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Abstract  

The objective of this thesis is to conduct a comprehensive comparative analysis of corrosion rate as 

determined by non-destructive field-applicable techniques and corrosion rate as determined by 

destructive gravimetric testing as per ASTM G-1. This is accomplished by a two-part experimental 

program: (1) a laboratory study that monitors the corrosion of reinforcement in reinforced concrete slabs 

subjected to an accelerated deterioration in a controlled environment, and (2) a field study based on the 

condition assessment of the deck of the North Channel Bridge, an existing reinforced concrete structure 

located in Cornwall, ON. Non-destructive techniques analyzed include half-cell potential, linear 

polarization resistance, galvanostatic pulse technique, connectionless electronic pulse response analysis 

and four-point electrical resistivity. Generally, corrosion rate as determined by NDT measurements is in 

agreement, to the same order of magnitude, with the average corrosion rate determined by destructive 

means. Measurements using the galvanostatic pulse technique are in better agreement with gravimetric 

measurements than those obtained from the connectionless electronic pulse response analysis and linear 

polarization technique. Electrical resistivity measurements proved to be a reliable indicator of the 

concrete condition; these are in agreement with values reported in the literature. From the results of this 

research, it is concluded that the industry practice of using half-cell potential measurements in the field 

should be complemented with other NDT techniques, such as electrical resistivity or connectionless 

electronic pulse response analysis, to obtain a more accurate assessment of the corrosion activity in a 

reinforced concrete structure undergoing reinforcement corrosion. 
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1.0 Introduction 

1.1. Motivation 
Due to its versatile nature, reinforced concrete is a well-used construction material. From a global 

perspective, concrete is the most widely used construction material, approximately 12 billion tonnes are 

manufactured annually (Broomfield J. , 2007). Reinforced concrete has consistently proven to be a durable 

and strong construction material, resulting in reinforced concrete structures with an expected service life 

typically greater than 50 years. However, if the reinforced concrete structures are poorly designed, poorly 

constructed, and/or subjected to a harsh environment with little to no protective measures, deterioration 

ƛǎ ƭƛƪŜƭȅΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ǎƘƻǊǘŜǊ ǎŜǊǾƛŎŜ ƭƛŦŜΩǎ ŀƴŘ necessary repairs.  

Corrosion of reinforcing steel within concrete is a significant global problem. Economically, the global cost 

of corrosion is estimated to be $2.5 trillion USD, which is equivalent to 3.4% of the global Gross Domestic 

Product, according to 2013 figures (NACE, 2016). The most common cause of deteriorated reinforced 

concrete structures in Canada is de-icing salts. In Canada alone, it has been estimated that on average 5 

million tonnes of de-icing salts are used on Canadian roadways annually (Environment Canada, 2012). 

Reinforcement corrosion, by de-icing salts, in such concrete structures on roadways leads to the following 

structural concerns, in sequential order: cross sectional loss to the reinforcing steel, de-bonding between 

the reinforcement and concrete, cracking and spalling of concrete, and finally, reduction in strength and 

integrity of the structure. This process is relatively slow and symptoms of reinforcement corrosion are 

easily noticeable thorough condition assessment surveys. This enables engineers to monitor the progress 

of deterioration, maintain the integrity of the reinforced concrete structure throughout its usable service 

life, and most importantly, ensure the health and safety of those occupying the structure.  

There is an academic and industry wide interest in the prevention of reinforcement corrosion either 

through improved design criteria or use of improved reinforcing materials. While this is an important 

endeavor for the future of reinforced concrete, there is an urgent need now for reliable methods to 

determine the severity of reinforcement corrosion within existing concrete structures and subsequently, 

determine their remaining service life. This is especially true in the construction industry of the 21st 

century, as the current environmentally friendly trend is to not build new concrete structures but to 

extend the service life of existing ones.  

The main goal of this study is to continue in this academic search for more reliable methods of measuring 

the level of reinforcement corrosion in concrete, in the hopes of improving upon current understandings 
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and subsequently providing practicing engineers with a method to accurately monitor and assess the 

condition of existing reinforced concrete structures.  

1.1. Objective and Scope of Research 

The current industry standard to assess the condition of reinforced concrete structures typically includes 

hammer sounding of the concrete and half-cell potential in-situ measurements. To improve assessments 

there is a need to complement half-cell potential measurements with in-situ electrical resistivity and 

corrosion rate measurements.  

The purpose of this thesis is to conduct a comprehensive comparative analysis of corrosion rate as 

determined by non-destructive field-applicable techniques and corrosion rate as determined by 

destructive gravimetric testing as per ASTM G-1. Additionally, use of half-cell potential and electrical 

resistivity measurements are used to further the analysis. This is accomplished in two parts: (1) a condition 

assessment on the North Channel Bridge, an existing reinforced concrete structure, located in Cornwall, 

ON, and (2) a comprehensive assessment on reinforced concrete slabs that were constructed and tested 

in a controlled laboratory environment. It should be noted that part of the in-situ and in-lab testing were 

executed in unison.   

The research presented here utilizes well-known techniques to measure the instantaneous corrosion rate 

and one to measure the resistivity of concrete: Galvanostatic Pulse Technique (GPT), as measured by 

DŜǊƳŀƴƴ LƴǎǘǊǳƳŜƴǘΩǎ DŀƭǾŀtǳƭǎŜΣ Linear Polarization Technique (LPT), as measured by James 

LƴǎǘǊǳƳŜƴǘΩǎ DŜŎƻǊ сΣ Connectionless Electrical Pulse Response Analysis, as measured by Giatec 

{ŎƛŜƴǘƛŦƛŎΩǎ ƛ/hwΣ ŀƴŘ finally, four-point electrical resistivity, as measured by tǊƻŎŜǉΩǎ wŜǎƛǇƻŘ wŜǎƛǎǘƛǾƛǘȅ 

Meter. In addition, several laboratory tests were utilized to provide supporting information on the 

reinforced concrete: moisture content and absorption, concrete compressive strength, reinforcing steel 

mass loss, concrete carbonation, and concrete chloride content.  

1.2. Outline of Thesis 

Chapter 2 presents a comprehensive literature review of the most relevant topics on reinforcement 

corrosion in concrete and its detection in in-service structures.  

Chapter 3 presents the experimental program designed to provide corrosion-related data obtained in a 

laboratory-controlled environment and correlate it to that obtained from an existing in-service structure.  
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Chapter 4 presents the data collected from the laboratory study and field study. Simultaneously, the 

experimental data is compared and trends are discussed in detail.  

Chapter 5 summarizes the research findings and provides suggestions for future work.  
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2.0 Literature Review 

This chapter provides a background on the theory of reinforcement corrosion and methods used to 

measure corrosion rate. It is important to note that this chapter does not provide a complete background 

on all information related to reinforcement corrosion and measurement techniques. However, it attempts 

to provide a comprehensive look of a few techniques and how these techniques perform in-situ and in-

lab.  

2.1. Corrosion of Steel in Concrete  
Concrete is an alkaline environment. It has microscopic pores containing high concentrations of soluble 

calcium, sodium, and potassium ions. In the presence of water, during the hydration of cement, 

hydroxides are formed, raising the pH of the concrete to around 12.5-13. This alkaline condition causes 

the formation of a passive and protective layer surrounding the steel reinforcement embedded in 

concrete. Along with other minor chemical protectors, this layer protects the steel reinforcement from 

oxidation (corrosion). In an uninterrupted environment, this passive layer will maintain and repair itself 

(Broomfield, 2007). However, due to the porous nature of concrete, unwanted gases, liquids, and 

substances penetrate into the concrete. These unwanted and mostly aggressive agents that are found 

within the environment, break down this passive layer and corrosion is initiated. While carbonation is 

presented in this literature review, the focus of this thesis is on chloride-induced reinforcement corrosion.  

2.1.1. The Corrosion Process ς Electrochemistry 
It is important to understand corrosion of steel is an electrochemical process, i.e., chemical reactions 

produce electricity. The electrochemical mechanism of corrosion can be broken down into four partial 

processes: (1) oxidation of iron (anodic reaction) which releases electrons and corresponds to the 

formation of iron ions whose hydrolysis produces acidity, (2) reduction of oxygen (cathodic reaction) 

which consumes those released electrons and produces alkalinity, (3) transportation of electrons within 

the metals from the anodic areas (available to transport) to the cathodic areas (able to consume), which 

produces an electrical current flow from the cathodic area to the anodic area, and finally (4) the flow of 

ions through the concrete pore solution from the anodic areas to the cathodic areas, to complete the 

electrical circuit (Bertolini L. , 2013). This cycle of electrochemical partial processes can be seen in Figure 

2.1.  
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Figure 2.1: Electrochemical Mechanism of Corrosion (reproduced from Pedeferri & Bertolini, 2000 as 

cited in Bertolini, 2013) 

These four processes occur at the same rate, as shown Figure 2.1. The common value of these currents 

(Icorr), in electrochemical units, is the rate of the overall process of corrosion. The relationship between 

the anodic current and the coǊǊƻǎƛƻƴ ǊŀǘŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ƭƻǎǎ ƻŦ Ƴŀǎǎ ƛƴ ǘƛƳŜ Ŏŀƴ ōŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ CŀǊŀŘŀȅΩǎ 

first law of electrochemical stoichiometry (Bertolini L. , 2013). This relationship is later discussed in Section 

2.4.1 As these four processes are complementary, the corrosion rate will be determined by the slowest of 

the four partial processes.  

It is important to define the following terms related to negligible corrosion rate: 

¶ Passive Control; the anodic process is labored due to passive reinforcement (either due 

to concrete without chlorides or non-carbonated concrete) 

¶ Oxygen diffusion control; the cathodic process is labored as the flow of oxygen to the 

surface of the reinforcement is slow 

¶ Ohmic control; the electrical resistivity of the concrete is high (to be discussed in Section 

2.3.5.3) 

The rate of the two electrochemical reactions (anodic and cathodic) depends on the electrochemical 

potential. Polarization curves are used to relate potential to anodic or cathodic current density (corrosion 
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behavior). It is important to first discuss anodic and cathodic polarization curves for an alkaline concrete 

(non-carbonated and chloride free) so to establish the baseline polarization curves.  

The anodic polarization curve for reinforcement in a passive state is represented in Figure 2.2. A potential 

of -800 to +600 mV SCE (standard calomel reference electrode) is known as the range of passivity. The 

typical range of passivity has a low anodic current of 0.1 mA/m2 and consequently the dissolution rate of 

iron is negligible (0.1 µm/year). This is due to the presence of a passive film which covers the 

reinforcement. When the potential is above passivity, +600 mV SCE, the reinforcement is brought to a 

condition of transpassivity. In this condition, oxygen may be produced on the steel surface according to 

the anodic reaction of oxygen evolution, which in turn produces acidity (Bertolini L. , 2013). As the anodic 

reaction is oxygen evolution, the passive layer is not destroyed; however, over time, the amount of acidity 

can be sufficient to neutralize the alkalinity of the concrete in contact with the reinforcement and thus 

destroy the passive layer (Bertolini L. , 2013). It is important to note that this only occurs during external 

polarization.  

 

Figure 2.2: Passive State Anodic Polarization Curve (Bertolini L. , 2013) 

The cathodic polarization curve to represent oxygen reduction is shown in Figure 2.3, where curve a, b, 

and c are represented by semi-dry concrete, submerged concrete, and oxygen absent concrete, 

respectively. As shown, the rate of the cathodic process is significant at potentials below 0 mV SCE and is 

dependent on the availability of oxygen at the surface of the reinforcement. For a given potential, the 

current density decreases by 2-3 orders of magnitude as the moisture content of the concrete transitions 

from semidry (relative humidity of 70%) to saturated (oxygen absent) (Bertolini L. , 2013). For potentials 
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below -900mV SCE, oxygen reduction is accompanied with hydrogen evolution, a process by which an 

electron is produced, resulting in an additional increase in the cathodic current density (Bertolini L. , 2013).  

 

Figure 2.3: Cathodic Polarization Curves for Oxygen Reduction (Bertolini L. , 2013) 

An overlay of the anodic and cathodic polarization curves addressed above can be seen in Figure 2.4. From 

the overlay, the conditions of corrosion of reinforcement in passive state at various situations can be 

determined. This overlay shows the intersection of the anodic and cathodic curves for the presented 

conditions, semi-dry concrete, submerged concrete, and oxygen-absent concrete (ignoring the ohmic 

drop effect). As can be seen, the decrease in oxygen supply results in a decrease in potential. At all 

conditions, however, reinforcement is subjected to a negligible corrosion rate (<0.1 mA/m2).  
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Figure 2.4: Corrosion Conditions of Passive Steel in Concrete (Bertolini L. , 2013) 

The presence of chlorides in concrete alter the anodic behaviour of steel, thus modifying the anodic 

polarization curve previously discussed, see Figure 2.5. The anodic polarization curve, in the presence of 

chlorides, introduces an upper limit (denoted Epit), the pitting potential or breakdown potential, which 

decreases as the chloride content increases. This upper limit defines this pitting potential range from -500 

mV SCE for high chloride content to +600 mV SCE for uncontaminated concrete (Page & Treadaway, 1982).  

 

Figure 2.5: Anodic Polarization Curve with Differing Chloride Contents (Bertolini L. , 2013) 

The breakdown potential provides a boundary at which chloride ions interact differently with the 

reinforcement. The presence of chloride ions produces a localized breakdown of the passive layer for 

potentials more positive than the breakdown potential. At a certain point, the chloride content reaches 

compatibility with the condition of passivity, this is defined as the critical chloride content or chloride 

threshold (see Section 2.2.1.4). This threshold is typical within the range of 0.4% to 1% of the cement 

content (Bertolini L. , 2013). The relationship between potential of reinforcement and critical chloride 

ŎƻƴǘŜƴǘ ƛǎ ŜȄǇǊŜǎǎŜŘ ōȅ tŜŘŜŦŦŜǊǊƛΩǎ 5ƛŀƎǊŀƳΦ  {ŜŜ ŀ ǎƛƳǇƭƛŦƛŜŘ ǾŜǊǎƛƻƴ ƻŦ tŜŘŜŦŦŜǊǊƛΩǎ ŘƛŀƎǊŀƳ ƛƴ CƛƎǳǊŜ 

2.6. As seen, the areas of pitting corrosion (potential breakdown) and passivity are shown. The division 

between pitting corrosion and passivity is considered to represent the chloride threshold for a given steel 

potential or vis versa. It is important to note that this correlation has not been perfected by experimental 

research, as such variability exists (Bertolini L. , 2013).  
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Figure 2.6Υ {ƛƳǇƭƛŦƛŜŘ tŜŘŜŦŜǊǊƛΩǎ 5ƛŀƎǊŀƳ (reproduced from Pedeferri, 1993 as cited in Bertolini, 2013) 

 

The principles behind polarization curves, as they relate to corrosion of steel in concrete, will be seen later 

in Section 2.3 when reviewing electrochemical condition evaluation techniques. 

2.1.2. Common Chemical Reaction of Corrosion  
The most common chemical reactions that can occur during this electrochemical process are described 

below. As steel in concrete corrodes, it dissolves in the pore water and gives up electrons as seen in the 

anodic reaction below: 

ὊὩ ὊὩ  ςὩ     Equation 2-1: Anodic Reaction 

The released electrons must be consumed elsewhere to preserve electrical neutrality of the system. This 

is transformed into the cathodic reaction: 

 ςὩ Ὄπ ὕ ςὕὌ      Equation 2-2: Cathodic Reaction 

Hydroxides are produced with the consumption of water and oxygen. If this was the end of the chemical 

process, then the resulting hydroxyl ions would strengthen the passive layer with an increase in local 

alkalinity (Broomfield, 2007). However, the ferrous ion from the anodic reaction combines with the 

hydroxyl ion from the cathodic reaction to start a chain reaction that creates rust (iron oxide): 

ὊὩ ςὕὌ ὊὩὕὌ   Equation 2-3: Reaction which creates iron oxide, Part 1 

τὊὩὕὌ  ςὌπ ὕ τὊὩὕὌ   Equation 2-4: Reaction which creates iron oxide, Part 2 

ςὊὩὕὌ   ὊὩὕὌπ ςὌπ (rust) Equation 2-5: Reaction which creates iron oxide, Part 3 
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The resulting rust takes up significantly more volume of the steel it replaces (Broomfield, 2007). This 

volume increase exerts expansive stresses on the surrounding concrete which results in cracking and 

spalling of the concrete cover. Once these cracks reach the surface, it allows easier transport of water, 

oxygen, and chlorides to the reinforcement within, subsequently feeding the corrosion process. An 

illustration of this phenonenom can be seen in Figure 2.7.  

 

Figure 2.7: Corrosion of Steel Reinforcement in Concrete (reproduced from Carbonation of Concrete 

(Corrosion), 2010, website) 

It is important to note that the above anodic and cathodic reactions are the most common. There are 

many different anodic and cathodic reactions combination that depend on the pH of the cement paste 

and the availability of oxygen (ACI Committee 222, 2001). This is shown in the Pourbaix diagram for iron 

in an aqueous solution as seen in Figure 2.8, which outlines the thermodynamic areas of stability for 

various reactions as a function of electrochemical potential, since the rate of anodic and cathodic 

processes depends on the electrochemical potential, as discussed previously.  
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Figure 2.8: Pourbaix Diagram (reproduced from Pourbaix, 1974 as cited in ACI Committee 222 2001) 

The iron oxides Fe3O4 and Fe2O3, shown above within the region of sound concrete, pH range of 13-13.5, 

form as solid phases and may develop in the passive layer. A decrease in pH, illustrated as a leftward shift 

in the Pourbaix diagram, shifts the reactions from anodic to cathodic, leading to the formation of corrosion 

products. Two examples of this in the above Pourbaix diagram: the cathodic reaction, ς(π /

τÅ τ/( , which occurs when the potential is below the upper dashed line, and the cathodic 

reaction, ς( ςÅ Ὄ , which occurs when the potential is below the lower dashed line (ACI 

Committee 222, 2001). 

2.2. Causes of Corrosion of Steel in Concrete 
The main causes of corrosion of steel in reinforced concrete are carbonation of the concrete cover and 

chloride attack. As chloride attack is the main corrosion mechanism looked at in this research, only an 

overview of this process is presented below.  

