major parameters controlling the corrosion susceptibility, and a non-uniform mill scale layer can 174 

create weak points for corrosion initiation [79,80]. Hence, as for cement-based materials, a detailed 175 

description of the rebar grade, composition, microstructure and initial surface condition is necessary 176 

for a correct interpretation of the data and the development of database for the assessment of 177 

corrosion mechanisms. 178 

2.3. Steel-concrete interface 179 

The steel-concrete interface is the most important part of the structure when it comes to determining 180 

corrosion mechanisms and corrosion rates of steel rebar [63,80,81]. The embedding of steel in 181 

concrete is intended to protect the steel from corrosion. Indeed, in the alkaline medium of the pore 182 

solution, a passive film forms spontaneously on the steel surface during the first days/weeks of 183 

exposure [82–84]. Such passivation is initiated by the formation of adsorbed species (FeOHads and 184 

Fe(OH)+
ads), HFeO2

- and Fe(OH)2 [85], and the aging of this passive film results in a progressive decrease 185 

in the corrosion rate to values below 0.1 µm year-1 (often described as “no corrosion takes place”). This 186 

change is attributable to thickening of the film and to the decrease in Fe2+ content in its inner layer 187 

[86,87], which corresponds to the oxidation of magnetite Fe3O4 to Fe(III) oxide and oxyhydroxide, e.g. 188 

Fe2O3 or FeOOH [88–90]. The passive film shows an n-type semiconductive behaviour [91,92], but this 189 

reaction results in decreasing the electronic conductivity of the film, as Fe(III) oxides are less 190 

conductive than magnetite [90]. The resulting passive film is about 10-15 nm thick and is mainly 191 

composed of iron oxides and oxyhydroxides, with a progressive increase in valence state and in 192 

hydroxide content from inner to outer interface [87,93]. Some elements of the cement paste, e.g. Ca2+, 193 

Na+ and K+, can also occur in the passive film, affecting its properties [94,95]. 194 

The concrete part of the interface can be seen as another ITZ [63]. The casting direction and orientation 195 

of the rebar in the structure affect the distribution of Ca(OH)2 and the porosity of HCP at the steel-196 

concrete interface. For example, the area under a horizontal rebar is exposed to very different 197 

conditions, having a Ca(OH)2 content close to 0 and a much higher porosity than the bulk concrete 198 

[96,97]. Conversely, for vertical rebars, the steel-concrete interface is relatively uniform without 199 

obvious macroscopic defects [97,98]. This difference is explained by the settlement, segregation and 200 

bleeding of fresh concrete that can result in the accumulation of defects under horizontal rebar [98]. 201 

When several horizontal rebars are present in the structure, the upper ones have generally more 202 

defects, which is known as the top-bar effect. Special attention must be paid during concrete pouring 203 

to limit the formation of these defects that can be preferential seat for corrosion initiation. Other 204 

defects, such as cracks, slips and separations, are the result of tensile load on the structure [63]. They 205 
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all affect the quality of the interface, and thus the corrosion rate [99]. The coalescence of ITZs and 206 

cracks can form interconnected porous channels that dramatically increase concrete permeability, 207 

creating preferential pathways for the ingress of aggressive agents to the rebar. Finally, the use of 208 

spacers and the presence of welding spots can induce supplementary local heterogeneities. 209 

The local characteristics of the steel-concrete interface are important parameters as the latter is the 210 

seat of the corrosion process. Several techniques can be used to determine the chemistry and 211 

microstructure of the interface, such as EDS and BSE imaging [96,100,101]. Special care must be done 212 

during sample preparation for such analyses to reduce as much as possible any damage to the steel-213 

concrete interface [102,103]. Alternatively, X-ray μCT can be used to examine non-destructively the 214 

rebar/cement contact and any heterogeneities such as air voids (Fig. 1). 215 

 216 

Figure 1. (a) Schematic representation of a mortar sample [cement (CEM I 52.5 R, Lafarge)=25 wt%, sand (0-217 

4 mm)=75 wt%, w/c ratio=0.5] with one ribbed black carbon steel rebar (Φ=6 mm). (b) X-ray micro-computed 218 

tomography 2D slices acquired under 140 kV and a 26 µm voxel size. The slices show concrete heterogeneities 219 

(shape and orientation of the aggregates, presence of air bubbles), the shape of the rebar and the structure of 220 

the steel-concrete interface. Courtesy: S. Gaboreau.  221 
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3. Corrosion mechanisms of carbon steel in concrete 222 

As proposed by Tuutii [104], the service life of RC structures can be divided into two main time periods: 223 

an initiation stage and a propagation stage. The first corresponds to the ingress of aggressive agents—224 

CO2 and chloride—in the concrete to the rebar, resulting in a progressive disruption of the passive film 225 

on the steel surface. The propagation stage is the active state of corrosion until the degree of corrosion 226 

reaches the damage limit tolerated by building standards. Generally, steel corrosion is considered in a 227 

passive state if the current density is below 0.1 µA cm-2, and in the active state for values over 1 µA 228 

cm-2 [105]. Ba       Tuu   ’s model, other models considered the change in corrosion rate during the 229 

service life of reinforced concrete [106–108], or included additional stages for differentiating rust 230 

expansion, cover cracking and spalling/delamination in the definition of service life (Fig. 2) [109–111]. 231 

However, the level of deterioration is not linear as concrete cracking and spalling may accelerate the 232 

corrosion rate, whereas the production of corrosion products in cracked concrete may fill the pores, 233 

thus decreasing the corrosion rate. 234 

 235 

Figure 2. Schematic representation of the service life of RC structures, a a      r   Tuu   ’    agra  [106]. 236 

Estimating the service life of reinforced concrete requires knowledge of the two main stages of steel 237 

corrosion in concrete [112]. Notably, models coupling transport and electrochemical processes are 238 

required for improving the prediction of service life [111,113]. Hereafter we discuss the 239 

thermodynamic and kinetic aspects of corrosion, the mechanisms of carbonation- and chloride-240 

induced corrosion—here developed separately but locally occurring simultaneously—and the 241 

formation and consequence of iron corrosion products on the durability of RC structures. Table 1 242 

summarizes the main conclusions of this section.  243 
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Table 1. Summary of the main conclusion regarding mechanisms of carbonation- and chloride-induced corrosion of steel in concrete. 244 

Mechanism Corrosion initiation Corrosion propagation Main corrosion products 

Carbonation * Ingress of CO2 from the atmosphere 

Higher penetration rate in the 50-70% RH 

range 

Dissolution in water as carbonic acid 

* Decalcification of concrete 

Reaction with Ca-bearing hydrated phases 

Non-uniform carbonation front 

Decrease in the pH of the pore solution 

* Depassivation of the rebar 

* Corrosion rate is mainly influenced by the water 

content and the pore size distribution in the vicinity 

of the rebar for atmospherically exposed RC 

structures 

* Volume expansion of corrosion products 

  Pore clogging 

  Tensile stress in the concrete cover 

  Formation of corrosion-induced cracks 

  Increase in the average corrosion rate 

  Concrete spalling and delamination 

* Intermediate products: 

Chukanovite Fe2(OH)2CO3 

Carbonate green rust GR(CO3
2-) 

Siderite FeCO3 

* Final products: 

Magnetite Fe3O4 

Goethite α-FeOOH 

Lepidocrocite γ-FeOOH 

Chloride 

 

* Ingress of Cl- from marine environment or the 

use of de-icing salts 

Non-uniform penetration of Cl- in the material 

up to the rebar 

Series of depassivation/repassivation until the 

chloride content is high enough 

* Depassivation of the rebar 

 

* Autocatalytic mechanism of pitting 

Deepest pits are generally observed in the 

vicinity of interfacial air voids 

Formation of macrocell with high corrosion rates 

* Volume expansion of corrosion products 

  Pore clogging 

  Tensile stress in the concrete cover 

  Formation of corrosion-induced cracks 

  Increase in the average corrosion rate 

  Concrete spalling and delamination 

* Intermediate products: 

Ferrous hydroxychloride  

Chloride green rust GR(Cl-) 

* Final products: 

Magnetite Fe3O4 

Goethite α-FeOOH 

Lepidocrocite γ-FeOOH 

Feroxyhyte δ-FeOOH 

Akaganeite β-FeOOH (Cl- excess) 

Combined See above 

Carb  a        Fr     ’   a   a       r     r   -

binding phases will release free Cl- [114–116] 

See above 

The corrosion rate is higher when both Cl- and CO2  

act together as compared to their individual 

contribution [117,118] 

See above 

245 
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3.1. Electrochemical, thermodynamic and kinetic aspects of corrosion 246 

The corrosion of steel in concrete is an electrochemical process that involves the anodic dissolution of 247 

iron and, generally, the cathodic reduction of oxygen [119,120]. Depending on the availability of 248 

oxygen and the pH near the steel surface, it is also possible to observe the reduction of proton [121]. 249 

Finally, an electrical connection between the anode and the cathode is required for transferring the 250 

electrons, and an electrolytic environment for transferring the ions in solution (Fig. 3). 251 

 252 

Figure 3. Schematic representation of the corrosion of steel in concrete, involving iron oxidation, oxygen 253 

reduction, and the electrical connection and ionic current between the anodic and cathodic sites. 254 

The general principle of steel corrosion in concrete can be explained with the stability diagram of the 255 

Fe/H2O system (potential-pH or Pourbaix diagram) [122]. Depending upon the experimental 256 

conditions, i.e. total Fe content and temperature, the predominance of species can be quite different 257 

(Fig. 4). As shown in section 2.2, the thin (~10-15 nm) and passive film developed on the steel surface 258 

is preserved under alkaline conditions (passivation domain). If this passive layer remains intact, iron is 259 

in the passivation domain and corrosion is slow (less than 0.1 µA cm-2, “ a      r bar”). U   r u a   y, 260 

the continuous degradation of reinforced concrete in environments containing CO2 and Cl- affects the 261 

integrity of the passive layer. Iron changes to the corrosion domain, which results in the acceleration 262 

of corrosion (higher than 1 µA cm-2, “a      y   rr    g r bar”) a        r gr                      r    263 

section associated with the formation of corrosion products. 264 

The electrochemical kinetics of corrosion are given by the Butler-Volmer equation (Eq. 1) [123]: 265 

 
𝑖 = 𝑖0 {exp [

𝛼a𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸corr)] − exp [−

𝛼c𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸corr)]} (Eq. 1) 

where i is the current density (A m-2), i0 is the exchange current density or corrosion current density 266 

icorr (A m-2), αa and αc are the anodic and cathodic charge transfer coefficient, respectively, n is the 267 

number of electrons exchanged in the reaction, F is the Faraday constant (96485 C mol-1), R is the 268 

universal gas constant (8.314 J mol-1 K-1), T is the absolute temperature (K), E is the electrode potential 269 

(V) and Ecorr is the corrosion potential (V). The term 
𝛼𝑛𝐹

𝑅𝑇
 is equivalent to the term 

ln(10)

𝛽
, where 𝛽 is the 270 
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Tafel slope (special case of the Butler-Volmer equation, see section 4.3). As it will be developed in the 271 

following sections, the corrosion rate depends upon: 272 

• the water content [124,125]. When RH increases to ~70%, the adsorption of water vapour 273 

occurs on external surfaces of C-S-H [38], and the resulting water film is thin and can be 274 

considered electrically inactive (high resistance to ionic transport). The further increase in RH 275 

from ~70 to ~95% enables the adsorption of multilayer water molecules and the filling up of 276 

mesopores [38], decreasing the resistance to ionic transport in concrete; 277 

• the temperature, which affects the kinetic parameters of the corrosion process, such as Tafel 278 

slopes, exchange current density and equilibrium potential [126,127]; 279 

• the pore size distribution [124,125] and the presence of interfacial voids [128]; 280 

• the transport properties of aggressive agents in concrete, notably their diffusion coefficients 281 

[129,130], and the availability of dissolved oxygen in the cathodic areas, i.e. presence of a 282 

cathodic limited current or not [131]; 283 

• the transport of Fe2+ and the nature and distribution of precipitated corrosion products [132]. 284 

 285 

 286 

Figure 4. Simplified stability diagrams of the Fe/H2O system indicating the corrosion domain (dissolved iron 287 

species) and the passivation domain (precipitated iron species) in the domain of water stability for two total iron 288 

content and two temperatures. The hatched area represents the pH and potential range generally reported for 289 

carbon steel in sound OPC concrete. These predominance diagrams were obtained with PhreePlot software and 290 

the Thermoddem database [133]. Fe-bearing phases considered for calculation were Fe(OH)2, magnetite (am), 291 

ferrihydrite (6L), goethite and lepidocrocite, which are the main corrosion products of steel in concrete. 292 
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3.2. Carbonation-induced corrosion 293 

3.2.1. CO2 penetration and concrete carbonation 294 

Atmospheric carbon dioxide (pCO2≈ . 4%)  a  penetrate into cement-based material mainly by 295 

absorption into interconnected capillary pores on the concrete surface and by diffusion in depth 296 

through the pore network and microcracks [134]. CO2 diffusion coefficient increases when increasing 297 

the water-to-cement ratio as the total porosity of the cement paste increases. The rate of CO2 298 

penetration is highest at low RH, when the pores are mostly air-filled [135–137]. The presence of salt 299 

in concrete also contributes to block the ingress of CO2 due to pore clogging [138]. During its ingress, 300 

CO2 dissolves in the pore water and forms carbonic acid H2CO3. According to the speciation of CO2 301 

[139], carbonic acid dissociates in HCO3
- and CO3

2- depending on the pH of the pore solution. 302 

Carbonation of concrete is the reaction between CO2 and Ca-bearing hydrated phases, e.g. portlandite, 303 

C-S-H and ettringite. The reaction kinetics appear governed by the exposure conditions [134,140]. All 304 

reactions with hydrated phases occur in solution and are therefore more important and more rapid in 305 

saturated concrete. However, as the rate of CO2 penetration is highest at low RH, it is often reported 306 

that the carbonation rate is highest in the 50-70% RH range [135,141]. Environmental exposure affects 307 

the rate of carbonation; for example, the more rainy days, the lower the carbonation rate [142]. This 308 

rate depends also on concrete porosity, and thus on the w/c ratio. A low w/c ratio and a high 309 

compressive strength are required to limit as much as possible the carbonation depth, especially in 310 

severe environmental conditions [138,143,144]. It is also dependent on the temperature, the CO2 311 

partial pressure, the alkaline reserve in the concrete (CO2 binding capacity), and the presence of cracks 312 

