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ABSTRACT 

Corrosion of reinforcing steel is the most prominent cause of premature concrete 

deterioration. This necessitates understanding the methods available to monitor the rate 

of corrosion propagation, as well as the strategies that can be used to delay corrosion-

induced deterioration. This thesis presents results of a study conducted to determine the 

reliability of several electrochemical corrosion-monitoring techniques. The reliability of 

these techniques was investigated experimentally, through laboratory experiments, as 

well as numerically, through finite element modeling. This thesis also presents results 

from a study on the corrosion-resistance of concrete incorporating supplementary 

cementing materials (SCMs) subjected to a marine environment for 25 years. This 

investigation included determining the effect of SCM incorporation on chloride 

diffusion, concrete resistivity and reinforcement corrosion rate. Finally, this thesis 

presents results from an investigation conducted on the performance of several 

corrosion-resistant reinforcements. This was performed through laboratory and field-

exposure experiments implemented to compare the performance of these reinforcements 

to accepted standards. 
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1 Chapter I 

Introduction  

1.1 Problem Definition 

Corrosion of reinforcing steel is the number one cause of deterioration of concrete 

structures in North America and many parts of the world. The problem has reached 

alarming levels especially in areas where sea salt or de-icing salts are prevalent. This has 

led to billions of dollars in repair and maintenance being spent yearly (Koch et al., 

2002). This cost, along with the serious safety concerns, necessitates understanding the 

methods available for monitoring or mitigating corrosion of reinforcing steel in 

concrete. 

In optimum conditions, concrete provides corrosion resistance to the steel reinforcement 

physically, by acting as a barrier, and chemically, by promoting the formation of a 

passive oxide layer on the steel, due to its high pH. In the presence of chloride ions or 

pH-reducing agents (e.g. CO2), however, this passive layer is destroyed and corrosion is 

initiated. Once initiation occurs, decisions regarding the future ability of a structure to 

be safe and serviceable depend upon an accurate assessment of the conditions affecting 

its corrosion and the rate of deterioration occurring. Using this information, an informed 

decision can be made as to the type, cost and urgency of possible repair measures. 

Several non-destructive electrochemical techniques were developed, in recent decades, 

to monitor the corrosion of steel before visible signs of corrosion are manifested. 

Although the electrochemical techniques provide a rapid and, theoretically, accurate 

method to determine the corrosion rates, they have been scarcely used in field 
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applications. The main reason behind their limited use is that many discrepancies were 

reported in the literature when comparing the results obtained by the techniques to the 

corrosion rate obtained destructively by exposing the reinforcing steel. It has been 

shown that all of the techniques can show accurate results, in the laboratory, provided 

that specific testing requirements are met and provided that the flow of polarizing 

current to the reinforcement network is understood (Martinez and Andrade, 2011). In 

field use, however, where the measurements are usually taken in a very uncontrolled 

environment, and where the reinforcement networkôs size is infinitely large compared to 

laboratory experimental setups, the results were often found to misguide engineers or 

researchers (Poursaee, 2007). The primary reasons for misleading results are the lack of 

understanding of the effect of testing parameters and the effect of concrete 

characteristics on the general accuracy of the techniques. 

In order to delay the time to corrosion initiation, a number of strategies have been 

developed in the past. Some strategies achieve this through enhancing the concreteôs 

ability to resist chloride diffusion, while other strategies achieve this through using 

reinforcements with higher chloride thresholds (the amount of chlorides required to 

initiate corrosion) compared to conventionally-used carbon steel.  

A frequently used method to enhance concreteôs ability to resist chloride diffusion, and 

subsequently increase concreteôs service-life, is the incorporation of supplementary 

cementing materials (such as fly ash, ground granulated blast furnace slag and/or silica 

fume). These materials are industrial byproducts that can be used as a partial 

replacement of cement. A large number of studies have established the advantageous 

effect of supplementary cementing materials on decreasing the permeability of concrete 
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and increasing the time required for chlorides to reach the surface of the reinforcement 

in concentrations sufficient to initiate corrosion. However, the addition of SCMs has 

been reported to decrease the pH of the concreteôs pore solution, which can cause a 

decrease in the chloride threshold associated with SCM incorporation. This has led to 

the question of whether the incorporation of SCMs actually increases the time to 

corrosion initiation, due to the significant decrease in the diffusion coefficients, or if the 

threshold decrease, associated with the additions of SCMs, may lead to decreasing the 

time of corrosion onset. Therefore, there is a substantial need for long-term testing to 

ascertain the effect of SCMs on the chloride diffusion, especially in aggressive marine 

tidal-exposure, and on the chloride threshold of concrete incorporating SCMs. 

Another method that can be used to delay the time to corrosion initiation is the use of 

corrosion-resistant reinforcements such as stainless steel. Stainless steel has generally 

shown to exhibit a chloride threshold that is significantly higher than that of 

conventional plain-carbon steel or any other corrosion-resistant reinforcement (Cady 

and Weyers, 1983; Sorensen et al., 1990; McDonald et al., 1998). However, the cost 

associated with alloying elements and processing requirements make such 

reinforcements an expensive alternative compared to carbon-steel reinforcements. 

Therefore, there is a current need to quantify the extent of service-life extension 

associated with the use of such reinforcements, to answer the question of whether the 

significantly higher cost is justified in terms of performance and life cycle cost 

assessment. Furthermore, there is a general tendency in concrete research to group all 

stainless steel reinforcements as one group that exhibits a similar chloride threshold. 

However, a review of the literature and the proposed mechanisms by which each 
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alloying element plays a role in the pitting resistance of stainless steels clearly indicates 

that this approach may yield misleading service-life predictions. Therefore, there is a 

current need to compare the resistance of different stainless-steel grades to corrosion 

and quantify the effect of the chemical composition of stainless steels on their corrosion 

resistance. 

To overcome the cost of stainless steel, chromium-alloyed reinforcements have been 

developed recently, and standardized (in ASTM A1035), as an alternative to stainless 

steel. These reinforcements have a lower cost compared to stainless steel, due to the use 

of manganese as a stabilizer as well as the use of lower chromium contents than those 

used for stainless steel. These reinforcements have shown a higher resistance to 

corrosion, compared to carbon-steel. However, the extent of this enhancement, 

compared to that provided by stainless steel is currently not well established. Therefore, 

there is a need to evaluate the performance of these reinforcements, compared to both 

stainless-steel and carbon-steel in order to assess the service-life enhancement that can 

be provided with these reinforcements as a factor of the cost increase associated with 

their use. 

1.2 Research Problems 

This research aims towards understanding the reliability of a number of corrosion-

monitoring techniques as well as the performance of different corrosion-mitigation 

methods including the use of SCMs and corrosion-resistant reinforcements. In order to 

achieve this, the research was divided into the following phases: 

¶ The first phase included experimental work performed to analyze the reliability 

of a number of corrosion-monitoring techniques in laboratory setups. 
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¶ The second phase included the development of a finite element model that was 

implemented to understand the performance of the corrosion-monitoring 

techniques and the factors that influence their accuracy 

¶ The third phase included experimental work done to investigate the performance 

of concrete with and without SCMs exposed to a marine tidal environment for 

25 to 27 years 

¶ The fourth phase included experimental work performed to evaluate the 

performance of several corrosion-resistant reinforcements in field and 

laboratory exposure conditions. 

1.3 Research Scope and Limitations 

This research will analyze the effect of concrete characteristics and testing parameters 

on five electrochemical corrosion-monitoring techniques. The techniques that will be 

analyzed are potentiodynamic linear polarization resistance (LPR), coulostatic LPR, 

galvanostatic LPR, electrochemical impedance spectroscopy (EIS) and the 

connectionless electrical pulse response analysis (CEPRA). Although these techniques 

include those that are frequently used in the field, it should be noted there are a number 

of other techniques that are available and are currently being used in laboratory 

applications (such as the galvanodynamic, potentiostatic or Tafel-plotting techniques). 

The concrete types available in this phase of the study are relatively limited compared to 

what is seen in the field. However, the finite element modeling aspect will serve in 

evaluating a wide range of concrete characteristics that were not evaluated in the 

laboratory. 
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In order to evaluate the performance of concrete incorporating SCMs in a marine 

environment, specimens from a study initiated in 1987, in which 8 reinforced concrete 

specimens that were exposed to the mid-tide level at the Treat Island, ME, USA 

exposure site, were used. The specimens included one type of portland cement, fly ash, 

silica fume and slag. It should be noted that a number of other SCM types are available 

and are used currently (e.g. metakaolin, calcined clay and volcanic ash). It should also 

be noted that the chemical composition of cementing materials can vary widely 

depending on the source and the geographic location, among other things. The effect of 

replacement levels and Water-to-cementitious materials ratio (W/CM) ratios was not 

included in this study since all of the specimens retrieved were at the same W/CM ratio 

and one replacement level for each SCM. 

In order to evaluate the performance of corrosion-resistant reinforcements, five 

corrosion-resistant reinforcements were used. These reinforcements are austenitic 

stainless steel grades: 304, 316LN and XM-28, ferritic-austenitic steel (duplex) grade 

2205 and micro-composite multi-structural formable steel (MMFX) conforming to 

ASTM type A1035 CS. It should be noted, however, that a large number of stainless 

steel grades and other corrosion-resistant reinforcement types (e.g. epoxy coated or 

galvanized steel) are available in the market. This investigation consisted of laboratory 

testing including ASTM G109 and A955 tests, simulated pore solution test, the salt-dip 

test (Trejo, 2002), as well as field testing including the exposure of reinforced mortar 

bars and bare bars to a marine tidal exposure. 
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1.4 Objectives 

The following objectives were proposed in order to study the reliability of corrosion-

monitoring techniques: 

¶ Determining the accuracy of the corrosion-monitoring devices by comparing the 

electrochemically-predicted corrosion rate to the actual corrosion rate obtained 

by the gravimetric (mass-loss) method.  

¶ Establishing the use and determining the accuracy of the newly developed 

CEPRA technique for the connectionless determination of corrosion rates. 

¶ Determining the optimum testing parameters under which various techniques 

perform and the associated accuracy when using these parameters. 

¶ Determining the effect of steel and concrete characteristics on the accuracy of 

the techniques. 

The following objectives were proposed in order to study the performance of SCM 

concrete in a marine tidal environment 

¶ Determining the extent of chloride-ion penetration resistance associated with 

SCM incorporation 

¶ Determining the effect of the increased system resistivity associated with SCM 

incorporation on the reinforcementsô corrosion rate 

¶ Evaluating the combined effect of chloride diffusion coefficient decrease and the 

chloride threshold decrease on the service-life of concrete incorporating SCMs 

The following objectives were proposed in order to study the performance of stainless 

steel and chromium-steel reinforcement to chloride-induced corrosion: 
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¶ Determining the relative performance of several types of reinforcing steel in 

concrete 

¶ Comparing the performance of A1035 CS steel to other types of corrosion-

resistant reinforcements (stainless steel reinforcements) included in this study 

¶ Evaluating the effect of alloying elements on the performance of stainless steel 

reinforcements in concrete 

1.5 Outline of the thesis 

This thesis is structured according to the articles-format as outlined by the UNB school 

of graduate studies and is composed of 7 chapters. In Chapter I, the introduction, 

research background, research problems, research scope and limitations, objectives, 

outline of the thesis, and a summary of papers are presented. In Chapter II, a review of 

the relevant literature concerning the corrosion phenomena and its electrochemical 

nature are presented as well as a background on corrosion-monitoring techniques and 

corrosion-mitigation methods. Chapter III presents experimental results of a study 

performed to determine the reliability of electrochemical corrosion-monitoring 

techniques as well as the effect of concrete characteristics and testing conditions on their 

reliability. Chapter IV provides results from a finite element model developed in order 

to investigate the performance of corrosion-monitoring techniques. Chapter V provides 

results obtained from an investigation on specimens incorporating SCM that were 

exposed in a marine exposure condition for 25 to 27 years. Chapter VI provides results 

obtained from a laboratory and field investigation performed to investigate the 

performance of several corrosion-resistant reinforcements in concrete. Finally, chapter 

VII summarizes the conclusions obtained from the investigation conducted and lists a 
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number of recommendations that can be used in the future in order to learn more about 

corrosion monitoring and mitigation methods 

1.6 Summary of Papers 

The first paper, presented in Chapter III, entitled ñReliability of Electrochemical 

Techniques for the Non-destructive Monitoring of Corrosion of Reinforcing Steel in 

Concrete: Experimental Resultsò reports laboratory experimental results obtained on the 

accuracy of five corrosion-monitoring techniques. The experimental procedure was 

performed to investigate the accuracy of the techniques, through comparing 

electrochemically predicted corrosion rates, obtained from the techniques, to actual 

corrosion rates obtained gravimetrically. This was done for rebars with different cover 

depths and diameters, embedded in concrete with a wide range of admixed chlorides. 

The experimental testing was conducted by the candidate. Dr. Ghods and Dr. Thomas 

contributed to the experimental setup. All of the co-authors contributed to resultsô 

interpretation and manuscript drafting and reviewal. The final manuscript will be 

submitted to the peer-reviewed journal Corrosion Science. 

The second paper, presented in Chapter IV, entitled ñReliability of Electrochemical 

Techniques for the Non-destructive Monitoring of Corrosion of Reinforcing Steel in 

Concrete: Finite Element Modelingò reports results from a finite element model 

developed to investigate the mode of operation of the techniques. The primary objective 

of the paper was to investigate the observations obtained from the laboratory results 

through numerical and theoretical methods. The finite element model was developed 

and employed by the candidate. Dr. Ghods and Dr. Isgor contributed to model 

development and resultsô reviewing. All of the co-authors contributed to resultsô 
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interpretation and manuscript drafting and reviewal. The final manuscript will be 

submitted to the peer-reviewed journal Corrosion Science. 

The third paper presented in Chapter V, entitled ñCorrosion Resistance of Concrete 

Incorporating Supplementary Cementing Materials in a Marine Environmentò was 

presented at the 10th ACI/RILEM International Conference on Cementitious Materials 

and Alternative Binders for Sustainable Concrete and published as an American 

Concrete Institute peer-reviewed special publication (Fahim et al., 2017). This paper 

presents results obtained from steel-reinforced concrete specimens retrieved after 25 to 

27 years of exposure in a marine environment. The specimens included mixes not 

incorporating SCMs, and mixes with various SCM blends (25% fly ash, 10% silica fume 

and 50% slag), at a W/CM of 0.50. Testing included chloride-ion depth determination, 

rapid chloride permeability test, bulk electrical resistivity test and electrochemical 

corrosion-monitoring. The laboratory testing was performed by the candidate and by Dr. 

Moffatt. All co-authors contributed to reviewing the manuscript. 

The fourth paper presented in Chapter VI, entitled ñCorrosion Resistance of Chromium-

Steel and Stainless Steel Reinforcement in Concreteò provided results from a laboratory 

and field experimental study performed to determine the comparative performance of 6 

types of reinforcing steel to chloride-induced corrosion. The paper has been submitted to 

the peer-reviewed journal Materials and Corrosion. The steel types studied included: 

plain carbon-steel, chromium-steel (ASTM A1035 steel), and the 316LN, 304, 2205 and 

XM-28 grades of stainless steel. The study included laboratory experiments 

investigating the reinforcementsô corrosion resistance in a simulated concrete pore 

solution containing chlorides, with and without cycles of wetting and drying, as well as 
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in cracked concrete (ASTM A955 test), and un-cracked concrete (ASTM G109 test) 

exposed to chlorides. The study also included field experiments, where reinforced 

mortar-clad bars as well as exposed bars were exposed to a marine tidal environment for 

2 years. The experimental study was initiated by Alyson Dean from 2012 to 2014 

(Dean, 2014) and maintained by the candidate from 2015 to 2017. The candidate and 

Alyson Dean contributed to the manuscript writing. All co-authors contributed to the 

manuscript review process and resultsô interpretation. 

1.7 Significance of the Study 

This study aims to establish the use of the electrochemical corrosion monitoring 

techniques for field applications. The results obtained will be significant in expanding 

the knowledge base on the use of these techniques and their performance under different 

conditions prevalent in the field. The significance of the study lies in discovering the 

role that testing parameters and reinforced concrete characteristics play in the 

performance of the techniques and their ability to determine corrosion rates accurately. 

This can lead to a better interpretation of the obtained corrosion rates. This study also 

serves as the founding experimental and numerical work on a completely connectionless 

corrosion monitoring technique, which is expected to lead to a new perspective in 

corrosion monitoring and new generation of corrosion-monitoring devices that work 

completely non-destructively to monitor corrosion. This work provides guidelines on the 

use of the methods and the optimum test parameters to be used. It also provides 

guidelines on corrosion rate assessment under different conditions prevalent in the field 

and the laboratory. Furthermore, the study serves in discovering reasons for 
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inconsistencies between techniques and to provide a guide to engineers and researchers 

for optimizing their use in field conditions.  

This study also presents long-term results obtained from retrieving reinforced concrete 

specimens containing various levels of SCMs after exposure to a marine tidal 

environment for 25 to 27 years. This provides a unique opportunity to study the 

performance of SCM concrete, since limited field durability data exist on such systems 

exposed for such durations. This research serves as a valuable tool in answering the 

question of whether SCMs increase the time to corrosion initiation or if decreases in 

chloride threshold associated with these systems may have a substantial effect on the 

service-life of SCM concrete. 

Finally, this study is significant in understanding the performance of several corrosion-

resistant reinforcements using laboratory and field experiments. It serves in quantifying 

the chloride threshold enhancement, and subsequently the service-life extension 

associated with the use of stainless-steel and chromium-steel reinforcements. This will 

help in discovering whether chromium-steel can be used as a cost-effective alternative 

to stainless-steel. The comparative performance of different grades of stainless-steel will 

also be investigated to reach an understanding on the role of chemical composition on 

the performance of these reinforcements and to validate whether stainless-steels can be 

grouped into one group of similar chloride thresholds. 

 



 

13 

 

2 Chapter II  

Literature Review 

This chapter is divided into four main sections that deal with different aspects of 

corrosion initiation and propagation. In the first section, the theory of corrosion is 

discussed including passivation, depassivation and the electrochemistry of corrosion 

propagation is presented. In the second part, the linear polarization resistance theory and 

corrosion-monitoring techniques are presented. In the third part, the use of corrosion-

resistant reinforcements to delay corrosion initiation is discussed. Finally, the fourth 

section reviews the use of supplementary cementing materials to delay corrosion 

initiation. 

2.1 Fundamentals of Corrosion of Reinforcing Steel in Concrete 

2.1.1 Passivity 

Concrete is a porous material with a highly alkaline pore solution principally composed 

of sodium, potassium and calcium hydroxides that are obtained as a result of cement 

hydration. During normal conditions, the concrete pore solution maintains a pH that is in 

the range of 13.1 to 14. The pH of the pore solution depends on several factors 

including, but not limited to, binder composition, cement content, W/CM ratio, chemical 

admixtures and the incorporation of SCMs. Under these alkaline conditions, a passive 

layer is formed around the steel. This is a dense film which can, while present, mitigate 

corrosion (Bertolini et al., 2013). This can be seen through the Pourbaix diagram 

presented in Figure 2.1, which shows the metalôs state in various pH ranges and 

potentials. The electrode potential will be discussed further in 2.2.1. It is simply a 
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potential difference that arises when a metal that is immersed in a solution dissolves its 

own positive ions to the solution and carries a negative charge, leading to a potential 

difference between the electrode and the surrounding solution. Under the conditions 

prevalent in uncarbonated concrete (a pH of 13.1 to 14 and a potential of -400 to +200), 

steel falls in the passivity region. 

 

Figure 2.1 - Pourbaix diagram for iron at a temperature of 25°C (Roberge, 2008)  

Another method that is used frequently to visualize passivity is anodic polarization 

curves, such as that shown in Figure 2.2. These curves show the dependence between 

the electrode potential and the corrosion current density (or the corrosion rate). If a 

metal that does not show passive behavior is considered, as shown in Figure 2.2 (left), is 

immersed in a solution where an oxidizing agent is abundantly available, a stable 

potential and an associated corrosion rate will  eventually be exhibited. If the potential of 

the metal is increased by applying a potential shift, the corrosion rate of the metal will 

further increase. On the other hand, the behavior of steel exhibiting passive behavior is 

demonstrated such as that in Figure 2.2 (right), the behavior of this metal can be divided 

into three regions (1) active region (2) passive region (3) transpassive region. In the 
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active region, the behavior of this metal is similar to that of a metal that does not exhibit 

passive behavior, meaning that increases in potential cause an increase in the corrosion 

rate. However, for a metal that shows a passive behavior, further increases of the 

potential will cause a sudden decrease in the corrosion rate to negligible rates in which 

passivity can occur. In this range, potential increases produce little to no change in the 

corrosion rate. This is generally believed to be the results of the formation of the 

aforementioned protective film on the surface of the metal which is stable against a 

significant range of potentials. Finally, in the transpassive region, the corrosion rate 

starts increasing again due to the instability of the passive film oxides at such potentials. 

 

Figure 2.2 - Anodic polarization curve for an electrode not showing passivation control 

(left) and an electrode showing passivation control (right) (Ghods, 2010) 

The point at which the electrode acts on the anodic polarization curve is determined, as 

seen in Figure 2.3, by the intersection of the anodic curve (black lines) to the cathodic 

curve (red line). In uncarbonated, chloride-free concrete, the passive region covers a 

wide range of potentials and the cathodic reaction intersects the anodic curve at point A, 

if no external current is applied. In carbonated concrete, where the passive region does 

not exist, the anodic and cathodic curves intersect at point C. It is clear, therefore, that 
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the corrosion current is substantially higher in this case and corrosion occurs. When 

chlorides are introduced, the region of potentials in which the electrode exhibits 

passivity decreases. In this case, the range of potentials in which high corrosion rates 

occur shifts from the transpassive to the pitting region. The decrease in passivity region 

is dependent on many factors, including, but not limited to, the chloride content, oxygen 

content at the electrode surface, the buffering capacity of the host solution and the 

passive film properties. When this decrease occurs, the anodic and cathodic curves 

intersect at points labeled B in the Figure 2.3. Therefore, corrosion occurs and is 

sustained. 

 

Figure 2.3 - Anodic and cathodic polarization behaviors for chloride-induced and 

carbonation-induced corrosion (modified from Bertolini et al., 2013) 

The passive layer has generally been a main topic of controversy in the literature despite 

the large number of studies carried out on the topic. A large number of passive film 

formation and growth models have been developed such as the place exchange model 

(Sato and Cohen, 1964), the Bipolar fixed charge induced model (Sakashita and Sato, 
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1978), the point-defect model (Chao et al., 1981) and the hopping model (Kruger, 

1988), These models have shown to predict experimental results and observed 

phenomena rather closely. However, there still exists some aspects that are not covered 

by such models, and a full understanding of passive film formation and growth have not 

been attainable for every case.  

The oxide layer on passivated steel in concrete has been, in the past, considered an iron 

oxide layer of hematite (ɔ-Fe2O3) (Pourbaix, 1974). However, in later studies it has been 

shown that it is mainly made of metal oxides, and partly of minerals from the cement 

such as calcium hydroxide (Montemor et al. 2003). Investigations by Sagoe-Crentsil and 

Glasser (1989; 1990) suggested that this passive film is an iron-oxide layer formed by a 

solid solution with a spinel structure of Fe3O4-ɔ-Fe2O3. This structure was further 

supported in the literature by many authors (Cohen, 1978; OôGrady, 1980; Kruger, 

1988; Leek and Poole, 1990). Other authors have, however, observed the presence of 

FeOOH along with other forms of oxides in the passive film (Montemor et al., 1988).  

Studies by Ghods (2010) and Gunay (2011) showed, through transmission electron 

microscopy (TEM) and X-ray photoelectron spectroscopy (XPS), that the passive film 

thickness ranges between 3-15 nm. It was found to be characterized as a bilayer 

structure comprised predominantly of Fe2+ oxides/oxyhydroxides near the substrate 

surface and Fe3+ oxides/oxyhydroxides near the free surface. It was also reported that 

the Fe2+-rich layer was 2-3 nm thick, while the Fe3+-rich layer was found to be 10-15 nm 

thick. However, the Fe2+-rich layer was found to be the protective layer, while the Fe3+-

rich layer was found to be porous and not protective. Ghods et al. (2009) also showed 

the incorporation of Ca, Na and K, from the passivating solution, in the passive film 
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structure; which suggests that the solution composition may have an effect on the film 

properties. The thickness and corrosion-resistance characteristics of this layer have been 

found to be highly affected by the pore solutionôs characteristics such as pH and sulfate 

content, where higher pH values and lower sulphate ion concentration lead to passive 

films more resistant to chloride-induced corrosion initiation (Ghods et al., 2009).  

This layer will protect the reinforcement by the isolation of the metal from the outer 

environment of oxygen and water, which decreases the corrosion rate to negligible 

values (less than 1 µm/year). The protectiveness of this layer has been associated with a 

marked decrease in the ionic conduction of the film (Sanchez et al., 2007; Volpi et al., 

2015); meaning that the film would act as an ion barrier. Furthermore, it was recently 

reported that this film can be associated with a lower electronic conduction (Williamson 

and Isgor, 2016). However, this layer breaks down due to the reaction with acidic ions, 

due to the decrease in the pH value of concrete through carbonation, or due to chloride 

penetration. When this layer breaks down, leaving the metal exposed to the reaction 

with oxygen and water, corrosion is initiated. Once initiation happens, corrosion risk is 

posed and the rate of corrosion is mainly dependent on the prevalent environmental 

factors.  

2.1.2 Chloride-Induced Corrosion 

Chloride-induced corrosion is the leading cause of corrosion of reinforcing steel in 

concrete. Chlorides can come from several sources, such as diffusion into concrete from 

sea salt spray or deicing salts. They can also be part of the concrete due to the addition 

of chloride-based accelerators such as calcium chlorides or the use of aggregates 

contaminated with salts. The initial mechanism of chloride diffusion is suction, 
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especially in dry concrete. Salt water is absorbed and then there is a capillary movement 

of the salt-laden water through the pores. This is then followed by diffusion of the 

chloride-ions, until the chlorides reach the reinforcement in a concentration that is 

higher than the chloride threshold for corrosion initiation (Broomfield, 1997). 

The mechanism of the breakdown of the passive film by chloride ions was studied by 

many authors. Three general models were proposed: the first model was proposed by 

Leckie and Uhlig (1966) and suggested that the adsorption of Cl- with simultaneous 

displacement of O2- from the passive layer, leads to initiation of film destruction. The 

second model, proposed by Hoar (1967), contemplated that chloride ions lower the 

interfacial surface tension, which forms flaws and cracks in the passive filmôs surface. 

The author hypothesized that the passive film becomes significantly weaker when the 

repulsive forces between adsorbed ions become sufficiently large. The third model was 

developed by Chao et al. (1981) and involves ion migration through an exchange 

process between cation vacancies in the film and O2- or OH- ions. The authors suggested 

that Cl- ions reach the O2- vacancies in the passive film, leading to the formation of 

complexes with Fe2+. The decrease of oxygen vacancies at the film/solution interface 

caused by Cl-, was hypothesized to lead to the formation of voids due to faster iron 

dissolution, leading to pit formation and growth. The authors also suggested that 

absorbed Cl- ions displace water molecules (or OH-), which are the basis of the passive 

film. This results in the formation of soluble iron complexes. The solubility of these 

products releases chlorides, making them available for further reaction with iron.  

In recent decades, a large number of studies have focused on the so-called chloride 

threshold value. This threshold value corresponds to the chloride content measured at 
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the rebar surface that causes localized depassivation of the reinforcement. The threshold 

value has been shown to be affected by numerous parameters including the 

steel/concrete interface (Angst and Elsener, 2017), pore solution pH (Hausmann, 1967; 

Gouda and Halaka, 1970) and chemistry (Ghods et al., 2009), cement type (Ann and 

Song, 2000), electrical potential of the steel surface (Alonso et al., 2002), moisture and 

oxygen content of the concrete pore solution (Scheissel and Lay, 2005), the compound 

associated with the chloride (Andrade and Page, 1986), the chloride binding capacity 

(Lambert et al., 1991), and the method of threshold determination (Angst et al., 2009). 

This has led to the threshold values reported in the literature showing a large scatter, 

ranging from 0.04% to 8.34% by weight of cement. 

Regardless of the poor understanding of the depassivation mechanism or the 

disagreement on chloride threshold values, it is well-established that chlorides interact 

with the passive film at local sites where the film is most susceptible to attack, leading 

to the formation of unprotected, depassivated areas. These areas will act as anodes 

where iron dissolution occurs. On the other hand, other areas in which the passive layer 

remains intact act as cathodes. This setup leads to two half-cells forming, which can 

interact, as discussed in the next section, and cause corrosion propagation. 

2.1.3 Corrosion Propagation 

Once the passive layer breaks down, iron starts to readily dissolve in the concreteôs pore 

solution, while giving up electrons, in a process termed the anodic reaction, according to 

Eq. 2.1. 

Fe Ÿ Fe2+ + 2e-         (2.1) 
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To preserve the overall electro-neutrality, the electrons produced by the anodic reaction 

are then consumed elsewhere on the surface of the reinforcement. This cathodic 

reaction, shown in Eq. 2.2, consumes water and oxygen.  

2e- + H2O + ½ O2 Ÿ 2OH
-        (2.2) 

An electrolyte is necessary in conducting the ionic current flow between the anodic and 

cathodic sites. The pore solution of concrete serves as this medium. Soluble iron then 

passes by several more stages to form the commonly observed reddish-brown rust. The 

products of the anodic and cathodic reactions start forming ferrous hydroxide, which by 

reaction with oxygen and water forms ferric hydroxide, which, after time, hydrates 

forming hydrated ferric oxide. These reactions are shown in Eqs. 2.3, 2.4 and 2.5, 

respectively (Broomfield, 1997). 

Fe2++ 2OH- Ÿ Fe(OH)2
      ferrous hydroxide      (2.3) 

4Fe(OH)2 + O2 + 2H2O Ÿ 4Fe(OH)3   ferric hydroxide    (2.4) 

2Fe(OH)3 Ÿ Fe2O3.xH2O + H2O  hydrated ferric oxide    (2.5) 

Unhydrated ferric oxide has a volume of about two times that of steel. However, when it 

hydrates, this volume increases due to swelling, and due to it becoming more porous. Its 

volume in the hydrated form falls in the range of two to six times of that of steel it 

replaces (Broomfield, 1997). Under this outstanding increase in volume, huge expansive 

forces are formed, which leads to cracking and spalling of concrete, the main safety 

issue associated with corrosion. The full process is schematically shown in Figure 2.4. 
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Figure 2.4 - Schematic representation of corrosion propagation (Broomfield, 1997) 

2.1.4 Pitting and General Corrosion 

Pits are the starting point of corrosion of steel in concrete caused by chlorides. In pitting 

corrosion, the dissolution of steel occurs in a relatively small area, which becomes the 

anodic site, while the rest of the steel becomes the cathodic site. This leads to a very 

high corrosion rate in the anodic areas, and a rapid dissolution of the metal. While in 

general corrosion, the steel surfaces of the reinforcing bars tend to corrode uniformly 

over the full area, and anodic and cathodic areas fall in adjacent sites located in close 

proximity. General corrosion happens when carbonation is the main cause of corrosion 

initiation; since, in carbonation, the full rebar vicinity maintains a pH that is lower than 

that associated with the stability of the passive film (refer to Figure 2.1). 