2.2.1. Chloride Attack 
Chloride affects reinforced structures by means of chlorides cast into the concrete, either through 

contaminated aggregates, use of seawater, or accelerators, or by means of chlorides diffused into the 

concrete from environmental factors, either through de-icing salts, chemicals, or contact with seawater. 

As the concrete is an initially alkaline environment, these aggressive agents penetrate the concrete and 

as the concentration of the chloride ions reach a threshold value, the passive layer breaks down (Bertolini 
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L. , 2008). It is important to note that corrosion due to chloride attack is known as a self-feeding process 

which makes it more severe over time.   

2.2.1.1. Service Life of a Reinforced Concrete Structure Subjected to Corrosion 

Since the first service life diagram idealized by Tuutti (1982), the corrosion of reinforcing steel has been 

considered as a process with two main phases. The initiation phase is when the reinforcement as a whole 

is passive but environmental attacks can lead to some loss of passivity. At the end of this phase, corrosion 

begins (steel becomes depassivated). When the passive layer breaks down, the propagation phase begins. 

This phase continues until the effects of corrosion can no longer be tolerated by the reinforced structure 

(Bertolini L. , 2013). An illustration of the periods in the service life of a reinforced structure can be seen 

in Figure 2.9. 

 

Figure 2.9 Service Life Periods (modified from Tuutti, 1982 as cited in Bertolini, 2013) 

2.2.1.2. Chloride Penetration 

The initiation phase corresponds to the period when the reinforcement as a whole is passive but 

environmental attacks can lead to some loss of passivity. The initiation period for chloride attack depends 

on the rate of chloride penetration, the chloride threshold value, and the thickness of the concrete cover 

(Bertolini L. , 2008).  

As the aggressive agents penetrate through the concrete, it is common that the chlorides follow a 

concentration profile similar to that seen in Figure 2.10. In Figure 2.10, the classical diffusion curve is 

shown, as a function of chloride depth by mass percent of cement. It shows that chloride concentration 

is the highest at the concrete surface and decreases with depth (Broomfield, 2007). It is important to note 
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that most reinforced structures follow a more complicated and erratic penetration curve due to a 

combination of other ingress mechanisms in addition to diffusion, but the general concept of decreasing 

chloride concentration with increased cover thickness remains the same.  

 

Figure 2.10: Classical Chloride Diffusion Curve (Broomfield J. P., 1992; note: x-axis represents concrete 

depth in mm, while y-axis represents the chloride content) 

The rate of chloride ingress is affected by many mechanisms including diffusion, capillary suction, 

permeation, migration mechanisms, and chemical reactions that occur within the concrete that hinders 

the chloride movement (Bertolini L. , 2008). Understanding the penetration of chloride ions is a matter of 

selecting the relevant mechanisms of chloride penetration, finding an appropriate value of the parameter 

describing the rate of penetration, and finally calculating the evolution of the chloride concentration in 

time as it propagates through the concrete depth. Unfortunately, determining the true chloride 

penetration profile is more complicated than that, because all transport mechanisms are dependent on 

the complex concrete microstructure. In addition, chloride transport usually involves a combination of 

several transport mechanisms (Bertolini L. , 2008). 

However, in general, the chloride profile can be reasonably described by an analytical closed-form 

solution of Fick's 2nd law of diffusion, as seen in Eq. 2-6:  

ὅὼȟὸ ὅ ρ ὩὶὪ   Equation 2-6Υ CƛŎƪΩǎ нnd Law of Diffusion 

where C(x,t) is the chloride concentration at depth x and time t, Dapp is the apparent diffusion coefficient 

taken from experimental data, and Cs is the surface chloride content, which is dependant on the 

composition of the concrete, the position of the structure, and the orientation of its surface and micro-

environment, the chloride concentration in the environment, and finally the general conditions of 
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exposure (Bertolini L. , 2008). This equation represents nonstationary diffusion and several assumptions 

are made: 

¶ the concentration of the diffusing substance on the concrete surface is constant with time 

¶ the coefficient of diffusion does not vary with time 

¶ the coefficient of diffusion does not vary with depth 

¶ there are no chlorides initially 

! ŎƘƭƻǊƛŘŜ ǇǊƻŦƛƭŜ Ŏŀƴ ōŜ ǊŜŀǎƻƴŀōƭȅ ŘŜǎŎǊƛōŜŘ ǿƛǘƘ CƛŎƪΩǎ {ŜŎƻƴŘ [ŀǿ ƻŦ 5ƛŦŦǳǎƛƻƴ after fitting the error 

function to experimental data to find suitable values for Cs and Dapp (Bertolini L. , 2008). It is important to 

note that this reasonable description only applies solely with diffusion. The apparent diffusion coefficient, 

Dapp, is often used as a durability indicator to determine the performance of concrete against chloride 

ingress (Lataste J.-F. , 2010). The rate of diffusion of chlorides from the environment is dependent on the 

following factors: the water-to-cementitious materials ratio, type of cement, the temperature, the 

maturity of the concrete, saturation level, and the specific cation associated with the chloride (ACI 

Committee 222, 2001). 

2.2.1.3. Chloride Binding 

It is important to note that not all chlorides present in the concrete contribute to corrosion. The term 

άǘƻǘŀƭ chloridesέ refers to all chlorides in the concrete. From the total chlorides, a portion of these 

chlorides become bound to constituents of the cement paste ǘƻ ŦƻǊƳ άōƻǳƴŘ ŎƘƭƻǊƛŘŜǎέΦ CƻǊ ŜȄŀƳǇƭŜ, 

chlorides react with calcium aluminates to form calcium chloroaluminates (ACI Committee 222, 2001). 

Another portion of the chlorides becomes physical trapped by unconnected pores or by absorption (Bentz, 

Evans, & Thomas, 1996 as cited in ACI Committee 222, 2001). The final portion of the chlorides available 

in the pore solution that contribute to the corrosion process ŀǊŜ ǘŜǊƳŜŘ άŦǊŜŜ ŎƘƭƻǊƛŘŜǎέ. The following 

factors attribute to the amount of free chlorides present: pH, water-to-cementitious material ratio, 

tricalcium aluminate and tetracalcium aluminoferritte contents, and finally whether the chlorides were 

added to the original mix or entered the concrete from the environment (ACI Committee 222, 2001). 

There is an ongoing discussion on whether chlorides that are dissolved in the pore solution are only 

involved in corrosion, while chlorides bound to constituents of the cement paste are not. It is important 

to note that in practice, total chloride content is easily measured, so for this reason, a chloride threshold 

value is expressed as critical total chloride content, where critical total chloride content is expressed as a 

percentage of chlorides with respect to the mass of cement (Bertolini L. , 2013). 



15 
 

2.2.1.4. Threshold Value  

Chlorides can be present in the concrete while the passive layer is intact. With that said, at what point 

does the percentage of chlorides within the concrete initiate pitting corrosion? This concentration is the 

chloride threshold, defined as the chloride content required for depassivation (the transition from 

corrosion initiation to corrosion propagation) (Bertolini L. , 2013).  

Several correlations have been linked to the chloride threshold: the concentration of hydroxyl ions, the 

electrochemical potential of the steel, and the presence of voids at the interface of the reinforcement and 

concrete (Bertolini L. , 2013). In terms of chloride/hydroxyl ratio, the chloride threshold is defined when 

the chloride concentration exceeds 0.6 of the hydroxyl concentrations (Hausmann, 1967). This 

phenomenon is illustrated in Figure 2.11, where experimental results are related to predictions by a 

Monte Carlo simulation.   

 

Figure 2.11: Chloride/hydroxyl ratio as Related to Probability of Corrosion (reproduced from Haussman, 

1967 as cited in Broomfield, 2007) 

A similar relationship is illustrated in Figure 2.12, which  shows the general relationship between the 

corrosion rate and the molar ratio of chloride and hydroxides. It is important to note that the hydroxyl ion 

concentration depends on the type of cement and admixture. Therefore, it has been summarized that 

threshold values based on chloride/hydroxyl ions should be defined by statistical data and not by a single 

value, as true for any threshold value (Bertolini L. , 2013).  
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Figure 2.12: Corrosion Rate vs. [Cl-]/[OH-] (reproduced from Page, Lambert, & Vassie, 1991 as cited in 

Bertolini L. , 2013) 

The electrochemical potential of steel is mainly related to the pH of the pore solution, availability of 

oxygen at the surface of the steel, and thus to the moisture content of the concrete. It has been found 

that the chloride threshold increases and the potential of the steel decreases, by more than one order of 

magnitude (Bertolini, et al., 2009). Refer to Figure 2.6, which illustrated this relations as it is expressed by 

tŜŘŜŦŜǊǊƛΩǎ ŘƛŀƎǊŀƳΦ 

In addition, chloride threshold is dependent on the presence of voids as poor compaction of the concrete 

may weaken a layer of cement hydration products at the steel surface leading to local acidification that 

favours sustained propagation (Page, 2009). Experimental results have found that decreasing the volume 

of entrapped air at the interface of steel to concrete from 1.5% to 0.2% (by volume) results in an increase 

of the chloride threshold from 0.2% to 2% (by mass of cement) (Glass & Buenfeld, 1997) 

2.2.1.5. Corrosion Propagation  

Once the chlorides have reached the reinforcement surface in sufficient quantities, overpassing a critical 

total chloride threshold, the protective passive layer is broken down. The two most common results of 

chloride attack are microcell and macrocell formation. Microcell formation, commonly referred to as 

localized chloride attack or pitting, occurs when the high levels of chlorides are concentrated on a 

reasonable small area of reinforcement (Bertolini L. , 2008). This area, no longer protected by the passive 

layer, becomes the active zone or anode. The unaffected surrounding area, on the other hand, acts like 

the passive zone or cathode, refer to Figure 1.13 (Bertolini L. , 2013).   
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Figure 2.13: Schematic Representation of Pitting (Bertolini L. , 2008) 

Electrical current flow from the anodic areas to the cathodic areas increases the chloride content, 

followed by a decrease in the alkalinity. On the other end, the passivity later in the cathodic region is 

strengthened since the chlorides, being negatively charged, tend to move towards the anodic area 

(Bertolini L. , 2013). This stabilization accelerates the corrosion process, leading to drastic cross-sectional 

loss of the reinforcement, and it may have dangerous consequences to the structure if left unattended.  

When there is a separation between the anodic and cathodic regions, seen when there are small corroded 

areas followed with significantly larger areas of non-corroded reinforcement, macrocell formation occurs. 

For ions to transport between such large distances, high levels of moisture within the pore structure of 

the concrete must be present, as seen in chloride attack (Broomfield, 2007). An overall increase in the 

corrosion rate on the active steel is a strong indication that macrocell formation has occurred (Bertolini L. 

, 2008). 

2.3. Concrete Condition Evaluation 
Evaluation of any reinforced concrete structure usually involves two steps:  

1. Preliminary survey to define the nature of the problem  

2. Detailed survey which confirms the nature of the problem and determines the extent of the 

problem.  

It is important to note that this research closely examines one possible deterioration mechanism, chloride-

induced corrosion. However, there are far more mechanisms found, including but not limited to: alkali-

silica reactivity, sulphate attack, Thaumasite attack, freeze thaw, delayed ettringite formation, thermal 

movement and settlement (Broomfield, 2007).  
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There are various techniques used in practice today that provide valuable on-site or in-lab information on 

the condition of a reinforced concrete structure. Figure 2.14 provides a good summary of the most 

commonly used methods, what each method detects, and the approximate speed at which information 

can be gathered. For the purpose of this review, an overview of measurements of half-cell potential and 

electrical resistivity follows. 

 

Figure 2.14: Common Methods for Condition Surveying (Broomfield J. , 2007) 

2.3.1. Reference Electrode Potential  

Also known as half-cell potential mapping, reference electrode potential is the most widely accepted form 

of non-destructive corrosion monitoring and condition assessment that can be used before symptoms of 

corrosion are seen on the concrete surface. This technique follows the (C876, 2015). The concept of half-

cell potential stems from the understanding that non-corroding and corroding reinforcement have a 

difference in corrosion potential, thus half-cell testing measures the potential distribution on the concrete 

surface. In order to determine the location of corroding reinforcement, a reference electrode is placed on 

the concrete surface, and an electric field coupled with the corrosion current between the passive and 

active areas of the reinforcement is measured, resulting in equipotential lines (Bertolini L. , 2013). The 
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half-cell device follows the concept of a simple electrical Daniell cell. A schematic of the half-cell on-site 

test setup can be seen in Figure 2.15. 

 

Figure 2.15: Schematic of Half-Cell Potential Setup (Bertolini L. , 2013) 

The values acquired from the half-cell device depend on the reference electrode used. The most 

commonly used reference electrode is copper/copper sulfate (CSE). Regardless of the reference electrode 

used, the potential difference to the standard hydrogen electrode (SHE) is required so that the recorded 

data takes into account the offset due to different reference electrodes (Broomfield, 2007). It is important 

to note that the condition of the concrete, e.g., saturation level, drastically alters the half-cell potential 

readings. This must be taken into account when using half-cell potential as a method for assessing the 

condition of reinforced concrete. Table 2.1 provides a broad summary of the typical ranges of half-cell 

potentials of rebar in concrete.  

Table 2.1: Typical Ranges of Half-Cell Potentials for Different Concrete Conditions (154-EMC, 2003) 

Condition Potential range (mV/CSE) 

Humid, chloride free concrete 100 to -200 

Wet, chloride contaminated concrete -400 to -600 

Water saturated concrete without oxygen -900 to -1000 

Humid, carbonated concrete 100 to -400 

Dry, carbonated concrete 200 to 0 

Dry concrete 200 to 0 
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In general, locations of corroding reinforcement are found when the half-cell device reads potential values 

in the negative potential range. Broad summaries of the potential measurements values along with the 

probability of corrosion are seen Figure 2.16, taken from the industry standard, ASTM C876, for reinforced 

concrete structures exposed to the atmosphere. 

Table 2.2: Potential Measurements (ASTM C876 , 2015) 

Measured Potential E (mV CSE) Probability of Corrosion 

E > -200 < 10% 

-200 > E > -350 Unknown 

E < -350 > 90% 

 

It is important to note that the potential ranges provided in ASTM C876 were derived empirically from a 

set of specific structures. In addition, these potential ranges do not take into account all factors that 

influence half-cell potential readings such as moisture content, chloride content, temperature during test, 

carbonation of concrete, and cover thickness. There in an inverse relationship between half-cell potential 

and concrete cover as the potential difference between the position above the anode and a distant 

cathode becomes smaller with increasing concrete cover (154-EMC, 2003) Refer to Figure 2.16. For these 

reasons, experimental studies looking into the former mentioned factors have shown that the ASTM 

ranges are indeed inaccurate (Verma, Bhadauria, & Akhtar, 2014).  
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Figure 2.16: Influence of Concrete Cover on Half-Cell Potential (Elsener & Bohni, 27-31 July 1997) 

 

Multiple studies have shown that a more comprehensive understanding of the half-cell potential data is 

needed to fully grasp the condition of the reinforced concrete. For example, Pour-Ghaz et. all (2009) 

showed that more realistic results could be retrieved from a reinforced concrete structure if availability 

of oxygen, resistivity, cover thickness, and the anode-to-cathode area ratio are considered. In addition, it 

was observed that for the same corrosion rate, half-cell potential measurements can differ with different 

resistivity values. More interesting, it was assessed that with an increase in cover thickness, the potential 

distribution on the concrete surface will not provide accurate information about the potential distribution 

at the concrete/steel interface (Pour-Ghaz, O. Burkan, & Ghods, 2009).  

It is important to note that the ASTM C876 (2015) requires data presentation to be in the form of 

equipotential contour mapping or cumulative frequency distribution (C876, 2015). The latter incorporates 

statistics in the analysis of the corrosion data. Research into improving the half-cell test has shown that 

these statistical analyses of potential mapping results, which produce potential boundaries between 

active and passive steel, are more accurate (Bertolini L. , 2013). In addition to incorporating statistical 
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analysis, a good application practice for this half-cell potential technique is to develop a history for the 

reinforced structure by performing the half-cell potential test at regular intervals. This collection of data 

as it relates to time provides for a more detailed understanding of the corrosion activity (ACI Committee 

222, 2001). 

Half-cell potential measurements cannot be directly related to rate of corrosion but instead provide an 

indication of the state of corrosion (ACI Committee 222, 2001). Vast amounts of studies have shown that 

there are many factors that affect the half-cell potential results, and that it is important to consider the 

condition of the reinforced concrete at the time when the test is performed.  With all this stated, it is 

commom for engineers to expose sections of the reinforced structure that show very negative potential 

measurements, so that the condition of the structure is defined with greater certainity.  

2.3.1.1. Potential Sources of Error 

It is possible for half-cell potential drift to occur. This is defined as a half-cell potential reading that shows 

systematic change in potential over time (154-EMC, 2003). This could be due to changes in moisture 

content within the concrete. It is important to monitor the concrete surface of wet patches. Any drift less 

than 20 mV per minute can be ignored (154-EMC, 2003). In addition, if half-cell potential readings 

experience random fluctuations, this is an error and is usually due to a loss of electrical continuity (154-

EMC, 2003). It is important to ensure that all contact areas are sufficiently wet, and that there is good 

connection to the reinforcement. It is important to note that fluctuating readings could also be due to the 

presence of stray currents (154-EMC, 2003).   

2.3.2. Electrical Resistivity 

wŜǎƛǎǘƛǾƛǘȅ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άŀ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ ŀƴ ŜƭŜŎǘǊƛŎŀƭ ŎǳǊǊŜƴǘ ǘƻ Ŧƭƻǿ within a material, and it 

ƛǎ ǘƘǳǎ ŀƴ ƛƴŘƛŎŀǘƻǊ ƻŦ ŀ ƳŀǘŜǊƛŀƭΩǎ ǘǊŀƴǎŦŜǊ ǇǊƻǇŜǊǘƛŜǎέ (Lataste J.-F. , 2010). In mathematical terms, 

electrical resistivity is the ratio between applied voltage and resulting current in a unit cell (154-EMC, 

2001). At its most basic, electrical resistivity (ER) is an indication of the amount of moisture in the concrete 

pore structure, and the tortuosity and size of that pore structure. The pore structure is related to the 

concrete mix properties like cement content, water/cement ratio, curing, additives used, and degree of 

hyrdration. As it relates to chlorides, chlorides encourage concrete to hold water, and therefore ER can 

also be an indication of chloride content (Broomfield, 2007). 