[134,145,146]. All these parameters are required for an accurate modelling of carbonation processes 313 

in RC structures [147–150]. 314 

Carbonation induces changes in mechanical properties and microstructure of cement-based materials 315 

[134,151,152]. It results notably in the formation of calcium carbonates CaCO3, calcite being the most 316 

stable phase [134]. For OPC concrete, its precipitation results in a lower permeability through total 317 

porosity reduction [153] and loss of interconnectivity due to pore clogging as CaCO3 occupies a larger 318 

volume than Ca(OH)2 [154]. However, as the capillary porosity increases [155], the ionic migration 319 

through the cement paste can be increased because of carbonation. But as shrinkage and cracking of 320 

the concrete can occur in parallel, it is difficult to predict the change only due to carbonation [134]. 321 

As the carbonation of concrete exposed to atmospheric conditions is a slow process, especially for OPC 322 

concrete (a few tens of millimetres in 20 years [156]), accelerated laboratory tests are generally 323 

performed in an CO2-rich atmosphere under conditions where the rate of carbonation is maximum 324 

(≈5 -70% RH). As shown by several authors, these accelerated tests are representative of the natural 325 

carbonation in terms of changes in mineralogy, microstructure, water retention and cracking as long 326 

as the CO2 content is low (pCO2 <3-4%), even if carbonation is only partial and the formation of 327 

metastable CaCO3 phases, i.e. aragonite and vaterite, is promoted instead of calcite [157,158]. 328 

3.2.2. Depassivation and corrosion mechanisms 329 

Despite possible self-healing of concrete, carbonation is responsible for a decrease in pH of the pore 330 

solution from above 13 to below 9, which results in dissolution of the passive layer of the rebar when 331 

the carbonation front reaches its surface [150,159]. According to the Pourbaix diagram (Fig. 4), the 332 
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process will progressively change from the passivation domain to that of corrosion [160,161]. It is 333 

commonly assumed that the corrosion induced by carbonation is generalized and relatively 334 

homogeneous [92]. Considering this case, steel is uniformly depassivated, and the anodic and cathodic 335 

areas are located at adjacent locations. The term ‘microcell corrosion’ is used for describing this 336 

situation [162]. However, because of the heterogeneous structure of concrete (cracks, pore size 337 

distribution and interconnectivity), the carbonation front is seldom perfectly uniform on RC structures, 338 

and a spatial variability in the carbonation depth near the rebar can be observed [163]. The local 339 

variation in indoor and outdoor exposure is also responsible for the steepness of the reaction front 340 

[164]. This non-uniformity will create different steel-concrete interface along the same rebar, allowing 341 

the formation of ‘macrocell corrosion’ [156]. In addition, the presence of load-induced cracks will affect 342 

the steel-concrete interface independently of the crack-opening size, promoting local carbonation and 343 

damage of the interface [165]. In structures where steel rebars with different conditions are 344 

interconnected, macrocell corrosion is thus expected to be the main corrosion process [162,166]. It is, 345 

however, still important to consider both microcell and macrocell components, as the neglect of one 346 

of these components may result in underestimating the degree of corrosion [167–169]. A schematic 347 

representation of the supposed mechanism of carbonation-induced corrosion is shown in Fig. 5. 348 

 349 

Figure 5. Schematic representation of the mechanism of carbonation-induced corrosion of steel in concrete 350 
according to the literature cited in the text. 351 

The evolution of the corrosion rate in carbonated concrete is still not fully understood. For each 352 

concrete composition, it is highly dependent upon water content and pore size distribution [170]. 353 

Different degree of saturation and porosity could thus explain the different corrosion rates observed 354 

in carbonated concrete. Some authors reported that the corrosion rate increases up to 90-95% RH 355 

before decreasing due to a limitation of the oxygen availability at high RH, indicating the presence of 356 

a cathodic limited current [104,129,171]. However, other authors reported that the corrosion rate 357 

increases continuously up to 99% RH [124,125,170]. Even at high RH, the material is hardly fully water-358 

saturated as saturation cannot happen only by capillary condensation or capillary suction in large pores 359 

(the size being dependent on the pore geometry). This suggests that cathodic control of the corrosion 360 
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rate due to a limited availability of O2 is relevant only under long-term immersion, i.e. when all gaseous 361 

and dissolved O2 is depleted in concrete [124]. This confirms that the two main influencing factors of 362 

the corrosion rate of steel in atmospherically exposed RC structures are the water content and the 363 

pore structure [125]. Consequently, corrosion is under activation control: the corrosion rate increases 364 

during wetting exposure until the electrochemically active surface is water-filled, and then decreases 365 

during drying exposure [172]. This mechanism controlling the corrosion rate has been proposed for 366 

uniformly depassivated rebars in very thin samples. Further studies are required to confirm the validity 367 

of the kinetics of iron corrosion for larger cover depth and when the macrocell component is also 368 

considered, as non-uniform corrosion is expected on real structures. 369 

3.3. Chloride-induced corrosion 370 

3.3.1. Chloride penetration 371 

The presence of chloride in the concrete can result from chloride-contaminated components of 372 

aggregates or contaminated construction water, or by diffusion from the environment, e.g. exposure 373 

to a marine environment (e.g. XS microenvironment with wetting/drying cycles) or the use of de-icing 374 

salts (i.e. CaCl2, MgCl2, NaCl) in winter [7]. The penetration of chloride occurs mainly through capillary 375 

pores as free chlorides Cl- by capillary suction, diffusion and permeation [7]. Thus, the initiation time 376 

of corrosion strongly depends upon transport parameters, such as the diffusion coefficient of total 377 

chloride in concrete [173]. 378 

It is, however, difficult to predict correctly this parameter as it may be influenced by many others. First, 379 

the diffusion is affected by pore size distribution and pore interconnectivity in the concrete, which is 380 

related to the w/c ratio. It is recommended to use a low w/c ratio (0.4-0.5) for increasing the length of 381 

the initiation stage, as the total porosity will be decreased [174]. Second, a part of the free chlorides 382 

can be physically adsorbed on different hydrates such as C-S-H and monosulfoaluminates (AFm), or 383 

can chemically react with other phases such as tri-calcium aluminate (C3A)      r  Fr     ’   a        384 

the chloride content is sufficient [175,176]. Physical adsorption depends mainly on the specific surface 385 

area of the cement paste, while chemical ads r        r ug    r a        Fr     ’   a      mainly 386 

related to the monocarboaluminate content in the paste [177]. SCMs with high alumina and calcium 387 

content can also play a role in the chloride binding capacity, and thus on the durability of RC, by limiting 388 

Cl- ingress to the rebar [177]. Finally, diffusion of Cl- is affected by water content, temperature, and the 389 

properties of the electrical double layer [176,178,179]. The diffusion coefficient varies also in the ITZs 390 

of concrete as a function of their volume and tortuosity [180]. As for CO2 and other aggressive species, 391 

the presence of cracks in the concrete or the presence of defects at the steel-concrete interface may 392 

provide further preferential paths for the ingress of chloride to the steel surface [181–184]. 393 

Irrespective of the factors affecting chloride penetration, determining the rate of Cl- ingress is required 394 

for modelling the service life of the initiation stage of corrosion [185–187]. 395 

For accelerating the rate of Cl- ingress and thus to initiate more rapidly chloride-induced corrosion, 396 

several procedures were investigated, e.g. mixing chloride salt in the cement paste or the 397 

electromigration/rapid chloride permeability test (RCPT). However, the results obtained by mixing 398 

chloride salt directly in the cement paste can only be used for determining the effect of contaminated 399 

aggregates or water, as the passive film will not form properly on the rebar [168] and the hydration 400 

products will be different, affecting the microstructure of the concrete [65]. RCPT can also affect the 401 
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concrete microstructure [188] and thus cracks formation. Thus, the results obtained from accelerated 402 

tests must be used with care if they aim at understanding corrosion mechanisms. 403 

3.3.2. Depassivation and corrosion mechanisms 404 

As for carbonation-induced corrosion, there still is a lack in the physical understanding of the 405 

depassivation mechanism of steel exposed to chloride ions [92,187]. Two models are generally 406 

proposed: the ion exchange model [189] and the point defect model [190]. In the first one, 407 

depassivation is the result of the adsorption and ingress of Cl- through the outer film layer and the 408 

progressive thinning of the inner film until dissolution. In the second one, chloride ions remain 409 

adsorbed on the film surface and act as a catalyst in the formation of Fe vacancies on the 410 

oxide/electrolyte interface, which then diffuse to the oxide/metal interface while O vacancies diffuse 411 

in the opposite direction. The combination of Fe vacancies results in the formation of voids and thus 412 

in depassivation of the rebar. It appears that the lattice structure of this film and the presence of 413 

defects strongly affect the depassivation mechanism [191]. Recent experiments of steel corrosion in 414 

simulated concrete pore solutions have shown the modification of the structure and electronic 415 

properties of the passive film exposed to chloride. Notably, an increase in the Fe3+/Fe2+ ratio was 416 

observed in association with a decrease in film thickness [91,93,192–194]. The donor density ND of the 417 

passive film increases in the presence of chloride, resulting in a higher electric conductivity and thus 418 

lower corrosion resistance of the film, suggesting the incorporation of chloride ions in the passive film 419 

[195]. However, molecular dynamics and density functional theory simulations support the point 420 

defect model, as no ingress of chloride has been observed in any simulation [196,197]. 421 

It is often reported that a minimum chloride content is required for observing the depassivation of 422 

steel, so-called the critical chloride content or the chloride threshold value Ccrit. It is expressed either 423 

as the total chloride content relative to binder weight [198], or as the chloride ion activity relative to 424 

the pH of the pore solution [199]. Even if only free chlorides are suspected to cause steel corrosion 425 

[200], chlorides bounded onto solid phases represent a potential reservoir of free chlorides for 426 

corrosion [198]. This is notably observed in the case of the carbonation of chloride-contaminated 427 

concrete as carbonation decreases the chloride-binding capacity of hydrates [116,201]. Ccrit ranges 428 

from 0.04 to 8.34% by binder weight, or from 0.01 to 45 in terms of [Cl-]/[OH-] molar ratio [199]. It 429 

depends on many parameters such as RH, temperature, the pH of the pore solution, local 430 

characteristics at the steel-concrete interface and the exposed area of rebar [64,77,202–208]. Though 431 

the concept of the chloride threshold value is well accepted, it does not allow an accurate estimation 432 

of service life in all cases, even with complex transport models [187,209]. In addition, Ccrit values 433 

obtained from small-scale laboratory samples are hardly applicable to real structures as the 434 

preparation conditions are not as well controlled in the field [210] and local inhomogeneities at the 435 

steel-concrete interface create a size effect [211]. A test method for mimicking realistic conditions in 436 

laboratory specimens is still required [65]. If the weakest-link theory is a suitable option to consider 437 

the size effect of corrosion [211], a more practical solution consists in measuring Ccrit value on samples 438 

taken from existing structures. This overcomes the limited applicability of laboratory data and provides 439 

case-specific input data to improve the prediction of the service life of the investigated structure [187]. 440 

Once the passive film is locally disrupted, anodic dissolution occurs if the water content and oxygen 441 

availability are sufficient for the cathodic reduction [212,213]. Due to the localized presence of chloride 442 

in the concrete, iron dissolution generates small pits though the surrounding steel surface still retains 443 
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its passive film. Chloride ions are attracted to the metal dissolution sites for maintaining 444 

electroneutrality [214], resulting in the enhancement of iron solubility in the pit due to the formation 445 

of iron chlorocomplexes and chloride green rust GR(Cl-) [215]. Pit stability depends upon the 446 

competitive migration between Cl- and OH-, which depends on the mobility and concentration of both 447 

ions. In the case of insufficient Cl-, a depassivation/repassivation sequence is expected to occur due to 448 

the precipitation of iron(II) hydroxide inside the pit [216]. A sufficient [Cl-]/[OH-] ratio is thus needed 449 

for achieving stable pit growth. After iron dissolution, the hydrolysis of ferrous iron ions creates local 450 

acidification in the pit [217,218] and iron chloride ions Fe(H2O)(n-m)Clm(z-m)+ will diffuse outside the pit 451 

where they will be dissociated being no longer stable under higher pH conditions. Due to the presence 452 

of well-defined anodic and cathodic areas, chloride will migrate back to the anode for further chloride 453 

attack, while ferrous iron ions will migrate to the cathode in an oxygen-rich region, where it will 454 

precipitate. As a result, an aggressive microenvironment is preserved in the pit, and an autocatalytic 455 

process explains the corrosion process in chloride-contaminated concrete. A schematic representation 456 

of the supposed mechanism of chloride-induced corrosion of steel is shown in Fig. 6. 457 

 458 

Figure 6. Schematic representation of the mechanism of chloride-induced corrosion of steel in concrete 459 

according to the literature cited in the text. 460 

Macrocells with very high corrosion rates are expected in chloride-induced corrosion [219], resulting 461 

in important local thinning of steel depending on concrete resistivity [216], driving voltage and 462 

cathode-to anode ratio [216]. The growth of anodic sites is more rapid close to the anode/cathode 463 

boundary than deeper down in the centre of the pit, due to the non-uniform distribution of current 464 

densities [123]. Hence, the extension of the pit is greater across the surface than in depth and the ratio 465 

b        ax  u  a   a  rag    rr           , a     a         “      g  a   r”, ranges between 2.5 466 

and 10 [220,221]. Corrosion should thus be measured over the entire defective area to predict 467 

accurately the mechanical behaviour of a corroded structure [222]. 468 

In marine environments, in which RC structures are partially immersed, the cathode-anode distance is 469 

an important parameter in the corrosion process. Indeed, it has been shown that the macrocell 470 

corrosion current can be provided by a cathode located at large distances from the anode [223,224]. 471 