The formation of pits starts at some point on the steel surface, where there is usually a 

steel-concrete interface defect (such as a void in the cement paste, a crack in the 

concrete, or a millscale crevice) or a passive film defect (such as the vicinity of a grain 

boundary or a sulphide inclusion). The passive layer in such a site is very susceptible to 

attack, leading to its breakdown. This leads to a local dissolution of the metal.  
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Once corrosion has initiated, a very aggressive environment will be produced inside the 

pits. The current flowing from anodic areas to surrounding cathodic areas increases the 

chloride content in the vicinity of the anodic sites (since chlorides are negatively-

charged ions, they will migrate to the anodic region). The alkalinity will also be reduced 

inside the pit, as acidity is produced by hydrolysis of corrosion products inside pits. 

Acids can be formed such as hydrogen sulphide, if a sulphide inclusion is present, or 

hydrochloric acid from the reaction with chloride ions (Broomfield, 1997).  A schematic 

representation of the pit formation is shown in Figure 2.5. The concentration of acids 

and exclusion of oxygen, due to being rapidly consumed by the cathodic reaction, leads 

to iron staying in the solution, preventing the reformation of the passive layer, which 

further increases the corrosion rate (Bertolini et al., 2013).  

 

Figure 2.5 - Schematic representation of a pit environment (Bertolini et al., 2013) 

In high permeability concrete, these pits tend to grow at the expense of cathodic sites. 

This is mainly caused by the interconnectivity of the pore system where the acidification 

caused by the pit formation and the availability of recycled chlorides tends to reach the 
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cathodically-polarized passive sites and depassivate the reinforcement surface. This 

leads to an increase in the anode to cathode ratio. This will not be seen in lower 

permeability concretes where pitting corrosion is characterized by galvanic action 

between relatively large areas of passive steel acting as a cathode and small anodic areas 

(Bertolini et al., 2013). This leads to a very rapid dissolution of iron in those pits with 

very high corrosion rates inside the pits and negligible corrosion rates in the pit vicinity. 

2.2 Electrochemistry of Corrosion and Monitoring Techniques 

2.2.1 Half -cell Potential Monitoring 

The half-cell potential monitoring technique is the most widely used qualitative 

technique to detect corrosion of reinforcing steel. It was introduced in the 1970s by 

Richard F. Stratfull in North America and by the Danish Corrosion Centre in Europe 

(Wang et al., 2014). The technique was standardized by ASTM in 1980 as C876 

ñStandard Test Method for Half-cell Potentials of Uncoated Reinforcing Steel in 

Concrete.ò 

When a metal is immersed in an electrolyte, a potential is set up across the 

electrode/electrolyte interface. As the metal dissolves in the electrolyte, metal ions 

remain free in the solution. These ions become surrounded by water molecules, or 

hydrated (solvated), due to waterôs polar configuration. The excess negative charge at 

the solid surface will attract positive ions to adsorb on the metal surface and repel 

negative ions. The attracted ions are assumed to approach the electrode surface and form 

a layer balancing the electrode charge. Positive ions and polar water molecules are 

attracted to the electrode surface. Water molecules form a first row at the electrode 
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surface; which limits the distance to which hydrated ions can approach the interface. 

Furthermore, the water molecules associated with the solvated cations limits the 

distance the cations can approach the surface. The plane of positive charge containing 

the cations closest to a negatively charged surface is, therefore, separated from the 

metal. This results in two layers of charge and a potential drop which is confined to this 

region. The resulting structure is termed the electrical double layer. This is analogous to 

a capacitor (denoted the double-layer capacitance) which has two plates of charge 

separated by some distance.  

The electrode potential can be visualized, simplistically, as shown in Figure 2.6. There 

is no direct way of measuring the potential difference between the electrode and the 

electrolyte, since attempts to connect one terminal of a voltmeter to the electrolyte and 

another to the electrode will lead to the development of another half-cell potential 

caused by the dissolution of the voltmeterôs terminal in the electrolyte. Therefore, it is 

necessary to introduce another half-cell in which the potential is known in order to 

determine the potential of the system under consideration. If two such cell are 

connected, the potential of the electrode/electrolyte system under consideration can be 

calculated by observing the potential difference between the two half-cells using a 

voltmeter. This has necessitated the introduction of a half-cell that can act as a datum to 

measure all potentials against. This cell was chosen to be the standard hydrogen 

electrode (SHE). This cell is composed of an inert platinum electrode in a molar solution 

of hydrogen ions at unit activity (i.e. 1.0 mole H+ ions in 1.0 Litre of water) saturated 

with hydrogen gas (H2) at a temperature of 25°C (Bertolini et al., 2013).  
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Figure 2.6 - Schematic representation of electrode potential (Chemguide, 2017) 

Two frequently-used half-cells in concrete research and practice are silver-silver 

chloride (SSC), and copper-copper sulphate (CCS). These half-cells have an 

experimentally known potential against the SHE half-cell. When connecting these half-

cells to a reinforcement, through a hole in the concrete, and observing the potential 

difference through a voltmeter, the corrosion potential of the reinforcement can be 

found. Figure 2.7 shows a typical half-cell potential measurement system, which uses a 

reference electrode and a voltmeter. 

 

Figure 2.7 - Half-cell potential measurement (Broomfield, 1997) 
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The observed potential difference will be a function of the ironôs tendency to dissolve, 

among other factors such as oxygen availability. By convention, the positive terminal of 

the voltmeter is connected to the steel and the negative terminal to the half-cell. This 

gives an increasingly negative reading for an increasing corrosion activity. If the cell is 

moved along the steel, different potentials will be observed because the iron is in 

different environments. At the anode it can readily dissolve, therefore more negative 

potentials are observed. While at the cathode, steel resists dissolution, providing more 

positive potentials. ASTM C876 presents an empirical way to evaluate and classify the 

corrosion activity within a system using the obtained half-cell potential measurements 

versus the copper/copper sulphate half-cell. This is shown in Table 2.1 along with other 

half-cells. 

Table 2.1 - Criteria for corrosion of steel in concrete for different standard half cells 

(Broomfield, 1997) 

Copper/Copper 

Sulphate 

Silver/Silver 

Chloride 

Standard 

Hydrogen 

Electrode 

Mercury/Mercury 

Chloride 

(Calomel) 

Corrosion Condition 

>-200 >-106 >+116 >-126 

Low (<10% risk of 

corrosion) 

-200 to -350 -106 to -256 +116 to -34 -126 to -276 

Intermediate (50% risk of 

corrosion) 

-350 to -500 -256 to -406 -34 to -184 -276 to -426 

High (>90% risk of 

corrosion) 

<-500 <-406 <-184 <-426 Severe corrosion 
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Despite its common use, various limitations exist for the half-cell potential method. One 

of the most important factors influencing the half-cell potential is the availability of 

oxygen. When concrete is completely saturated with water, the results obtained tend to 

be more negative than the real potential. This might lead to wrongful assessment where 

corrosion is being estimated to be present while in reality the reinforcement is passive 

but has no oxygen available in its vicinity. It should be also noted that the absence of 

oxygen tends to slow down the actual corrosion rate to negligible levels, which opposes 

what is seen through half-cell potential (Broomfield, 1997). This can be seen in Figure 

2.8, which shows experimental potentials obtained for a large number of structures at 

different conditions (Bertolini et al., 2013). It can be clearly seen that passivity and 

activity can cover a wide range of overlapping potentials depending on the oxygen 

content and the resistivity of the concrete, which opposes the values outlined in C876. 

 

Figure 2.8 - Ranges of typical potentials for different corrosion states and exposure 

conditions (Bertolini et al., 2013) 

Another limitation of this method is that it is only qualitative. It can only show, to a 

limited degree of certainty, if corrosion is thermodynamically favored or not. However, 
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it cannot show the rate of propagation of corrosion. Finally, it should be noted that such 

a method cannot detect localized corrosion and it should be stressed that the potentials 

measured at the surface of the concrete are not the potentials at the steelôs surface 

directly below the point where the half-cell is located. There is a dilution of potential 

that is highly affected by the cover depth, resistivity and A/C ratio. Results by Pour-

Ghaz et al. (2009), which were obtained through a finite element model in which 

potential maps were analyzed at the concrete surface and compared to that at the steel 

surface, are shown in Figures 2.9 and 2.10. The effect of resistivity on the measured 

half-cell potentials, shown in Figure 2.9, indicates that anodic and cathodic surfaces can 

only be differentiated in cases of resistivity much higher than those associated with 

chloride-laden concrete. The effect of cover depth, shown in Figure 2.10, indicates this 

distinction is also not possible for large cover depths. 
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Figure 2.9 - Effect of resistivity (a: 50 ohm.m; b: 5000 ohm.m; c: 10000 ohm.m) on 

half-cell potentials measured at the concrete surface and the steel-concrete interface 

(Pour-Ghaz et al., 2009) 
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Figure 2.10 - Effect of cover depth on measured half-cell potential for a cover depth of 

(a) 20 mm and (b) 140 mm (Pour-Ghaz et al., 2009) 

2.2.2 Linear Polarization Resistance Technique 

The corrosion rate is dependent on both the anodic and cathodic reactions, as they both 

have to happen simultaneously in order for corrosion to proceed. As electrons flow from 

an anodic to a cathodic site, due to the difference in their equilibrium potentials, this 

flow induces a current that is directly proportional to the electrons being produced. The 

amount of metal that is corroding is directly proportional to the anodic current that is 

being passed by this reaction, and therefore the number of electrons that are released. 

These electrons are being consumed at the cathodic site, during the reaction with oxygen 
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and water to form hydroxyl ions. This means that the cathodic and anodic currents must 

equal each other, leading to an overall net current of zero. This current is the main 

interest of an engineer when trying to classify the corrosion state of reinforcement. This 

current is an indication of the rate of flow of electrons which is an indication of the rate 

of the corrosion of the reinforcement.  

As the overall observed current on a reinforcement is zero, there is no direct way of 

measuring these currents, especially since the anodic and cathodic sites are not usually 

clearly defined. However, it is well-established that this corrosion current occurs due to 

the anodic polarization of the anodic sites and the cathodic polarization of the cathodic 

sites, from their equilibrium potentials. The relationship between the change in potential 

from the equilibrium potential and the corresponding current is the Butler-Volmer 

equation, which is shown in Eq. 2.6 (Frankel, 2016). 

Ὥ Ὥ ÅØÐ‍ – ÅØÐρ ‍ –       (2.6) 

where i is the net current density, io is the exchange current density (a constant for the 

system that is a factor of the chemical activation energy, the temperature, the 

concentration of oxidizing and reducing agents, and the material), ɖ is the overpotential 

(the change in potential from the equilibrium potential), ɓ is the symmetry coefficient 

(which is usually taken as 0.5, indicating that the change in potential helps the oxidation 

and reduction reactions equally), n is valency of the metal, F is Faradayôs constant 

(96,500 C), R is the gas constant (8.314 J/molK), and T is the absolute temperature (in 

K). It should be noted that /the positive term [ÅØÐ‍ –] represents the anodic 

portion of the reaction, while the negative term, ÅØÐρ ‍ –  represents the 

cathodic portion (Roberge, 2008). 
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When plotting the Butler-Volmer equation of overpotential versus current, it produces a 

curve such as that shown in Figure 2.11. Where in the left portion, the cathodic portionôs 

current increases with the increase in negative potential (decrease in potential), while the 

anodic current increases with the increase in potential. It should be noted that the two 

sides of the figure plotted are not the anodic and cathodic reactions of the corrosion 

process, but the anodic (e.g. Fe Ÿ Fe+2 + 2e-) and cathodic (e.g. 2e- + Fe2+ Ÿ Fe) 

portions of one reaction, such as the metalôs dissolution/deposition. The same curve can 

also be drawn for oxygen reduction and oxidation as shown later. 

 

Figure 2.11 - Typical Butler-Volmer curve 

Another way to represent the Butler-Volmer equation is using the logarithm of the 

current. This leads to the well-known ñEvans Diagramò. This can be done for both the 

oxidation-reduction of the metal (iron in our case of interest) and the reduction of the 
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oxidizing agent (oxygen in our case of interest). If both equations for the metal and 

oxygen are plotted, it produces a plot similar to that shown in Figure 2.12 (note that the 

exchange current densities and Tafel coefficients are chosen arbitrarily for the purpose 

of demonstration). This clearly shows that due to the equilibrium potential of the anode 

being lower than that of the cathode, the anode becomes anodically polarized and the 

cathode becomes cathodically polarized. Therefore, it is the difference in equilibrium 

potentials of these reactions that is the driving force of the corrosion process to occur.  

 

Figure 2.12 - Generalized Butler Volmer Curve for anodic and cathodic half-cells 

Since the cathodic reaction consumes the electrons produced during the anodic reaction, 

the anodic and cathodic currents should, in equilibrium state, be equal to each other. 

This only occurs in cases of microcell corrosion; where the anodes and cathodes are in 

very close proximity leading to an insignificant IR-drop between anodic and cathodic 
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sites. At this instance, both the anodic and cathodic currents are at corrosion current icorr. 

At this point, the equilibrium potential is the corrosion potential, Ecorr. It should be noted 

that this point is always at the anodic portion of the metal dissolution curve, and the 

cathodic portion of the reduction reaction of oxygen. 

When a reinforcement is polarized, by the application of an overpotential, its reaction 

occurs away from its equilibrium potential. Assuming that this polarization is in the 

anodic direction, the cathodic portion of the reaction will be negligible. A simplification 

can be made to the Butler-Volmer equation in this case, showing only the anodic portion 

of the reaction. This is shown in Eq. 2.7. 

Ὥ Ὥ ÅØÐ‍ –           (2.7) 

The same idea could be applied to the cathodic polarization, as shown in Eq. 2.8, by the 

application of an overpotential, in which the cathodic reaction occurs away from its 

equilibrium potential. Where the anodic portion of the reaction is negligible. 

Ὥ Ὥ ÅØÐρ ‍ –         (2.8) 

In order to represent this in a simpler manner, the constants in the equations, such as 

Faradayôs number, the gas constant, the valency, the temperature, and the ɓ coefficient 

are all gathered producing two constants ba, and bc, the anodic and cathodic Tafel 

constants, shown in Eqs. 2.9 and 2.10. 

ὦ
Ȣ

          (2.9) 

ὦ
Ȣ

          (2.10) 

The use of these constants leads to a more convenient representation of the Butler-

Volmer equation, as shown in Eq. 2.11 
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Ὥ Ὥρπ ρπ          (2.11) 

Provided that ɖ is small in this equation, an approximation can be done to this equation 

as shown in Eq. 2.12. 

ρπ ρ ςȢσ           (2.12) 

Substituting Eq. 2.12 into 2.11, Eq. 13 yields. 

Ὥ ςȢσὭʂ          (2.13) 

Arranging this equation once again leads to Eq. 2.14. 

Ὅ
Ȣ 

        (2.14) 

If all of the constants are grouped and termed B, where ὄ
Ȣ

  and the rate of 

change of voltage to current is termed Rp where Ὑ  the Stern and Geary 

equation, Eq. 2.15, is derived (Stern and Geary, 1957). 

Ὅ           (2.15) 

Devices that use the linear polarization resistance technique rely on the fact that by 

polarizing the electrode, through applying a certain polarizing current, a change in 

potential results, which is inputted in the Stern and Geary equation. Such techniques 

typically use a three-electrode system, including a reference electrode, a counter 

electrode (CE), and a working electrode. The reference electrode is similar to those 

discussed previously in section 2.2.1. The counter electrode is the electrode that applies 

the potential or current perturbation necessary for polarizing the reinforcement. The 

working electrode is the steel reinforcement. The final equation used by all of the 

devices that rely on LPR is shown in Eq. 2.16, where the Stern and Geary equation is 



 

37 

 

normalized by the area polarized by the polarizing current in order to present a corrosion 

current density. 

Ὥ  
 

          (2.16) 

A typical LPR device uses a connection with the working electrode through a hole in the 

concrete. The user imposes the device over a point in the reinforcement, and the device 

can then detect the half-cell potential of the reinforcement. The device then, applies a 

small perturbation of approximately 10-20mV around the corrosion potential measured 

by the reference electrode. The next step includes an observation of the changes in 

current in reaction to the applied change in voltage; which can be used to calculate the 

corrosion current density. 

A value for B of 26 mV is typically used, in case of an actively corroding system. If the 

steel is considered to be passive, a Stern-Geary coefficient of 52 mV is used. This is 

based on the findings of Andrade and Gonzalez (1978) in which they found that 

satisfactory results were obtained with these coefficients. Since it is not always known 

whether the steel is in a passive or active state of corrosion, an accepted way is to 

assume a coefficient of 26mV for all cases, since assuming a lower B coefficient for a 

passive case in which icorr is already small, will not affect the classification of the 

reinforcement, and will still keep it in a passive state classification (Millard and 

Broomfield, 2002).  

The obtained corrosion current density, icorr, is an indication of the corrosion activity as 

well as a way to calculate the loss of reinforcement section due to corrosion. This is 

done using Faradayôs law as shown in Eq. 2.17 (Broomfield, 1997). 
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ά             (2.17) 

Where m is the mass of steel consumed by corrosion (g), I is the corrosion current (A), t 

is time (s), F is Faradayôs constant, 96,500 C, z is the ionic charge, 2 for the case of 

steel, and M is the molar mass of metal (56g for Fe). Table 2.2 shows the classification 

of corrosion activity according to the corrosion current density. Different corrosion 

classifications were used in the past by different authors but they generally fall in the 

same range shown. 

 

Table 2.2 - Corrosion classification assumed according to LPR corrosion current 

measurements (Song and Saraswathy, 2007) 

Corrosion current density (˃A/cm2) Corrosion classification 

Up to 0.1 Passive condition 

0.1-0.5 Low to moderate corrosion 

0.5-1 Moderate to high corrosion 

More than 1 High corrosion rate 

2.2.3 Galvanostatic Technique. 

The galvanostatic pulse technique was introduced for field application in 1988. It is a 

rapid, non-destructive technique, used mainly as an on-site monitoring technique. In this 

technique, an anodic current pulse is imposed on the reinforcement from a counter 

electrode placed on the concrete surface. The applied current is usually in the range of 

10 to 200 ɛA and the typical pulse duration is up to 10 seconds. The reinforcement is 

polarized in an anodic direction compared to its free corrosion potential. The resulting 
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change of the electrochemical potential of the reinforcement is recorded via a reference 

electrode mounted on top of the concrete cover over the reinforcement under 

consideration. Using the recorded voltage change and the known current applied, the 

polarization resistance could be calculated. A typical potential transient response 

obtained after the application of a galvanostatic pulse is shown in Figure 2.13. 

 

Figure 2.13 - Typical Galvanostatic Polarization Plot (Germann, 2004) 

Figure 2.13 clearly shows two distinct time transients. The first one is associated with 

the instantaneous potential shift, which is due to the ohmic resistance of the electrolyte. 

This is due to the electrolyte capacitance being of a very small magnitude and due to it 

becoming charged in a very short span of time. This sudden shift has to be analyzed and 

excluded in order to reach a value for Rp. The other time transient is a much slower one, 

in which the double-layer capacitance, associated with the electrolyte-electrode 

interface, is being charged. Using this slower transient, the polarization resistance can be 

determined. 

In the galvanostatic technique, it is assumed that a simple Randles circuit (a circuit that 

is composed of a resistor representing the concrete coverôs ohmic resistance, in series 
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with two parallel components of the doubler-layer capacitance and the polarization 

resistance) describes the potential response, Vt, of the steel-concrete system as a 

function of time when a galvanostatic current, Iapp, is applied. Under this assumption the 

potential response, Vt, as a function of the polarisation time, tp, can be expressed by Eq. 

2.18 (Elsener, 2005). 

ὠὸ Ὅ Ὑ ρ ÅØÐ Ὑ        (2.18) 

Where Iapp is the applied polarization current, t is the time from application of current, 

Cdl is the capacitance of the steel-concrete interface and Rɋ is the Ohmic system 

resistance. Two methods for obtaining the Rp and Cdl from this equation can be used; a 

linearization or an exponential curve fitting procedure. The GalvaPulse instrument, 

which will be used during this project, makes use of the linearization technique. 

By changing Eq. 2.18 to a logarithmic form, Eq. 2.19 results (Elsener, 2005). 

ÌÎὠ ὠὸ ÌÎ Ὅ Ὑ        (2.19) 

Where Vmax is the final voltage value obtained after a steady state is reached after a long 

polarization. Extrapolation of this straight line to t = 0, using least square linear 

regression analysis, yields an intercept corresponding to ln (Iapp Rp) with a slope of
 

. 

The remaining over potential corresponds to Iapp Rɋ. This is illustrated in Figure 2.14. 
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Figure 2.14 - Linearization method (Poursaee, 2007) 

The device to be used in this research presenting the galvanostatic technique is 

GalvaPulse. Figure 2.15 shows a schematic of the device developed by FORCE 

technology and Germann Instruments. 

 

Figure 2.15 - Galvapulse device schematic (Germann, 2004) 

The device uses an Ag/AgCl reference electrode which records the change of potential 

of the reinforcement throughout the polarization process, and a zinc counter electrode 

which applies the galvanostatic current pulse on the reinforcement. An auxiliary guard 
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ring electrode (GE) surrounding the inner counter electrode is also used. The current 

applied from the guard ring is hypothesized to repel the lines of current from the central 

counter electrode, confining them to an area of the structure located approximately 

under the counter electrode (Germann, 2004). The current applied by the guard ring is 

controlled through an initial measurement of the potential of the counter-electrode and 

guard ring versus the reinforcement. The current applied from the guard ring is then 

estimated in order to ensure that the potential difference between the counter and guard 

electrodes remains the same as that before the polarization. 

Flis et al. (1992) developed a finite element model to study the performance of the guard 

ring technique in delimiting the lateral flow of the polarizing current. Their results 

indicated that the guard ring was unable to confine the signal distribution completely 

below the counter electrode. They found that the degree of success in the application of 

the guard ring technique depends on the magnitude of the polarization resistance, 

concrete cover thickness (most significant parameter), the design of the CE system used, 

and the separation distance between the counter electrode and the guard ring.  

Luping (2002) found that the galvanostatic pulse measurements overestimate the true 

mean corrosion rate, especially for the passive steel bars. The author found that the 

corrosion rates obtained by the GalvaPulse were generally higher than those calculated 

by mass loss over the whole reinforcement. However, the results were very comparable 

to those obtained by calculating mass loss divided by the corroded area of steel. The 

author attributed this to the heterogeneous distribution of the imposed galvanostatic 

current. Nygaard et al. (2009) found results that do support Lupingôs (2002) conclusion. 

This study showed that the device provided almost no current confinement in the 
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passive state. However, in the active state the current seemed to confine well to the 

anodic areas over the whole reinforcement (not the area under the counter electrode as 

assumed by the device). This can explain why results by Luping (2002) showed great 

consistency when comparing the corrosion rate results to mass loss of the anodic areas 

only. Vedalakshmi et al. (2010) also found similar experimental results and reported that 

the corrosion rate obtained by GalvaPulse was very close to the corrosion rate obtained 

by mass loss in the active state. However, the device seemed to overestimate the passive 

state corrosion rate significantly. 

Nygaard et al. (2009) found that, for passive reinforcement, GalvaPulse overestimated 

the real corrosion rate by a factor of approximately 100. They attributed the 

overestimation to the instrument not being able to effectively confine (or compensate 

for) the lateral spreading of the counter-electrode current. The authors also demonstrated 

that the instrument polarized the reinforcement way beyond the linear potential-current 

region around the free corrosion potential. In the case of reinforcements with intense 

localized corrosion, the instrument could not locate the active areas due to the self-

confining effect of the active area (i.e. the active area consumed the current even in 

cases where the counter electrode was far from it). They found that GalvaPulse 

underestimated the corrosion rate of the pits by a factor of approximately 2. The 

underestimation was due to a combination of the constant confinement length used by 

the instruments, which was considerably larger than the actively corroding pits, and the 

obtained confinement. 

Wojtas (2004) developed a finite element model in order to determine the effect of 

current confinement on the measured Rp. The author found that when the corrosion is 
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uniform, the current distribution under the modulated GE is a superposition of both CE 

and GE currents and depends on testing condition. At high corrosion activity an óóover 

confinementôô through the GE takes place, that may be a source of serious 

underestimation of the corrosion rate. The author concluded that neither the 

measurement with the confining guard ring electrode nor that without confining deliver 

appropriate values of the polarization resistance in the entire range of corrosion activity 

from the passive to the active state 

Poursaee (2007) found that GalvaPulse shows higher corrosion rate values compared to 

the other techniques. Experimental results show that the guard ring not only cannot limit 

the polarized area, but actually increases the polarized length of the steel. The author 

reported that the polarized length can reach more than a metre with the guard ring on. 

When comparing the corrosion rate results to mass loss, it was found that the device 

generally overestimates the corrosion rate especially for the passive reinforcements. 

Martinez et al. (2010) found that the confinement of the GalvaPulse does not seem to be 

fully achieved. They reported that the Galvapulse device generally considers a smaller 

area than the real polarized one, leading to an overestimation of the corrosion rate. In the 

case of non-corroding specimens, even when small laboratory specimens are measured, 

the Galvapulse device always gave higher values than those corresponding to passive 

steels. They attributed this to short waiting times allowed by the device in which ȹE was 

not appropriately found; due to the electrode not reaching quasi-steady-state conditions. 

This is due to the device using a measurement time of only 10 seconds while passive 

electrodes have shown to require much longer times in order to reach quasi-steady-state 

conditions. 
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Gepraegs and Hansson (2005) found that GalvaPulse generally showed the highest 

corrosion rate results when compared to other corrosion monitoring devices. They 

concluded that the guard ring electrode is not able to apply a discrete current 

independent of the counter electrode. Instead, it appears that the counter and guard ring 

electrode act as one large electrode. Which leads to high polarization areas and higher 

applied currents.  

2.2.4 Potentiodynamic Technique 

In this method, the electrodeôs equilibrium potential is swept through the application of 

a potential difference between the electrode and the counter electrode that is mounted on 

the surface of the concrete. The potential is swept from -10 to +10 mV, relative to the 

open-circuit potential, in order to ensure the assumed linearity between polarizing 

currents and the potential response. The amount of current flowing from the counter 

electrode to sustain this potential difference is then monitored. The known potential 

perturbation divided by the change in current gives the polarization resistance. However, 

the measured resistance includes the effect of resistance due to the electrolytic 

resistance. This makes the final polarization resistance obtained through the form shown 

in Eq. 2.20. 

Ὑ
Ў

Ў
ὙЏ          (2.20) 

where ȹV/ȹI is the slope of the potential and current relationship, RÝ is the ohmic 

resistance and Rp is the polarization resistance. 

In this study, a Gamry potentiostat reference 600TM was used for all potentiodynamic 

measurements. A 12 cm long, 6 cm wide, 1 cm high stainless-steel plate was used as a 

counter electrode. The potential was swept from -10 mV to +10 mV with respect to the 
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open-circuit potential with a potential sweep rate of 0.167 mV/sec. The potential was 

recorded through a Ag/AgCl electrode that was fixed in the middle of the counter 

electrode. The ohmic resistance was obtained from EIS through finding the impedance 

coinciding with the minimum phase angle. 

Alghamdi and Ahmad (2014) found an excellent correlation between potentiodynamic 

results and gravimetric results irrespective the cover thickness, chloride concentration, 

and concrete quality. It should, however, be noted that the reinforcement lengths used in 

this study were very short (10 cm) and no issues could arise from the ambiguity of 

polarized lengths. Pradhan and Bhattacharje (2009) used the potentiodynamic technique 

with a guard ring electrode and found that the values of corrosion current density 

obtained were in close agreement with those obtained from gravimetric (mass loss) 

measurements and the average percentage variation in values by two techniques was 

about ±6% for all of the used cement types, steel types and mix parameters.  

Soleymani and Ismail (2004) compared the technique to Tafel plots and found that the 

potentiodynamic technique provided higher results than those obtained by tafel plots, 

but both methods suggested very similar corrosion activity levels for more than 96% of 

the 104 specimens investigated. So and Millard (2007) compared galvanostatic 

technique to the potentiodynamic technique and found that the corrosion rates calculated 

from galvanostatic pulse transient technique are generally higher than those evaluated 

from the potentiodynamic technique. Almutlaq and Chaudhary (2013) also found that 

the potentiodynamic technique results agreed with those obtained from gravimetric 

studies for high corrosion rates as well as passive reinforcements, for intermediate 

corrosion rates, however, the consistency decreased and the technique seemed to 
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underestimate the corrosion rate, although it followed the same trend as that of 

gravimetric results. 

2.2.5 Coulostatic Technique 

The coulostatic technique involves the application of a known amount of charge, and the 

observation of the potential discharge following the charge application. The potential 

transient obtained after the application of a quantity of charge to a system that resembles 

the Randles circuit follows that shown in Eq. 2.21 (Hassanein et al., 1998). An example 

of these transients obtained for the passive and active conditions is shown in Figure 

2.16. 

– –ÅØÐ          (2.21) 

where ɖt is the potential shift at any time t, ɖo is the initial potential shift and Űc is the 

coulostatic time constant (Űc = CdlRp). The theoretical transient may be fitted to the 

measured data by adjusting ɖo and Űc to minimize the squared differences between the 

predicted and measured data. This step, however, does not result in the determination of 

the double layer capacitance or the polarization resistance explicitly, but their 

multiplication product (Űc). 
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Figure 2.16 - Typical coulostatic transient for the case of passive and active rebars 

When an amount of charge is applied to the Randles circuit, the circuitôs capacitors 

become instantaneously charged. In this case, the potential shift measured at time zero 

corresponds to the potential shift caused by the charging of the capacitor. Therefore, the 

double-layer capacitance (Cdl) can be directly found from Eq. 2.22, using the initial 

potential shift, ɖo, which is obtained from curve fitting as shown in Eq. 2.21; if its 

assumed that the electrolyte capacitance is negligible. Finding this capacitance then 

allows the determination of the polarization resistance (Rp = Űc/Cdl) through the time 

constant obtained from Eq. 2.22. 