It is important to note that there is a distinct difference between resistivity and resistance. Resistivity, ́ , 

in an inherent characteristic of a material, while resistance, RΣ ƛǎ ǎǘŀǘŜŘ ŀǎ ǾƻƭǘŀƎŜκŎǳǊǊŜƴǘ όŦǊƻƳ hƘƳΩǎ 

Law). In addition, both are related through the Eq. 2-7 for resistivity: 
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” Ὧ Ὑ   Equation 2-7: Electrical Resistivity 

where k is a geometric factor (Layssi H. , Ghods, Alizadeh, & Salehi, 2015). Units are typically given as ohm 

ƳŜǘŜǊ όҠ ƳύΦ 5ŜǇending on the device used, the resistivity equation may be modified to account for 

electrode spacing on the device or the method the device takes a measurement.  

Generally, electrical resistivity values on their own provide little information on the condition of the 

reinforced concrete structure. However, electrical resistivity can be correlated to an estimation of 

corrosion rate severity (refer to Table 2.2.  

Table 2.3: Resistivity Ranges for Electrical Resistivity (Giatec Scientific Inc., iCOR User Manual, 2016) 

wŜǎƛǎǘƛǾƛǘȅ όҠ·m) Corrosion Rate Severity 

>200 Low 

100 ς 200 Low to moderate 

50 ς 100 High 

< 50 Very high 

 

A more informative method is to compare electrical resistivity data on the structure in question to existing 

data for a similar concrete type (Polder, 2000). Figure 2.17 provides an example of existing data.  

 

Figure 2.17: Concrete Resistivity Reference Values (Polder, 2000) 

2.3.2.1. Factors Affecting Electrical Resistivity  

Electrical resistivity is affected by a large variety of intrinsic and extrinsic factors. Intrinsic factors related 

to concrete microstructure include, but not limited to: porosity, water/cement ratio, aggregates, and 
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supplementary cementitious materials (SCMs).  The most prominent extrinsic factors affecting ER are 

temperature and moisture content (and accompanying relative humidity). The most influencing factors 

are porosity and moisture. For this purpose of this review, only the factors listed above are discussed here. 

It is important to note that while it is well-established that the above noted factors influence electrical 

resistivity, the mechanism and extent of influence is not well understood and the focus of on-going 

research.  

Porosity is the main intrinsic factor that affects ER. In general, the higher the porosity, the lower the 

resistivity is. As a subset of porosity, correlations can also be made for pore distribution, pore volume, 

pore radii, and the pore network, where pore network is defined by interconnectivity and tortuosity 

(Lataste J.-F. , 2010). Porosity is a good indication of the microstructure and mechanical properties of the 

concrete. Concrete with a vast pore network of interconnected large-volume pores decreases the ability 

to resist aggressive external conditions and agents, subsequently more porous concrete allows for easier 

flow of electrical current provided that the concrete is moist. If the concrete is dry, resistance is higher as 

air conducts less electricity than a cement matrix. As a result, the link between resistivity and porosity 

provides a reasonable indication of the level of deterioration and can be used in the evaluation of concrete 

condition.  

Electrical resistivity and w/c are inversely related: the higher the w/c ratio, the more porous the concrete, 

and thus the lower the resistivity, for a moist concrete condition (Lataste J.-F. , 2010). This relationship 

was experimentally researched by (Project SENSO, 2009) where water saturated Ordinary Portland 

Cement concrete was used, resulting in resistivity at porosity of 14.2 to 18.1%. Refer to Figure 2.18.   

 

 

Figure 2.18: Resistivity vs. Water/Cement  (Project SENSO, 2009) 
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Cement type is one of the more complex factors, because there are many different cement types with 

various chemical compositions available. At a basic level, cement is the source of chemical elements and 

ions that support the electrical flow, elements and ions such as Ca2+, Na+, K+, OH-, and SO4
2-. It is for this 

reason that studies relating electrical resistivity to corrosion usually provide data in categories separated 

by the cement type, where such electrical resistivity ratios range from one to one hundred for multiple 

cement types tested under the same conditions and methods (Neville, 1996).  

For the most part, aggregates have been labeled to be non-conducting particles surrounded by ionically 

conducting cement paste (McCarter, Ford, & Whittington, 1981 as cited in Lataste, 2010). Aggregates can 

be subdivided by the following properties: aggregate mass/cement mass, minerology, and aggregate 

distribution. Studies have shown that these properties have various effects on ER, but the generally 

accepted correlation between electrical resistivity and aggregates is that the more aggregate in a mix, the 

more the concrete is resistive.  

Finally, supplementary cementing materials have been found to play a critical role in electrical resistivity 

measurements. Experimental studies have shown that, in general, electrical resistivity increases, 

drastically, with the presence of admixtures. This correlation has been shown experimentally where two 

typical admixtures, fly ash (CV) and silica fume (FS) are compared to Ordinary Portland Cement (OPC), as 

shown in Figure 2.19 (Lataste, Breysse, Sirieix, & Naar, 2006). The concrete strength in MPa is provided in 

each sample identifier, i.e., M25 is a concrete with 25 MPa compressive strength.  
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Figure 2.19: Electrical Resistivity Ranges for Concrete Mixes with and without Admixtures (Lataste, 

Breysse, Sirieix, & Naar, 2006) 

As silica fume generally consists of particularly fine particle size and pozzolanic characteristics, the use of 

silica fume results in a fine pore structure and low ionic concentration within the pore structure (Berke, 

Scali, Regan, & Shen, 1991), resulting in a significant increase in resistance over concrete with fly ash and 

OPC.   

As an external factor affecting electrical resistivity, changes in temperature have been found to have a 

drastic effect on ER. For a constant humidity, temperature (up to 40°C) and electrical resistivity are 

inversely related. That is to say that as one increases, the other decreases (Polder, 2000). At the 

microstructure level, this is due to changes in the mobility of the ions and the ion-solid interactions in the 

cement paste (Bertolini L. , 2013). This relationship is seen in Figure 2.20.  

 

Figure 2.20: Electrical Resistivity vs. Temperature (Millard, 1991) 

Arrhenius equation, Eq. 2-8, is the basic equation used to describe the relationship between temperature 

and ER: 

„Ὕ „Ὕ Ὡὼὴὦ    Equation 2-8: Arrhenius Equation 

where: ̀  is conductivity (inversely related to electrical resistivity), 1/ʍ m, To is the reference temperature 

in K, Ti is the actual temperature in K, and b is an empirical factor found to be between 1,500 to 4,500 K. 

However, under steady state conditions, b may increase with decreasing relative humidity for a given 

concrete, cement paste, or mortar (154-EMC, 2001). 
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As electrical conduction through concrete is mainly electrolytic, concrete electrical resistivity is highly 

influenced by the presence of water content, as dictated by relative humidity (RH) of the surrounding 

environment. Research by Hunkeler (1996) has shown that water in concrete is absorbed and non-mobile 

below 40% relative humidity (or saturation rate). For conditions above this 40% threshold, electrical 

resistivity will decrease as there is an increase is moisture content and subsequently an increase in relative 

humidity, approximately one order of magnitude (Hunkeler, , 1996). This relationship is illustrated in 

Figure 2.21, where saturation rate is related to resistivity for OPC with varying porosity percentages. It is 

important to note that relative humidity is a non-steady state parameter, constantly fluctuating with 

environmental conditions. This makes determining the effect of relative humidity on existing concrete 

structures more convoluted.  

 

Figure 2.21: Saturation Rate vs Resistivity for OPC with varying porosity (Project SENSO, 2009) 

2.3.2.2. Potential Sources of Error 

As measuring electrical resistivity requires good contact between the surface of the concrete and the 

electrode, it must be ensured that good electrical contact is made. For most devices, this is ensured by 

either wetting the concrete surface, using wet sponges, using conductive gel, or a combination of these. 

The extent to which the contact is ensured will alter the electrical resistivity of the concrete. A thin film of 

water on the concrete surface or extensive prewetting of the surface should be avoided (154-EMC, 2001). 

On the other hand, completely dry surface should be avoided as measuring may not be possible or 

electrical resistivity values could be greatly skewed.  

Good mechanical contact between concrete and probe should be maintained during testing to avoid 

variability in measurements (Baraghel-Bouny, 2004 and Newlands, Jones , Kandasami, & Harrison, 2008). 
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9ƭŜŎǘǊƛŎŀƭ ǊŜǎƛǎǘƛǾƛǘȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ǘŀƪŜƴ ŎƭƻǎŜ ǘƻ ŜŘƎŜǎ ƻŦ ŎƻƴŎǊŜǘŜ Ƴŀȅ ŀŦŦŜŎǘ ǘƘŜ ŘŜǾƛŎŜΩǎ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ 

of the measurements. Measurements close to edges limit the volume of concrete investigated as a 

concentration of current density leads to an overestimation of concrete resistivity (Lataste J.-F. , 2010). 

For on-site investigations, a correction should be made to measurements at edges. For laboratory testing, 

if the samples are similar is shape and size, this bias can be considered a constant without disruption of 

any relative interpretations (Lataste J.-F. , 2010).  

The presence of conductive embedded metal in concrete has an effect on electrical current flow (Lataste 

J.-F. , 2010). Electrical resistivity is used to assess the probability of reinforcement corrosion in concrete. 

However, for the study of concrete exclusively, the presence of reinforcing steel must be taken into 

account and measurements corrected. Typically, this effect can be mitigated by taking ER measurements 

far from any reinforcing bars. However, in the instance when this is not possible, measurements should 

be taken perpendicular to the reinforcing bar (Lataste J.-F. , 2010). Computation of the influence of 

reinforcing bars on ER measurements is possible, however complicated (Lataste, Sirieix, Breysse, & 

Frappa, 2003). 

2.4. Corrosion Measurements Techniques  
QuantifȅƛƴƎ ǘƘŜ ǊŀǘŜ ƻŦ ŘŜǘŜǊƛƻǊŀǘƛƻƴ ƛƴ ŀ ǊŜƛƴŦƻǊŎŜŘ ŎƻƴŎǊŜǘŜ ǎǘǊǳŎǘǳǊŜ ƛǎ ŀƴ ŜƴƎƛƴŜŜǊΩǎ ōŜǎǘ ǘƻƻƭ ǘƻ 

ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜΩǎ ƭƛŦŜ ǎǇŀƴΣ ŀƴŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ƛŦ ǊŜƘŀōƛƭƛǘŀǘƛƻƴ όǊŜǎǘƻǊŜ ǘƻ ǇǊƻǇŜǊ ŎƻƴŘƛǘƛƻƴύ or 

repair (replacing of fixing parts) is needed. There are numerous techniques of measuring the corrosion 

rate of reinforcement, but the three that are the focus of this research are linear polarization resistance 

(LPR), galvanostatic pulse, and connectionless electrical pulse response analysis (CEPRA).  

At the most basic level, the corrosion rate can be determined as a corrosion current by measuring the rate 

at which electrons are removed from the metal in the anodic reaction. This corrosion current can then be 

converted to a mass of steel consumed at the anode dǳŜ ǘƻ ǊŜƛƴŦƻǊŎŜƳŜƴǘ ŎƻǊǊƻǎƛƻƴ ōȅ ǿŀȅ ƻŦ CŀǊŀŘŀȅΩǎ 

Second Law, refer to Eq. 2-9.  

ά Ὅ  ὸ    Equation 2-9Υ CŀǊŀŘŀȅΩǎ {ŜŎƻƴŘ [ŀǿ 

where: m is the mass loss in grams, M is the metal molar mass (55.85 g/mol for iron), Icorr is the corrosion 

current in amperes, t is the time elapsed since the start of corrosion in seconds, z is the valency of iron 

formed as a result of iron oxidation (z Ґ н ŦƻǊ CŜ Ҧ CŜ2+ + 2e-), and F ƛǎ CŀǊŀŘŀȅΩǎ /ƻƴǎǘŀƴǘ όC Ґ ф6,485 

C/mol) ( (Bertolini L. , 2008) 

For the corrosion current density, in ˃A/cm2, refer to Eq. 2-10. 
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Ὥ     Equation 2-10: Corrosion Current Density 

where db is the diameter of the reinforcement and L is the length of the reinforcement. 

FŀǊŀŘŀȅΩǎ {ŜŎƻƴŘ [ŀǿ ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ŎǳǊǊŜƴǘ ŎƻƳǇƭŜǘŜƭȅ ǇŀǎǎŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ŜƭŜŎǘǊƻŘŜǎΦ CŀǊŀŘŀȅΩǎ 

Constant stems from the charge carried by one mole of electrons, labeled as 1 faraday (F). The faraday is 

related to other electrical units, since the charge on a single electron is equal to 1.6 X 10-19 C/electron. By 

multiplying the electronic change by the Avogadro number, 6.02 X 1023 electrons/mole electrons, it is 

found that 1 F is equal to 96,485 C (Kelly & John R. Scully, 2003), oǊ ǘƘŀǘ CŀǊŀŘŀȅΩǎ /ƻƴǎǘŀƴǘ ƛǎ 

approximately 96,500 coulombs/equivalent mass (ACI Committee 222, 2001).  

Unfortunately, the corrosion current density (icorr) cannot be determined directly. Therefore, an external 

potential must be imposed on the system to displace it from equilibrium, and the resultant net current 

then measured by means of potentiostatic measurements. The difference between the original corrosion 

potential Ecorr and the applied potential E is termed polarization (́ύΦ In the absence of passivity, the current 

density would decrease with cathodic polarization, resulting in the lower curve, and increase with anodic 

polarization, resulting in the upper curve, as seen in Figure 2.22. Using the following equation, it has been 

ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ŦƻǊ ǾŀƭǳŜǎ ƻŦ ʹ ōŜǘǿŜŜƴ ҕмлл ǘƻ нн Ƴ±Σ ʹ ƛǎ directly proportional to the logarithm of the 

current density (ACI Committee 222, 2001): 

– ὥ ὦϽὰέὫὭ    Equation 2-11: Tafel Constant  

where: a is a constant, and b is the Tafel slope. The corrosion current density value, icorr , is obtained by 

extrapolating the linear part of the curves to Ecorr as shown in the Figure 2.22 for an actively corroding 

system without limits from oxygen diffusion. 



30 
 

 

Figure 2.22: Polarization Curve (ACI Committee 222, 2001) 

2.4.1. Gravimetric Mass Loss  
As stated previously, during the corrosion process, there is a buildup of iron oxide content which over 

time results in cross-sectional loss of the reinforcement.  As means of determining the average corrosion 

rate of reinforcing bars, gravimetric mass loss testing needs to be conducted. This test allows for the 

determination of the total weight of corrosion products produced. Following ASTM G1-ло άtǊŜǇŀǊƛƴƎΣ 

/ƭŜŀƴƛƴƎΣ ŀƴŘ 9ǾŀƭǳŀǘƛƴƎ /ƻǊǊƻǎƛƻƴ ¢Ŝǎǘ {ǇŜŎƛƳŜƴǎέ ό2017), corroded rebar specimens are subjected to 

several cycles in an acid bath in order to chemically remove the corrosion products. From the theoretical 

initial weight of the reinforcement, the total mass loss can be used to calculate the average corrosion rate. 

¢ŀƪƛƴƎ CŀǊŀŘŀȅΩs Second Law, Eq. 2-9, for the mass of steel consumed and substituting the corrosion 

current density, Eq. 2-10, the equation can be rearranged to express corrosion current density in ˃ A/cm2:  

Ὥ
  

  Equation 2-12: Current DensitȅΣ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘŜǊƳǎ ƻŦ CŀǊŀŘŀȅΩǎ [ŀǿ 

where m is the total mass loss, in grams, of removed corrosion products as determined by ASTM G1.  

Taking the total mass loss and dividing by the density, the mass can be converted to thickness of the 

dissolved layer. Commonly seen for iron or steel, 1A˃/cm2 = 11.6 ˃ m/yr (Broomfield J. , 2007). Therefore, 

the thickness of the dissolved layer x can be determined from: 

ὼ πȢπρρφ Ὥ     Equation 2-13: Penetration Rate 
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where: x is in units of mm/year and icorr is in mA/cm2 (Andrade & Alonso, 2004). 

It is very important to note that a distinction needs to be made between the current (Icorr), the rate of a 

reaction, and current density (icorr), the area-specific reaction rate. The current has units of amperes and 

represents an electrical flux, whereas the current density has units of amperes per unit area or A/cm2 

(Kelly & John R. Scully, 2003). 

For the purpose of this review, it is important to highlight that this study determined the total mass loss 

of reinforcing bars subjected to corrosion-inducing environment in both a controlled laboratory 

environment and an un-controlled site environment. The total mass loss for the corroded reinforcing bars 

from both environments was determined by means of FarŀŘŀȅΩǎ [ŀǿ; the average corrosion current 

density was calculated for the pre-determined (controlled) and estimated (site) time at which the 

reinforcing bars were exposed to corrosion-ƛƴŘǳŎƛƴƎ ŎƻƴŘƛǘƛƻƴǎΦ ¢ƘŜ ǘŜǊƳ άŀǾŜǊŀƎŜέ ƛǎ ǳǎŜŘ as any 

fluctuations to the corrosion current, by means of temperature, relative humidity, etc., that may or may 

not have occurred during this time are accounted for in the measurement of the total mass loss. 

Gravimetric data is the only reliable data that provides an accurate measurement of the amount of steel 

that has corroded, for both controlled and non-controlled exposure environments. However, care should 

be taken to ensure that the time of depassivation is accurately determined for gravimetric data 

calculations. For the determination of service life for existing reinforced concrete structures, this can be 

difficult.   

It is important to highlight the differences between average corrosion rate (or corrosion current density) 

and instantaneous corrosion rate. As previously stated, average corrosion rate is measured by determining 

the total mass loss, or loss of cross-section, over a pre-determined period of time, as done using ASTM 

G1. The instantaneous corrosion rate (icorr) is measured using electrochemical techniques (discussed in the 

following section) and provides the corrosion rate value at the time of measurement. The instantaneous 

corrosion rate is typically taken at different points during the exposure time. These values must be 

corrected for the influence of factors that affect corrosion current density (Bertolini L. , 2013). In a 

controlled environment, such influences are non-existent. To compare the average corrosion rate, as 

determined by ASTM G1, with instantaneous corrosion rates, these instantaneous corrosion rates need 

be integrated over time to provide for an average corrosion rate and thus allow for comparison (Thomas 

Frolund, 2002). 



