
For Review
 O

nly

 

 

 

 

 

 

CEPRA - A new test method for rebar corrosion rate 

measurement 
 

 

Journal: STP: Selected Technical Papers 

Manuscript ID STP-2017-0227 

Manuscript Type: Full Length Paper 

Date Submitted by the Author: 10-Nov-2017 

Complete List of Authors: Fahim, Andrew; University of New Brunswick, Civil Engineering 
Ghods, Pouria; Giatec Scientific Inc, ; Carleton University, Civil and 
Environmental engineering Dep. 
Alizadeh, Rouhollah; Giatec Scientific 
Salehi, Mustafa; Giatec Scientific Inc 
Decarufel, Sarah; Giatec Scientific 

ASTM Committees and 
Subcommittees: 

G01.11 Electrochemical Measurements in Corrosion Testing < G01 
Committee on Corrosion of Metals 

Keywords: 
Corrosion-monitoring, rebar corrosion, concrete durability, non-destructive 
testing, connectionless corrosion-monitoring, CEPRA 

Abstract: 

The corrosion rate of rebar in concrete has been traditionally determined 
using polarization methods such as the potentiodynamic technique, 
galvanostatic pulse technique, potentiostatic pulse technique, and, in some 
cases, the electrochemical impedance spectroscopy technique in laboratory 
applications. These techniques are very slow and all require having an 
electrical connection to the rebar which make them impractical in the field. 
In this paper, the recently-developed technique of Connectionless Electrical 
Pulse Response Analysis (CEPRA) will be introduced. The CEPRA method, 

which eliminates the need to have a rebar connection, is based on the 
concept that the voltage response of the corroding rebar is different from 
that of the non-corroding rebar once subjected to variable frequencies of 
an AC current applied on the concrete surface using the four-probe Wenner 
array configuration. However, direct measurement of the low-frequency 
impedance of rebar in concrete is very time-consuming and vulnerable to 
noise interruption; hence, in the CEPRA method a narrow current pulse is 
applied for a short period of time (in a couple of seconds). Using the 
recorded voltage and the applied current, the low-frequency impedance 
response of rebar in concrete can be extracted, which can be used to 
determine the state of corrosion in reinforced concrete structures. The 

details of the CEPRA technique and equivalent electrical circuit models will 
be discussed in this paper. Laboratory and finite element modeling results 
will be presented to compare the traditional corrosion rate measurement 
techniques with the CEPRA method. 
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ABSTRACT 5 

The corrosion rate of rebar in concrete has been traditionally determined using polarization 6 

methods such as the potentiodynamic technique, galvanostatic pulse technique, potentiostatic 7 

pulse technique, and, in some cases, the electrochemical impedance spectroscopy technique in 8 

laboratory applications. These techniques are very slow and all require having an electrical 9 

connection to the rebar which make them impractical in the field. In this paper, the recently-10 

developed technique of Connectionless Electrical Pulse Response Analysis (CEPRA) will be 11 

introduced. The CEPRA method, which eliminates the need to have a rebar connection, is based 12 

on the concept that the voltage response of the corroding rebar is different from that of the non-13 

corroding rebar once subjected to variable frequencies of an AC current applied on the concrete 14 

surface using the four-probe Wenner array configuration. However, direct measurement of the 15 

low-frequency impedance of rebar in concrete is very time-consuming and vulnerable to noise 16 

interruption; hence, in the CEPRA method a narrow current pulse is applied for a short period of 17 

time (in a couple of seconds). Using the recorded voltage and the applied current, the low-18 

frequency impedance response of rebar in concrete can be extracted, which can be used to 19 

determine the state of corrosion in reinforced concrete structures. The details of the CEPRA 20 

technique and equivalent electrical circuit models will be discussed in this paper. Laboratory and 21 
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finite element modeling results will be presented to compare the traditional corrosion rate 22 

measurement techniques with the CEPRA method. 23 

Keywords 24 

Corrosion-monitoring, rebar corrosion, concrete durability, non-destructive testing, 25 

connectionless corrosion-monitoring, CEPRA 26 

 27 

Introduction  28 

In recent decades, several non-destructive electrochemical techniques were developed to 29 

monitor the corrosion rate of steel embedded in concrete. Such techniques rely on the method of 30 

determining the polarization resistance of metallic electrodes subjected to an electrochemical 31 

potential excitation. The polarization resistance theory was coined by Stern and Geary [1] and 32 

has been widely used, since then, to monitor instantaneous corrosion rates. These techniques are 33 

based on the assumption that there is a linear relationship between a small polarization around 34 

the electrode’s open-circuit potential (∆E < 20 mV) and the current required to induce this 35 

potential shift (∆I). In such cases, the polarization resistance (Rp) is calculated as the ratio 36 

between the shift in potential, from open-circuit potential, to the polarizing current used to 37 

induce this potential shift. By determining Rp, the corrosion rate (icorr), in µA/cm
2
, can be 38 

calculated using the Stern and Geary equation shown in Eq 1 [1]: 39 

corr

p

i
AR

β
=      (1) 40 

where β is the Tafel constant (in mV), A is the area polarized by the applied current (in cm
2
) and 41 

Rp is the ratio between the change in voltage to the change in current (in ohms). 42 