ὅ            (2.22) 

where qs is the applied quantity of charge.  
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A marked difference between the coulostatic transient and the galvanostatic one is that 

the transient response equation for the coulostatic technique does not include an ohmic 

resistance term. This is due to the transient being an open-circuit discharge which is not 

expected to be influenced by any ohmic contribution. This is since the Randles circuit, 

which is assumed to model the steel-concrete system, assumes that no capacitive effects 

are imposed by the electrolyte, and therefore assumes that the electrolyte cannot be 

charged by the application of such a quantity of charge. 

To implement this technique, a device was provided by Dr. Alan Scott from the 

University of Canterbury. The device makes use of a circular stainless-steel electrode of 

6 cm in diameter was used with an Ag/AgCl electrode at the center of the counter 

electrode. A current of 4 mA was applied for a duration of 50 ms resulting in a total 

applied charge of 200 mC. The polarized area was assumed to be the full specimen due 

to the device applying a current with a relatively high magnitude and due the absence of 

a current confinement technique 

Due to the technique being relatively new for steel-concrete systems, very limited 

research has been done on it and very limited reported results compare the technique to 

the gravimetric mass loss. Scott (2015) found that the coulostatic technique was able to 

accurately determine the corrosion rate when compared to gravimetric mass loss for a 

wide range of concrete resistivities. The maximum difference between the estimated 

mass loss through the coulostatic method and the measured gravimetric mass loss was 

70%. Otieno et al. (2016) found that corrosion rate measurements using the coulostatic 

technique give a clear indication of the corrosion activity in the RC structure and can 
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therefore be reliably used for corrosion assessment in both cracked and uncracked 

concrete. 

Glass (1995) suggested that the time constant is insensitive to area which can be used to 

determine the polarized area in cases where the polarized reinforcement length is 

unknown. He also reported that the width of the perturbing pulse should typically be 

shorter than 35 ms to ensure that the perturbation itself does not affect the shape of the 

corrosion dependent transient. This supports the findings of Rodriguez and Gonzalez 

(1994), who suggested that the pulse should be as short as practical to produce reliable 

results. 

2.2.6 Electrochemical Impedance Spectroscopy (EIS) 

EIS relies on analyzing the dependence of electric circuit components on the frequency 

of an applied AC current. EIS has gained popularity in recent years for the use in 

reinforced concrete systems; since analyzing the system response provides very valuable 

information about the corrosion rate, double-layer capacitance, interface structure 

reactions which are taking place and electrolytic resistance.  

An electrochemical system such as corrosion of reinforcing steel can be modeled by the 

use of simple circuits such as the Randles circuit shown in Figure 2.17. This circuit 

includes a resistor (Rs in Figure 2.17) which represents the electrolyteôs resistance 

towards the polarizing current. It also includes a capacitor (the double-layer 

capacitance) and a resistor (polarization resistance), in parallel, that represent the 

electrode surface. This double-layer capacitance is formed as ions from the pore solution 

adsorb onto the reinforcement surface. The charged electrode is, in this case, separated 

from the charged ions by an insulating space, often in the order of angstroms. Charges 
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separated by an insulator form a structure which is very similar (in perfect cases 

identical) to a capacitor. These two paths (the capacitor and resistor) are presented as 

two elements in parallel. This means that a part of the current will pass in each, 

depending on the impedance or resistance values of each and depending on the 

frequency of the applied current.  

 

Figure 2.17 - Randles circuit 

When a DC current is applied to such a system, only resistors will resist the flow of this 

current after the capacitance is charged. In the case of an AC current (frequency is not 

equal to zero) all circuit elements can affect the flow of current (e.g., resistors, 

capacitors, and inductors) and cause a resistance. In the case of AC current, Ohmôs law 

is represented by Eq. 2.23. This is the same as the well-known V=IR equation which 

applies to DC current. However, this equation considers the impedance characteristics 

(Z) of the circuit in opposition to an AC current. 

V=IZ           (2.23) 

The created resistance by capacitors and inductors (imaginary impedance) depends on 

the frequency of the applied current while that created by a resistor (real impedance) is 

independent of frequency. Therefore, the portion of current flowing by each of the 

capacitors and the resistors will highly depend on the frequency of the applied current; 
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since this frequency affects the magnitude of the capacitorôs impedance. The main idea 

behind EIS is that by changing the frequency and recording the change in impedance, 

the characteristics of the system can be analyzed.  

Consider an AC sinusoidal voltage that is applied through a circuit with just a resistor, 

the resultant current will have the same frequency with no phase shift. If the circuit 

consists of capacitors and/or inductors, the resulting current will differ in time and it will 

have a phase shift. This phase shift happens due to the capacitorôs ability to store 

electrical energy temporarily in an electric field. For a perfect capacitor, which is never 

the case for steel in reinforced concrete, the current has a phase shift of 90°. This 

relationship is represented schematically in Figure 2.18. 

 

Figure 2.18 - Sinusoidal AC Voltage and Current Signals (ASTM G106, 2015) 

A sinusoidal current or voltage can be pictured as a rotating vector as shown in Figure 

2.19. In this figure, the current vector rotates at a constant angular frequency (ɤ= 2ˊf). 

The x component defines the in-phase current which is the ñrealò component of the 

rotating vector. The y component defines the out-of-phase (stored) current which is the 

ñimaginaryò component of the rotating vector. The mathematical description of the two 
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components is presented in Eqs. 2.24 and 2.25 while their moduli in presented in Eq. 

2.26. 

Ὅ Ὅ ÃÏÓ ‫ὸ —        (2.24) 

Ὅ ὍÓÉÎ ‫ὸ —        (2.25) 

Ὅ Ὅ Ὅ         (2.26) 

 

Figure 2.19 - Relationship between sinusoidal AC current and rotating vector 

representation (Silverman, 1986) 

Another way to present this is through vector terms as shown in Eqs. 2.27 to 2.31. 

Where Iô, Eô and Z are the real current, voltage and impedance respectively and Iò, Eò 

and Zò is the imaginary current, voltage and impedance respectively.  Note that j is the 
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imaginary number (Ὦ Ѝ ρ) but j is usually used in electrochemistry instead of the 

usually used i to refer to it, to prevent confusion with the symbol for current.  

Ὅ Ὅ ὮὍͼ          (2.27) 

Ὁ Ὁ ὮὉͼ          (2.28) 

ὤ ὤ ὤͼ
ͼ

ͼ
         (2.29) 

ὤ ὤ ὤͼ         (2.30) 

ὸὥὲ—
ͼ
          (2.31) 

Now that the real, imaginary and total impedance components are defined, the main goal 

of EIS is to measure each of these at different frequencies by measuring the current, 

voltage and phase shift. This can be done by simply applying a current and measuring 

the voltage through a mounted reference electrode. By measuring the phase shift 

between the current and potential, while knowing the frequency and time, all of the 

aforementioned components can be found at each different frequency. 

Table 2.3 shows the impedance expressions for some relevant simple circuit elements. 

As can be seen, there is no imaginary component for the impedance of a resistor, which 

means that the phase shift is zero and the current is in phase with the potential. On the 

other hand, the impedance of the capacitor has no real component and its imaginary 

component is a function of both capacitance and frequency. The current through a 

perfect capacitor is always 90° out of phase with the potential. 
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Table 2.3 - Impedance equations for resistors and capacitors (Princetion Applied 

Research, 2003) 

 

Looking back at the Randles circuit, at very high frequencies, a capacitor acts as a short 

circuit and its impedance is close to zero. At this point, the current passes through the 

path of least resistance which means that the current passes by Rs (which is the same as 

Rc in our case) and then passes by the capacitance which has a resistance that is much 

lower than its parallel side (Rp). This means that at very high frequencies, the only 

resistance that the current passes by is Rs, so the total impedance at those frequencies is 

equal to Rc. Conversely, at low frequencies a capacitor behaves as an open circuit, and 

its impedance tends toward infinity. This means that the applied current will again 

follow the path of least resistance, which makes it pass by Rs and Rp as if they were in 

series and ignoring the path of infinite resistance (the capacitor). This yields a direct 

measurement of the summation of Rs and Rp as the total impedance at low frequencies. 

The most common forms of representing an electrochemical system are the Nyquist and 

Bode plots. In the Nyquist plot, the imaginary impedance is plotted against the real 

impedance. This is shown in Figure 2.20 for the case of a Randles circuit. Although this 

plot does not show the frequency, it is known that the lowest frequencies are on the right 

side of the plot. Recall that the imaginary impedance caused by the capacitor diminishes 

in two case: one in which the impedance of the capacitor is infinite and the whole 
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current passes by RÝ and Rp and one when the impedance of the capacitor is zero and 

current passes by only one resistance, RÝ. This can be seen in the Nyquist plot in which 

the leftmost intersection (at very high frequencies) shows RÝ while the rightmost 

frequencies (very low frequencies) show RÝ+Rp. 

 

Figure 2.20 - Nyquist plot for the Randles circuit (Princeton Applied Research, 2003) 

A Bode plot is another popular presentation method for the impedance data. In the Bode 

plot, the total impedance, or phase shift, is plotted versus the log of frequency. Figure 

2.21 shows a typical Bode plot. Since the frequency appears in one of the axes in the 

Bode plot, it is easy to understand the dependence of impedance on the frequency from 

the plot. Again, through analysing the frequency dependence of the impedance RÝ and 

Rp can be found in the high and low frequency regions respectively (recall that at very 

low and very high frequencies there is no imaginary impedance). At the highest 
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frequencies the ohmic resistance controls the impedance and RÝ can be found as the 

total impedance while at the lowest frequencies, polarization resistance contributes, and 

log (Rp+RÝ) can be found.  

 

Figure 2.21 - Bode plot for the Randles circuit (Princeton Applied Research, 2003) 

The appropriate circuit models that can present the corrosion of reinforcing steel have 

been the topic of research for many years. The simplicity of the Randles circuit does not 

always represent the system in many cases. The first problem encountered with the use 

of the simple Randles circuit is the use of a capacitor to represent the double layer 

capacitance. In real electrodes, the double-layer behavior associated with the steel-

concrete interface is very far from being a perfect capacitor. The presence of displaced 

semicircles found in earlier studies led to suggesting a non-ideal behavior of the 

capacitor, which led to the introduction of a constant phase element (CPE) in the 
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equivalent circuits (Sagues et al., 1995). The discussion of what causes a CPE behaviour 

and the physical meaning of it is out of the scope of this review. Several theories 

(surface roughness, ñleakyò capacitor, non-uniform current distribution, etc.) have been 

proposed to account for the non-ideal capacitor behavior of the double layer. It can be 

viewed as a property of the double layer system that is not homogeneous or that has 

some distribution (dispersion) of different values. More information about the topic and 

a discussion of its theory can be found in Macdonald (1987). 

Sagues et al. (1995) introduced this element in systems that show simple polarization 

processes. They concluded that some improvement is obtained if the CPE is used 

instead of an ideal capacitor. In another study, Feliu et al. (1998) proposed a more 

complex system and introduced a CPE and diffusion parameters in the equivalent circuit 

(will be discussed later). This led to an increase in the accuracy of determining the 

polarization resistance when this was possible. The impedance of a CPE is shown in Eq. 

2.32 (compare this to the impedance of a capacitor). 

ὤ           (2.32) 

where Y is the capacitance (Just as the C in the case of a perfect capacitor) and Ŭ is a 

coefficient representing the imperfection of a CPE (it equals 1 for a perfect capacitor).  

Another complication that can be present in the analysis is if diffusion limitations exist. 

In these cases, an additional resistive element called the Warburg impedance, W, must 

be included in the Randles circuit in series with the polarization resistance. The rate of 

an electrochemical reaction is, in this case, significantly influenced by diffusion of a 

reactant (oxygen) towards or a product (dissolved iron) away from the electrode surface. 

This is often the case when a solution species must diffuse through a film on the 
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electrode surface. This situation can exist when the electrode is covered with reaction 

products, adsorbed solution components, a prepared coating or a dense layer inhibiting 

the penetration of oxygen.  

For the case of reinforcing steel in concrete, the Warburg impedance is typically seen 

after corrosion is initiated and enough corrosion products are formed to coat the 

electrode and inhibit or resist the movement of hydroxyl ions. Warburg impedance is 

shown at low frequencies on the Nyquist plot by a straight line superimposed at 45° to 

both axes, as shown schematically in Figure 2.22. For diffusion-controlled reactions, the 

current is 45 degrees out of phase with the potential. With this phase relationship, the 

real and imaginary components of the impedance vector are equal at all frequencies. In 

terms of simple equivalent circuits, the behavior of Warburg impedance (a 45 degree 

phase shift) is midway between that of a resistor (a 0 degree phase shift) and a capacitor 

(90 degree phase shift).  

 

Figure 2.22 - Modified Randles Circuit with a Warburg impedance (Ribeiro and 

Abrantes, 2016) 

Potentiostatic EIS was employed in this study using a Gamry potentiostat reference 

600TM through the same counter electrode used in the Potentiodynamic technique. The 
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potential shifts were in the range of ±10 to ±30 mV depending on the cover depth and 

concrete resistivity. The frequency range used was from 100 kHz t 0.001 Hz. 

Gonzalez et al. (1985) compared EIS response with linear polarization. They noted that 

accuracy in the determination of Rp was similar to those obtained by linear polarisation 

resistance. Pradhan and Bhattacharjee (2009) reported that the corrosion current density 

values obtained by AC impedance spectroscopy technique are on average slightly lower 

than those obtained by linear polarization technique and gravimety. The average 

percentage reduction in the values of corrosion current density was 9%. Pech-Canul and 

Castro (2002) reported a good agreement between EIS and gravimetric measurements. 

The agreement seemed to increase as the water to cement ratio increased (higher 

consistency between gravimetric and EIS results for lower resistivity systems). 

Experimental investigations by Qian et al. (2003) have shown a close relationship 

between the corrosion rate determined by weight loss and those calculated from AC 

impedance measurement.  

Ismail and Ohustsu (2006) found that EIS measurements are 5-20% lower than those 

obtained through the Tafel plots and 25-50% lower than those obtained by linear 

polarization resistance, therefore it was concluded that a good agreement was found 

between the three techniques. Vedalakshmi and Thangavel (2011) also compared EIS to 

gravimetric results and other techniques. They found that EIS overestimated the passive 

corrosion rate, but the overestimation decreased as the cover depth increased. They also 

reported that EIS underestimated the corrosion rate in active reinforcements. Finally, 

they found that EIS was not affected by diffusion polarization due to oxygen and 

moisture concentration gradients across the cover concrete and the large pseudo-
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capacitance of steel in concrete introduce charging currents which causes a non linear 

behavior after the application of a polarizing current. 

2.2.7 Connectionless Electrical Pulse Response Analysis (CEPRA) Technique 

All of the techniques that have been developed over the past 40 years to detect corrosion 

of reinforcing steel bars in concrete such as the half-cell potential mapping, linear 

polarization, and electrochemical impedance spectroscopy (EIS), require connection to 

the embedded reinforcing bar. This is typically done by drilling holes in the concrete 

cover through which a sound connection can be established with the rebar network. This 

is required in order to measure the corrosion potential of the reinforcement and in order 

to detect its change due to the application of a polarizing current. 

The four-point wenner probe has frequently been used to determine the resistivity of 

concrete. Many studies have reported on the use of the method for successfully 

monitoring curing, assessing final quality, and detecting moisture ingress (Layssi et al., 

2015). It was, however, found that the presence of a reinforcing bar in the concrete 

distorts the applied current as current is drawn into the reinforcing bar since it presents a 

low-resistivity path (Layssi et al., 2015). In recent years, a number of studies have 

observed that the reinforcement network can be polarized through the application of an 

external polarization such as that typical of the case of using a four-point wenner probe 

in the vicinity of the rebar network (Monteiro et al., 1998; Zhang et al., 2001; Andrade 

and Martinez, 2010; Keddam et al., 2009; Andrade et al., 2011; Keddam et al., 2011).  

The development in this area was started by the work of Monteiro et al. (1998). The 

authors described a non-destructive surface-measurement technique to detect the 

impedance characteristics of reinforcing bars embedded in concrete. The technique is 
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based on using a wenner array probe over the reinforcement network and applying a 

current at a wide range of frequencies from the two outer probes and measuring the 

potential difference between the two inner probes. In their study, it was shown that the 

technique clearly distinguished between different metal-concrete interfaces; their study 

included clean, gold plated, painted and coated reinforcements. It was shown that the 

frequency-dependent characteristics of the interface itself are reflected in the complex 

ratio of voltage-to-current measured with a four-electrode array positioned above the 

reinforcing bar.  

In their first paper on the topic, Monteiro et al. (1998) showed that the apparent 

resistivity (ratio of applied current through the outer electrodes to the measured voltage 

through the inner electrodes) changed significantly as the array was positioned over 

reinforcing bars and different results were shown for different types of reinforcements 

they used. It was also shown that the apparent resistivity increased as the frequency 

decreased in different trends for different reinforcements. The authors were successful 

in obtaining Bode and Nyquist plots that were qualitatively similar to those expected 

from EIS without any connection to the rebar. The authors also presented a circuit 

model, shown in Figure 2.23, that can be used to present a reinforced concrete system 

on which a resistivity measurement is taken. Where the resistance Rc represents the 

resistance to the current flow from the concrete alone. R1 and the parallel C1 and Z1 

represent the path offered to the current through the concrete and into the reinforcing bar 

through the interfacial impedance. C1 is the capacitance of the interface, and Z1 is used 

to represent the additional complex impedance that depends on the current carrying 
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electrochemical reactions. In this case, Z1 contains the polarization resistance and, if the 

supply of the reacting ions is diffusion-controlled, the Warburg impedance. 

 

Figure 2.23 - Circuit model used for the connectionless technique                       

(Monteiro et al., 1988) 

They suggested that there is a frequency dependence of the response V/I (complex 

apparent resistivity) which comes from the frequency-dependent C1 and Z1 combination. 

This frequency dependence is very similar to that present in EIS measurements (recall 

that the impedance caused by the capacitance is dependent on frequency). The apparent 

resistivity also depends on the array dimensions. If the spacing between the array points 

is very small, the reinforcing bar has little to no influence on the measurement. As the 

spacing increases, the reinforcing bar can capture more current over a progressively 

larger length and consequently larger area of its surface. 

In a subsequent paper, Zhang et al. (2001) tried to capture the effect of applying an AC 

current and sweeping the frequency through the use of a 4 point wenner probe on 

corroding and non-corroding reinforcements embedded in concrete. Their results are 

presented in Figure 2.24. 
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Figure 2.24 - Nyquist and Bode plot obtained using the connectionless technique    

(Zhang et al., 2001) 

EIS measurements were also done on the same samples with the regular procedure and 

the results, shown in Figure 2.25, were compared to the measurements taken with the 

contactless technique. The results clearly show common trends whether comparing the 

shape of spectra or the changing patterns with increasing corrosion rates. The figure 

clearly shows that the curve of the resistivity modulus versus frequency becomes flatter 

with increasing corrosion rates, which is in agreement with the results obtained using 

EIS. The variations in the modulus with the different corrosion rates are more distinct at 

frequencies less than 10 Hz. At higher frequencies, as more current is carried through 
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the capacitance (recall that impedance caused by capacitance is inversely proportional to 

frequency) at the reinforcing bar/concrete interface, the contribution from the charge 

transfer mechanism is decreased, resulting in decreased sensitivity to the corrosion rates. 

This can be explained by looking at the simple Randles circuit presented in the previous 

section, at higher frequencies, the impedance caused by the capacitance decreases to a 

value lower than Rp, so more current passes by the capacitance which means that at high 

frequencies, the apparent resistivity does not depend on Rp. It can be also seen that the 

phase angle drops dramatically with increasing corrosion rates, for example, the peak 

value drops 13 degrees when the corrosion current is 5 mA/cm2. This is supported by 

finding by Gu et al. (1994) in which it was determined that an increase in corrosion rate 

resulted in a decrease in the phase angle. 
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Figure 2.25 - Bode plots obtained using the connectionless technique                       

(Zhang et al., 2001) 

In their second paper of the series Zhang et al. (2002) analyzed the effect of resistivity, 

cover depth and reinforcement diameter, on the impedance of the system and the 

measured results. They concluded that, provided that the resistivity of concrete and the 

depth and diameter of the reinforcing bar are known, there is a direct relationship 

between the measured response and the interface impedance. They found that every 

change in the characteristics of an interfacial impedance between a reinforcing bar and 

concrete are detected in an impedance measurement made on the concrete surface, 

which means that the corrosion characteristics of the system can be found. They also 

reported that the measured impedance does not directly reflect the embedded 
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impedance. The latter is modified or diluted by the concrete or the measurement 

geometry. 

Finally, the authors published a third paper (Zhang et al., 2004) on the effect of 

geometry and material properties on these measurements in which they analyzed the 

effect of concrete resistivity, cover depth and electrode configuration. They concluded 

that the geometric effects on measured impedance are results of the relative direction 

between the electrode array and the reinforcing bar, the electrode distance, and the 

concrete cover depth. They found that the concrete resistivity also influences the 

measured impedance. They concluded that the magnitude of the real, imaginary, and the 

phase angles are determined by the interfacial impedance, concrete resistivity, and 

measurement geometry. However, the peak frequency is independent of those geometric 

effects, and the slopes of the imaginary impedance versus frequency are independent of 

both the geometric effects and concrete resistivity. Finally, they suggested that the 

measurement does not give direct interfacial impedance. However, given the concrete 

resistivity and measurement geometry, the impedance response is unique with interfacial 

impedance.  

Andrade and Martinez (2010) evaluated the use of the technique and obtained corrosion 

rates through a rather different method which requires two measurements using the 

wenner probe. In one measurement, the concrete resistivity is measured (a classic 4-pt 

probe measurement) away from the reinforcement, while in the second measurement, 

the reinforcementôs ñinductiveò polarization resistance, can be measured through 

finding the electrolyte + metal resistance to polarization. The authors suggested a circuit 

model, shown in Figure 2.26, that can be used with the measurement of the electrolyte 
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resistance and electrolyte + metal resistance to obtain the polarization resistance. This is 

used, putting into consideration that the current path will have two components, one 

being the electrolytic flow path and another being the electrode-polarizing path when 

the 4-pt probe is positioned over the reinforcement. The authors, therefore, used the 

measurements in the unreinforced section in order to determine the electrolyte resistance 

and determine its component to the resistance measured by the 4-pt probe over the 

reinforcement. Where the inductive polarization resistance can be measured using Eq. 

2.33 

Ὑ          (2.33) 

where Re+M is the resistance measured by the four-point probe when the metal is present 

in the electrolyte and Re is the resistance of the electrolyte measured away from the 

metal. 

 

Figure 2.26 - Circuit model suggested by Andrade and Martinez (2010) for the 

connectionless method 
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This method did not put into consideration that the current flow in the case of 

unreinforced concrete area is substantially different than that in the vicinity of the 

reinforcement and the electrolyte resistance component will be different in the two cases 

as noted by Keddam et al. (2009). In the unreinforced area, the current flows in the 

electrolyte in the same well-documented propagation path for a wenner probe. However, 

in the reinforced area, the current will have two propagation paths, one being 

perpendicular to the reinforcement (polarizing current) and one being parallel and 

flowing explicitly in the electrolyte. The current flowing in the electrolyte is different in 

this case compared to the unreinforced section and will depend on a number of factors. 

Subsequently, the authors concluded that the technique is not applicable when the Re is 

much lower than the Rp and when the steel is passive, unless the resistivity is high. This 

is, primarily, since the electrolyte resistance (which is wrongly assumed to be the same 

in case of reinforced and unreinforced cases) provides more contribution to the error in 

the calculation as the resistance of the electrolyte decreases or as the polarization 

resistance increases; since more current tends to flow in this path in these cases.  

The applicability of the technique was evaluated numerically and experimentally in 

(Keddam et al., 2009; Keddam et al., 2011) using experimental and numerically-

simulated measurements on a 4-point probe setup. This enabled a description of the 

contribution of the concrete characteristics (resistivity and cover depth) and of the 

interface characteristics (double-layer capacitance and polarization resistance) on the 

data collected through such a setup. Their results showed that a quantitative data 

interpretation can be attained if the resistivity of the electrolyte and the thickness of the 

concrete cover are known. The authors produced an abacus, shown in Fig. 2.27, that 
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uses the resistivity of the concrete along with the measured low and high frequency 

responses to determine the polarization resistance. Keddam et al. (2011) used the abacus 

shown in Fig. 2.27 along with the measured concrete resistivity and apparent 

polarization resistance to obtain the actual polarization resistance for a range of different 

resistivities and polarization resistances. They found results that agree with the 

conventional potentiostatic EIS method. Their results showed a good correlation 

between the polarization resistance found through both methods with a difference of less 

than 45% between the two methods. 

 

Figure 2.27 - Abacus developed by Keddam et al. (2009) to find the actual polarization 

resistance from the apparent (measured) polarization resistance 



 

71 

 

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

the experimental and analytical procedure used in this study are rather different. As 

noted in section 2.2.6, the dependence of the impedance caused by the capacitance on 

the applied currentôs frequency can be used to determine the systemôs electrochemical 

characteristics. At the very high frequency range, the impedance caused by the double-

layer capacitance tends to reach zero, and this double-layer acts as a short-circuit 

element, leading to all of the current flowing through the concrete resistance and the 

short-circuit caused by the double-layer capacitance. At the very low frequency range, 

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

leading to all of the current flowing through the concrete resistance and the polarization 

resistance. Therefore, at the low frequency limit, their summation can be found directly. 

This simple representation of the steel-concrete system stems from the simple Randles 

circuit which has been used frequently to obtain corrosion rates for the steel-concrete 

system. In the connectionless technique, which uses the 4-pt probe setup, there is a 

higher system complexity. If a current pulse or a step voltage is applied from one of the 

two outer probes of a 4-pt probe device, this current has two primary flow paths. One 

path is normal to the metallic electrode, which causes the charging of the double-layer 

capacitance or the polarization of the electrode (depending on the frequency of the 

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

current applied by one electrode is consumed by the other. The portion of current 

flowing in each of these paths is highly dependent on the applied currentôs frequency, 

the concrete cover characteristics (cover depth and resistivity), the polarization 

resistance value and the double layer capacitance. These are all interrelated factors that 
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affect the current flow path and the obtained results. This system can be represented 

schematically using the circuit model shown in Fig. 2.28.  

 

Figure 2.28 - Circuit model used to represent the CEPRA technique 

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

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

the concrete medium through Rc2 and Rc3 where the magnitude of current passing by 

each of these resistors is dependent on (1) the magnitude of their resistance (2) the 

impedance caused by the capacitance and subsequently the extent of charging of this 

capacitance (3) the magnitude of the polarization resistance (4) the concrete cover depth 

and reinforcement diameter. If a narrow DC/AC current pulse or a DC/AC step voltage 

is applied for a short period of time, the measured voltage response as a factor of time is 

similar to that of charging RC circuit, shown in Eq. 2.34, assuming that the electrolyte 

capacitance is negligible (same assumption as that in all of the other monitoring 

techniques).  

ὠ ὸ ὠȢὃ ὄὩ         (2.34) 

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

potential difference between the two inner electrodes. The model shown in Figure 2.28 
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was solved in order to determine the variables A, B and D. It was found that these 

variables follow functions shown in Eq. 2.35, 2.36 and 2.37. By measuring the voltage 

response over time as shown in Eq. 2.34, A, B and D constants can be calculated by 

fitting an exponential curve to the measured data. These factors can then be used to 

calculate the circuit components as shown in Eqs. 2.35, 2.36 and 2.37. This solution 

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

techniques, or that used by Andrade et al., (2010). However, such a circuit can be 

solved, just like any other, using more complicated solution procedures. 

A= f(Rc1,Rc2, Rc3, Rc4)         (2.35) 

B= g(Rc1,Rc2, Rc3, Rc4)        (2.36) 

D= h(Rc1,Rc2, Rc3, Rc4, Cdl )        (2.37) 

The device used to implement this technique is the iCORÊ provided by Giatec 

Scientific. This device uses a four-point array similar to the conventional wenner-probe, 

with an electrode spacing of 5 cm. The outer probes apply a narrow DC/AC step voltage 

for a short period of time (3 to 10 seconds) and simultaneously record the voltage of the 

system with a relatively high sampling rate. This typically leads to applied currents in 

the range of 0.5 to 2 mA (this current is not the polarizing current since a large portion 

of the applied current flows explicitly between the two probes, as demonstrated in 

chapters III and IV). The obtained transient is then fitted to Eq. 3.7 to yield the constants 

A, B and D, which can be used to calculate the system components shown in Figure 3.2. 

2.3 Corrosion-Resistant Reinforcements 

One of the most effective ways of preventing corrosion of reinforcing steel in concrete 

is the use of corrosion-resistant reinforcement. Plain carbon steel is the most widely 
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used reinforcement so far around the world, due to its cheap cost, when compared to 

corrosion-resistant reinforcements. Whenever long service lives are required in harsh 

environments, such as marine environments, an assessment should be done to consider 

the increased cost of using corrosion-resistant steel and the increased service life that 

can result. Corrosion-resistant reinforcement also serves to decrease the cost in different 

ways, by increasing service life, decreasing required cover depths, avoiding usage of 

corrosion inhibitors, or high-performance concrete. 

2.3.1 Role of Alloying Elements 

The passive layer formed on chromium-alloyed reinforcements is a dense chromium 

oxy-hydroxide based film, which is more resistant to chlorides than the layer produced 

by carbon-steel. Work by Addari et al., (2008) showed that the composition of the 

passive film formed on stainless steel changes over time, as the surface film transforms 

from an iron oxide-rich film into passive films progressively enriched in chromium 

oxyhydroxide and depleted in iron oxide. The authors showed that after 3 days of 

immersion in a simulated concrete pore solution, a chromium oxide content of between 

45% and 60% for steels with 18.1% and 21.8% chromium, respectively, was found. It 

has also been shown that the incorporation of chromium does not only decrease the iron 

oxides content in the passive film, but also increase its thickness, with this enhancement 

being directly proportional to the chromium content (Elsener et al., 2011). This 

enrichment in chromium has been shown by Ogawa et al. (1978) to produce passive 

films that have a higher resistance to chloride-induced corrosion; with the enhancement 

being directly proportional to chromium content in the alloy.  
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The use of molybdenum has also proven to increase the resistance of reinforcing steel to 

pit formation. Some authors ascribed this to the stability of the passive layer acting from 

the portion where the passive layer interacts with the pore solution, while other authors 

have also shown a limited dissolution rate of iron and chromium in the presence of 

molybdenum in the metal phase at the oxide/metal interface (Szklarska-Smialowska, 

1986; Hashimoto and Asami, 1979; Abreu et al., 2004). Work by Clayton and Lu (1986) 

proposed that molybdenum additions to stainless steels increase the ion-selective nature 

of the bipolar passive film thereby preventing chloride-ion ingress and enhancing the 

formation of an XCr2O3.YCrO3 barrier film. Molybdenum has also been shown to 

ennoble the corrosion potential, encourage the repassivation process and further 

decrease the pit propagation when molybdenum oxides form on the pit walls (Pardo et 

al., 2008; Halada et al., 1996; Mesquita et al., 2013).  