32 
 

2.4.2. Linear Polarization Resistance Technique 
The linear polarization resistance technique (LPR), steady-state, technique is based on the observation 

that the polarization curve close to the corrosion potential is linear (Bertolini L. , 2013). In order words, 

the ŎƘŀƴƎŜ ƛƴ ǇƻǘŜƴǘƛŀƭ όɲ9, in V) divided by the change in applied current density όɲi, units of A/m2), is 

defined as the polarization resistance (Rp,) which has a slope with a linear relation. Refer to Eq. 2-14. 

Ὑ     Equation 2-14: Polarization Resistance  

This relationship is seen in the Figure 2.23.  

 

Figure 2.23: Linear Portion of Polarization Curve (Bertolini L. , 2013) 

The LPR technique setup incorporates a working electrode (the reinforcement), a counter electrode 

(nonreactive metal), and a reference electrode. An LPR device applies a voltage to the working electrode 

via the counter electrode, and the corresponding voltage response is measured. Refer to Figure 2.24. The 

reference electrode measures the initial corrosion potential and any shift in potential of the working 

electrode. It is recommended that the potential sweep should not go beyond ±12 mV on either side of the 

open-circuit potential to ensure that the linear relationship is held (Chabi, 2012).  
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Figure 2.24: Schematic Setup for LPR (Bertolini L. , 2013) 

It is important to note that the linear relationship between potential and current can be obtained using 

two different approaches: potentiostatic sweep and galvanostatic sweep. Potentiostatic sweep increases 

the voltage with a constant sweep rate while recording the current. Galvanostatic sweep increases the 

current with a constant sweep rate while recording the potential (D.W. Law, 2000).  

The polarization resistance (Rp) is inversely related to the corrosion current density (icorr) as seen in the 

Stern-Geary equation Eq. 2-15 (Stern & Geary, 1957): 

Ὥ     Equation 2-15: Stern-Geary  

where: K is the proportionality constant, which is a function of the anodic and cathodic Tafel slopes (i.e., 

the relationship between current and voltage levels outside the linear region) and is represented by Eq. 

2-16: 

ὑ
Ȣ

   Equation 2-16: Proportionality Constant 

 

where: ‍ and ‍ are the anodic and cathodic Tafel constants, respectively (ACI Committee 222, 2001). 

Units for the above parameters are as follows: icorr is in units of ˃ A/cm2 (the instantaneous corrosion 

current density), K in units of mV, and Rp in units of ʍ ϝŎƳ2. Two values for K are commonly used: for 

actively corroding steel, K=26 mV and for passive steel, K=52 mV (Andrade & Gonzalez, 1978).  

Within the research community, the values for K are heavily disputed (Song G. , 2000). When considering 

the anodic Tafel slope under a passive condition, this slope approaches infinity, as seen in Figure 2.25. 
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When assuming the cathodic Tafel slope for the rebar in the passive state, the slope is about ̡ c = 230 

mV/dec. the value of K for Eq. 2-16 becomes approximately 100 mV (+
Ȣ

). Therefore, corrosion rate 

values calculated with K = 26 mV or K = 52 mV are an underestimation for rebars in the passive state 

(Chabi, 2012).  

 

Figure 2.25: Cathodic and Anodic Polarization Curves of Rebar in the Passive State (Giatec Scientific Inc., 

2008) 

It has been found that the assumption for K= 26 mV for actively corroding steel does stand, but mostly for 

conditions when there is oxygen reduction and not enough oxygen, as in the case when reinforced 

concrete is in a highly saturated state (Elsener, 2005). 

As can be inferred, using the widely accepted K values when calculating the corrosion rate will yield some 

error. This is due to the fact that the Tafel slopes, which depend on the concrete pore solution and the 

environmental effects, are difficult to estimate (Ge & Isgor, 2007). With that stated, to efficiently 

determine the corrosion rate of reinforcing steel with linear polarization resistance techniques requires a 

K value. The actual K value used should be carefully considered.   

It is important to note several additional items: 



35 
 

¶ to maintain a linear relation, the change in potential must be kept to less than 20 mV for non-

corroding steel and 50 mV for corroding steel (Andrade C. , 1973) 

¶ concrete resistance between the reference electrode and the working electrode, known as iR 

drop, needs to be accounted for 

¶ to avoid a large current spread-out for more passive steel, guard rings, should be utilized 

The polarization resistance Rp is the sum of the resistance associated with the actual corrosion process 

and the resistance associated with the electrolyte resistance. For this reason, the use of LPR must 

compensate for this resistance associated with the electrolyte resistance, or more commonly called ohmic 

(iR) drop, Rc, (for concrete resistance). Compensation can be made by two methods: positive feed-back 

and current interruption (Andrade & Alonso, 2004).   

In order to determine the actual polarization resistance of the rebar, the resistance associated with the 

electrolyte resistance must be subtracted from the resistance associated with the actual corrosion process 

RT, as seen the Eq. 2-17: 

Ὑ Ὑ Ὑ   Equation 2-17:  Polarization Resistance, Ohmic Drop Accounted 

The actual polarization resistance, Rp, is the total measured polarization resistance, RT, minus the ohmic 

resistance. 

aƻǎǘ ŘŜǾƛŎŜǎ ǘƘŀǘ ǳǎŜ [tw ƛƴŎƻǊǇƻǊŀǘŜ ŀ άƎǳŀǊŘ ǊƛƴƎέ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ŎƻƴŦƛƴŜ ǘƘŜ ŀǊŜŀ ƻŦ ƳŜŀǎǳǊement. This 

confinement is achieved by means of two twin reference electrodes, located between the central 

electrode and the external guard ring in order to achieve the required counterbalancing electrical field, as 

seen in Figure 2.26.  
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Figure 2.26:  Sensor Schematic ς Illustration of Guard Ring (Chabi, 2012) 

The two twin electrodes permanently control the external rings by way of detecting the current lines 

coming from the counter electrode in order to adjust them within a predetermined area. There are several 

advantages behind using a guard ring. Since the guard ring delimitates the area of polarized steel, the 

inherent error due to the relative area sizes is reduced. In addition, using a guard ring minimizes the effect 

of macrocells (Andrade & Alonso, 2004). It is important to note that the effectiveness of guard rings is the 

subject of much debate (Flis, Pickering, & Osseo-Asare, 1995) (Gepraegs & Hansson, 2004).  

2.4.2.1. Typical Corrosion Rates 

Typical corrosion range classifications along with the corresponding corrosion current density and 

corrosion penetration rate from LPR measurements devices can be seen in Table 2.3. 

Table 2.4: LPR Typical Corrosion Rates (Sadowski L. , 2010) 
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Corrosion Classification Corrosion Current Density ░╬▫►► Corrosion Penetration Rate 

Passive/Very Low Up to 0.2  Up to 2  

Low/Moderate 0.2  to 0.5  2  to 6  

Moderate/High 0.5  to 1.0  6   to 12  

Very High Greater than 1.0  Greater than 12  

2.4.2.2. Advantages and Disadvantages 

The result from on-site LPR testing, usually in conjunction with half-cell potential readings, can provide 

the reasonable precise locations of high corrosion activity and thus allows engineers to predict future 

deterioration and the overall service life of the structure (Bertolini L. , 2013).  

As previously stated, the assumed K values used in the Stern-Geary equation are not accurate for all the 

different conditions of reinforced concrete structures and will therefore provide erroneous corrosion rate 

values.  

Use of guard rings is required to ensure current confinement to a specified length of steel reinforcement. 

However, care should be taken to ensure effective confinement.  

Any device that uses this technique must connect to the reinforcement. In addition, the diameter of the 

reinforcement must be known. This can be problematic for in-situ testing.  

2.4.3. Galvanostatic Pulse Technique 
The Galvanostatic Pulse Technique (GPT) is quite similar to the LPR technique in the determination of the 

polarization resistance; however, instead of waiting for an electrochemical potential equilibrium (as in the 

case of LPR), the transient response perpetrated by a galvanostatic pulse is measured. The technique 

works as follows. An anodic current pulse is galvanostatically applied to the rebar from the counter 

electrode, which is placed on the surface of the concrete. This anodic current changes the potential of the 

rebar, relative to the reference electrode placed on the surface of the concrete, with respect to time. The 

rebar is polarized in the anodic direction starting from the open-circuit potential. This transient response 

potential is shown in Figures 2.27 and 2.28.  
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Figure 2.27: Galvanostatic Pulse Technique ς Typical Current Pulse (Chabi, 2012) 

 

Figure 2.28: Galvanostatic Pulse Technique- Typical Potential Response (Chabi, 2012) 

Typical ranges for the magnitude of the applied current is from 2 to 400 ‘A, and for the duration of the 

pulse, typically 10 seconds or less. 

Under the assumption that this transient, or non-stationary, behaviour follows a Randles Circuit, refer to 

Figure 2.29, the potential of the rebar at any given time, V(t), can be expressed by Eq. 2-18 (Newton & 

Sykes, 1988): 
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ὠὸ Ὅ Ὑ ρ Ὡὼὴ Ὑ   Equation 2-18: Potential, function of Time 

where: Iapp is the constant current applied to the system and Cdl is the double layer capacitance (double 

layer of charge ions on the surface of the steel bar formed as ions from the pore solution are absorbed 

onto the reinforcing steel surface).  

 

Figure 2.29: Representation of Steel Polarization in Concrete by Randles Circuit (modified from Chabi 

2012) 

In order to obtain the values for Rp, Cdl, and Rc, several different methods have been proposed in the 

literature: linearity, exponential curve fitting, and nonlinear regression analysis (galvanostatic pulse uses 

linearization technique). Using the linearity method, Eq.2-19 can be transformed into a linear form 

(Elsener, et al., 1997): 

ὰὲὠ ὠὸ ὰὲὍ Ὑ  Equation 2-19: Potential, expressed in linear form  

where: Vmax is the final steady potential value reached after long polarization. Extrapolation of this straight 

line to t = 0, using least square linear regression analysis, yields an intercept corresponding to ln(Iapp x Rp) 

with a slope of 1/(Rp  x Cdl). The remaining over-potential corresponds to (Iapp x Rc), which is the ohmic 

drop (Elsener, et al., 1997). With the determination of the polarization resistance, Rp, the corrosion current 

is then calculated from the Stern Geary equation given by Eq. 2-15.  

Similar to the LPR technique, the galvanostatic pulse technique instrument generally consists of a portable 

device that generates a galvanostatic pulse and a disc probe that is applied to the concrete surface over 

the rebar.  
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2.4.3.1. Typical Corrosion Rates 

Typical corrosion range classifications along with the corresponding corrosion current density from a GPT 

measurements device can be seen in Table 2.4. 

Table 2.5: Corrosion Rate Ranges for GPT (Germann Instruments, 2011) 

Corrosion Activity Corrosion Rate (‘A/cm2) 

Passive area < 0.5 

Negligible 0.5 ς 2 

Low corrosion 2 ς 5 

Moderate 5 ς 15 

high > 15 

2.4.3.2. Advantages and Disadvantages 

Generally speaking, this technique is fast, with testing times close to one minute. Most devices are quite 

portable and easy to use for large scale testing projects.  

As previously stated, the assumed K values used in the Stern-Geary equation are not accurate for all the 

different conditions of reinforced concrete structures and will therefore provide erroneous corrosion rate 

values.  

Any device that uses this technique must connect to the reinforcement. In addition, the diameter of the 

reinforcement must be known. This can be problematic for in-situ testing.  

2.4.4. Connectionless Electrical Pulse Response Analysis  
In an attempt to move corrosion measurement techniques away from the need to connect to the 

reinforcement, the study of connectionless or non-destructive techniques has flourished.  

Electrochemical impedance spectroscopy (EIS) consists of the measurement of electrical properties of 

concrete at varying frequencies of the applied AC current with the objective to describe the electrical 

concrete behaviour, including its resistive and capacitive responses (Lataste J.-F. , 2010). The impedance 

(Z) ƛǎ ǘƘŜ Ǌŀǘƛƻ ƻŦ ŀǇǇƭƛŜŘ ǇƻǘŜƴǘƛŀƭ όɲ9ύ ǘƻ ƳŜŀǎǳǊŜŘ ŎǳǊǊŜƴǘ όƛύΣ ŀǎ ǎƘƻǿƴ ƛƴ 9ǉ 2-20:  

ὤ      Equation 2-20: Impedance 
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Measurements are carried out at different AC frequencies and as a result, a spectrum of impedance as a 

function of frequency is obtained. The impedance is a complex number which can be decomposed into 

imaginary and real parts at each frequency. Results of this technique are typically represented by Nyquist 

or Bode diagrams where the imaginary part of impedance (Zi) is a function of the real part of impedance 

(Zr) at each excitation frequency (Lataste J.-F. , 2010). The Bode diagram examines the absolute 

ƛƳǇŜŘŀƴŎŜΣ ό ½ ύΣ ŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀƴŘ ǘƘŜ ǇƘŀǎŜ ǎƘƛŦǘΣ ʻΣ ƻŦ ǘƘŜ ƛƳǇŜŘŀƴŎŜΣ ŜŀŎƘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ŦǊŜǉǳŜƴŎȅ 

(Poursaee, 2011).  The electrochemical system is represented by a simple Randles circuit, as seen 

previously in Figure 2.29. This circuit includes a resistor, ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŜƭŜŎǘǊƻƭȅǘŜΩǎ ǊŜǎƛǎǘŀƴŎŜ 

towards the polarized current, in parallel, a capacitor, which is the double-layer capacitance, and the 

resistor, which is the polarization resistance. These two paths indicate that a portion of the current will 

pass in each, depending on the resistance or impedance values of each and depending on the frequency 

of the applied current. At higher frequencies, the impedance caused by the double-layer capacitance 

reaches zero, resulting in a short-circuit element and leading to all current flow through the concrete 

resistance, allowing for an estimation of the concrete resistance. At lower frequencies, the impedance 

caused by the double-layer capacitance reaches high values, leading to all current flow through the 

concrete resistance and polarization resistance, thus allowing for the sum of the concrete resistance and 

polarization to be estimated. The difference between these two estimations determines the polarization 

resistance of the reinforcement. See Figure 2.30 for a representation of a typical Nyquist plot for a Randles 

circuit.  
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Figure 2.30: Typical Nyquist Plot for Randles circuit (Poursaee, 2011) 

Steaming from the concept of electrochemical impedance spectroscopy and electrical resistivity, it was 

seen that the presence of reinforcing bars in concrete distorts the applied current as current is drawn into 

the path of low-resistivity or the reinforcement (Layssi H. , Ghods, Alizadeh, & Salehi, 2015). As such, 

impedance characteristics of the reinforcement can be quantified. By imposing a current at a wide range 

of frequencies and measuring the potential differences, the interface between the reinforcement and 

concrete can be distinguishable.  

Connectionless Electrical Pulse Response Analysis (CEPRA) is based on the concept that a corroding rebar 

has a different response to a sweeping frequency of an AC current than a non-corroding rebar, as 

illustrated in Figure 2.31. 
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Figure 2.31: AC Current Voltage-Frequency Response (Giatec Scientific Inc., 2016) 

Using varying frequency changes allows the locations of corroding reinforcement to be determined along 

with the extent of corrosion rate.  

CEPRA employs a more detailed simple Randles circuit model to illustrate the interaction between 

concrete and steel properties subjected to varying frequencies, see Figure 2.32. 

 

Figure 2.32: Circuit Model (Giatec Scientific Inc., 2016) 

In the above circuit, Rc1 represents the contact resistance of the probe where all current is faced by the 

resistance of the concrete. Two current flow paths are identified in the concrete through Rc2 and Rc3, 

where the magnitude of the passing current in each resistor is dependent on the following: magnitude of 

each resistance, the impedance caused by the capacitance and subsequently the extent of charging of this 

capacitance, the magnitude of the polarization resistance, the concrete cover, and the reinforcement 
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diameter. Resistances Rc2, Rc3, and Rc4 are all defined as concrete material properties related to intrinsic 

electrical resistivity. For the application of a narrow and time-restricted AC current pulse or voltage step, 

the measured voltage response as a factor of time is similar to a charging RC circuit under the assumption 

that the electrolyte capacitance is negligible, as seen in Eq. 2-21: 

ὠ ὸ ὠ ὃ ὄὩ   Equation 2-21: Potential Difference CEPRA Circuit Model 

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

difference between the inner electrodes. Variables A, B, and D are solved using the Circuit Model in Figure 

2.23 by measuring the voltage response over time as described in Eq. 2-11 and fitting an exponential curve 

to the measured data. Only when the cover depth is known can the circuit be solved. This is due to the 

fact that the cover depth provides an indirect measure of the ratio of current flow through Rc2 to that 

flowing through Rc3 (Ghods, Fahim, Alizadeh, Decarufel, & Salehi, 2019).  

2.4.4.1. Typical Corrosion Rates 

Corrosion activity along with the corresponding corrosion rate for the CEPRA technique are seen in 

Table 2.5.   

Table 2.6: Corrosion Rate Ranges for CEPRA (Giatec Scientific Inc., 2016) 

Corrosion Activity Corrosion Rate (‘A/cm2) 

Passive/Low < 0.1 

Moderate 0.1 ς 0.3 

High 0.3 ς 1 

Severe > 1 

 

2.4.4.2. Advantages and Disadvantages 

The main advantage to this electrochemical device that makes it stand out from the rest is the fact that 

the technique does not require connection to the rebar for corrosion rate measurements. 

Similar to previous corrosion measurement techniques, the diameter of the reinforcement must be 

known. This can be problematic for in-situ testing.  

2.4.5. Factors that Affect Corrosion Rate 
At a basic chemical level, corrosion is fed by oxygen and water (cathodic reaction). Thus, both of these 

environmental factors must be present to feed the corrosion process. In addition, the following primary 
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factors affect the rate of corrosion of steel reinforcement: pH of the concrete pore water, electrical 

resistivity, relative humidity, and temperature (ACI Committee 222, 2001).  

It is also important to be aware of corrosion during the design and construction of the structure. Care 

should be taken to ensure that water runoff removes the water from the reinforced structure and avoids 

splashing of water. In addition, a few ways to reduce the possibility of reinforcement corrosion would be 

to ensure adequate concrete cover is provided, crack-control measures are established, and corrosion 

protection systems are incorporated.  

More discussion on how temperature, relative humidly, and electrical resistivity influence corrosion rate 

can be seen below. 