 43 

The typical method of determining the polarization resistance includes connecting a 44 
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device that uses one of the potential-perturbing methods (e.g. the potentiostatic technique) to the 45 

rebar network. This is done through inducing damage to the concrete cover in order to establish 46 

such a connection. The aforementioned device then measures the electrode’s open-circuit 47 

potential and applies a certain prespecified amount of current, or a potential shift, to polarize the 48 

reinforcement network. Subsequently, the potential response following the application of this 49 

polarizing current is monitored and fitted to the theoretical response of circuits representing the 50 

reinforced concrete system (typically the Randles circuit), in order to determine the polarization 51 

resistance. This method has been frequently applied in laboratory studies and research 52 

applications [2-5]. However, it has not been widely used for field applications among the civil 53 

engineering community due to the following reasons: (1) the concrete cover has to be damaged 54 

in order to establish a connection to the rebar network (2) the polarized area has been a large 55 

source of uncertainty, even with the use of the so-called guard-ring electrodes; especially in 56 

cases of macrocell corrosion and passive reinforcements [6-9] (3) a number of these techniques, 57 

such as electrochemical impedance spectroscopy (EIS), are very time consuming (4) Existing 58 

techniques that do not require a long measurement time (e.g. certain commercial devices 59 

implementing the galvanostatic pulse technique with a measurement time of 10 seconds) do not 60 

provide reliable results for the passive cases, due to the large time required for passive electrodes 61 

to reach quasi-steady-state conditions [10]. 62 

 63 

In recent years, a number of studies have observed that the reinforcement network can be 64 

polarized through the application of an external polarization such as that typical of the case of 65 

using a Wenner array probe in the vicinity of a reinforcement [11-14]. The earliest work on this 66 

method was reported by Monteiro, Morrison and Frangos [11], in which the authors 67 
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demonstrated that when an experimental setup similar to that of a Wenner probe is used, in the 68 

reinforcement vicinity, and the applied current from the two outer probes is swept from very high 69 

to very low frequencies, the frequency-dependent characteristics of the interface are reflected in 70 

the complex ratio of potential difference between the inner electrodes to the applied current. This 71 

was supported by work in [12, 15, 16], in which results that were qualitatively similar to those 72 

obtained by classical EIS measurements, were obtained using this connectionless method. 73 

However, these studies also showed that the results obtained through such a method do not 74 

directly reflect the actual impedance of the system. The obtained results were found to be 75 

directly affected by the relative direction between the Wenner array and the reinforcing bar, the 76 

probes’ spacing, the concrete cover depth and the concrete resistivity [12, 15, 16]. This is simply 77 

since a portion of the current, applied by the outer probes of the wenner array, flows explicitly 78 

through the electrolyte/concrete and another portion polarizes the reinforcement. The current 79 

polarizing the reinforcement depends on the aforementioned factors and cannot be directly 80 

determined. Furthermore, the obtained potential difference between the two inner probes, in such 81 

a setup, is not directly the potential shift exhibited by the working electrode. Several studies [13, 82 

14, 17] have shown that the polarization resistance can be obtained, through such a method, if 83 

the concrete resistivity is known. This is since a knowledge of the concrete resistivity provides a 84 

measure of the amount of current flowing explicitly in the electrolyte/concrete as opposed to that 85 

polarizing the electrode. 86 

 87 

The Connectionless Electrical Pulse Response Analysis (CEPRA) Technique 88 

Although the aforementioned studies clearly indicate the applicability of this method, the 89 

experimental and analytical procedures used in the CEPRA technique are rather different. In 90 
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typical DC measurements of the polarization resistance, the steel-concrete system is represented, 91 

simplistically, as a Randles circuit. If an AC current, at a wide range of frequencies, is applied to 92 

this circuit (similar to typical EIS measurements) and the potential response is monitored, then 93 

the circuit components can be analyzed by observing the changes in real impedance, imaginary 94 

impedance and phase shifts [6]. In the case of the Randles circuit, in the very high frequency 95 

range, the impedance caused by the double-layer capacitance tends to reach negligible values, 96 

and this double-layer acts as a short-circuiting element, leading to most of the current flowing 97 

through the electrolyte/concrete resistance and the short-circuit caused by the double-layer 98 

capacitance. Therefore, at the very high frequency ranges, the electrolyte/concrete resistance can 99 

be measured directly as the impedance modulus. At the very low frequency ranges, the 100 

impedance caused by the double-layer capacitance tends to reach very high values, leading to 101 

most of the current flowing through the electrolyte/concrete resistance and the polarization 102 

resistance. Therefore, at the low frequency range, their summation can be found directly as the 103 

impedance modulus. 104 

 105 

In the connectionless technique, there is a higher system complexity. If a current pulse or 106 

a step voltage is applied from one of the two outer probes of a wenner probe, this current has two 107 

primary flow paths. One path is normal to the metallic electrode, which causes the charging of 108 

the double-layer capacitance or the polarization of the electrode (depending on the frequency of 109 

the applied current) and another path that is parallel to the metallic electrode, in which the 110 

current applied by one of the probes is consumed by the other. The portion of current flowing in 111 

each of these paths is dependent on the applied current’s frequency, the concrete cover 112 

characteristics (cover depth and resistivity), the polarization resistance value, the rebar diameter 113 
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and the double-layer capacitance. These are all interrelated factors that affect the current flow 114 

path and the obtained results. This system can be represented schematically using the circuit 115 

model shown in Fig. 1.  116 

  In this case, Rc1 represents the probes’ contact resistance and all of the current is faced by 117 

this resistance. This approach clearly identifies the two major current flow paths in the concrete 118 

medium through Rc2 and Rc3, where Rc2 represents the current flow path between the two probes 119 