Nitrogen also increases steelôs resistance to localized forms of corrosion. Some authors 

attributed this to nitrogen dissolving and producing NH4, depressing oxidation inside a 

pit (Osozawa and Okato, 1976). Others suggested that ammonia or ammonium ions 

react with free chlorides to form combined chloride compounds that are less effective 

oxidants (Ives et al., 1991), while others attributed it to the formation of nitride at the 

metal-film interface which brings down the dissolution rates for the individual elements 

in the alloy and prevents attack by chlorides (Halada et al., 1996).  

Nickel also has a great role in strengthening the passive layer and inhibiting pit growth. 

Nickel-containing stainless steels show a marked enrichment of nickel at the interface 

pit propagation interface, by reducing the availability of weak iron ions in this interface 

(Elsener et al., 2011). Addari et al. (2008) also observed this marked enrichment of 
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nickel at the interface beneath the passive film; where nickel contents at the film-alloy 

interface were found to be 35% for austenitic steel and 25% for duplex steel. This 

enrichment in nickel was found to be effective in preventing pitting propagation (Addari 

et al., 2008). Nickel has also been reported to decrease the corrosion propagation rate 

and enhance repassivation (Olsson and Landolt, 2003). The effect of nickel was also 

studied by Abreu et al. (2006) and it was found that the presence of nickel promotes the 

formation of a thinner and more protective passive film. Nickel was also found to be 

enriched in the passive film as nickel hydroxide in concentrations corresponding 

approximately to the interface.  

The addition of manganese, as austenite stabilizer, increases nitrogen and molybdenum 

solubility in the melt and significantly retards the tendency for chromium nitride 

precipitation. However, the negative effect of manganese on the pitting corrosion 

resistance of stainless steels has been widely reported (Rondelli et al., 1995; Park and 

Kwon, 2010; Elsener et al., 2011). Work by Elsener et al. (2011) showed that for the 

manganese-bearing stainless steel with 18% of manganese, the less noble manganese 

preferentially dissolves and decreases both in the oxide film and at the film/bulk 

interface. The authors demonstrated that due to the decrease of manganese, the interface 

becomes enriched in iron. The authors also showed that the interface beneath the film of 

the DIN 1.4456 stainless steel (18% manganese) becomes depleted in manganese in 

contrast to the nickel enrichment in the conventional stainless steels (Elsener et al., 

2011). Other authors have also demonstrated that manganese sulphide inclusions, which 

may happen in cases where the pore solution is rich in sulphates, can adversely affect 
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the properties of the passive film and substantially decrease the resistance of steel to 

pitting corrosion surrounding these inclusions (Mesquita et al., 2013; Pardo et al., 2008).  

Even though stainless steels offer a corrosion resistance higher than carbon steel, the 

different chemical compositions associated with different grades available in the market 

also lead to the belief that different chloride thresholds will be present for these 

reinforcements. This is due to the substantial effect that the reinforcement composition 

and alloy contents play in the passivation process and, subsequently, in corrosion 

resistance performance. Therefore, there is a current need to quantify the effect of 

composition of different reinforcement grades on their corrosion performance. 

An effort to quantify the role of alloying elements on the corrosion resistance of 

stainless steels has yielded the Pitting Resistance Equivalent number (PREn) formula; 

shown in Eq. 2.38 and 2.39. Equation 2.38 is often used for duplex and austenitic steels, 

while Equation 2.39 is strictly used when comparing austenitic steels. This equation 

takes into account the combined effect of the chromium, molybdenum, and nitrogen in 

the steel, in order to quantitatively rank the resistance of stainless steel types to pitting 

formation. A general trend to more resistance against localized corrosion with higher 

alloyed stainless steels (higher pitting resistance equivalent [PRE]) is well documented 

in the literature (Nurnberger, 1996) for neutral and acidic solutions. However, a number 

of authors have shown that that such rating system can provide misleading ranking in 

cases of alkaline environments, such as concrete, due to the substantial effect that nickel 

and magnesium play, among other elements, on the corrosion resistance of stainless 

steel in alkaline media (Bautista et al., 2009; Mesquita et al., 2012). This will be further 

investigated in this study. 
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PRE16N = (%Cr) + 3.3(%Mo) + 16(%N)      (2.38) 

PRE30N = (%Cr) + 3.3(%Mo) + 30(%N)      (2.39) 

2.3.2 Stainless Steel 

Stainless steel is generally defined as an iron-based steel alloy with a minimum of 12% 

by weight of chromium (Hartt et. al., 2004). Over the years, the development of stainless 

steels has seen a rapid increase in the number of standardized grades available. There is 

a large number of stainless steels with varying compositions, which are traditionally 

categorized based on their structure at room temperature. This results in a division based 

on composition and properties into the following six groups: martensitic, martensitic-

austenitic, ferritic, ferritic-austenitic, austenitic, and precipitation hardening steels 

(Leffler, 2013). 

This section will focus on the austenitic and ferritic-austenitic (duplex) groups. These 

steels contain alloying elements that have specific effects on the steel properties. In 

general, the effects of these alloying elements combine to produce an increased 

resistance to corrosion for stainless steels when compared to typical carbon-steel 

(Leffler, 2013). 

2.3.2.1 Austenitic Stainless Steels 

Austenitic stainless steelsô primary phase is austenite (gamma phase iron, which is a 

face-centered cubic crystal). It typically has alloys such as chromium, nickel, 

molybdenum and nitrogen structured around the composition of iron. Three types of 

austenistic stainless steels will be studied in this research: 304, 316 and XM-28. 
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Type 304 typically has 18-20% chromium and 8-10.5% Nickel. 316 has 16-18% 

chromium and 10-14% nickel and 2-3% Molybdenum. The grade of 316 to be used in 

this research is 316LN. The L entails that it has a low carbon content, while the N 

entails that the steel has an enhanced nitrogen content. XM-28 is high manganese, low 

molybdenum, low nickel austenistic stainless steel. It has 11-14% manganese, 16.5-19.5 

chromium, 0.5-2.5 nickel. It is a nitrogen strengthened reinforcement. The addition of a 

high manganese content increases the solubility of nitrogen, allowing for a higher 

nitrogen content to be added. The lower nickel content associated with this 

reinforcement serves in decreasing the cost. However, this might have a negative effect 

on its corrosion resistance due to the detrimental effect of manganese on pitting 

resistance, in contrast to that of nickel, as discussed earlier. 

2.3.2.2 Ferritic -Autenistic Steel 

Ferritic-autenistic (Duplex) steel has a two-phase structure of ferrite and austenite. Their 

strength properties are typically higher than those of austenitic steels. This grade 

accounts for less than 2% of worldôs stainless steel production. They are most-

commonly used when a combination of high mechanical strength and high corrosion 

resistance is required. The ferritic-autenistic steel to be used in this project is 2205. 2205 

typically has 21-23% chromium, 4.5-6.5% nickel, 2.5-3.5% molybdenum, 0.8-2% 

nitrogen.  

2.3.3 ASTM A1035 CS steel 

Recently, the ASTM 1035 standard has been published in order to standardize the use of 

chromium-alloyed steel that does not fall under the definition of stainless steels. These 
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reinforcements are known for their high strength compared to conventional plain-carbon 

steel. In this project, ASTM A1035 CS, high chromium steel, will be used. The A1035 

reinforcement used was provided by MMFX Technologies corp. This is a virtually 

carbide-free reinforcement (less than 1% carbon content), that has a chromium content 

of 8-10.9% with manganese content of 1.5%. The microstructure of this reinforcement 

consists of untransformed sheets of austenite between layers of dislocated martensite 

(Kahl, 2007). These reinforcements have a cost that is much lower than stainless steel 

and is claimed to have a close resistance to corrosion to that of stainless steel, and three 

to five times higher than that of plain-carbon steel (Pillai and Trejo, 2005; Darwin et al., 

2009). It is therefore said to have a much lower life-time cost when compared to other 

types of reinforcements.  

These reinforcements have shown a higher resistance to corrosion, compared to carbon-

steel; due to the incorporation of chromium, which has a well-established, 

advantageous, effect on the passive film properties (Darwin et al., 2002; Darwin et al., 

2009; Scott and Thomas, 2013; Pillai and Trejo, 2005; Mohamed et al., 2013). The 

extent of this enhancement, compared to that provided by stainless-steel is currently not 

well established. The range of threshold enhancement has shown a scatter, with authors 

reporting an enhancement ranging from as low as 2 to as high as 5 times that of carbon-

steel (Mohamed et al., 2013; Gong et al., 2004; Scott and Thomas, 2013; Darwin et al., 

2009). On the other hand, a study by Pillai and Trejo (2005) has shown that these 

reinforcements have approximately the same chloride threshold as that for stainless-steel 

grade 304 (4.6 Kg/m3 for chromium-alloyed steel and 5.0 Kg/m3 for grade 304) with a 

threshold of 9.6 times that of carbon-steel. Indeed, if such reinforcements can be in the 
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same range of stainless steel thresholds, this would overcome the main drawback of 

using alloyed-reinforcements (cost) and would lead to substantial savings in overall life 

cycle cost; due to the substantially higher corrosion resistance and the lower cost 

compared to stainless steel. 

2.4 Supplementary Cementing Materials 

Supplementary cementing materials (SCMs) are materials that can, when used in 

conjunction with cement, contribute to the hydration and properties of the concrete. This 

contribution can be hydraulic, in which the SCM reacts with water to form hydration 

products (such as calcium-silicate hydrate) or pozzolanic, in which the SCM reacts, in 

the presence of moisture, with calcium hydroxide, which is released from the hydration 

of portland cement to form compounds having cementitious properties (calcium-silicate-

hydrate and to a lesser extent calcium-aluminate hydrate). SCMs that are commonly 

used in concrete include fly ash, ground granulated blast furnace slag, silica fume and 

natural pozzolans (such as volcanic ash or calcined clay). In this research project, fly 

ash, slag and silica fume will be used (see chapter V). 

Fly ash is a finely-divided residue that results as a by-product of burning coal in electric 

power generation plants. It is an amorphous alumino-silicate material with varying 

amounts of calcium, iron and alkali metals. As the coal is ignited in the power plant, 

most of the carbon and other material are burnt off. The impurities present in the coal 

such as clay, feldspar, quartz, and shale are fused together and carried by exhaust gases. 

The fused particles cool into spherical glassy particles and are collected from the flue 

gases by electrostatic precipitators or bag filters (Thomas, 2013). Its chemical and 

mineralogical composition is highly dependent on the composition of the coal and 
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partially on the burning conditions within the power plant. Low calcium fly ashes (< 8% 

Ca or SiO2 + Al2O3 + Fe2O3 Ó 70%) are typically produced from bituminous coal. High 

calcium fly ashes are produced from either lignite or subbituminous coal. Class F is the 

type that was used in this project. It is composed predominantly of aluminosilicate glass 

(60 to 90%) and partially from crystalline quartz, hematite, mullite and magnetite. Class 

F fly ash is a pozzolanic material with little to no hydraulic properties. Its spherical 

particle size can vary widely from less than 1 µm to more than 100 µm, with the median 

size being generally between 5 to 20 µm. Its specific surface area generally lies between 

300 to 500 m2/kg (Thomas, 2013). 

Silica fume is a by-product of producing silicon metals or ferrosilicon alloys using 

electrical-arc furnaces. The heating of high-purity silica (e.g. quartz) and carbon at 

temperatures up around 1800°C reduces most of the SiO2 to silicon metal, which is 

tapped from the furnace. The remaining silica is partially reduced to SiO which is 

carried away with carbon monoxide (CO) by the exhaust gases. As these gases are 

carried away from the furnace, the SiO oxidizes again to its original state (SiO2 vapors). 

As the temperature drops, the silica condenses to small droplets of silica glass (Siddique 

and Khan, 2011). By-products of the production of silicon metal (> 98% Si) have 87 to 

98% SiO2 content, while those produced from ferrosilicon alloys, having 75% Si or 

more, contain 84ï91% non-crystalline silica. The by-product of the production of 

ferrosilicon alloy having 50% silicon has a lower silica content of 74 to 84% (Thomas, 

2013). Therefore, SiO2 content of the silica fume is related to the type of alloy being 

produced. It is generally composed of extremely fine spherical particles having an 

average diameter of 0.1 to 0.2 µm (approximately 100 times smaller than the particle 



 

83 

 

size of Portland cement or other SCMs). Due to the very high silica content in silica 

fume and its extremely fine particles, compared to other SCMs, it is a very highly-

reactive pozzolanic material. The positive effect of silica fume is not limited to that of 

the pozzolanic reaction. Due to its particle size and high surface area, silica fume also 

tends to act as a pore filler which further enhances the concreteôs resistance towards 

chloride penetration (Thomas, 2013). 

Ground granulated blast furnace slag is the by-product glassy material formed from 

molten slag produced in blast furnaces as part of the production of iron. During iron 

production, iron ore, a fluxing stone and coke (used as fuel) are fed into the top of the 

blast furnace. As these components move down the furnace they ignite and reach 

temperatures above 2000°C. At this temperature, the iron oxide is reduced to pig iron 

which sinks to the bottom due to its high density; while the slag is formed from the 

remaining ingredients including calcium and magnesium (from fluxing stone) as well as 

alumina and silica (from the iron ore) (Thomas, 2013). It is produced when the molten 

slag from the blast furnace is cooled rapidly from around 1500°C by quenching with 

water to form a glassy structure (Siddique and Khan, 2011). The rapid cooling prevents 

the formation of larger crystals, and the resulting granular material comprises some 95% 

non-crystalline calcium-aluminosilicates. The granulated slag is further processed by 

drying and then ground to a very fine powder that is less than 45 µm. Its chemical 

composition is fairly similar to that of Portland cement more than other SCMs; although 

it has a lower calcium and a higher silica and magnesium oxide content (Thomas, 2013). 

The pozzolanic reaction tends to enhance the long-term strength properties and reduce 

the permeability of concrete due to the increase of the quantity of cementitious binder 
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phase and the resulting refined porosity and increased tortuosity. A large number of 

authors have demonstrated the decrease in permeability associated with fly ash additions 

(Thomas, 1996a; Ngala et al., 1995; Stanish et al., 2001; Naik et al., 1992; Thomas and 

Matthews, 2004; Moffatt et al., 2017), silica fume additions (Hooton et al., 1997; 

Rasheeduzzafar and Al-Gahtani, 1993; Bleszynski et al., 2002; Poon et al., 2006; 

Titherington and Hooton, 2004; Song et al., 2007) and slag additions (Geisler et al., 

1992; Thomas and Bamforth, 1999; Luo et al., 2003; Thomas et al., 2008). Furthermore, 

it has been demonstrated that the cement paste can bind chlorides, thereby reducing or 

eliminating their mobility, both physically as well as chemically. Chemical binding 

occurs between hydrated aluminate phases and free chlorides in the pore solution to 

form Friedelôs salt and Kuzelôs salt (depending on the concentration of chlorides in the 

pore solution). Physical binding is the adsorption of chlorides to the hydration products 

(primarly CSH) (Zibara, 2001). It has been demonstrated that the incorporation of 

alumina-rich SCMs, such as fly ash and slag, does not only tend to decrease the 

permeability of concrete to chlorides, but to also increase the chemical chloride binding 

capacity (Arya et al., 1990; Tang and Nilsson, 1993; Dhir et al., 1994; Zibara, 2001; 

Thomas et al., 2012). It is also believed that binders containing SCMs enhance the 

formation of more CSH thereby offering larger surface areas available for adsorption of 

chlorides (Tang and Nilsson, 1993). The effect of SCMs on chloride binding can be seen 

by looking at Figure 2.29  which shows results for binding isotherms for a wide range of 

pastes incorporating SCMs compared to plain portland cement paste used as a control. It 

can be clearly seen that alumina rich SCMs (such as metakaolin, fly ash and slag) 

increase the amount of bound chlorides substantially. The extent of this enhancement is 
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highly affected by the chemical composition of the SCM, particularly the alumina 

content (Thomas et al., 2012). 

 

Figure 2.29 - Chloride-binding isotherms for pastes incorporating a wide range of SCMs 

(Zibara, 2001) 

Although the aforementioned positive effects on time to corrosion initiation are well 

established, a number of studies have reported lower chloride thresholds for concrete 

incorporating silica fume (Petterson, 1993; Manera et al., 2008), fly ash (Thomas, 

1996a; Oh et al., 2003, Mazaraei et al., 2017; Presuel-Moreno and Moreno, 2017; Trejo 

and Tibbits, 2016) and slag (Presuel-Moreno and Moreno, 2017; Trejo and Tibbits, 

2016). This has been linked to the decrease in pore solution pH associated with SCM 

additions and due to the marked effect that the pH has on the chloride threshold 

concentration (Hausmann, 1967; Gouda and Halaka, 1970); where the critical chloride 

threshold has been established to be directly proportional to the hydroxyl ion 

concentration, among other influencing factors. The effect of SCMs on the pore solution 
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of pastes have been reviewed by Thomas (1996b) and Thomas and Bleszynski (2001). 

These studies show that the incorporation of SCMs generally leads to a reduction in the 

concentration of alkali hydroxides in the concrete pore solution, with the amount of 

reduction increasing with higher SCM replacement levels. This is primarily due to the 

pozzolanic reaction and due to their effect on the composition and alkali binding 

capacity of the cement hydrates (presumably due to higher binding capacity observed 

for CSH with lower Ca/Si produced from the pozzolanic reaction) (Thomas and 

Bleszynski, 2001).  

Although there is some theoretical merit to believing that SCMs would reduce the 

chloride threshold concentration, due to decreases in pH, it should be noted that a 

number of other factors can influence the chloride threshold. Such factors include the 

steel potential, oxygen concentration at the surface of the steel, chloride binding 

capacity, steel-concrete interface, surface condition of the steel, temperature, moisture 

content and the threshold determination method, among other factors (Angst et al., 

2009). This is reflected in the literature, where some results find that other factors may 

lead to changes in threshold (positively or negatively) that are more substantial than that 

of the decrease in pH. For instance, Schiessl and Breit (1996) reported higher chloride 

threshold values for concrete containing fly ash, and Alonso et al. (2002) did not find 

significant differences in threshold when replacing cement with fly ash. Schiessl and 

Breit (1996) also found higher thresholds for slag cement, while Oh et al. (2003) did not 

find a significant effect. 

In a recent study, Trejo and Tibbits (2016) found, based on short-term laboratory 

testing, that systems containing 20% to 40% fly ash and 40% to 60% slag have an 
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average chloride threshold that is 12% and 6%, respectively, of that of the chloride 

threshold of systems without SCMs. Based on the chloride thresholds and diffusion 

coefficients found by their study, it was concluded that there is a higher probability for 

all of the fly ash and slag systems used in this study to initiate corrosion before the plain 

portland cement concretes. This contradicts the results found by many others from 

longer exposure periods (Petterson, 1993; Thomas, 1996a; Oh et al., 2003; Presuel-

Moreno and Moreno, 2017); where it was typically found that the decreases in diffusion 

coefficients outweigh any drawbacks associated with chloride threshold decreases 

caused by SCM incorporation. The substantial decreases in threshold may cause a 

decrease in the efficacy of SCMs in increasing the time to corrosion initiation. This 

raises the question as to whether the incorporation of SCMs actually increases the time 

to corrosion initiation due to the significant decrease in the diffusion coefficients or if 

the threshold decrease, associated with these systems, may lead to decreasing the time of 

corrosion onset. The same concerns were raised recently by ACI 222 (Corrosion of 

Metals in Concrete) Committee, and it was concluded that more long-term testing is 

required to ascertain the effect of SCMs on the corrosion initiation time. 

  



 

88 

 

3 Chapter III  
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Monitoring of Corrosion of Reinforcing Steel in Concrete. Part 1: 

Experimental Results 
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3.1 Abstract 

This paper presents experimental results investigating the accuracy of several 

electrochemical corrosion-monitoring techniques. The techniques included in the study 

are: the potentiodynamic, galvanostatic and coulostatic direct-current techniques, 

electrochemical impedance spectroscopy (EIS) technique as well as a novel technique 

(the connectionless electrical pulse response analysis technique) that was successfully 

employed to measure the corrosion rates of steel in concrete without the need for a 

reinforcement connection. The experimental study included preparing reinforced 

concrete specimens with a range of admixed chloride percentages, cover depths and 

reinforcement diameters. The instantaneous corrosion rates were monitored using the 

aforementioned techniques throughout a period of 8 months, after which the 

reinforcements were extruded in order to determine, gravimetrically, the actual 

corrosion rates. Results revealed the inability of the galvanostatic technique to 

determining passive corrosion rates compared to other techniques. Both the 
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galvanostatic and potentiodynamic techniques were able to accurately determine the 

corrosion rates for actively corroding reinforcements. However, correlations between 

electrochemically-predicted corrosion rates and actual corrosion rates was highly 

dependent on the steel-concrete system characteristics. The coulostatic technique 

generally showed an overestimation of active corrosion rates due to the Randles circuit 

not capturing the experimentally-obtained transient accurately. EIS was found to 

provide accurate estimation of active and passive corrosion rates with a simplified 

spectrum-analysis procedure. Finally, the connectionless technique was found to provide 

accurate estimate of corrosion rates for the actively corroding reinforcements and for the 

passive reinforcements in the case of dry concrete. However, an overestimation was 

found for passive corrosion rates for the case of saturated concrete. 

3.2 Introduction  

Corrosion of reinforcing steel is one of the most prominent causes of premature concrete 

deterioration in North America and many parts of the world. In uncarbonated concrete, 

the high pH provided by the concreteôs pore solution promotes the formation of a 

passive oxide layer that can, when present, limit the corrosion rate to insignificant 

values. However, due to pH-reducing reactions (e.g. the interaction between CO2 and 

alkali hydroxides in the pore solution) or due to the interaction of the passive film with 

chloride ions, the passive film can breakdown and corrosion can initiate. After corrosion 

initiation, an accurate assessment of the corrosion rate is of a substantial importance in 

order to reach decisions regarding the future ability of a structure to be safe and 

serviceable. Using this information, an informed decision can be made as to the type, 

cost and urgency of possible repair measures.  
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In recent decades, several non-destructive electrochemical techniques were developed in 

order to monitor the corrosion rate of steel embedded in concrete. Such techniques rely 

on electrochemical potential-excitation response monitoring in order to determine the 

polarization resistance of metallic electrodes (the steel reinforcement in the case of 

reinforced concrete). The polarization resistance theory was coined by Stern and Geary 

(1957) and has been used widely, since then, in order to monitor instantaneous corrosion 

rates. These techniques are based on the assumption that there is a linear relationship 

between a small polarization (ȹE < 20 mV) around the electrodeôs corrosion potential 

(open-circuit potential) and the corresponding current shift (ȹI). In such cases, the 

polarization resistance (Rp) is calculated as the ratio between the shift in potential, from 

open-circuit potential, to the current required to induce such a potential shift. Once Rp is 

determined, the corrosion rate (icorr), in µA/cm2, can be calculated using the Stern and 

Geary equation shown in Eq. 3.1 (Stern and Geary, 1957) 

Ὥ           (3.1) 

where ɓ is the tafel constant (in mV), A is the area polarized by the applied current (in 

cm2) and Rp is the ratio between the change in voltage to the change in current (in 

ohms). 

This theory has been applied to reinforced concrete by Andrade and Gonzalez (1978) 

and has been used in a number of laboratory and field applications since then (Alonso et 

al., 1988; Glass et al., 1997; Pech-Canul and Castro, 2002; Andrade et al., 2002; 

Poursaee, 2007; Pradhan and Bhattacharje, 2009; Scott, 2015). Although this technique 

has been widely used, several uncertainties still exist thereby limiting its field use. A ɓ 

coefficient of 26 mV is usually used for actively corroding cases and 52 mV for passive 
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reinforcements, based on the recommendations provided by Andrade and Gonzalez 

(1978). A more pragmatic approach is using a ɓ of 26 mV for all cases since the state of 

reinforcement, in terms of passivity or activity, is usually not known. However, a wide 

range of ɓ coefficients has been found experimentally and a number of authors 

demonstrated that the coefficient varies considerably due to many factors (Al-Tayyib 

and Khan, 1988; Elsener 2005; Garces et al. 2005; Ghods et al., 2009; Angst and 

Buchler, 2015). Another experimental challenge that has been widely studied is the 

determination of the ohmic resistance. The total resistance measured due to the 

application of a polarizing current is not directly the polarization resistance but it 

includes a contribution from the electrolyteôs resistance. This has to be accurately 

determined and subtracted from the measured resistance in order to yield the 

polarization resistance.  

The assumed polarized area is also a large source of error. When a current is applied 

through the concrete domain, its propagation through the concrete cover to polarize steel 

will depend on many factors, including the concrete resistivity and cover depth (Kranc 

and Sagues, 1993; Wojtas, 2004), availability of anodes and their distance from the 

counter electrode (Poursaee and Hansson, 2008; Nygaard et al., 2009; Angst and 

Buchler, 2015) and the magnitude of the applied current (Flis et al., 1993) among other 

things. Another factor is the waiting time or the sweep rate. Since these measurements 

rely on the potential shift due to the application of a polarizing current, the capacitive 

forces available on the steel surface (due to the availability of a double layer 

capacitance-like nature on the electrodeôs surface) must be exhausted in order to 

determine the actual potential shift. This can be achieved by waiting a sufficient time for 
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the double layer capacitance to charge to explicitly reach the potential shift due to the 

Faradaic processes. 

Finally, a large source of uncertainty, that is very rarely acknowledged, is that Stern and 

Gearyôs equation, and subsequently any corrosion monitoring technique, is based on the 

assumption that a certain mixed-potential exists for an electrode that is subject to 

uniform microcell corrosion. The anodic and cathodic areas are in this approach treated 

as microcells located on adjacent, infinitesimally close, locations and exhibiting the so-

called mixed potential. The equation does not put into consideration cases in which 

galvanic corrosion exists. In cases of localized corrosion, corrosion macrocells are 

formed between the anodic and cathodic areas with their different equilibrium 

potentials, which results in a potential gradient and a macrocell ionic current flow. 

Therefore, it can be assumed that the validity of Stern-Geary equation is limited to very 

specific corrosion cases (Ansgt and Buchler, 2015; Marchand et al., 2017). The 

aforementioned reasons are hypothesized to be the main causes for different authors 

finding different correlations between electrochemically determined corrosion rates and 

actual corrosion rates determined gravimetrically.  

Different electrochemical corrosion monitoring techniques currently exist. The 

techniques can be divided into DC-based (e.g. galvanostatic, potentiostatic, coulostatic) 

and AC-based (e.g. electrochemical impedance spectroscopy) techniques. The 

techniques can also be divided based on the mode of application, where some 

techniques control the electrode potential, while others control the current or amount of 

charge reaching the electrode. The next section summarizes the mode of application of 

the techniques used in this study. This paper will present comparisons between the 
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corrosion rates obtained through these techniques and the actual corrosion rate obtained 

gravimetrically through the ASTM G01 procedure. This will be followed by a second 

paper that investigates the mode of application of these techniques numerically, using 

finite element modeling. 

3.3 Corrosion-Monitoring Techniques 

3.3.1 Galvanostatic Technique 

In this technique, an anodic current pulse is imposed on the reinforcement from a 

counter electrode placed on the concrete surface. The applied current pulse is usually in 

the range of 10 to 200ɛA. The resulting change of the electrochemical potential of the 

reinforcement is recorded via a reference electrode mounted on top of the concrete cover 

over the reinforcement under consideration. Using the recorded voltage change and the 

known current applied, the polarization resistance can be calculated. In the galvanostatic 

technique, it is assumed that a simple Randles circuit describes the potential response of 

the steel-concrete system as a function of time when a current pulse is applied. Using 

this assumption, the potential response, Vt, as a function of the polarisation time, tp, can 

be expressed by Eq. 3.2 (Elsener, 2005). 

ὠὸ Ὅ Ὑ ρ ÅØÐ Ὑ        (3.2) 

where Iapp is the applied polarization current (µA), t is the time from application of 

current (seconds), Cdl is the double layer capacitance (F/m2), Rp is the polarization 

resistance (ohms) and Rɋ is the Ohmic resistance (ohms). The equation clearly indicates 

that two distinct potential transients will occur due to the application of a polarizing 

current. The first is the instantaneous shift induced by the electrolyteôs resistance, 
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IappRÝ, (also known as the IR-drop) and another slower time-transient during which the 

double-layer capacitance charges. Using the slow transient, the double-layer capacitance 

and the polarization resistance can be obtained. This is typically done through a 

linearization approach, in which Eq. 3.2 is transferred to the form shown in Eq. 3.3 

(Elsener, 2005). 

ÌÎὠ ὠὸ ÌÎ Ὅ Ὑ       (3.3) 

where Vmax is the final voltage value obtained after a steady-state potential is reached. 

Extrapolation of this straight line, obtained from plotting the left-hand side of Eq. 3.3 

versus time, to t = 0, using least square linear regression analysis, yields an intercept 

corresponding to ln (Iapp Rp) with a slope of
 

. The remaining over potential is equal 

to Iapp Rɋ. 

Due to the uncertainty about the polarized area during the application of a galvanostatic 

pulse, the guard-ring confinement technique was developed. In this technique, an 

auxiliary electrode (also known as the guard-ring electrode) surrounds the counter 

electrode and applies a higher current in an attempt to confine the polarizing current to 

an area under the counter electrode. It is postulated that the current applied from the 

guard ring tends to repel the lines of current from the central counter electrode, 

confining them to an area located approximately under the counter electrode. The device 

used to represent this technique makes use of an Ag/AgCl reference electrode and a 

counter electrode and a guard ring with outer/inner diameters of 60/30 and 100/80 mm, 

respectively. An applied current of 25 µA was used in this study for the passive cases 

and 100 µA for the active cases. The guard ring current was controlled, automatically by 

the device used, through measuring the initial potential difference between each of the 
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counter electrode and the guard-ring electrode versus the reinforcement and estimating 

the amount of current required to maintain this initial potential difference. 

3.3.2 Potentiodynamic Technique 

In this method, the electrodeôs equilibrium potential is swept through the application of 

a potential difference between the electrode and the counter electrode that is mounted on 

the surface of the concrete. The potential is swept from -10 to +10 mV, relative to the 

open-circuit potential, in order to ensure the assumed linearity between polarizing 

currents and the potential response. The amount of current flowing from the counter 

electrode to sustain this potential difference is then monitored. The known potential 

perturbation divided by the change in current gives the polarization resistance. However, 

the measured resistance includes the effect of the electrolytic resistance. This makes the 

final polarization resistance obtained through the form shown in Eq. 3.4. 

Ὑ
Ў

Ў
ὙЏ          (3.4) 

where ȹV/ȹI is the slope of the potential and current relationship obtained during 

polarization, RÝ is the ohmic resistance and Rp is the polarization resistance. 