2.4.5.1. Temperature 

Temperature has a remarkable influence on the corrosion rate within reinforced concrete structures. The 

oxidation reaction rate is influenced by the amount of heat energy available to push the reaction forward 

(Broomfield J. , 2007). As temperature is increased, the ions become more mobile and the aggressive 

agents become more soluble. As temperature decreases, the opposite occurs where the pore water 

freezes and corrosion stops as the ions are no longer mobile. This phenomenon can be seen in Figure 2.33, 

where the data was collected during an on-site research experiment (Tuutti, 1982).  

 

Figure 2.33: Correlation between Temperature and Corrosion Rate (Tuutti, 1982) 

2.4.5.2. Relative Humidity 

Since the movement of water within the concrete pore structure is a key element in the reinforcement 

corrosion process, relative humidity has a key effect on the corrosion rate. Even though there is a delicate 

interaction between the amount of water and oxygen within the pore structure of the concrete and how 
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those two elements contribute to the corrosion rate of the reinforcement, as a general rule, as relative 

humidity increases, so does corrosion rate. This phenomenon can be seen in Figure 2.34. 

 

Figure 2.34: Correlation between Relative Humidity and Corrosion Rate in Chloride Contaminated 

Concrete (Tuutti, 1982) 

The maximum value of corrosion rate can be found for a relative humidity in the atmosphere of 

approximately 95%, seen as the upper limit of the curve in Figure 2.34. Relative humidity above this limit 

is characterized by high water content and thus a deficient oxygen supply (Bertolini L. , 2008). If the 

concrete becomes saturated, the corrosion rate will decrease until it nearly becomes zero.  

2.4.5.3. Electrical Resistivity 

As it relates to reinforcement corrosion within concrete, electrical resistivity (ER) has a bearing on the 

corrosion rate, since during the corrosion mechanism, ionic current passes from the anodic to cathodic 

areas (Broomfield, 2007). In terms of electrochemistry terms, resistivity relates to the resistance of ion 

transport between the cathode and anode in a corrosion cell circuit (Villagran-Zaccardi & Di Maio, 2014). 

Generally speaking, low electrical resistivity is related to high risk of corrosion (Polder, 2000). This general 

relationship is universally accepted throughout the literature, even with variations in experimental studies 

and studied parameters (Layssi H. , Ghods, Alizadeh, & Salehi, 2015) (Hornbostel, Larsen, & Geiker, 2013) 

(Polder, 2000) (Lataste J.-F. , 2010). The different parameters found in these include, but not limited to, 

cement type, corrosion cause, specimen geometry, reinforcement type, cover depth, measurement 

technique, and exposure conditions. In addition, the analysis of this relationship between resistivity and 

corrosion rate vary by properties, scales, scatter, and correlations (Hornbostel, Larsen, & Geiker, 2013). A 

comparison of the regression lines for the relationship between electrical resistivity in concrete and the 

corrosion rate can be seen in Figure 2.35. 
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Figure 2.35: Relation between Resistivity and Corrosion Rate (Hornbostel, Larsen, & Geiker, 2013) 

It is important to note that the most important parameters affecting the relationship between electrical 

resistivity and corrosion rate, as outlined by the referenced literature review, are the degree of saturation 

of the pore structure and temperature (Hornbostel, Larsen, & Geiker, 2013).  

Equations relating electrical resistivity to corrosion rate are many. As stated before, there is a generally 

accepted inverse relationship between the two but not a universally accepted equation. With that said, a 

sampling of empirically determined equations establishing a relationship between the electrical resistivity 

and the intensity of the current of corrosion can be seen below in Table 2.7. These equations are 

superimposed onto the graph of resistivity and corrosion rate in Figure 2.35. As it can be seen, the 

empirical equations by Andrade & Alonso (2004) and Ahmad (2014) agree with the trends exhibited by 

the experimental results. Ghods, Isgor, & Pour-Ghaz (2007) depart from the generalize trend for resistivity 

values greater than 1000ҠƳ.  
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Table 2.7: Comparison of Equations Relating Electrical Resistivity and Corrosion Rate 

(Andrade & Alonso, 

2004) 
(Ghods, Isgor, & Pour-Ghaz, 2007) (Ahmad, 2014) 

Ὅ
σὼρπ

”
 

 

Ὥ ρȢσσ ὼ ρπ
σȢπ

”
 σȢψσ Ø ρπÌÎ#

 πȢσσσ
ÌÎὅές

”
 

 

Ὅ
ρυȢσω

” Ȣ
 

 

Units: ˃ !κŎƳ2Τ ҠŎƳ 

Units: A/m2Τ ҠƳ 

Where: Co2 = 0.00075 (average) 

Co2 is defined as the oxygen concentration 
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YҠŎƳ 

 

The relationship between electrical resistivity and corrosion rate requires further exploration. Each of the 

above equations are dependent on many factors surrounding how the experimental tests were done. 

From this fact, caution needs to be taken when applying these equations to existing reinforced concrete 

structures for the purpose of condition evaluation.   

In addition to the universally accepted inverse relationship between electrical resistivity and corrosion 

rate, several resistivity ranges corresponding to risk of corrosion have seen published (Lataste J.-F. , 2010). 

Figure 2.36 presents these relationship values.  

 

Figure 2.36: Resistivity Range as it related to Risk of Corrosion (Lataste J.-F. , 2010)  
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2.4.6. Corrosion Rate Range 
No matter the electrochemical technique used to measure the corrosion rate, a broad criterion has been 

established between the corrosion current density or corrosion rate, and the significance of the corrosion 

level within the reinforced concrete structure, as seen in Table 2.8 for values associated with Ordinary 

Portland Cement.  

Table 2.8: Corrosion Rate Ranges as they relate to Corrosion Level (Andrade & Alonso, 2004) 

╘╬▫►► 
═

╬□
 ● 

□□

◐▄╪►
 Corrosion Level 

Җ лΦм Җ лΦллм Negligible 

0.1 ς 0.5 0.001- 0.005 Low 

0.5 - 1.0 0.005- 0.010 Moderate 

> 1.0 > 0.010 High 

2.5. Studies on Determination of Corrosion Rate  
As this thesis strives to show the effectiveness of several electrochemical techniques in the assessment of 

reinforced concrete structures on-site and in-lab, a presentation of experimental studies and case studies 

is given.  A common underlying theme found in most current studies involving non-destructive corrosion 

determination methods shows that it is recommended to utilize several non-destructive techniques 

during an assessment to avoid misrepresentation (Bjegovic, Mikulic, & Sekulic, 2000).  

2.5.1. On-site 
An experimental study that assessed the condition of several reinforced concrete slabs removed from a 

deteriorating bridge in Hawkesbury, Ontario, using different electrochemical techniques was conducted 

by Qian & Chagnon (2001). This study focused on four slabs measuring 315 cm x 115 cm x 14 cm reinforced 

with five 15-mm diameter longitudinal bars, spaced at 23 cm, and six 12-mm transverse bars, spaced at 

45 cm. These slabs were subjected to repairs at some point during their life. In order to simulate the 

environmental conditions to which the slabs were subjected, wet-dry bi-weekly cycles with tap water 

were used. Three electrochemical techniques were used: half-cell potential, linear polarization by use of 

Gecor 6, and concrete resistivity, also by Gecor 6. A plot of the corrosion potentials, Ὁ , versus the 

corrosion current, Ὥ , as determined by the Gecor 6 showed a poor correlation between these two 

values for the slabs. The study attributes this poor correlation to current fluctuation at the active corrosion 

areas and shifts in potential due to changes in the oxygen concentration at the reinforcing surface. The 
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study does support the notion that considering both half-cell porential data and corrosion rate 

measurements can faciliate better intrepretation of potential results and provide a more reliable 

condition evaluation. In addition to the electrochemical techniques, compressive tests were conducted 

and chloride content was determined to provide additional information on the condition assessment.   

A case study by Bjegovic et al. (2002) shows the use of GPT in a marine environment. A reinforced concrete 

marina located in Croatia was investigated due to its visually deteriorating state. Destructive testing was 

conducted, compressive strength and chloride content, to assess the condition. It was establised that a 

new structure was required. After the construction of the new marina with migrating corrosion inhibitors, 

the structure was monitored with GPT. It was noted that the GPT was suitable for on-site measurements 

as it was rapid and simple. However, it was noted that corrosion rate values are very dependent on the 

changing temperature and humidity conditions. Therefore, it was conclused that a combination of several 

NDT methods should be utilized to more reliably assess the reinforced concrete structure.   

2.5.2. On-site and In-lab 
A critical evaluation of devices used to measure corrosion rate in reinforced concrete structures was 

conducted by Gulikers & Polder (2003). As part of the critical evaluation, experimental results from on-

site and laboratory measurements showed the there were noticable differences in corrosion rate with the 

use of LPR and GPT, with GPT frequently showing values larger than one order of magnitude or more. In 

addition, GPT was unable to make a clear distincition between passive and active corroding reinforcement 

areas. It was found that regions with passive steel yielded corrosion rates that were unrealistically high, 

frequently exceeding 10 ʈA/m2 . In contrast, LPR provided more reliable information on the actual 

corrosion rate. In conclusion, Gulikers & Polder (2003) found that corrosion rate measurements should be 

used to confirm half-cell potential measurements for areas where potential values suspect areas of active 

corrosion.  

A more comprehensive experimental study conducted by Vedalakshmi et al. (2010) compared corrosion 

rate values measured by the GPT with the GalvaPulse device with that of electrochemical impedance 

spectroscopy (EIS) technique  and gravimetric mass loss testing. In the laboratory, reinforced concrete 

slabs were constructed with 1.2% chloride by weight of cement and were allowed to cure for a period of 

90 days, during which GPT and EIS measurements were performed. After the completion of the testing, 

mass loss testing on the reinforcement was conducted according to the 2000 ASTM G-1 standard. In the 

field, three separate reinforced concrete slabs, all with different exposure condidtions, periods of 

exposure, and grade of concrete, were subjected to corrosion rate testing. Condition assessment of the 
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reinforced concrete slabs involved several measurements: half-cell potential, corrosion rate and 

resistivity. It was concluded that for field measurements, potential and concrete resistivity values can 

provide a misleading assessment of the actual condition of the reinforcement. It was also found that 

corrosion rate determination by GPT compared well with that of mass loss testing when compared to 

corrosion rate values by EIS, see Figure 2.37. In addition, GPT used with an anodic pulse of 100 ʈA with a 

pulse duration of 10 seconds was able to properly discriminate the passive and active areas of the rebar. 

This is in direct contrast to Gulikers & Polder (2003) as stated previously. It is also important to note that 

Vedalakshmi et al. (2010) concluded that GPT was unable to predict corrosion rate values less that 1 

ʈm/year, whereas EIS was successful.  

 

Figure 2.37: Comparison of Corrosion Rate by GPT, EIS, and Mass-Loss Testing (Vedalakshmi, 

Balamurugan, Saraswathy, Kim, & Ann, 2010) 

Frolund et al. (2002) used the GPT equiptment produced by FORCE Institute, or the GalvaPulse, for a 

experimental study that looked at corrosion rate data for a deteriorating bridge in Copenhagen, Denmark, 

and corrosion rate data for laboratory reinforced concrete test blocks. Frolund et al. (2002) determined 

that results from the laboratory showed very good correlation between corrosion rates determined by 

mass loss and corrosion rates as determined by the GPT. In addition, corrosion rates obtained on-site by 

GPT compared to the average corrosion rate from actual cross-section loss, where the actual corroding 

area is the same as the confined area, were comparable. Use of the LPR method by use of the Gecor 6 

was also used to compare with corrosion rate as determined by GalvaPulse and mass loss, however, the 

LPR method tended to grossly underestimate the average corrosion rate. Refer to Figure 2.38.. In 

conclusion, it was recommended that more meaningful results could be obtained if knowledge of the daily 
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and seasonal changes of corrosion rate on-site are known, with the aid of mounted sensors on the 

structure.  

 

Figure 2.38: Average Corrosion Rate Values Compared to GalvaPulse and Gecor 6 Values 

2.5.3. In-Lab 
Sadowski (2013) proposed a methodology that combines half-cell potential data with that of concrete 

resistivity to assess the probabability of corrosion in concrete structures. The in-lab experimental study 

focused on a 750 mm x 750 mm concrete slab with 10-mm diameter reinforcement spaced at 150 mm 

and a cover thickness of 50 mm. A corrosive environment was established with two-hour spray wetting 

wih a sodium chloride solution cycle followed a twenty-four hour drying cycle. Measurements were taken 

after ninety days of concrete curing. Three distint types of areas were establisted based on ASTM C876 

probabilities of corrosion and resistivity ranges. Sadowski (2013) was able to establish that using both 

half-cell potential data and electrical resistivty data in conjuction provides maximum information about 

the probability of corrosion within a reinforced concrete strucutre.  

As the current standard for use of half-cell potential data in condition assessment of reinforced concrete 

structures is based on the probability of corrosion, the interpretation of these half-cell measurements can 

be very subjective. Pour-Ghaz et al. (2009) showed quantitative relationships that related potential 

readings on the concrete surface to the corrosion rate through the use of data from concrete resistivity, 

cover thickness, oxygen demand, and the anode-to-cathode area (A/C) . These quanititative relationships 

attemp to relate the potential distribution at the concrete surface with that of the steel/concrete 

interface. The parameters of these relationships were investigated and several key conclusions were 

made: (1) potential readings should be intrepreted in accordance with the resistivity of the concrete, for 

the same corrosion rate, different potentials can be read corresponding to different resistivities; (2) as 

cover thickness increases, the potential at the concrete surface differs from that of the potential at the 
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concrete/steel interface; (3) oxygen availability does not greatly affect half-cell potential measurements 

in an environment where concrete is not completely deprived of oxyen; and, (4) larger A/C ratio shows 

smaller potential differences between the surface and interface at the anodic site, this implies that half-

cell potential is not suitable for the detection of localized corrosion. Pour-Ghaz et al. (2009) also put forth 

a model that attempts to establish a relationship between half-cell potentials and the rate of localized 

corrosion. Data from an experimental study carried out by Luping (2002) was used to compare with the 

model. It was observed that this model predicts corrosion current densities higher than that of the non-

destructive deviced used by Luping. It is noted that the model predicts localized corrosion rates and the 

non-destructive tecnicques used by Luping (2002) might have underestimated them.  

Sadowski (2010) proposed a new method for reinforced concrete assessment by taking advantage of the 

short-circuit effect of the reinforcement on the resistivity measurements. This study looks at the effect of 

using the conventional AC four-point resistivity device and a DC galvanostatic resistivity device (by way of 

a modified electrode array), both tested directly over and parallel to the reinforcement to maximize the 

reduction effect of the short-circuiting bar on the resistivity measurements. The AC signal will pass 

through the capacitance layer regardless of the reinfocement corrosion rate, while the DC signal cannot 

pass through the capacitance layer after a suitable equilibrium period. The use of DC galvanostatic current 

allows the effect of the reinforcement on the resistivity measurements to be influenced by the rate of 

corrosion on the rebar surface. During this experimental study, reinforced concrete slabs were 

constructed, and corrosion activity was establised in the specimens using the LPR technique. Experimental 

results showed that for rebars with active corrosion current densities (or relatively small charge transfer 

resistance), DC measurements of resistivity over the rebar gave an resistivity much closer to that of AC 

resistivity measurements than that of actual concrete resistivity, refer to Figure 2.39.  
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Figure 2.39: Comparison of DC resistivity with AC resistivity of the bar and resistivity of the concrete on 

actively corroding reinforcement (Sadowski L. , 2010) 

In the case of lower corrosion current densities, the presence of the reinforcement had small effect on 

the DC resistivity measurements. Sadowski (2010) was able to show that short-circuit influence of an 

embedded reinforcement within concrete can be used to evaluate the rate of ongoing corrosion on the 

rebar surface. The new method presented does show that the DC resistivity approach in conjuction with 

the conventional AC resistivity approach can provide for a way to assess the instantaneous corrosion rate 

easily. 

In a more focused look at the galvanostatic pulse transient technique, So and Millard (2007) performed 

an experimental study that compared both the LPR and GPT techniques. The focus of this study was on 

the evaluation of separate components: the capacitance values and the associated resistances. In the 

analysis of these components, it was determined that the corrosion rates calculated from the 

galvanostatic pulse transient data were generally higher than the rates determined by LPR, with a factor 
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of 3.0. The results shows that the galvanostatic pulse transient method has the advantage of making the 

separation of resistance componenets possible and it enable those resistances not associated with 

corrosion to be discounted. As such, the data showed that the galvanostatic pulse transient technique 

provided more reliable corrosion rates on the reinforcing bars than that of the LPR technique.   

In an experimental study by Dou et al. (2014), GPT was used by means of the GalvaPulse device to measure 

the corrosion rate of standard specimens with different concrete cover thickness (10, 30, 50, and 70 mm) 

and different amounts of NaCl content (0, 0.5, 1.0, 1.5, 2.5% NaCl by weight of cement). Testing was 

conducted with the GalvaPulse on days 5, 10, and 30. Several relationships were shown: (1) corrosion 

current will generally decrease with increasing cover thickness, but the rate of reduction will decay with 

the increasing of the cover thickness, as illustrated in Figure 2.40; (2) in general, corrosion current 

increased with the addition of NaCl, although the relation is not linear, as shown in Figure 2.40; there 

existed a NaCl threshold, were the addition of more NaCl did not greatly affect the corrosion current, as 

seen in Figure 2.40, where a cover thickness of 10 mm has a NaCl threshold of 1.5%, and a cover thickness 

of 50 mm has a NaCl threshold of 1%.  

 

Figure 2.40: Corrosion Rate vs Cover Thickness & Corrosion Rate vs NaCl Content (Dou, et al., 2014) 

In contrast to Vedalakshmi et al. (2010), Dou et al. (2014) documented the change in corrosion rate with 

changes in the pulse magnitude and concluded that an anodic pulse of 50 ʈA with a pulse duration of 10 

seconds is suitable for passive and active areas of the reinforcement.  