(the path not polarizing the rebar) and Rc3 represents the current flow path that polarizes the 120 

rebar or charges the double-layer capacitance. The magnitude of current passing by each of these 121 

resistors is dependent on: (1) the magnitude of their resistance (2) the impedance caused by the 122 

capacitance or the extent of charging of this capacitance (3) the magnitude of the polarization 123 

resistance (4) the concrete cover depth and reinforcement diameter (5) the frequency of the 124 

applied current. This circuit can be solved in order to determine the polarization resistance (Rc4 125 

in Fig. 1), if the current applied from the two outer probes is swept from very high to very low 126 

frequencies. However, this is a very time-consuming measurement that may take several minutes 127 

to a few hours depending on the circuit’s time constant. Alternatively, the components of this 128 

system can be retrieved if the response (i.e. voltage difference between the two inner probes) to a 129 

narrow DC/AC current or voltage pulse applied from the outer probes for a short period of time 130 

is fitted to the theoretical transient obtained from this circuit. In these cases, the measured 131 

voltage response as a factor of time is similar to that of a charging RC circuit, shown in Eq 2, 132 

assuming that the electrolyte/concrete capacitance is negligible (same assumption as that in all of 133 

the other monitoring techniques) 134 
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( ) ( )in ex
DtV t V A Be−= −   (2) 135 

where Vex is the constant voltage applied through the external electrodes and Vin is the potential 136 

difference between the two inner electrodes.  137 

 138 

The model shown in Fig. 1 was solved in order to determine the variables A, B and D. It 139 

was found that these variables follow functions shown in Eqs 3, 4 and 5. By measuring the 140 

voltage response over time, A, B and D can be calculated by fitting Eq 2 to the measured data. 141 

These factors can then be used to calculate the circuit components shown in Fig. 1. This solution 142 

approach is rather complicated compared to the Randles circuit used by all of the other 143 

techniques, or that used in [13]. However, such a circuit can be solved, just like any other, using 144 

more complicated solution procedures; if the cover depth is known. This is since the cover depth 145 

provides an indirect measure of the ratio of current flowing through Rc2 to that flowing through 146 

Rc3. 147 

( )1 2 3 4, ,  ,  c c c cA f R R R R=   (3) 148 

( )1 2 3 4, ,  ,  c c c cB g R R R R=   (4) 149 

( )1 2 3 4, , , ,  c c c c dlD h R R R R C=   (5) 150 

 151 

The commercial device used to implement this technique uses a four-probe Wenner array 152 

with an electrode spacing of 5 cm. The outer probes are used to apply a narrow DC/AC step 153 

voltage for a short period of time (6 seconds in this study) and the potential difference between 154 

the two inner probes is simultaneously monitored with a relatively high sampling rate. The 155 

current applied in this setup is typically in the range of 0.5 to 2 mA (note that this is not the 156 
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polarizing current, since a large portion of this applied current flows explicitly inside the 157 

concrete between the two outer probes, as demonstrated later). The obtained transient is then 158 

fitted to Eq 2 to yield the constants A, B and D, which are used to calculate the system 159 

components shown in Fig. 1. 160 

 161 

Experimental Methods  162 

A total of 16 reinforced concrete blocks were cast for this portion of the study. The 163 

blocks, presented in Fig. 2, were each 300 mm (L) x 300 mm (W) x 100 mm (H) and reinforced 164 

with two black steel reinforcements at the same cover depth. The concrete mix design used is 165 

shown in Table 1. This mixture was selected to obtain a relatively high corrosion activity on the 166 

reinforcements in a short time, due to the higher permeability and lower resistivity of this 167 

concrete. Four dosages of admixed chlorides were used in this test to provide a wide range of 168 

corrosion activity and concrete resistivity. The admixed chloride dosages were 0%, 1.5%, 3% 169 

and 6% by weight of cement. For each of the admixed chloride percentages, four blocks were 170 

cast with the mix design shown in Table 1. Three of these blocks had rebars at different cover 171 

depths (each block had two reinforcements at either 20 mm, 40 mm, or 70 mm cover depth) in 172 

which 10M rebar was used (nominal diameter = 11.3 mm). For the fourth block, 20M rebar 173 

(nominal diameter = 19.5 mm) was used with 40 mm of cover depth to study the effect of 174 

reinforcement area on the results.  175 

 176 

Thirty-two reinforcements were prepared for this study for the 16 blocks outlined. The 177 

end 3 cm of the reinforcements were epoxy-coated to prevent atmospheric corrosion and 178 

contamination, from the exposure to the atmosphere at the part of the reinforcement protruding 179 
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from the concrete. The reinforcements were then thoroughly sandblasted to remove any prior 180 

corrosion by-products or mill scale. Finally, all of the reinforcements were weighed and the 181 

weight was recorded to the nearest 0.01 g. 182 

 183 

Four molds were prepared allowing for the 3 blocks with different cover depths and the 184 

block with 20M reinforcement to be cast at once with the same concrete mixture. Four concrete 185 

mixtures, as those shown in Table 1, were conducted with each mix incorporating a different 186 

percentage of admixed chlorides (0%, 1.5%, 3% and 6% by weight of cement). The concrete was 187 

cast in accordance with ASTM C192. Casting was done in two layers, with each layer tamped for 188 