Experiments and numerical simulations have shown that a non-negligible current can be provided by 472 
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cathodes located in unsaturated zones up to several meters away from the anodic area, depending on 473 

the geometry of the structure and its resistivity, which was here considered uniform [224]. Hence, 474 

even if O2 is depleted near the anodic areas, the cathodic reaction may not be the rate-determining 475 

step of corrosion as it can occur far away from them. Nonetheless, resistivity differs in immersed zones 476 

compared to tidal and unsaturated zones [225], affecting the distribution of the current between 477 

anodic and cathodic areas. Further studies are thus required to gain more insights on this macrocell 478 

current by considering representative gradients of concrete resistivity in marine environment. 479 

3.4. Nature and reactivity of corrosion products and their impact on durability of the material 480 

Different corrosion products (CPs) are observed in RC structures. Table 2 lists possible CPs in concrete 481 

with their volume expansion [5,214,226,227]. 482 

Table 2. List of possible iron corrosion products in concrete with their volume expansion (NC=unknown). 483 

Corrosion products Formula Valence Volume expansion 

Iron(II) hydroxide Fe(OH)2 Fe(II) 3.7 

Chukanovite Fe2(OH)2CO3 NC 

Siderite FeCO3 NC 

Ferrous hydroxychloride β-Fe2(OH)3Cl NC 

Chloride green rust FeII
3FeIII(OH)8Cl, 2 H2O Fe(II-III) NC 

Carbonate green rust FeII
4FeIII

2(OH)12CO3, 2 H2O NC 

Sulphate green rust FeII
4FeIII

2(OH)12SO4, 8 H2O NC 

Magnetite Fe3O4 2.1 

Hematite α-Fe2O3 Fe(III) 2.1 

Maghemite γ-Fe2O3 2.4 

Iron(III) hydroxide Fe(OH)3 4.2 

Ferrihydrite Fe2O3, 3 H2O 6.5 

Goethite α-FeOOH 3.0 

Akaganeite β-FeOOH 

(β-FeO1-x(OH)1+xClx) 

3.5 

Lepidocrocite γ-FeOOH 3.2 

Feroxyhyte δ-FeOOH 2.8 

Iron dissolution results first in the production of ferrous iron Fe2+ in solution. Then, iron(II) hydroxide 484 

Fe(OH)2 is assumed to be the main precursor of precipitated CPs [218]. If several intermediates can 485 

then be formed, they are rapidly oxidized in the presence of oxygen. With a low oxygen supply, partial 486 

oxidation is common, resulting in the formation of magnetite Fe3O4. With a high oxygen supply, 487 

complete oxidation results in the formation of Fe(III) oxides and oxyhydroxides, collectively referred 488 

   a  “ru  ”. The occurrence of CPs depends mainly on the nature of the rebar and the environmental 489 

parameters. 490 

The presence of the rust layer is of great importance as it is directly implied in the mechanism of steel 491 

corrosion. It acts as a porous electrode where oxygen reduction can occur [228]. Notably, the exchange 492 

current density of O2 reduction is higher where rust is present as compared to a surface where only 493 

mill scale occurs [229]. The reduction of rust, notably FeOOH, can also be seen as the cathodic reaction 494 

related to iron dissolution [230,231]. Due to the difference in electric conductivity and morphology of 495 
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the different CPs, determining their local distribution is important as it can influence the rate-496 

determining step of corrosion [232]. 497 

3.4.1. Nature and distribution of CPs in carbonation-induced corrosion  498 

In carbonated media, chukanovite Fe2(OH)2CO3, siderite FeCO3 and carbonate green rust GR(CO3
2-) are 499 

expected to form as intermediates, and the oxidation of chukanovite results in the formation of 500 

lepidocrocite and goethite [233]. Feroxyhyte can also be observed in addition to these two products 501 

[234]. Because of the very low solubility of iron oxyhydroxides at near-neutral conditions in carbonated 502 

concrete, they tend to precipitate in the porosity at the vicinity of the rebar to form a ‘  rr       ay r’ 503 

[218]. The accumulation of precipitates under confined conditions will cause an expansive pressure, 504 

resulting in cracks formation in concrete. 505 

The transport of Fe2+ away from the rebar must thus be considered for the evolution of the corrosion 506 

rate and the formation of corrosion-induced cracks. It depends on (i) Fe2+ content and (ii) concrete 507 

porosity. Indeed, precipitation will occur only after Fe2+ saturation in the solution is reached. If the 508 

corrosion rate is slow, which is the case of natural corrosion in carbonated concrete, no saturation of 509 

Fe2+ ions is expected close to the steel surface, resulting in their diffusion away from the interface 510 

[132]. According to Nernst equation, increasing Fe2+ content in the vicinity of the rebar increases the 511 

anodic reversible potential, resulting in a decrease of the corrosion rate. Hence, an increase in total 512 

porosity of concrete will facilitate the diffusion of Fe2+ away from the rebar, resulting in a decrease of 513 

the anodic reversible potential and in the increase of the effective corrosion current density [125]. 514 

Nonetheless, a maximum effective current density is expected beyond a certain opening of the pore 515 

structure, from which the system tends to behave as a bulk solution in terms of transport properties 516 

(no more transport limitation due to concrete porosity) [125]. The diffusion of Fe2+ away from the rebar 517 

competes with the diffusion of O2 in the opposite direction. Hence, the diffusion of Fe2+ can be very 518 

limited, depending on the pH, as it is oxidized in Fe3+ and precipitates rapidly as Fe(III)-bearing species, 519 

Fe3+ being much less soluble than Fe2+. We must note that even if a thick corrosion layer develops at 520 

the vicinity of the rebar, a “virtual” diffusion of Fe2+ can still occur across this layer through electron 521 

transfer in the Fe(III) layer, i.e. sorption of one Fe2+ on one side and release of another Fe2+ on the 522 

other side, as proposed for Fe diffusion at the steel-bentonite interface [235]. 523 

3.4.2. Nature and distribution of CPs in chloride-induced corrosion 524 

For chloride-induced corrosion, several intermediates can be formed, such as ferrous hydroxychloride 525 

or chloride green rust GR(Cl-), which is thermodynamically stable in the alkaline pore solution and can 526 

be observed near the rebar [215,236]. A large variance in the final CPs is reported in the literature, the 527 

products being a mixture of magnetite, goethite, lepidocrocite and/or ferrihydrite [237–239]. In 528 

addition, in the presence of a large excess of chloride, ferrous hydroxychloride β-Fe2(OH)3Cl is 529 

suspected to be formed as an intermediate product before its oxidation in GR(Cl-), which can be later 530 

oxidized into akaganeite with an increased chloride content [240,241]. Currently, there is no physical 531 

explanation for this variance, probably because the mechanism of steel depassivation is still not fully 532 

understood [92]. 533 

In addition to the local acidic conditions induced in the pit, the presence of chloride increases the 534 

solubility of Fe2+ ions, which prevents their rapid precipitation and allows their diffusion and migration 535 
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away from the pit [218]. CPs accumulate first between the steel and the mill scale and then penetrate 536 

adjacent porous zones [242]. This penetration strongly depends upon the distribution of the hydration 537 

products and the concrete porosity around the rebar. As they diffuse away from the pit, ferrous 538 

chloride ions are no longer stable due to the higher pH of the pore solution and rapidly precipitate, 539 

filling the pores (‘  rr     -        a   ’) [243] and impeding further diffusion of Fe2+. As corrosion 540 

continues, new CPs tend to precipitate near the surface of the rebar, which finally results in the 541 

formation of corrosion-induced cracks [244]. Hence, major localized loss of steel cross-section may 542 

occur before the appearance of cracks on concrete surface in the case of chloride-induced corrosion. 543 

3.4.3. Impact on the structural performance of RC structures 544 

The formation of solid-state CPs plays a major role in the structural performance and service life of RC 545 

structures [92]. Even if it can be up to 6.5, as shown in Table 2, the expansion coefficient of the mixture 546 

of CPs in concrete generally varies between 2 and 4 [245–247]. This volume expansion will exert a 547 

radial pressure on concrete, generating corrosion-induced cracks if CPs grow under confined 548 

conditions [239,248,249]. The cracking process can be split into three stages: corrosion products filling, 549 

concrete cover stress and concrete cover cracking [250]. If the first stage progressively modifies the 550 

porosity and can help in preventing corrosion if pore clogging occurs, the two other stages result in 551 

accelerated corrosion as they create preferential paths for the ingress of aggressive agents. The time-552 

to-cracking of the concrete related to steel corrosion is thus largely dependent upon its porosity. 553 

Moreover, environmental parameters such as temperature can accentuate the cracking process. 554 

Indeed, the morphology of the oxide layer can change with temperature [251], and partially reversible 555 

redox reactions have been observed during temperature cycling between 5 and 45 °C [252]. The 556 

valence state of the shell and the hydroxide content (i.e. oxidation and hydration: transformation of 557 

magnetite into goethite or lepidocrocite) is positively correlated with temperature increase, leading to 558 

an augmentation in the corrosion potential of the rebar [253]. Thus, the corrosion potential is more 559 

linked to redox activity of the oxide layer than to oxygen availability, as the concentration of oxygen 560 

decreases with a temperature increase [252]. The opposite trend is observed when temperature 561 

   r a    ( . .    y ra     a   r  u     ), r  u    g    a “br a    g”                        ra ur  562 

cycling that can affect the stability of the passive film [253]. 563 

The development of CPs and the possible formation of corrosion-induced cracks can be monitored 564 

with scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDS), X-ray diffraction 565 

(XRD), Raman spectroscopy and X-ray μCT (Fig. 7) [128,254–258]. Four different parts can be observed 566 

in the material: the steel, the dense product layer, the transformed medium and the binder [259,260]. 567 

The mill scale can also be sometimes differentiated [261,262]. As the rust distribution is generally non-568 

uniform on the steel surface [263], several models have been developed for predicting corrosion-569 

induced concrete cracking [264–266]. Though the models adequately predict the time-to-cracking for 570 

the experiments for which they were calibrated, their predictions may not be as accurate for fitting 571 

the results obtained in other studies with different experimental conditions [267]. Hence, the 572 

development of a general model for corrosion cracking is still required. 573 
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 574 
Figure 7. (a) X-ray µCT 2D slices acquired on a mortar sample like the one of Fig. 1, comparing the same sample 575 

before and after corrosion. The 2D slices are extracted from the 3D volume at the same position to visualize the 576 

development of corrosion products. The rebar is shown before and after corrosion by thresholding the corrosion 577 

products (in pink). X-ray µCT images show that the corrosion products fill the porosity (air voids) and generate 578 

cracks on the mortar around the rebar up to its surface (surrounded in yellow). (b) Comparison of surfaces by 579 

optical and X-ray µCT acquisition. After accelerated corrosion, the sample was cut to observe the distribution of 580 

corrosion products in the sample. Though X-ray µCT is a great technique to determine the distribution of phase 581 

and porosity of the material, some corrosion products are hardly detected. Courtesy: S. Gaboreau. 582 

4. Electrical methods for non-destructive testing and evaluation of corrosion 583 

Non-destructive testing and evaluation (NDT) of the corrosion of steel in concrete is a major issue for 584 

predicting the service life of reinforced concrete structures [18]. Among the different techniques, 585 

electrical methods allow evaluating the corrosion rate, a parameter of prime importance for estimating 586 

the service life of RC structures in the propagation stage. These methods require the use of an electrical 587 

system with two-, three- or four-electrode configurations to determine three main parameters: 588 

corrosion potential Ecorr, concrete resistivity ρ and polarization resistance Rp [268]. Table 3 summarizes 589 

the different techniques presented in detail in this section, with their methodology and main 590 

advantages and drawbacks.  591 

B   r    rr        r   rr     
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Table 3. List of electrical methods for the assessment of the corrosion rate of steel in concrete, with their main advantages and drawbacks. 592 

Method Methodology Advantages and drawbacks 

Corrosion potential/ 

Half-cell potential 

Measurement of the open-circuit potential 

difference between the rebar and a 

reference electrode placed on the concrete 

surface or embedded in the concrete 

✓ Fast measurement 

✓ Allow the identification of the main defect points with high corrosion risk 

 No quantitative information of the corrosion rate 

 Absolute value is highly affected by concrete conditions (geometry, resistivity, 

presence of cracks), composition of the pore solution (pH, chloride or sulphide 

content), the condition of the steel rebar (cathode-to-anode ratio), the 

availability of oxygen near the steel surface and environmental factors (RH, T) 

➔ Results must be interpreted only as potential gradients 

 Electrical connection to the rebar is required 

➔ Measurements can be performed using at least two reference electrodes 

placed on concrete surface and the results must be interpreted as 

potential vectors [269–271] 

Concrete resistivity 

(Wenner configuration) 

Injection of a direct or alternating current 

between the two outer electrodes and 

measurement of the resulting potential 

difference between the two inner 

electrodes 

Usual parameter: 

• 0.01 < f (kHz) < 10 

✓ Fast measurement 

✓ Provide insights on concrete durability 

✓ Allow the identification of the main defect points with high corrosion risk 

✓ Corrosion rate can be estimated based on recommendations and correlations 

with concrete resistivity 

 No unique correlation could be determined between the two parameters 

 Absolute value is highly affected by concrete conditions (geometry, resistivity, 

presence of cracks), composition of the pore solution, environmental factors 

(RH, T), and the presence of the rebar 

➔ Electrical resistivity tomography (ERT) must be performed to consider 

accurately the inherent heterogeneity of concrete and to account for the 

rebar effect in the measurement 
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Linear polarization 

resistance (LPR) 

Linear sweep voltammetry in the anodic or 

cathodic direction around the corrosion 

potential 

Usual parameters:  

• Sweep rate = 10 mV min-1 

• Ecorr ±10-20 mV 

✓ Fast measurement 

✓ Good agreement with gravimetric loss in case of active corrosion 

 Electrical connection to the rebar is required 

 Use of the Stern-Geary relation to convert Rp in corrosion current 

 Concrete resistivity must be determined using another technique to 

compensate the ohmic drop 

 Determining the polarized area on RC structures is challenging  

 The corrosion rate in the case of passive corrosion is overestimated 

➔ Slower sweep rate (<2.5 mV min-1) must be used to improve the 

measurement of corrosion rate in this case 

Tafel scan Methodology similar to LPR 

Usual parameters: 