Luping (2002) embedded reinforcement within concrete specimens of 0, 1.5, 3, and 6 % chloride content 

(by mass of cement) and monitored the corrosion rate for a year. Measurements techniques LPR by use 

of the Gecor 6 and GPT by use of the GalvaPulse were evaluated. At the end of the year, gravimetric 

testing according to ASTM G1 was conducted, and the results compared with those by the electrochemical 

tecnhiques. The study concluded that corrosion rates by the Gecor 6 were comparable to the true mean 
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corrosion rate (mass loss divided by the whole exposed area of the steel), while the GalvaPulse provides 

an overestimation, mostly in passive areas. For the most accurate results, use of a calibration factor of 

approximately 6 (pitting factor) for the LPR technique can be used. The study also concluded that the gap 

within the LPR and GPT polarization resistance measurements are due to the polarization time. 

In contrast with Luping (2002), Sathiyanarayanan et al. (2006) found that the anodic galvanostatic pulse 

technique gave more reliable results about the state of the reinforcement and the rate of corrosion for 

reinforced concrete specimens with varying NaCl content. On the other hand, results obtained by LPR 

were found to provide lower values than that of the actual corrosion rate due to the inclusion of the 

resistance of concrete in the LPR measurements. These results can be seen in Figure 2.41. 

 

Figure 2.41: GPT, LPR, and Gravimetric Method Comparison (Sathiyanarayanan et al. 2006) 

In another experimental study, Poursaee (2011) evaluated several electrochemical NDT devices for the 

purpose of determining the most accurate method for measuring corrosion rate. These devices were then 

compared with mass loss results on the reinforcement extracted from the concrete specimens. This study 

concluded that using applied potential (potentiostatic LPR) is more reliable than techniques that are based 

on applied current (galvanostatic LPR). Such results obtained from techniques based on applied potential 

showed less variation. It was also noted that the use of potentiostatic LPR is more reasonable on-site as 

testing times are lower. The results are shown in Figure 2.42. 
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Figure 2.42: Comparison of Results (reproduced from Poursaee, 2011) 

Gepraegs and Hansson (2005) determined that the main reason behind the varied results with the Gecor 

6 and the GalvaPulse devices is not the electrochemical tecnhiques themselves, but instead the results of 

differing electrode configurations and maybe, the electrode material itself. This was concluded by 

connecting the Gecor 6 electrode to the GalvaPulse device. The guard ring current/potential changes the 

polarization of the reinforcement with respect to the central reference electrode. It is assumed that the 

guard ring electrode is unable to apply a discrete current independent of the counter electrode. It was 

concluded that this electrode effect is more observed in the Gecor 6. When the corrosion rate data of 

each device was anaysized independantly, it showed that both devices had consistent results when the 

guard ring was not used.  
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As measured corrosion rates are a function of both the confinement technique and the electrochemical 

techniques used, Nygaard and Geiker (2009) presented a quantitative assessment of these differences. 

This study is a continuation of the experimental work by Gepraegs and Hansson (2005), discussed 

previously. This experimental work monitored the operation of two devices, the Gecor 6 and the 

GalvaPulse, and the corresponding current distribution between thŜ ŘŜǾƛŎŜǎΩ ŜƭŜŎǘǊƻŘŜ ŀǎǎŜƳōƭȅ ƻƴ ǘƘŜ 

concrete surface and the reinforcement within. With this study, it was conclused that both the Gecor 6 

and the GalvaPulse over-estimate the actual cossoion rate for passive reinforcement: Gecor 6 by a factor 

of about 10 and the GalvaPulse by a factor of 100. This overestimation was attributed to each device being 

unable to effectively confine or compensate for the spread-out effect of the counter electrode current. In 

addition, both devices polarize the reinforcement beyond the linear potential-current region, which yields 

errors with the corrosion rate calculation. In the case of localized corrosion activity, it was conclused that 

ōƻǘƘ ŘŜǾƛŎŜǎ ŘƛŘ ƴƻǘ ŀŎŎǳǊŀǘŜƭȅ ƭƻŎŀǘŜ ǘƘŜ ŀŎǘƛǾŜ ŎƻǊǊƻŘƛƴƎ ŀǊŜŀ ŘǳŜ ǘƻ ǘƘŜ ǇƘŜƴƻƴŜƻƳ ƻŦ άǎelf-ŎƻƴŦƛƴƛƴƎέΣ 

where the current applied from the counter electrode and the guard ring flows into the reinforcement at 

the location of active corrosion regardless of the location of the sensor on the concrete surface. This 

occurs because the current follows the path of smallest resistance to the reinforcement, refer to Figure 

2.43. However, both devices underestimated the corrosion rates in these active areas; Gecor 6 by a factor 

of 6 and GalvaPulse by a factor of 2. This underestimation was attributed to both devices using a constant 

confinement length (seen to be larger than the actively corroding region) and the final obtained 

confinement.  

 

Figure 2.43: Concept of Self-Confinement (Nygaard & Geiker, 2009) 

2.5.4. Pitfalls of Electrochemical Techniques 
The use of electrochemical techniques for the determination of corrosion rate cannot pick up on the 

presence of micro-cell action (Gulikers & Polder, 2003). This is of concern because the local dissolution 
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rate is accelerated greatly due to this large cathode to anode surface area ratio. When reinforcement is 

subjected to localized corrosion attack, a non-uniform distribution will occur, which will shift the potential 

over the surface area of the working electrode (Gulikers & Polder, 2003). As a result, an erroneous value 

of polarization resistance will be determined that may not reflect the local corrosion rate. In addition, by 

definition, potential readings are measured not on the reinforcement but on the concrete surface itself.  

Verma et al. (2014) laid out several limitations with the use of half-cell potential measurements on 

reinforced concrete structures. Half-cell data only provides a probability of corrosion and no assessment 

of the corrosion rate. Intrepretation of half-cell data requires careful consideration as variations in 

moisture content, chloride content, and concrete electrical resistance can influence the measurements. 

So and Millard (2007) discussed sources of error within the LPR technique: (1) as polarization resistance 

is not measured from the surface of the reinforcement but from the concrete surface, the concrete 

resistance must be independently measured and subtracted from the overall polarization resistance 

measured; (2) it is difficult to choose a suitable equilibrium time for the current response to the applied 

potiental shift at which measurements are taken; and, (3) it is difficult to compensate for all resistance 

components not directly associated with the corrosion rate.  

Gulikers and Polder (2003) provide valuable information on the concerns with GPT. In the application of 

GPT on-site, the magnitude of the perturbing electrical signal that is applied can be of concern. If low 

currents are used, it becomes difficult to distinguish the potential response from background noise. In 

opposition, high currents are better for the pulse transient definition, but are not suitable for the 

corrosion rate determination. In addition, for larger perturbations, it is less likley that inadequate linearity 

of the current-potential relationship can be established for the use of the Stern-Geary equation, causing 

errors in the calculation of the corrosion rate. In conclusion, the magnitude of the applied current should 

be used to provide for a larger potential shift but remain within the linear region. It is important to note 

that unrealistically high corrosion rates have been measured with GPT in passive steel.  

As far as experimental setups, Poursaee and Hansson (2009) found that there are several factors that 

should be considered with chlorides mixed in the concrete. Most importantly, this is not an accurate 

representation of the real-life senario for deteriorating reinforced concrete structures, as the steel does 

not have time to passivate before encountering chlorides, and thus the concept of localized passive film 

breakdown as the first step in corrosion initation must be considered. In addition the following adverse 

effects due to the presence of chloride ions can be noted: (1) acceleration of cement hydration which 
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increases the concrete porosity; (2) increase in the conductivity of the pore solution; (3) changes in the 

pH of the pore solution; and, (4) changes in the amount of chemically bound chlorides. All of these 

considerations must be taken into account when evaluating corrosion rate in laboratory settings.  

2.6. Gaps in the State of the Art 
The information presented in this literature review has shown the following: 

¶ Although use of half-cell potential, as per ASTM C876, is still widely used in practice, 

half-cell potential data alone cannot be used for condition assessment of reinforced 

concrete structures. 

¶ Several different condition assessment techniques should be used for a more complete 

assessment of deteriorating reinforced concrete structures. 

¶ There is significant research to show that the use of electrical resistivity has proven to 

be a useful tool in condition assessment.  

¶ The use of LPR and GPT in laboratory or on-site experimental studies has shown varying 

results.  

¶ There is a need for a more reliable and constant electrochemical technique.  

¶ On-site studies are rare and dated. More importantly, experimental studies that 

compare condition assessment results for both laboratory testing and on-site testing are 

scarce.  

Laboratory studies on corrosion of steel in concrete employ regulated conditions and accelerated 

corrosion measures to allow for a controlled study. Where this type of study is required to precisely 

analyze all aspects of the experiment, corrosion measurement techniques for field application require a 

practical and efficient strategy.  As it can be inferred, there is a strong need for experimental programs 

that assess both laboratory and on-site condition assessment data for the purpose of evaluating non-

destructive devices to provide more confidence with measurements of corrosion rate in actual 

structures. This is the motivation behind this program of study. .  
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3.0 Experimental Program 

This chapter presents a detailed description of the experimental program carried out in this research to 

make an independent assessment of the accuracy of the Connectionless Electrical Pulse Response Analysis 

(CEPRA) technique. This experimental program is conducted in two parts, both parts incorporating non-

destructive and destructive testing of: 

¶ Portions of existing reinforced concrete slabs, extracted from the North Channel Bridge, Ontario, 

constructed in 1957, henceforth referred to as the Field Study. 

¶ Multiple, small-scale reinforced concrete slabs, constructed and monitored in a controlled 

environment, henceforth referred to as the Laboratory Study. 

For both Field and Laboratory Study, corrosion rate, half-cell potential, and resistance or electrical 

resistivity are determined by the following methods:  

¶ Linear Polarization Resistance (LPwύΣ ŀǎ ƳŜŀǎǳǊŜŘ ōȅ WŀƳŜǎ LƴǎǘǊǳƳŜƴǘΩǎ DŜŎƻǊ с 

¶ DŀƭǾŀƴƻǎǘŀǘƛŎ tǳƭǎŜ ¢ŜŎƘƴƛǉǳŜ όDt¢ύΣ ŀǎ ƳŜŀǎǳǊŜŘ ōȅ DŜǊƳŀƴƴ LƴǎǘǊǳƳŜƴǘΩǎ DŀƭǾŀtǳƭǎŜ  

¶ /ƻƴƴŜŎǘƛƻƴƭŜǎǎ 9ƭŜŎǘǊƛŎŀƭ tǳƭǎŜ wŜǎǇƻƴǎŜ !ƴŀƭȅǎƛǎ ό/9tw!ύΣ ŀǎ ƳŜŀǎǳǊŜŘ ōȅ DƛŀǘŜŎ {ŎƛŜƴǘƛŦƛŎΩǎ 

iCOR 

¶ Four-point electrical resiǎǘƛǾƛǘȅΣ ŀǎ ƳŜŀǎǳǊŜŘ ōȅ tǊƻŎŜǉΩǎ wŜǎƛǇƻŘ wŜǎƛǎǘƛǾƛǘȅ aŜǘŜǊ 

In addition, several addition non-destruction and destructive tests were conducted on concrete and rebar 

specimens to provide supporting information on the condition of the reinforced concrete, namely: 

moisture content and absorption, compressive strength, steel mass loss, and concrete carbonation and 

chloride content.  

3.1. Evaluation of Deterioration by NDT Devices 

3.1.1. Linear Polarization Resistance 
The Linear Polarization Resistance technique was employed by the Gecor 6 device, manufactured by 

James Instruments, to measure the corrosion rate, half-cell potential, and resistance of reinforced 

concrete slabs. An in-depth explanation of the theory behind the technique and the equations used by 

the Gecor 6 is provided in Section 2.4.2. The Gecor 6 measures the polarization resistance, Rp, with the 

ǳǎŜ ƻŦ ŀ άƎǳŀǊŘ ǊƛƴƎέ ǘƻ ŎƻƴŦƛƴŜ ǘƘŜ ŀǇǇƭƛŜŘ ŎǳǊǊŜƴǘ ŦǊƻƳ ǘƘŜ ŎƻǳƴǘŜǊ ŜƭŜŎǘǊƻŘŜΦ ¢ƘŜ DŜŎƻǊ с ǎŜƴǎƻǊ Ƙŀǎ 

two circular stainless steel rings. The inner ring acts as the counter electrode with an inner diameter of 11 
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mm and an outer diameter of 70 mm. The outer ring acts as the άƎǳŀǊŘ ǊƛƴƎέ ŀƴŘ Ƙŀǎ ŀƴ ƛƴƴŜǊ ŘƛŀƳŜǘŜǊ 

of 140 mm and an outer diameter of 180 mm. The diameter of the entire sensor is 180 mm.  

The device utilizes a Cu/CuSO4 reference electrode and CU/CuSO4 confinement sensor electrode or 

άƎǳŀǊŘ ǊƛƴƎέ ǿƛǘƘ ŀ /ǳ{h4 liquid solution to be filled in the three reservoirs (James Instruments, n.d.). In 

order to take a measurement, the device needs to be connected to the reinforcement within the concrete. 

For best contact to ensure a good electrical connection, wetted sponges should be placed in between the 

sensor and the concrete while a constant pressure is applied. In addition, the concrete surface should be 

prewetted and conductive gel should be used.  This setup can be seen in Figure 3.1.  

 

Figure 3.1: Setup for Gecor 6 

Once the device is setup, the Gecor 6 requires that the user inputs the confined area of the reinforcement 

in cm2, as seen in Eq. 3-1: 

ὃ σȢρτ ὼ Ὀ ὼ ρπȢυ  Equation 3-1: Confined Area (James Instruments, n.d.)  

where D is the diameter of the reinforcement in cm.  

Once the polarization area has been inputted, the Gecor 6 begins the test by measuring the corrosion 

potential, Ecorr, through the reference electrodes until the difference between the corrosion potential 

readings become stabilized. After stabilization, an initial current pulse is applied to the system by the 

counter electrode, and the potential response is recorded so that the magnitude of the optimum current, 
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Ice, can be calculated and used to acquire the polarization resistance, Rp. Next, a constant current is applied 

for a duration of 50 seconds through the counter electrode. This current alters the potential of the 

reinforcement with respect to time. During this polarization time, a secondary current is applied through 

the guard ring to ensure that the potential difference between the auxiliary reference electrodes is equal 

to those potential values recorded in a previous step.  

The polarization resistance acquired is corrected for the ohmic potential drop, and then the corrosion rate 

is calculated according to Eq. 3-2, i.e.,  

Ὥ
  

  Equation 3-2: Corrosion Rate (James Instruments, n.d.)  

where icorr is the corrosion rate expressed in ˃!κŎƳ2, A is the polarization area as determined in Eq. 3-2, 

and K is a constant value equal to 26 mV.  

Several issues were noted while testing with the Gecor 6: (i) measurements were time-consuming, taking 

up to five minutes per measurement; (ii) it requires the user to know the diameter of the reinforcement 

in consideration, which is not always the case for in-ǎƛǘǳ ǘŜǎǘƛƴƎΤ ŀƴŘΣ όƛƛƛύ ŀ άŎƻƴŦƛƴŜƳŜƴǘ ƴƻǘ Ŧǳƭƭȅ 

ŀŎƘƛŜǾŜŘέ ŜǊǊƻǊ ƳŜǎǎŀƎŜ ŀǇǇŜŀǊǎ ŦǊŜǉǳŜƴǘƭȅΣ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ŀ ōŀŘ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ 

sensor and the concrete or between the rate meter and the reinforcement or the result of high concrete 

resistivity (James Instruments, n.d.) .  

Typical corrosion rate values accompanied with corrosion classification for LPR can be found in Section 

2.4.2.1, Table 2.3.  

3.1.2. Galvanostatic Pulse Technique 
The Galvanostatic Pulse technique was employed by the GalvaPulse device, manufactured by Germann 

Instruments, to measure the corrosion rate, half-cell potential, and resistance of the reinforced concrete 

slabs. An in-depth explanation of the theory behind the technique and the equations used by the 

GalvaPulse is provided in Section 2.4.3. 

The GalvaPulse is a portable device which consists of a sensor connected to a power source/data recorder. 

The sensor consists of an Ag/AgCl reference electrode, a counter ŜƭŜŎǘǊƻŘŜ ŀƴŘ ŀ άƎǳŀǊŘ ǊƛƴƎέΦ ! 

measurement works as follows: a current pulse is imposed on the reinforcement from the counter 

ŜƭŜŎǘǊƻŘŜΣ ǿƘƛŎƘ ƛǎ ǇƭŀŎŜŘ ƻƴ ǘƘŜ ŎƻƴŎǊŜǘŜ ǎǳǊŦŀŎŜΦ ¢ƘŜ άƎǳŀǊŘ ǊƛƴƎέ ŎƻƴŦƛƴŜǎ ǘƘŜ ŎǳǊǊŜƴǘ ǘƻ ŀƴ ŀrea A 

(length of 7 cm) of the reinforcement below the central counter electrode. This applied current is typical 

in the range of 5 to 400 ɛA, and the typical pulse duration is 5 to 10 seconds. This polarizes the 
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reinforcement in the anodic direction and is then compared to its free corrosion potential, Ecorr. This 

results in a change of the electrochemical potential of the reinforcement, which is recorded by the device, 

as a function of the time used by the reference electrode. As the current is applied to the system, an ohmic 

potential drop and a change in potential due to the polarization of the reinforcement occur. These factors 

are taken into account during the determination of the corrosion rate, which is determined by means of 

the Stern-Geary equation, Eq. 2-5. The constant K is equal to 26 mV.  

The GalvaPulse recommends that the applied current range be from 80 to 100 ‘A and the duration be 

from 5 to 10 seconds for active areas. For very active areas, the current can be increased to 400 ‘A to 

obtain reasonable polarization. However, it is always recommended to use as low a current and time as 

possible to minimize the polarization of the reinforcement (Germann Instruments, 2011). For all testing 

conducted in this work with the GalvaPulse device, a current of 100 ɛA was applied for a period of 10 

seconds.  

Similar to the Gecor 6 device, the GalvaPulse needs to be connected to the reinforcement within the 

concrete. Prewetting of the concrete surface should be done. In addition, wetted sponges and conductive 

gel should be used to ensure a good electrical connection between the sensor and the concrete surface.  

A depiction of the setup for the GalvaPulse device is seen in Figure 3.2. 
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Figure 3.2: Setup for GalvaPulse 

Several issues were noted while testing with the GalvaPulse: (i) calibration of the device was difficult and 

required several attempts, and (ii) it requires the user to know the diameter of the reinforcement in 

consideration, which is not always the case for in-situ testing.  

Several corrosion rate ranges are provided by the GalvaPulse Manual. Refer to Section 2.4.3.2, Table 2.4.  