30 times. The surface was finished using a steel trowel, and specimens were covered with wet 189 

burlap and wrapped in plastic for 24 hours. Specimens were then removed from the formwork 190 

after 1 day, and placed into a sealed container with an approximately 3-cm-deep layer of water to 191 

ensure the availability of the required moisture for corrosion propagation. 192 

 193 

Weekly corrosion rate measurements were done on all of the slabs using the CEPRA 194 

technique. After 7 months, the specimens were removed from the containers and left to dry for a 195 

month during which measurements were conducted weekly to analyze the effect of the increased 196 

resistivity on the results. At the end of the exposure period (a total of 8 months), reinforcements 197 

were extruded by inducing a longitudinal crack along the reinforcement using a jackhammer. 198 

The mass loss of the reinforcements was found according to the ASTM G1, Standard Practice 199 

for Preparing, Cleaning, and Evaluating Corrosion Test Specimens, procedure C.3.5.  200 

Finite Element Modeling 201 

In order to study the current propagation behavior and the time-dependent potential 202 
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response during the application of the CEPRA technique, a finite element model was developed. 203 

This section deals with the model formulation, constitutive relationships, input parameters and 204 

parameters studied. 205 

Constitutive Relationships 206 

In order to model the polarization behavior of the reinforcement, Faradaic and capacitive 207 

processes were assumed to apply at the steel surface. The electrochemical Faradaic kinetics 208 

governing the polarization behavior occurring at the steel-concrete interface can be modeled with 209 

the use of Butler-Volmer equation, shown in Eq 6 [18]: 210 

(10 10 )a c
o

b bj j

η η−

= −      (6) 211 

where j is the net current density, jo is the exchange current density, η is the change in potential 212 

(Φ) from the equilibrium potential (Φeq) of the electrode (Φ-Φeq), ba is the anodic tafel coefficient 213 

and bc is the cathodic tafel coefficient. 214 

 215 

The effects of the charge-storage process (caused by the double layer capacitance) can be 216 

incorporated to the model assuming that the electrode surface behaves as a perfect capacitor 217 

during the charge storage or release process. The corresponding current charge/discharge at any 218 

time for such a capacitor can be represented as shown in Eq 7 [19]: 219 

cap dl
E

j C
t

∂
=

∂
     (7) 220 

where Cdl is the electrode’s double-layer capacitance and ∂E/∂t is the change in potential with 221 

respect to time. 222 

 223 

Using this approach, the current at the steel-concrete interface after the application of a 224 
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polarizing current is the sum of the Faradaic process (Butler-Volmer kinetics) and the capacitive 225 

currents. The total time-dependent current can then be expressed as shown in Eq 8 [19]: 226 

(10 10 )a c
o dl

Eb bj j C
t

η η−
∂

= − +
∂

    (8) 227 

 228 

In order to solve for the potential and current density distribution at the surface of the 229 

reinforcement, assuming electrical charge conservation and isotropic conductivity, ohm’s law, 230 

shown in Eq 9, and charge conservation law, shown in Eq 10, are used for the concrete domain; 231 

assuming that concrete is a homogeneous medium with a uniform electrical resistivity [20]:  232 

1
j E

ρ

−
= ∇     (9) 233 

0j∇ =     (10) 234 

where j (A/m
2
) is the current density, ∇E is the potential gradient and ρ is the resistivity of 235 

concrete (ohm.m). 236 

Finite Element Modeling Procedure 237 

 The 3D simulations were performed using a COMSOL 5.2 software package. The 238 

domain of the problem, shown in Fig. 3, was chosen to represent a reinforced concrete member 239 

of 1 m in length, 0.3 m in width and 0.2 m in height, with a rebar embedded at a certain cover 240 

depth (variable parameter). At the steel-concrete interface (boundary a), Eq 8 was used as a 241 

Dirichlet-type boundary condition to find the time-dependent polarization behavior of the 242 

electrode. In the concrete domain (domain b), Eqs 9 and 10 were used in order to solve for the 243 

potential and current density distributions. External boundaries (boundary c) were modelled as 244 

electrically-insulated boundaries (Neumann boundary conditions with a specified normal current 245 

of zero). The CEPRA technique was modeled as Wenner array, with 4 probes having a probe 246 
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spacing of 50 mm, in which the two outer probes were used to apply a current of 0.5 mA and -247 

0.5 mA. The potential difference between the two inner probes was recorded as in the CEPRA 248 

technique. The four probes were modeled as perfect point objects. 249 

 250 

Solutions were performed using a MUMPS solver (Multifrontal Massively Parallel 251 

Sparse direct Solver) inputted in the software. This solver makes use of the multifrontal method 252 

Gaussian-elimination and is based on the LU decomposition matrix-solving procedure. It should 253 

be noted, however, that other solvers available in the software were tried and their solutions were 254 

identical for the problem under consideration. However, the primary difference was the 255 

convergence time. The relative tolerance used was 0.001 256 

 257 

In such a system, the summation of the current at the reinforcement surface and at the 258 

two current-applying electrodes is expected to be zero. This was used in order to discretize the 259 

mesh and minimize errors due to mesh elements’ size and approximations [21]. This was 260 

conducted by trying several different mesh combinations for the concrete domain and the three 261 

different boundaries shown in Fig. 3, until the summation of current was negligible (less than 262 