In this study, a Gamry potentiostat reference 600TM was used for all potentiodynamic 

measurements. A 12 cm long, 6 cm wide, 0.5 cm high stainless-steel plate was used as a 

counter electrode. The potential was swept from -10 mV to +10 mV with respect to the 

open-circuit potential with a potential sweep rate of 0.167 mV/sec. The potential was 

recorded through a Ag/AgCl electrode that was fixed in the middle of the counter 

electrode. The ohmic resistance (RÝ) was obtained from EIS through finding the 

impedance coinciding with the minimum phase angle. Although no confinement 

technique was used in this measurement, it was assumed that the area under the counter 
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electrode is the polarized area; since the controlled potential shift, associated with this 

technique, typically led to very low magnitudes of applied current compared to those 

used in the galvanostatic technique. 

3.3.3 Coulostatic Technique 

The coulostatic technique involves the application of a known amount of charge, and the 

observation of the potential discharge following the charge application. The potential 

transient obtained after the application of a quantity of charge to a system that resembles 

the Randles circuit follows that shown in Eq. 3.5 (Hassanein et al., 1998).  

– –ÅØÐ          (3.5) 

where ɖt is the potential shift at any time t (mV), ɖo is the initial potential shift (mV) and 

Űc is the coulostatic time constant, Űc = CdlRp, (seconds). The theoretical transient may be 

fitted to the measured data by adjusting ɖo and Űc to minimize the squared differences 

between the predicted and measured data. This step, however, does not result in the 

determination of the double layer capacitance or the polarization resistance explicitly, 

but their multiplication product (Űc). 

When an amount of charge is applied to the Randles circuit, the circuitôs capacitors 

become instantaneously charged. In this case, the potential shift measured at time zero 

corresponds to the potential shift caused by the charging of the capacitor. Therefore, the 

double-layer capacitance can be directly found from Eq. 3.6, using the initial potential 

shift, ɖo, which is obtained from curve fitting as shown in Eq. 3.5; if its assumed that the 

electrolyte capacitance is negligible. Finding this capacitance then allows the 

determination of the polarization resistance through the time constant obtained from Eq. 

3.5 (Rp = Űc/Cdl) 
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ὅ            (3.6) 

where qs is the applied quantity of charge (mC).  

A marked difference between the coulostatic transient and the galvanostatic one is that 

the transient response equation for the coulostatic technique does not include an ohmic 

resistance term. This is due to the transient being an open-circuit discharge which is not 

expected to be influenced by any ohmic contribution. This is since the Randles circuit, 

which is assumed to model the steel-concrete system, assumes that no capacitive effects 

are imposed by the electrolyte, and therefore assumes that the electrolyte cannot be 

charged by the application of such a quantity of charge. 

To implement this technique, a circular stainless-steel electrode of 6 cm in diameter was 

used with an Ag/AgCl electrode at the center of the counter electrode. A current of 4 

mA was applied for a duration of 50 ms resulting in a total applied charge of 200 mC. 

The polarized area was assumed to be the full specimen due to the device applying a 

current with a relatively high magnitude and due to not using a current confinement 

technique 

3.3.4 Electrochemical Impedance Spectroscopy (EIS) 

EIS relies on analyzing the dependence of electric circuit components on the frequency 

of an applied AC current. EIS has gained popularity in recent years for the use in 

reinforced concrete, since analyzing the system response provides very valuable 

information about the corrosion rate, double-layer capacitance, interface structure and 

electrolytic resistance. The technique has not gained the same popularity for field 

applications since the measurement is very time consuming in the low frequency ranges 

(less than 0.1 Hz).  
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When a DC current is applied through a circuit, such as the Randles circuit, only 

resistors will resist the flowing current after the capacitors are fully charged. On the 

other hand, when an AC current is applied, the resultant potential will differ in time and 

have a phase shift that depends on the frequency of the applied current and the 

magnitude of the capacitance. This phase shift happens due to the capacitorsô ability to 

store electrical energy temporarily in an electric field, causing a time-lag between the 

applied current and the potential response. This causes what is known as an imaginary 

impedance, which is the impedance caused by the capacitorôs ability to store and retain 

current. The impedance response of a capacitor is inversely proportional to the 

frequency of the applied polarizing current. Knowing this, the change in real impedance 

(caused by resistors) and imaginary impedance (caused by capacitors) can be used to 

determine the circuit components. 

In EIS, a small AC potential shift is applied to the rebar and concrete system and the 

response current is measured, respectively. The impedance (Z), which is the ratio of 

change in potential to the change in current, is measured at every frequency. As a result, 

a spectrum of imaginary impedance, real impedance and phase shifts can be obtained as 

a function of frequency. Two methods to represent results obtained from EIS are shown 

in Figure 3.1. One method is to plot the imaginary versus real impedance. This plot is 

named the Nyquist plot. Another method is plotting the impedance modulus (the square 

root of the summation of squares of imaginary and real impedance) versus the 

frequency. This plot is named the Bode plot. The polarization resistance of the 

reinforcement, the electrolyte resistance and the double layer capacitance can be found 

by curve-fitting of the data to a hypothesized circuit equivalent. For instance, from the 
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Nyquist plot shown in Fig. 3.1, it can be seen that the imaginary impedance diminishes 

twice and two arcs exist, which indicates the existence of two time constants. This 

means that such a spectrum can be fitted using the response obtained from a circuit 

consisting of two parallel combinations of resistors and capacitors that are connected in 

series. However, obtaining such results is not always as simple as in the case shown in 

Figure 3.1. For instance, the assumption that the spectrum can be fitted using pure 

capacitors does not always yield satisfactory results, and in many cases a constant phase 

element (CPE) has been necessary in obtaining results (Feliu et al., 2004). Another issue 

of complication is that the distinction between such arcs is not always as clear as shown 

in Fig.1, and it has been shown that such arcs can overlap depending on the magnitude 

of the capacitance of both the electrolyte and the electrode surface (Martinez and 

Andrade, 2011). Furthermore, even if a certain circuit is chosen to fit the obtained 

transient, this circuit needs to have theoretical merit and represent physical and 

electrochemical characteristics that can occur in the system under consideration. 

 

Figure 3.1 - Nyquist plot (left) and Bode plot (right) obtained from EIS testing 
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It is interesting to note that a large number of circuit models have been suggested in the 

literature and there seems to be little or no agreement on a circuit model that can capture 

every steel-concrete system (John et al., 1981; Feliu et al., 1989; Ford et al., 1995; 

Christensen et al., 1994; Dhouibi-Hachani et al., 1996; Martinez and Andrade, 2011). 

Therefore, it has been frequently noted that such a measurement is not only time-

consuming from an experimental point of view, but also from an analysis aspect; since it 

can take a substantial amount of time to fit a large number of circuits to the obtained 

transient in order to determine the best-fit circuit. On the other hand, the Randles circuit 

has been used in the uttermost number of DC techniques and has shown good results. A 

trial will be shown in this paper to obtain EIS results without the use of any circuit 

models. This is done in an attempt to shorten the measurement and analysis time 

considerably. If it is assumed that the Randles circuit can model the steel-concrete 

system, with an acceptable degree of accuracy, and knowing that the impedance caused 

by the capacitor is inversely proportional to the AC currentôs frequency, then circuit 

models will not be essential in obtaining acceptable ohmic and polarization resistance. 

At the very high frequencies, the impedance caused by the capacitor tends to reach very 

small values. Therefore, the applied current will pass through the electrolyteôs resistance 

and then by the ñshort circuitò caused by the capacitor, leading to a direct measurement 

of the electrolyte capacitance as the total impedance. At the very low frequencies, the 

impedance caused by the capacitor tends to reach infinity. Therefore, the current will 

flow, fully, through the electrolyte and polarization resistances. Therefore, the high 

frequency response will be used to estimate the ohmic resistance (RÝ), and the lower 

frequency response will be used to determine the summation of concrete resistance and 
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polarization resistance (Rp+RÝ). The difference between these two measurements will 

be used to find the polarization resistance of rebar (Rp). 

Potentiostatic EIS was employed using a Gamry potentiostat reference 600TM through 

the same counter electrode used in the Potentiodynamic technique. The potential shifts 

were in the range of ±10 to ±30 mV depending on the cover depth and concrete 

resistivity. The frequency range used was from 100 kHz t 0.001 Hz. 

3.3.5 Connectionless Electrical Pulse Response Analysis (CEPRA) Technique 

All of the previously detailed techniques require a direct electrical connection to be 

made with the reinforcing steel network. This is typically done through inducing holes 

in the concrete cover through which a sound connection can be established with the 

rebar network. This is required in order to measure the corrosion potential of the 

reinforcement and in order to detect its change due to the application of a polarizing 

current. 

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

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

the case of using a four-point Wenner probe in the vicinity of a reinforcement (Monteiro 

et al., 1998; Zhang et al., 2001; Andrade and Martinez, 2010; Keddam et al., 2009; 

Andrade et al., 2011). The earliest work on this method applied for reinforcing steel in 

concrete was reported by Monteiro et al., (1998), in which the authors demonstrated that 

when an experimental setup similar to that of a 4-pt probe is used and the applied 

current from the two outer electrodes is swept from very high to low frequencies, the 

frequency dependent characteristics of the interface are reflected in the complex ratio of 
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voltage-to-current measured with a four-electrode array positioned above the reinforcing 

bar. In this case, the voltage is the potential difference between the two inner electrodes.  

Zhang et al. (2001) measured the frequency dependent resistivity modulus for non-

corroding and corroding reinforcements at different corrosion rates. Their results 

showed that the ratio of voltage-to-current measured with a four-electrode array 

positioned above the reinforcing bar at different frequencies can be related to the 

corrosion state of the reinforcement similar to the classical electrochemical impedance 

spectroscopy technique. The same authors published results in (Zhang et al., 2002; 

Zhang et al., 2004), in which it was shown that the measured impedance does not 

directly reflect the actual embedded impedance. The results were found to be directly 

affected by the relative direction between the electrode array and the reinforcing bar, the 

electrode distance, the concrete cover depth and the concrete resistivity. 

Andrade and Martinez (2010) evaluated the feasibility of the technique and obtained 

corrosion rates through a rather different method which requires two measurements 

using the four-point probe. In one measurement, the concrete resistivity is measured (a 

classic four-point probe measurement) away from the reinforcement, while in the 

second measurement, the reinforcementôs ñinductiveò polarization resistance, can be 

measured through finding the electrolyte + metal resistance to polarization. The authors 

suggested a model that can be used with the measurement of the electrolyte resistance 

and electrolyte + metal resistance to obtain the polarization resistance. This is 

implemented by considering that the current path will have two components, one being 

the electrolyte flow path and another being the electrode-polarizing path when the four-

point probe is positioned over the reinforcement. The authors, therefore, used the 
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measurements in the unreinforced section in order to determine the electrolyte resistance 

and determine its component to the resistance measured by the four-point probe over the 

reinforcement. This method, however, did not consider that the current flow in the case 

of unreinforced concrete area is substantially different than that in the vicinity of the 

reinforcement and the electrolyte resistance component will be different in the two cases 

as noted by Keddam et al. (2009). Subsequently, the authors concluded that the 

technique is not applicable when the Re is much lower than the Rp and when the steel is 

passive, unless the resistivity is high. This is, primarily, since the electrolyte resistance 

(which is wrongly assumed to be the same in case of reinforced and unreinforced cases) 

provides more contribution to the error in the calculation as the resistance of the 

electrolyte decreases or as the polarization resistance increases; since more current tends 

to flow in this path in these cases.  

The applicability of the technique was evaluated numerically and experimentally in 

(Keddam et al., 2009; Keddam et al., 2011) using experimental and numerically-

simulated measurements on a four-point probe setup. This enabled a description of the 

contribution of the concrete characteristics (resistivity and cover depth) and of the 

interface characteristics (double-layer capacitance and polarization resistance) on the 

data collected through such a setup. The authors concluded that the results cannot be 

represented by a simple parallel series connection of components representing the bar 

surface and the concrete medium. Their experimental results showed that a quantitative 

data interpretation can be attained if the resistivity of the electrolyte and the thickness of 

the concrete cover are known. The authors produced an abacus that uses the resistivity 

of the concrete along with the measured low and high frequency responses to determine 



 

104 

 

the polarization resistance and found a good correlation between this determined 

polarization resistance and that determined through classical methods (EIS in this case). 

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

the experimental and analytical procedure used in this study are rather different. As 

noted in section 3.3.4, the dependence of the impedance caused by the capacitance on 

the applied currentôs frequency can be used to determine the systemôs electrochemical 

characteristics. At the very high frequency range, the impedance caused by the double-

layer capacitance tends to reach zero, and this double-layer acts as a short-circuiting 

element, leading to all of the current flowing through the concrete resistance and the 

short-circuit caused by the double-layer capacitance. At the very low frequency range, 

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

leading to all of the current flowing through the concrete resistance and the polarization 

resistance. Therefore, at the low frequency limit, their summation can be found directly. 

This simple representation of the steel-concrete system stems from the simple Randles 

circuit which has been used frequently to obtain corrosion rates for the steel-concrete 

system. In the connectionless technique, which uses the 4-pt probe setup, there is a 

higher system complexity. If a current pulse or a step voltage is applied from one of the 

two outer probes of a four-point probe device, this current has two primary flow paths. 

One path is normal to the metallic electrode, which causes the charging of the double-

layer capacitance or the polarization of the electrode (depending on the frequency of the 

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

current applied by one electrode is consumed by the other. The portion of current 

flowing in each of these paths is highly dependent on the applied currentôs frequency, 
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the concrete cover characteristics (cover depth and resistivity), the polarization 

resistance value and the double layer capacitance. These are all interrelated factors that 

affect the current flow path and the obtained results. This system can be represented 

schematically using the circuit model shown in Fig. 3.2.  

 

Figure 3.2 - Circuit model used to represent the CEPRA technique 

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

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

concrete medium through Rc2 and Rc3 where the magnitude of current passing by each 

of these resistors is dependent on (1) the magnitude of their resistance (2) the impedance 

caused by the capacitance and subsequently the extent of charging of this capacitance 

(3) the magnitude of the polarization resistance (4) the concrete cover depth and 

reinforcement diameter. If a narrow DC/AC current pulse or a DC/AC step voltage is 

applied for a short period of time, the measured voltage response as a factor of time is 

similar to that of charging RC circuit, shown in Eq. 3.7, assuming that the electrolyte 

capacitance is negligible (same assumption as that in all of the other monitoring 

techniques).  

ὠ ὸ ὠȢὃ ὄὩ         (3.7) 
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where Vex is the constant voltage applied through the external electrodes and Vin is the 

potential difference between the two inner electrodes. The model shown in Fig. 2 was 

solved in order to determine the variables A, B and D. It was found that these variables 

follow functions shown in Eq. 3.8, 3.9 and 3.10. By measuring the voltage response 

over time as shown in Eq. 3.7, A, B and D constants can be calculated by fitting an 

exponential curve to the measured data. These factors can then be used to calculate the 

circuit components shown in Fig 2. This solution approach is rather complicated 

compared to the Randles circuit used by all of the other techniques, or that used by 

Andrade and Martinez (2010). However, such a circuit can be solved, just like any 

other, using more complicated solution procedures. 

A= f(Rc1,Rc2, Rc3, Rc4)         (3.8) 

B= g(Rc1,Rc2, Rc3, Rc4)        (3.9) 

D= h(Rc1,Rc2, Rc3, Rc4, Cdl )        (3.10) 

The device used to implement this technique uses a four-point array similar to the 

conventional wenner-probe, with an electrode spacing of 5 cm. The outer probes apply a 

narrow DC/AC step voltage for a short period of time (3 to 10 seconds) and 

simultaneously record the voltage of the system with a relatively high sampling rate. 

This typically leads to applied currents in the range of 0.5 to 2 mA (this current is not 

the polarizing current since a large portion of the applied current flows explicitly 

between the two probes, as demonstrated later). The obtained transient is then fitted to 

Eq. 3.7 to yield the constants A, B and D, which can be used to calculate the system 

components shown in Figure 3.2. 
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3.4 Experimental Study 

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

blocks, presented in Fig. 3.3, were each 300 mm (L) x 300 mm (W) x 100 mm (H) and 

reinforced with two black steel reinforcements at the same cover depth. The concrete 

mix design used is shown in Table 3.1. This mixture was selected to obtain a relatively 

high corrosion activity on the reinforcements in a short time due to the higher 

permeability and lower electrical resistivity of this concrete. Four dosages of admixed 

chlorides were used in this test to provide a wide range of corrosion activity and 

concrete resistivity. The admixed chloride dosages were 0%, 1.5%, 3% and 6% by 

weight of cement. For each of the admixed chloride percentage, four blocks were cast 

with the mix design shown in Table 3.1. Three of these blocks had rebars at different 

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

cover depth) in which 10M rebar was used (nominal diameter = 11.3 mm). For the 

fourth block, 20M rebar (nominal diameter = 19.5 mm) was used with 40 mmm cover 

depth in order to study the effect of reinforcement area on the results.  

 

Figure 3.3 - Schematics of the test blocks 
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Table 3.1 - Mix design used for the laboratory test blocks 

Constituent Amount (/m3) 

GU Cement 265 kg 

Coarse Aggregate (<19 mm) 1055 kg 

Fine Aggregate 940 kg 

Water 165 kg 

 

All of the reinforcements were tapped and drilled to accept a stainless-steel screw (type 

316) at their ends in order to allow for a connection between the reinforcement and the 

corrosion-monitoring devices. The end 3 cm of the reinforcements, including the 

intersection of the reinforcement and the stainless-steel screw, were epoxy-coated in 

order to prevent galvanic corrosion between the rebar and the stainless-steel screw as 

well as atmospheric corrosion and contamination from the exposure to the atmosphere at 

the part of the reinforcement protruding from the concrete. The reinforcements were 

then thoroughly sand blasted to remove any prior corrosion by-products or mill scale. 

All of the reinforcements were weighed and the mass was recorded to the nearest 0.01 g. 

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

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

concrete mixtures, with proportioning shown in Table 3.1, were produced with each 

level of admixed chlorides (0%, 1.5%, 3% and 6%). The concrete was cast in 

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

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

with wet burlap and wrapped in plastic for 24 hours. Specimens were then removed 
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from the formwork after 1 day, after which the specimens were placed into a sealed 

container, as shown in Figure 3.4, with an approximately 30 mm deep layer of water to 

ensure the availability of the required moisture and oxygen for corrosion propagation. 

 

Figure 3.4 - Schematic of the reinforced slabs' exposure condition 

Corrosion rate measurements were conducted weekly on all of the slabs using the 

aforementioned techniques. Only two electrochemical impedance spectroscopy 

measurement were done after 3 to 4 months of the exposure, when it was found that the 

corrosion rates stabilized. After 7 months, the specimens were removed from the 

containers and left to dry for a month during which measurements were conducted 

weekly in order to analyze the effect of the increased resistivity on the results.  

At the end of the exposure period (a total of 8 months), reinforcements were extruded by 

inducing a longitudinal crack along the reinforcement using a jackhammer. Both sides 

of the extruded reinforcements were photographed to show the extent of corrosion and 

to allow for calculating corroded-to-total area ratio as shown later. The mass loss of the 

reinforcements was found according to the ASTM G1 procedure C.3.5. In this 

procedure, the reinforcement specimens were immersed in a solution composed of 500 

mL hydrochloric acid, 3.5 g hexamethylene tetramine and enough distilled water to 

make 1000 mL of solution. The reinforcements were immersed for cycles of 3 minutes 

and weighed after each cycle. The mass loss was graphed, during the procedure, and 
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plotted as a function of the immersion cycles. The test was concluded when the slope of 

the mass loss versus cycles plot was observed to decrease indicating the solution was 

attacking the substrate metallic reinforcement rather than the corrosion product. The 

average corrosion rate was calculated from the obtained mass loss results according to 

Faradayôs law. 

The photographs of the rebar specimens were analyzed using imageJ software in order 

to determine the corroded area to total area ratio. This was done in an attempt to yield 

empirical observations on the role of the percent of corroded area on the accuracy of 

these techniques; as shown later. This procedure was done by manual color threshold 

adjustment on photographs of the rebar specimens in order to differentiate between three 

primary features: (1) the corroded spots (with their reddish-brown or black color) (2) the 

mortar adhering to the rebar surface and (3) the non-corroded steel surface. This allowed 

a calculation of the area covered by corrosion by-products as a percentage of the total 

reinforcement (termed corroded/total area in this paper). This was done in three steps: 

(1) the area of the reinforcement, as a percentage of the whole photograph, was 

determined (2) the area of corrosion by-products, as a percentage of the full photograph, 

was determined (3) the mortar area covering the corrosion by-products was determined. 

Figure 3.5 shows an example of the determination of area of corrosion by-products 

(shown in black) as a percentage of the full picture. 

 

Figure 3.5 - Determination of corrosion by-products area by manual color thresholding 
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3.5 Results and Discussion 

3.5.1 Galvanostatic Technique 

Figure 3.6 presents the average corrosion rate determined by the galvanostatic technique 

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

average electrochemically-predicted corrosion rate was obtained by integrating the 

corrosion rates obtained by the technique throughout the monitoring period (8 months) 

divided by the total period of exposure. The actual corrosion rate was obtained using 

ASTM G1 procedure with using the whole reinforcement area in the calculation. Note 

that the actual corrosion rate for 20M diameter specimens and 20 mm cover depth 

specimens with no admixed chlorides were zero, but were inputted in Figure 3.6 as 0.01 

µA/cm2 (an insignificant value) due to the use of the logarithmic scale. The corrosion 

rates for the other specimens with no admixed chlorides were higher (0.1 µA/cm2) due 

to the observation of some limited superficial corrosion products that may have occurred 

before passivation development. This is similar to observations by Luping (2002).  
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Figure 3.6 - Results obtained from the galvanostatic technique compared to the actual 

corrosion rate as a factor of admixed chloride percentage (left) and as a factor of cover 

depth and reinforcement diameter (right) 

The results clearly show an evident overestimation of corrosion rates for the passive 

case. The technique showed corrosion rates that were in the range of 1 ɛA/cm2 for all of 

the specimens with no admixed chlorides, which is much higher than the range typically 

accepted for passive corrosion rates (lower than 0.3 ɛA/cm2 [Andrade and Gonzalez, 

1978]). This overestimation is reported elsewhere from laboratory results, field results 

and modeling results (Flis et al., 1993; Luping, 2002; Gepraegs and Hansson, 2005; 

Poursaee, 2007; Nygaard et al., 2009; Martinez et al., 2010; Mitzithra, 2013). The first 

reason for this is believed to be the failure of current confinement in the passive cases. 

The device using this technique assumes that confinement happens in cases of passive 

and active corrosion states similarly. However, it has been shown that this assumption is 

almost never followed (Flis et al., 1993; Nygaard et al., 2009, 2008; Mitzithra, 2013); 
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which has been typically attributed to the high resistance to polarization exhibited by the 

passive reinforcements. 

Any current that is applied from a counter electrode in such a setup will be consumed in 

the polarization of the reinforcement, if the electrolyteôs ability to store current is 

considered negligible. Therefore, the exchange current density and the anodic tafel 

slopes are the factors governing the amount of current that can be received by the 

reinforcement. This is illustrated schematically in Figure 3.7, in which a schematic Tafel 

plot is plotted for a typical electrode under passivation control. In these cases, the 

exchange current density is very low and the anodic tafel slope tends to reach very high 

values (experimentally determined for the specimens used in this study to be higher than 

3000 mV) due to passivation control. In such cases, the electrode has a very limited 

ability to consume anodic currents due to the low exchange current density. This forces 

the current to propagate, laterally, to areas away from the counter electrode to be 

drained. In such cases, the current from the counter or the guard ring behave similarly 

and both currents will laterally propagate to areas far from the counter leading to a 

substantial deviation from the assumed confinement. If the full area of the reinforcement 

is used in calculating the passive reinforcement area (assuming that the device polarizes 

the full reinforcement), the passive results will fall in the range of 0.3 ɛA/cm2. 

Furthermore, since confinement does not happen, it can be hypothesized that the current 

applied by the guard ring will contribute in polarizing the reinforcement, similar to the 

counter electrode, making both electrodes act as one larger electrode. This causes extra 

applied current that is unaccounted for in the corrosion rate calculation (Gepraegs and 

Hansson, 2005) 
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Figure 3.7 - Typical Butler-Volmer kinetics representation for passive reinforcements 

Another reason for the overestimation of passive reinforcement rates is the short 

measurement duration. Figure 3.8 shows a schematic of the response obtained after the 

application of a galvanostatic pulse for active and passive reinforcement. This figure 

puts into perspective the higher time constant associated with the passive reinforcement 

and the higher potential shift (both due to the higher polarization resistance). In the 

passive state, the time required to reach quasi-steady-state after a polarization is much 

higher than that for active state (Martinez et al., 2010). The measurement time for the 

device that was used in this study is lower than this required time (5 to 10 seconds), 

which leads to ȹV values that are lower than the actual ones obtained after a quasi-

steady-state is reached. This leads to an underestimation of Rp which further contributes 

to the overestimation of icorr. Further numerical proof of the issue of the time required to 

reach steady-state conditions for passive reinforcements will be presented in part 2 of 

this paper. 
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Figure 3.8 - Schematic of the time-dependent response of a passive and active 

reinforcement 

The predicted corrosion rates for the series with admixed chlorides (actively corroding 

specimens) seemed to agree well with actual corrosion rates, with the ratio between the 

predicted and actual corrosion rates being in the range of 0.5 to 2 for most of the 

specimens; which is the typically accepted range in the literature (Andrade and 

Gonzalez, 1978). However, there seems to be no certain correlation between the 

predicted and actual corrosion rates. For instance, it can be observed that an 

overestimation of corrosion rates was found in the 6% series compared to the 1.5% 

series. A review of the literature and the finite element modeling performed by the 

authors (presented in part 2 of this paper) revealed that several factors affect the flow of 

the polarizing current, which leads to affecting the polarized area and subsequently the 

accuracy of the techniques (Wojtas, 2004; Nygaard et al., 2009). Such factors include 

the systemôs resistivity, cover depth and corroded area to total area ratio. Where 

decreases in systemôs resistivity, increases in cover depth or decreases in corroded area 
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encourage the lateral flow of current to polarize areas away from the counter electrode; 

which causes an overestimation of the current flowing under the counter electrode.  

An empirical relationship was developed based on the modeling results and is shown in 

Fig. 3.9 to demonstrate the effect of the aforementioned factors on the ratio of predicted 

to actual corrosion rates obtained from this study, where the abscissa includes the 

admixed chloride percentage, cover depth, corroded/total area ratio (obtained from 

image analysis) and the ohmic resistance obtained from EIS. These results indicate a 

good correlation between the effect of these mixed factors and the ratio between 

predicted and actual corrosion rates. It should be, however, stressed that this empirical 

relationship should not be viewed as a quantitative one but only an experimental proof-

of-concept. 

 

Figure 3.9 - The mixed effect of steel-concrete characteristics on the accuracy of the 

galvanostatic technique 

This relationship indicates that as the resistivity decreases, or as the chloride content 

increases, an overestimation of corrosion rates occurs. In order to demonstrate this, the 

concrete medium can be visualized as a network of resistive elements, with an 
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embedded reinforcement that consumes the applied current. This approach is very 

similar to a transmission line model (Feliu et al., 1989) or, similarly, the De Levie model 

for porous electrodes (De Levie, 1967). As the magnitude of resistance associated with 

these concrete-medium resistors increases (electrolyte resistance), the lateral flow of the 

polarizing current in the electrode medium will decrease. Therefore, more current will 

tend to flow to the reinforcement in the vicinity of the counter electrode area. On the 

other hand, when the concreteôs resistivity decreases, more current is encouraged to 

flow laterally, whether the source of this current is the counter electrode or the guard 

ring, and polarize areas away from the counter electrode. This lateral flow leads to less 

current flowing to the area of rebar under consideration (the polarized area) than that 

assumed by the device, which leads to an overestimation of the corrosion rate. The 

effect of the admixed chloride content is generally of the same nature; since as the 

chloride content increases, the resistivity decreases. This is not only due to the increase 

in pore solution conductance associated with the availability of chloride ions in the pore 

solution, but also due to the marked increase in moisture content for specimens with 

higher chloride contents. This is due to decrease in moisture saturation pressure in the 

capillary pores associated with increases in admixed chlorides percentage (Setzer, 

1997). This was observed throughout the testing period in which it was noted that 

specimens with 6% admixed chlorides had significant condensation on their surfaces 

compared to 1.5% series in which the specimensô surfaces was typically observed to be 

dry. 

The cover depth also seemed to affect the results as seen by the empirical relationship, 

where the cover depth seemed to be directly proportional to the predicted/actual 
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corrosion rate term. It is hypothesized that for lower cover depths, there is not enough 

current propagation area provided by the concrete domain for the polarizing current to 

propagate laterally. For cases of low covers, the current tends to polarize the electrode 

(the rebar) and get consumed preferentially, while in high cover depths, the current has 

higher tendency to laterally propagate in the concrete domain and polarize areas away 

from the counter electrode. When areas away from the counter electrode are polarized, 

the current that polarizes the area under consideration (the one under the counter 

electrode) decreases, leading to an underestimation of the polarizing current and 

subsequently an overestimation of the corrosion rate. 

This empirical relationship also seems to include the corroded-to-total area ratio. As 

noted earlier, the passive areas have a much lower exchange current density, or 

equivalently a much higher polarization resistance. Therefore, it is the anodic area that is 

the primary current-consumer in such a system (Nygaard et al., 2009). If the 

corroded/total area ratio is high, then there is a high availability of anodes that can drain 

the applied current near the counter electrode and prevent it from dispersing to areas far 

from the counter electrode.  If the corroded to total ratio is low, a portion of the current 

will tend to flow to anodic areas far from the electrode, to get drained, due to the lower 

Rp associated with the actively corroding area. As the amount of current flowing to areas 

away from the counter electrode increases, the corrosion rate generally becomes 

overestimated due to the current flowing under the counter electrode being lower than 

that assumed by the measuring device.  

The effect of resistivity, cover depth and anode-to-cathode ratio will be further studied 

in part 2 of this paper through finite element modeling. This is done in order to 
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determine the exact nature of the obtained correlation from theoretical and numerical 

points of view. 

3.5.2 Potentiodynamic Technique 

Figure 3.10 presents the average corrosion rate determined by the potentiodynamic 

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

The average, electrochemically-predicted, corrosion rate was obtained by integrating the 

corrosion rates obtained by the technique throughout the monitoring period divided by 

the total period of exposure. The actual corrosion rate was obtained using ASTM G1 

procedure. 

 

Figure 3.10 - Results obtained from the potentiodynamic technique compared to the 

actual corrosion rate as a factor of admixed chloride percentage (left) and as a factor of 

cover depth and reinforcement diameter (right). 