3.1.3. Connectionless Electrical Pulse Response Analysis  
The Connectionless Electrical Pulse Response Analysis (CEPRA) technique is utilized in the iCOR device, 

manufactured by Giatic Scientific, to measure the corrosion rate, half-cell potential, and electrical 

resistivity of the reinforced concrete slabs. An in-depth explanation of the theory behind the CEPRA 

technique used by the iCOR is provided in Section 2.4.4. 

Using the CEPRA technique, a DC/AC current pulse is applied to the reinforced concrete for a brief time 

period, while the voltage response of the system is recorded concurrently (Giatec Scientific Inc., iCOR User 

Manual, 2016). Using the value of current and voltage applied, along with the recorded low-frequency 
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impedance response of the reinforcement, the iCOR device provides a corrosion rate value. The electrical 

circuit model used to predict the different properties of the concrete materials and steel reinforcement 

can be seen in Section 2.4.4, Figure 2.32. In the figure, Rc1 is the contact resistance, Rc2 is the bulk electrical 

resistance of the concrete, RC3 is the electrical resistance of the concrete cover, Rc4 (Rp) is the polarization 

resistance of the rebar, and Cdl is the double layer capacitance.  

The iCOR device employs a mathematical algorithm that incorporates the parameters from the equivalent 

electrical circuit model to provide a condition assessment of the reinforcement concrete structure (Giatec 

Scientific Inc., iCOR User Manual, 2016). In addition, the device provides half-cell potential and electrical 

resistivity results. Electrical resistivity is determined from the surface electrical resistivity technique, 

where the equation used by the iCOR is modified from Eq. 3-3, i.e., 

” ς“ὥὙ  Equation 3-3: Surface Electrical Resistivity 

where a is a constant parameter determined from the geometry of the sensor electrodes, and R is the 

equivalent resistance of the concrete calculated from Rc2, Rc3, and Rc4.  

From the equivalent electrical circuit model, Figure 2.3.2, the iCOR determines parameter Rc4, using the 

Stern-Geary equation, Eq. 2-5, the polarization resistance by iCOR is calculated, as seen in Equation 3-4:  

Ὑ ὃὙ   Equation 3-4: Polarization Resistance by CEPRA 

where Ap is the polarized area of the reinforcement, Rc4 is the charge transfer resistance of the 

reinforcement, and the constant K is equal to 26 mV.  

Unlike the previously mentioned devices, the iCOR device comes with a tablet that has a data monitoring 

application installed. This application allows for a more user-friendly interface and the exportation of 

results as contour maps or Excel files. At the start of the project, the application allows for the user to 

create projects with grids of user-decided specifications. In addition, the application requires the user to 

input the diameter of both the vertical and horizontal reinforcements. For each grid point, the user can 

alter the measurement duration, measurement direction, and cover thickness. Outputs are corrosion rate, 

concrete resistivity, corrosion potential, temperature, and relative humidity. The majority of tests in this 

research were conducted with 6-second measurement duration. The setup of the iCOR device is seen in 

Figure 3.4.  
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Figure 3.3: Setup of iCOR 

Unlike the previously mentioned devices, the iCOR device does not need to have a physical connection to 

the reinforcement within the concrete. Corrosion rate and electrical resistivity assessment can be done 

without a connection. However, half-cell potential assessment needs an electrical connection to the 

reinforcement.  

Similar to the previous devices, prewetting of the concrete surface should be done. In addition, the 

sensors should be wetted, and conductive gel should be applied. It has been the experience of the author 

that if the concrete surface is not sufficiently wet, the iCOR device is unable to take a measurement. In 

addition, there are times when the device is unable to take measurements, regardless of adequate testing 

conditions. 

Several issues were noted while testing with the iCOR: (i) sensors were highly sensitive to moisture 

conditions on the concrete surface; (ii) it requires the user to know the diameter of the reinforcement in 

consideration, which is not always available for in-situ testing; and, (iii) the device is sensitive to the 

battery status of the sensors even when the sensors are considered fully charged.  

Several corrosion rate ranges are provided by the iCOR Manual and can be seen in Section 2.4.4.1, Table 

2.5 
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3.1.4. Electrical Resistivity 
Two different forms of electrical resistivity were employed in this experimental program: surface electrical 

resistivity and bulk electrical resistivity.  

3.1.4.1 Surface Electrical Resistivity 

The surface electrical resistivity was measured using tǊƻŎŜǉΩǎ wŜǎƛǇƻŘ wŜǎƛǎǘƛǾƛǘȅ aŜǘŜǊ, a four-probe 

system. The Resipod, following the requirements of ASTM G57 (2012) for the four-probe system, which is 

also known as the Wenner probe, impresses a current though the concrete using the outer probes, while 

simultaneously measuring the voltage difference with the inner probes (ASTM G57, 2012). The electrodes 

touch the concrete surface through wet sponges at the tip of each electrode. A general schematic of a 

Wenner technology setup can be seen in Figure 3.6. 

 

Figure 3.4: Schematic of Wenner Technology (Lataste J.-F. , 2010) 

Modified from Eq. 2-1, the surface electrical resistivity is expressed for a semi-infinite, homogenous 

material as seen in Eq. 3-5: 

” ς“ὥ  Equation 3-5: Surface Electrical Resistivity 

where: ́  represents the surface resistivity of the concrete, a is the electrode spacing, as illustrated in 

Figure 3.6, V is the voltage measured between the inner probes, and I is the current applied across the 

outer probes. The term 
 
 is known as the resistance (R) or the impedance (Z) value. Modifications to the 

above equation are needed in situations where the outside probes are not spaced at the same interval as 

the inner probes (ASTM G57, 2012). During the design of the reinforced concrete slabs for the Laboratory 

Study, it was ensured that the maximum aggregate size of the concrete was not larger than the probe 

spacing a, as this would record the electrical resistivity of a single aggregate piece (Broomfield, 2007). 

Additionally, it is important to note that reinforcement actually conducts current better than concrete. 

For this reason, measurements taken near the reinforcement will yield results that are not ideal and 
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erroneous (Polder, 2000). Therefore, the surface electrical resistivity measurements were taken parallel 

to and in-between the rebars.  

Typical ranges for concrete surface resistivity provided by the Resipod, expreǎǎŜŘ ƛƴ Ҡ·m, can be seen in 

Table 3.4. 

Table 3.1: Corrosion Rate Ranges for iCOR (Giatec Scientific Inc., iCOR User Manual, 2016) 

wŜǎƛǎǘƛǾƛǘȅ όҠ·m) Corrosion Rate Severity 

>200 Low 

100 ς 200 Low to moderate 

50 ς 100 High 

< 50 Very high 

 

3.1.4.2 Bulk Electrical Resistivity 

¢ƘŜ ōǳƭƪ ŜƭŜŎǘǊƛŎŀƭ ǊŜǎƛǎǘƛǾƛǘȅ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ DƛŀǘŜŎ {ŎƛŜƴǘƛŦƛŎΩǎ w/hb ŘŜǾƛŎŜΦ ¢ƘŜ w/hb ŀǇǇƭƛŜǎ ŀƴ 

alternating current to the concrete, which allows the diploes of ions in the pore solution to direct the 

electric current (Layssi et al., 2015). This results in a non-resistive opposition to the current in the circuit 

know as reactance, an imaginary component (Giatec Scientific, 2016). This poses a problem in the 

determination of the electrical resistivity of the concrete, as there is now two oppositions to the current: 

the normal resistance of the concrete (R) and the reactance (X). This joint opposition to the current is the 

concept of impedance (Z), which is considered a complex number and is considered the vector sum of the 

normal resistance (R) on the real axis and the reactance (X) on the orthogonal imaginary axis (Layssi et al., 

2015). The impedance is represented as a magnitude |Z|, and f represents the phase angle, as shown in 

Figure 3.7. It is important to note that changing the frequency imposed on the system will change the 

magnitude of the reactance and phase angle (Giatec Scientific, 2016). It has been recommended that using 

a phase angle from 0° to 3° allows for a reactance value close to the resistance value. This enables an 

easier and more precise calculation of the resistivity.  
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Figure 3.5: Graphical Representation or Impedance (Giatec Scientific, 2016) 

Using the alternating current technique discussed above to acquire values of impedance for a concrete 

specimen, the bulk electrical resistivity can be determined from Eq. 3-6:  

” ὤ  Equation 3-6: Bulk Electrical Resistivity 

where: ́  represents the bulk resistivity, A is the cross-sectional area of the specimen, L is the length of 

the specimen, and Z is the impedance (resistance). The RCON device used in this research is shown in 

Figure 3.7.  

 

Figure 3.6: Setup for RCON 

3.2. Laboratory Study 

The Laboratory Study involved the construction of multiple small-scale reinforced concrete slabs that 

were cast and tested using the devices previously mentioned over a period of nine months, to monitor 

the progress of reinforcement corrosion. These reinforced concrete slabs vary in cover thickness, rebar 

diameter, and initial chloride contents, so that various degrees of corrosion activity on the steel 

reinforcement could be achieved.  
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This section presents a detailed description of the slab specifications, concrete mix design and material 

properties, material testing, and deconstruction of the slab specimens for destructive measurements.  

3.2.1. Slab Specifications  
Eighteen (18) small-sized reinforced concrete slabs were built and tested for the Laboratory Study. The 

slabs are rectangular with dimensions of 300 mm x 300 mm x 100 mm (see Figure 3.9 (a) and (b)). All slabs 

have two industry standard ribbed reinforcing bars. To determine the effect of rebar diameter db on the 

measurements, two rebar sizes are used: 10 M or 20 M. These rebars are located at two different cover 

thickness: 30 mm and 60 mm. The 60 mm cover thickness is specified in CSA A23.1-14, which requires 

concrete slabs exposed to chlorides (Class C-XL) to have a minimum cover of 60 mm (A23.1-14/A23.2-14, 

2014). Two different concrete mixes are used, one with a water-to-cement ratio (w/c) of 0.62 and the 

other with a water-to-cementitious material (w/cm) ratio of 0.47. The 0.47 w/cm ratio is in agreement 

with CSA A23.1-14 Table 2 requirement for concrete in a C-XL or A-Xl exposure class, or concrete exposed 

to chlorides (A23.1-14/A23.2-14, 2014). In addition, the spacing of the reinforcement is in agreement with 

CSA A23.1-14 clause 6.6.5.2, which requires that the clear distance between parallel bars shall not be less 

than 1.4 db,, 1.4 x nominal maximum size of coarse aggregate, and 30 mm (A23.1-14/A23.2-14, 2014). The 

clear distance between parallel bars is 88.7 mm for the slabs with 10M rebars and 80.5 mm for the slabs 

with 20 M. Corrosion was induced by mixing sodium chloride into the concrete mix. Three different 

chloride contents are used: 0% Cl- as the control specimen, 1.5% Cl- and 3% Cl- by weight of cement. 

 

(a) 3D view 



72 
 

 

(a) Top view 

Figure 3.7: Reinforced Concrete Slab Dimensions 

In order to ensure that corrosion of the rebar ends did not occur, Performix Plasti Dip® Multi-Purpose 

Rubber Coating was applied to the rebar ends, as illustrated in Figures 3.8 (b) and 3.9.   

 

Figure 3.8: Pre-casting formwork 

A summary of the varying parameters seen in this experimental setup, with the corresponding identifier, 

can be found in Tables 3.5 and 3.6. 
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Table 3.2: Mix #1 Experimental Testing Grid 

Mix #1 

Chloride content 

(by weight of cement) 

cover thickness (mm) 

A*  

30 mm 

BǓ 

30 mm 

CǓ 

60 mm 

Control (0% Cl) 10M-MIX1-A-30-0% 20M-MIX1-B-30-0% 20M-MIX1-C-60-0% 

1.5% Cl 10M-MIX1-A-30-1.5% 20M-MIX1-B-30-1.5% 20M-MIX1-C-60-1.5% 

3.0% Cl 10M-MIX1-A-30-3% 20M-MIX1-B-30-3% 20M-MIX1-C-60-3% 

* A series are made with 10M bars 

Ǔ B and C series are made with 20M bars 

 

Table 3.3: Mix #2 Experimental Testing Grid 

Mix #2 

Chloride content 

(by weight of 

cementitious material) 

Cover thickness (mm) 

A*  

30 mm 

BǓ 

30 mm 

CǓ 

60 mm 

Control (0% Cl) 10M-MIX2-A-30-0% 20M-MIX2-B-30-0% 20M-MIX2-C-60-0% 

1.5% Cl 10M-MIX2-A-30-1.5% 20M-MIX2-B-30-1.5% 20M-MIX2-C-60-1.5% 

3.0% Cl 10M-MIX2-A-30-3% 20M-MIX2-B-30-3% 20M-MIX2-C-60-3% 

* A series are made with 10M bars 

Ǔ B and C series are made with 20M bars 

 

3.2.2. Concrete Mix Design and Materials 
Two concrete mix designs with normal density concrete were used. Mix #1 was provided by the industry 

partner and has a w/c of 0.62. Mix #2 was produced at the University of Ottawa and has a w/cm of 0.47. 
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Essentially a w/c of 0.62 provides for a poorer concrete and enables an environment where the 

reinforcement corrosion can thrive. On the opposing end, according to CSA A23.1-14, reinforced concrete 

exposed to a chloride environment should have a w/c with a maximum value of 0.4. Both concrete mix 

designs can be found in Table 3.7. 

Table 3.4: Mix Designs (per m3 of concrete) 

Mix #1 ς Industry Partner 

GU/Type 10 Cement 265 kg/m3 

20-mm Aggregate 1055 kg/m3 

Sand 940 kg/m3 

Water 165 kg/m3 

Mix #2 ς University of Ottawa 

GU/Type 10 Cement 183 kg/m3 

Slag 138 kg/m3 

Fly Ash, type unknown 69 kg/m3 

20-mm Aggregate 1047 kg/m3 

Sand 824 kg/m3 

Water 183 kg/m3 

Plasticizer 280 ml / 100 kg of cement 

 

The water content of the mix was adjusted to account for the moisture state of the aggregates. To do so, 

the fineness modulus, relative density and absorption, bulk density, and moisture content for both fine 

and coarse aggregates were tested according to CSA A23.2-14 2A, 6A, 10A, and 12A procedures. Full 

details of the concrete mix design, material properties, and laboratory test results can be found in 

Appendix A.  
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3.2.3. Casting and Curing 
In order to meet the specifications needed for the slabs, the formwork was constructed, by hand, with 

standard plywood and screws. The constructed formwork with the epoxy coated rebars placed inside the 

formwork are seen in Figure 3.10. 

 

Figure 3.9: Completed formwork ready for concrete pouring 

Concrete mixing and pouring took place over a period of two days. Mix #2 was mixed and poured first. 

This was done in three batches, as there were three concentrations of NaCl. The NaCl was mixed into the 

water. In addition, three cylinders were poured from each batch for compression testing. The slabs cured 

for 24 hours, while covered in burlap. On the second day, the formwork was taken apart, the slabs 

removed, and the formwork re-constructed. Mix #1 was then mixed and poured into the re-constructed 

formwork and new cylinders were cast. Again, three batches were mixed to reflect the three NaCl 

concentrations. These slabs were also allowed to cure for 24 hrs under a burlap.  

As expected, the slabs were not constructed exactly as specified by the experimental plan. Upon removal 

from the forms, it was determined that two slabs from Mix #1, 10M-MIX1-A-30-0% and 20M-MIX1-C-60-

0%, were poorly cast, unsuitable for testing, and were recast the following week. Refer to Appendix A for 

details and photos. In addition, a few slabs from Mix #1 and #2 were poorly vibrated as voids were 

discovered at the underside of the slab. For these slabs, a standard 2:1 sand/cementitious material mortar 

was used to fill the voids. In addition, the concrete cover was found to slightly deviate from the one 

specified. However, the exact cover thickness was inputted into the non-destructive devices when 

applicable.  
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The temperature in the laboratory stayed around 21°C, and the relative humidity stayed around 50%. 

Please see Appendix A for further details of the concrete mix production.  

After removal, the slabs were placed in sealable plastic containers. The slabs rested on wooden supports 

to prevent contact with the pool of tap water at the bottom of the sealable plastic container. Water was 

placed under the slabs to simulate 100% relative humidity. The slabs were removed from the sealed 

environment at week 28, so that the effect of a drier environment could be monitored as well. It is 

important to note that the confined environment was broken during weekly testing. Tap water was 

occasionally added to the sealable container to maintain 100% relative humidity.  

3.2.4. Material Testing 

3.2.4.1. Compression Test 

Concrete cylinders were cast along with the slabs to test the concrete compressive strength at 28 days. 

Following CSA A23.2-9C, the nine concrete cylinders corresponding to each mix design were placed inside 

a concrete grinder and subjected to several cycles to ensure that the ends were flat and smooth. For a 

good portion of the cylinders, poor mixing was seen. To ensure that the load applied during the 

compression testing was evenly distributed, rubber caps were placed on the ends of the cylinders during 

testing. The average compression strength of Mix #1 was 30.1 MPa and for Mix #2 46.7 MPa. As the 

concrete mix design for Mix #2 has a w/cm of 0.47 while Mix #1 has 0.62, the compression strength 

averages reflect the expectation that mix #2 is stronger than mix #1. All results can be seen in Appendix 

C. 

3.2.4.2. NDT Testing 

For a period of nine months, non-destructive testing was conducted on the laboratory slab specimens. 

For a detailed explanation of how each NDT test was performed, see Section 3.1. As all devices required 

a connection to the reinforcement to acquire all information relevant to this study, stainless steel self-

tapping screws were drilled into the epoxy- coated ends. Half way though the testing period, the screws 

were replaced. To ensure that the polarization of the reinforcement from a previous test would not affect 

the polarization of a future test, the testing schedule in Table 3.8 was followed. The grid points specified 

in Table 3.8 are shown in Figures 3.11 and 3.12.  
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Table 3.5: NDT Testing Schedule and Grid 

Day (out of 7 day 

schedule) 

Test Grid Point 

1 Resipod C & D & E 

1 iCOR A & B 

2 GalvaPulse A & B 

3 Gecor A & B 

 

Corrosion rate, half-cell potential, and resistance or electrical resistivity were measured using different 

methods: linear polarization resistance (as measured by the Gecor 6), galvanostatic pulse technique (as 

measured by the GalvaPulse), connectionless electrical pulse response analysis (as measured by the iCOR), 

and finally four-point electrical resistivity (as measured by the Resipod). All corrosion rate assessment 

techniques require that the sensors be placed directly over both rebars within the concrete. This can be 

seen in Figure 3.11. As previously stated, the four-point probe provides best electrical resistivity results 

with the sensor placed parallel to and in-between the reinforcement, as illustrated in Figure 3.12.  