0.1% of the applied current). It was found that the optimum mesh configuration varies highly 263 

depending on the cover depth (due to the distance between reinforcement-surface boundary and 264 

external boundary) and concrete resistivity (due to potential gradients being different in high 265 

resistivity systems compared to low resistivity systems), among other factors. 266 

Model Inputs and Investigated Parameters 267 

The model was solved for cases representing passive reinforcements and cases 268 

representing actively corroding reinforcements. This was done by changing the input parameters 269 
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in the Butler-Volmer equation according to Table 2. The anodic and cathodic beta coefficients 270 

for the active case were chosen to yield a beta coefficient of 26 mV; which is the value typically 271 

used for corrosion in reinforcing steel studies [22]. The exchange current density for the active 272 

case was adapted from that used by Marchand et al. [23] for the same purpose of this study. 273 

However, the effect of this parameter will be studied separately. The exchange current density 274 

for the passive cases was adapted from the model outlined in [20]. The beta coefficients for the 275 

passive case were chosen to yield a beta coefficient close to 52 mV; which is the value typically 276 

used for corrosion of reinforcing steel studies [22]. The anodic beta coefficient for the passive 277 

case also reflects passivation control and the ineffectiveness of anodic potential polarizations in 278 

increasing the anodic current for the passive case. This number is based on the mean value 279 

obtained in experimental work done by the authors; which will be presented in subsequent paper. 280 

The equilibrium potentials were obtained from [20]. However, it should be noted that this 281 

assumed potential has no effect on the trend of obtained results. For each of the passive and 282 

active cases, the parameters were studied as shown in Table 3.  283 

Experimental Results 284 

Figure 4 presents the weighted average corrosion rate determined by the CEPRA 285 

technique plotted versus the actual corrosion rate obtained by determining the mass loss. The 286 

actual corrosion rate was obtained using ASTM G1 procedure. The average electrochemically 287 

predicted corrosion rate was obtained by integrating the corrosion rates obtained by the 288 

technique throughout the monitoring period divided by the total period of exposure (8 months). 289 

Note that the measurements labelled dry are the average of measurements conducted during the 290 

drying month mentioned earlier, on specimens with no admixed chlorides. The dashed lines 291 

show the range of correlations accepted in the literature [2]. 292 
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 293 

The results clearly indicate the applicability of the use of the technique to measure 294 

corrosion rates. For the actively corroding specimens (specimens with admixed chlorides), the 295 

predicted corrosion rates generally agreed well with the actual corrosion rates. Results for 21 out 296 

of 24 specimens fell in the range of results typically accepted in the literature; which is 0.5 to 2 297 

times the actual corrosion rates [2]. The 3 specimens that did not fall in the typically accepted 298 

range still showed corrosion rates that were 0.35 to 0.45 times the actual corrosion rate, which is 299 

close to the lower accepted range. This correlation is similar, if not better, than those typically 300 

reported for well-established corrosion monitoring techniques applied for steel in concrete [24-301 

28], especially for cases of low resistivity [26]. The success of the outlined method did not show 302 

to be affected by the reinforced concrete system characteristics in this case. This correlation was 303 

obtained similarly for a wide range of resistivities (obtained using different admixed chloride 304 

percentages), cover depths or reinforcement diameters. 305 

 306 

For the passive specimens (specimens without admixed chlorides) in the dry condition, 307 

the results showed corrosion rates in the range of 0.2 µA/cm
2
 or less; which is in the range that is 308 

typically accepted in the literature for passive reinforcements [10, 24, 27]. The same reliability in 309 

determining passive corrosion rates was obtained for the case of saturated concrete with 20M 310 

reinforcements. It has to be noted that this success in determining corrosion rates for passive 311 

reinforcements was obtained with a measurement time of only 6 seconds; which is much lower 312 

than the typical time required for other techniques for passive conditions [10]. This is due to the 313 

effect of this technique in shortening the time to steady-state conditions, as demonstrated further 314 

through modeling results, and due to using an exponential curve-fitting procedure used. 315 
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 316 

An overestimation of passive corrosion rates was found for the case of saturated 317 

specimens with 10M reinforcements; where the results fall in the range of 0.6 to 0.8 µA/cm
2
. 318 

This is relatively higher than the range of corrosion rates expected for specimens without 319 

admixed chlorides, but is similar to results obtained for galvanostatic devices using short 320 

measurement times and non-modulated confinement [10, 27], and still allows differentiating 321 

passive and active reinforcements. It should be noted that the specimens showing 0.6-0.8 µA/cm
2
 322 

in saturated conditions started to show results lower than 0.4 µA/cm
2
 after 1 day of drying, 323 

which represents cases of semi-saturated concrete that better resemble field cases (note that in 324 

the saturated condition, these specimens were not allowed to dry since casting). The substantial 325 

difference between the results obtained in the dry and saturated conditions is expected and will 326 

be discussed further through modeling results. It will be demonstrated, through modeling, that 327 

this only occurs for cases of saturated, low-resistivity, concrete with small-diameter 328 

reinforcements and it will be shown that the case used in this study (concrete with W/CM of 0.6 329 

in saturated conditions reinforced with 10M rebar) served as a worst-case scenario compared to 330 

cases available in the field. This is evidenced by the good estimation of passive corrosion rates 331 

for dry, or semi-saturated, concrete and for reinforcements with larger diameters in saturated 332 

concrete; which better represent field conditions.  333 

Finite Element Modeling Results 334 

Figure 5 shows modeling results on the effect of concrete resistivity, cover depth, 335 

reinforcement diameter and exchange current density, on the current distribution on the rebar 336 

surface, for the case of actively corroding reinforcements. The base case was for a cover depth of 337 