The potentiodynamic technique results showed a much better estimation of the passive 

corrosion rates than that obtained from the galvanostatic technique. All of the results 
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were in the range of 0.3-0.5 ɛA/cm2. This is practically acceptable considering that the 

polarized area inputted for the device was the area under the counter electrode and the 

device does not use a guard ring. However, this is higher than the typical range of 

passive corrosion rates (Elsener, 2005); due to passive reinforcements requiring slower 

sweep rates in order to capture passive corrosion rates (Gonzalez et al., 1985). Slower 

sweep rates were tried (0.05 mV/sec) and the results were in the range of 0.1-0.3 

ɛA/cm2. However, the sweep rate presented in this study is that commonly-used for 

practical, or research, applications and is that recommended by ASTM G59. This 

finding supports results by Gonzalez et al. (1985) and Millard et al. (1992), in which it 

was noted that much-slower sweep rates are recommended in order to accurately capture 

low corrosion rates associated with passive reinforcements. 

The primary reason for the lower corrosion rate found through this method, compared to 

the galvanostatic one, is that the effect of waiting time issues noted in the galvanostatic 

technique does not exist in this technique. Furthermore, it was hypothesized that the 

current applied from the guard ring will lead to a polarization that is not accounted for in 

passive cases. It should be also noted that in the potentiodynamic method a potential 

difference between the counter electrode and the reinforcement is applied (10 mV in this 

study) and the current flowing from the counter electrode to the reinforcement to sustain 

this potential difference is monitored. Therefore, the current is always sustained in the 

linear region around the corrosion potential, while in the galvanostatic technique, the 

applied current was the controlled factor and not the potential difference, which can lead 

to potential shifts far from the linear region. Another consequence of using a controlled 

potential method is that the applied current is inversely proportional to the polarization 
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resistance. Therefore, in cases of high polarization resistance (as in passive cases), the 

applied currents are usually in the range of 5 µA or less (depending on the concrete 

resistivity, cover depth and reinforcement area). This leads to the errors, due to the 

difference between assumed and actual current under the counter electrode, being of 

lower magnitude than that in the galvanostatic technique. Although the applied currents 

are very low for this technique, modeling results (presented in part 2 of this paper) have 

shown that the full reinforcement area will still be polarized for the range of concrete 

resistivities used in this study, due to the high polarization resistance of the electrode. If 

it is assumed that the current polarizes the full reinforcement, the obtained results will 

be in the range of 0.15 ɛA/cm2 which is the typically accepted range for passive 

reinforcements. 

The same empirical function that was developed for the galvanostatic technique seemed 

to apply for the potentiodynamic technique, as shown in Fig. 3.11, with the addition of 

the polarization resistance value to the denominator of the mixed factors term. This term 

was added since the current applied from the counter electrode is dependent on it and 

due to the fact that it showed a correlation of the same nature as the other factors. The 

strength of this correlation for both cases of galvanostatic and potentiodynamic 

techniques clearly questions the concept of ñconstant polarized areaò and shows that the 

assumption of a certain polarized area value for any concrete resistivity or cover depth is 

an approach that may yield misleading results. This is further stimulated by the 

availability of galvanic corrosion and the randomness of anodes location with respect to 

the counter electrode as shown in a subsequent paper. Nevertheless, results by this study 

still show that adequate results can be provided by these techniques, in laboratory 
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setups, when using a constant polarized area; although there is evidence that this may 

not be the case for very high cover depths and very low concrete resistivities or vice 

versa.   

 

Figure 3.11 - The mixed effect of different variables on the ratio of estimated to actual 

corrosion rate 

Finally, it should be noted that the effect of ohmic resistance correction on the measured 

corrosion rates is of an outstanding importance as demonstrated by Fig. 3.12; which 

shows the corrosion rate results before correction for the IR-drop. As expected, the 

corrosion rates are significantly underestimated in cases where the ohmic resistance is 

not corrected for. This is, expectedly, substantial for higher resistivity systems, such as 

that in the 1.5% series. It should be noted that the ohmic resistance correction used for 

this study was obtained from EIS through determining the total impedance coinciding 

with the minimum phase shift observed at very high frequencies. Such a measurement 

only takes a few seconds and shows a good advancement in the determination of 

corrosion rates. This was chosen over the typically-used current-interruption method due 

to severe distortions of polarization curves observed when using this method. The issues 
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with current-interruption methods in cases with low conductivity and low time constants 

are well documented and can be found in (Mansfeld, 1988; Mansfeld, 1990; Oelßner et 

al., 2006; Lambie et al., 2007) 

 

Figure 3.12 - Corrosion rates obtained with the potentiodynamic technique without 

ohmic resistance correction 

3.5.3 Coulostatic Technique 

Figure 3.13 presents the average corrosion rate determined by the coulostatic technique 

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

average, electrochemically-predicted, corrosion rate was obtained by integrating the 

corrosion rates obtained by the technique throughout the monitoring period divided by 

the total period of exposure. The actual corrosion rate was obtained using ASTM G1 

procedure. 
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Figure 3.13 - Results obtained from the coulostatic technique compared to the actual 

corrosion rate as a factor of admixed chloride percentage (left) and as a factor of cover 

depth and reinforcement diameter (right) 

The results clearly demonstrate the ability of the technique in determining the passive 

corrosion rates. The corrosion rates obtained for the specimen with no admixed 

chlorides was in the range of 0.2 ɛA/cm2. It should be noted, however, that inputting the 

full reinforcement area in the Stern and Geary equation was required in order to obtain 

these results. This shows the applicability of the technique for use in laboratory 

corrosion rate monitoring where the polarized area is known, in cases of small-scale 

samples. It should be noted, however, that the device developed for this technique does 

not use a current-confinement technique and applies a constant quantity of charge 

regardless the steel-concrete system. Therefore, it is expected that an ambiguity will be 

present for field conditions that will not allow such an accurate determination of passive 

corrosion rates. 
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An overestimation was generally found in the actively corroding specimens. This 

overestimation could not be related to the polarized area since the area inputted to the 

device was the full reinforcement area. However, the overestimation was similarly 

reported from previous studies (Hassanein et al. 1998; Glass, 1995; Scott, 2015) for 

different experimental setups. The coulostatic method relies on the assumption that the 

response of a metal/electrolyte system to an electrical signal is similar to that of the 

Randles equivalent circuit. Therefore, it is assumed that when an amount of charge is 

applied to a given system, the observed potential is instantaneously shifted to an amount 

ɖo that is a function of only the double-layer capacitance at the electrodeôs surface. The 

metal will then tend to regain its original state and relax to the corrosion potential such 

that the quantity of charge applied is discharged over an interval of time.  

This leads to describing the potential transient as shown previously in Eq. 3.5. This 

equation does not contain any term for the electrolyte resistance or electrolyte 

capacitance, since the Randles circuit is assumed. This is since the Randles circuit 

assumes that the electrolyte behaves in a purely resistive manner with no associated 

capacitive behavior. This means that the electrolyte can not be charged and that the 

response is not dependent on the electrolyte properties. However, the response obtained 

experimentally is rather different as shown in Fig. 3.14. It is clear that after the 

application of a quantity of charge there are two observed time constants. In which one 

is associated with the very fast transients, which is obtained due to the capacitive nature 

of the concrete domain, and another one associated with slow transients, which is 

obtained due to the capacitive nature of the electrode surface. This clearly shows that 

assuming the Randles circuit for this method may lead to substantial errors. EIS results 
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by the current study (shown in section 3.5.5) and by a number of other authors 

(Christensen et al., 1994; Ford et al., 1995; Andrade et al., 1995; Gu et al., 1997; 

Martinez and Andrade, 2011) clearly indicate that there is a capacitive behavior 

exhibited by the electrolyte. However, this capacitance is orders of magnitude lower 

than that associated by the double-layer capacitance.  

 

Figure 3.14 - Typical potential transient obtained for the case of actively corroding 

specimen 

Since the equation used in order to determine the polarization resistance only considers 

the capacitive behavior of the electrode and not the electrolyte, the method used in order 

to obtain the polarization resistance was to remove the first second out of the transient, 

in which the electrolytic capacitive forces are assumed to be exhausted and the 

electrolyte capacitance fully discharges. The remaining part is then fitted to the 

previously shown Randles circuit response (equation 3.5). This is illustrated 

schematically in Fig. 3.15. 
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Figure 3.15 - Illustration of the method used to determine the polarization resistance and 

double-layer capacitance from the coulostatically obtained transient 

For all of the cases, the fitted curve was similar to that shown in Figure 3.16. It is clear 

that the fitted curve underestimates the initial potential shift. This is due, in part, to the 

difficulty in dividing the potential relaxation to distinct regions of electrolyte 

contribution and interface contribution. Therefore, when the first second of data is 

removed, some of the early response from the double-layer time constant are removed, 

wrongly, in the excluded part. Furthermore, a higher final potential shift is determined 

when fitting Eq. 5 to the data as shown in Fig. 16. This may indicate that the very fast or 

very slow regions of the interfacial transient did not contribute to the polarization 

resistance which agrees with results by Hassanein et al., (1998). 
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Figure 3.16 - Example of the fitted coulostatic transient 

In order to further demonstrate the aforementioned issue with fitting the transient to the 

theoretical response, La place transformation was performed on the obtained potential 

transients in order to obtain Nyquist plots of Imaginary versus real impedance. The 

transformation was done through the method outlined by Pilla (1970) through using Eq. 

3.11. 

ὊὮ‫ ᷿ ὪὸÃÏÓ‫ὸὨὸὮ᷿ ὪὸÓÉÎ‫ὸὨὸ     (3.11) 

where F(jɤ) is the Laplace transform of f (t), ɤ is the range of angular frequencies of 

interest and t is time. This transformation consists of a real part (the first integral) and an 

imaginary part (the second integral). The impedance of the system Z(jɤ) can be 

obtained from the voltage V(jɤ) and the current I(jɤ) transformations. 

Selected results obtained from the potential transients are presented in Fig. 3.17 and 

3.18. At the high frequency region, it seems that a number of loops exist, which may 

indicate simultaneous charging and discharging of the electrolyte capacitance. This was 
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seen in all of the cases. Furthermore, it seems rather clear that the two transients 

overlap, which introduces complications in the separation of these time constants in the 

manner shown previously. The continuous charging and discharging behavior of the 

electrolyte capacitance shows that the behavior assumed in fitting the experimental 

results, which is shown in Fig. 3.15 does not exist for this technique and may lead to 

serious errors. This is since the electrolyte capacitance will not behave as that shown in 

Fig. 3.15 (one discharging time transient) but as a number of consecutive charging and 

discharging transients which cannot be removed as in the procedure used. 

 

Figure 3.17 - Example of the real vs. imaginary impedance of the obtained response 
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Figure 3.18 - Example of the real vs. imaginary impedance of the obtained response 

Glass (1995) also hypothesized about a similar behavior and noted that the shape of the 

transient may be affected by the charging period when some discharge of the associated 

capacitance occurs simultaneously during charging which in turn will lead to a reduction 

in the measured potential shift. The author demonstrated that this is more sensitive to 

errors resulting from the residual effects of faster transients. Furthermore, results by 

Hassanein et al. (1998) demonstrate that it is unlikely for the coulostatically obtained 

transient to produce average values of these parameters if deviations from an 

exponential transient behavior occur. Such deviations were hypothesized to result when 

measuring dispersed time constants (produced by a position dependent electrolyte 

resistance, polarization resistance and interfacial capacitance). The impedance spectrum 

obtained from the actual transient would be, in these cases, determined by the minimum 

electrolyte resistance at very high frequencies and the combination of all resistances at 

very low frequencies, which can also explain the overestimation of corrosion rates 

obtained. 
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From a practical point of view, assuming that the double layer capacitance is the only 

significant value contributing to the time constant is an accepted assumption since the 

capacitance of the electrolyte is usually much lower than that of the double layer 

capacitance of the steel concrete interface. However, in cases where continuous 

charging and discharging of the electrolyteôs capacitance occurs, serious errors may be 

posed by such an assumption. The results of this study show that, although there are 

errors in the fitting procedure, practically acceptable corrosion rate measurements can 

still be obtained; provided that the polarized area is known. In order to more accurately 

estimate corrosion rates the capacitance of the matrix has to be put into consideration. 

This can be done through a Laplace transformation procedure such as that shown in this 

study. Results by Christodoulou et al., (2012) demonstrate the feasibility of the approach 

of determining corrosion rate results from the Laplace transformation of obtained 

potential transients. 

3.5.4 CEPRA Technique 

Figure 3.19 presents the average corrosion rate determined by the CEPRA technique 

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

average electrochemically-predicted corrosion rate was obtained by integrating the 

corrosion rates obtained by the technique throughout the monitoring period divided by 

the total period of exposure. The actual corrosion rate was obtained using ASTM G1 

procedure. 
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Figure 3.19 - Results obtained from the CEPRA technique compared to the actual 

corrosion rate as a factor of admixed chloride percentage (left) and as a factor of cover 

depth and reinforcement diameter (right) 

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

corrosion rates. For the specimen without admixed chlorides, the results showed an 

overestimation of corrosion rates for the case of saturated specimens; where the results 

fall in the range of 0.6 to 0.8 µA/cm2 for the 10M specimens, while in the range of 0.2 

µA/cm2 for the 20M specimens. However, the results seemed to be less than 0.25 

µA/cm2 for the dry condition which is in the range typically accepted practically. The 

substantial difference between the results obtained in the dry and saturated conditions is 

expected and will be discussed further through modeling in part 2 of this paper. The 

primary reason for this is that this method uses two probes (a positive and a negative 

one) that apply a polarizing current. If a certain amount of current is applied from the 

positive (anodic) probe, it can be either consumed by the negative (cathodic) probe or in 
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polarizing the reinforcement. This means that such a system will have two current 

drains, as opposed to one (the working electrode) in the other techniques. The portion of 

current flowing between the two outer probes as opposed to that polarizing the 

reinforcement is dependent on a number of factors including the system resistivity, 

cover depth, polarization resistance of the reinforcement and the area of the 

reinforcement available to receive current.  For instance, when the polarization 

resistance of the electrode is very high, most of the current preferentially flows between 

the two probes and only an very small amount of current polarizes the electrode. As the 

concrete domainôs resistivity increases, more current preferentially polarizes the 

reinforcement. This amount of current polarizing the electrode is well-estimated using 

the model shown in section 3.3.5; as evidenced by the accuracy of the technique in the 

actively corroding cases. However, modeling results have shown that for passive 

electrodes, a substantial amount of current tends to flow in the direction perpendicular to 

the line connecting between the two outer probes, due to the poor ability of passive 

electrodes to consume polarizing current. This is the in-plane or out-of-plane line in Fig. 

3.2. This flow path of this current is very challenging, if at all possible, to determine. 

This causes some error since this current does not directly fall in the flow path of Rc2 or 

Rc3 shown in Fig. 3.2. This can be viewed through the low frequency response obtained 

for the passive reinforcements compared to those for active reinforcements as shown in 

Figures 3.20 to 3.23.  These figures were obtained from the model presented in part 2 of 

this paper, although they can be viewed as schematics for the purpose of demonstration 

in this paper. As the system resistivity increases or the area available for the electrode to 

receive current increases, the portion of this in-plane current decreases (more current 
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polarizes the reinforcement) leading to a better estimation of the corrosion rate. Another 

factor that contributes to the error is that the developed model assumes that the high 

frequency and low frequency flow paths are rather similar, but one is governed by the 

capacitance and another is governed by the polarization resistance. The similarity 

between the two paths is essential for applying the model and obtaining acceptable 

results. Modeling results, presented in a subsequent paper, and results presented by 

Keddam et al., (2009) indicate that the high and low frequency paths are rather similar 

in cases of actively corroding electrodes. However, this is not the case for the passive 

reinforcement; since in the high frequency portion, the reinforcementôs double-layer acts 

as a relatively good current-consumer (causing a shot-circuit effect), while at the low 

frequency region, the reinforcement acts as a current insulator (due to its high 

polarization resistance) and hardly any current polarizes the reinforcement. This is also 

illustrated in schematics shown in Figures 3.20 to 3.23. It is clear that in the low 

frequency ranges for the passive reinforcements, the electrode acts as an insulator and 

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

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

paths will tend to become more similar when the current flowing to the reinforcement in 

the low frequency range increases. This current increases as the electrodeôs area 

available for current consumption increases or as the system resistivity increases, which 

explains the good results obtained for the 20M reinforcements and for the dry (high 

resistivity) cases. Another issue of complication is that for the low frequency response 

for passive electrodes, the anodically-polarized side of the reinforcement exhibits a 

different behavior than that for the cathodically polarized one, due to passivation control 
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limiting the anodic polarization of these reinforcements (As shown in Figure 3.7, the 

anodic and cathodic polarizations of the passive electrode are dramatically different). 

This also leads to a decreased reliability of the model due to the lack of symmetry 

between the two sides of the reinforcements, which means that Rc3 shown earlier will 

not be the same under the two probes. 

 

Figure 3.20 - High frequency current distribution (evaluated at 1 µs) for a case of an 

actively corroding reinforcement 
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Figure 3.21 - Low frequency current distribution (evaluated at 500 s) for a case of an 

actively corroding reinforcement 

 

 

Figure 3.22 - High frequency current distribution (evaluated at 1 µs) for a case of a 

passive reinforcement 



 

137 

 

 

Figure 3.23 - Low frequency current distribution (evaluated at 500 s) for a case of an 

actively corroding reinforcement 

Furthermore, the distribution of this current over the electrodeôs surface is a crucial 

issue in determining the corrosion rate. Results by Keddam et al., (2009) has shown that 

the area between the two inner probes is the primary sensed area. As the resistivity 

decreases, less amounts of current flow to this area and more current flows near the ends 

of the specimen. Therefore, the portion of the current at this area is higher for higher 

resistivity systems, which leads to a better estimate of the corrosion rate.  

The effect of the measurement time is also a crucial factor. The device relies on 

analysing the response of the electrode, for 6 to 10 seconds, to an applied pulse. As 

noted earlier in the galvanostatic technique, the time constant associated with passive 

reinforcements is factors of magnitude higher than that for the active cases. If the 

electrode requires more than 6 seconds to charge, the potential shift will be 

underestimated which may cause some errors. Modeling has, however, shown that this 

method highly decreases the time required for measurements. This is in agreement with 
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results by Lim et al. (2009) and Zhang et al. (2001). This is mainly due to the very low 

currents reaching the electrode compared to the galvanostatic technique; especially in 

cases of low resistivity (due to the availability of two current drains as noted earlier). It 

should be noted, in any case, that comparing the results obtained for saturated vs dry 

conditions shows evidence that the effect of measurement time is a secondary factor 

compared to the effect of the systemôs resistivity or the electrodeôs area. 

For the actively corroding specimens, the predicted corrosion rates seemed to agree well 

with the actual corrosion rates. An underestimation was found for the 1.5%-admixed-

chloridesô series for both 20M reinforcement diameter and for one 20 mm cover depth. 

This may be attributed primarily to polarized area errors. In these cases, it was assumed 

that the full reinforcement area is the polarized area. However, as shown earlier in 

results by the galvanostatic techniques, the polarized area changes dramatically due to 

changes in a number of factors. In the case of 1.5% chloride (highest resistivity of all 

active specimens), and in case the cover depth is not deep enough (20 mm) to allow the 

current to disperse and polarize the full area, this assumption may not be correct. In 

these specimens, the polarized area may be less than the full reinforcement. In the case 

of 20M reinforcement, there is a much higher area that can drain the current (compared 

to other 10M reinforcements) which also does not allow the current to disperse and 

polarize the whole area. In fact, the 20 mm diameter and the 20 mm cover 

reinforcements embedded in the 1.5% admixed chloride mix will have the highest lateral 

current dispersion-resistance of all of the other active specimens as found through 

modeling. It will have a higher resistance to the current dispersion due to the 1.5% 

admixed chlorides system having a higher resistivity than the 3% and 6% admixed 
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chloride systems coupled with the effect of the larger reinforcement area or lower cover 

depths on current consumption. This shows that the assumption of polarizing the full 

reinforcement may not be true for this case, which illustrates why a weak correlation 

was found. 

In summary, the applicability of this method and its accuracy is clearly shown from the 

results of this study for laboratory cases. The overestimation of passive corrosion rates 

for the saturated specimensô conditions is expected in the range of very low resistivity 

concrete used in this study. Such an overestimation is very similar to that for 

conventionally used techniques (such as the galvanostatic one). The correlations 

obtained between the electrochemically predicted and actual corrosion rates for the case 

of actively corroding reinforcement is very similar to those shown for all of the other 

well-established techniques. This accuracy was not only attained without a 

reinforcement connection, but also in a measurement time of only 6 seconds. Further 

work presented on this techniqueôs polarized area will be presented in part 2 of this 

paper. 

3.5.5 EIS Results 

Figure 3.24 presents the average corrosion rate determined by the EIS technique plotted 

versus the actual corrosion rate obtained by determining the mass loss. The average 

electrochemically-predicted corrosion rate was obtained through only two EIS 

measurement taken in the saturated condition. The actual corrosion rate was obtained 

using ASTM G1 procedure. 
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Figure 3.24 - Results obtained from the EIS technique compared to the actual corrosion 

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

reinforcement diameter (right) 

It is evident that EIS provided accurate results in both passive and active states. As 

noted earlier, the results shown were obtained without using any circuit modeling. The 

difference between the high and low frequency impedance responses was simply used to 

obtain the polarization resistance. For a number of cases, the measured impedance 

response was not similar to that shown in Fig. 3.1 and the total impedance was not a 

constant value in the very high frequency ranges. In these cases, the ohmic resistance 

was obtained as the total impedance coinciding with the minimum phase angle obtained 

in the high frequency region. This can be seen in Fig. 3.25 in which the procedure of 

obtaining the ohmic resistance is shown. The polarization resistance was then obtained 

as the difference between the very low frequency total impedance subtracted by the 

ohmic resistance obtained.  
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Figure 3.25 - Bode plot obtained for actively corroding specimen 

The results obtained through this procedure, compared to those obtained from curve 

fitting can be seen through the Nyquist plot shown in Fig 3.26. It is clear that the fitted 

and simplified procedures yield fairly close results in this case. This is simply since the 

imaginary impedance seems to diminish, in the very low frequency range, and the total 

impedance, obtained from the Bode plot, can be approximated to the real impedance 

(note that the imaginary impedance is only 44 ohms while the real impedance is 838 

ohms in the very low frequencies which leads to an impedance modulus of 840). In 

these cases (typical active cases), curve fitting was not required. 
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Figure 3.26 - Nyquist plot obtained for an actively corroding specimen 

The passive corrosion rate results showed a good estimate of corrosion rates, when the 

aforementioned procedure was used, with all corrosion rates falling in the range of 0.2 

ɛA/cm2. Although these results are in the range of accepted results for passive corrosion 

rates, it should be noted that a better estimate could have been achieved through 

reaching lower frequencies. Figures 3.27 and 3.28 show a Bode and a Nyquist plot 

obtained for one of the passive specimens, respectively. The estimated ohmic resistance 

coincides well with that visually observed and the one estimated by curve fitting. 

However, when curve fitting was performed, the polarization resistance was 4 times that 

shown by the approach used in this study. It has to be stressed that for passive 

reinforcements, the low frequency (0.001 Hz) impedance modulus contains a 

contribution from both the real and imaginary impedance. Using this impedance 

modulus as the real impedance in the Nyquist plot is a crude approximation (very 

different from the case shown in Fig. 3.25 and 3.26 where the imaginary impedance 

diminishes). In this case, it is clear that the low frequency impedance response did not 
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reach a plateau (the imaginary impedance did not reach zero). If a lower frequency 

response is used then a better estimate of the passive corrosion range would be found. 

Reaching frequencies lower than 0.001 Hz is not a feasible option for field assessment, 

since achieving one measurement at such low frequencies requires hours of potential 

sweeping. In these cases, it was found that fitting the full experimental results (Nyquist 

plots) to a certain circuit model would yield better results, where the corrosion rates 

reach values of less than 0.05 ɛA/cm2. However, this demands a full set of data with 

impedance responses from a wide range of frequencies and a substantial understanding 

of the electrochemical meaning of the circuit models used. This shows that, although the 

use of circuit models is very valuable in identifying the electrochemical cell 

components, it is not essential in differentiating passive and active reinforcements. The 

approach outlined herein is not recommended for research applications in which EIS is 

typically used to grasp substantial information about the systemôs characteristics and an 

accurate estimation of the corrosion rate is required. However, for practical applications 

among the civil-engineering community, in which an electrochemical understanding of 

EIS is not typically available in practice, such an approach can be used to obtain a rough 

estimate of the corrosion rate in a much-shortened time. 
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Figure 3.27 - Bode plot obtained for passive specimen 

 

Figure 3.28 - Nyquist plot obtained for passive specimen 

Due to EIS electrochemically-predicted corrosion rate being based on only 2 

measurement, its accuracy can not be commented on with certainty. It should be noted 

that for 1/8 of the exposure period the specimens were in dry condition which may 

explain why EIS overestimated some of the corrosion rates since the EIS measurement 

was taken in the saturated condition and extrapolated for the full exposure period. 
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Again, the same overestimation of corrosion rate in the 6% reinforcements can be seen 

with EIS. This is believed to be attributed to the polarized area reaching higher values 

than those assumed by the technique in such low resistivity system as discussed earlier. 

All of the other results seemed to agree well although it should be stressed that this was 

only based on 2 measurements taken throughout the exposure duration.  

3.6 Conclusions 

The following conclusions can be drawn based on the presented results: 

¶ The galvanostatic technique fails in detecting passive corrosion rates due to 

underestimating the polarized area and due to the short measurement time. 

However, the technique seemed to provide accurate results for the actively 

corroding reinforcements. 

¶ The potentiodynamic technique seemed to provide an acceptable passive 

corrosion rate determination without the need for a current confinement 

technique. However, this determination of passive corrosion rates could be 

enhanced using slower sweep rates. The technique also showed accurate 

corrosion rate results for actively corroding reinforcements.  

¶ The coulostatic technique provided the lowest corrosion rates of all the 

techniques studied for the passive case. However, this is mainly due to the 

polarized area being well determined in laboratory conditions. The coulostatic 

technique generally overestimated the active corrosion rates due to the Randles 

circuit not being able to capture the actual transient obtained experimentally and 

due to successive charging and discharging of the electrolyte capacitance. A 
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method was suggested based on Laplace transformation of the obtained potential 

transients that can provide more accurate results. 

¶ The CEPRA technique showed an overestimation of the passive corrosion rate in 

the saturated condition, however the results seemed to be practically accepted in 

the dry condition. This was primarily attributed to the difficulty in predicting 

current flow in passive electrodes when the electrolyte resistance is very low. 

The measurement time may have had a secondary effect in the inaccuracy of 

determining corrosion rate. The technique showed an accuracy in estimating the 

corrosion rates for actively corroding reinforcements that was similar to other 

well-established techniques 

¶ EIS seemed to provide a very accurate estimate of both the passive and active 

corrosion cases through a simplistic analysis approach 

¶ All of the techniques generally seemed to overestimate the corrosion rate in the 

6% admixed chloride specimens due to the low system resistivity and the 

dispersion of the current. 

¶ The mixed effect of factors including cover depth, concrete resistivity, 

anode/cathode ratio and admixed chloride percentage was analysed and was 

found to correlate well to the ratio of estimated/actual corrosion rates for 

potentiodynamic and galvanostatic techniques. This will be the primary purpose 

of part 2 of this paper. 
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4.1 Abstract 

This paper presents results from a finite element model developed to investigate the use 

of corrosion-monitoring techniques in cases of macrocell corrosion, microcell corrosion 

and passive electrodes. The developed model was used to study the polarizing current 

propagation and the time-dependent potential response for the galvanostatic, 

potentiodynamic and CEPRA techniques for a wide range of cases. The results obtained 

provide an insight on the effect of concrete resistivity, cover depth and anode-to-cathode 

ratio on the current-propagation behavior for these techniques. It was found that the 

polarized area is not a unique value and depended, for all of the techniques, on the 

characteristics of the reinforced concrete system. All of the techniques showed a higher 

polarized area as the resistivity of the concrete decreased, the cover depth increased or 

as the anode-to-cathode ratio decreased; which is in line with the hypotheses outlined in 

part 1 of this paper. The time-dependent model revealed the dependency of double-layer 

capacitance and anodic beta coefficients on the obtained potential transient and the time 
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required to reach quasi-steady-state conditions. These results indicated that the CEPRA 

technique decreases the time to steady-state conditions substantially compared to the 

galvanostatic technique; in which it was found that the short measurement time 

associated with the device used in part 1 of this paper causes substantial errors. Finally, 

the challenges in experimentally determining corrosion rates for the case of macrocell 

corrosion, due to the inhomogeneous distribution of the polarizing current, are also 

highlighted from the modeling results. 

4.2 Introduction  

In the first part of this paper, the correlation between electrochemically-predicted 

corrosion rates, obtained using a number of techniques, and the actual corrosion rate 

obtained gravimetrically was investigated. It was hypothesized from the experimental 

results that the polarized area is not expected to be a unique value and it was premised to 

have a dependency on several factors, such as resistivity, cover depth and corroded/total 

area ratio. It was also demonstrated that the measurement time is a highly-critical factor 

in such measurements. The aforementioned paper also evaluated the validity of a 

completely connectionless technique in determining the corrosion rates of steel in 

concrete. In the present paper, results obtained from a finite element model developed to 

investigate the mode of work of these techniques and to further investigate the 

hypotheses noted is presented. A special emphasis is put on studying the connectionless 

technique in order to understand the propagation of current associated with it and its 

associated polarized area. 

Finite element modeling of the corrosion propagation process has gained a wide 

popularity in the recent years and a number of models have been developed to predict 
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corrosion rates of steel in concrete (Kranc and Sagues, 2001; Isgor and Razaqpur, 2006; 

Ghods et al., 2007; Warkus and Raupach, 2008; Pour-Ghaz et al., 2009; Cao et al., 

2013; Yu et al., 2014). These models, generally, assume that galvanic corrosion is the 

kinetic parameter governing the corrosion rate in chloride-induced corrosion and that 

Faradaic processes (macrocell corrosion) occur between discrete anodic and cathodic 

areas. These models have been compared to experimental results and have, generally, 

been shown to be able to predict corrosion rates accurately.  

On the other hand, very limited work has been done to extend such models to 

investigate the mode of work of electrochemical corrosion-monitoring techniques. The 

modeling studies published on this topic evaluated the mode of work of corrosion-

monitoring techniques with the primary objective of evaluating the use of guard ring 

electrodes to confine the polarizing current (Kranc and Sagues, 1993; Kranc and Sagues, 

1997; Wojtas, 2004; Clement et al., 2012; Marchand et al., 2017). For the most part, this 

was performed assuming cases of uniform corrosion or assuming that the reinforcement 

behaves purely as a parallel combination of a resistor and a capacitor. Although some 

studies have evaluated the effect of prevalent macrocells in reinforcing steel corrosion, 

using Faradaic and capacitive processes on the surface of the electrode, the effect of the 

anode-to-cathode ratio, distance from anode to counter electrode or the effect of 

concrete characteristics such as resistivity and cover depth have not been fully evaluated 

and are not well-understood.   