• Sweep rate = 10 mV min-1 

• Ecorr ±150-250 mV 

✓ Provide directly the corrosion current instead of Rp 

 Electrical connection to the rebar is required 

 Can cause irreversible changes to the rebar due to the strong polarization 

 Determining the polarized area on RC structures is challenging 

Galvanostatic pulse 

(GP) 

Injection of a direct current between the 

rebar and a counter electrode during, and 

measurement of the resulting potential 

difference between the rebar and a 

reference electrode 

Usual parameters:  

• I = 5-500 µA (ΔE < 20 mV) 

• t = 5-30 s 

✓ Fast measurement in general 

✓ Good agreement with gravimetric loss in case of active corrosion 

 Electrical connection to the rebar is required 

 Use of the Stern-Geary relation to convert Rp in corrosion current 

 Determining the polarized area on RC structures is challenging 

 The corrosion rate in the case of passive corrosion is overestimated 

➔ Longer measurement time (>100 s) must be used to improve the 

measurement of corrosion rate in this case 

Electrochemical 

impedance 

spectroscopy (EIS) 

Injection of an alternating potential 

between the rebar and a counter electrode 

during, and measurement of the resulting 

current between the rebar and a reference 

electrode 

Usual parameters: 

• E = 10 mV RMS 

✓ Good agreement with gravimetric loss in case of active and passive corrosion 

✓ Provide insights on the corrosion mechanism 

 Electrical connection to the rebar is required 

 Selection of the electrical equivalent circuit is of prime importance to 

determine accurately Rp 

 Use of the Stern-Geary relation to convert Rp in corrosion current 

 Measurement time is long 
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• 10-3 < f (Hz) < 105 ➔ Possibility to limit the use of low frequencies but the accuracy of the Rp 

value obtained in this case may be less accurate, irrespective of the 

selected EEC 

➔ Alternatively, harmonic analysis of the signal obtained at only one low 

frequency in the time-domain can be done to obtain the corrosion current 

 Determining the polarized area on RC structures is challenging 

Indirect GP Methodology similar to GP, but using a four-

electrode configuration placed on the 

concrete surface, where two probes are 

used to inject the direct current and two 

probes are used to measure the resulting 

potential difference 

✓ Fast measurement in general 

✓ Good agreement with gravimetric loss in case of active corrosion and passive 

corrosion for highly resistive concrete 

✓ No electrical connection to the rebar is required 

✓ ‘S   -           ’         urr           r            ar z   ar a 

 Simulations are required to determine the current distribution in the material 

 Studies are still required to quantify accurately the corrosion rate 

Indirect EIS Methodology similar to EIS, but using a four-

electrode configuration placed on the 

concrete surface, where two probes are 

used to inject the alternating current and 

two probes are used to measure the 

resulting potential difference 

✓ Method sensitive to non-uniform corrosion that can separate the contribution 

of actively corroding areas and passive areas 

✓ No electrical connection to the rebar is required 

 Measurement time is long 

 Studies are still required to provide quantitative information on the corrosion 

rate 
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4.1. Corrosion potential 594 

Corrosion potential Ecorr, also referred to as half-cell potential, is the open circuit potential (OCP) of the 595 

rebar. 596 

4.1.1. Measurement 597 

The measurement is done with a two-electrode configuration, connecting the rebar—the first half of 598 

the cell—and a reference electrode (RE)—the other half of the cell—through a high-impedance 599 

voltmeter (Fig. 8) [272]. The method was first referenced as the ASTM C876 standard test method for 600 

half-cell potentials of uncoated reinforcing steel in concrete. A local breakout of the concrete cover is 601 

generally required to create a sound contact as the rebar is not readily accessible [273]. The reference 602 

electrode is a silver-chloride electrode, a copper-sulphate electrode (CSE), or a saturated-calomel 603 

electrode (SCE), which are mostly commercialized as liquid- or gel-filled electrodes. This kind of RE is 604 

placed on the concrete surface, requiring a good electrolytic contact with the concrete. This is generally 605 

ensured using a sponge wetted with an appropriate solution with a similar pH than that of the pore 606 

solution to reduce as much as possible junction potentials [274]. As the position of the electrode and 607 

the type of electrolytic contact both affect the OCP measurements, this information must be reported 608 

in all studies. 609 

 610 

Figure 8. Schematic diagram of the measuring system of corrosion potential using a surface reference electrode. 611 

Alternatively, concrete-embeddable solid-state metal/metal oxide reference electrodes such as 612 

manganese oxide MnO2, activated-carbon and graphite electrodes or pseudo-reference electrodes 613 

with graphene-cement composites have shown a good stability in concrete for several months or years 614 

[275–278]. Silver-based screen-printed electrodes provide another cost-effective sensing system 615 

[279]. This is particularly interesting for new structures as the electrodes can directly be embedded 616 

during their construction, and for existing structures after maintenance actions [280]. As the pore 617 

solution ensures the electrolytic contact with embeddable electrodes, the contact resistance is less 618 

problematic and the liquid junction potential is expected to be more constant over time, which can 619 

then improve the quality of the data. However, the system is less flexible as the electrodes are fixed.  620 

As the inspection of RC structures can be challenging, recent advances have indicated the feasibility of 621 

using climbing robots/flying drones for the monitoring of the corrosion potential [281]. The advantages 622 
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of this approach are to guarantee the operator safety, especially in locations hardly accessible, and 623 

potentially to decrease the global cost of inspection. 624 

4.1.2. Interpretation of results and recommendations 625 

As corrosion is non-uniform along the rebar, differences in electrochemical and streaming potential 626 

values are expected between actively corroding and passive areas. The distribution of the 627 

equipotential lines in the material will be affected by the electric current flowing between these areas. 628 

Hence, the use of the half-cell potential technique requires the definition of a grid of measurements 629 

on the structure. The measured values can widely range in the water stability domain. Irrespective of 630 

the reference electrode used, they should be reported versus the standard hydrogen electrode (SHE) 631 

at the measurement temperature. The results can be presented as table, map or in statistical 632 

representations, depending on the size of the element and the number of data acquired [282]. 633 

The first version of the ASTM C876 standard recommended to interpret the corrosion potential based 634 

on the absolute values for evaluating the probability of corrosion in the measured area [283]. For 635 

values over -200 mV/CSE (≈116 mV/SHE), the probability of steel corrosion activity is less than 10%. 636 

For values below -350 mV/CSE (≈-34 mV/SHE), the probability of steel corrosion activity is over 90%; 637 

in between the probability of such activity remains uncertain. 638 

For a better insight into areas with a high corrosion risk, the RILEM recommendations (2003) [282] and 639 

the revised ASTM C876 standard (2009) [283] advise the use of potential gradients rather than absolute 640 

potential values. The proposed methodology consists of mapping the potential of the entire area of 641 

inspection and comparing the relative potential values. This requires the definition of an accurate grid 642 

of measurements points, as a decrease in grid space increases the probability of finding the precise 643 

location of actively corroding spots [284]. If the grid size remains regular during measurements, it is 644 

also possible to use statistical representations, e.g. histograms, frequency distribution or cumulative 645 

probability plot, in order to compare more globally different parts of the structure [282]. Also, even if 646 

there is no electrical continuity along the rebar, meaningful information about macrocell corrosion can 647 

still be obtained using potential gradients [285]. 648 

4.1.3. Relation to corrosion rate 649 

Many studies have tried to relate the corrosion potential to the corrosion rate, but no quantitative 650 

correlation has been found. When measurements are made in highly controlled conditions (RH, T), a 651 

robust correlation exists between the two parameters for small specimens, especially for the high 652 

corrosion probability range [286]. However, in field investigation, the environmental factors cannot be 653 

so controlled. In addition, measurements are influenced by several other factors, e.g. concrete 654 

conditions (geometry, resistivity, cover depth, presence of cracks), the composition of the pore 655 

solution (pH, chloride or sulphide content), the condition of the steel rebar (cathode-to-anode ratio), 656 

and the availability of oxygen near the steel surface [168,272,284,287,288]. For example, very negative 657 

potential values can simply be the results of a low level of oxygen. Hence, it is strongly recommended 658 

to perform measurements at once in short time, as much as possible, in order to limit any variation of 659 

these influencing factors. Despite being one of the most used technique for corrosion monitoring in 660 

field, the half-cell potential technique must be used only as a qualitative test for locating areas with a 661 

high corrosion risk on RC structures. 662 
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4.2. Concrete resistivity 663 

Concrete resistivity (ρ,  x r         Ω m)—also referred to as electrical resistivity—is the ability of the 664 

material to oppose electrical circulation [289]. The initial resistivity of concrete is generally between 665 

10 and 106 Ω m [290,291]. This value is mainly influenced by the w/c ratio, the type of binder, the size 666 

of the aggregates and the conditions of curing and storage, as they affect pore solution composition 667 

and concrete porosity [291,292]. Both parameters are important as they govern the corrosion process. 668 

Due to concrete degradation by the ingress of aggressive agents or the formation of corrosion-induced 669 

cracks, the resistivity is expected to change during the entire service life of RC structures. It is thus 670 

necessary to monitor concrete resistivity over time to assess the evolution of corrosion process. 671 

4.2.1. Measurement 672 

The resistivity is directly linked to the concrete resistance RΩ (Ω)                  g  qua     (Eq. 2): 673 

 
𝜌 = 𝑘𝑅Ω = 𝑘

Δ𝑉

𝐼
 (Eq. 2) 

where ΔV is the potential difference (V), I is the injected current (A), and k is a geometric factor (m) 674 

that depends on the geometry and size of the sample, but also on the experimental device. Indeed, 675 

different procedures exist for measuring concrete resistivity [291]. In the bulk resistivity cell (uniaxial 676 

configuration, Fig. 9a), two parallel metal plates with moist sponges or a conductive gel, placed at the 677 

ends of the concrete sample, apply a current and the resulting potential difference on the two plates 678 

is measured [293]. In this case, the geometric factor k is (Eq. 3): 679 

 
𝑘 =

𝐴

𝐿
 (Eq. 3) 

where A is the cross-sectional area perpendicular to the current (m²) and L is the sample length (m). 680 

Even if the measurement of resistivity is rapid, this technique is used in laboratory experiments but 681 

hardly applicable to field work. The resistivity can also be measured using a four-electrode device 682 

(generally equipped with stainless-steel probes) on the concrete surface, in which two electrodes C1 683 

and C2 inject a current and two electrodes P1 and P2 measure the resulting potential difference. Two 684 

systems are commonly used, the linear four-point probe and the square-array four-point probe, but 685 

other configurations, for example with embedded probes, exist as well [294]. In Wenner configuration 686 

(Fig. 9b), where C1 and C2 are the two external electrodes and P1 and P2 are the two internal electrodes 687 

with a similar probe spacing a (m), the geometric factor is (Eq. 4): 688 

 
𝑘 =

2𝜋

1
𝑎 −

1
2𝑎 −

1
2𝑎 +

1
𝑎

= 2𝜋𝑎 
(Eq. 4) 

It is important to note that the use this relation assumed that the concrete is homogeneous and 689 

isotropic with a semi-infinite geometry, which is not the case for small concrete samples. To correct 690 

boundary effect and determine accurate geometric factors, it is possible to perform numerical 691 

simulations to determine a correcting factor for Eq. 4 [295] or to calibrate the device using an 692 

electrolyte of known resistivities in a core holder of similar geometry than the concrete sample. 693 
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 694 

Figure 9. Schematic representation of the resistivity measurement. (a) Bulk resistivity, (b) Surface resistivity in 695 

the Wenner configuration (typically, a = 5 cm). 696 

The material and size of the electrodes and the way the electrolytic contact with the concrete surface 697 

is made can also affect the measurements, as can the measuring frequency. If the concrete resistivity 698 

can be measured either in DC or in AC mode, measurements are generally made in AC mode to avoid 699 

electrodes polarization [290,296]. Generally, measurements are carried out in the frequency range of 700 

0.5 to 10 kHz in the bulk configuration, and in the range of 0.01 to 10 kHz in the Wenner configuration 701 

[297]. Impedance spectroscopy must be done to determine the frequency at which the imaginary part 702 

of the impedance (reactance) is minimum to correctly assess the concrete resistance. This frequency 703 

must be defined case by case as it varies with concrete microstructure and moisture conditions. 704 

4.2.2. Relation to concrete durability 705 

From the concrete resistivity, one can determine the formation resistivity factor FR, that represents 706 

the microstructural aspect of the concrete [294], according to the modified parallel law (Eq. 5): 707 

 
𝐹R =

1

𝜑R𝛽R
=

𝜌

𝜌0
 (Eq. 5) 

where φR is the porosity of the system and 𝛽Ris the connectivity of the pore system, ρ is the resistivity 708 

of the bulk sample, and ρ0 is the resistivity of the pore solution [298]. The formation factor is also 709 

defined as the ratio of the resistivity of the bulk sample and the resistivity of the pore solution [299]. 710 

It can thus be used for determining the capillary porosity and pore tortuosity of fresh and hardened 711 

concrete [300,301]. This factor is also related to the diffusion coefficient through the Nernst-Einstein 712 

relationship (Eq. 6) [302,303]: 713 

 
𝐹R =

𝐷0
𝐷

 (Eq. 6) 

where D0 is the self-diffusion coefficient of the ionic species in water (e.g. D0=2.032 10-9 m² s-1 for Cl-) 714 

and D is the effective diffusion coefficient (m² s-1). After determining the resistivity of the pore solution 715 

experimentally or theoretically [304–306], the diffusion coefficient of chloride in concrete can be 716 

determined     r  r         a                 rr           a     by u   g F  k’   econd law of diffusion 717 

[294,307]. It is also possible to combine the formation factor with Langmuir or Freundlich adsorption 718 
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isotherm, and to predict either chloride ingress with the Nernst-Planck equation [308,309] or the 719 

apparent chloride diffusion coefficient in concrete [310]. The use of concrete resistivity therefore is a 720 

good indicator of the concrete durability in terms of ion diffusivity and fluid transport [311–313]. 721 