 

Figure 3.10: Laboratory NDT Testing Grid: Overtop of Reinforcement 
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Figure 3.11: Laboratory NDT Testing Grid: In-between Reinforcement. 

3.2.4.3. Gravimetric mass loss 

After the nine-month non-destructive testing period, the rebars within the concrete slab specimens were 

removed. This was accomplished by subjecting the slabs to a modified split cylinder test, see Figures 3.14 

and 3.15. This modified split cylinder test subjected the reinforced concrete slabs to a concentrated 

compressive force parallel to thŜ ǊŜƛƴŦƻǊŎƛƴƎ ōŀǊǎ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ ŎƻƴŎǊŜǘŜ άǎǇƭƛǘǘƛƴƎέ ŀƭƻƴƎ ǘƘŜ Ŏŀǎǘ-in 

reinforcing. This allowed for the rebars to be easily removed from the concrete. Rebar specimens were 

labelled and photographed. The epoxy-coated ends were cut off, so that just the area of the reinforcement 

exposed to the corrosive environment was tested. Gravimetric mass loss testing was conducted according 

to ASTM G1-03 (2011). Corroded rebar specimens were subjected to several cycles in an acid bath in order 

to remove the rust products. Several control rebars were subjected to the acid bath as well (see Figure 

3.16). For a more detailed explanation of the theory behind gravimetric mass loss see Section 2.4.1. For a 

step-by-step detailed testing procedure and accompanying explanation of how to use the raw results as 

seen in ASTM G1, see Appendix D.   
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Figure 3.12: Modified Split Cylinder Test for Laboratory Rebar Removal 

 

Figure 3.13: Laboratory Rebars Within Split Concrete 
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Figure 3.14: Gravimetric Mass Loss Testing according to ASTM G1-03. 

As stated previously, the corroded rebars were photographed prior to gravimetric mass loss testing in the 

acid bath. Two photos for each rebar were taken, top and bottom. These photos were run through an 

image analysis software, ImageJ, a Java-based image processing program developed by the National 

Institute of Health and the Laboratory for Optical and Computational Instrumentation.  This photo analysis 

allowed for a rough estimate of the percentage of the rebar that was corroded and the percentage of the 

rebar covered with mortar products. An image of one of the original rebars is seen in Figures 3.16. Figure 

3.17 is a snapshot of the ImageJ application showing the percentage of mortar on the surface of the rebar. 

Note that the percentage of mortar content on the surface is determined as a percentage of the total 

threshold of the image. Figure 3.18 is a snap shot of the ImageJ application showing the percentage of 

corroded products, calculated on the opposite threshold range for the image.  

 

Figure 3.15: ImageJ Illustration, original image 
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Figure 3.16: ImageJ Illustration, mortar content 

 

Figure 3.17: ImageJ Illustration, corrosion products 

 

3.3. Field Study 

The Field Study consisted of one trip to Cornwall, Ontario to retrieve a comprehensive collection of data 

from four slabs, S11, S12, S13, and S14, taken from random locations along the North Channel  Bridge as 

seen in Figure 3.19. This collection of data included: data on corrosion rate by GPT and CEPRA, half-cell 

potential, and resistance or electrical resistivity by use of CEPRA, GPT, and four-point electrical resistivity. 
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In addition, concrete core samples and the corroded reinforcement were retrieved from the slabs, taken 

back to the laboratory and subjected to testing that included: compression testing, carbonation and 

chloride penetration depth, chloride concentration, and finally, the level of corrosion by gravimetric mass 

loss.  

 

Figure 3.18: North Channel Bridge Slabs 

3.3.1. Background Information 
The North Channel Bridge, more commonly referred to as the Seaway International Bridge, crossed the 

St. Lawrence River and North Cornwall Channel providing an international crossing from Canada to the 

United States. Completed in July of 1962, the North Channel Bridge was constructed with an arched truss 

superstructure and concrete substructure to support long continuous spans. Additionally, the North 

Channel Bridge was construction high off the ground to allow for large shipping barges to cross 

underneath. The concrete deck was typically 200 mm in thickness and 8.2 metres wide. The top reinforcing 

consisted of 20M reinforcing bars spaced at 300mm each way with an average in-situ cover of 50 mm. 

Overtime the superstructure fared well against the elements, however, the concrete deck deteriorated. 

The cost to replace the deck was substantial and it was decided to demolition and replace the bridge. 

Demolition was completed July 2015.  
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3.3.2. North Channel Bridge Slabs 
Non-destǊǳŎǘƛǾŜ ǘŜǎǘƛƴƎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ ǎƭŀōǎ ǳǎƛƴƎ DƛŀǘŜŎ {ŎƛŜƴǘƛŦƛŎΩǎ ·/Ŝƭƭ ŀƴŘ ƛ/hwΣ ŎƻƭƭŜŎǘƛƴƎ 

data on corrosion rate, half-cell potential, and electrical resistivity. In addition, corrosion rate, half-cell 

potential, and resistance were determined with GPT by use of the GalvaPulse device. Surface electrical 

resistivity was determined with the four-point Resipod probe. As most devices require that the sensor be 

placed on top of intersections of reinforcement, the top level of vertical and horizontal rebars were 

located to establish a grid for measurement, as seen in Figures 3.21 to 3.24. These grids are in units of 

centimetres. Two rebar sizes were discovered, 15M (illustrated in light grey) and 20M (illustrated in dark 

grey). In addition, it was discovered that these slab specimens were subjected to patch work repair at 

some point during the life of the bridge, or it was observed that non-concrete deck material was left on 

the slab surface. As these surface materials do not allow for NDT devices to make a measurement, these 

surface areas needed to be recorded and are illustrated as blue hatching in Figures 3.20 to 3.23.  

Moreover, the location of attempted retrieved core samples are located as green markers in the figures. 

It is important to note that not all attempts were successful as several cores broke during retrieval. 

 

Figure 3.19: North Channel Bridge Slab S11 Grid 
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Figure 3.20: North Channel Bridge Slab S12 Grid 

 

Figure 3.21: North Channel Bridge Slab S13 Grid 
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Figure 3.22: North Channel Bridge Slab S14 Grid 

The North Channel Bridge slabs were cut from larger sections of the bridge deck. As a result of this, the 

locations of the reinforcement and the cover thickness could be seen from the cut sections. Utilizing this, 

the concrete cover of the vertical reinforcing bars was determined as an average of the concrete cover 

seen from the North and South cut ends. The results of this are tabulated in Table 3.9 and 3.10.  

Table 3.6: North Channel Bridge Slabs S11 and S12 Concrete Cover Thickness 

 Slab S11 Slab S12 

Rebar 

Location- X 

Direction 

South Depth 

(cm) 

North 

Depth 

(cm) 

Average 

Depth (cm) 

South Depth 

(cm) 

North Depth 

(cm) 

Average 

Depth (cm) 

0 52 50 51 49 45 47 

15 52 46 49 52 53 53 

30 47 45 46 42 46 44 

45 49 46 48 44 50 47 

60 48 42 45 40 47 44 

75 48 41 45 48 49 49 
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90 49 40 45 50 52 51 

105 59 49 54 41 50 46 

120 48 33 41 52 46 49 

135 51 37 44 55 47 51 

150 42 35 39 62 49 56 

165 49 15 32 67 46 57 

180 50 20 35 65 50 58 

195    83 53 68 

210    64 50 57 

225    61 58 60 

 

Table 3.7: North Channel Bridge Slabs S13 and S14 Concrete Cover Thickness 

 Slab S13 Slab S14 

Rebar 

Location- X 

Direction 

South Depth 

(cm) 

North 

Depth 

(cm) 

Average 

Depth (cm) 

South Depth 

(cm) 

North Depth 

(cm) 

Average 

Depth (cm) 

0 50 45 48 51 51 51 

15 48 47 48 49 45 47 

30 47 45 46 51 49 50 

45 45 49 47 44 38 41 

60 45 45 45 50 44 47 

75 41 43 42 46 40 43 

90 51 51 51 45 40 43 

105 50 46 48 42 32 37 

120 55 48 52 44 39 42 

135 49 42 46 46 37 42 

150 48 46 47 42 40 41 

165 43 41 42 35 35 35 
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180 49 39 44 41 41 41 

195 40 33 37 41 37 39 

210 42 37 40 51 50 51 

 

At the conclusion of the non-destructive testing, concrete core samples were retrieved from the slabs 

,refer to Figure 3.25, so that compressive strength, carbonation front, moisture content, and absorption 

could be determined in the laboratory. The concrete cores measured approximately 95 mm in diameter. 

At the conclusion of the NDT and core retrieval, the top layer of 20 M rebars were removed mechanically, 

tagged, photographed, and brought back to the laboratory for gravimetric mass loss testing. 

It is important to note that as the North Channel Bridge Slab S11 was considerably compromised by 

surface patch work and leftover concrete deck material, it was decided that non-destructive testing would 

be performed on reinforcement locations that were not compromised. However, as the number of 

measurement points were few, core samples were not taken and rebars were not removed for Slab S11, 

as there would be too few NDT data points to use for comparison. Additional photos of the Field Study 

testing in Cornwall can be found in Appendix B.  

 

 

Figure 3.23: Field Study ς Cornwall NDT Testing 
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Figure 3.24: Field Study ς Cornwall Destructive Testing 

3.3.3. Testing of North Channel Bridge Specimens 

3.3.3.1. Absorption and Moisture Content 

In order to determine the density, absorption, and voids in hardened concrete, cylindrical specimens 

with diameter of 95 mm and length of 50 mm were cut from the core samples taken from the North 

Channel bridge slabs, refer to Figure 3.26. Samples were sealed so the condition of the concrete during 

in-situ measurements could be determined. Following (ASTM C642, 2013), several concrete properties 

were determined: absorption, bulk density, apparent density, and volume of permeable pore space. The 

procedure is outlined in Appendix E.  

 

Figure 3.25: Specimens for ASTM 642 Testing 
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3.3.3.2. Compression Strength, Carbonation Front and Chloride Penetration Depth 

From the core samples retrieved from the North Channel Bridge slabs, one specimen from slabs S12, S13, 

and S14 was used for compression testing. All specimens were altered to have a diameter of 95±5 mm 

and a length of 200±5 mm. Once the compression test was performed, and the specimen was split in two, 

freshly exposing the interior of the concrete specimen, the carbonation depth was determined with a 

spray of phenolphthalein indicator. This indicator is made with a mix of 1 gram of phenolphthalein and 

100 ml of alcohol/water (50:50 mix). The phenolphthalein indicator will remain clear where concrete is 

carbonated and turn pink when the concrete is still alkaline (Broomfield J. , 2007). Since the concrete 

surface was extremely dry, a spray of tap water was applied prior to carbonation testing.  

Using the second half of the split specimen, the chloride penetration depth was determined using the 

colourimetric method. This methods is a fast and easy way to roughly determine the average penetration 

depth of free chlorides present in the concrete sample (C. Andrade, 1999). The presence of chlorides is 

determined by applying a 0.1N (mole/L) silver nitrate spray on the freshly-broken concrete surface. The 

silver nitrate reacts with the free chlorides present in the concrete to form a white gray precipitate (silver 

chloride) as seen in the chemical reaction below (Karam, 2014): 

ὃὫὔὕὥή ὔὥὅὰὥήO ὃὫὅὰὔὥὔὕὥή  Equation 3-7: Silver Nitrate Spray 

This colourimetric methods was used to determine the average chloride penetration depth, so that 

concrete powder samples could be retrieved within the penetration depth and later used for chloride 

concentration using titration. Figure 3.27 shows the split core samples after phenolphthalein and silver 

nitrate were sprayed on the concrete.  

 

Figure 3.26: Split Cylinders Tested for Carbonation Front (left) and Chloride Penetration Depth (right) 
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For the carbonation and chloride penetration depth tests, it was determined that concrete is still alkaline 

and that there is not clear indication of chlorides within the concrete. However, concrete samples were 

removed for chloride content determination by titration.  

3.3.3.3. Chloride Content 

From the core samples, powder samples were retrieved for chemical analysis to determine the free 

chloride concentration of the concrete. Following ASTM C1152/C1152M (2012), see Appendix F for the 

complete procedure, a 5-g sample size is recommended. Using the silver nitrate spray as an indication of 

the chloride penetration depth, powder samples were retrieved to a minimum of 50 mm from the 

concrete deck surface and 40 mm from the bottom of the concrete core sample. Using an adjustable 

rotary impact drill, powder samples were retrieved at 4 or 5 mm intervals. With each interval, penetrating 

further into the concrete specimen, the drilled area was decreased so to ensure that the drill would not 

remove concrete from the wall sides of the previous interval, see Figure 3.28. In between drilling intervals, 

the drilling equipment and drilled hole was cleaned with compressed air to ensure that cross-

contaminated between intervals would not occur. Retrieved samples were placed in sealable bags and 

labelled for transportation and further testing.  

 

Figure 3.27: Profile Grinding Process 
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3.3.3.4. Gravimetric Mass Loss 

The 20M vertical reinforcement retrieved from the North Channel Bridge Slabs S12, S13, and S14 was 

brought back to the laboratory for gravimetric mass loss testing according to ASTM G1-03 (2011), similar 

to that conducted in the Laboratory Study of this experimental program. At the locations of in-situ non-

destructive testing, the reinforcement was inspected, and locations with visible deterioration were cut in 

segments of approximately 10 cm in length as seen Figure 3.29. These specimens were photographed, 

from both the top and bottom of each rebar, and run through the image analysis software, ImageJ, to 

extract a rough estimate of the percentage of the rebar that was corroded and a percentage of the rebar 

that was covered with mortar products. After the completion of this, the cut specimens were subjected 

to gravimetric mass loss testing. See Appendix D for a complete list of steps and equations for gravimetric 

testing according to ASTM G1-03 (2011).  

 

Figure 3.28: North Channel Bridge Reinforcement Specimens 
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4.0 Experimental Results and Discussion 

As the quantity of tests performed and the resulting volume of data is extensive, this chapter presents the 

experimental results and corresponding discussion within the same section. As seen previously, this 

chapter is broken into two major components, the results from the Laboratory Study and the results from 

the Field Study. 

4.1. Laboratory Study 

4.1.1. NDT Testing  
Over the course of nine months, the deterioration of the 18 reinforced concrete slabs was monitored with 

four different non-destructive devices, each recording results for four different parameters. The following 

sections present the trend results of this nine-month process. These plots show the trend results for 

corrosion rate (µA/cm2), electrical resistivity (ohm*m) or electrical resistance (kohm), and half-cell 

potential (mV) plotted against the concrete age (weeks) for each individual slab. The results are presented 

in order of technique: CEPRA, GPT, and LPR. Refer to Figure 4.1, for the coloured legend which is consistent 

for all trends presented.  

 

Figure 4.1: Coloured Legend for Laboratory Trend Graphs  

4.1.1.1. Half-Cell Potential 

For each technique, the half-cell potential measurements are graphically represented against the concrete 

age in weeks. Refer to Figures 4.2 to 4.7 for half-cell potential trends for CEPRA Mix 2, CEPRA Mix 1, GPT 

Mix 2, GPT Mix 1, LPR Mix 2, and LPR Mix1, respectively. Results from GPT were adjusted to mV/CSE for 

comparison.  
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Half-cell potential measured over a period of weeks starting from the concrete pour is expected to 

increase from a more negative potential to a more positive potential. This is a result of concrete hydration 

and curing process, where water present in the concrete microstructure slowly hydrates to form calcium 

silicate hydrate. As expected, this is the general trend observed in the lab. All three techniques measured 

potentials starting as negative as -650 mV to -200 mV at the start of testing. During concrete curing and 

under saturated condition, the potential steadily increased to potentials ranging from -250 mV to -100 

mV at 28 weeks. At 28 weeks, the concrete was in a saturaǘŜŘ ǎǳǊŦŀŎŜ ŘǊȅ όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŘǊȅέ ǿƛǘƘƛƴ 

figures) condition until 38 weeks. In a saturated surface dry condition, it is expected that half-cell potential 

to be between 0 mv to 200 mv (154-EMC, 2003). As expected, during the 28 to 38-week period, all 

techniques measured a potential that increased to approximately 0 mV. As the half-cell potential 

measurements moved closer to a positive potential, the probability of corrosion decreased as per ASTM 

C876. It is important to note that the slabs with the highest corrosion rates also generally measured half-

cell potentials values greater than -350mV, corresponding to smaller probability of corrosion activity.  

It is expected that half-cell potential measurements for concrete with a larger concrete cover would have 

less negative half-cell potential values (Elsener & Bohni, 27-31 July 1997). This trend is seen for all 

techniques and all slabs with a 60-mm concrete cover.  

The use of supplementary cementitious materials (SCMs) may drastically alter half-cell potential 

measurements, with the change in half-cell potential depending on the SCMs used. Generally, electrical 

resistivity increases with the presence of SCMs (Project SENSO, 2009). Half-cell potential measurements 

in this experimental study follow a similar trend. Mix #2 with a w/cm of 0.62 produced potential 

measurements generally more negative, at similar concrete age than the potential measurements for mix 

#1 with a w/c of 0.47.  
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Figure 4.2: Laboratory Trend Results: Half-Cell Potential CEPRA Mix 2 

In three instances, the half-cell potential measurements for CEPRA Mix 1 (Figure 4.3) and GPT Mix 1 

(Figure 4.5) illustrate a few abnormal values, with half-cell results drastically greater than results of similar 

concrete age for the same specimen. These anomalies can be attributed a malfunction of the device at 

the time of measurement or poor electrical contact with the concrete surface.  

 

Figure 4.3: Laboratory Trend Results: Half-Cell Potential CEPRA Mix 1 
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Figure 4.4: Laboratory Trend Results: Half-Cell Potential GPT Mix 2 

 

Figure 4.5: Laboratory Trend Results: Half-Cell Potential GPT Mix 1 

At week 7, the Gecor device malfunctioned. As the malfunction was beyond the repair capabilities of the 

user, the device was sent back to the manufacturer for repairs and calibration. The functioning device was 










































































































































































































































































































































