This paper details the development of a model that can be used to investigate the steady-

state and time-transient responses of the polarization behavior of steel in concrete during 

electrochemical corrosion-monitoring. This model will be used in the present paper in 
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order to study the hypotheses postulated in part 1 of this paper regarding the polarized 

area and the time to quasi-steady-state for the galvanostatic, potentiodynamic and the 

CEPRA techniques. This will be done using select results obtained from the model, for 

the same geometry as that used in the experimental study. Furthermore, for the CEPRA 

technique, selected results will be presented for a generic case of a semi-infinite 

steel/concrete system in order to evaluate its potential field performance 

4.3 Finite Element Model 

4.3.1 General Galvanic Corrosion Cases 

Corrosion of reinforcing steel in concrete involves two reactions happening on the steel 

surface; the anodic and cathodic reactions. The reactions at the anodic and cathodic sites 

can be modelled through the Butler-Volmer equation, which describes the polarization 

phenomena of both the anodic and cathodic sites as the relationship between changes in 

potential and changes in current density. At the anodic site, where iron dissolution 

occurs, the polarization behavior follows Eq. 4.1. 

Ὥ Ὥ ρπ ρπ        (4.1) 

where ba(an) is the anodic tafel coefficient of the anode, bc(an) is the cathodic tafel 

coefficient of the anode, io(an) is the exchange current density of the anode, i(an) is the net 

current density of the anode and ɖ is the change in potential (ū) from the equilibrium 

potential (ūa) of the anode (ū-ūa). 

While at the cathode, where oxygen reduction occurs, the polarization behavior follows 

Eq . 4.2 
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Ὥ Ὥ ρπ ρπ        (4.2) 

where ba(ca) is the anodic tafel coefficient of the cathode, and bc(ca) is the cathodic tafel 

coefficient of the cathode, io(ca) is the exchange current density of the cathode, i(ca) is the 

current density of the cathode and ɖ is the change in potential (ū) from the equilibrium 

potential (ūc) of the cathode (ū-ūc) 

It should be noted that in corrosion propagation modeling studies, it is often assumed 

that reverse polarity (such as cathodic polarization of the anodes or anodic polarization 

of the cathodes) can be neglected. This is done by implementing the anodic (positive) 

term in Eq. 4.1 and the cathodic (negative) term in Eq. 4.2 for the anodic and cathodic 

sites available on the reinforcement, respectively. This is justified from the point of 

modeling the propagation of corrosion since anodes are always anodically polarized and 

cathodes are always cathodically polarized and both reactions are governed by potentials 

far removed from their equilibrium potentials. However, in the case of modeling 

corrosion-monitoring techniques, it was necessary to include the full Butler-Volmer 

equation and allow for reverse polarity (e.g. allowing the cathode to act as an anode if 

sufficiently polarized anodically); since, in some cases, monitoring techniques can apply 

anodic polarizing currents that are of magnitudes high enough to cause the cathodes to 

carry overvoltage higher than the equilibrium potential of the cathodic reaction. 

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

anodes and cathodes, assuming electrical charge conservation and isotropic 

conductivity, ohmôs law, shown in Eq. 4.3, and charge conservation law, shown in Eq. 

4.4, are inputted for the concrete domain; assuming that concrete is a homogeneous 

medium with a uniform electrical resistivity.  
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Ὦ Ὁɳ          (4.3) 

Ὦɳ π           (4.4) 

where j (A/m2) is the current density, ɳE is the potential gradient and ɟ is the resistivity 

of concrete. In cases where it is desirable to study the effect of concentration 

polarization on the cathodic reaction (restriction of cathodic current density due to 

oxygen transfer limitation effects), Eq. 4.2 can be changed to the form shown in Eq. 4.5 

to accommodate the availability of the limiting current density (Frankel, 2016) 

Ὥ Ὥ ρπ ρ ρπ       (4.5) 

Which, by rearrangement of terms, leads to Eq. 4.6. 

Ὥ         (4.6) 

The domain of the problem is chosen to mirror the dimensions of the laboratory 

experiment performed. A 2D schematic of the problem is shown in Figures 4.1 and 4.2. 

The three-dimensional concrete domain was 0.3 m in length, 0.3 m in width and 0.1 m 

in height. This domain was implemented twice for galvanic corrosion cases, with one 

approach having five anodic sites distributed evenly on the steel surface, as shown in 

Figure 4.1, and another with only one anodic site on the steel surface such as shown in 

Figure 4.2.  
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Figure 4.1 - 2D representation of the domain of the problem with five anodes 

 

Figure 4.2 - 2D representation of the domain of the problem with one anode 

It should be noted that, in many cases, corrosion-propagation models have used one 

discrete anodic area and one cathodic area and have yielded satisfactory results (Kranc 

and Sagues, 2001; Warkus and Raupach, 2008; Ghods et al., 2007; Pour-Ghaz et al., 

2009). This approach, however, did not serve the objective of this study; since it does 

not allow for studying, explicitly, the effect of anode to cathode area ratio on the 

performance of the corrosion-monitoring techniques, but it includes an effect from both 

the anode-to-cathode ratio as well as the distance from the center of the anode to the 

counter electrode. Results obtained by including one discrete anodic area (at any A/C 

ratio) under the counter electrode, and leaving the rest of the area to behave 

cathodically, were dramatically different than those obtained when one distinct anode 

was placed far away from the counter electrode (at the side of the specimen for 

example). In addition, the CEPRA technique could not be studied with only one distinct 

anodic area since the technique uses an anodic polarization from one probe and a 
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cathodic polarization from the other. Therefore, placing one anode under the anodic 

probe leads to dramatically different results than placing the anode near the cathodic 

probe. It was also found that techniques using the guard-ring approach to confine the 

polarizing current yield dramatically different results based on the location of the anode 

and whether the anode was inside the assumed confinement area or not (will be 

discussed further), which agrees with the observations of others (Poursaee and Hansson, 

2008; Nygaard et al., 2009). Furthermore, it was noted that a number of studies (Kranc 

and Sagues, 1997; Wojtas, 2004; Marchand et al., 2017) have modeled the behavior of 

the galvanostatic technique using one anode available under the counter electrode and 

leaving the rest of the area to act as a cathode. Such models had a common conclusion 

in which it was noted that over-confinement will occur in these cases. However, in 

practice, finding one anode with a limited area in a length of 1 meter of rebar is an 

overwhelming assumption. Therefore, it was desired to understand if this hypothesized 

over-confinement occurs in a case in which anodes are available both inside and outside 

the area influenced by the counter electrode. Due to this, the approach shown in Figure 

4.1 was chosen in order to provide a case in which anodes are distributed throughout the 

surface of the reinforcement and producing the required A/C ratio. This was also 

complimented by the typical modeling approach of having one anode on the steel 

surface and studying the effect of the anode location on the performance of the 

techniques as shown in Figure 4.2, where X is the distance between the center of the 

anode and the center of the specimen.  

For the CEPRA technique, additional cases were solved where the geometry was 

changed from that shown in Figures 4.1 and 4.2 to a case in which the modeled 
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specimen was 1 m in length, 0.2 m in height and 0.3 m in width. The distribution of the 

anodes was similar to that shown in Figures 4.1 and 4.2. This was done since a limited 

understanding of this technique currently exists compared to typically-used techniques. 

In these cases, Eq. 4.1 and Eq. 4.2 were inputted as Dirichlet-type boundary conditions 

(current source) for the anodic (hatched areas) and cathodic surface areas, respectively. 

Eqs. 4.3 and 4.4 were inputted for the concrete domain while electrical insulation was 

implemented at the external boundaries of the concrete domain (a Neumann boundary 

condition with a normal current of zero). 

The input data used in this analysis is presented in Table 4.1. The anodic and cathodic 

exchange current densities, the anodic Tafel slope of the anode, the cathodic Tafel slope 

of the cathode and the equilibrium potentials of the cathode and anode were all obtained 

from Pour-Ghaz et al. (2009). The anodic Tafel slope of the cathode was assumed to be 

high enough to accommodate for passivation control (5000 mV) and in order to yield a 

beta coefficient that is around 52 mV for the passive (cathodic) area. This value was 

near the average of values obtained from Tafel plotting done on the specimens presented 

in part 1 of this paper. The cathodic Tafel slope of the anode was chosen in order to 

yield a beta coefficient of 26 mV for the anode only and to agree with the mean 

experimental results by McCafferty and Zettlemoyer (1967) and in the same range of 

that in the model developed by Marchand et al., (2017) for the same purpose of this 

study. In any case, it was found from preliminary testing that the cathodic polarization 

characteristics of the anode had an insignificant effect on the obtained polarizations and 

on the trends in results. This is mainly due to the following reasons:  
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¶ The anode is polarized anodically to potentials far away from its equilibrium 

potential. 

¶ Techniques that do not control the potential shifts are the techniques that can 

lead to high polarization that can cause reverse polarity of the anode. However, 

these techniques typically use an anodic polarization so the cathodic branch of 

the anode has no influence 

¶ The anodes usually exhibit a very high corrosion current density (low 

polarization resistance) and since the potential shift is directly related to 

polarization resistance, low polarization resistance associated with the anode 

leads to very low potential shift. Therefore, the potential shifts of the anode, 

either in the anodic or cathodic directions, are very small and reverse polarity of 

the anode is never expected with the typical range of polarization currents.  

It was, therefore, found that using a bc(an) that is in the range of 0.05 to 0.5 mV did not 

induce any significant changes in the results or the obtained trends. 
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Table 4.1 - Model Inputs for cases of galvanic corrosion 

Input Value 

io(an) 300 x 10-6 A/m2 

io(ca) 10 x 10-6 A/m2 

ba(an) 0.09 V 

bc(an) 0.18 V 

ba(ca) 5 V 

bc(ca) 0.18 V 

ūa -0.78 V 

ūc 0.16 V 

 

For this case, a parametric sweep was performed on parameters shown in Table 4.2. 

Table 4.2 - Independent variables studied for the case of galvanic corrosion 

Independent Variable Cases 

Cover depth 20, 40 and 70 mm 

Resistivity 20, 50, 100, 500, 1000, 5000 ohm.m 

Reinforcement diameter (for CEPRA technique) 10, 20 and 30 mm 

A/C 0.1, 0.2, 0.3, 0.5, 0.7, 1 

A number of cases were tested with small anodes (A/C=0.1 or 0.2) but with changing 

the distance of the anode from the counter electrode (under the CE, adjacent to the CE 

or far from the CE with specific distances) as shown in Fig. 2 
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Modelling was performed using a two-step approach for the cases of galvanic corrosion. 

In the first step, the interaction of anodes and cathodes was simulated before the 

application of the corrosion-monitoring technique and the potential and current 

distribution measured at the reinforcement surface were recorded, similar to the 

approach in a number of corrosion propagation modeling studies (Pour-Ghaz et al., 

2009; Cao et al., 2014; Yu et al., 2014). In the second step, the corrosion-monitoring 

technique was used to apply a polarizing current and then the change in potential and 

current density distributions were obtained. The presented current distributions on the 

surface of the electrode are, therefore, the difference between the current distribution 

before and after the application of the polarizing current from the monitoring technique.  

4.3.2 Uniformity Cases (Passivity or Activity) 

In the two following cases, a uniform state was assumed for the full reinforcement (one 

mixed-potential and one exchange current density). These uniform states are passive 

electrodes and electrodes exhibiting microcell (uniform) corrosion. This was done 

through imposing one Butler-Volmer equation for the full reinforcement surface in order 

to eliminate the effect of macrocells. These cases will be used to evaluate the effect of a 

number of variables (such as resistivity or cover depth) on the measured corrosion rate 

and on the polarized area, while excluding the effect of the availability of anodes and 

cathodes with different equilibrium potentials. 

4.3.2.1 Passive State 

For this case, Eq. 4.7 was applied as a boundary condition for the full reinforcement. 

This is similar to Eqs. 4.1 and 4.2 shown earlier. Diffusion limitation will not be 



 

164 

 

considered in the present paper; however, it can be incorporated as shown in Eqs. 4.5 

and 4.6.  In these cases, the solution procedure will be done in one step; in contrary to 

the approach shown earlier where the current distribution was obtained before applying 

the monitoring technique and after the monitoring technique. This is simply because in 

cases where no discrete anodes or cathodes are available on the surface, no potential 

distribution prevails and no current flow occurs, from a modeling point of view, before 

application of an external polarization. 

Ὥ Ὥ ρπ ρπ        (4.7)  

The inputs chosen for this case are shown in Table 4.3. The exchange current density 

and the anodic beta coefficient are the same as those shown earlier. The anodic and 

cathodic beta coefficients were chosen to yield a total beta coefficient close to 52 mV 

for these passive reinforcements; which is similar to those reported by Andrade and 

Gonzalez (1978) and extensively used in corrosion-monitoring for the passive cases. 

The anodic beta coefficient was also chosen to be in the same range as that obtained 

experimentally by the authors from Tafel-plotting experiments done on the specimens 

presented in part 1. The experimental anodic beta coefficients ranged from 2.5 to 6 V in 

the passive reinforcement cases, which reflects passivation control and the 

ineffectiveness of anodic potential shifts on increases in corrosion current density, due 

to the insulating nature of the passive film. 
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Table 4.3 - Input parameters chosen for the case of passive reinforcements 

Input Value 

io(p) 10-5 A/m2 

ba(p) 5 V 

bc(p) 0.12 V 

ū 0.16 V 

 

For this case, the independent variables were swept as shown in Table 4.4 

Table 4.4 - Independent variables studied for the case of passive reinforcements 

Independent Variable Cases 

Cover depth 20, 40 and 70 mm 

Resistivity 20, 50, 80, 100, 200, 500, 1000, 5000 ohms.m 

Reinforcement diameter (for the 

CEPRA technique) 

10, 20 and 30 mm 

4.3.2.2 Uniform Corrosion  

For this case, Eq. 4.8 was used as a boundary condition for the full reinforcement with 

the inputs shown in Table 4.5. The primary reason for using this case is to get an idea of 

the effect of the independent variables such as cover depth, resistivity or rebar diameter, 

while excluding the effect of the availability of anodes and cathodes. A marked 

difference can be seen in the exchange current density chosen for this case compared to 

that chosen previously for cases of galvanic corrosion. This is due to the fact that, in this 

case, no discrete anodes and cathodes are simulated on the reinforcement surface. 

Therefore, anodic polarization of the anodes or cathodic polarization of the cathodes 
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cannot be simulated. In cases of uniform corrosion, it is assumed that corrosion occurs 

evenly over the reinforcement and the anodic and cathodic sites are considered 

microscopically small with changing positions over time (Pour-Ghaz et al., 2009). In 

this case, the distance of electrolytic current flow between anodic and cathodic 

microcells is very small and the ohmic drop in the electrolyte can be considered 

negligible. Therefore, both half cells are polarized to the same potential (the mixed 

potential). The exchange current density will, therefore, be the current density of the full 

system of microcell corrosion and not only for anodes or cathodes. This is shown 

schematically in Figure 4.3, which presents a simplified schematic comparison between 

macrocell and microcell corrosion. In the case of macrocell corrosion, in which a 

significant IR-drop can be found, the exchange current density of the anodes and 

cathodes has to be inputted separately and solved in order to determine the current 

density of the polarized anode or cathode. In the case of microcell corrosion, the anodes 

and cathodes are at the same mixed potential and exhibit the same current density 

throughout the full reinforcement. The polarization of the full system can, therefore, be 

approximated as shown in Eq. 4.8. This is very similar to assuming that the full 

reinforcement will exhibit one polarization resistance. The inputs chosen in Table 4.5 

were found to not affect the trend of results (e.g. the effect of resistivity on current 

distribution), which is the main purpose of studying this case. However, the beta 

coefficients and the exchange current density affect the numerical values obtained (e.g. 

the maximum current received under the counter electrode) as outlined during the 

discussion of the results. 

Ὥ Ὥ ρπ ρπ        (4.8) 



 

167 

 

Table 4.5 - Model inputs for active reinforcements 

Input Value 

io 0.1 A/m2 

ba(a) 0.12 V 

bc(a) 0.12 V 

ū -0.78 V 

 

 

Figure 4.3 - A schematic representation of macrocell and microcell corrosion 

For this case, the independent variables were swept as shown in Table 4.6. 
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Table 4.6 - Independent variables studied for the case of uniform corrosion 

Independent Variable Cases 

Cover depth 20, 40, 70 and 100 mm 

Resistivity 20, 50, 80, 100, 200, 500, 1000 and 5000 ohms.cm 

Reinforcement diameter (for 

the CEPRA technique) 

10, 20 and 30 mm 

4.3.3 Time-transient Modeling 

The detailed model shown previously is a steady-state model, which means that the 

results are evaluated at a time long enough that all of the capacitors available at the 

electrodeôs surface are charged. Therefore, the capacitive forces can be ignored. Such a 

model works well for the sole purpose of determining the current distribution at the 

electrodeôs surface and reach observations regarding the polarized area. However, the 

effect of capacitated currents and the time to charging of the capacitance associated with 

the electrode surface are extremely important in answering questions regarding the time 

required to reach quasi-steady-state conditions after the application of an electrical pulse 

or a quantity of charge and to analyze the flow paths of polarizing currents during and 

after the systems capacitors are charged.  

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

be incorporated in the model assuming that the electrode behaves as a perfect capacitor 

during the charge storage or release process. The corresponding current 

charge/discharge at any time for such a capacitor can be represented as shown in Eq. 4.9 

(Kranc and Sagues, 1997). 
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Ὥ ὅ          (4.9) 

Where Cdl is the electrodeôs double-layer capacitance (F/m2) and ÖE/Öt is the change in 

potential with respect to time. 

Adding Eq. 4.9 to the boundary conditions inputted at the electrodeôs surface simply 

leads to the model transforming from behaving as two resistors (ohmic and polarization 

resistance) in series, which was used in the steady-state model, to the simple Randles 

circuit. Using this approach, the current at the steel-concrete interface is then the sum of 

the Faradaic process (Butler-Volmer kinetics) and the capacitive currents. The total 

time-dependent current can then be expressed as shown in Equation 4.9. This is a 

representation of the general form of the boundary condition. In order to implement this 

approach, Eq. 4.9 was added to all of Eqs. 4.1, 4.2, 4.6, 4.7 and 4.8 in the same manner 

as shown in Eq. 4.10, in order to yield a time-transient model. 

Ὥ Ὥ ρπ ρπ ὅ        (4.10) 

4.3.4 Finite Element Model Implementation 

The domain of the model is similar to that shown in Figure 4.4. It was divided into 4 

sections in terms of meshing and boundary conditions. In the concrete domain (a in 

Fig.4.4), Eqs. 3 and 4 were implemented. At the steel-concrete interface (b in Fig.4.4), 

the equations governing the polarization behavior of the steel (Butler-Volmer equation 

such as that in Eq. 4.1, 4.2 or similar equations) were implemented as Dirichlet 

boundary conditions. At the counter electrode-concrete interface (c in Fig. 4.4), a 

boundary current source was used for the galvanostatic and potentiodynamic techniques 

and 4 point objects (two current-sources as outer probes and two inner points used to 
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evaluate the potential measured) were used for the CEPRA technique. At the external 

boundaries of the concrete domain (d in Fig. 4.4), electrical insulation boundary 

conditions were implemented (Neumann boundary conditions with a specified normal 

current of zero).  

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

were performed using a MUMPS solver (Multifrontal Massively Parallel sparse direct 

Solver). This solver makes use of the multifrontal method Gaussian-elimination and is 

based on the LU decomposition matrix-solving procedure. It should be noted, however, 

that other solvers available in the software were tried and their solutions were identical 

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

convergence time. The relative tolerance used was 0.001. 

Since the reinforcement acts as the only current sink in the closed system described, in 

the case of galvanostatic and potentiodyamic techniques, it is expected that the current 

applied by the counter electrode should be equal to the total current received by the full 

reinforcement (Clement et al., 2012). This was used in order to discretize the mesh and 

minimize errors due to mesh elementsô size and approximations. This was done through 

comparing the current densities injected in the specimen, through the counter electrode, 

to the integration of the current density on the entire rebar surface. A number of 

different mesh combinations were tried, for the concrete domain and the three different 

boundaries shown in Fig. 4.4, until the percent error between the applied and received 

current was minimized, putting into consideration the time required for convergence. It 

was found that the optimum mesh (in terms of error and the time required to reach 

convergence) was highly-dependent on the technique used and the availability of anodes 
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and cathodes. The availability of a limiting current density also highly affected the 

optimum mesh, although this is not implemented in this paper. In all of the cases, the 

solutions, with the chosen mesh configurations, had an error of less than 0.1% between 

the applied current and the current received by the steel-concrete interface. For the 

CEPRA technique, the current received by the reinforcement is not constant (will be 

discussed further later). However, the summation of the current at the reinforcement 

surface and at the two current-applying/receiving electrodes is expected to be zero. This 

was used in order to discretize the mesh by keeping this summation to insignificant 

values (less than 0.1% of the applied current). 

 

Figure 4.4 - Domains and boundaries of the problem solved: (a) concrete domain (b) 

reinforcement surface (c) counter electrode (d) external boundaries 

4.3.5 Corrosion-Monitoring Techniques 

The DC techniques used in the previous paper were investigated using the finite element 

model. These techniques included the potentiodynamic, galvanostatic, and CEPRA 

techniques. The galvanostatic technique was modeled using a counter electrode of 3 cm 

inner diameter and 6 cm outer diameter and a guard ring electrode of inner diameter of 8 

cm and outer diameter of 10 cm. The applied current was 25 µA for the passive case and 

(a) (c) 

(b) 

(d) 
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100 µA for the active cases. The potential difference between the counter electrode and 

the reinforcement and that between the guard ring and the reinforcement were measured 

before the application of the monitoring technique (simply through applying a current of 

insignificant value and measuring the average potential at the electrode-concrete 

interface at time zero). This measurement allowed an estimate of the amount of current 

required from the guard ring in order to keep the potential difference between the 

counter electrode and the guard ring the same. This is the same method of confinement 

as that used in the experimental study. This current was found to range between 

approximately 1.1 to 1.5 times the current applied from the counter electrode, which is 

in agreement with the experimental results obtained by (Gepregas and Hansson, 2005). 

The potentiodyamic technique was modeled using a 12-cm-long (along the 

reinforcement) and 6-cm-wide counter electrode. The applied potential shift was set to 

10 mV and the current was correspondingly adjusted to maintain this shift. The CEPRA 

technique was modeled as a wenner-probe array with 4 probes. In which the outer two 

probes were modeled as perfect point objects and were used to apply a current of 0.5 

mA and -0.5 mA. The potential difference between the two inner probes was recorded 

as in the CEPRA technique. 

4.4 Results and Discussion 

4.4.1 Galvanostatic Technique 

Figure 4.5 shows the effect of cover depth and resistivity on the distribution of 

polarizing current on the reinforcement surface for the case of uniform corrosion. These 

results were obtained from the steady-state model. The cover depth results were 
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obtained for a case of resistivity of 40 ohm.m and the resistivity results were obtained 

for a case of cover depth of 40 mm. The negative sign in the y-axis is used to indicate 

anodic polarization and current being received by the reinforcement. The black 

horizontal line indicates the current assumed, by the technique, to be reaching the 

reinforcement under the counter electrode. The model results clearly agree with the 

hypothesis shown from the experimental results. It is clear that as the cover depth 

increases, the current dispersion subsequently increases in the concrete cover leading to 

a lower current polarizing the area under the counter electrode. This subsequently leads 

to an overestimation of corrosion rates as the cover depth increases. The effect of 

resistivity obtained from the finite element model also agrees to those hypothesized 

from the experimental results. It is clear that as the resistivity of the concrete increases, 

more current tends to get consumed in the area under the counter electrode. The results 

show that for the input parameters investigated, resistivity values higher than 

approximately 80 ohm.m lead to an underestimation of corrosion current density, while 

lower resistivity values lead to an overestimation. It should be stressed that this current 

distribution will depend rather highly on the exchange current density assumed. For 

instance, the cut-off between underestimation and overestimation found at 80 ohm.m 

will change to another resistivity value depending on the chosen exchange current 

density. Nevertheless, the same trend will be observed on the effect of cover depth or 

resistivity on the results regardless the exchange current density or the beta coefficient.  
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Figure 4.5 - Effect of cover depth, in meter, (left) and concrete resistivity, in ohms.m, 

(right) on the current received by the reinforcement after the application of a 

galvanostatic pulse 

Figure 4.6 shows results of current distribution at the reinforcement surface, for cases of 

different A/C ratios, for an electrode with macrocell corrosion with 5 anodes distributed 

evenly over the reinforcement surface, similar to the case shown in Fig. 4.1. These 

results were obtained for a cover depth of 40 mm and a resistivity of 40 ohm.m. Only 

half of the specimen is presented due to symmetry. The current distribution presented is 

the difference between the current distribution after and before the application of the 

corrosion monitoring technique (note that there is an initial current distribution caused 

by galvanic corrosion macrocells). It is clear that the anodes generally receive more 

current per area as compared to cathodes. This agrees with the experimental findings of 

Nygaard et al. (2009). This has typically been attributed, simplistically, to the higher 

polarization resistance of the passive or cathodic areas. This is true for areas that do not 
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significantly contribute cathodically to corrosion propagation (passive areas far away 

from anodes). For cathodes, generally, this can be explained by looking at Fig. 4.7. The 

difference between the anodic polarization of the anode and the cathode (shown using 

arrows) for macrocell corrosion is evident. Anodic polarizations lead to anodes 

increasing in net current density while cathodes decreasing. This, generally, leads to 

anodes receiving more current per area compared to cathodes. The current received by 

the anode increases as the polarized potential of the cathode becomes more positive 

(which happens as the IR-drop increases). This will be demonstrated further through 

studying the effect of resistivity on the current received by cathodes for the case of 

macrocell corrosion. 

 

Figure 4.6 - Current distribution for macrocell corrosion after the application of a 

galvanostatic pulse as a factor of the A/C ratio 
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Figure 4.7 - Schematic representation of polarization of anodes and cathodes for cases 

of macrocell corrosion 

Figure 4.8 shows the effect of resistivity on the current received by the anodic, cathodic 

and the total area under the counter electrode, for the case of macrocell corrosion with 5 

anodes distributed evenly over the reinforcement surface. These results were obtained 

for a cover depth of 40 mm and an A/C ratio of 0.2. The results reveal that as the 

resistivity increases, the current flowing under the counter electrode increases. This is in 

agreement with the hypothesis drawn about the effect of resistivity on the polarized area 

for the galvanostatic technique. It is also worth noting that the current flowing to the 

anode increases with increasing resistivity, for resistivity values higher than 100 ohm.m, 

while that flowing to the cathode decreases. This is since in cases of galvanic corrosion, 

the polarized potential of the cathode increases as the resistivity increases as shown in 

Fig 4.7. This is due to the higher IR-drop between the anodes and the cathodes. This 

potential reaches values very close to the equilibrium potential of the cathode when the 

resistivity reaches very high values. At this condition, anodic polarizations of the 
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cathode lead to decease in its current density and can lead to reverse polarity of the 

cathode (meaning that its polarized potential can fall in the anodic branch of its 

polarization curve), in conditions of very high polarizing currents. Such a polarization is 

not preferred by the cathode, since passivation control leads to the cathode receiving 

very limited amounts of current. For the case of the anodes, anodic polarizations always 

lead to higher current densities being received by this anode. Therefore, the current 

received by the anode increases as that received by cathodes decreases. 

 

Figure 4.8 - Effect of resistivity on the current received under the counter electrode 

Figure 4.9 shows the current received by the anodic area, the cathodic area and the total 

area directly under the counter electrode as a factor of A/C ratio for the case of 

macrocell corrosion with 5 anodes distributed evenly over the reinforcement surface for 

two cases of resistivity (20 ohm.m and 1000 ohm.m) for a cover depth of 40 mm. The 

results indicate that more current gets received under the counter electrode as the anode 

to cathode ratio increases, which is in agreement with the hypothesis noted in part 1 of 

this paper; in which it was noted that as the anode to cathode ratio increases, more 
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current gets drained preferentially under the counter electrode leading to a better 

estimation of the corrosion rate. This is due to the ability of the anodic areas to act as the 

primary current sink (due to their facilitated anodic polarization behavior). Therefore, as 

such an area increases, more current gets received under the anode and less current 

flows to areas away from the counter electrode to become consumed. It is also clear that 

the effect of the A/C ratio becomes more substantial as the resistivity increases, since 

the cathodes can receive lower amounts of current in cases of high resistivity systems 

and the anodes become the primary current receivers at such resistivities; due to the 

previously discussed reasons.  

 

Figure 4.9 - Effect of A/C ratio on the current received under the counter electrode for 

two cases of resistivity (40 ohm.m and 1000 ohm.m) 

Figure 4.10 shows the effect of cover depth on the amount of current flowing to the 

anodic, cathodic and the total area under the counter electrode. This was obtained for a 

case of resistivity of 40 ohm.m and an A/C ratio of 0.2 for the case of 5 anodes 
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distributed evenly over the reinforcement surface. The effect of the cover depth follows 

that hypothesized from the experimental results. As the cover depth increases, more 

current dispersion occurs in the concrete cover. This leads to more current being able to 

propagate and polarize areas far away from the counter electrode. This effect happens 

similarly for the anodes and the cathodes. This is, primarily, due to the larger area 

available in the concrete cover for the polarizing current to propagate laterally 

 

Figure 4.10 - Effect of cover depth on the current received under the counter electrode 

The results shown in Figs 4.8, 4.9 and 4.10 demonstrate that the current received by the 

area under the counter electrode is dependent on various factors. However, in all of the 
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techniques will lead to an over-confinement. Results by this study clearly indicate that 

over confinement will not occur if there are other anodic areas outside the area of the 

counter electrode. In order to demonstrate this, Fig 4.11 shows the currents received by 

the anodic area inputted in different locations, for cases in which one anode is present 

on the whole length of the rebar, similar to that shown in Fig. 4.2. The results 

demonstrate that over-confinement occurs in these cases for a range of different cover 

depths, resistivities and A/C ratios. It is clear that when the anode is directly under the 

counter electrode, the current received by this anode increases as the A/C increases, the 

cover depth decreases or as the resistivity increases. In all cases, even when the anode 

center was 0.125 cm from the center of the counter electrode, this anode still received 

substantial amounts of current that are higher than that applied by the counter electrode. 