The measurement of concrete resistivity is influenced by several parameters that can adversely affect 722 

the determination of the formation factor. The main such factors are water content and temperature; 723 

an increase in one of these two increases the ionic transport in the pore solution and decreases the 724 

resistivity of the concrete [291,314–316]. The effect of temperature is even more complicated as it 725 

also affects the solubility of the hydrated phases in concrete, resulting in a change in pore solution 726 

composition [317]. Normalization of the temperature effect on concrete resistivity has been used for 727 

predicting the resistivity variation due to temperature changes [318]. As the concrete surface interacts 728 

directly with the surrounding atmosphere, the exposure conditions must be correctly defined as they 729 

will impact the concrete resistivity and create a resistivity gradient. As discussed in Section 3.2.1, 730 

concrete carbonation results in a progressive change of the concrete microstructure, also creating a 731 

resistivity gradient in the concrete [319]. 732 

When using a four-electrode configuration, other parameters must be considered when performing 733 

the measurement as some assumptions are made to interpret the data, i.e. concrete is homogeneous 734 

and isotropic with a semi-infinite geometry [320]. The size and geometry of the specimen must then 735 

be considered accurately for determining the geometrical factor k as the assumption of a semi-infinite 736 

medium cannot be respected for small samples [314,321]. In addition, the presence of cracks and the 737 

distribution of aggregates in the concrete are inconsistent with a homogeneous and isotropic material 738 

[291]; regardless of the type of cracks, the measurements will be under- or over-estimated if they are 739 

made nearby [322]. Finally, the presence of rebar affects the measurement of resistivity as a distortion 740 

of the current field or a short-circuit are likely to occur (known as rebar effect) [291,323,324], 741 

decreasing the part of the current flowing only in the concrete. Several studies have shown that the 742 

rebar diameter and spacing, the concrete cover depth, the direction of the probe, the probe spacing 743 

and the distance from the rebar all affect the measurements [295,324–332]. Hence, the 744 

recommendation suggests measuring the concrete resistivity as far as possible from the reinforcement 745 

to obtain the most accurate value [290,296]. If measurements are performed close to the rebar mesh, 746 

the most suitable configuration to determine the resistivity has the probe located parallel to and 747 

midway between the top rebars [329]. If measurements are done in front of a rebar, a rebar factor can 748 

be defined and applied in Eq. 4 for correcting the resistivity for the rebar effect [295,333]. 749 

4.2.3. Relation to corrosion rate 750 

Many studies have tried to correlate concrete resistivity with corrosion rate of steel, as the rate-751 

determining step of corrosion can be related to the ionic transport between anode and cathode which 752 

is dependent on concrete resistance [334]. It is generally assumed that the corrosion rate is inversely 753 

proportional to concrete resistivity, especially when corrosion is in active state [334–339]. According 754 

to RILEM recommendation, the risk of corrosion is high when concrete resistivity is lower than 100 Ω 755 

m and negligible when it is higher than 1000 Ω m for OPC concrete [290,296]. However, it is not 756 

specified whether these values consider the rebar effect while it highly decreases the measured 757 

apparent resistivity. Even if a wide scatter exists [105], accurate correlations between the two 758 

parameters have been proposed [340,341] and empirical correlations have also been successfully 759 

determined for the monitoring of real structures (e.g. [342]). However, this apparent relationship does 760 
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not mean that the resistance of concrete dominates the overall resistance of the process. In fact, it can 761 

be attributed to the degree of pore water saturation as both parameters are influenced by the water 762 

content. Indeed, increasing the water content lowers concrete resistivity and increases corrosion rate, 763 

and vice versa [170]. 764 

If the RILEM recommendation is still commonly used, the range of resistivity values for assessing 765 

corrosion activity varies with the studies. For example, the limit of resistivity values indicating high 766 

corrosion intensity varies between 50 and 200 Ω m, while the limit of resistivity values indicating low 767 

corrosion intensity varies between 85 and 2000 Ω m [334]. This discrepancy can notably be related to 768 

the influence of the type of binder on the absolute value of resistivity [334]. It has been shown that a 769 

rebar can corrode at relative similar rates when embedded in a low resistive mortar prepared only 770 

with Portland cement or in a high resistive mortar prepared with a mix of Portland cement and fly ash 771 

[343]. If the cement type is known, the absolute resistivity can be compared to reference value for that 772 

cement type obtained in laboratory in the relevant exposure conditions to determine more accurately 773 

the risk of corrosion [105,290]. Otherwise, it is very challenging to use these critical values in the case 774 

of existing structures with lacking information about their composition. Finally, we must remember 775 

that the specimen size has a great influence on the corrosion process [211], which can explain the 776 

scatter between laboratory and field experiments. 777 

Hence, no general correlation between concrete resistivity and corrosion rate could be determined 778 

[337,343–345]. It has also been shown that concrete resistivity and corrosion rate evolve differently 779 

with temperature, the first following an Arrhenius-type equation [346] and the second following the 780 

Eyring law [347], which could also explain the absence of a general correlation between them. To sum 781 

up, the use of concrete resistivity can be interesting for evaluating non-destructively the risk of 782 

corrosion and estimating the range of corrosion rate when the cement type is known. It is also possible 783 

to compare the gradient in resistivity to obtain a meaningful information on the risk of corrosion, as 784 

for the half-cell potential technique. However, it cannot be used as a unique method for determining 785 

precisely the corrosion rate. It is nevertheless a parameter of prime interest that must be measured as 786 

accurately as possible for further determination of the corrosion rate, as discussed in sections 4.3.1 787 

and 4.3.2. 788 

4.2.4. Interest of electrical tomography 789 

T       r    r         y   a ur   a   r               ab               rr           a  “a  ar   ” 790 

resistivity that considers all elements in the investigated area. Therefore, this value only reflects an 791 

average value on a defined volume and does not consider the inherent heterogeneity of concrete 792 

[348]. A multi-electrode device, consisting of an assemblage of single devices with four electrodes, can 793 

be used to perform an electrical resistivity tomography (ERT) of the concrete [348,349]. With such 794 

method, it is possible to determine the resistivity at different levels/depths in order to reconstruct the 795 

spatial distribution of the resistivity in the material (Fig. 10). Results are presented as pseudo-sections 796 

showing the distribution of apparent resistivities in the material. Inversion models are then required 797 

       r         “ ru ” r             a        rr        g depth of the concrete from the measured 798 

apparent resistivities. Softwares such as Res2Dinv and Res3Dinv are commonly used for such inversion, 799 

especially in geophysics [350], but further research is required to define a standardized method for 800 

measuring and inversion modelling in reinforced cement-based materials [351]. After performing the 801 

inversion algorithm, pseudo-sections of true resistivities are obtained. As a result, the rebar effect 802 
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observed on the apparent resistivities has been removed as the resistivities are now correctly 803 

distributed in the volume [352]. 804 

 805 

Figure 10. Schematic representation of a multi-electrode device in Wenner configuration for ERT measurements. 806 

Several probes spacing, e.g. a, 2a and 3a as shown in the figure, are required to investigate the concrete section 807 

in depth. A 2D pseudo-section of true resistivities after inversion with Res2Dinv is also provided to illustrate 808 

possible results. Courtesy: J. Gance. 809 

One limitation when performing ERT is the variation in contact resistance between the electrodes and 810 

the concrete surface, which affects the quality of the obtained data. Systems using embeddable 811 

electrodes are being developed to ensure a good electrolytic contact during the entire measurement 812 

[353,354]. Other limitation concerns the low spatial resolution of electrical tomography [351]. It has 813 

to be noted that the probe configuration has an impact on the sensitivity of the measurement: for 814 

example, the Wenner array has a good sensitivity to vertical changes but a low sensitivity to horizontal 815 

changes [350]. Thus, using several probe configurations and spacing, complementary data may be 816 

obtained to increase the data quality and the spatial resolution. An accurate grid of electrodes is thus 817 

required for the monitoring of RC structures. 818 

Studies have shown that ERT can be used to visualize the carbonation process, the ingress of water 819 

and chloride and all transport properties in the material over time, in both undamaged and cracked 820 

cement-based materials [351,355–358]. Indeed, for Portland-based materials, an increase in concrete 821 

resistivity can generally be attributed to the carbonation front due to pore clogging while a decrease 822 

can be attributed to the ingress of water and chlorides or the formation of cracks. However, all these 823 

phenomena are susceptible to occur simultaneously depending on the exposure environment. It is 824 

then necessary to determine first the influence of each phenomenon separately on the range of 825 

resistivity values in order to determine if it is possible to differentiate the contribution of each 826 

parameter on the resistivity profile. ERT measurements must be done over time to compare the 827 

relative evolution of resistivity pseudo-sections to determine the actual level of concrete deterioration. 828 

The results could also be used to determine the diffusion of CO2, carbonates and chlorides in the 829 

material to better predict the length of the initiation stage. During the propagation stage, ERT 830 

measurements could give insights on the water content of the material, especially in the vicinity of the 831 

rebar, to determine if steel corrosion occurs in wet or dry conditions at the time of the measure. 832 

Despite all these opportunities, many challenges in electrical tomography remain open to its 833 

applicability in field studies [351]. 834 
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4.3. Polarization resistance 835 

Polarization resistance (Rp,  x r         Ω) is the resistance of the rebar to oxidation during the 836 

application of an external potential, i.e. during polarization of the rebar. Several electrochemical 837 

methods have been developed for determining Rp [105,338,359], using three- or four-electrode 838 

configurations. The different techniques discussed hereafter are based on the application of an 839 

external perturbation on the system to polarize the rebar. The electrochemical noise technique, which 840 

appears as a great tool for corrosion analysis because measurements are performed without any 841 

electrical perturbation, is not discussed as its applicability to RC structures is still limited. 842 

4.3.1. Measurement in three-electrode configuration 843 

In the three-electrode configuration, the electrochemical system consists of a working electrode (WE) 844 

—the steel rebar—, a reference electrode (RE, as described in section 4.1.1) used for measuring the 845 

rebar potential, and a counter electrode (CE, generally stainless steel, titanium or platinum) that closes 846 

the electrical circuit (Fig. 11). Providing a description of the electrode configuration is important as all 847 

three electrodes can influence the measurement [360,361]. Hence, data on the type and position of 848 

the RE, the material and the geometry of the CE, and the use of surface electrodes with a specific 849 

electrolytic contact or embedded electrodes should be provided in all studies [362]. 850 

 851 

Figure 11. Schematic representation of a three-electrode configuration. (a) For laboratory experiments, 852 

measurements are generally performed on small samples in solution using a potentiostat-galvanostat; the rebar 853 

acts as the working electrode (WE), the reference electrode (RE) is generally a saturated calomel electrode (SCE) 854 

and the counter electrode (CE) is a mesh cylinder that surrounds the sample to homogenize as much as possible 855 

the current distribution in the material. Alternatively, RE and CE can be embedded in concrete. (b) In the field, 856 

measurements are generally made with a commercial device equipped with a RE in the centre and a CE (disc with 857 

inner and outer diameter), both placed on a moist sponge on the concrete surface. Optionally, an auxiliary 858 

electrode known as the guard ring is used to supposedly confine the current to a known area of steel. 859 

The linear polarization resistance (LPR) technique consists of applying a small potential sweep on the 860 

rebar around its open circuit potential (generally OCP±10-20 mV, either in the anodic or in the cathodic 861 

direction) and recording the resulting current (Fig. 12) [117,363]. Alternatively, the measurement can 862 

be made by applying a current sweep and recording the resulting potential [364]. Polarization 863 

resistance is given by the tangent for zero net current of the potential-current curve (Eq. 7). 864 
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 ∆𝐸

∆𝐼
= 𝑅p (Eq. 7) 

Please note that the slope is not directly equal to Rp, but represents the sum of polarization resistance 865 

and concrete resistance [16]. It is therefore necessary to compensate the ohmic drop RΩ to determine 866 

IR-free values of Rp [105,365]. If another technique must be used in complement to determine RΩ, 867 

some instrumentation directly incorporates an automatic compensation of the ohmic drop. 868 

 869 

Figure 12. Example of an LPR measurement in the cathodic direction from +20 mV to -20 mV vs. OCP. (a) 870 

Evolution of the potential with time applying a potential sweep of 10 mV min-1, (b) Evolution of the potential 871 

with a current during the potential sweep, allowing the determination of Rp. 872 

The sweep rate is a critical parameter for accurate evaluation of the polarization resistance, as it is 873 

required that the system is stabilized at each potential during the measurement. Typically, in 874 

agreement with gravimetric mass loss (ASTM G1 standard), a reliable measurement of Rp for active 875 

corrosion (i.e. current density values over 1 µA cm-2) can be obtained using a sweep rate between 2.5 876 

and 10 mV min-1 in potentiodynamic mode [105], 10 mV min-1 being the common recommended value 877 

(ASTM G5 standard). However, in the case of passive reinforcements, the corrosion current density is 878 

overestimated by a factor of between 2 and 10 compared to the gravimetric study using this sweep 879 

rate value [366]. To obtain a closer value than that expected for passive corrosion (i.e. below 0.1 µA 880 

cm-2), slower sweep rates—even less than 2.5 mV min-1—should be used. In controlled conditions such 881 

as in laboratory experiments, this is not a problem as the time required for measuring generally is not 882 

a limiting factor, and LPR experiments can be systematic. However, for field investigations, as the 883 

measurement time is a critical parameter, the results obtained for passive rebar must be used with 884 

care as the polarization resistance will probably be underestimated [366,367]. 885 

The second method used for determining Rp is the pulse technique. The measurements are generally 886 

made in galvanostatic mode [368,369], but they can also be done in potentiostatic [370–372] or 887 

coulostatic mode [373,374]. In the galvanostatic mode (galvanostatic pulse, GP), a low anodic DC 888 

current (generally Iapp=5-500 µA) is applied to the reinforcement during a short time (typically 5-30 s 889 

for active corrosion) in anodic or cathodic direction and the transient potential is recorded until 890 

stabilization [105]. Rapidly after the polarization, a strong potential increase occurs due to the ohmic 891 

resistance of the concrete; a further progressive increase until reaching a steady state occurs 892 

afterwards due to the electrical double layer effect (Fig. 13). For validating the assumption of linearity 893 
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between current and potential, the potential shift should not exceed 20 mV [105]. When the current 894 

is turned off, a similar behaviour as that recorded during the charge occurs during discharge. 895 