40 mm, a resistivity of 40 ohm.m, a reinforcement diameter of 10 mm and an exchange current 338 

Page 16 of 37

https://mc04.manuscriptcentral.com/astm-stp

STP: Selected Technical Papers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

Page 16 of 27         

density of 0.1 A/m
2
. Each of the parameters was swept, from the base case, as shown. The 339 

presented results are all obtained at steady-state (at a time long enough that the double-layer 340 

capacitance is charged). The negative sign indicates anodic polarization while the positive sign 341 

indicates cathodic polarization. 342 

 343 

The resistivity was found to influence the amount of current reaching the reinforcement 344 

in the range of low resistivities (20 ohm.m to 200 ohm.m), where more current polarizes the 345 

reinforcement area as resistivity increases. However, in the range of higher resistivities (higher 346 

than 200 ohm.m) there was little to no influence of resistivity on the current reaching the 347 

reinforcement. The effect of resistivity on the polarizing current is simply due to the availability 348 

of two current-consumption boundaries in this technique, as opposed to one in typical three-349 

electrode LPR techniques. In typical techniques, any current that is applied by the counter 350 

electrode is consumed by the reinforcement; if current leakage/storage are considered negligible 351 

at steady-state. In the CEPRA technique, if a certain amount of current is applied from the 352 

positive (anodic) probe, it can be either consumed by the negative (cathodic) probe or in 353 

polarizing the reinforcement. As the resistivity between the two current-applying/receiving 354 

probes increases, more current preferentially flows to the reinforcement, instead of flowing 355 

between the two probes. Therefore, the current reaching the reinforcement increases as the 356 

resistivity increases. However, the polarized area shown by the technique is not strongly 357 

dependent on resistivity and confinement happens for all of the resistivities; which is very 358 

different from typical galvanostatic techniques in which confinement was found to be highly 359 

dependent on resistivity [7, 29, 30]  360 

 361 
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The effect of the cover depth showed that the current reaching the reinforcement was 362 

found to decrease as the cover depth increases. This is, simply, since larger concrete covers allow 363 

for a larger area for the polarizing current to flow between the two current-applying probes 364 

instead of polarizing the reinforcement. For lower covers, the current preferentially polarizes the 365 

reinforcement instead of flow in the electrolyte/concrete. The effect of the cover depth on the 366 

polarized area shows that lower covers lead to lower polarized areas and more localized 367 

polarization under the probe, while higher covers lead to more dispersion of the applied current 368 

in the concrete cover; which is in agreement with the effect observed for other corrosion-369 

monitoring techniques [6, 7]. This may explain the reason for the underestimation of the 370 

corrosion rate for one of the 20 mm cover depth reinforcements when assuming that the full 371 

reinforcement is polarized. The same trend is observed for the effect of the reinforcement 372 

diameter. As the reinforcement diameter increases, more current can reach the reinforcement due 373 

to a higher electrode area available to consume this current. It seems that the area polarized by 374 

the technique tends to slightly decrease as the reinforcement diameter increases; due to the 375 

higher current consumption area available, which decreases the ability of the lateral propagation 376 

of the polarizing current. This may explain the underestimation of corrosion rate found for 2 of 377 

the 20M-reinforcement specimens. 378 

 379 

The influence of exchange current density, or equivalently the polarization resistance, on 380 

the area polarized by the technique is very similar to that observed for resistivity. This is since 381 

the portion of current flowing in the path polarizing the reinforcement, as opposed to that parallel 382 

to the reinforcement, is determined by the relative values of concrete resistivity and polarization 383 

resistance; where lower polarization resistances encourage more current to reach the 384 
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reinforcement instead of flowing explicitly in the concrete. Nevertheless, the polarized area 385 

shown by the technique is not strongly dependent on polarization resistance (in the range of 386 

active corrosion rates) and confinement happens regardless the polarization resistance value; 387 

which is very different from typical galvanostatic techniques in which confinement was found to 388 

be highly dependent on the polarization resistance [7, 29]. 389 

 390 

 Although the current reaching the reinforcement is variable, it is well estimated through 391 

the model outlined in this paper; as evidenced by the accuracy of the technique for actively 392 

corroding reinforcements. Furthermore, these results clearly indicate that the dependency of 393 

confinement success on factors such as concrete resistivity, cover depth, reinforcement diameter 394 

and exchange current density are very marginal and the polarized area changes with very low 395 

magnitudes. The polarized length for this technique varied, for the cases shown and for other 396 

cases not presented in this paper, for a wide range of concrete resistivities, cover depths, 397 

reinforcement diameters and exchange current densities, from 50 cm (in cases of very large 398 

cover depths and small reinforcement diameters) to 30 cm (in cases of very small cover depth 399 

and large reinforcement diameters). This variance in polarized area is much lower than that 400 

typically found for other techniques [7, 9, 30]. If, for instance, the polarized area is assumed to 401 

be 40 cm for all of these cases, the error due to this assumption will not exceed 25%. This ability 402 

to confine the polarized current, without the use of confinement techniques, stems from the 403 

current-regulating nature of this technique, where the current reaching the reinforcement is 404 

variable and depends on characteristics of the steel-concrete system. This is very different from 405 

the currently-used techniques where confinement is essential. For instance, it has been shown 406 

that achieving confinement, using the guard-ring technique, is very challenging in very low 407 
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resistivity systems, due to the higher tendency of the polarizing current to disperse laterally [7, 408 