This is similar to results by Nygaard et al. (2009), where it was found that anodes more 

than one meter away from the counter electrode still received significant amounts of 

current. Indeed, if such a small area (the anode) receives substantial amounts of current 

when located far away from the counter electrode, then the current received under the 

counter electrode, in these cases, will be substantially lower than that assumed by the 

monitoring device.  
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Figure 4.11 - Effect of distance from anode to counter electrode center on the amount of 

current received by the anode for different combinations of A/C, resisitivty (R) and 

cover depths (C) 

If both results from a case of one anode and those of five anodes are considered, it 

seems clear that a wide range of distributions of polarizing current is feasible, depending 

on the resistivity, A/C ratio, cover depth, the distribution of anodes, their sizes and the 

distance from the anode to the counter electrode. The results in Figures 4.8 to 4.11 show 

that the current received under the counter can range from as low as 55 µA to 140 µA, 

for the geometry considered and the input parameters used, depending on the 

aforementioned factors. This provides great challenges in monitoring corrosion rates for 

field applications in which more complexity is introduced by a semi-infinite amount of 

intersecting reinforcements in heavily-reinforced sections. It also provides challenges in 

modeling the exact amount of current received under the counter electrode in an 

experimental study such as that presented in part 1, even with the very simplistic rebar 

setup. This is due to the difficult task of inputting the exact location of the anodes to 

match that in the experimental study. 
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For cases in which only one anode is available over the surface of the reinforcement, the 

potential before and after the application of the monitoring technique (at the 

reinforcement surface and the concrete surface) was similar to that shown in Figure 

4.12. First, it has to be noted that before polarization, the potentials at the surface of the 

concrete are substantially different than those at the steel surface. This clearly shows 

that the assumption that is typically used in modeling monitoring techniques, which is 

that the monitoring device will be inputted over the corroding spot since this spot can be 

found through potential mapping, is not true. For cases of low resistivites associated 

with chloride-contaminated concrete, the anodic and cathodic areas will have a very 

small difference in potential when measured at the surface of concrete. This may limit 

the ability of the half-cell potential method in differentiating active and passive 

locations. This finding is in agreement with those outlined in Pour-Ghaz et al. (2009).  

If the potential distribution after polarization is considered, it is clear that monitoring 

techniques inputted over the surface of the concrete near the anodic area will capture a 

potential shift, due to polarization, that is close to that associated with the potential shift 

at the cathodic area. This is due to the cathodeôs surface area being much larger than the 

anode and due to the much larger potential shift exhibited by the cathodes. This is in 

agreement with experimental results by Angst and Buchler (2015). In these cases, it is 

clear that the Stern and Geary equation is not applicable and its application may lead to 

substantial errors.  
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Figure 4.12 - Potential distribution at the surface of the steel and concrete before and 

after the application of the corrosion monitoring technique 

In order to determine the corrosion rate, in cases of macrocell corrosion, one way is to 

explicitly polarize the anode and measure its potential shift and another way is to 

explicitly polarize the cathode and measure its potential shift. If the current reaching the 

anode is determined, and the anodeôs potential shift is found explicitly, the corrosion 

rate can be found through Eq. 4.11 (Angst and Buchler, 2015); provided that the 

potential shift is of a small magnitude. The same can be applied for the cathode as 

shown in Eq. 4.11.  
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Dividing the Stern and Geary equation, used by such monitoring techniques, by the 

cathodic form of Eq. 4.11, the ratio between the measured and actual icorr can be 

expressed as shown in Eq. 4.12. The cathodic term in Eq. 4.11 is used since the cathodic 

potential shift is the primary one measured at the concrete surface. 
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In Eq. 4.12, the potential term is always close to one and the area term is very close to 

one (considering that the cathodic area is usually much higher than the anodic one). 

However, the beta term is always lower than one and the current term is always higher 

than one. This usually leads to these errors decreasing in magnitude for most cases or 

cancelling each other (Angst and Buchler, 2015). This is the primary reason such 

techniques still work although Stern and Gearyôs equation does not apply for macrocell 

corrosion. However, the accuracy of these techniques is highly doubtful in these cases 

and is highly dependent on the amount of current reaching the cathodic portion of the 

reinforcement. 

Figure 4.13 shows the current distribution on the surface of the reinforcement for the 

case of passive reinforcements, as a factor of resistivity. These results were obtained for 

a cover depth of 40 mm. It is clear that resistivity, which was found to be a substantial 

factor of influence in the case of uniform corrosion and cases with A/C ratios, is not of a 

great influence in the passive cases. The same was observed for the effect of the cover 

depth or reinforcement diameter and is, therefore, not presented here. This explains the 

experimental finding in which it was noted that the obtained corrosion rate for the 

passive case was approximately the same regardless of the cover depth or the 

reinforcement diameter. It is clear that up to 1000 ohm.m, little to no change was 

observed in the current distribution. Even in cases where the concrete resistivity reaches 

extremely high values, the full reinforcement receives substantial amounts of polarized 

current. The current generally seemed to be uniformly distributed for the full 

reinforcement in the range of resistivities used in the experimental study. This is, 
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primarily, because the working electrode in the passive cases has a very low exchange 

current density and a very high anodic tafel slope. This leads to a very low capability for 

the electrode to consume the anodic polarizing current. Subsequently, the polarizing 

current is obligated to flow to areas away from the counter electrode to become 

consumed. This only accounts for an overestimation of the corrosion current density of a 

factor of 2 for a case in which the reinforcement is 30 cm long. In cases where the 

reinforcement is much longer, in which the current uniformly distributes over the full 

area, the overestimation of passive corrosion rate will be substantially higher. Although 

this is a major source of error, its influence is marginal compared to that previously 

mentioned for the measurement time as shown later.  

 

Figure 4.13 - Current distribution at the surface of a passive reinforcement for a wide 

range of resistivities, in ohm.m. 

As noted in part 1, the device used to study the galvanostatic technique uses a 

measurement time of 10 seconds. Fig. 4.14, shows results obtained from the time-
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depth of 40 mm. The results clearly indicate that the passive reinforcements require 

much longer time to reach quasi-steady-state conditions, which explains the significant 

overestimation obtained when a technique uses a measurement time of only 10 seconds. 

It is clear that acceptable potential shifts can not be measured after 10 seconds in the 

passive case, unless the double layer capacitance is in the range of 0.001 F/m2 which is 

much lower than the range that is typically reported in the literature (Martinez and 

Andrade, 2011). This is simply due to the very high time constant associated with 

passive electrodes, which is a result of the very high polarization resistance of these 

electrodes (recall that the time constant [Ű] is the product of polarization resistance [Rp] 

and the double layer capacitance [Cdl]).  

Another observation that was found through modeling is that the beta coefficient (the 

anodic one in this case, since the technique uses an anodic polarization) highly affects 

the time to steady-state conditions in the passive case as shown in Figure 4.15. This 

figure shows results from the time-transient model for a passive reinforcement, with a 

cover depth of 40 mm and  resistivity of 40 ohm.m, with a wide range of beta 

coefficients, for a double-layer capacitance of 1 F/m2. This factor is, to the authorsô 

knowledge, almost never acknowledged in the literature. In the galvanotactic technique, 

the potential of the electrode is not controlled. Therefore, when currents in the range of 

5 to 25 µA are applied to an electrode with an exchange current density of 1 x 10-5 A/m2, 

the potential shift is never in the linear region. Hence, the assumption of the electrode 

acting as a perfect resistor is never followed, as the linearity between the current and 

potential response is lost. In these cases, the beta coefficient seems to have a substantial 

effect on the observed response. 
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Figure 4.14 - Effect of the double-layer capacitance, in F/m2, on the time-dependent 

response obtained after a galvanostatic polarization 

 

Figure 4.15 - Effect of the anodic beta coefficient, in V, on the time-dependent response 

obtained after a galvanostatic polarization 

Figure 4.16 shows results from the time-transient model for the case of active 

reinforcements with a wide range of double-layer capacitances and beta coefficients. 
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These results were obtained for a case of resistivity of 40 ohm.m and a cover depth of 

40 mm. The effect of double-layer capacitance was evaluated for a beta coefficient of 

0.12 and the effect of beta coefficients was evaluated for a case of double-layer 

capacitance of 1 F/m2. In the active cases, it seemed that the 10 second period may be 

sufficient in cases where the double layer capacitance is up to 5 F/m2; which is relatively 

high compared to the range of reported results (Martinez and Andrade, 2011). In this 

case, the potential response measured at 10 seconds was approximately 90% of the 

steady-state response. The beta coefficient did not seem to affect this substantially since 

in the active cases the potential shift was usually observed to be in the range of 10 to 15 

mV, which leads to the validity of the assumption of linear between current and 

potential response, and therefore the assumption of a perfect resistor can be followed. 

 

Figure 4.16 - Effect of the double-layer capacitance, in F/m2, (left) and the anodic beta 

coefficient, in V, (right) on the time-dependent response following the application of a 

galvanostatic pulse 
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4.4.2 Potentiodynamic Technique 

Figure 4.17 shows current distribution at the surface of the reinforcement obtained from 

modeling the potentiodynamic technique for the case of uniform microcell corrosion for 

varying cover depths and concrete resistivities. The cover depth results were obtained 

for a case of resistivity of 40 ohm.m and the resistivity results were obtained for a case 

of cover depth of 40 mm. The results show the same trend observed from the 

galvanostatic technique, where higher resistivities and lower cover depths lead to a 

much better confinement of the current under the counter electrode. However, there is 

an evident difference observed for the current distribution for the potentiodynamic 

technique compared to the galvanostatic one. The controlled potential at the centroid of 

the counter electrode (the point where the reference electrode meets the concrete 

surface) leads to the current at the center of the rebar being the same for all of the cases. 

The applied current is, therefore, the uncontrolled variable in this case, and it varies in 

order to achieve the same potential shift (10 mV in this case) at the reference electrode. 

It is clear that as the resistivity decreases or as the cover increases, the current has a 

greater ability to disperse in the concrete cover and flow to areas away from the counter 

electrode leading to overestimation of the corrosion rate. This is, again, in agreement 

with the hypothesis shown in part 1 of this study and the results from the galvanostatic 

technique.  
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Figure 4.17 - Effect of cover depth, in meter, (left) and concrete resistivity, in ohms.m, 

(right) on the current received by the reinforcement after the application of a 

galvanostatic pulse 

Figure 4.18 illustrates the current distribution at the reinforcement surface for the case 

of macrocell corrosion with 5 evenly distributed anodes at the reinforcement surface 

with different A/C ratios. These results were obtained for a cover depth of 40 mm and a 

resistivity of 40 ohm.m. The results are similar to those observed for the galvanostatic 

technique, although the currents received by different regions of the electrode are 

noticeably lower than that observed for the galvanostatic technique. This difference is 

due to the potential being controlled in this technique leading to potential shifts of 10 

mV and due to not using an auxilliary electrode. This leads to the applied currents being, 

typically, in a range lower than the 100 µA used for the galvanostatic technique, which 

agrees with experimental observations found during performing potentiodynamic 

measurements. 
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Figure 4.18 - Distribution of current at the surface of the reinforcement for cases of 

different A/C ratios 

The change in quantity of current flowing under the counter electrode as a factor of A/C 

ratio is presented in Figure 4.19 for the case of macrocell corrosion with 5 evenly 

distributed anodes at the reinforcement surface. It should be noted that the results are 

presented in terms of current received/current applied, since the applied current is 

different for each case, due to the potential being the controlled input for the 

potentiodynamic technique. These results were obtained for a resistivity of 40 ohm.m 

and a cover depth of 40 mm. It is clear that as the anode-to-cathode ratio increases, the 

current flowing directly under the counter electrode increases, which is in agreement 

with the hypothesis outlined in part 1 of this paper. It is worth noting that, in contrary to 

the results of the galvanostatic technique, the potentiodynamic technique shows that 

more current flows to the cathode instead of the anode for low A/C ratios lower than 1. 

However, if the amount of current flowing to the anode and cathode is represented per 
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for cathodes receiving currents higher or close to those received by the anodes is that 

when the polarization is limited to only 10 mV, the applied currents are in ranges much 

smaller than those in the galvanostatic technique. For instance, the currents applied by 

the potentiodyamic technique in order to reach a shift of 10 mV were in the range of 29 

µA for the lowest A/C and 37 µA for the highest A/C. These are much lower than the 

constantly applied 100 µA for the galvanostatic one. In these cases, the cathode has an 

ability to consume the polarizing current that is comparable to the anode. This can be 

demonstrated by referring to Fig. 4.7 which illustrate that the potential of the cathode 

after the application of the potential shift is the governing factor in determining the 

amount of current this cathode can receive. When the shift is limited to potentials 

around 10 mV from the polarized potential, both the anode and cathode can have a high 

ability to consume the current. However, as this shift increases, the ability of the cathode 

to consume the polarizing current decreases dramatically. The governing factor is, 

therefore, their areas, which leads to the cathode receiving much more current due to its 

larger higher area. This can be also demonstrated by looking at the current received by 

anodes or cathodes at an A/C ratio of 1. In these cases, the anodes receive a slightly 

higher current although it has an equal area to that of the cathodes. It should be noted 

that cathodic polarizations are not presented in this paper. However, results from 

cathodic polarizations of -10 mV have shown that the cathode receives more current 

than that shown for +10 mV. Nevertheless, the same trends of change of current 

received under the counter electrode (e.g. increases in current received under counter 

electrode as A/C increases) is the same as that shown. 
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Figure 4.19 - Effect of A/C ratio on currents received under the counter electrode 

Figure 4.20 illustrates the dependence of current received under the counter electrode as 

a factor of resistivity for the case of macrocell corrosion with 5 evenly distributed 

anodes at the reinforcement surface. These results were all obtained for an A/C ratio of 

0.2 and a cover depth of 40 mm. It is clear that as the resistivity increases, the current 

flowing directly under the counter electrode increases, which also supports the 

experimentally-noted hypothesis. The results show that the current flowing to the 

cathode increases significantly until a resistivity of 500 ohm.m, after which no 

significant increases are observed. For the anodes, the current seems to marginally 

decrease initially, in the range of low resistivities, and then further increase. This 

increase in the capacity of anodes to receive current was demonstrated previously in the 

galvanostatic technique section and is mainly attributed to the easier polarization of the 

anode, compared to the cathode, when high IR-drops, between anodic and cathodic 

sites, are found. This can be attributed to the polarized potential of the cathode reaching 
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very high values such that anodic polarizations become limited. When the cathodes 

resist anodic current consumption while the resistivity is high enough to not allow 

lateral current dispersion, the anodes become the primary current sink and receive 

current comparable to those of the cathodes, although the anodes have a much lower 

area in this case. 

 

Figure 4.20 - Effect of resistivity on currents received under the counter electrode for 

the case of microcell corrosion 

Figure 4.21 illustrates the dependence of current received under the counter electrode as 

a factor of cover depth for the case of macrocell corrosion with 5 evenly distributed 

anodes at the reinforcement surface. These results were obtained for an A/C ratio of 0.2 

and a resistivity of 40 ohm.m. It is clear that, as expected and demonstrated earlier, the 

current flowing to anodes or cathodes under the counter electrode seems to decrease as 

the cover depth increases, due to the higher area of concrete available in the cover depth 

for the current to disperse and polarize areas away from the counter electrode. 
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Figure 4.21 - Effect of cover depth on currents received under the counter electrode 

Figure 4.22 shows the current received, by the anode, for the case of having one anodic 

site on the reinforcement surface, as a factor of the anodeôs distance from the center of 

the counter electrode. It is clear that the anode receives substantial amount of current 

regardless of its location. It can be seen that as the A/C ratio increases or as cover depth 

decreases, more current is received by the anode when its under the counter elecrode. 

Higher resistivities led to less current being received by the anode. However, in these 

cases, as demonstrated earlier in Fig. 19, more current is still received under the counter 

electrode by the cathode due to the high resistance of the concrete domain to lateral 

current propagation. Again, as demonstrated for the galvanostatic technique, results 

from Figures 18 to 21 show that a wide range of feasible currents (from 0.35 to 0.9 of 

the applied current) can be received under the counter electrode dependent on the 

number of aforementioned factors. 
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Figure 4.22 - Current received by the anode versus the distance from the anode to the 

counter electrode for different resistivities (R), cover depths (C) and A/C ratios 

4.4.3 CEPRA Technique 

Due to the interest in this newly developed technique and the very limited understanding 

of the associated current propagation and its practical application for field usage, this 

section will deal with finite element modeling for its laboratory performance as well as 

the field performance. This will be done for the case of a specimen representing that 

used for the laboratory study and will be extended for cases of larger specimens (1 m 

long, 30 cm wide and 20 cm deep). 

4.4.3.1 Laboratory -scale Specimens 
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diameter rebar and 40 mm cover depth. It is clear that as the resistivity increases, more 

current flows to the reinforcement and, subsequently, less current flows between the two 

polarizing probes (in the flow path parallel to the reinforcement). As illustrated in part 1 

of this paper, this is simply due to the availability of two current-consumption 

boundaries in such a system: one associated with the rebar and another associated with 

one of the current applying/receiving probes. The amount of current flowing to this 

reinforcement is not challenging to predict and can be found through the model outlined; 

as evidenced by the accuracy of the technique. However, it is rather challenging to find 

the percent of current influencing the area directly sensed by the two inner electrodes, as 

a percentage of the total current reaching the reinforcement. It is clear that as the 

resistivity increases, more current tends to localize near the probes area as compared to 

areas away from the probes. For instance, for 1000 ohm.m of resistivity, 0.06 A/m2 

flows to the end of the specimen, while 0.23 A/m2 flows to the region under the 

polarizing probe. When the resistivity decreases to 20 ohm.m, 0.055 A/m2 flows to the 

end of the specimen and 0.1 A/m2 for the area under the probe. Therefore, it can be 

concluded that the portion of polarizing current flowing to the area sensed by the central 

electrodes increases as the resistivity increases, which is in line with the observations 

noted for other techniques. This may also explain the reason behind the net 

overestimation found for the series with 6% admixed chlorides when compared with the 

series with 3% or 1.5% chloride. 

Results of the dependence of polarizing current on the cover depth clearly indicates a 

similar behavior to that shown for the other techniques. The cover depth results were 

obtained for a case of 10 mm diameter rebar with 40 mm of cover. The overall current 
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reaching the reinforcement was found to decrease as the cover depth increases. This is 

since larger concrete covers allow for a larger area for the polarizing current to flow 

between the two current-applying probes instead of polarizing the reinforcement. Again, 

the portion of current flowing to the reinforcement area between the polarizing probes 

increases as the cover depth decreases. This may explain the reason for the 

underestimation of the corrosion rate for the 20 mm cover depth when assuming that the 

full reinforcement is polarized. In these cases, the polarized area may have been less 

than that assumed in the experimental study. 

The reinforcement diameter influence was evaluated for a case of 40 mm of cover and 

40 ohm.m of resistivity. Again, the same is observed for the effect of the reinforcement 

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

reinforcement due to a higher area available to consume this current. It seems that the 

area polarized by the technique tends to decrease as the reinforcement diameter 

increases. Furthermore, the current typically causes a localized polarization near the 

current applying probes as the reinforcement diameter increases. This is, perhaps, the 

reason for the underestimation found experimentally in the 20M rebar compared to the 

10M ones when assuming that the full reinforcement is polarized in both cases.  

These results clearly indicate that the assumption that the full area of the specimen was 

polarized in this technique, for the case of laboratory-scale specimens, shows numerical 

merit. However, the distribution of this current is not uniform and depends on the 

aforementioned factors. In general, the technique shows higher polarized area as the 

cover depth increases, resistivity decreases or diameter decreases. This will be further 

extended through modeling of cases with larger specimens (larger reinforcement area to 
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consume the current) in order to test the applicability of this technique for field 

measurements. 

 

 

Figure 4.23 - Effect of resistivity, in ohm.m, cover depth, in m, and reinforcement 

diameter, in m, for the case of a uniformly corroding reinforcement 

Figure 4.24 presents the current distribution on the reinforcement surface for a number 
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obtained for a case of resistivity of 40 ohm.m and a cover depth of 40 mm. For all of the 

results, the cathodic probe was near the side showing positive (cathodic) polarization 

and the anodic probe was near the side showing negative (anodic) polarization. In all of 

these cases, it was found that the cathodic portions of the reinforcement are the primary 

polarized areas near the cathodic probes and the anodes are the primary polarized areas 

near the anodic probes. This was discussed theoretically, and shown schematically in 

Fig. 4.7, and is due to the increase of current density of the cathode when cathodically 

polarized and vice versa for the anode. However, the currents per area received by the 

anodes are substantially higher than those for the cathodes throughout the full 

reinforcement surface. 

 

Figure 4.24 - Distribution of polarizing current for a case of macrocell corrosion 

Figures 4.25 to 4.28 show the effect of A/C ratio, resistivity, cover depth and 

reinforcement diameter for the case of a reinforcement with 5 evenly distributed anodes. 
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that the mode of application of other well-established corrosion-monitoring techniques 

are not understood for macrocell corrosion. Nevertheless, this provides insights about 

the general comparison between this technique and other well-established ones. All of 

these results were obtained for a case in which resistivity was 40 ohm.m, A/C ratio was 

0.2, cover depth was 40 mm and rebar diameter was 10 mm. Each of these parameters 

was swept on its own as shown in the results. The A/C ratio showed to not influence the 

polarization of the cathodes, whether it is anodically or cathodically polarized, with the 

difference in current received by the anodes in the lowest and highest A/C ratios being 

rather marginal. The anodes were, however, influenced by A/C ratio. It was found that 

higher anodic areas lead to more current received by the anodes near both the anodic or 

the cathodic probes. Higher resistivities generally led to cathodes in the cathodic side 

receiving more current on the expense of the anodes while anodes in the anodic side 

received more current on the expense of the cathodes. This is expected since, as 

demonstrated earlier, cathodic polarization of cathodes and anodic polarization of the 

anodes are the favored behavior for these areas since such polarizations lead to increase 

in their net current density. The cathodesô current consumption capabilities decrease as 

resistivity increases due to the higher IR-drop leading to cathodes approaching their 

equilibrium potential, in which their anodic polarization is not favored as demonstrated 

earlier. The reinforcement diameter and the cover depth do not influence the current 

distribution. However, as shown earlier, lower cover depths and higher reinforcement 

diameters lead to more current reaching the reinforcement. These results revealed that 

the full reinforcement was polarized in this case regardless the cover depth, resistivity, 

A/C ratio or rebar diameter. The distribution of the polarizing current over the 
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reinforcement is very similar for all of the cases. The issues with the inhomogenous 

distribution of the current for the case of macrocell corrosion is, in this technique, 

similar to that observed for all of the other techniques and uncertainties in estimating 

macrocell corrosion for these cases and difficulties to determine the exact distribution of 

the polarizing current still exists. It should be noted that for this technique, the 

polarization of any of the anodes or cathodes, will affect the measured response. 

Although the response is measured as the difference in potential difference between the 

inner two electrodes, this potential difference is highly related to the flow of the 

polarizing current which is affected by all of the anodes and cathodes. 

 

Figure 4.25 - Effect of A/C ratio on currents received by anodes and cathodes for the 

CEPRA technique 
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Figure 4.26 - Effect of resistivity, in ohm.m, on currents received by anodes and 

cathodes for the CEPRA technique 

 

Figure 4.27 - Effect of reinforcement diameter, in meter, on currents received by anodes 

and cathodes for the CEPRA technique 
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Figure 4.28 - Effect of cover depth, in meter, on currents received by anodes and 

cathodes for the CPERA technique 

Figure 4.29 presents the distribution of polarizing current at the surface of the 

reinforcement for the case of a passive reinforcement for a wide range of resistivities at 

a cover depth of 40 mm and a reinforcement diameter of 10 mm. It is clear that 

resistivity influences the amount of current received by the reinforcement substantially. 

Confinement was found to occur in the cathodically polarized portion of the 

reinforcement in a facilitated way compared to the anodic side. This can, certainly, 

cause errors due to the lack of symmetry in such a system. For low resistivity systems, 
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throughout the reinforcement. As the resistivity increased, however, it seemed that a 

more localized current distribution occurs near the anodic polarizing probe. This 
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estimate of passive corrosion rates in cases of dry concrete. This is due to the 

applicability of the model increasing as the symmetry in the system increases. 
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Furthermore, as demonstrated in part 1, in low resistivity systems (Figs. 20 to 23 in part 

1), the high and low frequency responses have dramatically different flow paths. As the 

resistivity increases and a more localized polarization occurs, such as that shown for the 

case of a resistivity of 5000 ohm.m (a very high resistivity that only exists for dry 

concrete), the high and low frequency responses start to converge and display some 

similarities. The similarity in low and high frequency responses generally leads to a 

higher applicability of the model. 

 

Figure 4.29 - Distribution of polarizing current as a factor of resistiviy, in ohm.m, for 

the case of a passive electrode 
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conditions. This has been proven previously proven experimentally (Zhang et al., 2001; 

Lim et al., 2009), theoretically (Lim et al., 2009) and numerically by the current study. 

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

the middle of the reinforcement for this resistivity as shown previously. These low 

currents are due to the self-regulating current reaching the reinforcement due to the 

availability of the two current drains. It is clear that a measurement time of 10 seconds 

can provide adequate information about the polarization behavior of the reinforcement 

up to capacitance values in the range of 1 F/m2 for the passive case (88% of the steady-

state polarization was achieved in 10 second) and 5 F/m2 in the active case (91% of the 

steady-state polarization was achieved in 10 second). This, however, changes if the 

resistivity reaches very high values, due to the much higher current received by the 

reinforcement. In resistivities approaching 5000 ohm.m the response becomes rather 

similar to that for the galvanostatic technique. 

 

Figure 4.30 - Effect of the double-layer capacitance, in F/m2, on the obtained time-

transient for the case of a passive rebar 
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Figure 4.31 - Effect of the double-layer capacitance on the obtained time-transient for 

the case of an active rebar 
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covers lead to more dispersion of the applied current in the concrete cover, which is in 

agreement with the effect observed for other techniques. The same is shown for the 

effect of reinforcement diameter in which higher diameters lead to more current 

localizing under the probes due to the higher current consumption area available for 

higher reinforcement areas. Nevertheless, it seems that the cover depth, reinforcement 

diameter and resistivity have a lower influence on the polarized area for the 

connectionless technique than that observed for the other commonly-used techniques; 

due to the current-regulating nature of this technique. It can be concluded from these 

results that a polarized length of 35 to 45 cm applies for all of the cases of semi-infinite 

members with uniform corrosion. This may show that additional current confinement 

techniques may not be essential in producing reliable results for this technique, for the 

case of actively corroding reinforcements; due to the current-regulating nature of the 

technique. 
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Figure 4.32 - Effect of resistivity, in ohm.m, cover depth, in mm, and rebar diameter, in 

mm, on the distribution of polarizing current for a uniformly corroding rebar 

Figure 4.33 shows the effect of resistivity on current distribution for the case of a 

passive electrode. These results were obtained for a cover depth of 40 mm and a 
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-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6 0.8 1

C
u

rr
e
n

t 
(A

/m
2
)

Length (m)

20
50
80
100
200
500
1000
3000
5000
10000

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0 0.2 0.4 0.6 0.8 1

C
u

rr
e
n

t 
(A

/m
2
)

Length (m)

0.02

0.04

0.07

0.1

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0 0.2 0.4 0.6 0.8 1

C
u

rr
e
n

t 
(A

/m
2
)

Length (m)

0.01

0.02

0.03



 

210 

 

higher amounts of current reaching the reinforcement and a lower polarized area. For 

low resistivities it was found that confinement occurs only in the branch of the 

reinforcement near the cathodic probe while the full reinforcement area near the anodic 

probe is polarized; up to 0.5 m in this case. This is very similar to what was noted in the 

galvanostatic technique (in cases where an anodic polarization is applied to a passive 

electrode). This is simply due to the electrodeôs very low exchange current density and 

the very high tafel slope leading to the reinforcement having a very limited ability to 

drain the anodic polarizing current. Again, the primary reason for the overestimation 

found in passive cases for saturated (low resistivity) systems is: (1) the lack of 

symmetry between the anodically polarized and cathodically polarized portions of the 

electrode and (2) the difference in flow path of low and high frequency responses. Both 

factors lead to a low applicability of the shown model. 

 

Figure 4.33 - Effect of resistivity on current distribution for the case of a passive rebar 
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Figure 4.34 shows the effect of anode location on the current received by this anode for 

the case of a reinforcement with one anode. This is presented for a range of resistivities, 

cover depths, A/C ratios and rebar diameters. It is clear that the anode will receive 

current if inputted in the specimenôs area being polarized anodically regardless of its 

location and distance from the current-applying probe. When this anode is located near 

the cathodic branch, however, it receives negligible amounts of current, due to all of the 

current being received by the cathodic area, due to the ability of the cathodic areas to 

consume cathodic polarizations. The only exception is when the resistivity is extremely 

high (5000 ohm.m). In this case, the anode becomes anodically polarized regardless of 

its location. This is since in these cases the cathodes have a very limited ability to 

receive polarizing currents as demonstrated earlier.  

 

Figure 4.34 - Effect of anode location on the current received by the anode for the 

CEPRA technique 
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4.5 Conclusions 

A finite element model was developed and has been shown to predict the polarization 

behavior of the steel electrode embedded in concrete closely. This model was used to 

analyze the effect of resistivity, cover depth, A/C ratio and location of anodes on the 

polarizing-current distribution. Results from this study have yielded the following 

conclusions: 

¶ Resistivity and cover depth highly impact the flow of current for the 

galvanostatic and potentiodynamic polarizations, where higher resistivities and 

lower cover depths generally lead to more current being received under the 

counter electrode. This was the case for uniform corrosion as well as macrocell 

corrosion cases. 

¶ The A/C ratio influences the distribution of the polarizing current where the 

current received under the counter electrode for the galvanostatic and 

potentiodynamic techniques increases as the A/C ratio increases. 

¶ The current received by the anodes or cathodes in cases of macrocell corrosion 

varies considerably depending on the resistivity, where anodes receive more 

currents, due to galvanostatic polarizations, as resistivity increases, at the 

expense of cathodes. 

¶ The time required to reach quasi-steady-state is much higher than 10 seconds for 

passive reinforcements when a galvanostatic pulse is used. This time was also 

found to be influenced by the beta coefficient. 
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¶ The concept of the polarized area has a weak applicability, especially in cases 

where macrocell corrosion exists. This is due to this area being affected by the 

factors shown in this study. 

¶ The CEPRA technique was found to decrease the time to steady-state conditions 

for passive reinforcements considerably, especially in cases of low resistivites. 

¶ The polarized area for the CEPRA technique can be determined for the actively 

corroding reinforcements and has been shown to vary in lower magnitudes 

compared to other techniques, due to the self-regulating current for this 

technique. 

¶ The low-frequency and high-frequency responses follow different flow paths for 

the passive reinforcements and the anodically-polarized and cathodically-

polarized portion of the reinforcement have different polarization behaviors 

which decreases the applicability of the model outlined. However, the 

applicability of the model increases as the resistivity increases. 
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