 896 

Figure 13. Example of GP measurement in the anodic direction showing the injection of 50 µA during 30 s and 897 

the evolution of ΔE with time during (A) the charge (current applied) and (B) the discharge (no current applied). 898 

Based on the Randles circuit, which consists of the ohmic resistance RΩ in series with a parallel 899 

combination of the double layer capacitance Cdl and the polarization resistance Rp, the polarization at 900 

any time t can be expressed as (Eq. 8): 901 

 
𝐸𝑡 = 𝐼app [𝑅p ∗ [1 − exp (

−𝑡

𝑅p𝐶dl
)] + 𝑅Ω] 

 
(Eq. 8) 

The expression is generally linearized for calculating Rp and Cdl (Eq. 9): 902 

 
ln(𝐸max − 𝐸𝑡) = ln(𝐼app ∗ 𝑅p) −

𝑡

𝑅p𝐶dl
 

 
(Eq. 9) 

where Emax is the steady-state potential value. A curve fit can also be used for calculating the different 903 

parameters (Eq. 10): 904 

 
𝐸𝑡(𝑡) = 𝐾0 − 𝐾1 exp (

−𝑡

𝐾2
) = 𝐼app(𝑅p + 𝑅Ω) − (𝐼app𝑅p) exp(

−𝑡

𝑅p𝐶dl
) (Eq. 10) 

Alternatively, a modified Randles circuit using a parallel combination of a constant phase element (CPE) 905 

and a polarization resistance Rp in series with a Warburg element ZW, can be used for modelling the 906 

steel-concrete interface [375]. 907 

The area of the rebar that is polarized during measurement must be determined for an accurate 908 

conversion of the polarization resistance in corrosion rate. An auxiliary electrode—known as the guard 909 

ring (Fig. 11b)—is often used for confining the polarization to a known surface of the rebar, generally 910 

assumed to be the area below the counter electrode [376]. When modelling galvanostatic pulse 911 

measurements with a finite-element method, it was shown that in the case of uniform corrosion, for 912 

small concrete samples with one carbon steel rebar, a decrease in concrete resistivity or an increase 913 

in cover depth result in an increased lateral dispersion of the current on the rebar, i.e. in a decrease in 914 

the part of the current under the counter electrode, both in the presence (see [377]) or absence (see 915 

Fig. 14) of a guard ring. Thus, assuming that only the area below the CE is polarized, only a fraction of 916 

the total current impressed by the counter electrode must be considered for a correct assessment of 917 
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polarization resistance, this fraction depending mainly on concrete resistivity, cover depth, the 918 

geometry of the CE and the size of the sample (border effects). 919 

  920 

 921 

Figure 14. Effect of concrete parameters on the distribution of current density along the upper ridge (the most 922 

strongly polarized part) of the rebar using the GP technique in the case of uniform corrosion (i0=10 µA cm-2). (a) 923 

Concrete resistivity ρ (Ω m) for 4 cm cover depth, (b) Cover depth (cm) for ρ=200 Ω m. Simulations solved a 924 

secondary current distribution in a temporal study (evaluated here at 30 s) with a finite-element method using 925 

COMSOL Multiphysics 5.3a software. The dimension of the concrete domain was 55x34x13 cm3 with one low-926 

carbon steel pure iron rebar (Φ=12 mm, σ=5.106 S m-1). The concrete domain acts as the electrolyte with uniform 927 

conductivity and electric isolation at the external boundaries of the material. Potential and current density 928 

distribution were solved with O  ’   a  a     arg       r a      a  in the concrete domain with extremely 929 

fine mesh. The corrosion reaction on the steel surface was modelled as boundary condition (electrode surface) 930 

using the general Butler-Volmer equation (Eq. 1, with αa=αc=0.5, Ecorr=-0.78 V, T=20 °C). (c) The counter electrode 931 

of the GP device was modelled using several geometries, here shown as a 7-cm-diameter cylinder on the concrete 932 

surface directly above the rebar centre. A current source was applied to the counter electrode at 100 µA. The 933 

positive sign in the y-axis indicates anodic polarization. 934 

In the case of passive rebar, longer times (>100 s) are needed to reach a steady-state potential 935 

compared to active corrosion. This can be explained by the low capacity of the passive rebar to 936 

consume an anodic polarizing current, resulting in the lateral propagation of current into the rebar, 937 

especially when the latter is long [377]. Duration of the pulse is thus the most important parameter in 938 

the determination of polarization resistance as it can be significantly underestimated with short-time 939 

measurements [377,378]. Hence, as for the LPR technique, the results obtained from GP 940 

measurements in the field must be used with care in the case of passive reinforcements if the steady-941 

state potential is not reached. 942 
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In the case of a non-uniform corrosion, where anodic and cathodic zones are spatially separated but 943 

electrically connected, the direction and magnitude of polarization will affect the current distribution 944 

on the rebar [379]. Generally, in anodic polarization mode, the anodic zones will receive more current 945 

per area than the cathodic zones, while the opposite is true in cathodic polarization mode [377,379]. 946 

Due to the different ohmic and capacitive contributions of the anodic and cathodic areas, it is 947 

important to consider the spatial and time-dependent distribution of the impressed current to 948 

correctly interpret the results obtained from GP measurements [380]. 949 

The third method to determine Rp is electrochemical impedance spectroscopy (EIS) [381,382]. This 950 

consists of applying a small-amplitude alternating potential difference (5-20 mV peak-to-peak) or 951 

current at different frequencies f and measuring the resulting current or potential, respectively. For a 952 

potential modulation (Eq. 11): 953 

 𝐸(𝑡) = |∆𝐸| cos(𝜔𝑡) (Eq. 11) 

the current response is (Eq. 12): 954 

 𝐼(𝑡) = |∆𝐼| cos(𝜔𝑡 + 𝜑) (Eq. 12) 

where ω is the angular frequency (rad, with ω= πf) and φ is the phase (°). 955 

In AC condition, the property related to the opposition of a circuit to an electrical current is called 956 

impedance (Z). Each circuit element, whether resistor, capacitor or inductor, has an impedance. If the 957 

resistance created by a resistor is independent of the frequency (ZR=R), the resistance created by a 958 

capacitor or an inductor depends on the frequency (ZC=
1

𝑗𝜔𝐶
 and ZL=jωL), creating a phase shift between 959 

voltage and current. As the sinusoidal current or voltage can be represented as a rotating vector, the 960 

impedance can be divided into two components, a real component and an imaginary one (Eq. 13) 961 

[382]: 962 

 𝑍 = 𝑍re + 𝑗𝑍im (Eq. 13) 

where the real component is the resistance R and the imaginary one is the reactance X (conductance 963 

or inductance). The modulus and phase of the impedance are then defined (Eqs. 14-15): 964 

 |𝑍(𝜔)| = √𝑍re(𝜔)
2 + 𝑍im(𝜔)

2  (Eq. 14) 

 
𝜑(𝜔) = tan−1(

𝑍im(𝜔)

𝑍re(𝜔)
) 

 
(Eq. 15) 

Different data plots are used to represent the results obtained by EIS. The Nyquist plot is obtained by 965 

plotting Zre on the x-axis and -Zim on the y-axis (Fig. 15a). The Rp value is determined at low frequencies 966 

where the plot intercepts the x-axis (on the right side of the plot), considering the concrete resistance 967 

that is determined at high frequencies (on the left side). The Bode plot is obtained by plotting log(f) on 968 

the x-axis and |Z| or φ on the y-axis (Fig. 15b). On a Bode plot using the Z modulus, the Rp value is 969 

determined according to the low-frequency plateau (on the left side), by considering the concrete 970 

resistance that is determined at high frequencies (on the right side). In practice, only part of the low-971 

frequency loop is obtained, and the plot must be extrapolated for obtaining the Rp value by using an 972 

equivalent electrical circuit (EEC) [375,383,384]. Selection of the EEC is crucial to accurately evaluate 973 

the corrosion process. Among the different EECs [385–387], some of the most used for simulating steel 974 
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corrosion in concrete—involving several resistances and capacitors representing the properties of the 975 

electrolyte, the corrosion reaction or even the passive film—are shown on Fig. 15c. Commonly, the 976 

capacitive elements are replaced by constant-phase elements (CPE, also noted Q) to consider the non-977 

ideal behaviour of the physical elements (leaking capacitor, ZCPE = 
1

𝑄(𝑗𝜔)𝑛
) [388,389]. 978 

 979 

 980 

Figure 15. Example of (a) Nyquist plot and (b) Bode plot obtained at 10 mV RMS between 104 and 10-1 Hz with 981 

10 points per decade using a dummy cell with parameters R1=1000 Ω, R2=10000 Ω a   C=1 µF. (c) Examples of 982 

electrical equivalent circuits for fitting the experimental results in the case of steel corrosion in concrete, from 983 

left to right: R(QR), R(QR)(QR) and R(Q(R(QR))). In addition to the resistance of the electrolyte, the polarization 984 

resistance and the double layer capacitance, the additional parameters can be attributed to the passive film. 985 

EIS is a powerful technique for mechanistic investigations as it can be used to determine several 986 

parameters, such as the bulk concrete properties at high frequencies [390–392], the mass-transfer 987 

phenomena and diffusion coefficients [393–395], or the properties of the passive film on the steel 988 

surface at low frequencies [90]. In alkaline solutions, it was shown that EIS measurements can provide 989 

insight into the mechanism of the cathodic reduction at the oxide layer of carbon steel, allowing 990 

characterization of the oxide film [396]. The proposed methodology includes the use of a power-law 991 

distribution and a complex capacitance representation of the data when using a CPE for describing the 992 

film impedance [396]. 993 

The main advantages of the two DC methods are the short time and “  a  ar ” equipment required 994 

for the measurements as compared to EIS. However, the latter generally provides a more accurate 995 

value of polarization resistance in the case of passive reinforcement [366]. If it is possible to limit the 996 

use of low frequencies to decrease to time required for analysis, the accuracy of the Rp value obtained 997 

in this case may be affected irrespective of the selected EEC. Alternatively, an analysis of the alternative 998 

current and potential in the time-domain can also be performed at only one selected frequency 999 

[397,398]. The methodology consists of a fast-Fourier transform and subsequent harmonic analysis of 1000 
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conversion of the polarization resistance as it provides directly the corrosion current density and the 1002 

Tafel constants, in addition to decreasing the measurement time. A good agreement with conventional 1003 

techniques is found as long as the selected frequency is lower than the characteristic frequency fc, i.e. 1004 

the frequency at which the imaginary component of the impedance reaches its maximum [398]. More 1005 

studies are still required to demonstrate the applicability of this technique for the monitoring of RC 1006 

structures. 1007 

Several drawbacks in the determination of the polarization resistance with this three-electrode 1008 

configuration exist for field experiments. First, the area of the counter electrode must be larger than 1009 

the reinforcement to avoid any perturbation during measurement [361], which is hardly feasible in 1010 

real structures. It is also difficult to assess the area of steel polarized during the measurement. Though 1011 

the use of a guard ring with modulation has been proposed to confine the current below the counter 1012 

electrode, many studies have shown that it often fails and contributes to the polarization of the rebar, 1013 

thus compromising the measurement [156,377,379,399–404]. Notably, in the case of macrocell 1014 

corrosion, the polarized area can be different than the supposed confinement area if the anodic site is 1015 

located far from the counter electrode [402]. During anodic polarization, the current from the counter 1016 

electrode and the guard ring will preferentially polarize the active area as the current follows the path 1017 

of lowest polarization resistance. During cathodic polarization, this current will spread over the passive 1018 

areas, showing the incapacity of the guard ring to effectively confine the current whatever the 1019 

polarization direction [405]. Finally, the main drawback of this configuration is the need of an electrical 1020 

connection to the rebar, requiring breakout of local parts of the concrete to make the measurement. 1021 

Alternatives have thus been proposed to tackle this issue, as discussed hereafter. 1022 

4.3.2. Measurement in four-electrode configuration 1023 

Several techniques have been proposed for estimating the polarization resistance without connection 1024 

to the rebar, which can be referred to as indirect polarization, using a four-electrode array on the 1025 

concrete surface [366,406–413]. The most common one is the Wenner configuration, where the four 1026 

electrodes are aligned with a constant electrode spacing (as already shown in Fig. 9b). Measurements 1027 

can be done by imposing a direct current [414–416] or an alternative current at several frequencies 1028 

[417–421]. The DC method can be referred to as indirect GP—similar to time-domain induced 1029 

polarization (TDIP) used in geophysics—while the AC method can be referred as indirect EIS—similar 1030 

to spectral induced polarization (SIP) used in geophysics. 1031 

The material of the potential electrodes can be an important parameter, especially for time-domain 1032 

measurements. Indeed, the potential difference between two polarizable electrodes, e.g. stainless 1033 

steel, is unstable due to self-potential. This self-potential must be accurately determined for correcting 1034 

both polarization resistance and double layer capacitance obtained from the transient potential 1035 

induced by the current injection. Electrodes of the second kind, e.g. Ag/AgCl or Cu/CuSO4, can be used 1036 

as they are more stable, non-polarizable and thus have lower self-potential values than stainless steel 1037 

[422]. The size and geometry of the electrodes may also influence the measurement. 1038 

In four-electrode configuration, only a fraction of the current injected on concrete surface polarizes 1039 

the rebar, the rest will flow exclusively in concrete. The current distribution in the material depends 1040 

on the time or frequency of measurement and the state of the rebar. For an actively corroding rebar, 1041 

the distribution is very similar at high and low frequencies due to the low polarization resistance, the 1042 

current penetrating the rebar perpendicularly to its surface [411]. The current distribution is symmetric 1043 
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about the centre of the device, one side being anodically polarized and the other being cathodically 1044 

polarized [377]. By numerical simulations, it was shown that an increase in the concrete resistivity, a 1045 

decrease in the cover depth and an increase in the rebar diameter result in the increase in the total 1046 

current that polarize the rebar [377]. In addition, the increase in the electrode spacing of the 1047 

monitoring device increases the total current that reach the rebar and the polarized area (Fig. 16). 1048 