26]. This effect does not occur in the CEPRA technique since the current reaching the 409 

reinforcement decreases as resistivity decreases; leading to a lower effect of resistivity on 410 

confinement success. 411 

 412 

Figure 6 shows the effect of resistivity on current distribution for the case of a passive 413 

reinforcement. These results were obtained for a cover depth of 40 mm and a diameter of 10 mm. 414 

As demonstrated previously, higher resistivities generally lead to higher amounts of current 415 

reaching the reinforcement. For low resistivities (Fig. 6b), it was found that confinement occurs 416 

only in the branch of the reinforcement near the cathodic probe while the full reinforcement area 417 

near the anodic probe is polarized; up to 0.5 m in this case. This is simply due to the challenge of 418 

polarizing a passive electrode anodically. This due to the electrode’s very low exchange current 419 

density and the very high anodic tafel slope (due to passivation control) leading to the 420 

reinforcement having a very limited ability to consume the anodic polarizing current. On the 421 

other hand, for cathodic polarizations, passive reinforcements tend to become better current 422 

consumers since the cathodic tafel slope is much lower than the anodic one (if no diffusion 423 

limitation exists). This leads to a limitation of the model due to the lack of symmetry between the 424 

two sides of the reinforcements, which means that Rc3 shown earlier will not be the same under 425 

the two probes (Rc3 will be identical for both sides only if the anodic and cathodic beta 426 

coefficients are equal). In the case of high resistivity systems, the symmetry is restored and 427 

confinement occurs, which leads to a better estimate of passive corrosion rates; this can, 428 

partially, explain the better estimate of passive corrosion rates in cases of semi-saturated or dry 429 
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concrete. This limitation of confining anodic polarizations for passive electrodes is similar for all 430 

the techniques using anodic polarizations [8, 29, 30].  431 

 432 

It should be also noted that the model outlined herein assumes that high and low 433 

frequency current-propagation behaviors follow the same path. This is essential in applying the 434 

model successfully. Figure 7 shows the typical current-propagation path for the case of a passive 435 

reinforcement at the high-frequency range (1 µs after current application). This is the same path 436 

as that for high- and low- frequency responses for active reinforcements. These paths are 437 

identical to Fig. 7 and are, therefore, not presented herein. Figure 8 shows the typical current-438 

propagation path for the case of a passive reinforcement, with low resistivity concrete (40 439 

ohm.m), at the low frequency range (500 s after current application). As mentioned previously, 440 

the high and low-frequency paths are rather similar in cases of actively corroding electrodes 441 

(both similar to Fig. 7); which explains the validity of the model and the accuracy obtained 442 

through it. However, this is not the case for the passive reinforcement in low resistivity concrete; 443 

since in the high frequency portion, the reinforcement’s double-layer acts as a relatively good 444 

current-consumer (causing a shot-circuit effect), while at the low frequency region, this 445 

reinforcement acts as a current insulator (due to the high Rp) and hardly any current polarizes the 446 

reinforcement. It is clear that in the low frequency ranges for the passive reinforcements, the 447 

electrode tends to encourage current flow in a different path than that for the high frequency 448 

response (around and beneath the reinforcement). The low and high frequency current paths will 449 

tend to become more similar, and subsequently provide better results, when the current 450 

polarizing the reinforcement in the low frequency range increases. This polarizing current 451 

increases as the electrode’s area available for current consumption increases or as the system 452 
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resistivity increases, which explains the good results obtained for the dry or semi-saturated (high 453 

resistivity) cases, as well as cases with large reinforcement diameters (these cases better simulate 454 

field conditions). This may indicate that the overestimation found in case of saturated, low 455 

resistivity, concrete with small diameter passive rebar is not characteristic of the technique and 456 

only occurs in such scenarios. 457 

 458 

Figures 9 and 10 illustrate the potential difference between the two inner probes as a 459 

factor of time for a case of resistivity of 40 ohm.m, a cover depth of 40 mm and a reinforcement 460 

diameter of 10 mm for a passive and active rebar, respectively. It is clear that the technique 461 

substantially reduces the time to reaching quasi-steady-state conditions compared to other 462 

techniques [10, 24, 27]. A measurement time of 10 seconds was found to provide adequate 463 

information about the polarization behavior of the reinforcement up to capacitance values in the 464 

range of 1 F/m
2
 for the passive case (88% of the steady-state polarization was achieved in 10 465 

second), and 5 F/m
2
 in the active case (91% of the steady-state polarization was achieved in 10 466 

second). This has been a major challenge for determining the passive reinforcements corrosion 467 

rates [10], especially with the very low exchange current density assumed in this model (10
-5

 468 

A/m
2
). The shortening of the measurement time associated with this technique has been 469 

previously proven experimentally [12, 31], theoretically [31] and numerically by the current 470 

study. The primary reason for this is that the polarizing current is very low in the area found in 471 

the middle of the reinforcement. Another reason is the lower electrode area contributing to the 472 

polarization. This, however, changes if the resistivity reaches very high values, due to the higher 473 

current received by the reinforcement, where higher resistivities lead to higher times to quasi-474 

steady-state conditions. This shortening of the time to steady-state conditions leads to the 475 
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technique’s ability to determine corrosion rates in the passive cases in very few seconds; as 476 

evidenced by the experimental results. Such a feature is not applicable for techniques with 477 

constant applied currents. 478 

 479 

Conclusions 480 

This paper outlined the theory behind the CEPRA technique and introduced its use. From 481 

experimental and numerical work investigating the mode of application and reliability of the 482 

technique, the following conclusions can be drawn: 483 

• The technique showed an accuracy in estimating the corrosion rates for actively 484 

corroding reinforcements that was similar to other well-established techniques that 485 

require a reinforcement connection and a longer measurement time. 486 

• The technique showed success in determining passive corrosion rates in the case of dry or 487 

semi-saturated, high-resistivity, concrete and in the case of large reinforcement 488 

diameters. However, the technique overestimated the corrosion rates for passive cases 489 

when testing saturated concrete with small reinforcement diameters.  490 

• The CEPRA technique was found to decrease the time to steady-state conditions for 491 

passive reinforcements considerably. 492 

• The polarized area for the CEPRA technique has shown to vary in lower magnitudes 493 

compared to other techniques, without the use of confinement techniques, due to the self-494 

regulating current for this technique. 495 
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TABLE 1  Mix design used for the laboratory test blocks 599 

Constituent Amount, kg/m
3
 

GU Cement 265
 

Coarse Aggregate (<19 mm) 1055 

Fine Aggregate 940 

Water 165 

 600 
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TABLE 2  Model inputs for active and passive cases 602 

Input Passive case parameters Active case parameters 

jo 10
-5

 A/m
2 

0.1 A/m
2 

ba 5 V 0.12 V 

bc 0.12 V 0.12 V 

Φeq 0.16 V -0.78 V 

Cdl Variable Variable 

 603 

TABLE 3  Parameters investigated 604 

Independent Variable Cases 

Cover depth 20, 40, 70 and 100 mm 

Resistivity 20, 50, 100, 200, 500 and 1000 ohms.cm 

Reinforcement diameter 10, 20 and 30 mm 

io (for the active case) 0.01, 0.05, 0.1, 0.5 A/m
2 

 605 

List of Figure Captions   606 

Fig. 1  Circuit model used to represent the CEPRA technique 607 

Fig. 2  Schematic representation of the test blocks 608 

Fig. 3  Domain of the finite element model: (a) reinforcement surface, (b) concrete 609 

domain, (c) external boundaries, (d) Wenner probe 610 

Fig. 4  Results obtained from the CEPRA technique compared to the actual corrosion 611 

rate (a) as a factor of admixed chloride percentage and (b) as a factor of cover depth and 612 

reinforcement diameter 613 
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Fig. 5   Effect of (a) resistivity, in ohm.m, (b) cover depth, in m, (c) rebar diameter, in m, 614 

(d) exchange current density, in A/m
2
, on the distribution of polarizing current for a uniformly 615 

corroding rebar 616 

Fig. 6  Effect of resistivity, in ohm.m, on current distribution for the case of a passive 617 

rebar 618 

Fig. 7  High frequency current path (evaluated 1 µsec after current application) for a case 619 

representing passive reinforcements (note that this is identical to the current path for high and 620 

low frequency responses for active reinforcements) 621 

Fig. 8  Low frequency current path (evaluated at steady-state) for a case representing 622 

passive reinforcements in low resistivity concrete 623 

Fig. 9  Effect of the double-layer capacitance, in F/m
2
, on the obtained time-transient for 624 

the case of a passive rebar up to: (a) 100 seconds and (b) 10 seconds 625 

Fig. 10  Effect of the double-layer capacitance, in F/m
2
, on the obtained time-transient for 626 

the case of an active rebar up to: (a) 100 seconds and (b) 10 seconds 627 
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Fig. 1 Circuit model used to represent the CEPRA technique  
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Fig. 2 Schematic representation of the test blocks  
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Fig. 3 Domain of the finite element model: (a) reinforcement surface, (b) concrete domain, (c) external 
boundaries, (d) Wenner probe  
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Fig. 4 Results obtained from the CEPRA technique compared to the actual corrosion rate (a) as a factor of 
admixed chloride percentage and (b) as a factor of cover depth and reinforcement diameter  
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Fig. 5 Effect of (a) resistivity, in ohm.m, (b) cover depth, in m, (c) rebar diameter, in m, (d) exchange 
current density, in A/m2, on the distribution of polarizing current for a uniformly corroding rebar  
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Fig. 6 Effect of resistivity, in ohm.m, on current distribution for the case of a passive rebar  
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Fig. 7 High frequency current path (evaluated 1 µsec after current application) for a case representing 
passive reinforcements (note that this is identical to the current path for high and low frequency responses 

for active reinforcements)  
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Fig. 8 Low frequency current path (evaluated at steady-state) for a case representing passive 
reinforcements in low resistivity concrete  
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Fig. 9 Effect of the double-layer capacitance, in F/m2, on the obtained time-transient for the case of a 
passive rebar up to: (a) 100 seconds and (b) 10 seconds  
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Fig. 10 Effect of the double-layer capacitance, in F/m2, on the obtained time-transient for the case of an 
active rebar up to: (a) 100 seconds and (b) 10 seconds  
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