  1049 

   1050 

 1051 

 1052 

Figure 16. Effect of concrete and monitoring parameters on the distribution of the current density along the 1053 

upper ridge of the rebar using the indirect galvanostatic pulse technique in case of uniform corrosion (i0=10 µA 1054 

cm-2). (a) Concrete resistivity ρ (Ω m) for 4 cm cover depth, Φ=12 mm and electrode spacing a=5 cm. (b) Cover 1055 

depth (cm) for ρ=200 Ω m, Φ=12 mm and a=5 cm. (c) Rebar diameter (mm) for ρ= 200 Ω m, 4 cm cover depth 1056 

and a=5 cm (d) Electrode spacing a (cm) for ρ=200 Ω m, 4 cm cover depth a   Φ=12 mm. Details of the 1057 
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simulations and input parameters are on Fig. 14. The four electrodes of the Wenner device were modelled as 1058 

perfect point objects on the concrete surface (e). Point current sources impressed 100 µA in C1 and -100 µA in 1059 

C2. The positive sign in the y-axis indicates anodic polarization. 1060 

For passive rebar, the distribution is quite different depending on the frequency. At high frequencies, 1061 

the interface behaves essentially as a capacitance and the current penetrates the rebar 1062 

perpendicularly to its surface as for actively corroding rebar, whereas at low frequencies the rebar acts 1063 

as an insulator and only a small part of the current polarizes the rebar [411]. The current distribution 1064 

is not symmetric due to the low capacity of a passive rebar to consume an anodic-polarizing current 1065 

compared to a cathodic-polarizing current. Hence, errors are expected when determining the 1066 

polarization resistance. However, the system tends to become symmetric with increasing resistivity, 1067 

resulting in a better estimation of the polarization resistance for highly resistive concrete (>5000 Ω m) 1068 

[411]. The time required for reaching the quasi-steady-state is substantially less as compared to the 1069 

conventional GP method, as shown by numerical simulations [406,412] and experiments (Fig. 17). 1070 

 1071 

 1072 

Figure 17. GP measurements using (a) three-electrode and (b) four-electrode configurations on a passive rebar. 1073 

Experiments were done on a CEM I 52.5R (Lafarge) mortar sample (55x34x13 cm3, w/c=0.4) with one ribbed 1074 

carbon steel rebar (60 cm, Φ=12 mm, cover depth 3.3 cm), at constant relative humidity (dry conditions, ≈30-1075 

40% RH) and temperature (23 °C). In the three-electrode configurations (c), measurements were conducted with 1076 

a mercury/mercurous sulphate reference electrode located at the centre of the sample, and a stainless-steel 1077 

counter electrode (55x10 cm) placed on moist sponges on the sample surface directly above the rebar. In the 1078 

four-electrode configuration (d), stainless-steel or brass electrodes (Φi=3 mm, Φe=5 mm) were used in Wenner 1079 

configuration, centred directly above and parallel to the rebar. The electrolytic contact was made with moist 1080 

sponges placed inside the probes. Electrode spacing a was 5, 10 or 15 cm. A potentiostat-galvanostat (PMC-2000, 1081 
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Princeton Applied Research) was used for galvanostatic pulse measurements. The impressed current was 10 µA 1082 

between rebar and counter electrode in the three-electrode configuration, while it was 200 µA between C1 and 1083 

C2 in the four-electrode configuration. The results indicate that a quasi-steady-state is not reached after 100 s in 1084 

the three-point configuration, while it is almost reached after 30 s in the four-point configuration. 1085 

This result could be explained by the fact that the current polarizing the rebar is not constant but 1086 

decreases with time before reaching a constant value, which depends notably on the exchange current 1087 

density i0 and concrete resistivity (Fig. 18). For a constant i0, the increase in concrete resistivity results 1088 

(i) in an increase in the part of the current polarizing the rebar Irebar, as the current preferentially flows 1089 

within the least resistive path (i.e. the rebar) and (ii) in a longer time required for reaching the quasi-1090 

steady state. For a constant resistivity, the decrease in the exchange current density i0 results in a 1091 

decrease in the total current polarizing the rebar. 1092 

  1093 

 1094 

 1095 

Figure 18. Effect of current exchange density i0, considering uniform corrosion, on the current polarizing the 1096 

rebar and on the potential measured between P1 and P2 (the ohmic drop is not shown here as the first point was 1097 

normalized to 0 V), for a double layer capacitance of 0.2 F m-2 and for resistivities between 50 and 1000 Ω m. (a 1098 

and b) i0=10 µA cm-2 (active corrosion), (c and d) i0=0.001 µA cm-2 (passive corrosion). Simulation details are on 1099 

Figs. 14 and 16. The cover depth was fixed at 3.3 cm, like the laboratory sample presented on Fig. 17. The 1100 

parameters for the Butler-Volmer equation are αa=αc=0.5 and Ecorr=-0.78 V for active corrosion and αa=0.012, 1101 

αc=0.5 and Ecorr=0.16 V for passive corrosion. 1102 
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In the case of non-uniform corrosion, it has been shown that indirect EIS method in Wenner 1103 

configuration can be used to localize highly corroding areas if they are beneath to or at the vicinity of 1104 

the current-injecting electrodes, as two distinct time constants can be observed instead of one time 1105 

constant in uniform corrosion [421]. The authors attributed the high-frequency response to the 1106 

actively corroding section and the low-frequency response to the passive areas. Otherwise, when the 1107 

corroding area is located beneath the potential probes, almost no sign of active corrosion is detected. 1108 

The sensitivity of this method to localize non-uniform corrosion is dependent on the length of the 1109 

actively corroding area, the magnitude of the corrosion rate, and the resistivity of the cement-based 1110 

material [421]. Using indirect GP method, it appears hardly possible to localize non-uniform corrosion 1111 

based on a single measurement as a similar response is expected on the zero-frequency limit for both 1112 

passive and localized corrosion [421]. It appears still possible to differentiate active and passive areas 1113 

by performing several measurements along the rebar and comparing the results to a reference value. 1114 

Reversing the polarization direction may also help to identify corroding areas. Indeed, in GP 1115 

configuration, the cathodic and anodic zones will be primarily polarized near the cathodic and anodic 1116 

probes, respectively [377]. However, even close to the cathodic probe, the anodic zones will receive 1117 

more current per area than the cathodic zones, the magnitude depending on the cathode-to-anode 1118 

ratio and the concrete resistivity [377]. It is then expected that the resulting potential difference will 1119 

be different according to the polarization direction, but this aspect must be confirmed experimentally. 1120 

Another advantage of the four-electrode configuration is the supposed self-confinement of the current 1121 

in case of uniform corrosion when the rebar is long enough (>1 m), irrespective of concrete resistivity, 1122 

cover depth, rebar diameter or exchange current density [411]. The sensitivity of the potential probes 1123 

is different using the four-electrode compared to the three-electrode configuration. Even if a large 1124 

section of the rebar is polarized, the potential probes may not be sensitive to changes that occur too 1125 

far away from them. An effective polarized area which depends on the probe spacing can thus be 1126 

defined [423]. If the highest sensitivity arrays are found near the potential electrodes, the measured 1127 

potential difference differs depending on the probe configuration [350]. Thus, using several probe 1128 

configurations and probe spacing, complementary data may be obtained to assess the different 1129 

corrosion states on a single rebar [348]. 1130 

Current developments of the four-electrode configuration are thus very promising, but the method is 1131 

not mature and required further experimental and numerical studies. Some parameters that must be 1132 

considered for its correct assessment include the contact resistance between the electrodes and the 1133 

concrete surface, the non-uniformity of corrosion, and the presence of rebar mesh with different 1134 

corrosion states. Also, all simulations presented previously assumed homogeneous cover depth and 1135 

concrete resistivity. Gradients in concrete resistivity representative of RC structures must be applied 1136 

for correct assessment of the current distribution in the material. As the sensitivity of the indirect EIS 1137 

to detection of non-uniform corrosion has been demonstrated, the use of electrical tomography can 1138 

be very useful to determine the distribution of the polarization resistance along large rebars and to 1139 

estimate the length of the actively corroding area. Due to the similarity with concrete resistivity 1140 

measurement device, the development of a multi-electrode device for characterizing both concrete 1141 

resistivity and polarization resistance profiles using indirect polarization is of prime interest [424]. 1142 
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4.3.3. Relation to corrosion rate 1143 

Polarization resistance can be used to calculate the corrosion current Icorr in order to estimate the 1144 

corrosion rate of steel CR. According to RILEM recommendation [105], the corrosion current is 1145 

determined using the Stern-Geary relation (Eq. 16) [363]: 1146 

 
𝐼corr =

𝐵

𝑅p
 (Eq. 16) 

where B is the Stern-Geary constant (V). If B is generally assumed to be 0.026 V for active corrosion 1147 

and 0.052 V for passive corrosion of steel in concrete [425], these values do not reflect the complexity 1148 

and variation with time of the corrosion process [426,427]. Accurate values of B should be determined 1149 

empirically according to Eq. 17: 1150 

 
𝐵 =

𝛽a𝛽c
ln(10) ∗ (𝛽a + 𝛽c)

 (Eq. 17) 

where 𝛽a and 𝛽c are the anodic and cathodic Tafel constants (V), respectively. The Tafel constants can 1151 

be determined by applying a strong polarization to the electrode (OCP±150-250 mV) and recording the 1152 

current. The two coefficients are determined by plotting log(I) as a function of the overpotential η (E-1153 

Eeq), according to the Butler-Volmer equation (Eq. 1). Unfortunately, the Tafel slopes are often not 1154 

determined on field and can be difficult to measure accurately, mainly because the anodic part of the 1155 

polarization curve is not always linear [168,428–431]. Moreover, the strong polarization during the 1156 

Tafel scan can cause irreversible changes to the steel rebar, which is an important drawback of this 1157 

technique [432]. Hence, the use of the recommended values of 0.026 and 0.052 V can still provide an 1158 

accurate estimate of the corrosion current, with generally an error of less than one order of magnitude 1159 

according to the experimental values of 𝛽a and 𝛽c reported in the literature [162,370,431,433]. 1160 

Considering uniform corrosion, Fara ay’   a  is then often used for converting Icorr to CR (Eq. 18): 1161 

 
𝐶𝑅 =

𝐼corr𝑀

𝑛𝐹
 (Eq. 18) 

where CR corresponds to the mass loss (g s-1), Icorr is the corrosion current Icorr (A), M is the molar mass 1162 

of iron (g mol-1), n is the number of electrons exchanged in the reaction (n=2) and F is the Faraday 1163 

constant. In terms of corrosion penetration rate (cm s-1), the equation is (Eq. 19): 1164 

 
𝐶𝑅 =

𝐼corr𝑀

𝑛𝐴𝜌steel𝐹
 (Eq. 19) 

where A is the rebar surface (cm²) and ρsteel is the steel density (g cm-3). For example, considering 1165 

uniform corrosion of black carbon steel, a current density (Icorr/A) of 1 µA cm-2 is equivalent to a 1166 

corrosion rate of 11.6 µm year-1 [105]. 1167 

Gravimetric weight-loss tests are often done according to the ASTM G1 standard to compare the 1168 

results obtained by this direct and destructive method to the results obtained indirectly from the 1169 

determination of the polarization resistance. It results that LPR, GP and EIS techniques can accurately 1170 

estimate the corrosion rate for actively corroding rebars in laboratory conditions, as the polarized area 1171 

is known [359,366,434]. As differences in Rp values can be observed depending on the choice of the 1172 

technique and its operating conditions, e.g. sweep rate, waiting time, polarization time or applied 1173 
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frequencies [105,378,435], it may be useful to carry out all methods to determine the most efficient 1174 

one for each case, or to obtain an average value [436]. For field experiments, as the polarized area is 1175 

generally not known, the accuracy of these techniques can be limited as already developed in section 1176 

4.3.1. In the four-electrode configuration, Fahim et al. have shown that the corrosion rate can be 1177 

accurately estimated for active corrosion and even for passive corrosion in the case of a highly resistive 1178 

concrete [377,411], confirming the great interest of this configuration. Further studies are still required 1179 

to determine the applicability of this technique to quantify the corrosion rate on RC structures. 1180 

We must note that the Stern-Geary relationship (Eq. 16) was defined for uniform corrosion on the basis 1181 

of the mixed-potential theory by Wagner and Traud, which is fundamentally not applicable for the 1182 

corrosion of steel in RC structures where macrocell corrosion is expected [156,426,437,438]. For a 1183 

     ar r a   ,     u      Fara ay’   a    r  a  u a   g          ra     ra      g   ra  y    a   , 1184 

especially in the case of chloride-induced corrosion [439]. A new theoretical analysis has been 1185 

proposed to calculate the corrosion rate of localized corrosion from GP measurements [380]. This 1186 

approach can reduce the overestimation of the corrosion rate to a factor of maximum 2 instead a 1187 

factor of 10 or more that can be obtained using the conventional Stern-Geary approach. Two elements 1188 

that takes into account the different behaviour of the macrocell elements upon excitation are 1189 

considered: the first is related to the fact only a fraction of the injected current flows through the 1190 

anodic element and the second to the fact that this current is not constant over time during 1191 

measurement. Both elements can be estimated empirically from the concrete resistivity, the cover 1192 

depth and the steel surface area related to the concrete surface. As these parameters can be 1193 

determined in RC structures, this approach appears feasible in engineering practice [380]. If this 1194 

perspective has been proposed for the interpretation of GP measurements with the conventional 1195 

three-electrode configuration, a similar approach should be done for the four-electrode configuration. 1196 

4.4. Limitation on the evaluation of corrosion rate and interest of combining NDT methods 1197 

The measurement of the polarization resistance only provides an instantaneous estimation of the 1198 

corrosion rate, which is strongly dependent on the operating conditions. Hence, a single measurement 1199 

cannot determine a representative annual corrosion rate if the daily and seasonal changes are not 1200 

properly considered [439–441]. Considering environmental factors is essential for any accurate 1201 

evaluation of the corrosion rate, in both laboratory and field studies. In real structures, the range of 1202 

water content and temperature values will depend on the geographic location of the structures, and 1203 

large variabilities are expected due to natural weathering through day-night and seasonal cycles, or 1204 

natural wetting/drying cycles, resulting in gradients for both parameters [440,442]. 1205 

However, changes in environmental conditions may not be directly observed inside concrete. Though 1206 

temperature changes are rapidly reflected, even at thicknesses over 30 mm, this is not the case for RH 1207 

changes for which only the surface layers are generally affected by drying processes [443–445]. Hence, 1208 

temperature appears to be the primary climatic factor affecting the corrosion rate under atmospheric 1209 

conditions [443]. It is important to note that the number and frequency of drying events can affect this 1210 

conclusion, as the water content can become low even in depth if no wetting event occur for a long 1211 

period [446]. The presence of cracks can also influence the effect of drying, which gives a greater 1212 

importance of RH on the corrosion rate during corrosion propagation stage [446]. Finally, it appears 1213 

that RH and T interact with each other, so they cannot be considered separately [447]. 1214 



 

44 
 

 

As both parameters can strongly vary, even over a single day, a measurement procedure must be 1215 

defined for the accurate extrapolation of instantaneous measurements to annual corrosion rates and 1216 

to incorporate the RH and T changes into service life models [448–450]. One solution is to carry out 1217 

several measurements at specific times with very different conditions, at least four-times a year, to 1218 

study the seasonal cycle for calculating an average value. A five-year study has shown that a power 1219 

law is a good mathematical function to fit the experimental values of cumulative steel thickness loss 1220 

over time for RC contaminated with chloride, exposed to both controlled and outdoor conditions [451]. 1221 

This mathematical function can then be used for extrapolating the results to estimate the service life. 1222 

Under passive conditions, no strong influence of RH and T on the corrosion rate was reported 1223 

[447,452]. It should thus be possible to differentiate passive and active corrosion simply by measuring 1224 

the minimum and maximum corrosion rates. However, in the case of active corrosion, instantaneous 1225 

corrosion rates are more affected by RH and T, with maximum values measured in moist and low 1226 

resistive concrete. In addition, the corrosion rate can be orders of magnitude higher for corrosion 1227 

induced by chloride (up to 1 mmyear-1) than by carbonation (up to 30 µmyear-1) in outdoor exposure 1228 

[453]. Determination of the corrosion rate in extreme cases, i.e. low T and RH or high T and RH, can 1229 

provide information on the expected minimum and maximum corrosion rates specific for each 1230 

structure [454]. However, as the average corrosion rate can be much lower than the maximum value, 1231 

this range may be too imprecise to obtain any meaningful information on the remaining service life. 1232 

Hence, it appears that determination of the corrosion rate based on measuring the polarization 1233 

resistance should be complemented by other measurements. A multi-parameter approach combining 1234 

electrical and other NDT methods should (i) reduce the errors resulting from measurements, and (ii) 1235 

improve synergistically the estimation of service life of the reinforced concrete [5,455,456] (Fig. 19). 1236 

First, a full surface inspection assesses the global state of the reinforced concrete. This includes a visual 1237 

inspection of the concrete reporting any visible deterioration, e.g. surface cracks, delamination or rust 1238 

[284,457]. The mapping of cracks, delamination and other defects in the concrete can be done with a 1239 

crack-width ruler and acoustic-wave techniques, including the impulse-response method, impact-echo 1240 

testing or ultrasonic techniques [17,458–460]. The results of the surface inspection can be provided 1241 

on photography and defines the main defect points for further investigations. 1242 

Electromagnetic, elastic wave, optical sensing and infrared thermography methods are widely used in 1243 

civil engineering for inspecting hard surfaces such as concrete [15,461–464]. They are mainly used for 1244 

determining concrete cover depth and locating rebars with an estimate of their diameter [465]. Recent 1245 

works have shown that capacitive technique and ground-penetrating radar (GPR) can also be used for 1246 

monitoring rebar corrosion [466] and for providing information on water content [465,467,468] and 1247 

chloride ingress [469,470]. Comparing the results obtained with ERT measurements, which can also be 1248 

used to evaluate the water gradient, chloride penetration or carbonation depth [355,356], is of great 1249 

interest to improve the reliability of the service life. It is also possible to complement these 1250 

measurements by using embeddable chemical or optical-fibre sensors for the monitoring of pH, 1251 

chloride concentration or temperature at several depths [338,471,472]. This is of great interest for 1252 

assessing the initiation stage of corrosion, but their installation on existing structures can be 1253 

challenging. At the end of this inspection, critical areas with a high corrosion risk can be determined. 1254 

On the weak spots, an in-depth investigation must assess the corrosion rate by determining the 1255 

polarization resistance during the propagation stage of service life. The determination of the water 1256 

and ionic content in concrete using ERT or embeddable chemical/optical-fibre sensors should allow to 1257 
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consider the environmental factors and estimate the electrochemically active surface of steel to 1258 

correctly convert the polarization resistance into corrosion rate. In addition to NDT measurement, core 1259 

sampling can be done at different critical locations to perform gravimetric loss tests. Though this is a 1260 

destructive method, further insights on the minimum and maximum corrosion rates and other 1261 

parameters of importance, e.g. concrete compressive strength, can be obtained under controlled 1262 

conditions in laboratory. 1263 

Each technique provides specific information for crosschecking the results from other techniques. Data 1264 

integration methods used in the operating system will further improve the overall quality of diagnosis 1265 

[472], but the advantage and cost associated to each technique should be considered as well for 1266 

determining the optimal methodology for each specific case. In the future, automated data collection 1267 

by means of flying drones and climbing robots is expected to facilitate the inspection of RC structures 1268 

and reduce the global cost of diagnosis [11]. The possibility of using a robotic device equipped with 1269 

different NDT equipment is of prime interest to improve the evaluation of corrosion. 1270 

 1271 

Figure 19. Procedure for the evaluation of RC structures by combining electrical and other NDT methods.  1272 
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5. Conclusions and perspectives 1273 

We reviewed the current knowledge on corrosion mechanisms of carbon steel in concrete and the 1274 

advances in electrical methods for non-destructive testing and evaluation of corrosion rates. One main 1275 

challenge for understanding corrosion mechanisms is the heterogeneity of RC structures. Concerning 1276 

cement-based materials, the knowledge of pore size distribution and pore interconnectivity is crucial 1277 

as they affect the transport of aggressive agents and corrosion products through the material. 1278 

Concerning steel rebar, the presence of local surface defects or inclusion substantially affects the 1279 

electronic properties of the steel. The steel-concrete interface can then be very different even for 1280 

replicate samples, resulting in a lack of data reproducibility. Consequently, the results obtained from 1281 

different studies may be hardly comparable, especially where the description of materials and 1282 

methods is incomplete. A systematic description of concrete and steel microstructures and of the 1283 

operating conditions is required for the development of a database to improve our understanding of 1284 

corrosion mechanisms. 1285 

Most corrosion experiments are done in laboratory conditions considering uniform corrosion on small 1286 

and artificial samples. As natural corrosion is a slow process, notably because of the potentially long 1287 

initiation stage, accelerated tests are generally used for studying the corrosion mechanism induced by 1288 

carbonation or by chloride. However, the properties of the steel-concrete interface may not be 1289 

representative of natural corrosion. In addition, the corrosion process is affected by a size effect. 1290 

Hence, extrapolating laboratory results performed with a single rebar to a large structure with 1291 

interconnected rebars remains challenging, and special care must be taken regarding the design and 1292 

preparation of the samples to obtain meaningful information for field application. 1293 

Concerning corrosion mechanisms, the steel surface condition and local inhomogeneities at the steel-1294 

concrete interface appear to have an important effect on corrosion initiation. For actively corroding 1295 

rebar, the water content and the pore size distribution around the rebar are crucial parameters when 1296 

determining the electrochemically active surface for corrosion reaction. The corrosion rate increases 1297 

during wetting exposure until the electrochemically active surface is water-filled, and then decreases 1298 

during drying exposure. The presence and distribution of corrosion products are further parameters 1299 

controlling the corrosion rate, as they can diffuse away in the concrete and control the anodic 1300 

reversible potential, or they can act as depolarizing agents instead of oxygen. Hence, for 1301 

atmospherically exposed RC structures, it is believed that the corrosion process is under activation 1302 

control. Irrespective of the depassivation mechanism, macrocell corrosion may be the main process 1303 

due to local variations in environmental exposure or the presence of interconnected rebars with 1304 

different properties in engineered structures. It is then required to determine the accuracy of the 1305 

proposed mechanism on non-uniform corrosion to gain further insights in the corrosion of steel in RC 1306 

structures. 1307 

Regarding electrical methods, several techniques exist for determining corrosion potential, concrete 1308 

resistivity and polarization resistance, which are used to assess the corrosion rate of steel. Despite 1309 

being widely used, the half-cell potential technique must be used only to locate areas with a high 1310 

corrosion risk as it does not permit a quantitative diagnosis of corrosion rate. Likewise, concrete 1311 

resistivity is not directly related to the corrosion rate of steel. However, it is a good indicator of 1312 

concrete durability in terms of water content and ion diffusivity. The use of electrical resistivity 1313 

tomography allows to consider the inherent heterogeneity of concrete and provides more insights on 1314 

transport phenomena in the material. It should then be possible to better predict both the initiation 1315 
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and the propagation stages for the assessment of the service life. Also, it has been shown that concrete 1316 

resistivity influences the distribution of current within the concrete when performing any electrical 1317 

measurement, so it is a parameter of prime importance for the determination of the corrosion rate. 1318 

The polarization resistance Rp remains the most important parameter during the corrosion 1319 

propagation stage as it provides quantitative information on the corrosion rate. Conventional three-1320 

electrode configuration methods require a connection to the rebar to polarize it close to its natural 1321 

steady-state. Good agreement with gravimetric loss for assessing the corrosion rate is well established 1322 

for actively corroding rebar in laboratory. However, for passive rebar, the accurate determination of 1323 

the corrosion rate can only be guaranteed when using low scan rates (<2.5 mV min-1) using LPR, a long 1324 

measurement time (>100 s) using GP, and low frequencies (<10-3 Hz) using EIS. For an accurate 1325 

conversion of Rp into corrosion rate, the effective polarized area of the rebar must be known but its 1326 

determination appears very challenging with this conventional configuration. Even if it was developed 1327 

to that issue, the use of a guard ring is not recommended as it often fails to confine the current, thus 1328 

compromising the measurement. Recent studies indicate that a four-electrode configuration without 1329 

any connection to the rebar is suitable for indirect polarization of the rebar. This technique ensures a 1330 

self-confinement of the current, which could be helpful for determining more accurately the effective 1331 

polarized area. If more studies are still required for non-uniform corrosion, especially to quantify the 1332 

corrosion rate, recent advances in the development of the four-electrode configuration are promising 1333 

for the assessment of non-uniform corrosion. Coupling experimental measurements with finite-1334 

element simulations appears essential to predict the remaining service life of RC structures. 1335 

Some perspectives can be proposed: 1336 

*  More studies are still required to improve our understanding on corrosion mechanisms in both 1337 

small-scale and large-scale structures. Alternatives for fabricating RC structures, e.g. 3D printing, 1338 

may provide a solution for reducing the heterogeneity of the material; this can help to define an 1339 

optimal formulation/design of concrete and to understand better corrosion mechanisms with 1340 

samples of reproducible pore size distribution and steel-concrete interface conditions. 1341 

*  More fundamental studies are required to convert the polarization resistance into corrosion rate, 1342 

as the Stern-Geary equation—defined for uniform corrosion—generally is invalid for natural 1343 

corrosion in RC structures. Currently, even with an accurate measurement of the polarization 1344 

resistance, errors in the corrosion rate are to be expected with this traditional approach. 1345 

*  More development on indirect polarization technique for measuring the polarization resistance is 1346 

required for a complete non-destructive evaluation of corrosion on RC structures. It is required to 1347 

develop monitoring device that can measure the distribution of concrete resistivity and 1348 

polarization resistance in the material. The development of a single device capable of providing 1349 

both parameters by electrical tomography is of great interest for the assessment of the service 1350 

life of RC structures. 1351 

*  A standard procedure for assessing the service life of existing RC structures must be defined. The 1352 

objective is to accurately estimate an annual corrosion rate based on instantaneous corrosion 1353 

rates. Models that consider seasonal variations of T and RH with only a few measurements should 1354 

be developed. For new structures, the use of various types of embedded sensors could be 1355 

envisaged for automatic measurements of the environmental factors and for developing an 1356 

Internet of Things (IoT) solution. 1357 
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List of symbols and abbreviations used in the text 1358 

a Electrode spacing (m) 

AC Alternating current 

B Stern-Geary constant 

Ccrit Critical chloride content, chloride threshold value 

Cdl Double layer capacitance (F) 

CE Counter electrode 

CPs Corrosion products 

CPE Constant phase element 

CSE Copper-sulphate electrode 

C-S-H Calcium silicate hydrate 

DC Direct current 

E Potential (V) 

E0 Standard potential (V) 

Ecorr Corrosion potential (V) 

EEC Electrical equivalent circuit 

EIS Electrochemical impedance spectroscopy 

ERT Electrical resistivity tomography 

f Frequency (Hz) 

F Faraday constant (C mol-1) 

GP Galvanostatic pulse 

i Current density (A m-²) 

I Current (A) 

i0 Exchange current density (A m-²) 

ITZ Interfacial transition zone 

k Geometric factor (m) 

LPR Linear polarization resistance 

M Molar mass (g mol-1) 

n Number of electrons 

NDT Non-destructive testing and evaluation 

OCP Open circuit potential (V) 

OPC Ordinary Portland cement 

R Gas constant (J mol-1 K-1) 

RΩ Concrete resistance (Ω) 

Rp Polarization resistance (Ω) 

RE Reference electrode 

RC Reinforced concrete 

RH Relative humidity 

SCE Saturated-calomel electrode 

SHE Standard hydrogen electrode 

t Time (s) 

T Temperature (K) 

ΔV Potential difference (V) 

w/c Water-to-cement 

WE Working electrode 
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X-ray µCT X-ray micro-computed tomography 

Z Impedance (Ω) 

αa, αc Anodic and cathodic charge transfer coefficients, respectively 

βa, βc Anodic and cathodic Tafel constants, respectively 

ρ Concrete resistivity (Ω m) 

ω  Angular frequency (rad) 
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